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Cytochrome P450 3A4 (CYP3A4) dominates drug metabolism in humans. Examples of 

promiscuity (binding and catalytic) and allosterism in CYP3A4 are ubiquitous but poorly 

understood. This work is dedicated to improving our understanding of the linkage between ligand 

binding and protein conformational dynamics with theoretical considerations of their impact on 

CYP3A4 catalysis using biophysical and theoretical methodologies. Specifically, the results herein 

demonstrate the complexity (requiring more than 2-states) in the ligand binding interactions for 

drugs and small molecules. Chapter 2 details the ligand-induced effects on conformational 

dynamics of CYP3A4 via hydrogen-deuterium exchange mass spectrometry for the allosteric 

effector, midazolam (MDZ). The MDZ-induced effects on the structural dynamics of CYP3A4 are 

not confined to the active site and they include regions remote from the heme active center. The 

results suggest the location of the allosteric MDZ binding site. Chapter 3 details theoretical aspects 

of multi-state ligand binding mechanisms wherein full kinetic derivations are presented with 

emphasis on methods for differentiating them. The results delineate the kinetic and thermodynamic 
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signatures for various multi-state binding mechanisms through a global analytical approach. In 

addition, a novel experimental approach is presented wherein ligand dissociation is used to further 

distinguish ligand binding mechanisms when coupled with the more traditional ligand binding 

approach. In Chapter 4, the mechanism of ligand binding for three small molecules (1,2,3-triazole, 

imidazole, and cyanide) binding to CYP3A4 is characterized via UV/Vis stopped-flow 

spectroscopy using the analytical approach described in Chapter 3. Assignment of a ligand binding 

mechanism to kinetic data provides an indirect measure of the relationship between conformational 

dynamics and ligand binding mechanism. The results show that, even for small molecules, the 

binding mechanism is complex, requiring interrogation of 4-state binding mechanisms to 

adequately describe the data. The recovered ligand binding mechanism (4-state induced fit) is 

consistent with the observed heterogeneity reported by other equilibrium based spectroscopic 

methods. The functional implications for the ligand binding interactions will be presented. 

 

  



 v 

TABLE OF CONTENTS 

List of Figures..................................................................................................................................x  

List of Supporting Figures ............................................................................................................xii 

List of Tables................................................................................................................................xiii  

 

Chapter 1:  Introduction to ligand binding interactions with CYP3A4 

1.1 Cytochrome P450 enzymes ..................................................................................... 1 

1.1.1 Function and scope of research ................................................................... 1 

1.1.2 Catalytic cycle, uncoupling pathways, and the potential for multiple 

products ....................................................................................................... 2 

1.1.3 Spectral paradigm may not always predict metabolic fate ......................... 5 

1.1.4 Multiple conformers of CYP3A4 have been observed by X-ray 

crystallography ............................................................................................ 6 

1.2 Conformational dynamics: hydrogen-deuterium exchange mass spectrometry 

(HDX-MS) .............................................................................................................. 9 

1.2.1 Nanodiscs provide a native-like membrane environment for CYP3A4 

structural studies ......................................................................................... 9 

1.2.2 HDX-MS methodology ............................................................................. 10 

1.2.3 The ligand-induced effects on the conformational dynamics of CYP3A4 

are globally distributed ............................................................................. 13 

1.3 Ligand binding kinetics: stopped-flow spectroscopy ........................................... 14 

1.3.1 Traditional kinetic approach ..................................................................... 14 

1.3.2 CYP3A4 binding kinetics review ............................................................. 15 

1.4 Figures................................................................................................................... 17 

 

Chapter 2:  Dynamics and Location of the Allosteric Midazolam Site in Cytochrome P4503A4 
  in Lipid Nanodiscs 
 

2.1 Introduction ........................................................................................................... 25 



 vi 

2.2 Experimental Procedures ...................................................................................... 28 

2.2.1 Protein expression and purification (CYP3A4, MSP1D1, and rCPR) ...... 28 

2.2.2 Self-assembly of nanodiscs ....................................................................... 32 

2.2.3 Equilibrium binding titrations ................................................................... 32 

2.2.4 Reconstitution system and kinetic assays ................................................. 33 

2.2.5 LC-MS/MS method for MDZ metabolism ............................................... 34 

2.2.6 Hydrogen-deuterium exchange ................................................................. 34 

2.2.7 Mass spectrometry and data analysis of hydrogen-deuterium exchange 

samples ...................................................................................................... 35 

2.2.8 System setup and conventional molecular dynamics ................................ 36 

2.2.9 Gaussian accelerated molecular dynamics ................................................ 37 

2.3 Results and Discussion ......................................................................................... 38 

2.3.1 MDZ displays complex equilibrium binding behavior to CYP3A4 

nanodiscs ................................................................................................... 38 

2.3.2 MDZ metabolism by CYP3A4 ................................................................. 39 

2.3.3 HDX-MS profile of CYP3A4 nanodiscs .................................................. 40 

2.3.4 MDZ binding induces changes in HDX-MS ............................................ 40 

2.3.5 GaMD simulations with MDZ in the catalytic and allosteric sites ........... 42 

2.3.6 Comparison of MDZ and KTZ effects on HDX ....................................... 48 

2.4 Conclusions ........................................................................................................... 48 

2.5 Figures................................................................................................................... 50 

2.6 Supporting figures ................................................................................................. 58 

 

Chapter 3:  Functional Implications of Complex Ligand Binding Kinetics and Protein   
  Conformational Dynamics: Consideration of Promiscuous Drug Metabolizing  
  Enzymes 
 

3.1 Introduction ........................................................................................................... 64 

3.1.1 Underlying goal ........................................................................................ 66 

3.1.2 Nomenclature ............................................................................................ 68 

3.1.3 Kinetic model overview ............................................................................ 71 

3.2 Model derivation ................................................................................................... 72 



 vii 

3.2.1 The general 2-state system: E1 ⇄ E2 ....................................................... 72 

3.2.2 The 2-state isomerization model: E ⇄ E*................................................. 78 

3.2.3 The 2-state ligand binding model: E + L ⇄ EL ........................................ 82 

3.2.4 The general 3-state system: E1 ⇄ E2 ⇄ E3 .............................................. 88 

3.2.5 Translating the general 3-state system expressions to the ligand binding 

models: induced fit model as an example case ......................................... 94 

3.3 Kinetic models in detail ........................................................................................ 99 

3.3.1 Linkage between conformational change and ligand binding: IF and CS

................................................................................................................. 100 

3.3.2 Multiple ligand binding interactions: Sequential binding, substrate 

reorientation and persistent heterogeneity .............................................. 101 

3.4 Experimental Procedures .................................................................................... 102 

3.4.1 Kinetic simulations ................................................................................. 102 

3.4.2 Signal considerations .............................................................................. 102 

3.4.3 Limiting cases: rapid first step, rapid second step, and the stationary 

intermediate ............................................................................................. 103 

3.4.4 Identical kobs case: apparently equivalent IF and CS case ...................... 105 

3.4.5 Identical kobs case: apparently equivalent IF and SR case ...................... 106 

3.4.6 Identical kobs case: apparently equivalent CS and SR case ..................... 108 

3.4.7 Dilution experiment ................................................................................ 109 

3.5 Results ................................................................................................................. 112 

3.5.1 Induced fit: limiting cases ....................................................................... 115 

3.5.2 Conformational selection: limiting cases ................................................ 120 

3.5.3 Sequential binding: limiting cases .......................................................... 124 

3.5.4 Substrate reorientation: limiting cases .................................................... 127 

3.5.5 Persistent Heterogeneity ......................................................................... 129 

3.5.6 IF vs CS: equivalence in kobs .................................................................. 130 

3.5.7 IF vs SR: equivalence in kobs .................................................................. 132 

3.5.8 CS vs SR: equivalence in kobs ................................................................. 133 

3.5.9 Dilution ................................................................................................... 134 

3.6 Discussion ........................................................................................................... 137 



 viii 

3.6.1 The ‘kinetically silent’ ensemble of unbound states ............................... 137 

3.6.2 Rearrangement rates may be ligand dependent ...................................... 138 

3.6.3 Binding mechanism may be ligand dependent ....................................... 139 

3.6.4 Kinetic and thermodynamic properties of binding interactions may be 

sensitive to experimental conditions ....................................................... 140 

3.6.5 Functional implications for the different binding models: binding 

promiscuity and catalytic promiscuity .................................................... 140 

3.6.6 Summary decision tree ............................................................................ 141 

3.7 Figures................................................................................................................. 143 

 
Chapter 4:  Kinetic Resolution of Heterogenous Ligation States of Small Molecules Binding to 
  CYP3A4 
 

4.1 Introduction ......................................................................................................... 169 

4.1.1 Heterogeneity in the ligation state of ‘Type II’ compounds ................... 169 

4.1.2 Experimental approach and ligand selection .......................................... 170 

4.1.3 Improvements in kinetic analyses: a push for a global approach ........... 171 

4.2 Experimental Procedures .................................................................................... 173 

4.2.1 Materials ................................................................................................. 173 

4.2.2 Protein expression and purification ........................................................ 173 

4.2.3 Equilibrium binding titrations ................................................................. 173 

4.2.4 Corrections to CN- concentration ............................................................ 174 

4.2.5 Stopped-flow kinetic: ligand binding (mixing experiments) .................. 174 

4.2.6 Stopped-flow kinetic: ligand dissociation (dissociation experiments) ... 175 

4.2.7 Global fitting and statistical analysis of stopped-flow kinetic data ........ 175 

4.2.8 Singular value decomposition of kinetic data ......................................... 177 

4.3 Results ................................................................................................................. 178 

4.3.1 Equilibrium titrations .............................................................................. 178 

4.3.2 Stopped-flow kinetic measurements ....................................................... 178 

4.3.3 123-TRZ binding mechanism ................................................................. 179 

4.3.4 IMZ binding mechanism ......................................................................... 180 

4.3.5 CN- binding mechanism .......................................................................... 181 



 ix 

4.3.6 SVD analysis of stopped-flow kinetic measurements ............................ 181 

4.4 Discussion ........................................................................................................... 182 

4.5 Figures................................................................................................................. 191 

Appendix ......................................................................................................................... 200 

References ....................................................................................................................... 229 

 

  



 x 

LIST OF FIGURES 

Figure 1.1. The canonical P450 catalytic cycle involving hydrophobic type I ligands. ............... 17 

Figure 1.2. CYP heme-ligand interactions. ................................................................................... 18 

Figure 1.3. CYP3A4 structure. ..................................................................................................... 19 

Figure 1.4. Comparison of 3A4 crystal structures. ....................................................................... 20 

Figure 1.5. CYP3A4 nanodiscs. .................................................................................................... 21 

Figure 1.6. HDX-MS workflow for CYP3A4 nanodiscs. ............................................................. 22 

Figure 1.7. Stopped-flow experimental setup. .............................................................................. 23 

Figure 1.8. Ligand binding kinetic schemes tested in this work. .................................................. 24 

Figure 2.1. MDZ structure, equilibrium titration into CYP3A4 nanodiscs, and product ratio vs 

MDZ concentration plot. .......................................................................................................... 50 

Figure 2.2. MDZ-induced changes in HDX changes. ................................................................... 51 

Figure 2.3. Average RMSD values for CYP3A4 residues under different ligation states. ........... 52 

Figure 2.4. Representative MDZ binding modes and time dependences of active site MDZ-

CYP3A4 interactions. .............................................................................................................. 53 

Figure 2.5. G’-helix distance with B-B’-loop and membrane interactions in the simulation. ...... 54 

Figure 2.6. Distances between MDZ C1’ and the heme iron atom in the simulation. .................. 56 

Figure 2.7. Comparison of HDX changes from MDZ and KTZ binding. .................................... 57 

Figure 3.1. Two-state models. ..................................................................................................... 143 

Figure 3.2. Multi-state binding models. ...................................................................................... 144 

Figure 3.3. Induced Fit: test cases. .............................................................................................. 152 

Figure 3.4. Conformational selection: test cases. ....................................................................... 154 

Figure 3.5. Sequential Binding: test cases. ................................................................................. 156 



 xi 

Figure 3.6. Substrate Reorientation: test cases. .......................................................................... 158 

Figure 3.7. ‘Equivalent’ IF and CS cases. .................................................................................. 161 

Figure 3.8. ‘Equivalent’ IF and SR cases. .................................................................................. 162 

Figure 3.9. ‘Equivalent’ CS and SR cases. ................................................................................. 163 

Figure 3.10. Comparison of binding and dilution experimental results. .................................... 164 

Figure 3.11. Different ligand selection criteria may yield different binding mechanisms for the 

same enzyme. ......................................................................................................................... 166 

Figure 3.12. Potential functional significance of the different binding mechanisms. ................ 167 

Figure 3.13. Kinetic decision tree. .............................................................................................. 168 

Figure 4.1. Ligand binding kinetic schemes tested in this study. ............................................... 191 

Figure 4.2. Difference spectra and resultant binding isotherms for 123-TRZ, IMZ and CN- binding 

to CYP3A4. ............................................................................................................................ 192 

Figure 4.3. IMZ binding and dissociation kinetics. .................................................................... 193 

Figure 4.4. CN- binding and dissociation kinetics. ..................................................................... 194 

Figure 4.5. Summary of ligand binding mechanisms for IMZ and CN- binding to CYP3A4. ... 197 

Figure 4.6. SVD analysis of IMZ binding data. .......................................................................... 198 

Figure 4.7. SVD analysis of CN- binding data. ........................................................................... 199 

 

  



 xii 

LIST OF SUPPORTING FIGURES 

Figure S1. Initial position of the second MDZ (dark blue) for two-MDZ simulations. ............... 58 

Figure S2. Spectral data fit to Michaelis-Menten and Eadie-Hofstee models for MDZ binding, and 

catalytic turnover data fit to Michalis-Menten model. ............................................................. 59 

Figure S3. Deuterium uptake profiles for all peptides. ................................................................. 61 

Figure S4. Overlay of 5TE8 crystal structure with one MDZ bound and snapshots from the MD 

with two MDZ’s bound. ........................................................................................................... 62 

Figure S5. Distances between the Arg-105 Cζ and the MDZ1 N5 (blue) and center of the MDZ1 

fluorophenyl ring (orange). ...................................................................................................... 63 

  



 xiii 

LIST OF TABLES 

Table 3.1. Kinetic and thermodynamic signatures of the 2-state systems. ................................. 145 

Table 3.2. Kinetic and thermodynamic signatures of the IF binding model. .............................. 146 

Table 3.3. Kinetic and thermodynamic signatures of the CS binding model. ............................ 147 

Table 3.4. Kinetic and thermodynamic signatures of the SB binding model. ............................ 148 

Table 3.5. Kinetic and thermodynamic signatures of the SR binding model. ............................ 149 

Table 3.6. Kinetic and thermodynamic signatures of the PH binding model. ............................ 150 

Table 3.7. Simplified observed rate expressions for the limiting cases. ..................................... 151 

Table 4.1 Model parameters and statistics for IMZ binding to CYP3A4. .................................. 195 

Table 4.2 Model parameters and statistics for CN- binding to CYP3A4. ................................... 196 

 



 xiv 

ACKNOWLEDGEMENTS 
 
I would like to thank the following people: 
 
Bill Atkins for his support and guidance over the years – without his patience, trust, and insight, 
this work would not have been possible. Thanks for all the laughs and for letting me “not let [you] 
get in the way.” 
 
My committee members: Kelly Lee, Abhi Nath, and Rheem Totah. I have learned so much from 
each of you over the years. Thank you for helping me believe in myself, especially during times 
when I found it difficult. Thank you, Nina Isoherranen, for your feedback as my GSR. 
 
Our collaborator, John Hackett. Thank you for your help with MD simulations and initial 
MATLAB scripts. 
 
Caleb Woods for introducing me to kinetics, spectroscopy, and so much more. Thank you for the 
long discussions about science and about life. I would be a lesser scientist without you. 
 
Mike Guttman for his help with HDX. Thank you for always making time to answer my questions 
and for all your feedback over the years. 
 
Members of the Atkins lab: You all made working in lab fun and memorable. I would especially 
like to thank Mike Dabrowski, Kip Conner, Nick Treuheit, Mavis Li, and Amanda Clouser for 
helpful scientific discussions. 
 
Eric Evangelista, thank you for being my friend and for helping me figure out how Webster would 
define stopped-flow spectroscopy: stopped(not moving)-flow(moving) spectroscopy or “not 
moving-moving spectroscopy”. 
 
Jenny Chang, thank you for your friendship and all the memories over the years. Thank you for 
making me laugh and reminding me to enjoy the moment. 
 
My cohort: Rob Pelletier and James Williams. Your bright personalities and funny stories made 
me forget we were all working in windowless basement labs. Thank you to Rob, for teaching me 
so much about CYPs, everything I ever wanted to know about mass specs and wonky metabolism, 
and for your scientific insight over the years. Thank you to James, for all the happy memories and 
for helping develop the concepts for so many web series – too many to list.  
 
All the friends I’ve made in the department. Thank you all. 
 
The departments of Medicinal Chemistry and Pharmaceutics. 
 
My family for their support. Thanks to my mom, dad, and brother. Also thank you to the Yehs. 
 
Last but not least, my husband, Andrew Yeh. Thank you for always being supportive, kind, and 
understanding, especially when this work seemed to take so much of my time. 



 xv 

DEDICATION 
 

To my parents, for always believing in me. 



 1 

Chapter 1  

Introduction to ligand binding interactions with CYP3A4  

Note: portions of this chapter have been taken from the published manuscript: 
 
Redhair, M., Clouser, A. F., and Atkins, W. M. (2019) Hydrogen-deuterium exchange mass 
spectrometry of membrane proteins in lipid nanodiscs. Chem. Phys. Lipids. 220, 14–22. 
 

1.1 Cytochrome P450 enzymes 

1.1.1 Function and scope of research 

 Cytochrome P450s (CYPs) form a superfamily of heme-containing mono-oxygenases that 

oxidize a range of endogenous and exogenous compounds [1]. CYPs are involved in a number of 

cellular processes including drug metabolism, hormone synthesis, glucocorticoid synthesis and 

metabolism of other natural products. Among the hepatic CYPs, the CYP3A4 isoform, which is 

the subject of this thesis, dominates drug metabolism [2]. CYP3A4 displays remarkable 

promiscuity, presumably as a result of conformational plasticity [3,4]. The ‘promiscuity’ includes 

the ability to bind and metabolize structurally dissimilar compounds and the ability to perform a 

range of oxidative processes on a variety of distinct functional groups [4]. In addition, atypical or 

non-Michaelis-Menten kinetics are commonly observed with CYP3A4 [5-8]. Importantly, the 

observed promiscuity and atypical kinetics cannot be explained by single-site or single binding 

mode models. Characterization of the ligand binding mechanism may provide mechanistic insight 

into how CYP3A4 is able to achieve its broad catalytic profile. 

 Enzymes sample distinct conformations over a range of time scales. It is widely appreciated 

that ligand binding directly influences the conformational landscape and, therefore, the catalytic 

activity of various enzymes in ligand-dependent and enzyme-dependent ways [9]. For example, 

the binding mechanism may uniquely contribute to the fractional contribution of the catalytically 
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relevant enzyme-substrate complex(es) and/or the fraction of enzyme primed for substrate 

recognition or product release. Hence, the ligand binding mechanism may have functional 

significance.  

 The purpose of this dissertation is to improve our understand of ligand binding and its 

potential impact on CYP3A4 structural dynamics and the potential linkage to promiscuity (binding 

and catalytic) and allosterism in CYP3A4. Specifically, in Chapter 2, I present the midazolam-

induced effects on the conformational dynamics of CYP3A4. I hypothesized that the allosteric 

effector, midazolam, will differently affect the conformational dynamics compared to previous 

analyses with the potent azole antifungal inhibitor, ketoconazole. In Chapter 3, I present methods 

to distinguish different mechanisms of ligand binding for multi-state binding mechanisms which 

have been suggested for CYP3A4. I present an analytical approach to distinguish the binding 

mechanisms. In addition, I present a novel experimental approach wherein the dissociation kinetics 

improve the confidence in discrimination of competing binding models when globally analyzed 

with complementary binding kinetics. Finally, in Chapter 4, I present the ligand binding 

mechanism for small azoles (1,2,3-triazole and imidazole) and a diatomic ligand (cyanide) using 

methods described in Chapter 3, with the rationale that the binding mechanism is an indirect 

reporter of the dynamics of CYP3A4. I hypothesized that the ligands will binding to CYP3A4 

through a binding mechanism that contains an induced fit component, which envisions an 

ensemble of different bound states (or ligation modes).  

 

1.1.2 Catalytic cycle, uncoupling pathways, and the potential for multiple products 
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  CYPs are mixed function oxidases that require molecular oxygen and two reducing 

equivalents from pyridine nucleotide electron donors, supplied by their respective redox partner 

proteins, to oxidize organic compounds in the reaction below: 

 RH + NAD(P)H + O! + 2H" → ROH + NAD(P)" + H!O (1.1)  

The hydroxylation reaction shown in equation 1.1 is common, however, CYPs are capable of 

catalyzing a range of other oxidation reactions [10].  The CYP catalytic cycle is a multi-step 

process which typically involves oxidation by compound I (Figure 1.1). The heme in the resting 

state contains a hexacoordinate low-spin state with water at the sixth axial ligand site. The 

following steps occur in the canonical catalytic cycle of CYP3A4: 1) substrate binds resulting in a 

spin-state change, 2) CYP reductase (CPR) reduces the high-spin (HS) ferric P450, 3) oxygen 

binds the ferrous P450, 4) CPR or cytochrome b5 (Cyt b5) reduce the oxygen bound P450 to form 

the ferric peroxy anion species, 5) the distal oxygen is protonated to form the highly reactive ferric 

hydroperoxo complex also known as compound 0, 6) the distal oxygen is protonated a second time 

resulting in a heterolytic O-O bond cleavage to release water and form the perferryl-oxy species, 

also known as compound I, and 7) oxygen insertion into substrate by compound I. Notably, a 

complex proton relay network is responsible for proton delivery and the canonical cycle relies on 

precise delivery to the distal oxygen atoms. 

 The catalytic cycle is not as finely tuned in CYP3A4 (and other CYPs) and deviations from 

the canonical catalytic cycle may include formation of uncoupling products (superoxide, hydrogen 

peroxide, or a second water; these are referred to as uncoupling reaction products because their 

formation consumes reducing equivalents and the catalytic cycle resets to the resting state without 

oxidation of the bound ligand) or oxidation of the substrate at multiple sites [11,12]. In fact, 

multiple metabolites are commonly observed in CYP3A4 with different degrees of uncoupling in 
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some cases. The uncoupling reactions result in the release of the following ‘products’: superoxide, 

hydrogen peroxide, or a second water molecule (shown in grey in Figure 1.1). The uncoupling 

reactions (excluding superoxide formation) are shown below: 

 RH + NAD(P)H + O! + 2H" → RH + NAD(P)" + H!O! (1.2)  

 RH + 2NAD(P)H + O! + 4H" → RH + NAD(P)" + 2H!O (1.3)  

In the autoxidation pathway, superoxide is released and the enzyme returns to its resting state 

without completion of the cycle. In the peroxide pathway, the proximal oxygen (not the distal 

oxygen) is protonated resulting in hydrogen peroxide release and a return to the resting state 

without completion of the cycle. In the oxidase pathway, compound I is further reduced and two 

protonation steps result in the release of an additional water and a return to the resting state without 

oxidation of the substrate. Regarding multiple oxidation products of the substrate, multiple reactive 

intermediates (ferric peroxy anion and compound 0) are formed in the catalytic cycle that can 

perform different oxidative reactions on the substrate (e.g. deformylation, epoxidation, etc), 

Alternatively, it is possible that substrate may adopt multiple conformations (i.e. multiple ligation 

states) throughout the cycle resulting in oxidation at multiple regions and functional groups on the 

substrate (not shown in the catalytic cycle figure). The multiple substrate orientations may result 

from conformational dynamics in the protein, allosteric effects, or from binding of multiple 

substrates. Collectively, the observation of multiple metabolites and differences in the degree of 

uncoupling for different ligands highlights our lack of understanding of the relationship between 

dynamics (in CYP3A4 structure and in ligand orientation) and catalysis. In the next two sections, 

I explore the relationships between ligand binding interactions and CYP3A4 structure with 

CYP3A4 function. 
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1.1.3 Spectral paradigm may not always predict metabolic fate 

 A common strategy for design of CYP3A4 inhibitors, or the rationale for using existing 

drugs as inhibitors, is based on the spectral paradigm that classifies three types of drug-heme 

interactions with CYPs (Figure 1.2). The three binding interactions have distinct spectral 

properties [13,14]. Within this paradigm a ‘Type I’ compound displaces water from the sixth axial 

ligand site resulting in a spin-state transition from a hexacoordinate low-spin (LS) state to a 

catalytically competent pentacoordinate HS state. ‘Type II’ compounds replace the axial water via 

direct iron-nitrogen bond, thereby stabilizing the LS state. The third spectral class, ‘Reverse Type 

I’ complexes, have been proposed to occur via direct ligation to the heme-iron with other 

heteroatoms or by hydrogen bonding between the axial water on the heme-iron and heteroatoms 

on the compound. The linkage between spin-state and catalysis is well-established in the P450cam 

isoform of CYPs [15,16]. Specifically, the LS state of P450cam cannot be reduced by its natural 

redox partner protein. Since oxygen may only bind to the reduced state, stabilization of the LS 

state effectively halts the catalytic cycle. Thus, the LS → HS state transition has been regarded as 

a ‘catalytic gating mechanism’, leading to the expectation that ‘Type I’ compounds will behave as 

substrates while ‘Type II’ and ‘Reverse Type I’ compounds will behave as inhibitors. 

 However, recent work challenges the spectral paradigm and its implications for CYP 

catalysis. Paradoxically, faster metabolic rates for type II compounds compared to analogous type 

I compounds have been observed [17-19]. One possible explanation is that the ‘catalytic gating 

mechanism’ is not as finely tuned in CYPs. In fact, evidence for direct reduction of the type II 

complexes has been presented [20]. In another study, it was shown that the redox potential 

increased for a type II compound relative to the ligand-free state, which is a behavior previously 

associated with only type I compounds [21]. Another possibility is that differences in heme 
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coordination, and therefore heme-ligation dynamics, contributes to the likelihood of achieving 

different categories of binding modes (e.g. catalytically productive vs inhibitory). Incomplete 

heme-coordination of the azole moiety in type II compounds compared to the sterically unhindered 

azole standards [22] has been observed by UV/Vis spectroscopy. Moreover, heterogeneity in 

heme-ligand coordination (type II and reverse type I coordination) has been observed by 

continuous wave electron paramagnetic resonance spectroscopy (EPR) for various compounds that 

were previously thought to bind only by type II coordination, as assessed by UV/Vis spectroscopy 

[23].  

 Collectively, the spectroscopic data suggest additional complexity in the heme-ligand 

coordination equilibria and highlight their potential effects on catalysis. Importantly, the 

spectroscopic techniques (EPR and UV/Vis spectroscopy with equilibrated solutions of ligand-

bound CYP3A4) only highlight the thermodynamic properties of the heme-ligand interaction. 

Specifically, the different ligation states cannot be resolved by UV/Vis spectroscopy, and thus, the 

spectra are an average of the ligation states. The EPR spectra may resolve the different ligation 

species, however, the spectra only report on the relative equilibrium amounts of each state (at 

physiologically irrelevant enzyme concentrations and temperature). Hence, the results highlight 

the need to clarify our understanding of the thermodynamic and kinetic properties of LS 

complexes. In this work, I determined the mechanism of ligand binding for three type II ligands 

(1,2,3-triazole, imidazole, and cyanide) binding to CYP3A4 via stopped-flow spectroscopy. 

 

1.1.4 Multiple conformers of CYP3A4 have been observed by X-ray crystallography 

CYP3A4 is a ~57 kDa enzyme located in the membrane of the endoplasmic reticulum of 

the hepatocytes. The ligand-free crystal structure of CYP3A4 is shown in Figure 1.3 (PDB:1TQN) 
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[24]. The structure is rich in α-helical content with four β-sheet domains. The enzyme has an N-

terminal transmembrane helix (~5 turns) that serves to anchor and superficially embed the enzyme 

to the membrane. The active site contains an iron protoporphyrin IX prosthetic group, which is 

ligated by Cys442. The heme is adjacent to the I-helix, which spans across the interior of the 

protein. The F/G region, which is perpendicular to the I-helix, acts as a ‘lid’ to the active site on 

the distal side of the heme. At the membrane interface, a phenylalanine cluster at the F/F’ loop 

forms a hydrophobic core for large non-polar ligands to bind. 

CYP3A4 is known for its large active site, which is capable of accommodating a range of 

chemically dissimilar compounds in a variety of binding poses [25]. Several crystal structures of 

CYP3A4 with different ligands have been published with ligands such as progesterone, 

metyrapone, erythromycin, ketoconazole, ritonavir, bromocriptine, progesterone, midazolam, 

metformin, and a variety of inhibitors and ritonavir analogs [24,26-41]. The ligands occupy 

different physical space (active site and peripheral binding sites) and in some cases multiple 

ligands are found within the active site. An overlay of the existing crystal structures reveals the 

largest degree of variability among the crystal structures at the F/G region and the intervening 

helices in addition to the H- and beginning of the I-helix (Figure 1.4A). In addition, molecular 

dynamics simulations show a high degree of flexibility in the resides spanning the loop between 

the F-F’ helices (residues 211-218), which may contribute to the broad substrate specificity in 

CYP3A4 [42]. 

In two recent analyses, 24 different CYP3A4 X-ray crystal structures published before 

2015 were analyzed and four channels and three major conformations were identified [43,44]. The 

publications summarize similar previous analyses, however, here I report the most recent findings 

by Benkaidali and coworkers. The four channels (named 2a, 2f, S, and 2e) were identified at the 
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following locations: 2a) between F/G region and the BC-loop and the β1-sheets, with an apolar 

mouth at the membrane 2f) between the F/G region and the C-terminal loop, with openings at the 

membrane interface and cytosol, S) between the E-, F-, and I-helices and the C-terminal loop, with 

cytosolic openings, and 2e) through the BC-loop with cytosolic openings. The conformations 

include one closed conformation (which contains the ligand-free crystal structures and a few other 

ligand-bound complexes), and two open conformations, open1 and open2. The closed and open1 

conformations contained channels 2a and 2f, while the open2 conformation contained all channels. 

Additionally, the conformations differed between the F- and I-helices, and the intervening loops 

and helices (Figure 1.4B). Specifically, residues 212-218 in the F-F’ loop point inwards towards 

the active site heme in the closed conformation, while the R212 residue and the F-F’ loops rotate 

outwards towards the membrane at varying degrees in the open conformations.  

Collectively, the x-ray crystallography data provide direct evidence that CYP3A4 is able 

to access multiple conformations, which in turn may influence solvent and ligand accessibility. 

However, although X-ray crystallography provides highly detailed structural information of 

CYP3A4 under different ligation states, it only captures a snapshot of the conformations suitable 

for crystallography. Among the uncertainties regarding the conformations of CYP3A4 captured 

by X-ray crystallography is their functional relevance. Additionally, the X-ray crystallography 

data were collected on soluble versions (heavily truncated and lacking the N-terminal 

transmembrane helix) in the absence of a membrane, which may influence the distribution of 

crystallizable conformations. Speculatively, the number of accessible conformations in the ligand-

bound and ligand-free states in solution (and/or in membrane) may differ from the conformations 

in the crystalline state and have different catalytic properties, thus highlighting the necessity to 

understand the ligand-induced effects on conformational dynamics. In this work, I measured the 
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ligand-induced effects on conformational dynamics of CYP3A4 nanodiscs by the allosteric 

effector, midazolam. 

 

1.2 Conformational dynamics: hydrogen-deuterium exchange mass spectrometry (HDX-

MS) 

1.2.1 Nanodiscs provide a native-like membrane environment for CYP3A4 structural studies 

  CYP3A4 nanodiscs are used in this work to study the conformational dynamics of 

CYP3A4. Nanodiscs are self-assembled proteolipid particles with membrane scaffold proteins 

(MSP) that encapsulate a well-defined number of phospholipid molecules in a bilayer [45,46]. 

Two MSPs per nanodisc particle form helical belts around the periphery of the lipid bilayers. The 

size of the discs and number of encapsulated lipid molecules are dictated by the specific MSP, 

which may be chosen from a number of engineered variants of Apo lipoprotein A. Several reviews 

describe these MSPs in detail [45,47-49]. Interestingly, the Apo lipoprotein A from which MSPs 

are derived is involved in the formation of spherical LDL particles from nascent discoidal particles 

in vivo. It should be emphasized that each target protein-MSP combination requires optimization 

of lipid:MSP:protein ratios and reconstitution conditions, as reviewed previously [49,50]. This can 

require significant investment of time, but once a protocol is optimized generation of protein-

nanodiscs is highly reproducible. Importantly, it is possible to identify conditions where one 

CYP3A4 molecule is contained in one nanodisc. 

 Despite the challenges, lipid nanodiscs provide a way to maintain monomeric, 

monodisperse preparations of purified membrane proteins in a lipid bilayer environment, without 

the need for detergents to prevent aggregation. Furthermore, they can, in principle, allow for the 

systematic study of the effects of lipid composition on membrane protein structure and dynamics. 
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Liposomes provide an alternative membrane mimic for HDX-MS of membrane proteins, with 

some potential advantages, but they can also be polydisperse and the higher ratios of lipid:protein 

can add to difficulties in chromatography required for peptide resolution. 

 

1.2.2 HDX-MS methodology 

 The static conformations of a protein obtained by X-ray crystallography and electron-

microscopy are rarely sufficient to capture all of the relevant mechanistic features for a given 

system. In solution, a protein can sample a vast conformational landscape and a firm under- 

standing of a protein’s conformational dynamics is critical to understanding its function. Despite 

advances in crystallography, it is still difficult to perform crystallographic analyses for many 

membrane proteins [51-53]. HDX-MS in combination with nanodisc technology is an alternative 

approach that allows one to characterize the spatial and temporal conformational dynamics of a 

protein in a native-like membrane context. While NMR is heavily utilized for a wide range of 

protein dynamics experiments, the protein/complex size limitations, isotope costs, and large 

sample requirement make this approach rather intractable for many challenging, large membrane 

protein/nanodisc systems. Many older, elegant NMR studies demonstrated the utility of mapping 

HDX of individual amides to probe structure of soluble proteins [54,55], but the requirement for 

high sample concentrations and the presence of lipids make HDX-NMR studies intractable for 

membrane proteins. In contrast, the exchange of protons for deuterons is easily monitored by mass 

spectrometry and can be localized to specific peptides within the primary structure, upon 

proteolytic digestion.  

 There is no theoretical protein size limitation for HDX-MS (though a higher degree of 

complexity in the chromatographic separation of peptides may occur as protein size increases, 
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which may be alleviated by ion mobility spectrometry), and typical experiments with several time 

points only require hundreds of picomoles to a few nanomoles of the target protein. Despite the 

utility of HDX as a tool to probe dynamics and structure, the technique is most powerful when 

combined with other methods. HDX is not capable of generating de novo structural models, nor 

can it unambiguously distinguish between changes in secondary structure vs. changes in solvation 

due to environmental changes. Thus, HDX should be viewed as a powerful, but complementary, 

probe of behavior.  

 Exposure of a protein to a D2O buffer induces exchange of amide backbone hydrogens for 

deuterium. Note that the experiment can also be done in reverse, where a fully labeled protein is 

exposed to an H2O buffer. In either case, deuterium exchange is typically measured at the peptide 

level by monitoring the shift in the mass envelope for each peptide over time. Regions with defined 

secondary structural elements, such as α-helices and β-sheets, are stabilized by hydrogen bonding 

networks involving the backbone amide groups, so they tend to exchange more slowly than 

unstructured regions. HDX will also report on sequestration of regions of a protein in a solvent-

inaccessible hydrophobic core, as deuteration will require both exposure of the region to solvent 

and fluctuations in hydrogen bonding 

 The experimental workflow for a standard continuous labeling experiment involves 

multiple steps [56]. In the HDX analysis of soluble proteins, the target protein is diluted into D2O 

buffer (pD ≈ pH + 0.4, [57]) and incubated for varying times ranging from a few seconds to many 

hours. These time points are selected based on the inherent dynamics of the protein and the regions 

of interest to give an overall profile. The intrinsic rate of exchange is temperature and pH 

dependent, so keeping these conditions is consistent between experiments is critical [58,59]. After 

discrete times following introduction of D2O, the exchange processes are quenched by rapid 
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acidification and the temperature is decreased (pH 2.5 and 0 °C). The quench conditions need to 

be maintained for the remainder of the experiment to minimize ‘back exchange’ (deuterated 

amides begin to exchange with the protonated quench and LC buffer). Samples are then digested 

typically with pepsin in solution or chromatographed through an immobilized pepsin column. 

Other proteolytic enzymes that function at low pH can be used for alternative peptide coverage. 

The resulting peptides are analyzed by LC–MS. Briefly, digested samples are separated on a 

reverse-phase column (typically C18) with an acetonitrile gradient at low pH (0.1% formic acid). 

Near-freezing conditions must be maintained during chromatography and digestion/separation 

time should be minimized to limit back-exchange. 

 The advantages of the lipid nanodiscs for providing a membrane mimic and for ensuring 

that the samples are monodisperse are bundled with the disadvantages of having significant lipid 

present, which can significantly decrease the sensitivity of most MS analyses. As a result, the 

successful combination of HDX-MS with nanodisc-captured proteins requires modifications to 

typical HDX-MS protocols used with soluble proteins (Figure 1.6). Specifically, the following 

modifications are made to the ‘standard’ experimental workflow: 1) cholate is added immediately 

after the exchange process to facilitate nanodisc disassembly, 2) immobilized pepsin beads are 

used to minimize the number of overlapping protein peptides,  3) ZrO2 resin is added in the last 

minute of the pepsin digestion for lipid removal and to increase reproducibility in chromatography 

and column life in the subsequent LC methods, 4) filtration of the final sample is done prior to 

freezing in liquid nitrogen to remove the immobilized pepsin beads and ZrO2 beads with the 

adsorbed lipid.   
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1.2.3 The ligand-induced effects on the conformational dynamics of CYP3A4 are globally 

distributed 

 Structural dynamics have been studied for various CYPs under different ligations states by 

HDX-MS. The studies include the following CYP isoforms: CYP2B4 [60], CYP3A4 [61,62], 

CYP19 [63], CYP46A1 [64,65], and BM3 [66]. Among the CYP3A4 studies, two ligands have 

been studied via HDX-MS which include: ketoconazole-bound CYP3A4 nanodiscs compared to 

ligand-free CYP3A4 nanodiscs [61] and more recently (published shortly after work in this thesis 

was published for the midazolam-induced effects with CYP3A4 nanodiscs), progesterone-bound 

CYP3A4 compared to ligand-free CYP3A4 in solution [62]. Notably, despite not being in a 

membrane system, the ligand-free dynamics of CYP3A4 observed by Ducharme and coworkers 

are consistent with those reported in our lab for detergent-solubilized CYP3A4 and CYP3A4 

nanodiscs [61]. In addition, the ketoconazole and progesterone-induced changes in HDX were 

globally distributed across the CYP3A4 structure and include overlapping regions such as the F/G 

region, the E-helix, the I-helix, the K/β1 region. Finally, Ducharme and coworkers used 

bioconjugation in combination to HDX-MS to identify an allosteric binding site for progesterone 

at the F’-helix which is consistent with the work presented in Chapter 3 with midazolam. In this 

work, I present the midazolam-induced effects on CYP3A4 dynamics via HDX-MS. This work 

provides evidence that although different ligands may alter dynamics in similar regions of the 

CYP3A4 structure (which is consistent with the published X-ray crystals), the direction of change 

may be ligand dependent (e.g. less dynamic vs more dynamic relative to the ligand-free CYP3A4 

state). Stated differently, this work strongly suggests ligand-dependent effects on the 

conformational landscape of CYP3A4. 
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1.3 Ligand binding kinetics: stopped-flow spectroscopy 

1.3.1 Traditional kinetic approach 

 Traditional kinetic analyses rely on interpretation of the concentration dependent behavior 

of the observed rate of binding obtained by mixing unbound enzyme with varying concentrations 

of ligand (see mixing experiment in Figure 1.7). The number of equilibration steps in a given 

binding model is equal to the theoretical maximum number of observable relaxation rates. For 

example, binding data for a simple 2-state system, which has a single equilibration step (E + L ⇄ 

EL; where ligand, L, binds to enzyme, E, to form a complex, EL), will exhibit a single exponential 

process best described by equation 1.4, where A1 is the amplitude and kobs,1 is the observed rate 

constant. Binding kinetics for multi-step binding models proceed through a maximum of n 

relaxation rates for n equilibria, best described by equation 1.5, which has the same nomenclature 

as equation 1.4. 

 𝑓(𝑡) = 𝐴#𝑒𝑥𝑝6−𝑘$%&,#𝑡9 + 𝑐 (1.4)  

 𝑓(𝑡) = 𝐴#𝑒𝑥𝑝6−𝑘$%&,#𝑡9 + 𝐴!𝑒𝑥𝑝6−𝑘$%&,!𝑡9 + 𝑐 (1.5)  

Although the number of observed relaxation processes is closely linked to the number of equilibria 

in the binding model, there are several examples where multi-step binding processes result in 

single exponential kinetics. A few examples include cases where one step of the binding process 

is fast compared to others if there is a stationary or relatively ‘constant’ concentration of 

intermediate. Thus, the observation of multi-exponential binding kinetics requires careful 

examination of multi-step binding models equal to or greater than the number of observed 

exponential processes. 
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1.3.2 CYP3A4 binding kinetics review 

 Complex ligand binding kinetics are commonly observed in CYP3A4. Multiphasic binding 

kinetics have been observed for the following ligands binding to CYP3A4: α-naphthoflavone, 

bromocriptine, carbon monoxide, clotrimazole, cyanide,  flavone, indinavir, itraconazole, 

ketoconazole, midazolam, morphiceptin, ritonavir, and testosterone [28,29,67-71]. Several 

different binding mechanisms have been proposed which include different components of the 

following mechanisms: sequential binding (multiple ligand binding), multi-site binding 

(‘spectrally silent’ peripheral encounter complex prior to ‘spectrally active’ binding near to the 

heme), conformational selection (ligand selects a binding competent enzyme conformer from a 

pre-existing ensemble of enzyme states), induced fit (ligand binds and induces a conformational 

change), persistent heterogeneity (multiple non-interconverting enzyme conformers with different 

binding properties), substrate reorientation (multiple ligand binding orientations that require ligand 

dissociation followed by bulk reorientation prior to rebinding) [28,29,68-70]. In addition, the 

influence ligand binding may have on downstream steps in the catalytic cycle (such as reduction 

kinetics, uncoupling, oxygen dissociation, etc.) has been tested kinetically [67,71]. Notably, 

discerning ligand binding mechanisms is surprisingly difficult because fits are often sensitive to 

initial guess and prone to multiple minima. Thus, an exhaustive interrogation of multiple ligand 

binding models has not been performed. However, recent analytic advances have reinvigorated the 

examination of ligand binding kinetic data. Guengerich and coworkers recently re-evaluated 

previously published kinetic binding data for bromocriptine, ketoconazole, midazolam, and 

testosterone [68,70] and concluded binding occurs through a conformational selection model [72]. 

However, the data were not adequately described across all ligand concentrations for all ligands, 

which suggests additional complexity in the binding mechanisms. In this work, I interrogate 
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binding kinetics for small molecules (1,2,3-triazole, imidazole, and cyanide) which includes an 

exhaustive interrogation of multiple kinetic mechanisms (Figure 1.8) for ligand binding and 

dissociation data (see mixing and dilution experiment in Figure 1.7).  
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1.4 Figures 

 

Figure 1.1. The canonical P450 catalytic cycle involving hydrophobic type I ligands. The heme 
in each species are shown in truncated form. The full structure of the resting state is shown for 
clarity. The uncoupling reaction pathways and products are shown in grey. 
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Figure 1.2. CYP heme-ligand interactions. Ligands are able to achieve different ligation modes 
with the active site heme which include a range of low-spin and high-spin interactions. 
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Figure 1.3. CYP3A4 structure. Cartoon representation of CYP3A4 ligand-free crystal structure 
(PDB: 1TQN) oriented on a membrane interface (yellow). This figure was modified from: [61].  
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Figure 1.4. Comparison of 3A4 crystal structures. A) Overlay of 3A4 crystal structures (PDB: 
1TQN, 1W0E, 1W0F, 2J0D, 2V0M, 3NXU, 3TJS, 3UA1, 4D6Z, 4D7D, 4D75, 4D78, 4I3Q, 4I4G, 
4I4H, 4K9T, 4K9U, 4K9V, 4K9W, 4K9X, 4NY4, 4NZ2, 5A1P, 5A1R, 5G5J, 5TE8).  B) Overlay 
of midazolam-bound CYP3A4 crystal structure with 3 representative 3A4 conformations 
identified in: [43]. The midazolam bound crystal structure is shown in green (PDB: 5TE8). The 
ligand free crystal structure is shown as a representative of the closed conformer in white (PDB: 
1TQN). The ritonavir analog bound crystal structure is shown as a representative of the open 1 
conformer in red: 4I4G. The ketoconazole bound crystal structure is shown as a representative of 
the open 2 conformer in blue 
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Figure 1.5. CYP3A4 nanodiscs. Cartoon representation of CYP3A4 nanodiscs. 
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Figure 1.6. HDX-MS workflow for CYP3A4 nanodiscs. This figure was modified from: [61].  
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Figure 1.7. Stopped-flow experimental setup. The syringe contents and expected signal and 
kinetic information for the mixing and dilution experiments are shown for a simple 2-state process. 
‘E’ represents the enzyme. ‘L’ represents the ligand. ‘EL’ represents the ligand-bound complex. 
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Figure 1.8. Ligand binding kinetic schemes tested in this work. The ligand binding step and 
ligand-bound enzyme states are highlighted in red text.   
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Chapter 2  

Dynamics and Location of the Allosteric Midazolam Site in Cytochrome P4503A4 in Lipid 

Nanodiscs 

 

Note: portions of this chapter have been published in this manuscript: 
 
Redhair, M., Hackett, J. C., Pelletier, R. D., and Atkins, W. M. (2020) Dynamics and Location of 
the Allosteric Midazolam Site in Cytochrome P4503A4 in Lipid Nanodiscs. Biochemistry. 
10.1021/acs.biochem.9b01001. 
 
* I performed all experiments and data analysis except for the RMSD analysis and MD simulations, 
which were performed by John C. Hackett. 

 

2.1 Introduction 

Membrane-bound cytochrome P450 3A4 (CYP3A4) dominates drug metabolism in 

humans and displays remarkable substrate promiscuity, which is presumed to be a result of 

conformational plasticity. The plasticity of CYP3A4 has been documented via numerous crystal 

structures that reveal significant changes in active site structure and rearrangement of structural 

elements remote from the active site [27,36]. The ligand-dependent induced fit [73] is clearly 

operative with CYP3A4, wherein different protein conformations distinct from ligand-free 

CYP3A4 are observed when structurally distinct ligands bind. Despite the wealth of structural 

information, our understanding of CYP3A4-ligand interactions remains incomplete because the 

static models are based on the crystalline state in the absence of a membrane, which is likely to 

modulate the ligand-dependent conformational ensembles [74]. Furthermore, although elegant 

advances have been made in computational methods applied to CYPs [75,76], very few 

experimental approaches report directly on the dynamics of CYP3A4 in a membrane environment. 

As a result, our understanding of the detailed mechanisms by which drugs enter or leave the active 
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site is limited, and the time scales of protein dynamics or solvent reorientation in relevant access 

channels that link the membrane or bulk solvent to the active site are not established. By analogy 

with the structural plasticity indirectly suggested by CYP3A4 crystal structures, ligand-dependent 

protein and solvent dynamics are expected. It is possible, even likely, that different ligands bind 

and dissociate from the active site via different routes, but there are insufficient data to address 

this possibility. 

Among the uncertainties regarding ligand-dependent CYP dynamics is the effect of 

allosteric ligands on the dynamics of CYP3A4. The allosteric behavior of CYPs, in general, is 

enigmatic because it parallels the substrate and catalytic promiscuity. In this regard and others, 

CYP3A4 allostery is distinct from traditional allostery wherein specific allosteric ligands are 

exploited to regulate the function of an active site. With CYP3A4, many ligands have substrate-

dependent allosteric effects. The nature of such a promiscuous and substrate-dependent allosteric 

site is unknown. Several historical and recent studies suggest a set of overlapping allosteric sites 

near the Phe-cluster of CYP3A4 that provide for promiscuous allostery [77-80]. Hypothetically, 

the structural or dynamic properties of this allosteric site would be different from a ligand-specific 

allosteric site that regulates the function of substrate-specific enzymes. 

Hydrogen–deuterium exchange mass spectrometry (HDX-MS) provides high-resolution 

information about the time-dependent exposure of peptide backbone amides of the folded protein 

state to solvent [58,59]. Structured regions involved in hydrogen bonding networks (helices or 

sheets) and regions buried in the protein exchange more slowly than unstructured regions (loops) 

and solvent-exposed areas. Although HDX-MS is straightforward for small cytosolic proteins, it 

remains challenging and less commonly used for membrane proteins [60,81], and there are very 

few examples of H/DX with membrane proteins in a membrane bilayer [61]. We previously have 
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initiated HDX-MS with CYP3A4 in nanodiscs and demonstrated that the lipid bilayer composition 

and structure could affect CYP3A4 dynamics [61]. Here we extend the previous work and monitor 

the HDX of CYP3A4 POPC nanodiscs in the presence of the classic CYP3A4 substrate midazolam 

(MDZ). 

MDZ is metabolized to 1′-hydroxy MDZ (1′-OH MDZ) and 4-hydroxy MDZ (4-OH MDZ) 

by CYP3A4 (Figure 2.1A), and the product ratio exhibits homotropic and heterotropic allosteric 

effects in vitro [82], and in vivo [83], indicative of multiple ligand binding. The 1′-OH/4-OH MDZ 

ratio decreases with increasing MDZ concentrations. Mutagenesis work by Khan and co-workers 

supports the hypothesis that a discrete secondary binding site exists proximal to the catalytic 

binding site near the Phe-cluster [77]. Additionally, NMR work done by Roberts and co-workers 

indicates two MDZ molecules in or near the active site [82]. Furthermore, the equilibrium binding 

experiments described here indicate cooperative isotherms, consistent with multiple MDZ binding. 

As a result of the long-appreciated behavior of MDZ with CYP3A4, the current dogma is that 

CYP3A4 binds multiple MDZ molecules, as with other ligands, and here we aim to interrogate the 

structural dynamics of CYP3A4 when bound to MDZ in order to better characterize the allosteric 

sites. 

Toward this end, we performed Gaussian accelerated molecular dynamics simulations 

(GaMD) for CYP3A4 in a POPC lipid bilayer under different ligation states to aid in our 

interpretation of the MDZ-induced changes in HDX. The HDX-MS and GaMD are reasonably 

cross-correlated, and they identify regions of CYP3A4 that have altered dynamics upon MDZ 

binding. Furthermore, the results suggest important differences between the structure of CYP3A4 

in the crystalline state vs in a membrane, when MDZ is bound. The combination of several 
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structural and dynamic techniques appears necessary for a complete understanding of CYP3A4 

interactions with ligands. 

 

2.2 Experimental Procedures 

2.2.1 Protein expression and purification (CYP3A4, MSP1D1, and rCPR) 

 Recombinant CYP3A4 was expressed in Escherichia coli C41(DE3) cells transformed with 

a pCWori+ vector encoding genes for ampicillin resistance and the Nf14 construct of CYP3A4 

[84,85] preceding a C-terminal histidine tag, as previously described [86]. A single isolated colony 

was used to inoculate an overnight culture of luria bertani (LB) broth containing 100 µg/mL 

ampicillin. The overnight culture was used to inoculate terrific broth media containing 100 µg/mL 

ampicillin, 1 mM thiamine, and trace elements in a ratio of 1:100. After 4 hours growth at 37 ºC 

with shaking at 220 rpm, 0.5 mL 1M δ-ALA and 0.5 mL 1M IPTG were added to each flask to 

induce CYP3A4 expression and both temperature and speed of shaking were reduced to 27 ºC and 

125 rpm. After 40 additional hours of growth, cells were harvested via centrifugation of each 

culture for 30 minutes at 4 ºC at 4,800 rpm. The resulting pellets were frozen at -80 ºC until further 

purification. 

 CYP3A4 growth cell pellets were thawed and gently resuspended in ice-cold CYP3A4 

resuspension buffer (100 mM KPi, pH 7.4, 20% glycerol, 10 mM β-mercaptoethanol (BME), 3% 

Emulgen 911, 50 µM testosterone [TST], 20 mM imidazole (IMZ), supplemented with protease 

inhibitor cocktail for His-tagged proteins [EDTA-free], benzonase, and 2 mg/mL lysozyme) then 

stirred at 4 ºC for 1 hour before homogenizing several times through a hand-held homogenizer. A 

second round of stirring at 4 ºC for 4 hours followed by several more passes with the hand-held 

homogenizer greatly improved yield. The lysate was centrifuged for 1 hour at 4 ºC at 37,000 rpm 
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with a Beckman Ti45 rotor. The resulting pellet was discarded, and the supernatant was loaded 

onto a 30 mL Ni-NTA affinity column (Qiagen) equilibrated with wash buffer 1 (50 mM KPi, pH 

7.4, 20% glycerol, 2 mM BME, 50 µM TST, 0.2% Anapoe C12E10, 300 mM KCl, 20 mM IMZ). 

The column was then washed with 250 mL wash buffer 1, then 500 mL wash buffer 2 (50 mM 

KPi, pH 7.4, 20% glycerol, 2 mM BME, 50 µM TST, 0.1% cholate, 300 mM KCl, 100 mM 

glycine, 20 mM IMZ), followed by a final 500 mL wash with wash buffer 3 (50 mM KPi, pH 7.4, 

20% glycerol, 2 mM BME, 50 µM TST, 0.1% cholate, 40 mM IMZ). Protein was eluted with 

elution buffer (50 mM KPi, pH 7.4, 20% glycerol, 2 mM BME, 0.1% cholate and an IMZ gradient 

from 50 – 500 mM). P450 containing fractions were diluted 1:1 with an ice-cold solution of 20% 

glycerol and 0.1% cholate to reduce the KPi concentration before loading to a 20 mL 

hydroxyapatite (HA) column equilibrated with 10 mM KPi, pH 7.4, 20% glycerol, 2 mM BME, 

and 0.1% cholate. The column was then washed with 1000 mL HA wash buffer (25 mM KPi, 20% 

glycerol, 2 mM BME). Protein was eluted with 400 mM KPi, pH 7.4, 20% glycerol, and 2 mM 

BME. P450 containing fractions were dialyzed with a 10 kDa MWCO SnakeSkin dialysis tubing 

(Thermo) into 100 mM KPi, pH 7.4, 20% glycerol, 1 mM EDTA, and 0.5 mM TCEP. Protein was 

stored at -80 ºC till further use. Purity was >95% as determined by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). CYP3A4 concentration was determined by 

“dithionite difference spectra,” which is the difference between Fe3+-H2O vs Fe2+-CO, using an 

extinction coefficient of 99 mM-1 cm-1 [87,88]. The method is similar to those published by Omura 

and Sato (Fe2+ vs Fe2+-CO) without the anaerobic conditions [89]. No P420 was detected from the 

difference absorbance spectrum. 

 Membrane scaffold protein, MSP1D1, was expressed and purified as previously described 

[61,90]. MSP1D1 was heterologously expressed in E. coli BL21-Gold (DE3) cells transformed 
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with a pET expression vector encoding genes for kanamycin resistance and MSP1D1 with a C-

terminal histidine tag. An overnight culture grown in LB media containing 50 µg/mL kanamycin. 

The overnight culture was used to inoculate terrific broth media containing 100 µg/mL ampicillin 

and 1 mM thiamine in a ratio of 1:100. After 4 hours growth at 37 ºC with shaking at 220 rpm, 0.5 

mL 1M IPTG was added to each flask to induce MSP1D1 expression. After 3 hours of growth, 

cells were harvested via centrifugation of each culture for 30 minutes at 4 ºC at 4,800 rpm. The 

resulting pellets were frozen at -80 ºC till purification. 

 MSP1D1 growth cell pellets were thawed and gently resuspended in ice-cold MSP1D1 

resuspension buffer (20 mM KPi, pH 7.4, 1% Triton X-100, supplemented with protease inhibitor 

cocktail for His-tagged proteins (EDTA-free), benzonase, and 2 mg/mL lysozyme) and stirred at 

4 ºC for 1 hour. Cells were lysed by french press and lysate was centrifuged for 45 minutes at 4 ºC 

at 22,000 rpm with a Beckman Ti42 rotor. The resulting pellet was discarded and the supernatant 

was loaded to a 20 mL Ni-NTA affinity column (Qiagen) equilibrated with wash buffer 1 (40 mM 

Tris, pH 8.0, 300 mM NaCl, 1% Triton X-100). The column was then washed with 250 mL wash 

buffer 1, then 100 mL wash buffer 2 (40 mM Tris, pH 8.0, 300 mM NaCl, 50 mM cholate, 20 mM 

IMZ), and finally with 100 mL washes buffer 3 (40 mM Tris, pH 8.0, 300 mM NaCl, 50 mM IMZ). 

Protein was eluted with 40 mM Tris, pH 7.4, 300 mM NaCl 400 mM IMZ. MSP1D1 containing 

fractions were dialyzed into 20 mM Tris, pH 7.4, 100 mM NaCl, 0.5 mM EDTA then filtered with 

a 0.2 µm filter. Protein concentration was spectrally determined using the calculated extinction 

coefficient for MSP1D1 absorbance at 280 nm (ε280 nm = 21 mM-1 cm-1). 

 To aid in 3A4 nanodisc purification, the C-terminal histidine tag of MSP1D1 was cleaved 

by Pro-TEV Plus Protease (Promega Corporation) and further purified with a Ni-NTA column, 
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hereafter referred to as MSP1D1(-). Protein concentration was spectrally determined using the 

calculated extinction coefficient for MSP1D1(-) absorbance at 280 nm (ɛ280nm = 18.2 mM-1 cm-1). 

 Recombinant rat NADPH-cytochrome P450 (oxido)-reductase (rCPR) was expressed as 

previously described [86,91]. Briefly, cultures were grown as described for CYP3A4 except that 

LB media supplemented with 1 µg/mL riboflavin, 1 mM thiamine, and 100 µg/mL ampicillin was 

used. After 4 hr growth at 37 ºC with shaking at 220 rpm, expression was induced by the addition 

of 1 mM IPTG and cultures were further grown. The temperature and speed of shaking were 

reduced to 27 ºC and 125 rpm. After 16 additional hours of growth, cells were harvested via 

centrifugation of each culture for 30 minutes at 4 ºC at 4,800 rpm. The resulting pellets were frozen 

at -80 ºC till purification.  

 rCPR growth cell pellets were thawed and gently resuspended in ice-cold CPR 

resuspension buffer (75 mM Tris, pH 8.0, 0.25 M sucrose, 0.5 mM EDTA, 200 µM FMN, 0.02 

mg/mL lysozyme, 0.5 µg/mL DNaseI, and 50 µM dithiothreitol [DTT], supplemented with 

protease inhibitor cocktail for His-tagged proteins [EDTA-free]) then stirred at 4 ºC for 1 hour 

before passage through a french press. The lysate was centrifuged for 1 hour at 4 ºC at 37,000 rpm 

with a Beckman Ti45 rotor. The resulting supernatant was discarded and the pellet resuspended 

with homogenization/wash buffer (50 mM Tris, pH 7.7, 0.1 mM EDTA, 50 µM DTT, 10% 

glycerol, and 0.15% Triton X-100) then passed through a hand-held homogenizer followed by 

centrifugation at 4 ºC at 37,000 rpm with a Beckman Ti45 rotor for 30 min. The resulting 

yellow/green supernatant was loaded to a 2’,5’-ADP Sepharose column equilibrated with wash 

buffer. The column was washed with 20 column volumes of wash buffer. Protein was eluted with 

elution buffer (50 mM Tris, pH 7.7, 10% glycerol, 0.1 mM EDTA, 0.05 mM DTT and an NADP+ 

gradient from 0 – 6 mM). rCPR containing fractions were dialyzed with a 10 kDa MWCO 
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SnakeSkin dialysis tubing (Thermo) into 100 mM KPi, pH 7.5, 20% glycerol, and 0.1 mM EDTA. 

Protein was stored at -80 ºC till further use. Purity was >95% as determined by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The rCPR concentration was determined 

spectrally, by measuring the difference in absorbance between 456 and 550 nm of the purified 

protein in solution of 0.01 mM K3Fe(CN)6 in 100 mM KPi using an extinction coefficient of 21.1 

mM-1 cm-1 [92]. 

 

2.2.2 Self-assembly of nanodiscs 

 CYP3A4 nanodiscs were prepared as previously described [61,93]. A chloroform POPC 

stock solution was dried under a gentle stream of Nitrogen and remaining solvent was removed by 

vacuum desiccator overnight. Emulgen solubilized CYP3A4, MSP1D1(−), and POPC were mixed 

in a 0.1:1:65 molar ratio in disc forming buffer (DFB, 100 mM KPi, pH 7.4, 50 mM NaCl) with 

20 mM sodium cholate in a bottle and placed on a Thermo Scientific Digital Bottle Roller for 1 

hour at 4 ºC. Amberlite XAD-2 resin beads were added to the mixture at a final concentration 1 

g/mL to remove detergent, and thus initiate nanodisc self-assembly to proceed on the bottle roller 

overnight at 4 ºC. The resulting solution was removed and beads were washed with 2 volumes 

DFB and beads removed from resulting solution. CYP3A4-nanodiscs were purified after Ni-NTA 

chromatography followed by size exclusion chromatography on a Superdex 200 10/300 GL 

column (GE Healthcare). Purified CYP3A4-nanodiscs were stored at -80 ºC till H/DX 

experiments. 

 

2.2.3 Equilibrium binding titrations 
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 Steady-state titrations were performed using a dual-beam OLIS/ Aminco DW2a 

spectrophotometer (OLIS, Bogart, GA) maintained at 25 °C. The sample cuvette contained 

CYP3A4 Nanodiscs at 0.73 µM in 50 mM HEPES pH 7.4, 50 mM NaCl.  The reference cuvette 

contained exchange buffer. MDZ was added to both sample and reference cuvettes in 1 µL 

increments. Spectra were analyzed as the difference relative to ligand free spectra. The difference 

in absorbance between λmax and λmin were plotted as a function of ligand concentration and fit to 

the Hill equation using IGOR pro 6.35A (Wavemetrics, Lake Oswego, OR): 

 
𝛥	𝐴	 =

𝐴()*[𝐿]+

𝐾&+ + [𝐿]+
 

(2.1)  

where Amax is the maximum absorbance, n is the Hill coefficient, and Ks is the spectral binding 

affinity. It was not possible to estimate the amounts of the intermediate states of occupancy of 

CYP3A4 binding sites via sequential binding model (as described in [94]) without knowledge of 

spectral amplitudes for the separate binding events.  

 

2.2.4 Reconstitution system and kinetic assays 

 Human CYP3A4 and rat CPR were reconstituted in a 1:1 ratio as described by Shaw et al. 

[95], except a 100× lipid stock containing 2 mg/mL POPC lipid was used in place of the lipid 

mixture. The final concentrations of the enzyme in each 100 μL incubation were 100 nM CYP3A4 

and 100 nM rCPR. For each incubation, 80 μL of the lipid/protein reconstitution mixture was 

added to a 200 μL 96-well thin-walled PCR plate, followed by the addition of 10 μL of MDZ stock. 

All incubations contained 2% methanol. The PCR plate was placed in a hot water bath set to 37 

°C and the temperature allowed to equilibrate for 5 min. The reaction was initiated by the addition 

of 10 μL of 5 mg/mL NADPH. After 5 min, the reaction was quenched by the addition of an equal 
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volume (100 μL) quench solution (1:1 mixture of ACN/MeOH containing 1′-OH MDZ-D4 as an 

internal standard). The plate was sealed and centrifuged for 10 min at 4 °C at 1200 rpm using a 

Sorvall Legend XTR tabletop centrifuge. The supernatant was transferred to a separate 96-well 

plate for LC-MS/MS analysis. A standard curve was created by adding known amounts of MDZ 

to identical incubation conditions without CYP3A4, rCPR, and NADPH. 

 

2.2.5 LC-MS/MS method for MDZ metabolism 

 Analyses of 1′-OH MDZ and 4-OH MDZ activity were performed using an API 4000 

QTrap (AB Sciex LLC, Framingham, MA) coupled with a Waters H Class UPLC System (Milford, 

MA). The metabolites were separated using a Waters Sunfire C18 column (50 × 2.1 mm, 5 μm 

particle size) with 0.1% formic acid in water and 0.1% formic acid in acetonitrile for mobile phases 

at 0.75 mL/min. The gradient used for the separation is the following: 0.0 – 0.8 min 100% A, 1.5 

min 80% A, 3 min 60% A, 3.5 min 100% B, 3.6 – 6 min 100% A. The MRM transitions for this 

assay were 342 → 203 for 1′-OH MDZ, 342 → 297 for 4-OH MDZ, and 346 → 203 for 1′-OH 

MDZ-D4. 1′-OH MDZ-D4 was used as an internal standard for both 1′-OH MDZ and 4-OH MDZ. 

Integration and quantification were performed with AB Sciex Analyst 1.6 software using standard 

curves that ranged from 1 to 1000 nM for both metabolites. 

 

2.2.6 Hydrogen-deuterium exchange 

 Deuterium exchange experiments were performed in duplicate with CYP3A4-nanodiscs as 

described previously [61,96]. A 15 μL aliquot (per incubation) of ligand-bound or ligand-free 

CYP3A4 nanodiscs was incubated at 25 °C for 5 min prior to dilution into 105 μL of ligand-

containing or ligand-free D2O buffer at 25 °C for 10 s, 30 s, 1.5 s, 4.5 s, and 13.5 min. The final 
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concentration during each exchange was 0.92 μM CYP3A4 nanodisc, 50 mM HEPES pD 7.4, 50 

mM NaCl, 83% D2O, 2% methanol, and MDZ at 0 μM, 6 μM, or 60 μM. The exchange was 

quenched by equal volume (120 μL) ice-cold 0.8% formic acid for a final pH of 2.5, followed by 

nanodisc disassembly initiated by the addition of a 4 mM ice-cold sodium cholate to nanodisc 

concentration. The sample was then rapidly transferred to a tube containing 200 μL of ice-cold 

immobilized pepsin beads (Pierce) and vortexed frequently for a total of 5 min. In the last minute 

of digest, 10 μL of 300 mg/mL ZrO2 HybridSPE-Phospholipid beads (Supelco) in 0.8% formic 

acid was added to the digest to facilitate lipid removal [97]. After the digest was complete, the 

sample was filtered through a chilled 0.45 μm Spin-X microcentrifuge tube filter (Costar) to 

remove pepsin beads, precipitated sodium cholate, and ZrO2 beads. The filtered sample was 

aliquoted and immediately flash-frozen in liquid nitrogen and stored at −80 °C until analysis. 

Undeuterated samples were prepared as described above without D2O. 

 

2.2.7 Mass spectrometry and data analysis of hydrogen-deuterium exchange samples 

 Text. Samples were thawed on ice over 5 min then injected with an ice-cold Hamilton 

syringe onto a Waters HDX Manager coupled to a Synapt G2-Si QTOF mass spectrometer, 

operating in positive ion mode with ion mobility enabled as described previously [61,98]. Peptides 

were trapped on a Vanguard BEH Shield RP18 1.7 μm trap column (2.1 × 5 mm; Waters), flowing 

0.1% formic acid (FA) with 0.025% trifluoroacetic acid (TFA) at 200 μL/min for 3 min, after 

which the sample was resolved over a Hypersil 1.9 μm C18 column (1 × 50 mm; Thermo 

Scientific) using an acetonitrile (ACN) gradient of 8–50% solvent B at 40 μL/min for 8.5 min 

(solvent A 0.1% FA, 0.025% TFA, and 2% ACN in water; solvent B, 0.1% FA in ACN). Toward 

the end of the gradient, the sample flow was diverted to waste to prevent the eluting cholate from 
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entering the MS. Two rapid gradient steps (5–95% solvent B for 30 s) at the end of each sample 

run were added to minimize carryover between injections. The syringe, loop, and trap column were 

washed between injections with five subsequent injections of 10% FA, 30% trifluoroethanol, 80% 

methanol, 2:1 isopropyl alcohol/ACN, and 80% ACN [99]. Peptide identification was performed 

using PLGS Version 3 (Waters) by analyzing ion-mobility MSE data against a library containing 

sequences of CYP3A4, MSP1D1, and porcine pepsin using previously published criteria [61]. The 

relative deuterium uptake processed by DynamX Version 3 (Waters) and HX-Express v2 [100] is 

reported and not corrected for back-exchange. 

 

2.2.8 System setup and conventional molecular dynamics 

 The same N-terminally modified version of the 2.05 Å resolution CYP3A4 structure (PDB 

ID: 1TQN) previously described [76] with the same sequence as that used in the HDX experiments 

was used as the starting point for all simulations. Protonation states of amino acids were assigned 

using Poisson–Boltzmann-based PropKa [101-104] calculations at pH 7.4. Curated CYP3A4 was 

then inserted into a 100 Å × 100 Å POPC membrane constructed with the Membrane Builder 

plugin of VMD [105]. POPC and water molecules overlapping and within 0.8 Å of the protein 

were removed. The system was solvated with a 10 Å layer of TIP3P water in the ± z directions. 

Potassium and chloride ions were added to an ionic strength of 0.15 M, thereby ensuring electrical 

neutrality. The final models included 253 POPC, 69 chloride ions, 56 potassium ions, and 19686 

TIP3P water molecules. 

 All molecular dynamics procedures were performed with the NAMD 2.12 code [106] using 

the CHARM36 [105] force field for POPC, CHARMM27 [107] for the protein and heme, and 

parameters for MDZ were from CGenFF [108]. The ligand-free CYP3A4 system was minimized 
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for 10 000 steps, followed by equilibration of the lipids for 1 ns by freezing the positions of the 

lipid phosphate atoms as well the water, ions, and protein atoms. Melting of the lipid tails was 

followed by a 2 ns constant temperature and pressure (NPT) simulation with a harmonic restraint 

(5 kcal mol-1 Å-2) applied to the protein Cα atoms. Bonds to hydrogen atoms were restrained with 

the SHAKE algorithm, and a 2 fs time step was used. The Langevin piston thermostat with a 0.5 

ps-1 damping constant was used to maintain a constant temperature. The Nosé–Hoover Langevin 

piston method [109] was used with a target pressure of 1.01325 bar, oscillation period of 50 fs, 

decay period of 25 fs, and piston target temperature of 300 K. After completion of the preparative 

simulations, the complete CYP3A4 system was equilibrated in the NPT ensemble for an additional 

100 ns. The end point of this simulation was used to generate both MDZ-containing systems. For 

the single-MDZ-containing system, MDZ was introduced only in the active site. In the two-MDZ 

system, the ligands were introduced into the active site as well as to a water-filled cavity bound by 

the β–β2 loop and the F′ helix (Figure S1). Both systems were minimized for 10,000 steps and 

subject to a two ns NPT simulation wherein the S119 OγH-MDZ N2 (2.6 Å) and Fe-MDZ-C1 (4.9 

Å) distances of the active site MDZ were restrained with a force constant of 5 kcal mol-1 Å-2. These 

restraints successfully reproduced the binding orientation assumed by MDZ in the crystal structure 

[36] and both served as starting points for an additional 100 ns unrestrained NPT equilibration.  

 

2.2.9 Gaussian accelerated molecular dynamics 

 The three 100 ns unrestrained cMD simulations also served to collect the potential statistics  

(Vmax, Vmin, Vavg, and σV) necessary to calculate the GaMD boost potential Mass spectrometry and 

data analysis of hydrogen-deuterium exchange samples [110,111]. The endpoint of this simulation 

was used to spawn four each 0.5 μs GaMD simulations with independently-randomized velocities 
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at 300 K. GaMD simulations were performed in “dual-boost” mode meaning that boost potentials 

were added to both the dihedral and total system potential energies by setting the reference energy 

to lower bound, E=Vmax. The average and standard deviation of the potential energy was calculated 

every 200 ps. The upper limit for the dihedral and total boost potential energies was set to 6 kcal 

mol-1 (~10kBT). Trajectory frames were saved every 200 ps for further analysis. Only the latter 0.4 

μs of each trajectory were subject to subsequent analyses.   

  

2.3 Results and Discussion 

2.3.1 MDZ displays complex equilibrium binding behavior to CYP3A4 nanodiscs 

 In order to assess the binding affinity of MDZ to CYP3A4 in nanodiscs, the CYP3A4 heme 

spin state was monitored at varying MDZ concentrations via UV/vis spectroscopy (Figure 2.1). 

The spectral titrations report on the ligation state of the ferric heme iron at the active site. In the 

resting state, the heme iron of CYP3A4 is predominantly in a hexacoordinate low-spin state with 

water in the sixth axial position. Displacement of the water upon binding of MDZ results in a 

transition to a pentacoordinate high-spin state, termed a type I spectral change. Figure 2.1B shows 

the characteristic type I difference spectra induced by MDZ and the resultant binding isotherm, 

consistent with previous reports. A fit to the Hill eq (equation 2.1) resulted in a KS value of 14 ± 

1.1 μM and a Hill coefficient of 1.9. For similar titrations in phosphate buffer and in the absence 

of a membrane, the data were fit to hyperbolic binding isotherms, and the recovered KD varied 

with the phosphate concentration [36,112]. 

 For CYP3A4 in nanodiscs, our titration data do not fit well to hyperbolic binding, and 

significant cooperativity is apparent. A comparison of the data fit to a hyperbolic binding isotherm 

or Eadie–Hofstee plots is shown in Figure S2. Because the spectral titrations report only on the 
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displacement of the water at the heme iron, they are insufficient to determine the binding pose of 

MDZ and the stoichiometry. Importantly, unlike sigmoidal velocity vs [substrate] plots from 

catalytic turnover, sigmoidal binding isotherms at equilibrium demand multiple ligand binding 

[113]. Thus, in accordance with the existing dogma, we consider two MDZ binding sites for 

CYP3A4 in lipid nanodiscs. The arrows in Figure 2.1B indicate the concentrations of MDZ used 

in the H/DX experiments below. The turnover experiments are intended only to demonstrate the 

functional consequences of changing ratios of [CYP3A4 MDZ] vs. [CYP3A4 MDZ MDZ]. 

Obviously, the data indicate that the concentration dependence of the heme spin state in lipid 

nanodiscs is different from the concentration dependence of the product ratio in the turnover 

conditions, which include CPR and lack the membrane. It is important to note that the 

conformational status of CYP3A4 varies in nanodiscs vs detergent or lipid solution. In some 

solutions, CYP3A4 forms oligomers with functional and conformational differences compared to 

monomers, including differences in allosteric properties [67,114]. Thus, the quantitative and 

qualitative differences between the binding isotherms we observe in nanodiscs vs the isotherms 

observed by others in the absence of lipid bilayers are expected, and this precludes comparison of 

the catalytic data with the spectral binding data in terms of conformational changes that dictate 

regioselectivity.  

 

2.3.2 MDZ metabolism by CYP3A4 

 In order to provide context for the multiple MDZ binding and to relate these studies to the 

previously appreciated behavior of CYP3A4, we confirmed the concentration-dependent switch in 

regioselectivity of MDZ hydroxylation. Determination of kinetic constants, KM and Vmax, using 

CYP3A4 and CPR followed the procedure of Shaw et al. [95] with the exception that only POPC 
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lipid was used in the reconstitution system to match better the HDX-MS experiments where POPC 

nanodiscs were used. Data for the rate of product formation fit well to the Michaelis–Menten 

equation (Figure S1C), and the change in product ratio vs concentration is shown in Figure 2.1C. 

The results are consistent with, but modestly different from, other reports with similar 

reconstitution systems containing recombinant enzymes [77,112] without the inhibition seen in 

human liver microsomes and supersomes [82,115,116]. The KM values for 1′-OH MDZ and 4-OH 

MDZ formation were 17 and 389 μM, respectively. The Vmax values for 1′-OH MDZ and 4-OH 

MDZ formation were 3.5/min and 1.5/min, respectively. The different environments, with or 

without the redox partner or membrane, could contribute to differences in KM values and KS based 

on spectral titration. The choice of MDZ concentrations for the H/DX MS studies below was based 

on the spectral titrations in nanodiscs.  

 

2.3.3 HDX-MS profile of CYP3A4 nanodiscs 

 CYP3A4 nanodiscs in different ligand-bound states (±MDZ) were analyzed by HDX-MS. 

After optimization of incubation and quench conditions, a sequence coverage of 88% with 70 

unique peptides for CYP3A4 was achieved. Deuterium uptake profiles for the ligand-free state are 

consistent with previously published results [61]. More detailed analyses and comparison with the 

MDZ-bound states are provided below. Individual deuterium uptake plots for specific peptides are 

shown in Figure S3. 

 

2.3.4 MDZ binding induces changes in HDX-MS 

 HDX was performed at two concentrations of MDZ, 6 μM and 60 μM. Although the HDX 

does not reveal changes due specifically to the first vs the second ligand, the binding data do 
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suggest that, at 60 μM MDZ, the overwhelming majority of CYP3A4 has two MDZ molecules 

bound. A general observation based on the results is that, for the majority of peptides, there is no 

effect of 6 μM MDZ, suggesting that neither the first nor second MDZ binding event causes 

dramatic changes in HDX for any peptides. At 60 μM MDZ, the MDZ-dependent changes in 

CYP3A4 dynamics are not limited to the active site but expand to distal regions of the enzyme. 

 Deuterium uptake plots for peptides with significant changes in HDX are shown in Figure 

3.2. The differences are mapped onto the MDZ-bound CYP3A4 crystal structure (PDB ID: 5TE8) 

[36] where an increase or decrease in HDX relative to the ligand-free state is highlighted in red or 

blue, respectively. It should be emphasized that these changes are modest but reproducible across 

multiple CYP3A4 nanodisc preparations and separate experiments performed over the course of 

several years. The data shown are from same-day duplicate incubations that were injected onto the 

MS using optimized LC/MS methods such that all peptides were recovered from a single injection 

to allow for quantitative comparisons. The error for each time point is shown in the deuterium 

uptake plots and is usually smaller than the data points. Statistical significance was established by 

paired t tests for each time point across the different ligation states. Data for peptides 1, 3, and 5–

8 yielded p < 0.05 for the comparison of 60 μM MDZ to 0 μM MDZ data. Data for peptide 4 

approached p = 0.07 for the last two time points. There were no significant differences in the time 

points in peptide 2. Importantly, data for overlapping peptides, when available, displayed the same 

trends in differences, thus supporting the significance of the observed differences. 

 Regions affected by MDZ binding are globally distributed rather than confined to the active 

site. In our work, HDX indicates that the largest effects on dynamics upon multiple MDZ binding 

occur at the F- and G-helices and the intervening loops (Figure 3.2, peptides 3–6), as well as the 

loop connecting the K-helix and β1-sheet (peptide 7). There are modest effects at the BC loop as 
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well as on the backside of the protein at the β3/4-sheets (peptides 1 and 8, respectively), which 

become more protected. Although no difference in HDX was observed at the C-terminus of the B–

C loop (peptide 2), we include the uptake for this peptide in Figure 3.2 because it contains Ser-

119, which forms a hydrogen bond with MDZ in the crystal structure [36]. 

 At the active site, peptides with residues in contact with the single MDZ in the crystal 

structure display changes in our HDX experiments at 60 μM MDZ. Noteworthy contacts in the 

crystal structure are present in peptides 2, 7, and 8 at the following residues: (A) Ser-119 from 

peptide 2 forms a hydrogen bond with N2 of MDZ, (B) Ile-369 and Ala-370 in peptide 7 contact 

the chlorophenyl ring of MDZ, and (C) Leu-482 in peptide 8 contacts the fluorophenyl group of 

MDZ. A decrease in HDX was observed for peptides 7 and 8, while no difference was observed 

for peptide 2. However, it must be emphasized that exchange at amino acid side chains in proteins 

is not quenched at a low pH, as an exchange at the backbone amide hydrogen bonds is. As a result, 

the exchange of deuterons at amino acid side chains is invisible to HDX, and only peptide amide 

hydrogen bonds are probed. Additionally, peptide 2 is a highly protected region in the ligand-free 

state, and any potential protective effect from MDZ might be masked in the time scale of the 

experiment. Notably, the region is also influenced by KTZ binding, which will be discussed in 

greater detail below. 

 At the membrane interface, the addition of 60 μM MDZ caused an increase in HDX at the 

F-, G-, and intervening helices (peptides 3–6), while a modest protective effect was observed at 

the opposite side of the membrane at the β3/4-sheets (peptide 8). Conformational changes at the 

membrane interface observed in the GaMD simulations will be discussed in greater detail below. 

 

2.3.5 GaMD simulations with MDZ in the catalytic and allosteric sites 
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 The CYP3A4-POPC membrane system used for simulations with MDZ was similar to the 

system described previously to simulate TST binding to CYP3A4 [76]. While available, features 

of the structure of the CYP3A4-MDZ crystal structure (PDB ID: 5TE8) are not consistent with the 

ability of CYP3A4 to bind multiple ligands. In the structure, the F–F′ loop collapses into the active 

site and packs against MDZ, precluding binding of a second ligand. This distinct conformational 

feature was attributed to the MDZ-induced fit; however, the observed collapse of a hydrophobic 

region into the active site is also likely due in part to the high ionic strength required to obtain the 

crystal. Binding studies at similarly high ionic strengths, supporting hydrophobic collapse, also 

occur in solution, yielding hyperbolic binding curves consistent with a single MDZ binding site. 

The KD values of other ligands also shift to lower values with increasing ionic strength, 

demonstrating that the phenomenon is not unique to MDZ. We attribute the distinct conformational 

features of the 5TE8 structure, in part, to ionic strength-induced hydrophobic collapse rather than 

the ligand-induced fit. This proposal is further supported by the inability to crystallize the complex 

at a lower ionic strength due to MDZ’s diffusion from the crystal, as noted by the authors. Had 

these structures been reported, we speculate that they would have revealed a more open active site. 

Therefore, we used the ligand-free 1TQN structure of CYP3A4 as it was obtained at an ionic 

strength comparable to the solution studies described herein and had a more open active site 

consistent with multiple ligand binding. The steric clash of the F–F′ loop and the allosteric MDZ 

is shown in Figure S4, where the local structure of the 5TE8 structure is overlaid with 3 snapshots 

from MD simulations with 2 MDZ starting from the 1TQN crystal structure. 

 For the MD studies here, 100 ns of conventional MD (cMD) simulations were performed 

without a ligand, with one MDZ oriented in the active site, and with MDZ oriented in the active 

site, as well as in a probable entrance channel (Figure S1). Prior to the cMD simulations, the MDZ 
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occupying the catalytic site was initially subject to a short simulation, where it was restrained to 

reproduce the orientation of MDZ observed in the crystal structure [36]. The end points of the 

MDZ-free simulation as well those with one and two MDZ served as the initial configurations for 

each independent Gaussian accelerated molecular dynamics (GaMD) simulations. GaMD affords 

sampling of rare events such as infrequent conformational changes or ligand binding events that 

occur on longer time scales not accessible by cMD. GaMD achieves more extensive 

conformational sampling by lowering the energetic barriers and thereby increasing the likelihood 

of escape from energetic basins [117]. 

 Comparison of the backbone amide nitrogen root-mean-square deviations calculated for 

each group of GaMD trajectories reveals only a modest correlation between the MDZ-induced 

changes in RMSD (Figure 3.3) and the regions that exhibit a change in HDX in the mass 

spectrometry experiments (Figure 3.2). Apparently, the second MDZ affects backbone dynamics 

in several spatially distributed peptides. 

 In contrast, there is a correlation between the peptides affected in H/DX experiments and 

those contributing to the allosteric MDZ site in Figure 3.4. Of the very few peptides that show a 

change in H/DX (peptides 1, 3, 4, 5, 6, and 7), essentially all are contained within or directly 

adjacent to the binding site for the second MDZ. However, there are additional peaks or troughs 

in Figure 3.2B that are not in the binding site, some of which correspond to peptides for which we 

do not have coverage in the H/DX experiments. The effects of MDZ on the RMSD of these 

peptides are interesting inasmuch as they are varied with respect to the direction of change. For 

example, peptide 3 exhibits a large increase in RMSD, with either one or two MDZs present, and 

an increase in HDX at later times with two MDZs. In contrast, peptide 7 and the edge of peptide 1 

exhibit an MDZ-dependent increase in RMSD, but they exhibit a decrease in HDX. Peptide 5 



 45 

yields a decrease in RMSD but a pronounced increase in HDX. It is interesting that there are more 

“positive differences” in Figure 3.2B for the doubly bound state than negative differences, 

suggesting the enzyme is more dynamic in these peptides when two MDZ’s are bound. 

 The differences in the direction of the effects of MDZ on HDX vs RMSD in some cases 

amplify the uncertainty about the factors that control H/D exchange rates in a membrane 

environment where a local charge may be a critical determinant and could oppositely affect 

backbone dynamics and H/D exchange [118]. An additional source of the distinction between the 

approaches is that the changes reflected in the MD simulation are sampling time regimes that are 

outside the scope of the HDX experiments [119] and vice versa. As shown by others [119,120], it 

is possible, even expected, that MD and HDX could exhibit apparently opposite effects of ligands 

because they sample such different time scales. For example, ligands could damp motion on fast 

time scales for some peptides but increase slow domain motions that increase HDX in the same 

peptides on longer time scales. Therefore, for the sake of locating the allosteric MDZ site, the most 

relevant comparison from MD and HDX is which peptides are affected, rather than the direction 

of the change. The overlap of peptides that are affected in the HDX at 60 μM MDZ and those 

affected in the GaMD upon the addition of the second MDZ suggests that the observed changes in 

HDX at 60 μM MDZ are due primarily to occupancy of the second, allosteric, site. 

 An essential point is that all of the CYP3A4 residues that make close contact with MDZ in 

the crystal structure also do so with overwhelming frequency in the simulations despite starting 

the simulations from a different structure (Figure 2.4A). However, when one MDZ is bound, it is 

highly mobile and rarely assumes the same binding mode that was observed in the crystal. This 

mobility is evident in Figure 2.4B that illustrates the distances between the MDZ nitrogens and 

Ser-119 as well as the observed sites of oxidation (1′ and 4) and the heme iron. The hallmark of 
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the CYP3A4-MDZ crystal structure is an apparent hydrogen bond between the N2 of MDZ and 

the Ser-119 OγH. Despite enforcing this hydrogen bond at the outset of the simulations to establish 

the crystallographic binding mode, this hydrogen bond is only transiently maintained, appearing 

in less than ∼25% of the combined trajectories with an average distance of 5.6 ± 1.2 Å. The MDZ 

N5 is not oriented for hydrogen bonding to Ser-119 either, though it occasionally hydrogen bonds 

with the guanidinium side chain of Arg-105 (Figure S5). As evidenced by the sparsity of the S119 

hydrogen bond, the absence of the collapsed F–F′ loop and the more open active site provides an 

expanded volume for the single MDZ to explore. 

 When a second MDZ is introduced into a possible entrance channel bound by the β1–β2 

loop and F′ helix, it rapidly moves into a binding site adjacent to the first MDZ surrounded by 

residues of the B–C loop and the Phe-cluster (Figure 2.4C). Many of the residues in contact with 

the second MDZ such as Ile-120, Ile-301, Phe-241, and Phe-304 were also predicted to partially 

define an intermediate state on TST’s binding path [76]. It was proposed that the intermediate site 

is also an allosteric site that could be occupied at high TST concentrations. The introduction of a 

second MDZ into the active site substantially attenuates the mobility of the first. However, more 

remarkable is the recovery of the MDZ N2-Ser119 OγH hydrogen bond observed in the crystal, 

evidenced by an average distance between the relevant oxygen and nitrogen atoms of 3.4 ± 0.8 Å 

(Figure 2.4D). Recovery of the S119 hydrogen bond observed in the crystal structure is readily 

explained by comparing the 5TEQ structure with snapshots from the MD simulations (Figure S4). 

The hydrophobic collapse of the F–F′ loop in the 5TEQ structure orients several residues, most 

notably Leu-216, into the same volume occupied by the allosteric MDZ. Despite their structural 

dissimilarity, the addition of a second MDZ enforces the same binding mode and protein 
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interactions and similarly limits the orientational heterogeneity of the first MDZ as filling this 

space with residues of the F–F′ loop. 

 The simulations reveal MDZ-dependent, correlated changes in interactions between 

several CYP3A4 regions, namely, regions including peptides 1, 4, and 5. The B–B′ loop, including 

peptide 1, undergoes distinct conformational changes in the presence of the second MDZ. This is 

at least partially attributable to direct interactions with the MDZ occupying the allosteric site where 

it primarily packs against the Val-111 side chain (Figure 2.4C) in more than 90% of the trajectory 

and transiently accepts an apparent hydrogen bond at the N5 position from the Gly-109 backbone 

amide. 

 What is more striking is that the MDZ occupation of the allosteric site stabilizes a bidentate 

hydrogen bond between Glu-234 on the G′-helix and the backbone amides of Val-111 and Gly-

112. (Figure 2.5A,B) This interaction impacts the local fold of the B–B′ loop (Figure 2.5C–F) and 

induces changes in dynamics that propagate to peptides 4 and 5 to impact the interactions of these 

regions with the membrane. Figure 2.5G,H illustrates the cumulative probabilities of finding the 

mass-weighted centers of peptides 4 and 5 in the bilayer. For reference, these are superimposed on 

the average positions of the POPC membrane acylglycerols and phosphates. Remarkably, while 

the occupation of the catalytic site alone results in a small disengagement of peptide 4 from the 

membrane and small changes in the position of peptide 5, the occupation of the allosteric site by a 

second MDZ shifts both of these peptides deeper into the membrane, but they do not become 

immobilized. 

 The striking result that emerges from the GaMD is that the first MDZ bound at the active 

site is highly mobile and makes transient interactions with several active site residues. Upon 

addition of the second MDZ that binds in the allosteric site, the active site MDZ becomes 
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significantly less mobile. In contrast, the allosteric MDZ remains dynamic. The RMSD for the 

distance between the center of mass of each MDZ is shown in Figure 2.6. The allosteric MDZ is 

highly mobile, and its movement toward and away from the active is coupled to rearrangements 

in the Phe-cluster, whereas the active site MDZ remains relatively static. Thus, the GaMD results 

suggest that the ligand in allosteric sites remains dynamic. 

 

2.3.6 Comparison of MDZ and KTZ effects on HDX 

 A comparison between the MDZ and previously documented KTZ-induced changes in 

HDX reveal that these ligands differently affect the dynamics of CYP3A4. The regions with the 

largest changes in HDX are mapped onto the ligand-free CYP3A4 crystal structure in Figure 2.7 

(PDB ID: 1TQN). Peptides at the F- and G- helices that are exclusively altered by MDZ (increase 

in HDX) or KTZ (decrease in HDX) are highlighted in red or blue, respectively. Both ligands 

cause a decrease in uptake at the loop preceding the β1-sheets for both ligands, which is highlighted 

in purple. At the F′-helix, MDZ binding results in an increase in HDX, while the opposite effect is 

observed when KTZ is bound, highlighted in green. It is interesting that HDX is dramatically 

different at the F- and G-helices, given their potential role in ligand entry/exit channels. 

 

2.4  Conclusions 

 The location and dynamic nature of the allosteric MDZ site are noteworthy. The GaMD 

and the HDX suggest that the Phe-cluster and its local environment comprise a dynamic site 

between the lipid bilayer and the active site. This site has been suggested to accommodate several 

allosteric ligands and to mediate allosteric effects [77-79]. The effects of the allosteric MDZ on 

the Phe-cluster are essentially opposite to the effects caused by KTZ in this region, based on H/DX. 
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Apparently, the promiscuity that is well appreciated for the active site of CYP3A4 is paralleled by 

the promiscuity of the allosteric site. Interestingly, allosteric sites used for regulation of enzymes 

in well-defined metabolic pathways are typically highly specific. The current results suggest a 

possible mechanistic basis for a promiscuous allosteric site, wherein ligand binding, either at the 

active site or the allosteric site, increases the local dynamics of the latter and generates a highly 

fluid binding site directly adjacent to the active site. The fact that an allosteric site can remain 

dynamic or fluid even when occupied by a ligand, as suggested by the HDX and GaMD, is 

consistent with a highly promiscuous allostery, which seems to be the case with CYP3A4. 

Alternatively, the changes in H/DX for peptides comprising the allosteric site could be due to their 

movement deeper into the membrane, which changes the local electrostatic environment and 

affects the H/DX, or a combination of both electrostatics and dynamics.  
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2.5 Figures 

 

Figure 2.1. MDZ structure, equilibrium titration into CYP3A4 nanodiscs, and product ratio 
vs MDZ concentration plot. (A) MDZ structure with the indicated primary (C1′) and secondary 
(C4) hydroxylation sites. (B) Binding isotherm for MDZ with CYP3A4 nanodiscs, based on optical 
difference spectra as described in the methods section. The black line is the fit to the Hill equation, 
and black points are the optical titration data. The left inset and right inset are the absolute and 
difference spectra at varying concentrations of MDZ, respectively. The arrows indicate the two 
concentrations used in the HDX experiments, 6 or 60 μM MDZ. (C) 1′-OH MDZ/4OH MDZ 
product ratio vs MDZ concentration (μM). 
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Figure 2.2. MDZ-induced changes in HDX changes. Uptake plots for selected peptides, 0 μM 
MDZ (blue), 6 μM MDZ (red), and 60 μM MDZ (green) with error bars representing the standard 
deviation for duplicate measurements. Differences are mapped onto the MDZ-bound CYP3A4 
crystal structure (PDB ID: 5TE8), where the MDZ-induced increase and decrease in HDX for the 
60 μM MDZ state are highlighted red and blue, respectively. The heme and MDZ are shown by 
stick representation in dark red and green, respectively. 
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Figure 2.3. Average RMSD values for CYP3A4 residues under different ligation states. (A) 
Average root-mean-square deviation (RMSD, Å) values for each CYP3A4 residue without a ligand 
(blue), with one MDZ (red), and with two MDZ (green) bound in the active site. (B) Average 
RMSD values for each CYP3A4 with one MDZ (blue) or two MDZ (orange) less the average 
values for the ligand-free enzyme. RMSD values were calculated relative to the average structure 
over the entire trajectory. Gray-shaded regions highlight the peptides identified in the mass 
spectrometry experiments. RMSD values were calculated using the CA, CB C, O, N, HA, HA1, 
HA2, and HN atoms for all frames in the latter 0.4 μs of each simulation. 
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Figure 2.4. Representative MDZ binding modes and time dependences of active site MDZ-
CYP3A4 interactions. (A) Representative MDZ binding mode from the single-MDZ system with 
side chains of residues that contact MDZ in 90% or more trajectory frames. (B) Time dependence 
of active site MDZ-CYP3A4 distances in the single-MDZ simulations. (C) Representative MDZ 
binding modes from the double-MDZ simulation with side chains of residues that contact each 
MDZ in 90% or more trajectory frames. (D) Time dependence of the active site MDZ-CYP3A4 
distances with two MDZ bound. In plots B and D, MDZ N2-Ser119 Oγ (red), MDZ N5-Ser119 
Oγ (purple), MDZ C4-Heme Fe (green), and the MDZ C1-Heme Fe (blue) distances are illustrated 
with solid points. 
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Figure 2.5. G’-helix distance with B-B’-loop and membrane interactions in the simulation. 
Distances between the Glu-234 carboxylate center of mass (calculated using Cδ and both O atoms) 
and the backbone amide nitrogen (A) Val-111 and (B) Gly-112. Distances from the ligand-free 
(blue), single-MDZ (red), and double-MDZ (green) simulations are illustrated as solid points. 
Solid lines represent a 30 ns moving average of the distances. Representative snapshots from (C) 
ligand-free, (D) single-MDZ, and (E) double-MDZ simulations. The three snapshots are 
superimposed in panel F. Cumulative probability plots of the distance of (G) peptide 4 (222–226) 
and (H) peptide 5 (235–241) centers of mass from the average position of the POPC acylglycerols 
(AGs) and phosphates (PO4). Distance data for from the ligand-free (blue), single-MDZ (red), and 
double-MDZ (green) simulations are illustrated with solid points. Fits to a normal distribution are 
illustrated with black-hashed lines. Peptide centers of mass were calculated using the weighted 
masses of the peptide backbone C, O, N, H, Cα, and Cβ atoms. AG centers of mass were calculated 
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using the C1, C2, C3, O11, O21, and O31 atoms. Phosphate centers of mass were calculated using 
the P, O11, O12, O13, and O14 atoms. AG and phosphate atom numbers are from the CHARMM 
36 lipid topology. 
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Figure 2.6. Distances between MDZ C1’ and the heme iron atom in the simulation. 
Simulations with one MDZ (orange) and the simulation with an MDZ near the heme (purple) and 
in the allosteric site (green). Snapshots of the two-MDZ simulations at 0.08, 0.30, 0.66, 1.1, and 
1.5 us are the inset. The positions of Ser119 and residues of the Phe-cluster (213, 215, 241, 304) 
are shown with the position of the C1 in the allosteric site MDZ highlighted with an orange sphere.  
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Figure 2.7. Comparison of HDX changes from MDZ and KTZ binding. The changes are 
mapped onto the ligand-free crystal structure of CYP3A4 (PDB ID: 1TQN). Regions where KTZ 
binding induces a decrease in HDX relative to ligand-free CYP3A4 are highlighted in blue, green, 
and purple. Regions where MDZ binding induces an increase in HDX relative to ligand-free 
CYP3A4 are highlighted in red and green, while regions where a decrease in HDX occurs are 
highlighted in purple.   
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2.6 Supporting figures 

 

Figure S1. Initial position of the second MDZ (dark blue) for two-MDZ simulations. 
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Figure S2. Spectral data fit to Michaelis-Menten and Eadie-Hofstee models for MDZ 
binding, and catalytic turnover data fit to Michalis-Menten model. (A) The dashed line shows 
the fit of the binding data to the hill equation. The black line shows the fit to the Michaelis-Menten 
equation. (B) Eadie-Hofstee plot for MDZ binding to CYP3A4 ND. (C) Midazolam hydroxylation 
kinetics. Product formation (nmol product / nmole CYP3A4 / min, or min-1) are plotted vs MDZ 
concentration (µM). The closed and open circles represent 1’OH MDZ and 4OH-MDZ product 
formation, respectively.  
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Figure S3. Deuterium uptake profiles for all peptides. Deuterium uptake (Da) vs Time (min) 
plots for each peptide. Exchange for the 0 µM, 6 µM and 60 µM MDZ samples is shown in blue, 
red, and green open circles, respectively. The error bars represent the standard deviation from 
duplicate experiments.  
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Figure S4. Overlay of 5TE8 crystal structure with one MDZ bound and snapshots from the 
MD with two MDZ’s bound. Two views depicting comparisons of the F-G regions in the 5TE8 
structure (tan) with the endpoints of the four GaMD simulations (blue, green, pink and orange) 
with two MDZ molecules bound. Representative MDZ positions form two of the four GaMD 
snapshots are depicted for clarity. The F-F’ loop of the 5TE8 structure, specifically in the vicinity 
of Leu-216, occupies the same space as the predicted MDZ allosteric site. Binding of the allosteric 
MDZ is prohibited in the 5TE8 structure due to steric clash with the F-F’ loop, but allowed upon 
addition of two MDZ’s to the ligand-free structure.  
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Figure S5. Distances between the Arg-105 Cζ and the MDZ1 N5 (blue) and center of the 
MDZ1 fluorophenyl ring (orange). 
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Chapter 3  

Functional Implications of Complex Ligand Binding Kinetics and Protein Conformational 

Dynamics: Consideration of Promiscuous Drug Metabolizing Enzymes 

 

3.1 Introduction 

The interplay between ligand binding and conformational dynamics is of considerable 

interest to enzymologists. In principle, characterization of the thermodynamic and kinetic 

properties of an enzyme-ligand interaction, namely the mechanism of ligand binding, may provide 

details about the relative amounts of the states that comprise the ligand-free and the ligand-bound 

ensemble (and also the kinetics). Moreover, the ligand binding mechanism has functional 

significance, particularly when the members of the ligand-free ensemble have different binding 

properties or when members of the ligand-bound ensemble have different catalytic properties. 

Finally, the differential conformational dynamics in the ligand free vs ligand bound states provides 

mechanisms for achieving substrate specificity vs. promiscuity [3,4].  

Drug metabolizing enzymes such as Cytochrome P450s (CYPs), which are the subject of 

this thesis, display remarkable differences in specificity vs promiscuity for closely related 

homologs [3,4,27]. In addition, their propensity for allosterism and their ability to form multiple 

products from a single substrate are well-documented [5-7,121,122]. Simultaneous binding of 

multiple ligands, multiple ligand binding modes, and/or CYP conformational dynamics are 

potential contributing factors to the observed atypical kinetics [8]. As a result of these 

considerations, characterization of the linkage between ligand binding and conformational change 

have practical and theoretical consequences.  
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In practice, assignment of a ligand binding model based on kinetic data is seldom 

straightforward. As a result, oversimplified models are often used, and they do not capture the 

complexity of ligand and protein dynamics. These oversimplified models include the case wherein 

ligand binds to a single conformation that is retained in the bound state.  This two-state minimal 

model can easily be described by a single exponential process. However, most binding data require 

multiexponential models to obtain good fits, which requires a minimum of three enzyme states. 

Moreover, the application of more sophisticated models to ligand binding data, for CYPs in 

particular, is rare. Because drug metabolizing enzymes differ from traditional substrate specific 

enzymes, and are much more complex, there is a particular need to develop more sophisticated 

ligand models and methods for interrogating them. 

In order to develop tools to understand the conformational dynamics of enzymes at a more 

realistic level of detail than previously considered, an in-depth analysis of several multi-state 

ligand binding models is presented in this chapter. Specifically, five multi-state ligand binding 

models were selected because each potentially results in double exponential binding kinetics 

(which are commonly observed in CYP ligand binding data) and because some of the models have 

been used to describe the observed atypical kinetics in CYPs. The five ligand models include: 

induced fit, conformational selection, sequential binding, substrate reorientation, and persistent 

heterogeneity. 

Previous analyses have nicely described the analytical expressions for the relationships 

between the rates of change in protein bound species upon addition of ligand as the system relaxes 

to a new equilibrium for some of the models presented here [123-126]. In addition, more recent 

analyses have clarified analytical aspects of experimental data to distinguish the induced fit and 

conformational selection models [127-130]. Despite these insightful analyses, the functional 
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implications of different kinetic schemes have not been considered exhaustively in all cases. In 

particular, these analyses have been limited to ligand specific proteins and substrate specific 

enzymes, but many are highly ligand promiscuous and their function depends on their ability to 

interact with a wide range of substrates or ligands.  Here, conclusions from the previous analyses 

are re-iterated for easy reference in addition to some new insights that have not been fully 

appreciated with regard to the kinetic analyses and methodological approach. Specifically, 

amplitude analysis, which is often ignored, in addition to the more commonly used observed rate 

analysis is detailed here. In addition, a new experimental approach which entails diluting bound 

enzyme-ligand complex is described. Briefly, the experiment takes advantage of the fact that the 

observed rates of change are independent of the direction of change of the relaxation process, thus 

widening the experimental concentration range to lower ligand concentration ranges to increase 

the likelihood of detecting observable kinetics when adequate characterization of kinetic behavior 

is not possible at higher ligand concentrations. Finally, a discussion of the ligand binding models 

and their potential implications for drug metabolism in CYPs is presented.   

 

3.1.1 Underlying goal 

 The goal of this chapter is to provide an intuitive and methodological framework to aid in 

definitive assignment of a ligand binding model to kinetic data where double-exponential kinetics 

are observed. A double exponential process may be described by the expression below:  

 𝑓(𝑡)		 = 𝐴, + 𝐴#𝑒-.!"#,%/ + 𝐴!𝑒-.!"#,&/ (3.1)  

where the change is a function of time, t, An are the pre-exponential factors or amplitudes that 

describe the magnitude of change, kobs,n are the observed rates of change, and the first term, A0, is 

an offset that may represent either the initial or final signal, depending on the experimental setup. 
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Traditionally, experimental data wherein a fixed amount of enzyme is mixed with varying amounts 

of ligand are fit to equations such as equation 3.1. Assignment of a kinetic model is usually selected 

on the basis of the behavior of the ligand concentration dependent behavior of the kobs, often with 

no regard to the amplitude contributions. Unfortunately, this approach is not applicable to all 

situations and there exist several cases where multiple ligand binding models adequately describe 

the kobs behavior [131]. Herein, a more rigorous analytical approach is presented where the model 

specific expressions will be examined. The expressions take the form of equation 3.1 but contain 

unique and model specific information about the observed rates and amplitudes. 

 The observation of multi-exponential kinetics requires careful examination of multi-state 

binding models. The theoretical maximum number of observable exponential processes for a given 

model is equal to the number of enzyme states minus one. Emphasis is placed on the number of 

possible observable processes. To illustrate this point, cases where multi-state binding models 

yield kinetics with less than the theoretical maximum number of exponential processes will be 

presented. In addition, the magnitude of change (i.e. the pre-exponential factors), which is an often-

overlooked parameter in traditional kinetic analyses, will be emphasized in the forthcoming 

sections. Specifically, the utility of amplitude analysis will be presented for cases that are 

otherwise indistinguishable on the basis of kobs behavior alone. Finally, experimental 

considerations will be presented for cases where kobs and amplitude kinetic signatures are not 

apparent in the observable ligand concentration range. Specifically, a dilution or dissociation 

approach will be presented, which serves as a means of signal amplification for otherwise 

unobservable (due to low signal to noise) low ligand concentration ranges in the comparable 

mixing or binding experimental approach, thus widening the range for kinetic analyses. Here, 
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various three-state binding models will be presented with emphasis on their unique kinetic and 

thermodynamic signatures with the goal of differentiating the models. 

 The focus of the following introductory sections is to provide a quantitative and intuitive 

understanding of enzyme kinetics. The expressions describing the equilibrium amounts of each 

enzyme species in each 2-state model and the observed rates of change have been discussed 

extensively and are easily solved for by algebraic methods. However, the derivation for the more 

complex 3-state systems are not as straightforward by similar methods. Thus, techniques of linear 

algebra are used to solve the system of differential equations. The techniques are not new; in fact, 

the processes may be reviewed in any introductory linear algebra textbook. In addition, several 

others have detailed similar derivations, however, the goal of this introductory section is to present 

a more detailed and explicit presentation of the theory for experimental considerations. To that 

end, full solutions will be presented in a stepwise fashion, in an effort to aid the mathematical 

novice. With mathematical platforms such as MATLAB, Mathematica, and Maple, computing the 

full solutions for the system of differential equations is simple. The process is detailed in the 

following sections. 

 

3.1.2 Nomenclature 

 Two classes of enzyme systems will be discussed in this chapter: 2- and 3-state 

mechanisms or models, wherein the number of states refers to the number of distinct enzyme states 

or species in each model. While the 3-state systems are the focus of this chapter, it is worthwhile 

to discuss the simpler 2-state systems as different combinations of the 2-state systems constitute 

the 3-state systems. Thus, the 2-state systems (Figure 3.1) are presented before the more complex 

3-state systems (Figure 3.2). A general system will first be described (Figure 3.1A and Figure 
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3.2A) for the two classes of enzyme systems. The general cases provide no physical descriptions 

for the identity of the enzyme states or for the individual rate constants involved in the transitions 

between the enzyme states. As will become apparent in the remaining sections, the general case 

expressions may be easily converted to the more descriptive 2- and 3-state models, thereby 

preventing lengthy redundancy in the introductory sections. Regardless, all 2-state models will be 

presented in the forthcoming introductory sections because each 3-state system contains different 

combinations of the 2-state binding or isomerization steps. 

 The general case nomenclature is universal. In the general cases, the different enzyme 

states are numbered in the order of the transitions (i.e. from left to right as seen in Figures 3.1 and 

3.2). For example, the general 2-state model (E1 ⇄ E2, Figure 3.1A) describes the transition 

between two enzyme states, E1 and E2. The general 3-state model (E1 ⇄ E2 ⇄ E3, Figure 3.2A) 

describes the transitions between three enzyme states E1, E2, and E3, wherein the transition from 

E1 to E3 proceeds through an intermediate state, E2, and vice versa. The individual rate constants 

are shown above the associated arrows in Figures 3.1A and 3.2A. The different rate constants, kif, 

contain subscripts that inform the reader of the initial, i, and final, f, enzyme states for the 

transition. For example, k12 refers to the rate constant describing the transition from state E1 to E2, 

while k23 refers to the transition from state E2 to E3. Importantly, the general case nomenclature 

is sometimes used to lessen confusion, particularly when comparing different binding models 

which may have different physical descriptions for each enzyme state and kinetic process. 

 The ligand binding models (Figures 3.1B – 3.1C and Figures 3.2B – 3.2F) that will be 

discussed are simply descriptive variants of the analogous general case wherein the general case 

terminology has been replaced by their more descriptive counterparts. Individual enzyme states in 

the binding models differ in terms of the enzyme conformation, ligation state, and/or binding 
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orientation, and are renamed accordingly. In addition, the rate constants for each model have been 

renamed to reflect the type of transition, relating to either a ligand binding or an isomerization 

event. The analogous enzyme states and rate constants are presented directly below the related 

general case. For example, in the 2-state isomerization model (Figure 3.1B), the general case 

enzyme states, E1 and E2, have been replaced by the E and E* states, respectively. Likewise, the 

general case rate constants, k12 and k21, have been replaced by the forward (represented by the 

right facing arrow) and the reverse isomerization rates (left facing arrow), kf and kr, respectively. 

Similar substitutions may be applied to the remaining models and examples are presented in the 

sections that follow. However, one model is an exception: the persistent heterogeneity model in 

Figure 3.2F describes two unlinked 2-state binding models, whose general case is the 2-state model 

in Figure 3.1A.  

 The physical differences in the enzyme states have different textual representations. An 

asterisk directly following the enzyme state (e.g. E* or E*L) represents a conformationally distinct 

enzyme state compared to the asterisk free counterpart (e.g. E or EL). An asterisk directly 

following the ligand (e.g. EL*) represents a distinct binding orientation compared to the asterisk 

free counterpart (e.g. EL). A bound complex is represented by an L directly following the enzyme 

state where the number of L correlates to the number of bound ligand molecules (e.g. EL and E*L 

represent singly ligated complexes while the ELL complex represents a doubly ligated complex). 

When multiple ligand binding steps are involved, the related on- and off-rates for each binding 

event are differentiated by a 1 or 2 in the subscript (e.g. kon1 represents the left most binding step 

in the model while kon2 represents the second or right most binding step). Visual representations 

of each model are provided in Figures 3.1 and 3.2 for each model to lessen confusion. 
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3.1.3 Kinetic model overview 

 Two physical scenarios of the 2-state system will be presented: conformational 

isomerization and ligand binding. The conformational isomerization model envisions a flexible 

enzyme that is capable of sampling distinct enzyme conformations, E and E* (Figure 3.1B). The 

isomerization from the E to the E* enzyme state is governed by the forward and reverse 

isomerization rates, kf and kr, respectively. The binding model envisions ligand, L, reversibly 

binding to enzyme, E, to form a complex, EL (Figure 3.1C). The ligand binding event resulting in 

the transition from the E to EL enzyme states is governed by the ligand on- and off-rate rates, kon 

and koff, respectively. The 2-state binding models will be discussed in detail in the upcoming 

sections to serve as background to better understand the behavior of the more complicated 3-state 

binding models. 

 Five binding models will be discussed in this chapter and they contain different 

combinations of the two 2-state scenarios (Figure 2B – 2F). In addition, each model has the 

potential of displaying double-exponential or biphasic re-equilibration kinetics. Among the 3-state 

binding models, two models contain both a ligand binding and isomerization event: induced fit 

(IF) and conformational selection (CS). The IF and CS binding models differ in the order of the 

binding and isomerization events. The remaining 3-state binding models contain two ligand 

binding steps: sequential binding (SB) and substrate reorientation (SR). The SB and SR binding 

models differ in their binding stoichiometry. Finally, a 4-state model is also presented, which 

contains two unlinked binding events, wherein two non-interconverting and distinct enzyme states 

bind to ligand: persistent heterogeneity (PH). Notably, the PH model contains two unlinked 2-state 

binding models (i.e. the general 2-state case is applicable to PH model).  
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3.2 Model derivation 

The next few sections are written in a linear fashion. Model specific concepts such as binding 

affinity and experimental considerations are presented where applicable so as not to overwhelm 

the reader in the general case descriptions.  

 

3.2.1 The general 2-state system: E1 ⇄ E2  

 Before attempting to explain the binding kinetics for the more complex multi-step binding 

models, it is best to start with a description of the simplest binding model, which is that of a two-

state system (Figure 3.1A). The system is said to be two-state because there are two enzyme states, 

E1 and E2, which are in equilibrium. The E1 enzyme state may be reversibly converted to the E2 

enzyme state, and vice versa. The two rate constants, k12 and k21, represent the forward and reverse 

reactions, respectively. Perturbation of the equilibrium by an external factor (e.g. change in pH, 

temperature, pressure, addition of ligand etc.) results in a re-adjustment of the system to a new 

equilibrium based on the new conditions. Below, the kinetic and thermodynamic relationships for 

the general 2-state model will be presented. 

  The rate of change for each enzyme state under any set of conditions are defined by the 

differential equations below:  

 𝑑[𝐸1]
𝑑𝑡 		 = −𝑘#![𝐸1] + 𝑘!#[𝐸2]	

(3.2)  

 𝑑[𝐸2]
𝑑𝑡 		 = +𝑘#![𝐸1] − 𝑘!#[𝐸2]	

(3.3)  

An equilibrium is established when the forward and reverse reactions are equal. In addition, the 

concentrations of both enzyme species are constant at equilibrium (i.e. d[E1]/dt = d[E2]/dt = 0). 
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Thus, the equilibrium constant, Keq, may be derived by setting either differential equation equal to 

zero. The Keq, which is a thermodynamic constant, is defined by the expression below: 

 
𝐾01 =

𝑘#!
𝑘!#

=
E𝐸201F
E𝐸101F

	 (3.4)  

The Keq, may be expressed as a ratio of the kinetic constants, k12 and k21, or as a ratio of the 

equilibrium concentrations of both enzyme states, [E1eq] and [E2eq]. Hence there is a relationship 

between the kinetic and thermodynamic properties of the system. The Keq may be directly 

measured provided reliable measurements of the equilibrium enzyme concentrations are possible. 

However, quantification of the individual rate constants requires measurement of the re-

equilibration kinetics. Hence, full characterization of the system requires both thermodynamic and 

kinetic assessment.  

 The system is defined in matrix notation below: 

 
G𝑑
[𝐸1]/𝑑𝑡
𝑑[𝐸2]/𝑑𝑡I = G−𝑘#! 𝑘!#

+𝑘#! −𝑘!#
I G
[𝐸1]
[𝐸2]I	

(3.5)  

and in shortened form: 

 𝐝𝐄
𝐝𝐭 = 𝐊𝐄	 (3.6)  

where dE/dt is the 2x1 column vector of the time derivatives, K is the 2x2 coefficient matrix, and 

E the 2x1 column vector of enzyme concentrations in equation 3.5. The solution of the system 

may be found by integrating equation 3.6: 

 
N

𝐝𝐄
𝐄

𝐄

𝐄𝟎
= N 𝐊𝐝𝐭

/

,
	

(3.7)  

 𝑙𝑛 Q
𝐄
𝐄𝟎
R = 𝐊𝑡 (3.8)  
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 𝐄 = 𝐄𝟎𝑒𝐊/ (3.9)  

where E0 is a 2x1 column vector of initial enzyme concentrations ([E10, E20]), E is the same 2x1 

column vector in equation 3.5 ([E1, E2]), and K is the same 2x2 matrix from equation 3.5. The 

solution of equation 3.7 normally requires solving for the eigenvalues and eigenvectors of matrix 

K. Because K is a diagonizable matrix, the solution is given below: 

 𝐄 = 𝐕 G𝑒
5(/ 0
0 𝑒5%/

I 𝐕-𝟏𝐄𝟎	 (3.10)  

where V is a 2x2 matrix whose columns are the eigenvectors of matrix K, ln are eigenvalues of 

the matrix K, and V-1 is the inverse of matrix V. Stated differently, perturbation of the equilibria 

results in a relaxation process at a rate described by the eigenvalue expressions. The magnitude of 

change is related to the eigenvectors. 

 Here, the eigenvalues are solved for. The eigenvalues, l, satisfy the characteristic equation 

of matrix K shown below: 

 det(𝐊 − 𝜆𝐈) = 0	 (3.11)  

where the determinant of (K- lI) is set to 0, and  I is the identity matrix with the same dimensions 

as matrix K. The equation yields the characteristic polynomial of matrix K, whose roots are equal 

to the eigenvalues, as shown below: 

 det QG−𝑘#! − 𝜆 𝑘!#
+𝑘#! −𝑘!# − 𝜆

IR = 0 (3.12)  

 (−𝑘#! − 𝜆)(−𝑘!# − 𝜆) − 𝑘#!𝑘!# = 0 (3.13)  

 𝜆! + (𝑘#! + 𝑘!#)𝜆 = 0 (3.14)  

 𝜆, = 0,					𝜆# = −𝑘#! − 𝑘!# 	= 	−𝑘$%& (3.15)  
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The roots, ln, are the eigenvalues of the matrix K [132]. Perturbation of the system will result in 

single exponential kinetics (one non-zero eigenvalue) with an observed rate equal to kobs. 

Intuitively, this means that depletion of E1 to form E2 occurs at the same rate, which reflects the 

mass conservation in the system. In this particular system, the observed rate is constant and 

contains the forward and reverse rates constants additively. This is because as the system 

approaches equilibrium, the forward and reverse processes are competing for the equilibration. 

 At this point, the binding kinetics may be described by the single exponential equation 

shown below: 

 𝑓(𝑡)		 = 𝐴, + 𝐴#𝑒-.!"#/ (3.16)  

That is, one need not solve for the pre-exponential factors to recover the kinetic parameters. In 

fact, most often equation 3.16 is used with ‘placeholder’ amplitudes that have no physical linkage 

to a model. For simple systems, this is okay. However, as models become more complicated, it 

becomes necessary to understand the nature of the pre-exponential factors. To solve for the 

amplitude factors, or the so-called ‘normal modes’ of the reaction coordinate, one must obtain 

solutions for the eigenvectors matrix K. Methods to obtain the eigenvectors have been presented 

by many [123-125,133-136]. The process can become quite cumbersome, particularly when larger 

systems are involved (such as the 3x3 systems in this chapter). Therefore, an alternative analytical 

approach is described herein, which expresses the amplitude factors in terms of the eigenvalues. 

 Sylvester’s theorem provides a rapid way to solve functions of a matrix (such as eKt) in 

terms of the eigenvalues (which are easy to solve for) without the requirement of solving for the 

eigenvectors (which are less easy to solve for) [137]. The exponential function in equation 3.9 is 

rewritten using Sylvester’s theorem below: 
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𝑒𝐊/ = [𝐐7𝑒5)/

+

7	9	,

 (3.17)  

where n is the number of enzyme states (n=2 here) and Q are the Frobenius covariants of matrix 

K. The Frobenius covariants are defined as follows: 

 
𝐐7 =]

6𝐊− 𝜆:𝑰9
6𝜆7 − 𝜆:9

+

:9,
:;7

	
(3.18)  

where K is the 2x2 coefficient matrix, I is the identity matrix with the same dimensions as K, and 

l are the eigenvalues of the matrix K, for n = 2 states. The covariants for the general 2-state case 

are written below: 

 

𝐐, =
(𝐊 − 𝜆#𝑰)
−𝜆#

=

⎣
⎢
⎢
⎡

𝑘!#
𝑘#! + 𝑘!#

𝑘!#
𝑘#! + 𝑘!#

𝑘#!
𝑘#! + 𝑘!#

𝑘#!
𝑘#! + 𝑘!#⎦

⎥
⎥
⎤
	

(3.19)  

 

𝐐# =
(𝐊)
𝜆#

=

⎣
⎢
⎢
⎡

𝑘#!
𝑘#! + 𝑘!#

𝑘!#
−𝑘#! − 𝑘!#

𝑘#!
−𝑘#! − 𝑘!#

𝑘!#
𝑘#! + 𝑘!# ⎦

⎥
⎥
⎤
 

(3.20)  

where Qi have the same dimensions as K. Thus, the solution in equation 3.9 is further expanded 

below: 

 𝐄 = 𝐐𝟎𝐄𝟎e<(= + 𝐐𝟏𝑬𝟎e<%= = 𝐐𝟎𝑬𝟎 + 𝐐𝟏𝑬𝟎e<%= = 𝐐𝟎𝑬𝟎 + 𝐐𝟏𝑬𝟎e->!"#= (3.21)  

where Qi are defined by equations 3.19 – 3.20. Multiplication of matrices Qi (2x2) and E0 (2x1) 

results in a 2x1 column vector, Ai. The final result is two equations (one for each enzyme state, E1 

and E2) of the form 3.16 with the defined amplitudes in the rows of Ai below:  
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𝐀𝟎 = 𝐐𝟎𝐄𝟎 =

⎣
⎢
⎢
⎡

𝑘!#
𝑘#! + 𝑘!#

𝑘!#
𝑘#! + 𝑘!#

𝑘#!
𝑘#! + 𝑘!#

𝑘#!
𝑘#! + 𝑘!#⎦

⎥
⎥
⎤
G
[𝐸1,]
[𝐸2,]

I =

⎣
⎢
⎢
⎢
⎡𝑘!#

[𝐸/$/)?]
𝑘#! + 𝑘!#
𝑘#![𝐸/$/)?]
𝑘#! + 𝑘!# ⎦

⎥
⎥
⎥
⎤
	

      where [𝐸/$/)?] = [𝐸1,] + [𝐸2,]	

(3.22)  

 

𝐀𝟏 = 𝐐#𝐄𝟎 =

⎣
⎢
⎢
⎡

𝑘#!
𝑘#! + 𝑘!#

−𝑘!#
𝑘#! + 𝑘!#

−𝑘#!
𝑘#! + 𝑘!#

𝑘!#
𝑘#! + 𝑘!#⎦

⎥
⎥
⎤
G
[𝐸1,]
[𝐸2,]

I =

⎣
⎢
⎢
⎢
⎡+
[𝐸1,]𝑘#! − [𝐸2,]𝑘!#

𝑘#! + 𝑘!#
−[𝐸1,]𝑘#! + [𝐸2,]𝑘!#

𝑘#! + 𝑘!# ⎦
⎥
⎥
⎥
⎤
 

(3.23)  

The Ai column vectors contain the pre-exponential factors or amplitudes of equation 3.21 (and 

3.16). Examination of equation 3.21 with the kobs (defined in equation 3.15) and the amplitudes 

(defined by equations 3.22 – 3.23) reveal that the first set of terms (Q0E0 = A0) are constant while 

the second set of terms (Q1E0e-kobs*t = A1e-kobs*t) range from A1 (at t = 0) to 0 (at t = ∞). That is, 

the first step of terms describes the final equilibrium amounts of the corresponding enzyme state 

(expressed as a fraction of [Etotal]; i.e. A0 = [Eeq], where [Eeq] is a column vector defining the 

equilibrium concentrations, Eeq = [E1eq, E2eq]) while the second set of terms describe the temporal 

change over time. The amplitude in the second set of terms, A1, is a column vector defining the 

magnitude of change where A1 = [AE1, AE2]). 

 The full solutions for the 2-state system in Figure 3.1A are written below: 

 𝐄(𝐭) = 𝐀𝟎 + 𝐀𝟏e<%= = E𝐄𝐞𝐪F + 𝐀𝟏e<%= (3.24)  

 [𝐸1](𝑡) = [𝐸101] + (𝐴B#)𝑒-.!"#/ 

where [𝐸101] 	= 	
.&%

.%&".&%
[𝐸/$/)?] 

𝐴B# =	
[𝐸1,]𝑘#! − [𝐸2,]𝑘!#

𝑘#! + 𝑘!#
 

𝑘$%& = 𝑘#! + 𝑘!# 

(3.25)  
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 [𝐸2](𝑡) = [𝐸201] + (𝐴B!)𝑒-.!"#/ 

where [𝐸01] 	= 	
.%&

.%&".&%
[𝐸/$/)?] 

𝐴B! =	
−[𝐸1,]𝑘#! + [𝐸2,]𝑘!#

𝑘#! + 𝑘!#
 

𝑘$%& = 𝑘#! + 𝑘!# 

(3.26)  

where the transient enzyme concentrations, [E], are a function of time, t, which vary exponentially 

with rate, kobs, and amplitudes, Ai. The solutions contain thermodynamic (equilibrium 

concentration) and kinetic (observed rate of change) information. The first term describes the final 

equilibrium amounts of each species ([E1eq] and [E2eq]) expressed as a ratio of total enzyme ([Etotal] 

= [E1] + [E2]). The second set of terms describe the temporal change in the respective enzyme 

states with magnitude, Ai, and rate, kobs. Three observations may be pointed out here that reflect 

the reversibility and conservation of mass in the system: 1) the kobs expressions are identical for 

each enzyme state, 2) the sum of the equilibrium amplitudes is equal to the total enzyme 

concentration, [E1eq] + [E2eq] = [Etotal], and 3) the sum of the pre-exponential factors equal zero, 

AE1 + AE2 = 0. That is, the formation of E2 resulting from the depletion of E1 happens at rate, kobs, 

with equal and opposite magnitude of state E1. The last statement is true for the remaining 2-state 

models. 

 

3.2.2 The 2-state isomerization model: E ⇄ E*  

 Enzymes sample distinct conformations over a range of time scales and it is widely 

appreciated that ligand binding directly influences the conformational landscape. Two of the ligand 

binding models discussed in this chapter involve an isomerization step (induced fit and 

conformational selection in Figures 3.2B and 3.2C, respectively). Therefore, it is useful to discuss 
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the simplest model containing an isomerization step to aid in understanding the more complex 

ligand binding models which include both ligand binding and isomerization steps. In this system, 

the enzyme, E, can reversibly isomerize to populate the E* state (Figure 3.1B). The forward and 

reverse rates for the isomerization or conformational change are defined as kf and kr, respectively. 

Both rate constants have units of time-1. 

 The differential equations that describe the model are shown below: 

 𝑑[𝐸]
𝑑𝑡 		 = −𝑘C[𝐸] + 𝑘D[𝐸∗] 

(3.27)  

 𝑑[𝐸∗]
𝑑𝑡 		 = +𝑘C[𝐸] − 𝑘D[𝐸∗] 

(3.28)  

The differential equations are re-written in matrix form below: 

 
G 𝑑
[𝐸]/𝑑𝑡

𝑑[𝐸∗]/𝑑𝑡I = G
−𝑘C 𝑘D
+𝑘C −𝑘D

I G
[𝐸]
[𝐸∗]I	

(3.29)  

Comparison of equations 3.27 – 3.29 reveal that the solutions derived for the general 2-state 

scenario may be converted to the current 2-state isomerization model with the following 

substitutions: kf = k12, kr = k21, and E = E1, E* = E2 for all associated enzyme state constants (e.g. 

AE = AE1, AE* = AE2, E0 = E10, E*0 = E20, etc.). That is, one may arrive at the expressions described 

for the general case for a model of interest, simply by substituting the general case expression 

enzyme states and rate constants with those of the model of interest. Hence, Keq is defined by the 

expression below: 

 
𝐾01 =

𝑘C
𝑘D
=
E𝐸∗01F
E𝐸01F

	 (3.30)  

The same relationship between the kinetic and thermodynamic constants for the isomerization 

model is established compared to the general case. As in the general case, the equilibrium constant 

may be directly measured when reliable measurements of the equilibrium concentrations of each 
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enzyme state are possible. In practice, it may be difficult to distinguish the two enzyme states, thus 

rendering direct measurement of Keq impossible. However, perturbation of the system by addition 

of ligand may provide an indirect measure of the isomerization rate constants, which will be 

discussed in later sections (see the conformational selection model, Figure 3.2C). Regardless, 

kinetic experiments are required to quantify the individual rate constants (kf and kr).  

 The eigenvalues of the rate matrix in equation 3.29, are obtained via the characteristic 

equation defined in equation 3.11 in a similar fashion as for the general case. The resulting 

eigenvalues are calculated as follows: 

 
𝑑𝑒𝑡 gG

−𝑘C − 𝜆 𝑘D
+𝑘C −𝑘D − 𝜆

Ih = 0 (3.31)  

 𝜆, = 0,					𝜆# = −𝑘C − 𝑘D 	= 	−𝑘$%& (3.32)  

Because the system is reversible, kobs is identical for each enzyme state. Perturbation of the system 

by an external factor, such as a change in temperature or pH results in a re-equilibration process 

with kinetics governed by the microscopic rate constants, kf and kr. For this system, the re-

equilibration process proceeds at the same rate, regardless of the initial enzyme conditions (kobs = 

kf + kr; i.e. the kobs expression does not contain any terms for the enzyme concentrations). Since 

kobs is equal to the sum of both rate constants, quantification of the individual rate constants 

requires thermodynamic (Keq) and kinetic (kobs) measurements. Given measurements of Keq and 

kobs, one may arrive at the individual rate constant values using the expressions below:  

 
𝐾01 =

𝑘C
𝑘D
=	

𝑘C
𝑘$%& − 𝑘C

 
(3.33)  

Isolation of kf from equation 3.33 yields: 

 
𝑘C =	

𝐾01𝑘$%&
1 + 𝐾01

 
(3.34)  
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Substitution of equation 3.34 into the kobs expression (equation 3.32) yields kr: 

 
𝑘D = 𝑘$%& 	− 𝑘C = 𝑘$%& 	− 	

𝐾01𝑘$%&
1 + 𝐾01

 
(3.35)  

For completeness, the full solutions for the 2-state isomerization system are given below: 

 𝐄(𝐭) = 𝐀𝟎 + 𝐀𝟏e<%= = E𝐄𝐞𝐪F + 𝐀𝟏e<%= (3.36)  

 [𝐸](𝑡) = [𝐸01] + (𝐴B)𝑒-.!"#/ 

where [𝐸01] 	= 	
.*

.+".*
[𝐸/$/)?] 

𝐴B =	
[𝐸,]𝑘C − [𝐸∗,]𝑘D

𝑘C + 𝑘D
 

𝑘$%& = 𝑘C + 𝑘D 

(3.37)  

 [𝐸∗](𝑡) = [𝐸∗01] + (𝐴B∗)𝑒
-.!"#/ 

where [𝐸∗01] 	= 	
.+

.+".*
[𝐸/$/)?] 

𝐴B∗ =	
−[𝐸,]𝑘C + [𝐸∗,]𝑘D

𝑘C + 𝑘D
 

𝑘$%& = 𝑘C + 𝑘D 

(3.38)  

To clarify, the solutions were obtained by making the following substitutions into the general case 

equations 3.23 – 3.26: kf = k12, kr = k21, and E = E1, E* = E2 for all associated enzyme state 

constants (e.g. AE = AE1, AE* = AE2, E0 = E10, E*0 = E20, etc.). Notably, the solutions presented 

here are equivalent to an EL ⇄ E*L isomerization model with the following general case 

substitutions: EL = E1, E*L = E2. These details become important for descriptions of the limiting 

cases for the induced fit (Figure 3.2B) and conformational selection models (Figure 3.2C), which 

both contain isomerization events involving the bound (EL ⇄ E*L) or unbound (E ⇄ E*) enzyme 
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states, respectively. This is reinforced in section 3.2.5 for the induced fit mechanism. The 

derivation process is repeated for the 2-state ligand binding model in the next section.  

 

3.2.3 The 2-state ligand binding model: E + L ⇄ EL 

 The 2-state ligand binding model is the simplest ligand binding model (Figure 3.1C). In 

most cases, binding is a reversible bimolecular process wherein ligand, L, binds to enzyme, E, to 

form a complex, EL. The intrinsic rate constants, kon and koff, represent the ligand on- and off-

rates, respectively, which have units of concentration-1 time-1 and time-1, respectively. For ligand 

binding processes, it is useful to define the equilibrium dissociation constant, KD, instead of the 

equilibrium constant, Keq. Like Keq, the equilibrium dissociation constant or binding affinity, KD, 

is a thermodynamic constant comprised of a ratio of kinetic constants, given by the equation below: 

 
𝐾F =

𝑘$CC
𝑘$+

=
[𝐸][𝐿]
[𝐸𝐿]  (3.39)  

The dissociation constant has units of concentration and is equal to the concentration at which half 

of all binding sites are occupied ([EL] = [E] when ligand is in excess of enzyme or [EL] = [L] for 

the reverse condition). The ‘strength’ of the binding interaction is inversely proportional to the KD. 

Importantly, different ligands may have identical binding affinities but very different kinetic 

properties. Thus, complete characterization of a binding interaction requires kinetic and 

thermodynamic assessment.  

 Traditional kinetic analyses rely on interpretation of the concentration dependent behavior 

of the observed rate of binding, kobs, obtained by mixing varying amounts of ligand with a fixed 

amount of enzyme. Traditional thermodynamic analyses parallel the kinetic experiments but only 

the final equilibrium amounts of the bound complex, EL, or the disappearance in the unbound 



 83 

complex, E, are measured when ligand concentration is varied (usually around the KD). Here, the 

kinetic and thermodynamic relationships for the 2-state binding model are presented. 

 The system can be described by the differential equations below: 

 𝑑[𝐸]
𝑑𝑡 		 = −𝑘$+[𝐸][𝐿] + 𝑘$CC[𝐸𝐿] 

(3.40)  

 𝑑[𝐿]
𝑑𝑡 		 = −𝑘$+[𝐸][𝐿] + 𝑘$CC[𝐸𝐿] ≈ 0 (3.41)  

 𝑑[𝐸𝐿]
𝑑𝑡 = +𝑘$+[𝐸][𝐿] − 𝑘$CC[𝐸𝐿] 

(3.42)  

In this work, ligand is in excess of total enzyme concentration, thus the change in ligand 

concentration is negligible. The system is said to be under pseudo-first order conditions provided 

[L] is at least 10x greater than [E] [138]. In addition, this allows the following substitutions into 

the general case expression: kon[L] = k12. The following substitutions for the 2-state binding model 

will be made to the general case expressions: kon[L] = k12, and koff = k21, and E = E1, EL = E2 for 

all associated enzyme state constants (e.g. AE = AE1, AEL = AE2, E0 = E10, EL0 = E20, etc.)  

 Here, a description of the relevant parameters from the derivation process of the two-state 

binding system is presented. Similarly, with the general two-state system in the forgoing example, 

the solutions take the form of equation 3.24. As will be described below, the change in kobs, is 

independent of the initial amounts of each enzyme species and only depends on the final ligand 

concentration. In contrast, the pre-exponential factors, or amplitudes, are sensitive to the initial 

amounts of each enzyme species. These are concepts that are useful for experimental 

considerations, which will be described in detail in a later section of this chapter.   

  The differential equations are shown below in matrix form: 

 
G 𝑑
[𝐸]/𝑑𝑡

𝑑[𝐸𝐿]/𝑑𝑡I = j
−𝑘$+[𝐿] 𝑘$CC
+𝑘$+[𝐿] −𝑘$CC

k G
[𝐸]
[𝐸𝐿]I	 (3.43)  
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The eigenvalues are shown below: 

 𝜆,		 = 	0					𝜆# = −𝑘$+[𝐿] − 𝑘$CC 	= −𝑘$%& (3.44)  

Because the system is reversible, kobs is identical for each enzyme state. For this reason, equation 

3.16 (𝐴, + 𝐴#𝑒5%/) with eigenvalue substitutions from equation 3.44 is often sufficient to recover 

the kinetic (kon and koff) and thermodynamic parameters (KD = koff/kon) for a given binding 

interaction. More specifically, linear regression of a plot of kobs vs [L] will yield a slope equal to 

kon and y-intercept equal to koff, which may be used to calculate KD. Therefore, it is possible to 

fully characterize the kinetic and thermodynamic properties of a binding interaction from a kinetic 

experiment (spanning multiple ligand concentrations). This is in contrast to the 2-state 

isomerization model which requires both kinetic and thermodynamic measurements to 

characterize the Keq and rate constants (note: this is because kobs is concentration independent in 

the isomerization case, kobs = kf + kr). Experimental considerations are saved for the end of this 

section.  

 The full solutions for the 2-state binding mechanism are shown below:  

 𝐄(𝐋, 𝐭) = 𝐀𝟎 + 𝐀𝟏e<%= = E𝐄𝐞𝐪F + 𝐀𝟏e<%= (3.45)  

 [𝐸](𝐿, 𝑡) = [𝐸01] 	+ (𝐴B)𝑒-.!"#/ 

where [𝐸01] 	= 	
.!++

.!-[H]".!++
[𝐸/$/)?] =

J.
[H]"J.

[𝐸/$/)?] 

𝐴B =	
[𝐸,]𝑘$+[𝐿] − [𝐸𝐿,]𝑘$CC

𝑘$+[𝐿] + 𝑘$CC
=
[𝐸,][𝐿] − [𝐸𝐿,]𝐾F

[𝐿] + 𝐾F
 

𝑘$%& = 𝑘$+[𝐿] + 𝑘$CC 

(3.46)  

 [𝐸𝐿](𝐿, 𝑡) = [𝐸𝐿01] 	+ (𝐴BH)𝑒-.!"#/	

where [𝐸𝐿01] 	= 	
.!-[H]

.!-[H]".!++
[𝐸/$/)?] =

[H]
[H]"J.

[𝐸/$/)?] 

(3.47)  
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𝐴BH =	−
[𝐸,]𝑘$+[𝐿] − [𝐸𝐿,]𝑘$CC

𝑘$+[𝐿] + 𝑘$CC
=	−

[𝐸,][𝐿] − [𝐸𝐿,]𝐾F
[𝐿] + 𝐾F

 

𝑘$%& = 𝑘$+[𝐿] + 𝑘$CC 

The initial amounts of each enzyme state, [E0] and [EL0], in equations 3.46 and 3.47 represent the 

equilibrated initial enzyme concentrations. The initial enzyme concentrations depend on the initial 

ligand concentration, [L0], given by the equations below: 

 [𝐸,]		 = E𝐸01,,F	 =
𝐾F

𝐾F + [𝐿,]
[𝐸/$/)?] 

(3.48)  

 [𝐸𝐿,]	 = E𝐸𝐿01,,F	 =
[𝐿,]

𝐾F + [𝐿,]
[𝐸/$/)?]	

(3.49)  

For the ligand binding model, the changes in enzyme concentration are now a function time, t, and 

ligand concentration, [L]. As in the previous examples, the full solutions have thermodynamic and 

kinetic information. Again, the first term describes the final equilibrium amounts of each species, 

[Eeq] and [ELeq], which vary hyperbolically with respect to KD. The second set of terms describe 

the temporal change in the respective enzyme state with magnitude, Ai, and rate, kobs. Consistent 

with the isomerization model, the change in kobs, is independent of the initial amounts of each 

enzyme species ([E0] and [EL0]). However, in this case, the kobs depends on the final ligand 

concentration, [L]. In contrast, the amplitudes, are sensitive to the initial amounts of each enzyme 

species. Because this is a two-state system, the amplitudes, AE and AEL, for each enzyme state are 

equal and opposite which is a consequence of the mass conservation in the system. These concepts 

are considered in detail in later sections but briefly expanded on below.  

  The relationship between the kobs, the amplitudes, and the initial conditions are important 

for experimental considerations. As mentioned above, the kobs are identical for all enzyme states, 

E and EL, and only depend on the final ligand concentration (i.e. kobs is dependent on the final 

ligand concentration, [L], and not [L0] as shown in equations 3.46 and 3.47). However, the 
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amplitudes are unique to each enzyme state and sensitive to the initial enzyme amounts (i.e. the 

amplitude expressions contain terms for the initial conditions, and AE in equation 3.46 ≠ AEL in 

equation 3.47). Thus, perturbation of an equilibrated solution containing enzyme and ligand by 

additional ligand (e.g. equilibrium titration, sequential mixing experiment, etc. wherein [L0] ≠ 0 

and [L] > [L0]) will re-equilibrate at the same rate (kobs = kon[L] + koff) as a parallel experiment 

wherein unbound enzyme is mixed with ligand at [L] (i.e. under the following initial conditions: 

[E0] = [Etotal], [L0] = 0, and [EL0] = 0). Obviously, the sequential titration of ligand into a solution 

of ligand-bound enzyme will yield a lower change in fraction bound (D[EL] = [ELeq] – [EL0]) 

compared to the latter experiment (D[EL] = [ELeq] – 0). This also holds for dilution experiments 

wherein an equilibrated solution of enzyme and ligand are diluted, which effectively lowers [L] 

and shifts the equilibrium towards the unbound enzyme state (i.e. under the following initial 

conditions: [E0] ≠ [Etotal], [EL0] ≠ 0, [L0] ≠ 0 and [L] < [L0]), again at the same rate as a parallel 

binding experiment with [L]. Stated differently, kobs is identical for binding, dilution, or sequential 

mixing experiments at [L], regardless of the magnitude or direction of change. Notably, the change 

in fraction bound may be enhanced in a dilution experiment as compared to the traditional binding 

experiment. This will be discussed in detail in later sections. For now, excluding dilution scenarios, 

examination of equations 3.46 and 3.47 and/or an intuitive understanding of ligand binding leads 

one to the conclusion that the largest change in each enzyme species concentration occurs when 

ligand is mixed with unbound enzyme. This scenario is discussed below. 

 As mentioned before, a typical kinetic experiment involves mixing unbound enzyme, [E], 

with varying amounts of ligand, [L] and measuring the formation of the bound complex [EL]. 

Thus, equations 3.46 and 3.47 are rewritten below. Here the expressions describe the changes in 

[E] and [EL] for the given initial conditions: [E0] = [Etotal], [EL0] = 0, [L0] = 0. 
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 [𝐸](𝐿, 𝑡) =
𝐾F[𝐸/$/)?]
𝐾F + [𝐿]

+
[𝐿][𝐸/$/)?]
𝐾F + [𝐿]

𝑒-.!"#/ (3.50)  

 [𝐸𝐿](𝐿, 𝑡) =
[𝐿][𝐸/$/)?]
𝐾F + [𝐿]

−
[𝐿][𝐸/$/)?]
𝐾F + [𝐿]

𝑒-.!"#/	 (3.51)  

 Although the kinetic and thermodynamic parameters may be obtained from a well-planned 

kinetic experiment, a few experimental considerations must be discussed. If a detectible signal that 

is proportional to either enzyme state can be measured (be it the unbound or bound enzyme state, 

E or EL), a suitable ligand concentration range fits the following criteria:  1) ligand concentration 

must be high enough to generate a detectible change in fraction bound (i.e. magnitude of signal, 

which is proportional to the pre-exponential factor in equations 3.50 and 3.51), 2) ligand 

concentration should be selected such that the kobs, which has a linear dependence with respect to 

[L], is within the limits of detection (i.e. frequency of measurement allows characterization of the 

rate of change). Regarding the first point, fraction bound varies hyperbolically with respect to the 

KD. Therefore, it useful to measure the binding affinity via equilibrium titration prior to selecting 

the ligand concentration range. That is, though not necessary, one typically ends up performing 

both kinetic and thermodynamic experiments to fully characterize the kinetic and thermodynamic 

properties of a ligand binding event.  Regarding both points, kinetic experiments at saturating 

ligand concentrations ([L] >> KD) produce the largest change in fraction bound (i.e. signal), 

however, kobs, which increases linearly with ligand concentration, may approach the limits of 

detection. Similarly, ligand concentrations well below the KD will approach the lower limit of kobs 

(kobs approaches koff when [L] approaches 0), however, the change in fraction bound may be lower 

than the level of detection (fraction bound approaches 0 as [L] approaches 0). Hence, there is a 

trade-off between signal intensity and kinetic detection. Moreover, for ligands with fast koff values, 

it becomes increasingly difficult to measure the binding kinetics when koff is near the limits of 
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detection. Lower ligand concentration limitations are addressed in the dilution experimental 

sections.  

 To summarize, an ideal experiment spans a range of ligand concentrations such that a fit 

of the kobs values plotted against [L] are able to yield the kon and koff values from fits to the kobs 

expression (kobs = kon[L]+koff). While equation 3.16 (𝐴, + 𝐴#𝑒5%/) is often a good starting point 

when analyzing the data, there is no physical linkage between the generic exponential expression 

and a kinetic model. More specifically, data analysis with no regard to the amplitude contributions 

may have detrimental consequences when distinguishing models, particularly when more complex 

kinetics (multi-exponential) are involved. This complexity is highlighted in the next few sections. 

 

3.2.4 The general 3-state system: E1 ⇄ E2 ⇄ E3 

Here, the general 3-state case is described (Figure 3.2A) where three enzyme states, E1, 

E2, and E3 are in equilibrium. The kinetics for their interconversions are governed by the 

microscopic rate constants: k12, k21, k23, and k32. Two observable rates, kobs,1 and kobs,2, are expected 

for the three-state systems and a general solution takes the form of equation 3.1 (𝐴, + 𝐴#𝑒5%/ +

𝐴!𝑒5&/). The derivation of the kinetic and thermodynamic relationships for the general 3-state 

model are presented in a similar fashion as for the 2-state model.  

 The differential equations for the general case are shown below in matrix form: 

 
m
𝑑[𝐸1]/𝑑𝑡
𝑑[𝐸2]/𝑑𝑡
𝑑[𝐸3]/𝑑𝑡

o = p
−𝑘#! +𝑘!# 0
+𝑘#! −𝑘!# − 𝑘!K +𝑘K!
0 +𝑘!K −𝑘K!

q m
[𝐸1]
[𝐸2]
[𝐸3]

o	 (3.52)  

and in shortened form: 

 𝐝𝐄
𝐝𝐭 = 𝐊𝐄	 (3.53)  
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where dE/dt is the 3x1 column vector of the time derivatives, K is the 3x3 coefficient matrix, and 

E the 3x1 column vector of enzyme concentrations in equation 3.52. The condensed description 

of the system (equation 3.53) is identical to the 2-state system (equation 3.9) but with different 

matrix dimensions defining the system. Hence, the derivation process for the 3-state system (or 

infinitely larger linear systems) follows the same order of operations presented for the general 2-

state case. Thus, the eigenvalues may be obtained via the same methods employed for the 2x2 

system described by equation 3.11 (with 3x3 matrix dimensions here). The determinant of (K- lI), 

whose roots are equal to the eigenvalues of matrix K are presented below: 

 
𝑑𝑒𝑡 rp

−𝑘#! − 𝜆 +𝑘!# 0
+𝑘#! −𝑘!# − 𝑘!K − 𝜆 +𝑘K!
0 +𝑘!K −𝑘K! − 𝜆

qs = 0 (3.54)  

 (−𝑘#! − 𝜆)6(−𝑘!# − 𝑘!K − 𝜆)(−𝑘K! − 𝜆) − (𝑘K!)(𝑘!K)9

− (𝑘!#)6(𝑘#!)(−𝑘K! − 𝜆) − (𝑘K!)(0)9

+ (0)6(𝑘#!)(𝑘!K) − (−𝑘!# − 𝑘!K − 𝜆)(0)9 = 0 

(3.55)  

 𝜆6𝜆! + (𝑘#! + 𝑘!# + 𝑘!K + 𝑘K!)𝜆 + (𝑘#!𝑘!K + 𝑘#!𝑘K! + 𝑘!#𝑘K!)9 = 0 (3.56)  

The roots of equation 3.56 contain one zero eigenvalue, and two non-zero eigenvalues. The roots 

may be solved by completing the square of the second-degree polynomial in equation 3.56 as 

follows: 

 −𝑏 ± √𝑏! − 4𝑎𝑐
2𝑎  

where 𝑎	 = 	1, 𝑏 = 𝑘"! + 𝑘!" + 𝑘!# + 𝑘#!, 𝑎𝑛𝑑	𝑐 = 𝑘"!𝑘!# + 𝑘"!𝑘#! + 𝑘!"𝑘#! 

(3.57)  

The eigenvalues are explicitly defined below: 

 𝑘/01,2 = 0 (3.58)  
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𝑘/01,3 =	

(𝑘34 + 𝑘43 + 𝑘45 + 𝑘54) − )(𝑘34 + 𝑘43 + 𝑘45 + 𝑘54)4 − 4(𝑘34𝑘45 + 𝑘34𝑘54 + 𝑘43𝑘54)
2  

(3.59)  

 
𝑘/01,4	 = 	

(𝑘34 + 𝑘43 + 𝑘45 + 𝑘54) + )(𝑘34 + 𝑘43 + 𝑘45 + 𝑘54)4 − 4(𝑘34𝑘45 + 𝑘34𝑘54 + 𝑘43𝑘54)
2  

(3.60)  

Among the observed rates, kobs,1 < kobs,2 so kobs,1 and kobs,2 are hereafter referred to as kslow and kfast, 

respectively. The associated amplitudes, A1 and A2 are hereafter referred to as Aslow and Afast, 

respectively.   

 The Frobenius covariants, defined by equation 3.18, are shown for the 3x3 system below: 

 
𝐐$ =

(𝐊 − 𝜆"𝑰)(𝐊 − 𝜆!𝑰)
𝜆"𝜆!

	

𝐐$ =

⎣
⎢
⎢
⎢
⎢
⎢
⎡
𝑘!"𝑘#!
𝜆"𝜆!

𝑘!"𝑘#!
𝜆"𝜆!

𝑘!"𝑘#!
𝜆"𝜆!

𝑘"!𝑘#!
𝜆"𝜆!

𝑘"!𝑘#!
𝜆"𝜆!

𝑘"!𝑘#!
𝜆"𝜆!

𝑘!"𝑘!#
𝜆"𝜆!

𝑘!"𝑘!#
𝜆"𝜆!

𝑘!"𝑘!#
𝜆"𝜆! ⎦

⎥
⎥
⎥
⎥
⎥
⎤

	

where 𝜆"𝜆! 	= 	 𝑘"!𝑘!# + 𝑘"!𝑘#! + 𝑘!"𝑘#!	

(3.61)  

 
𝐐" =

𝐊(𝐊 − 𝜆!𝑰)
𝜆"(𝜆" − 𝜆!)

	

𝐐" =

⎣
⎢
⎢
⎢
⎢
⎢
⎡−𝑘"!

(𝑘!# + 𝑘#! + 𝜆")
𝜆1(𝜆1 − 𝜆2)

𝑘!"(𝑘#! + 𝜆")
𝜆1(𝜆1 − 𝜆2)

𝑘!"𝑘#!
𝜆1(𝜆1 − 𝜆2)

𝑘"!(𝑘#! + 𝜆")
𝜆1(𝜆1 − 𝜆2)

−𝑘!"(𝑘#! + 𝜆") − 𝑘!#(𝑘"! + 𝜆")
𝜆1(𝜆1 − 𝜆2)

𝑘#!(𝑘"! + 𝜆")
𝜆1(𝜆1 − 𝜆2)

𝑘"!𝑘!#
𝜆1(𝜆1 − 𝜆2)

𝑘!#(𝑘"! + 𝜆")
𝜆1(𝜆1 − 𝜆2)

−𝑘#!(𝑘"! + 𝑘!" + 𝜆")
𝜆1(𝜆1 − 𝜆2) ⎦

⎥
⎥
⎥
⎥
⎥
⎤

 

where 𝜆3(𝜆3 − 𝜆4) = −(𝑘34 + 𝑘43 + 𝑘45 + 𝑘54)𝜆3 − 2(𝑘34𝑘45 + 𝑘34𝑘54 + 𝑘43𝑘54) 

(3.62)  

 
𝐐! =

𝐊(𝐊 − 𝜆"𝑰)
𝜆!(𝜆! − 𝜆")

 (3.63)  
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𝐐! =

⎣
⎢
⎢
⎢
⎢
⎢
⎡−𝑘"!

(𝑘!# + 𝑘#! + 𝜆!)
𝜆!(𝜆2 − 𝜆1)

𝑘!"(𝑘#! + 𝜆!)
𝜆!(𝜆2 − 𝜆1)

𝑘!"𝑘#!
𝜆!(𝜆2 − 𝜆1)

𝑘"!(𝑘#! + 𝜆!)
𝜆!(𝜆2 − 𝜆1)

−𝑘!"(𝑘#! + 𝜆") − 𝑘!#(𝑘"! + 𝜆!)
𝜆!(𝜆2 − 𝜆1)

𝑘#!(𝑘"! + 𝜆!)
𝜆!(𝜆2 − 𝜆1)

𝑘"!𝑘!#
𝜆!(𝜆2 − 𝜆1)

𝑘!#(𝑘"! + 𝜆!)
𝜆!(𝜆2 − 𝜆1)

−𝑘#!(𝑘"! + 𝑘!" + 𝜆!)
𝜆!(𝜆2 − 𝜆1) ⎦

⎥
⎥
⎥
⎥
⎥
⎤

 

where 𝜆4(𝜆4 − 𝜆3) = −(𝑘34 + 𝑘43 + 𝑘45 + 𝑘54)𝜆4 − 2(𝑘34𝑘45 + 𝑘34𝑘54 + 𝑘43𝑘54) 

Note that the numerators of the Q1 and Q2 covariants were changed such that the eigenvalue in the 

numerator matched that of the Qn subscript for consistency and to save space. For example, the 

values in a12 of the Q1 matrix (top middle cell) were changed from ‘-k21(k12 + k21 + k23 + l2)’ to 

the shorter and equivalent form, ‘k21(k23 + l1).’ For consistency, similar substitutions were made 

throughout. 

 The amplitudes were calculated by multiplying the Frobenius covariants by a 3x1 column 

vector of the initial enzyme concentrations: E0 = [E10, E20, E30]. The resulting amplitudes are 

shown below: 

𝐀𝐞𝐪 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡ 𝑘!"𝑘#![𝐸'(')*]
𝑘"!𝑘!# + 𝑘"!𝑘#! + 𝑘!"𝑘#!

𝑘"!𝑘#![𝐸'(')*]
𝑘"!𝑘!# + 𝑘"!𝑘#! + 𝑘!"𝑘#!

𝑘"!𝑘!#[𝐸'(')*]
𝑘"!𝑘!# + 𝑘"!𝑘#! + 𝑘!"𝑘#!⎦

⎥
⎥
⎥
⎥
⎥
⎤

	

where [𝐸8/89:] = [𝐸12] + [𝐸22] + [𝐸32] 

(3.64)  

𝐀𝐬𝐥𝐨𝐰 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡ −𝑘"!(𝑘!# + 𝑘#! + 𝜆")[𝐸1$] + 𝑘!"(𝑘#! + 𝜆")[𝐸2$] + 𝑘!"𝑘#![𝐸3$]

−(𝑘12 + 𝑘21 + 𝑘23 + 𝑘32)𝜆1 − 2(𝑘12𝑘23 + 𝑘12𝑘32 + 𝑘21𝑘32)
𝑘"!(𝑘#! + 𝜆")[𝐸1$] − B𝑘!"(𝑘#! + 𝜆") + 𝑘!#(𝑘"! + 𝜆")C[𝐸2$] + 𝑘#!(𝑘"! + 𝜆")[𝐸3$]

−(𝑘12 + 𝑘21 + 𝑘23 + 𝑘32)𝜆1 − 2(𝑘12𝑘23 + 𝑘12𝑘32 + 𝑘21𝑘32)
𝑘"!𝑘!#[𝐸1$] + 𝑘!#(𝑘"! + 𝜆")[𝐸2$] − 𝑘#!(𝑘"! + 𝑘!" + 𝜆")[𝐸3$]

−(𝑘12 + 𝑘21 + 𝑘23 + 𝑘32)𝜆1 − 2(𝑘12𝑘23 + 𝑘12𝑘32 + 𝑘21𝑘32) ⎦
⎥
⎥
⎥
⎥
⎥
⎤

 

(3.65)  
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𝐀𝐟𝐚𝐬𝐭 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡ −𝑘"!(𝑘!# + 𝑘#! + 𝜆!)[𝐸1$] + 𝑘!"(𝑘#! + 𝜆!)[𝐸2$] + 𝑘!"𝑘#![𝐸3$]

−(𝑘12 + 𝑘21 + 𝑘23 + 𝑘32)𝜆2 − 2(𝑘12𝑘23 + 𝑘12𝑘32 + 𝑘21𝑘32)
𝑘"!(𝑘#! + 𝜆!)[𝐸1$] − B𝑘!"(𝑘#! + 𝜆!) + 𝑘!#(𝑘"! + 𝜆!)C[𝐸2$] + 𝑘#!(𝑘"! + 𝜆!)[𝐸3$]

−(𝑘12 + 𝑘21 + 𝑘23 + 𝑘32)𝜆2 − 2(𝑘12𝑘23 + 𝑘12𝑘32 + 𝑘21𝑘32)
𝑘"!𝑘!#[𝐸1$] + 𝑘!#(𝑘"! + 𝜆!)[𝐸2$] − 𝑘#!(𝑘"! + 𝑘!" + 𝜆!)[𝐸3$]

−(𝑘12 + 𝑘21 + 𝑘23 + 𝑘32)𝜆2 − 2(𝑘12𝑘23 + 𝑘12𝑘32 + 𝑘21𝑘32) ⎦
⎥
⎥
⎥
⎥
⎥
⎤

 

(3.66)  

The amplitude column vectors contain the different enzyme state values in each row in descending 

order: Aeq = [E1eq, E2eq, E3eq], Aslow = [Aslow,E1, Aslow,E2, Aslow,E3], and Afast = [Afast,E1, Afast,E2, 

Afast,E3].  

 With the eigenvalues and amplitudes defined by equations 3.59 – 3.60 and equations 3.64 

– 3.66, respectively, the full solutions are written below:  

 𝐄(𝐭) = 𝐀𝟎 + 𝐀𝟏e<%= + 𝐀𝟐e<&= = E𝐄𝐞𝐪F + 𝐀𝐬𝐥𝐨𝐰e<#<!== + 𝐀𝐟𝐚𝐬𝐭e<+>#?= (3.67)  

 [𝐸1](𝑡) = E𝐸101F + 6𝐴&?$T,B#9𝑒-.#<!=/ + 6𝐴C)&/,B#9𝑒-.+>#?/ (3.68)  

 [𝐸2](𝑡) = E𝐸201F + 6𝐴&?$T,B!9𝑒-.#<!=/ + 6𝐴C)&/,B!9𝑒-.+>#?/ (3.69)  

 [𝐸3](𝑡) = [𝐸301] + (𝐴&?$T,BK)𝑒-.#<!=/ + (𝐴C)&/,BK)𝑒-.+>#?/ (3.70)  

Again, the solutions contain thermodynamic (equilibrium concentration) and kinetic (observed 

rate of change) information as was seen with the 2-state models. The first term describes the 

equilibrium concentration of each enzyme state. The remaining sets of terms describes the 

temporal change in the respective enzyme states, which are biphasic in nature (i.e. a slow and fast 

phase are expected). As with the 2-state model, the same three observations may be pointed out 

here that reflect the reversibility and conservation of mass in the system: 1) the kobs expressions 

are identical for each enzyme state, 2) the sum of the equilibrium amplitudes is equal to the total 

enzyme concentration, [E1eq] + [E2eq] + [E3eq] = [Etotal], and 3) the sum of the pre-exponential 

factors equal zero, Aslow,E1 + Aslow,E2 + Aslow,E3 = 0 and Afast,E1 + Afast,E2 + Afast,E3 = 0.  An obvious 

distinction from the 2-state system is that the amplitudes are no longer equal and opposite from 
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each other. Instead, the intermediate state amplitudes are equal and opposite to the terminal enzyme 

states, Aslow,E2 = –Aslow,E1 – Aslow,E3 and Afast,E2 = –Afast,E1 – Afast,E3. That is, formation of E2 

resulting from the depletion of E1 and E3 occurs at the same rates, kslow and kfast, with equal and 

opposite magnitude of states E1 and E3. The last statement is true for the remaining 3-state models.  

 In this work, the amplitude contribution is used as a diagnostic tool for distinguishing the 

different models. In addition, the kinetic analyses assume that the change in signal are related to 

the change in bound enzyme and that multiple bound states equally contribute to the signal (i.e. 

equal extinction coefficients or quantum yields for either bound state). That is, for models where 

multiple ligand bound states are populated, the change in signal is assumed to be from the sum of 

the bound enzyme states (i.e. the bound states are indistinguishable). This is important because 

this dictates how the change in amplitude contributions are determined. For initial analyses, the 

relative signal for multiple bound states are assumed to be equal. In later examples, the relative 

extinction coefficients or quantum yields are varied. The amplitude contributions are described in 

detail below. 

 Due to the lengthy nature of the amplitude values, it is simpler to discuss the amplitudes in 

terms of the percentage contribution of each phase (slow and fast phase) for the bound enzyme 

states. The percentage contribution of both phases is given by the equations below: 

 %slow	phase		 = 100
𝐴&?$T,%$U+V

𝐴&?$T,%$U+V + 𝐴WXY=,Z[\]^
 (3.71)  

 %fast	phase		 = 100
𝐴C)&/,%$U+V

𝐴&?$T,%$U+V + 𝐴WXY=,Z[\]^
 (3.72)  

Depending on the model, the terms Aslow,bound and Afast,bound in equations 3.71 and 3.72 may 

represent an individual species or a sum. For example, in the induced fit model (Figure 3.1B), two 

species, EL and E*L, represent bound enzyme states correlating to E2 and E3 in equations 3.69 
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and 3.70 (i.e. in equations 3.69 and 3.70 for the induced fit case: [EL] = [E2], [E*L] = [E3]). Thus, 

Aslow,bound and Afast,bound in equations 3.71 and 3.72 represent the sum of the corresponding Aslow 

and Afast values from each bound state (e.g. for the induced fit case, Aslow and Afast in equations 

3.71 and 3.72 are defined as follows: Aslow = Aslow,EL + Aslow,E*L and Afast = Afast,EL + Afast,E*L). In 

contrast, the conformational selection model (Figure 3.1C) has one bound species, E*L, which 

correlates to E3 in the general model (Figure 3.1A and equation 3.70). Thus, for the conformational 

selection model, Aslow,bound and Afast,bound represent one species where Aslow,bound = Aslow,E*L and 

Afast,bound = Afast,E*L. The amplitude contribution is expanded in the next section. As in the 2-state 

cases, an example of the conversion of the general 3-state case to a 3-state binding model with 

definitions of the binding affinity are presented in the next section with the induced fit model 

(Figure 3.1B) as an example case.  

 

3.2.5 Translating the general 3-state system expressions to the ligand binding models: induced 

fit model as an example case  

 The equations describing the general 3-state binding model in the previous section can be 

easily converted to represent the individual 3-state ligand binding models, shown in Figure 3.1, by 

substituting the rate constants in the general case to the corresponding rate constants in the desired 

model. For example, the differential equations for the induced fit (IF) model are shown below in 

matrix notation: 

 

m
𝑑[𝐸]/𝑑𝑡
𝑑[𝐸𝐿]/𝑑𝑡
𝑑[𝐸∗𝐿]/𝑑𝑡

o = m
−𝑘$+[𝐿] 𝑘$CC 0
𝑘$+[𝐿] −𝑘$CC − 𝑘C 𝑘D
0 𝑘C −𝑘D

o m
[𝐸]
[𝐸𝐿]
[𝐸∗𝐿]

o	
(3.73)  

 

which were obtained by the following substitutions to the general case (equation 3.52): = kon[L] = 

k12’, koff = k21, kf = k23, kr = k32, E = E1, EL = E2, and E*L = E3. Thus, the kobs expressions may 
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be rewritten from the general case with similar substitutions to the kobs expressions (equation 3.59 

and 3.60) as follows: 

 
𝑘!"#$ = 	

a𝑘#%[𝐿] + 𝑘#&& + 𝑘& + 𝑘'd − fa𝑘#%[𝐿] + 𝑘#&& + 𝑘& + 𝑘'd
(
− 4a𝑘#%[𝐿]𝑘& + 𝑘#%[𝐿]𝑘' + 𝑘#&&𝑘'd

2
 

(3.74)  

 
𝑘&)!*	 = 	

a𝑘#%[𝐿] + 𝑘#&& + 𝑘& + 𝑘'd + fa𝑘#%[𝐿] + 𝑘#&& + 𝑘& + 𝑘'd
(
− 4a𝑘#%[𝐿]𝑘& + 𝑘#%[𝐿]𝑘' + 𝑘#&&𝑘'd

2
	 

(3.75)  

Likewise, the amplitude expressions (general case expressions 3.64 – 3.66) are defined below: 

𝐄𝒆𝒒 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡ 𝑘(44𝑘5[𝐸'(')*]
𝑘(6[𝐿]𝑘4 + 𝑘(6[𝐿]𝑘5 + 𝑘(44𝑘5

𝑘(6[𝐿]𝑘(44[𝐸'(')*]
𝑘(6[𝐿]𝑘4 + 𝑘(6[𝐿]𝑘5 + 𝑘(44𝑘5

𝑘(6[𝐿]𝑘4[𝐸'(')*]
𝑘(6[𝐿]𝑘4 + 𝑘(6[𝐿]𝑘5 + 𝑘(44𝑘5⎦

⎥
⎥
⎥
⎥
⎥
⎤

	

where [𝐸8/89:] = [𝐸12] + [𝐸22] + [𝐸32] 

(3.76)  

𝐀𝐬𝐥𝐨𝐰 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡ −𝑘%&[𝐿]+𝑘' + 𝑘( + 𝜆).[𝐸1*] + 𝑘%''(𝑘( + 𝜆))[𝐸2*] + 𝑘%''𝑘([𝐸3*]

−(𝑘%&[𝐿] + 𝑘%'' + 𝑘' + 𝑘()𝜆) − 2(𝑘%&[𝐿]𝑘' + 𝑘%&[𝐿]𝑘( + 𝑘%''𝑘())

𝑘%&[𝐿](𝑘( + 𝜆))[𝐸1*] + 5−𝑘%''(𝑘( + 𝜆)) + 𝑘'(𝑘%&[𝐿] + 𝜆))6 [𝐸2*] + 𝑘((𝑘%&[𝐿] + 𝜆))[𝐸3*]

−+𝑘%&[𝐿] + 𝑘%'' + 𝑘' + 𝑘(.𝜆) − 2+𝑘%&[𝐿]𝑘' + 𝑘%&[𝐿]𝑘( + 𝑘%''𝑘(.
𝑘%&[𝐿]𝑘'[𝐸1*] − 𝑘'(𝑘%&[𝐿] + 𝜆))[𝐸2*] − 𝑘(+𝑘%&[𝐿] + 𝑘%'' + 𝜆).[𝐸3*]
−+𝑘%&[𝐿] + 𝑘%'' + 𝑘' + 𝑘(.𝜆) − 2+𝑘%&[𝐿]𝑘' + 𝑘%&[𝐿]𝑘( + 𝑘%''𝑘(. ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

(3.77)  

𝐀𝐟𝐚𝐬𝐭 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡ −𝑘𝑜𝑛[𝐿]B𝑘𝑓 + 𝑘𝑟 + 𝜆2C[𝐸10] + 𝑘𝑜𝑓𝑓(𝑘𝑟 + 𝜆2)[𝐸20] + 𝑘𝑜𝑓𝑓𝑘𝑟[𝐸30]

−(𝑘𝑜𝑛[𝐿] + 𝑘𝑜𝑓𝑓 + 𝑘𝑓 + 𝑘𝑟)𝜆2 − 2(𝑘𝑜𝑛[𝐿]𝑘𝑓 + 𝑘𝑜𝑛[𝐿]𝑘𝑟 + 𝑘𝑜𝑓𝑓𝑘𝑟))

𝑘𝑜𝑛[𝐿](𝑘𝑟 + 𝜆2)[𝐸10] + F−𝑘𝑜𝑓𝑓(𝑘𝑟 + 𝜆2) + 𝑘𝑓(𝑘𝑜𝑛[𝐿] + 𝜆1)G [𝐸20] + 𝑘𝑟(𝑘𝑜𝑛[𝐿] + 𝜆2)[𝐸30]

−B𝑘𝑜𝑛[𝐿] + 𝑘𝑜𝑓𝑓 + 𝑘𝑓 + 𝑘𝑟C𝜆2 − 2B𝑘𝑜𝑛[𝐿]𝑘𝑓 + 𝑘𝑜𝑛[𝐿]𝑘𝑟 + 𝑘𝑜𝑓𝑓𝑘𝑟C
𝑘𝑜𝑛[𝐿]𝑘𝑓[𝐸10] − 𝑘𝑓(𝑘𝑜𝑛[𝐿] + 𝜆1)[𝐸20] − 𝑘𝑟B𝑘𝑜𝑛[𝐿] + 𝑘𝑜𝑓𝑓 + 𝜆1C[𝐸30]
−B𝑘𝑜𝑛[𝐿] + 𝑘𝑜𝑓𝑓 + 𝑘𝑓 + 𝑘𝑟C𝜆2 − 2B𝑘𝑜𝑛[𝐿]𝑘𝑓 + 𝑘𝑜𝑛[𝐿]𝑘𝑟 + 𝑘𝑜𝑓𝑓𝑘𝑟C ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

(3.78)  

The amplitude column vectors contain the different enzyme state values in each row in descending 

order: Aeq = [Eeq, ELeq, E*Leq], Aslow = [Aslow,E, Aslow,EL, Aslow,E*L], and Afast = [Afast,E, Afast,EL, 

Afast,E*L]. The initial enzyme concentrations are defined below: 

 
[𝐸1,] =

𝑘𝑜𝑓𝑓𝑘𝑟[𝐸𝑡𝑜𝑡𝑎𝑙]
𝑘𝑜𝑛[𝐿0]𝑘𝑓 + 𝑘𝑜𝑛[𝐿0]𝑘𝑟 + 𝑘𝑜𝑓𝑓𝑘𝑟

 (3.79)  
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[𝐸2,] =

𝑘𝑜𝑛[𝐿0]𝑘𝑜𝑓𝑓[𝐸𝑡𝑜𝑡𝑎𝑙]
𝑘𝑜𝑛[𝐿0]𝑘𝑓 + 𝑘𝑜𝑛[𝐿0]𝑘𝑟 + 𝑘𝑜𝑓𝑓𝑘𝑟

 (3.80)  

 
[𝐸3,] =

𝑘𝑜𝑛[𝐿0]𝑘𝑓[𝐸𝑡𝑜𝑡𝑎𝑙]
𝑘𝑜𝑛[𝐿0]𝑘𝑓 + 𝑘𝑜𝑛[𝐿0]𝑘𝑟 + 𝑘𝑜𝑓𝑓𝑘𝑟

 (3.81)  

where initial ligand concentration is equal to L0. 

 With the eigenvalues, amplitudes, and initial enzyme concentrations defined by equations 

3.74 – 3.81, the full solutions are written below:  

 𝐄(𝐋, 𝐭) = E𝐄𝐞𝐪F + 𝐀𝐬𝐥𝐨𝐰e->#<!== + 𝐀𝐟𝐚𝐬𝐭e-.+>#?= (3.82)  

 [𝐸](𝐿, 𝑡) = E𝐸01F + 𝐴&?$T,B𝑒-(.#<!=)/ + 𝐴WXY=,k𝑒-a.+>#?d/ (3.83)  

 [𝐸𝐿](𝐿, 𝑡) = E𝐸𝐿01F + 𝐴&?$T,BH𝑒-(.#<!=)/ + 𝐴WXY=,kl𝑒-a.+>#?d/ (3.84)  

 [𝐸∗L](𝐿, 𝑡) = E𝐸∗L01F + 𝐴Ym[n,B∗l𝑒-(.@ABC)/ + 𝐴WXY=,B∗l𝑒-(.DE@F)/ (3.85)  

The changes in each enzyme state are functions of ligand concentration and time. The individual 

amplitude and kobs expressions for each kinetic model are summarized in Tables 3.1 – 3.6. 

 Finally, the equations for the percentage contribution of the slow and fast phases (general 

case expressions 3.71 – 3.72) are shown below: 

 %𝑠𝑙𝑜𝑤	𝑝ℎ𝑎𝑠𝑒		 = 100
𝜀BH𝐴&?$T + 𝜀B∗H𝐴&?$T,B∗H

𝜀BH(𝐴&?$T,BH + 𝐴C)&/,BH) + 𝜀B∗H(𝐴&?$T,B∗H + 𝐴C)&/,B∗H)
 (3.86)  

 %𝑓𝑎𝑠𝑡	𝑝ℎ𝑎𝑠𝑒		 = 100
𝜀BH𝐴&?$T + 𝜀B∗H𝐴&?$T,B∗H

𝜀BH(𝐴&?$T,BH + 𝐴C)&/,BH) + 𝜀B∗H(𝐴&?$T,B∗H + 𝐴C)&/,B∗H)
 (3.87)  

For the induced fit model, the percentage contribution of each phase represents a sum of the 

amplitude values from the two bound states, EL and E*L, multiplied by a scalar, εi, for each 

enzyme state that represents the relative contribution to the bound state signal (i.e. extinction 
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coefficient or quantum yield). Unless otherwise stated, the scalars are assumed to be equal to 1 for 

each enzyme state. 

 So far, the binding affinity for the three-state systems have not been mentioned because 

the general case does not include a ligand binding step. It is true that binding affinity or KD still 

takes the form of equation 3.39 (KD = koff/kon). Moreover, for models with multiple binding steps 

(Figure 3.1D-F), there are two KD values corresponding to each binding equilibrium (KD1 = 

koff1/kon1 and KD2 = koff2/kon2). However, for multi-state systems, it is also informative to express 

the apparent binding affinity, KD,app, which describes the distribution of bound and unbound 

enzyme states when multiple forms of either species are expected. A general equation is shown 

below: 

 
KF,)oo =

[𝐸U+%$U+V][𝐿]
[𝐸%$U+V]

 (3.88)  

Depending on the model, the numerator or the denominator may represent an individual or sum of 

enzyme states. Regardless, the KD,app is the equal to the ligand concentration at which half of all 

binding sites are occupied ([Eunbound] = [Ebound]): 

 [𝐸U+%$U+V] = [𝐸U+%$U+V] (3.89)  

Using the IF case as an example, equation 3.89 may be re-written as follows (with substitutions 

from the equilibrium concentration column vector defined by equation 3.76): 

 E𝐸01F = E𝐸𝐿01F + E𝐸∗𝐿01F  (3.90)  

 𝑘#&&𝑘'[𝐸𝑡𝑜𝑡𝑎𝑙]
𝑘#%[𝐿]𝑘& + 𝑘#%[𝐿]𝑘' + 𝑘#&&𝑘'

=
𝑘#%[𝐿]𝑘'[𝐸𝑡𝑜𝑡𝑎𝑙]

𝑘#%[𝐿]𝑘& + 𝑘#%[𝐿]𝑘' + 𝑘#&&𝑘'
+	

𝑘#%[𝐿]𝑘&[𝐸𝑡𝑜𝑡𝑎𝑙]
𝑘#%[𝐿]𝑘& + 𝑘#%[𝐿]𝑘' + 𝑘#&&𝑘'

  

which reduces to: 

 𝑘$CC𝑘D = 𝑘$+[𝐿]𝑘D + 𝑘$+[𝐿]𝑘C = [𝐿]𝑘$+6𝑘D + 𝑘C9  (3.91)  
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Isolating the expression for [L] yields KD,app: 

 
[𝐿] = 𝐾F,)oo,pq =

𝑘$CC𝑘D
𝑘$+6𝑘D + 𝑘C9

= 𝐾F g
𝑘D

𝑘D + 𝑘C
h (3.92)  

This process can be repeated for all the remaining models. The KD,app expressions for each model 

are summarized in Tables 3.1 – 3.6.  

 From here, the equilibrium concentrations may be expressed in terms of the apparent 

binding affinity as shown below: 

 
[𝐸01] =

𝑘$CC𝑘D[𝐸𝑡𝑜𝑡𝑎𝑙]
𝑘$CC𝑘D + [𝐿]𝑘$+6𝑘C + 𝑘D9

=
𝐾F,)oo,pq

𝐾F,)oo,pq + [𝐿]
𝐸()* 

where 𝐸()* 	= 	1 ∗ [𝐸𝑡𝑜𝑡𝑎𝑙] 

(3.93)  

 
E𝐸𝐿01F		 =

𝑘$+[𝐿]𝑘D[𝐸𝑡𝑜𝑡𝑎𝑙]
𝑘$CC𝑘D + [𝐿]𝑘$+6𝑘C + 𝑘D9

=
[𝐿]

𝐾F,)oo,pq + [𝐿]
𝐸𝐿()* 

where 𝐸𝐿()* 	= 	
.*

.+".*
∗ [𝐸𝑡𝑜𝑡𝑎𝑙] 

(3.94)  

 
E𝐸∗𝐿01F		 =

𝑘$+[𝐿]𝑘C[𝐸𝑡𝑜𝑡𝑎𝑙]
𝑘$CC𝑘D + [𝐿]𝑘$+6𝑘C + 𝑘D9

=
[𝐿]

𝐾F,)oo,pq + [𝐿]
𝐸∗𝐿()*	

where 𝐸∗𝐿()* 	= 	
.+

.+".*
∗ [𝐸𝑡𝑜𝑡𝑎𝑙]	

(3.95)  

The equations that describe the equilibrium concentrations for each enzyme state parallel the 

expressions for the 2-state model (defined in equations 3.46 and 3.47). Importantly, the expressions 

for the remaining models take similar forms. This becomes important for the dilution experiment 

theory. For now, a few points may be made here: 1) the change in each enzyme state varies 

hyperbolically with respect to the apparent binding affinity and 2) the maximum amount of each 

species (Emax, ELmax, and E*Lmax) are expressed as a ratio of total enzyme. Expanding on the first 

point in the context of the induced fit model, this means that the buildup of the bound states, EL 

and E*L, are scaled by the expressions ELmax and E*Lmax and vary hyperbolically with respect to 
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KD,app. This is best illustrated for the case where kf = kr. In this case, ELmax = E*Lmax = 0.5, thus, a 

plot of the change in EL and E*L vs [L] yields two identical curves. Expanding on the second 

point in the context of the induced fit model, the maximum amount of each bound state depends 

on the isomerization equilibrium. Notably, the ELmax and E*Lmax expressions match the 

equilibrium expressions Eeq and E*eq, respectively, from the 2-state isomerization model 

(equations 3.37 and 3.38). The same is true for the conformational selection model, however, the 

same maximum value expressions apply to the initial enzyme concentrations (not the bound state 

concentration) in the absence of ligand.  

 To summarize, the expressions that describe the observed rates, equations 3.74 and 3.75 

(see also Table 3.2), contain no terms for any of the enzyme states. Thus, as mentioned for the 2-

state binding model, the observed rates are only dependent on the final ligand concentration, 

regardless of the initial enzyme conditions or experimental conditions. In addition, the kobs 

expressions are identical for each enzyme state and they contain a term for each microscopic rate 

constant. That is, the kobs do not correspond to a single step, rather, they reflect the fact that two 

equilibria are coupled by an intermediate state and thus include terms for all rate constants. 

However, the amplitudes are dependent on the initial amounts of each enzyme state ([E10], [E20], 

[E30]). In addition, the amplitude value relating to the equilibrium amounts of each species ([E1eq], 

[E2eq], and [E3eq]) may be used to calculate the KD,app. Finally, the expressions for kobs, the 

amplitudes, and KD,app are all unique to a given model. In the next section, the two limiting cases 

of ligand binding mechanisms involving conformational changes, which are the subject of this 

thesis, are presented.  

 

3.3 Kinetic models in detail  
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3.3.1 Linkage between conformational change and ligand binding: IF and CS 

Thermodynamic linkage between ligand binding and protein conformational change is a 

hallmark of biological systems. The kinetics of the enzyme-ligand interactions and the associated 

conformational changes can be a critical aspect of protein function and enzyme catalysis. Complex 

kinetic models for these linkages have been considered in detail for substrate specific enzymes and 

ligand specific proteins, and the limiting cases include IF (Figure 3.2B) and CS (Figure 3.2C) 

[73,127,128,131,139]. Both limiting cases envision a free-energy landscape with multiple minima 

representing different ligand-free, E and E*, and ligand-bound enzyme conformations, EL and 

E*L. The IF case occurs when ligand binding induces a conformational change to stabilize the 

ligand bound state. In contrast, CS occurs when ligand ‘selects’ and only binds to one pre-existing 

enzyme conformation, E*, from an ensemble of unbound states, E and E*. In relation to the 

conformational landscape, ligand binding in the IF model results in expansion of the landscape to 

include a new conformation, E*L, whereas ligand binding in the CS model results in a population 

shift in the ensemble of conformations, E and E*, to the ligand ‘preferred’ conformation, E*L. It 

is important to note that the limiting case models are not mutually exclusive and both models may 

occur for a single enzyme-ligand pair. Additionally, the binding mechanism can be context 

dependent wherein different ligands can bind to the same enzyme through different mechanisms. 

Hence, differences in the ‘selection criteria’  

 Traditional kinetic approaches aimed at distinguishing the IF and CS models from stopped-

flow kinetic measurements rely on interpretation of the direction of change of the ligand dependent 

kslow behavior from the double exponential fits of data, which has a hyperbolic dependence with 

respect to ligand concentration. For decades, kineticists interpreted a hyperbolic increase in kslow 

as IF and a hyperbolic decrease in kobs,slow as CS. Vogt and Di Cera recently demonstrated that the 
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distinction is only valid if the conformational rearrangement step (kf an kr in Figure 3.1C) is rate-

limiting [139]. In their analysis, they showed that CS can also display a hyperbolic increase in kslow 

when the conformational rearrangements are not rate-limiting. They conclude that a hyperbolic 

decrease in kslow behavior is unambiguous proof of CS while a hyperbolic increase or even 

concentration independent kslow behavior can result from either the IF or CS model.  

 To further complicate the matter, Chakraborty and Di Cera recently discussed cases for 

which two different scenarios of IF and CS can yield equivalent kfast, kslow and KD,app values despite 

differences in the intrinsic kinetic rate constants for either model [131]. Importantly, the resulting 

amplitude values are not equivalent for the two models, demonstrating the utility of a global 

analysis approach which takes into account the fractional contribution of the fast and slow phases 

to the overall binding signal. In this chapter, we discuss the examples presented by Chakraborty 

and Di Cera and include examples of cases where different behaviors and kslow and kfast can be 

expected.   

 

3.3.2 Multiple ligand binding interactions: Sequential binding, substrate reorientation and 

persistent heterogeneity 

 Here I aim to provide kinetic approaches to aid in differentiating IF and CS and expand our 

analysis to include alternative, infrequently considered, models where multi-step mechanisms of 

ligand binding are involved. The remaining models differ from the IF and CS models because they 

do not include a reversible isomerization step. The models contain two binding steps and are 

depicted in Figure 3.1D-F. The sequential binding (SB) and substrate reorientation (SR) models 

are linear three-state systems. Similar to the IF and CS models, the full solutions to the respective 

systems take the form of equations 3.26 – 3.28 with observed rates listed in Table 3.1. The 
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persistent heterogeneity (PH) model contains two two-state binding systems wherein two different 

non-interconverting enzyme conformers, E and E*, bind to ligand to form their respective bound 

complexes, EL and E*L. The full solutions to either enzyme conformer system take the form of 

equations 3.17 – 3.18 with observed rates listed in Table 3.1. The models in Figure 3.1 are expected 

to display a theoretical maximum of two observable rates (i.e. the re-equilibration processes due 

to ligand binding or dissociation may present as double exponential processes). Notably, the SR 

model also displays hyperbolic behavior of kslow similar to the IF and CS models. However, the 

behavior of both observed rates in the SB and PH models have linear dependence with respect to 

ligand. In this chapter, I discuss the amplitude contributions for each model and also detail the 

kinetic and thermodynamic signatures with the goal of distinguishing the different models.  

 

3.4 Experimental Procedures 

3.4.1 Kinetic simulations 

 Simulations of the systems described in Figure 3.2 were performed using MATLAB. The 

transient concentrations of each enzyme state were governed by the differential equations listed in 

the appendix. The initial amounts of each enzyme state were calculated using the equations listed 

in the appendix. For each case, the rate constants are indicated in the figure legends. 

 

3.4.2 Signal considerations 

 Because most kinetic studies of small molecule ligand binding utilize stopped-flow 

absorbance or fluorescence the rates of change in these optical properties are considered as the 

experimental probe, although other experimental probes will yield the same analytical expressions 
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as long as a few assumptions are true. Unless otherwise stated, the extinction coefficients for the 

bound species are equivalent. When different extinction coefficients are involved, the amplitude 

contributions are defined in a similar manner as shown for the induced fit example in section 3.2.5 

(equations 3.86 and 3.87). 

 

3.4.3 Limiting cases: rapid first step, rapid second step, and the stationary intermediate 

Three limiting cases for each model are presented, which depend on the relative 

magnitudes of the rate constants associated with each model. The three test cases include: rapid 

first step, rapid second step, and stationary intermediate. Regarding the IF and CS, the first two 

cases deal with the relationship between the binding and isomerization steps. Regarding the 

remaining models, the first two cases deal with the relationship between the two binding steps. 

The stationary intermediate case involves a rapidly interconverting intermediate enzyme state (E2) 

for the three-state linear models. Notably, the stationary intermediate case is not applicable to the 

PH model because it involves binding interactions with two non-interconverting enzyme states. 

Below, the expressions for kfast and kslow are simplified for each limiting case. The simplified 

expressions for each model are summarized in Table 3.7. The process to arrive at the simplified 

expressions are detailed below using the general case nomenclature for simplicity. 

To simplify the kobs expressions, it is useful to express the sum and the product of the 

relaxation rates (equations 3.59 and 3.60) as rearrangement of these equations aids in 

simplification of the kobs expressions in some cases [126]. The sum and product of the relaxation 

rates from the general 3-state model solution below:  

 [𝑘+ = 𝑘&?$T + 𝑘C)&/ = 𝑘#! + 𝑘!# + 𝑘!K + 𝑘K! (3.96)  
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 ]𝑘+ = 𝑘&?$T𝑘C)&/ = 𝑘#!𝑘!K + 𝑘#!𝑘K! + 𝑘!#𝑘K! (3.97)  

It is essential to note that the equations 3.96 and 3.97 are equal to the ‘b’ and ‘c’ values in the 

quadratic expression that describes kobs (equation 3.57), which are defined for each model in Tables 

3.2 – 3.6. As will be mentioned later, the sum or product of the kobs expressions can help 

differentiate models based on the ligand dependent behavior (linear vs quadratic). 

 

Case 1: rapid first step 

 First, the kobs expressions are simplified for the case where the first step is much faster than 

the second step (k12, k21 >> k23, k32). Given that kfast >> kslow, equation 3.96 simplifies as shown: 

 𝑘C)&/ = 𝑘#! + 𝑘!# (3.98)  

Substitution of equation 3.98 into equation 3.97 yields the simplified kslow equation below: 

 
𝑘&?$T =

𝑘#!𝑘!K + 𝑘K!(𝑘#! + 𝑘!#)
𝑘#! + 𝑘!#

= 𝑘!K Q
𝑘#!

𝑘#! + 𝑘!#
R + 𝑘K! (3.99)  

  

Case 2: rapid second step 

 The second simplification involves the opposite case where the second step is much faster 

than the second step (k23, k32 >> k12, k21).  When kfast >> kslow, equation 3.96 simplifies as shown: 

 𝑘C)&/ = 𝑘!K + 𝑘K! (3.100)  

Substitution of equation 3.100 into equation 3.97 yields the simplified kslow equation below: 

 𝑘&?$T =
𝑘#!(𝑘!K + 𝑘K!) + 𝑘!#𝑘K!

𝑘!K + 𝑘K!
= 𝑘#! + 𝑘!# Q

𝑘K!
𝑘!K + 𝑘K!

R (3.101)  

 

Case 3: stationary intermediate 
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 The final simplification involves a stationary intermediate case where the rates associated 

with the depletion of the intermediate enzyme state are faster than the rates associated with its 

formation (k21, k23 >> k12, k32). Again, assume that the kfast >> kslow. Thus, equation 3.96 simplifies 

as follows: 

 𝑘C)&/ = 𝑘!# + 𝑘!K (3.102)  

Substitution of equation 3.102 into equation 3.97 yields the simplified kslow equation below: 

 𝑘&?$T =
𝑘#!𝑘!K + 𝑘#!𝑘K! + 𝑘!#𝑘K!

𝑘!# + 𝑘!K
	

											= 𝑘#! Q
𝑘!K

𝑘!# + 𝑘!K
R +

𝑘#!𝑘K!
𝑘!# + 𝑘!K

+ 𝑘K! Q
𝑘!#

𝑘!# + 𝑘!K
R 

(3.103)  

 

The second term approaches zero as k12 and k32 << k21 and k23, therefore, equation 3.103 further 

simplifies to: 

 𝑘&?$T = 𝑘#! Q
𝑘!K

𝑘!# + 𝑘!K
R + 𝑘K! Q

𝑘!#
𝑘!# + 𝑘!K

R (3.104)  

The simplified expressions for each kinetic model are summarized in Table 3.7.   

 

3.4.4 Identical kobs case: apparently equivalent IF and CS case 

 Two cases will be presented wherein the IF and CS models produce identical kobs behavior.  

Chakraborty and Di Cera identified conditions where the kobs for the IF and CS are nearly identical. 

This occurs under the following conditions:  

 
𝐸
𝑘$+[𝐿]
⇄

𝑘$CC,pq
𝐸𝐿
𝑘C,pq
⇄
𝑘D,pq

𝐸∗𝐿												 = 												𝐸
𝑘C,pq + 𝑘D,pq

⇄
𝑘*

𝐸∗
𝑘$+[𝐿]
⇄

𝑘$CC,pq − 𝑘*
𝐸∗𝐿	 (3.105)  

where the kobs expressions for the IF case on the left is equivalent to the CS case on the right. The 

kx term is defined by the difference in the IF model limits by the expression below: 
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 𝑘* 	= 	 limH→, 𝑘C)&/,pq − lim
H→∞

𝑘&?$T,pq 	

𝑘* =
𝑘$CC − 𝑘C − 𝑘D + �(𝑘$CC + 𝑘C + 𝑘D)! − 4𝑘$CC𝑘D)

2  

(3.106)  

where the limits for the IF model kobs expressions are listed in Table 3.2. In this work, two cases 

presented by Chakraborty and Di Cera will be discussed with additional commentary about the 

amplitude behavior. The two cases are shown below: 

 

Case 1: 

 
𝐸
2.6	µ𝑀!"𝑠!"[𝐿]

⇄
3.6	𝑠!"

𝐸𝐿
12	𝑠!"
⇄

2.6	𝑠!"
𝐸∗𝐿												 = 												𝐸

14.6	𝑠!"
⇄

3.1	𝑠!"
𝐸∗
2.6	µ𝑀!"𝑠!"[𝐿]

⇄
0.50	𝑠!"

𝐸∗𝐿 (3.107)  

 

Case 2: 

 
𝐸
0.54	𝑚𝑀!"𝑠!"[𝐿]

⇄
7.5	𝑠!"

𝐸𝐿
0.44	𝑠!"

⇄
0.36	𝑠!"

𝐸∗𝐿												 = 												𝐸
0.8	𝑠!"
⇄

7.2	𝑠!"
𝐸∗
0.54	𝑚𝑀!"𝑠!"[𝐿]

⇄
0.34	𝑠!"

𝐸∗𝐿	 (3.108)  

 

3.4.5 Identical kobs case: apparently equivalent IF and SR case 

 Two cases will be presented whethe IF and SR models produce identical kobs behavior. 

This occurs under the following conditions:  

 
𝐸
𝑘$+,pq[𝐿]

⇄
𝑘$CC,pq

𝐸𝐿
𝑘C,pq
⇄
𝑘D,pq

𝐸∗𝐿												 = 												𝐸𝐿
𝑘t,#!
⇄

𝑘t,!#[𝐿]
𝐸
𝑘t,!K[𝐿]
⇄
𝑘t,K!

𝐸𝐿∗	 (3.109)  

where the kobs expressions for the IF case on the left is equivalent to the SR case on the right. The 

SR rate constants, ky, are defined in terms of the IF model in the expressions below: 

 𝑘t,#! 	= 		 𝑙𝑖𝑚H→, 𝑘&?$T,pq = 𝑘$CC,pq − 𝑘*	 (3.110)  



 107 

														=
𝑘(44,@A + 𝑘4,@A + 𝑘5,@A −H(𝑘(44,@A + 𝑘4,@A + 𝑘5,@A)! − 4𝑘5,@A𝑘(44,@A

2  

 
𝑘t,!# 	= 		

𝑘$+,pq6−𝑘$CC,pq + 𝑘C,pq + 𝑘D,pq + 𝑘*9
−𝑘$CC,pq + 𝑘C,pq + 𝑘D,pq + 2𝑘*

 

														=
𝑘(6,@A(−𝑘(44,@A + 𝑘4,@A + 𝑘5,@A +H(𝑘(44,@A + 𝑘4,@A + 𝑘5,@A)! − 4𝑘5,@A𝑘(44,@A)

2H(𝑘(44,@A + 𝑘4,@A + 𝑘5,@A)! − 4𝑘5,@A𝑘(44,@A
 

(3.111)     

 𝑘t,!K 	= 		
𝑘$+,pq𝑘*

𝑘C,pq + 𝑘D,pq − 𝑘$CC,pq + 2𝑘*
 

														=
𝑘(6,@A(+𝑘(44,@A − 𝑘4,@A − 𝑘5,@A +H(𝑘(44,@A + 𝑘4,@A + 𝑘5,@A)! − 4𝑘5,@A𝑘(44,@A)

2H(𝑘(44,@A + 𝑘4,@A + 𝑘5,@A)! − 4𝑘5,@A𝑘(44,@A
 

(3.112)  

 𝑘t,K! 	= 		 𝑙𝑖𝑚H→, 𝑘C)&/,pq 	= 𝑘C,pq + 𝑘D,pq + 𝑘*	

														=
𝑘(44,@A + 𝑘4,@A + 𝑘5,@A +H(𝑘(44,@A + 𝑘4,@A + 𝑘5,@A)! − 4𝑘5,@A𝑘(44,@A)

2  

(3.113)  

where the limits for the IF model kobs expressions are listed in Table 3.2 and kx is described by 

equation 3.106. Due to the symmetry in the SR system, the assignment of the slower of the two 

off-rate steps in the SR model is inconsequential. Here, koff1 (associated with the left equilibrium 

in equation 3.109) is set to be less than koff2. The IF cases are identical to those presented by 

Chakraborty and Di Cera (i.e. the SR cases are equivalent to the Chakraborty and Di Cera cases 

presented in section 3.4.4). The two cases are shown below: 

 

Case 1: 

 
𝐸
2.6	µ𝑀2)𝑠2)[𝐿]

⇄
3.6	𝑠2)

𝐸𝐿
12	𝑠2)
⇄

2.6	𝑠2)
𝐸∗𝐿												 = 												𝐸𝐿

0.53	𝑠2)
⇄

2.13	µ𝑀2)𝑠2)[𝐿]
𝐸
0.47µ𝑀2)𝑠2)[𝐿]

⇄
17.7	𝑠2)

𝐸𝐿∗ (3.114)  
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Case 2: 

 
𝐸
0.54	𝑚𝑀2)𝑠2)[𝐿]

⇄
7.5	𝑠2)

𝐸𝐿
0.44	𝑠2)

⇄
0.36	𝑠2)

𝐸∗𝐿											 = 											𝐸𝐿
	0.34	𝑠2)

⇄
0.032	𝑠2)	𝑚𝑀2)𝑠2)[𝐿]

𝐸
0.51	𝑚𝑀2)𝑠2)[𝐿]

⇄
8.0	𝑠2)

𝐸𝐿∗	 (3.115)  

 

3.4.6 Identical kobs case: apparently equivalent CS and SR case 

One case will be presented where the SR and CS models produce identical kobs behavior. This 

occurs under the following conditions:  

 
	𝐸𝐿

𝑘$CC#,uv
⇄

𝑘$+#,uv[𝐿]
𝐸
𝑘$+!,uv[𝐿]

⇄
𝑘$CC!,uv

𝐸𝐿∗ 												= 												𝐸
𝑘w,#!
⇄

𝑘w,!#[𝐿]
𝐸∗
𝑘w,!K[𝐿]
⇄
𝑘w,K!

𝐸∗𝐿	 (3.116)  

where the kobs expressions for the SR case on the left is equivalent to the CS case on the right. The 

CS rate constants, kz, are defined in terms of the SR model in the expressions below: 

 𝑘w,#! 	= 		 limH→∞ 𝑘&?$T,uv 	

													=
𝑘𝑜𝑓𝑓1,𝑆𝑅𝑘𝑜𝑛2,𝑆𝑅 +𝑘𝑜𝑛1,𝑆𝑅𝑘𝑜𝑓𝑓2,𝑆𝑅

𝑘𝑜𝑛1,𝑆𝑅 +𝑘𝑜𝑛2,𝑆𝑅
 

(3.117)  

 𝑘w,!# 	= 		 𝑘$CC!,uv − 𝑙𝑖𝑚
H→∞

𝑘&?$T,uv 

														= 𝑘$CC!,uv −
𝑘$CC#,uv𝑘$+!,uv + 𝑘$+#,uv𝑘$CC!,uv

𝑘$+#,uv + 𝑘$+!,uv
 

(3.118)     

 𝑘w,!K 	= 		 𝑘$+#,uv + 𝑘$+!,uv (3.119)  

 𝑘w,K! 	= 		 𝑙𝑖𝑚H→, 𝑘&?$T,uv = 𝑘$CC#,uv (3.120)  

where the limits for the SR model kobs expressions are listed in Table 3.5. Due to the symmetry in 

the SR system, the assignment of the slower of the two off-rate steps in the SR model is 

inconsequential. Here, koff1 (associated with the left equilibrium in equation 3.116) is set to be less 

than koff2. The CS cases are identical to those presented by Chakraborty and Di Cera (i.e. the SR 
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cases are equivalent to the Chakraborty and Di Cera cases presented in section 3.4.4 and 3.4.5). 

The two cases are shown below: 

 

Case 1: 

 
𝐸𝐿

0.53	𝑠2)
⇄

2.13	µ𝑀2)𝑠2)[𝐿]
𝐸
0.47µ𝑀2)𝑠2)[𝐿]

⇄
17.7	𝑠2)

𝐸𝐿∗ 												= 												𝐸
14.6	𝑠2)

⇄
3.1	𝑠2)

𝐸∗
2.6	µ𝑀2)𝑠2)[𝐿]

⇄
0.50	𝑠2)

𝐸∗𝐿 (3.121)  

 

Case 2: 

 
	𝐸𝐿

	0.34	𝑠2)
⇄

0.032	𝑠2)	𝑚𝑀2)𝑠2)[𝐿]
𝐸
0.51	𝑚𝑀2)𝑠2)[𝐿]

⇄
8.0	𝑠2)

𝐸𝐿∗ 											= 												𝐸
0.8	𝑠2)
⇄

7.2	𝑠2)
𝐸∗
0.54	𝑚𝑀2)𝑠2)[𝐿]

⇄
0.34	𝑠2)

𝐸∗𝐿	 (3.122)  

 

3.4.7 Dilution experiment 

 The dilution experiment serves as a means of signal amplification at lower ligand 

concentrations. Importantly, the KD (for two state models) or KDapp for (some) of the three-state 

models adequately describes the change in behavior when more than one bound species is 

expected. It is intuitive to think about the extent of binding in terms of KD,app for the multi-state 

binding models. Compared to the two-state systems, the principles are similar when comparing KD 

to KDapp. That is, the final equilibrium amounts of each species depend only on the final ligand 

concentration (provided that [L] is in excess of [E]). Thus, the change in fraction bound may be 

described by the following equation shown below: 

 
𝑌		 = 	

[𝐿]
[𝐿] + 𝐾F

	= 	
[𝐿]/𝐾F

𝐿]/𝐾F + 1
=

𝑀
𝑀 + 1 (3.123)  

 
𝑌	 = 	

[𝐿]
[𝐿] + 𝐾F,)oo

=	
[𝐿]/𝐾F,)oo

[𝐿]/𝐾F,)oo + 1
	=

𝑀
𝑀 + 1 (3.124)  
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where Y represents the fraction bound and M is the ligand concentration at some multiple of KD 

or KD,app. Equation 3.123 applies to the simple two-state binding model in Figure 1C while 

equation 3.124 applies to the three-state binding models in Figure 2 (excluding the sequential 

binding model). To derive the optimal concentration for the dilution experiment, the change in 

fraction bound is shown below: 

 ∆𝑌	 = 	 [𝐸%$U+V,,]−[𝐸%$U+V,01] (3.125)  

 ∆𝑌	 = 	
𝑀,

𝑀, + 1
−

𝑀01

𝑀01 + 1
 (3.126)  

Where [Ebound,0] and M0 represent the initial bound enzyme concentration and the initial ligand 

concentration at some multiple of KD or KD,app, respectively. The [Ebound,eq] and Meq represent the 

final bound enzyme concentration and the final ligand concentration at sum multiple of KD or 

KD,app. For experiments performed in the stopped-flow instrument, the initial ligand concentration 

is equal to the final ligand concentration multiplied by the dilution faction, D (remember L is 

diluted, so Linitial > Lfinal). Thus equation 3.126 can be rewritten as follows: 

 
∆𝑌	 = 	

𝐷𝑀01

𝐷𝑀01 + 1
−

𝑀01

𝑀01 + 1
	=

𝐷E𝐿C7+)?F/𝐾F
𝐷E𝐿C7+)?F/𝐾F + 1

−
E𝐿C7+)?F/𝐾F

E𝐿C7+)?F/𝐾F + 1
	 (3.127)  

The change in fraction bound is a function of M, which increases with ligand concentration to a 

maximum change in fraction bound followed by a decrease as the ligand concentration (or multiple 

of KD or KD,app) increases. Thus, the maximum change in absorbance occurs when the derivative 

of equation 3.127 is equal to zero, shown below: 

 𝑑(∆𝑌)
𝑑𝑀 	= 0	 (3.128)  
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𝐷
𝑀! (𝐷 − 1) − 𝐷! + 𝐷

�1𝑀 + 1 + 𝐷 + 𝐷𝑀�
! = 0 (3.129)  

Solving for M results in the following: 

 
𝑀 = �1

𝐷		 
(3.130)  

Convert M back to the final ligand concentration: 

 
𝑀 = �1

𝐷 =
E𝐿C7+)?F
𝐾F

			𝑜𝑟			
E𝐿C7+)?F
𝐾F,)oo

 (3.131)  

 
E𝐿C7+)?F = 𝐾F�

1
𝐷 			𝑜𝑟			𝐾F,)oo

�1
𝐷	 

(3.132)  

 [𝐿,] = E𝐿C7+)?F𝐷 = 𝐾F√𝐷			𝑜𝑟			𝐾F,)oo√𝐷 (3.133)  

Thus, the concentration at which the maximum change in fraction occurs at a starting ligand 

concentration described by equation 3.133.  

  The ligand concentration range where the change in fraction bound for the dilution 

experiment exceeds the observed change from the dilution experiment is described below. This 

occurs for ligand concentrations below the concentration where the change in fraction bound for 

the dilution and binding experiments are equal, as shown below: 

 ∆𝑌V7?U/7$+ 	= 	∆𝑌%7+V7+~	 (3.134)  

 
	
𝐷E𝐿C7+)?F/𝐾F,)oo

𝐷E𝐿C7+)?F/𝐾F,)oo + 1
−

E𝐿C7+)?F/𝐾F,)oo
E𝐿C7+)?F/𝐾F,)oo + 1

	=
E𝐿C7+)?F/𝐾F,)oo

E𝐿C7+)?F/𝐾F,)oo + 1
 (3.135)  

Isolating expression 3.135 for [Lfinal] yields the following: 
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 E𝐿C7+)?F = 𝐾F,)oo Q
𝐷 − 2
𝐷 R (3.136)  

 	[𝐿,] = E𝐿C7+)?F𝐷 = 𝐾F,)oo(𝐷 − 2) (3.137)  

Thus, the signal (observed change in fraction bound) for the dilution experiment exceeds the signal 

the binding experiment when the initial ligand concentration is less than the concentration defined 

by equation 3.137.  Here a few summary points may be made regarding the dilution experiment: 

1) the maximum change in fraction bound increases with the dilution factor (see equation 3.127), 

2) the maximum change in fraction bound occurs at an initial ligand concentration defined by the 

KDapp and dilution factor (see equation 3.133), 3) the ligand concentration range where the 

observed change in fraction bound exceeds the binding experiment increases with the dilution 

factor (see equation 3.137; i.e. the range is wider for larger dilution factors), and 4) the observed 

change in fraction bound exceeds the binding experiment only for dilution factors greater than 2 

(see equation 3.137). 

 

3.5 Results 

 Simulations for different kinetic cases for each model are presented here. The first three 

sets of test cases highlight the kinetic and thermodynamic behavior of each model for three 

‘limiting cases’: rapid first step, rapid second step, and stationary intermediate. The ‘limiting 

cases’ illustrate how widely the kobs and amplitude behavior can vary depending on the relative 

magnitudes of the rate constants. The second set of examples include two cases where IF and CS 

have nearly identical kobs behavior despite having different dissociation and isomerization rate 

constants. The equivalent kobs examples illustrate how incorporation of amplitude analysis may 

help distinguish IF from CS. The last set of examples illustrates the dilution experiment as a 
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method to amplify the change in signal in an effort to characterize kobs (and amplitude) behavior 

at ligand concentrations that are otherwise inaccessible (due to low change in fraction bound) in 

the traditional binding experiment. Each set of examples are presented in individual sections 

below. However, a few generalizations are made here. To avoid confusion, the following general 

comments are written using the general case nomenclature. 

 The first set of examples includes rapid equilibration of either the first or second step which 

results in apparent uncoupling. This is evident in the simplified kobs expressions (equations 3.98 – 

3.101 or Table 3.7) where the kfast expression contains terms that only describe the faster 

equilibrium (i.e. the simplified kfast expression resembles the analogous 2-state kobs expression and 

does not contain rate constants from the slower equilibration step). However, because the slower 

step is coupled to the system by the intermediate enzyme state, the kslow expression contains terms 

related to the slower equilibration step but with an equilibration factor that describes the relative 

buildup of the intermediate state in terms of the faster equilibrium (equations 3.99 and 3.101 or 

Table 3.7). More specifically, the rate involved with the depletion of the intermediate state is 

multiplied by the equilibration factor that resembles the 2-state equilibrium definitions for the 

intermediate state. For example, when the first step is faster, the ‘forward’ k23 rate is multiplied by 

the equilibration factor in equation 3.99 (k12/(k12+k21)), which defines the equilibrium amounts of 

E2 for a two-state equilibrium between E1 and E2 (E1 ⇄ E2; see [E2eq] in equation 3.26). When 

the second step is faster, the ‘reverse’ k21 rate is multiplied by the scalar in equation 3.101 

(k32/(k23+k32)), which defines the equilibrium amount of E2 for a two-state equilibrium between 

E2 and E3 (E2 ⇄ E3; similar to E1eq in equation 3.26 with the following substitutions E2 = E1, E3 

= E2, k23 = k21, k32 = k21). More succinctly, the rate associated with the depletion of the 
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intermediate (k21 or k23) is multiplied by an equilibration factor that represents the ‘effective’ 

concentration of the intermediate state.  

 The stationary intermediate case, in contrast to the rapid equilibration examples, differs 

considerably among the models. With the exception of the SR model (which contains the unbound 

enzyme state in the intermediate state), formation of the intermediate state is negligible. That is, 

the intermediate enzyme state is rapidly formed then rapidly depleted to form either terminal 

enzyme states. To clarify, with the exception of the SR model, the change in E1 is approximately 

equal and opposite of the change in E3. Thus, the experimenter may believe they are observing the 

following 2-state system shown below:  

 
𝐸1
𝑘"$,&''
⇄

𝑘$",&''
𝐸3 

𝑤ℎ𝑒𝑟𝑒		𝑘"$,&'' =
𝑘"(𝑘($
𝑘(" + 𝑘($

						𝑎𝑛𝑑						𝑘$",&'' =
𝑘("𝑘$(
𝑘(" + 𝑘($

	 

(3.138)  

In addition, depending on the model, there are differences in the likelihood of observing multi-

exponential kinetics. This is discussed in detail for each model in the sections that follow.  

 The next set of examples include two cases where the IF and CS models are 

indistinguishable on the basis of kobs behavior. The kobs equivalent cases include intrinsic rate 

constants on similar orders of magnitude, in contrast to the limiting cases. The two cases have been 

discussed extensively by Di Cera and coworkers in the context of kobs behavior. Here, discussion 

of the two cases has been expanded to include amplitude analysis. Importantly, inclusion of 

amplitude analysis can afford unambiguous discrimination between the IF and CS models when 

[E*0] (in the absence of ligand) << [Etotal]. Notably, some examples exist where equivalent kobs 

and amplitude behavior may be expected resulting from unique instances where the signal 

contribution (e.g. extinction coefficients or quantum yields) for the ensemble of unbound or bound 
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enzyme states are varied for the IF and CS models, respectively. However, it is important to note 

that the equivalent kobs and amplitude cases are specific to only two instances of signal variation 

and all other possible scenarios are distinguishable provided [E*0] (in the absence of ligand) << 

[Etotal].  

 The final set of examples highlights a dilution or dissociation experimental setup wherein 

bound enzyme is diluted, thus shifting the equilibrium towards ligand dissociation from the 

initially bound enzyme complex. The experimental setup expands the experimental range to 

include lower ligand concentrations that are inaccessible in the traditional mixing or binding 

experimental setup due to low change in fraction bound. These experiments may be useful in cases 

where adequate curvature in the kslow behavior for the IF, CS and SR models is not observed or for 

when kfast is beyond the limits of detection at higher ligand concentration. Importantly, the kobs 

behavior is unaltered by the experimental setup (binding vs dissociation). The amplitude behavior 

is discussed in detail in a section below. 

 

3.5.1 Induced fit: limiting cases 

 The limiting cases for the IF model are shown in Figure 3.3 and the simplified kobs 

expressions are presented in Table 3.7. In addition, the upper and lower limits for the kobs 

expressions are presented in Table 3.2. A few general comments can be made upon examination 

of the limiting case behavior in Figure 3.3: 1) the lower limit of kslow and kfast varies depending on 

the relative magnitudes of koff, kf and kr, 2) kslow increases hyperbolically with an upper limit equal 

to kf + kr, 3) the build-up of the ensemble of bound enzyme states (EL and E*L) varies 

hyperbolically with respect to KDapp but are scaled by different maximum value expressions which 

are related to the isomerization step, 4) when both EL and E*L contribute equally to the observed 



 116 

signal, the %fast phase always approaches 100% at high ligand concentrations, and  5) the 

simplified kobs expressions only apply to all ligand concentration ranges in the rapid binding step 

example. To clarify, when kon*[L] is in the simplified kslow expression (as in the rapid isomerization 

or the stationary intermediate cases), the kslow eventually approaches kfast and the simplified kobs 

expressions no longer describe the behavior. Regarding the behavior of sum or product of the kslow 

and kfast expressions, two noteworthy features are worth mentioning (see Table 3.2): 6) the sum of 

kslow and kfast varies linearly with increasing ligand concentrations, and 7) the product of kslow and 

kfast varies linearly with increasing ligand concentrations.  

 

Rapid step 1: rapid binding 

 The rapid binding step case represents a likely scenario for small molecules binding to 

enzyme wherein diffusion limited binding and dissociation kinetics are expected (Figure 3.3A). In 

this scenario, kslow and %fast phase increases hyperbolically while the kfast varies linearly with 

increasing ligand concentration, shown in the top plot of Figure 3A. This represents the only case 

where the simplified kobs expressions adequately describe the kinetic behavior across all ligand 

concentration ranges. When koff >> kf + kr, the lower limits of kslow and kfast approach kr and koff, 

respectively. In addition, the curvature in the kslow behavior overlays with the %fast phase 

behavior. Notably, in this kinetic regime, the kslow and %fast phase behavior varies hyperbolically 

with KD (not KD,app!). Importantly, KD > KD,app for the IF binding mechanism.  This feature is 

important for the comparison to the CS rapid binding case, which also varies with respect to KD, 

however, KD < KD,app for the CS binding mechanism.  

 The kinetic profiles of the transient concentrations of each enzyme state are shown in the 

middle four plots of the Figure 3A. Addition of ligand to unbound enzyme results in a rapid 
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‘equilibration’ of the fast process (relating to kfast) from the rapid depletion of E and rapid 

formation of EL. What follows is a slow isomerization process and redistribution of the bound 

enzyme states with respect to KDapp, as shown in the Eadie-hofstee plot (bottom plot of figure 3A). 

In the fast phase, the EL complex is rapidly formed hyperbolically with respect to KD and 

approaches saturation ([EL] nears [Etotal]) at low time points followed by slow conversion to the 

E*L state dictated by KDapp. If the observed signal results from an equal contribution of both EL 

and E*L (i.e. EL + E*L), then the %fast phase will vary hyperbolically with respect to KD. 

 

Rapid step 2: rapid isomerization 

 In some instances, rapid isomerization occurs and greatly exceeds the binding rate 

constants (Figure 3.3B). Notably, the simplified kobs expressions only apply to low ligand 

concentration ranges. In addition, only the kslow phase is observable in this ligand range. This is 

because the rapid isomerization process, which follows the slow formation of the [EL] complex, 

is limited by kslow and therefore is kinetically ‘invisible’. The experimenter observes single-

exponential kinetics that behaves linearly with respect to ligand concentration with slope equal to 

kon and intercept equal to koff multiplied by an equilibration factor in terms of the isomerization 

step. However, as ligand concentration is increased, eventually kslow (which contains kon*[L] 

terms) approaches kfast resulting in a window wherein both kinetic phases are observable. This 

window occurs because the upper and lower limits of kfast and kslow, respectively, are both equal to 

kf + kr, and thus kfast and kslow reach similar orders of magnitude, resulting in two observable kinetic 

phases. Notably, the width of the window and the ligand range depend on the kon, highlighting the 

importance of data collection across a range of ligand concentrations. Unfortunately, because the 

lower limit of kfast is equal to the upper limit of kslow, the double-exponential window eventually 
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collapses, and the observed kinetics return to monophasic kinetics with slope equal to kon and 

intercept equal to koff multiplied by an equilibration factor in terms of the isomerization step. When 

a multi-state binding mechanism is expected from alternative experimental evidence, one may 

attempt to lower the isomerization kinetics by decreasing the experimental temperature or by 

addition of viscogen to decrease the gap in the intrinsic rate constants for the isomerization and 

binding events thus decreasing the likelihood of single-exponential kinetics. Unfortunately, this 

kinetic case is difficult to identify. 

 

Stationary intermediate: 

 The stationary intermediate case presents a wide range wherein double-exponential 

kinetics are observable (Figure 3.3C). Like the rapid isomerization case, the simplified kobs 

expressions only applies to the range wherein kslow (which contains kon*[L] terms) is orders of 

magnitude less than kfast. Similarly, in this low ligand range, the kinetics are single-exponential 

and dominated by kslow. As kslow approaches kfast, double exponential kinetics are observed, 

however, the window is wider than the rapid isomerization case because the lower limit of kfast 

(koff + kf) and the upper limit of kslow (kf + kr) are not equal. The midpoint of %Afast occurs near 

KD which is greater than KD,app, but can vary depending on the relative magnitudes of the rate 

constants. 

 

Notes on the limits of kslow and kfast: 

 Many descriptions of the increase in kslow are rationalized by the ligand dependent buildup 

of the intermediate state, [EL], with formation of the intermediate by kon*[L] as the ‘driving’ force 

for the increase in kslow. However, no appreciable buildup of [EL] occurs in the stationary 
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intermediate case, yet kslow still increases. Another counterintuitive point is that kslow (and kfast) 

behavior is unaltered by the direction of change (i.e. kobs is identical for the binding and dilution 

experiment even though [EL] is formed or depleted with either experiment). So how can kslow be 

explained if the ligand dependent depletion or formation (i.e. kon*[L] description) of [EL] is not 

the sole determinant?  

 At low ligand concentrations, kon*[L] approaches 0 and the kinetic system condenses to 

the following: 

 
𝐸 ⟵
𝑘)**

𝐸𝐿		
𝑘*
⇄
𝑘+
				𝐸∗𝐿 (3.139)  

where the equilibrium lies towards formation of E. Here, kf is competing with koff and kr for 

formation of E. For any equilibration process, the kinetics are governed by the forward and reverse 

processes contributing to the favored product. Thus, kf is always included in one of the limits with 

additive contribution of koff and kr which are scaled differently depending on the relative 

magnitudes of the three rate constants, explicitly stated by the equation in Table 3.2. However, 

when the isomerization event is relatively uncoupled from the dissociation event (i.e. when the 

rates are on different orders of magnitude), the following limits are expected: the lower limit of 

kfast tends towards a sum kf and the faster rate between koff and kr, while the lower limit of kslow 

tends towards the slower rate between koff and kr scaled by an equilibration factor. For the rapid 

binding case, koff >> kf + kr. In this case, the lower limit of kfast approaches koff (kfast actually 

approaches kf + koff, but since kf << koff, kfast ~koff). The lower limit of kslow approaches kr scaled by 

an equilibration factor, koff/(kf + koff). For the rapid isomerization case, koff << kf + kr. In this case, 

the lower limit of kfast approaches kf + kr, and the lower limit of kslow approaches koff scaled by an 

equilibration factor related to effective [EL], kr/(kf + kr). For the stationary intermediate case, koff 

+ kf >> kr. In this case, the lower limit of kfast approaches koff + kf, and the lower limit of kslow 
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approaches kr scaled by an equilibration factor, koff/(kf + koff). In cases where the forward and 

reverse processes, are similar in magnitude, the limits of kfast and kslow become more complicated 

and include different contributions of the three rate constants: kf, kr, and koff, as shown in Table 

3.2 (see lim
L→0

kobs1,2).  

 At high ligand concentrations, kon*[L] approaches infinity and the kinetic system 

condenses to the following: 

 
𝐸
∞
⟶	𝐸𝐿		

𝑘*
⇄
𝑘+
				𝐸∗𝐿 (3.140)  

where the binding process rapidly outcompetes the isomerization process. Thus, the upper limit of 

kfast rate approaches infinity while the upper limit of kslow approaches the sum of kf + kr, which both 

contribute to the formation of the desired products, EL and E*L. Examination of the lower and 

upper limits of kslow reveals that kslow increases for all conditions of the IF model. Notably, %Afast 

always increases to 100% when the signal contribution from EL and E*L are equal. 

 

3.5.2 Conformational selection: limiting cases 

 The limiting cases for the CS model are shown in Figure 3.4 and the simplified kobs 

expressions are presented in Table 3.7. In addition, the upper and lower limits for the kobs 

expressions are presented in Table 3.3. A few general comments can be made upon examination 

of the limiting case behavior in Figure 3.4: 1) the lower limit of kslow and kfast varies depending on 

the relative magnitudes of koff relative to the sum of kf and kr, where the lower limit of kslow is equal 

to the lesser of koff or kf+kr and the lower limit of kfast is equal to the larger of koff or kf+kr 2) kslow 

has an upper limit equal to kf, 3) a decrease in kslow is unambiguous proof of CS, 4) kslow only 

decreases under the following conditions: a) koff > kf + kr  or b) koff < kf + kr and koff < kf 5) the 
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depletion of the ensemble of unbound enzyme states (E and E*) varies hyperbolically with respect 

to KDapp but are scaled by different maximum value expressions related to the isomerization step, 

6) when E*L contributes to the observed signal, the %fast phase always approaches %E*0 (in the 

absence of ligand) at high ligand concentrations and two kinetic phases are always observable 

provided [Etotal] >> [E*0] >> 0, and  7) the simplified kobs expressions only apply to all ligand 

concentration ranges in the rapid binding step example. To clarify, when kon*[L] is in the 

simplified kslow expression (as in the rapid isomerization or the stationary intermediate cases), the 

kslow eventually approaches kfast and the simplified kobs expressions no longer describe the behavior. 

Regarding the behavior of sum or product of the kslow and kfast expressions, two noteworthy features 

are worth mentioning (see Table 3.3): 8) the sum of kslow and kfast varies linearly with increasing 

ligand concentrations, and 9) the product of kslow and kfast varies linearly with increasing ligand 

concentrations.  

 

Rapid step 1: rapid isomerization 

 This case is similar to the rapid isomerization case of the induced fit scenario (Figure 3.4A). 

However, the upper limits of CS kslow approach kf (not kf + kr as in the IF case). Similar to the IF 

case, the kslow eventually increases to the upper limit kf (which is now no longer orders of 

magnitude below kfast) and the observation of two phases is possible. However, in contrast to the 

IF model, the two phases will be clearly distinguishable as ligand concentration continues to 

increase because the upper and lower limits of kslow and kfast, respectively, are not equal. In other 

words, kslow and kfast are resolvable at infinite ligand concentrations, in contrast to the IF binding 

mechanism wherein only a brief window of multi-exponential kinetics exists. 
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Rapid step 2: rapid binding 

 This is the ‘textbook case’ of CS (Figure 3.4B) wherein decreasing kslow behavior is 

unambiguous proof of CS binding kinetics. There exist two conditions where CS may result in a 

hyperbolic decrease in kobs behavior, one of which includes the given condition here where koff > 

kf + kr. In this case, the lower limit of kslow equals kf + kr and the upper limit equals kf. Like the IF 

case of rapid binding, the %fast phase perfectly overlaps with the kslow behavior with a hyperbolic 

decrease with respect to KD (again, not KD,app!). However, in contrast to the IF model, KD < KDapp 

for the CS model. The decrease in observed kobs with increasing ligand concentration may seem 

unintuitive, so this is discussed in detail below. 

 

Stationary intermediate: 

 The stationary intermediate case presents a wide range wherein double-exponential 

kinetics are observable (Figure 3.4C). The behavior is similar to the stationary intermediate case 

presented for the IF model but with different upper and lower limits of the kobs expressions. The 

midpoint of %Afast occurs near KD which is less than KD,app, but can vary depending on the relative 

magnitudes of the rate constants. However, in contrast to the IF model, the fast phase may not be 

observable because the upper limit of %Afast, which approaches %E*0 is very low in the stationary 

intermediate case because kr >> kf, so %E*0 which equals kf/(kf+kr) tends towards 0. However, the 

hyperbolic behavior in the observed kslow rate clues the experimenter in to the fact that multi-state 

kinetics are at play. Distinguishing CS from IF in this case is best done from global analysis of 

kinetic data across a range of ligand concentrations with simultaneous kobs and amplitude analysis.  

 

Notes on the limits of kslow and kfast: 
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 In contrast to the IF model, whose lower limits may include a contribution from the koff, kf, 

and kr rates, the CS kobs lower limits contain discrete lower limits relating to the isomerization or 

dissociation process. At low ligand concentrations, kon*[L] approaches 0 and the kinetic system 

condenses to the following: 
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where the equilibrium lies towards formation of E and E* governed by the isomerization rate 

constants. Here, koff is perturbs the equilibrium between E and E*, established by kf and kr. For 

any equilibration process, the kinetics are governed by the forward and reverse processes 

contributing to the favored products. Thus, kf is always included in one of the limits. Because only 

kf and kr contribute to formation of both E and E*, the lower limits are expected to be either koff 

or the sum of kf + kr. The lower limit of kfast tends towards the faster of koff and the sum kf + kr, 

while the lower limit of kslow tends towards slower of koff and the sum kf + kr. 

 At high ligand concentrations, kon*[L] approaches infinity and the kinetic system 

condenses to the following: 
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where the binding process rapidly outcompetes the isomerization process. Thus, the upper limit of 

kfast rate approaches infinity while the upper limit of kslow approaches the kf, which is the only rate 

that contributes to the formation of the desired product, E*L. That is, at high ligand concentrations, 

the formation of E*L outcompetes the formation of E and kf becomes rate limiting.  Examination 

of the lower and upper limits of kslow reveals that kslow behavior can increase or decrease depending 

on the relationship between koff and kf + kr in addition to the relationship between koff and kf. 

Notably, kslow decreases under the following conditions: a) koff > kf + kr  or b) koff < kf + kr and koff 
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< kf. Case A is shown in Figure 3.4B and both kslow and %Afast decrease with ligand concentration. 

Case B, not shown, differs from Case A wherein kslow decrease while %Afast increases with ligand 

concentration, which helps differentiate the identity of the lower kslow and kfast for case A and case 

B.  

 Additional CS cases are worth noting here. The first occurs when when c) koff < kf + kr and 

koff = kf, then kslow remains constant. The final related cases occur when koff = kf + kr and d) kf > 

kf, e) kf = kf, f) kf < kf. For cases D – F, the lower limits of kfast = kslow = koff or kf + kr, while the 

lower limit of %Aslow approaches 50%. Depending on the relationship between kf and kr, the %Afast 

(which approaches %E*0 in the absence of ligand, equal to 100*kf/(kf +kr)), can have different 

behaviors. More specifically, %Afast either increases (when kf > kr), remains constant (kf = kr) or 

decreases (when kf < kr). Thus, the CS case can result in a variety of kobs and %Afast behaviors. 

 

3.5.3 Sequential binding: limiting cases 

 The limiting cases for the SB model are shown in Figure 3.5 and the simplified kobs 

expressions are presented in Table 3.7. In addition, the upper and lower limits for the kobs 

expressions are presented in Table 3.4. A few general comments can be made upon examination 

of the limiting case behavior in Figure 3.5: 1) the lower limit of kslow and kfast varies depending on 

the relative magnitudes of koff1 and koff2, 2) both kslow and kslow increase linearly with respect to 

either kon1 and kon2, 3) the formation of ELL results in the depletion of EL and the Eadie-Hofstee 

plots for the binding process are no longer linear as seen for the IF and CS models, Regarding the 

behavior of sum or product of the kslow and kfast expressions, two noteworthy features are worth 

mentioning (see Table 3.4): 5) the sum of kslow and kfast varies linearly with increasing ligand 

concentrations, and 6) the product of kslow and kfast takes the form of a second degree polynomial. 
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The sequential binding mechanism is distinguishable from the IF and CS mechanisms from all 

points mentioned above. 

 

Rapid step 1: rapid binding step 1 

 This case represents the scenario wherein the first binding step is fast compared to the 

second ligand binding step (Figure 3.5A). Depending on the relative magnitudes of rate constants, 

the %Afast behavior can increase or decrease. However, it is unlikely to confuse the binding 

mechanism with CS which can have similar % Afast behavior, for the reasons mentioned above. In 

addition, for this particular case, a window wherein two observable rates are present followed by 

a collapse to single exponential kinetics. Again, it is unlikely to confuse the binding mechanism 

with IF which can have similar behavior, for the reasons mentioned above. In this particular case, 

one is most likely to measure kfast which has a slope equal to kon2 at high ligand concentrations 

with intercept equal to koff2. One may arrive at the other rate constants using the KD,app expression 

with kon2 and koff2 fixed to the values from the kinetic experiment in combination with fits to 

equilibrium binding data and/or global kinetic analysis with expressions describing kobs and 

amplitude behavior. 

 

Rapid step 2: rapid binding step 2 

 This case represents the scenario wherein the second binding step is fast compared to the 

first ligand binding step (Figure 3.5B). For this scenario, it is unlikely to observe multi-exponential 

kinetics and the experimenter will most likely only observe kslow which has a slope equal to kon1 at 

high ligand concentrations with intercept equal to koff1. As with the rapid step 1 case, one may 

similarly arrive at the kon2 and koff2 rate constants by simultaneously fitting kinetic with equilibrium 
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binding data and/or global kinetic analysis with expressions describing kobs and amplitude 

behavior. 

 

Stationary intermediate 

 The stationary intermediate case resembles single-exponential kinetics (Figure 3.5C). For 

this scenario, the experimenter will most likely only observe kslow which has a slope equal to kon1 

at high ligand concentrations with intercept equal to koff2. As with the previous limiting cases, one 

may similarly arrive at the kon1 and koff1 rate constants by simultaneously fitting kinetic with 

equilibrium binding data and/or global kinetic analysis with expressions describing kobs and 

amplitude behavior. 

 

Notes on the limits of kslow and kfast: 

 The lower limits for the SB model contain discrete lower limits relating to the koff1 and koff2 

rate constants. At low ligand concentrations, kon1*[L] and kon2*[L] approach 0 and the kinetic 

system condenses to the following: 

 
𝐸				 ⟵

𝑘)**"
				𝐸𝐿		 ⟵

𝑘)**(
				𝐸𝐿𝐿 (3.143)  

where the equilibrium lies towards formation of E. No rate is competing with the formation of E 

by koff1 and koff2, so the lower limits are expected to be either of the two dissociation rate constants. 

The lower limit of kfast tends towards the faster of koff1 and koff2, while the lower limit of kslow tends 

towards slower of koff1 and koff2. 

 At high ligand concentrations, kon1*[L] and kon2*[L] approach infinity and the kinetic 

system condenses to the following: 
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where the upper limits of kfast and kslow approach infinity. 

 

3.5.4 Substrate reorientation: limiting cases 

 The limiting cases for the SR model are shown in Figure 3.6 and the simplified kobs 

expressions are presented in Table 3.7. In addition, the upper and lower limits for the kobs 

expressions are presented in Table 3.5. A few general comments can be made upon examination 

of the limiting case behavior in Figure 3.7: 1) the lower limit of kslow and kfast varies depending on 

the relative magnitudes of koff1 and koff2, 2) kslow increases hyperbolically with an upper limit equal 

to a ratio of all the rate constants described in Table 3.5, 3) the build-up of the ensemble of bound 

enzyme states (EL and EL*) varies hyperbolically with respect to KDapp but are scaled by different 

maximum value expressions (see ELmax and E*Lmax in Table 3.5), 4) when both EL and EL* 

contribute equally to the observed signal, the %fast phase always approaches 100% at high ligand 

concentrations, and 5) due to the symmetry of the model, the limiting cases for rapid step 1 and 

rapid step 2 are mirrors of each other. Regarding the behavior of sum or product of the kslow and 

kfast expressions, two noteworthy features are worth mentioning (see Table 3.5): 6) the sum of kslow 

and kfast varies linearly with increasing ligand concentrations, and 7) the product of kslow and kfast 

varies linearly with increasing ligand concentrations. The model envisions two binding 

orientations of ligand wherein ligand must leave the enzyme active site and reorient externally 

prior to rebinding in order to achieve a different binding orientation. Often, this model can be ruled 

out for small molecules however, as the ligand becomes larger (MW > 500 g/mol), one should 

consider the substrate reorientation model.  
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Rapid step 1: rapid binding step 1 

 This case represents the scenario wherein the first binding step is fast compared to the 

second ligand binding step (Figure 3.6A). The behavior resembles the IF binding mechanism for 

the comparable scenario. Notably, as with the Di Cera examples wherein equivalent IF and CS kobs 

behavior exists, so too do cases where IF and SR yield equivalent kobs behavior. This is discussed 

in detail in a later section. However, for the majority of scenarios, the SR binding mechanism is 

distinguishable from the IF mechanism when global analysis of kobs and amplitude behavior is 

applied to kinetic data. 

 

Rapid step 2: rapid binding step 2 

 This case mirrors the rapid step 1 scenario due to the symmetry in the binding mechanism. 

To clarify, Figure 3.6B matches Figure 3.6A but EL and E*L are swapped. Due to the symmetry 

of the binding mechanism, the simplified expressions for kslow and kfast in Table 3.7 are similar. 

 

Stationary intermediate 

 The stationary intermediate case resembles single-exponential kinetics across all ligand 

concentration ranges (Figure 3.6C). For this scenario, the experimenter will most likely only 

observe kfast which has a slope equal to the sum of kon1+kon2 and intercept equal to slower of koff1 

or koff2, which deviates from the simplified expression which predicts the intercept is equal to 0.  

 

Notes on the limits of kslow and kfast: 
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 The lower limits for the SR model contain discrete lower limits relating to the koff1 and koff2 

rate constants. At low ligand concentrations, kon1*[L] and kon2*[L] approach 0 and the kinetic 

system condenses to the following: 

 
𝐸𝐿				

𝑘)**"
⟶ 				𝐸		 ⟵

𝑘)**(
				𝐸∗𝐿 (3.145)  

where the equilibrium lies towards formation of E. No rate is competing with the formation of E 

by koff1 and koff2, so the lower limits are expected to be either of the two dissociation rate constants. 

The lower limit of kfast tends towards the faster of koff1 and koff2, while the lower limit of kslow tends 

towards slower of koff1 and koff2. 

 At high ligand concentrations, kon1*[L] and kon2*[L] approach infinity and the kinetic 

system condenses to the following: 
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∞
				𝐸		
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where the upper limits of kfast and kslow approach infinity. 

 

3.5.5 Persistent Heterogeneity 

 The limiting cases for the PH model are not shown in a figure because the model consists 

of two simple unlinked 2-state binding models. However, the kobs and amplitude value expressions, 

are summarized in Table 3.6. In addition, simplifications of the kobs expressions that were 

performed for the 3-state models were not required for the PH model, thus, the two kobs expressions 

in Table 3.7 are identical to the kobs expressions in Table 3.6. Two enzyme conformers in the PH 

model will be referred to as the E conformer (E and EL states) or the E* conformer (E* and E*L 

states). A few general comments can be made upon examination of the amplitude and kobs 
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expressions: 1) the amplitude and kobs expressions are identical to those for the general 2-state 

binding system (i.e. PH consists of two uncoupled 2-state systems), 2) the kobs have linear 

dependence with respect to ligand concentration, 3) the build-up or depletion of the ensemble of 

unbound, E or E*, and bound enzyme states, EL and EL*, vary hyperbolically with respect to KD1 

or KD2 as shown in Table 3.6, 4) the KD,app, which is the concentration at which half of the total 

enzyme is bound is sensitive to the initial amounts of each enzyme conformer (Enzymetotal = E + 

E* + EL + E*L), and 5) when both EL and EL* contribute equally to the observed signal, the 

%phase contribution for each phase approaches the percentage of the respective enzyme conformer 

at saturating ligand concentrations. Regarding the behavior of sum or product of the kslow and kfast 

expressions, two noteworthy features are worth mentioning (see Table 3.6): 6) the sum of kslow and 

kfast varies linearly with increasing ligand concentrations, and 7) the product of kslow and kfast takes 

the form of a second-degree polynomial.  

 

3.5.6 IF vs CS: equivalence in kobs 

 The ‘kobs equivalent’ cases for the IF and CS models are shown in Figure 3.7. Case 1 and 

2 in section 3.4.4 are shown in the top and bottom panels of Figure 3.7, respectively. Because the 

kobs plots are nearly identical, they are excluded from this figure. Notably, the IF and CS have 

similar KD,app (same thermodynamic endpoints in the kinetic curves), which also adds another layer 

of complexity when distinguishing the models by kobs alone. Plots of the %fast phase contributions 

vs ligand concentration, bound species signal vs time at low (below and approaching saturating 

concentration) and high ligand concentrations (orders of magnitude above KDapp) are shown in the 

left, middle and right column respectively. Each row differs by the extinction coefficients that 

contribute to the signal, which are specified in the figure legend. In rows A and D, the extinction 
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coefficients for the bound species equally contribute to the signal. In rows and B and E, the 

extinction coefficients for the IF case remain equal to 1 while the extinction coefficients for the 

CS case are varied to yield a matching %amplitude plot compared to the IF model. In rows C and 

F, the extinction coefficients for the CS case remain equal to 1 while the extinction coefficients 

for the IF case are varied to yield a matching %amplitude plot compared to the CS model.  

 The signal for each extinction coefficient case are calculated as follows. First, Beer’s law 

is assumed, thus signal is proportional to the enzyme state concentration multiplied by the 

extinction coefficient.  For the IF case: signal = [EL]ɛEL + [E*L]ɛE*L. However, the only way to 

vary CS extinction coefficients to match the IF case requires using ‘signal’ from the depletion of 

unbound enzyme: signal = ([E0]*ɛE + [E*0]*ɛE*)-([E]ɛE + [E*]ɛE*) where [E0]=kr/(kf+kr) and 

[E*0]=kf/(kf+kr). To clarify, the ‘binding signal’ is opposite the depletion of the unbound state, 

shifted so that at time zero ‘bound signal’ is equal to zero. Note that the signal is normalized to 1 

(see the y-axis for the differences in the magnitude of signal). 

 The CS and IF models are difficult to distinguish when %E*0 (%E*0 = 100*kf/(kf+kr)), 

which is the upper limit of %fast phase for the CS case, is near to 100%, which is the upper limit 

for the IF case. This is illustrated by similar kinetic traces for Case 1 compared to Case 2 for the 

examples where the extinction coefficients for the IF and CS case are equal to 1 (rows A and D). 

However, under saturating conditions ([Ligand] >> KD,app), it becomes easier to distinguish the 

models. This is because eventually the forward rate becomes limiting and the remaining portion 

of the signal (100% - %E*0) is equal to kf. That is, at infinite concentrations of ligand, there will 

always be a visible slow phase in the CS model (see right most plot in rows A and D). Thus, 

utilization of the amplitude and kobs expressions for the data analysis allows one to distinguish the 

models with a higher degree of confidence.  
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 In the remaining examples, the extinction coefficients are varied such that identical kobs 

and amplitude plots may be expected for the CS and IF cases. Importantly, the only way that an 

equivalent amplitude plot may be observed for the CS case involves measurement of the depletion 

of the unbound species (i.e. the bound signal is equal to the negative value of the depletion of the 

unbound enzyme), thus making it somewhat easier to distinguish the two models (rows B and E). 

Notably, the CS case only matches the IF case when the terminal unbound enzyme state, E, has an 

extinction coefficient equal to 0. Thus, the ‘bound signal’ is a result of the depletion of E*. 

Elimination of either model requires knowledge of the species contribution to the signal (e.g. 

elimination of the CS model on the grounds of detectible signal from the E state). This is also true 

for the case where the extinction coefficients for the IF model are varied to match the CS %fast 

phase amplitude plots (rows C and F). Depending on the %E*0, the extinction coefficients for the 

EL and E*L states may vary greatly. Again, knowledge of the relative contribution of the bound 

species for the IF case, simplifies the decision between models.  

 

3.5.7 IF vs SR: equivalence in kobs 

 The ‘kobs equivalent’ cases for the IF and SR models are shown in Figure 3.8. Case 1 and 

2 in section 3.4.5 are shown in the top and bottom panels of Figure 3.8, respectively. Both cases 

are equivalent to the cases presented in Figure 3.7 (except now the SR equivalent case is overlayed 

with the IF case). Because the kobs plots are nearly identical, they are excluded from this figure. As 

with the equivalent IF and CS cases, the IF and SR have similar KD,app (same thermodynamic 

endpoints in the kinetic curves). Plots of the %fast phase contributions vs ligand concentration, 

bound species signal vs time and Eadie-Hofstee plots are shown in the left, middle and right 

column respectively. Because the %fast phase behavior has the same upper and lower limits 
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between both models, the %fast phase vs ligand concentration and bound species signal vs time 

plots are nearly perfectly overlayed. Examination of the Eadie-Hofstee plots reveals a potentially 

distinguishing feature: the build-up of the ensemble of bound enzyme states (EL and E*L for IF 

or EL and EL* for SR) varies hyperbolically with respect to KDapp but are scaled by different 

maximum value expressions which are summarized in Tables 3.2 and 3.5. Importantly, for the 

equivalent IF and SR cases, the maximum value of the bound species are never identical between 

models. Hence, it is possible that one may be able to distinguish the IF and SR models provided 

knowledge of the equilibrium amounts of the bound species.  

 The SR model represents an often overlooked but potentially equivalent model to 

interrogate when hyperbolic profiles for kslow are observed. However, the ligand binding 

mechanism requires ligand dissociation followed by reorientation of the ligand (likely remote from 

the active site) before rebinding. If the ligand is particularly small such that reorientation within 

the active site may occur, then the ligand binding is less likely to occur via SR. Thus, assignment 

of the ligand binding mechanism requires the intuition of the experimenter to aid in distinguishing 

of the models.  

 

3.5.8 CS vs SR: equivalence in kobs 

 The ‘kobs equivalent’ cases for the CS and SR models are shown in Figure 3.9. Case 1 and 

2 in section 3.4.6 are shown in the top and bottom panels of Figure 3.9, respectively. Both cases 

are equivalent to the cases presented in Figure 3.7 (except now the SR equivalent case is overlayed 

with the CS case). Because the kobs plots are nearly identical, they are excluded from this figure. 

As with the equivalent IF and CS cases, the CS and SR have similar KD,app (same thermodynamic 

endpoints in the kinetic curves). Plots of the %fast phase contributions vs ligand concentration, 
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bound species signal vs time at low (below and approaching saturating concentration) and high 

ligand concentrations (orders of magnitude above KDapp) are shown in the left, middle and right 

column respectively. Many of the same things can be said for the comparison of CS and SR that 

have been said for the kobs equivalent cases for IF and CS.  Specifically: 1) CS becomes difficult 

to distinguish from SR when %E*0 (%E*0 = 100*kf/(kf+kr)), which is the upper limit of %fast 

phase for the CS case, is near to 100%, which is the upper limit for the SR case, 2) the CS 

equivalent %fast phase plots may only occur when the signal arises from the depletion of the ligand 

free enzyme states and the extinction coefficient for E is equal to 0 (as in Figures 3.7B and 3.7E 

for the comparison of the equivalent IF and CS cases), 3) knowledge of the observable species 

simplifies the distinguishing between the CS and SR models.  Finally, as stated for the IF vs SR 

comparison (section 3.5.7), the SR model represents an often overlooked but potentially equivalent 

model to interrogate when hyperbolic profiles for kslow are observed.  

 

3.5.9 Dilution 

 In this work, a dilution experiment is presented as a method to expand the experimental 

range to a lower ligand concentration range that is otherwise inaccessible through the traditional 

binding experiment (due to low signal). This is particularly useful, even necessary, for systems 

with very fast on rates (or even off rates, which typically represent the lower limit of kfast). The 

dilution experiment takes advantage of the fact that the observed rates of change are unaltered by 

the direction of change (binding vs dilution). That is, the kobs expressions do not contain terms for 

the enzyme concentration. The experimental setup includes diluting ligand-bound enzyme into 

ligand-free buffer, which results in a re-equilibration of the system towards the unbound complex 

([L0] > [Lfinal] where initial ligand concentration is defined by: [L0] = [Lfinal]*dilution factor) with 
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kinetics defined by [Lfinal]. The magnitude of the re-equilibration process is defined by the change 

in ligand concentration and the initial amounts of enzyme in each state (i.e. [E10], [E20], and [E30] 

which may represent different bound and unbound enzyme states). As will be demonstrated in this 

section, the amplitudes of change are greater for the dilution experiment (relative to the comparable 

binding experiment) when the initial ligand concentration is near [L0]=KD,app√Dilution factor, 

which defines the maximum change in fraction bound for the dilution experiment. Thus, the 

dilution experiment serves as a means of signal amplification at low ligand concentrations. This 

becomes useful for situations when the traditional binding experiment yield the following results: 

1) no observable curvature in the kslow, and 2) kfast approaches the limits of detection. By lowering 

the experimental ligand concentration, the dilution experiment allows one to measure binding 

kinetics at near-zero ligand concentrations which: 1) increases the likelihood to observe curvature 

in kslow and 2) increases the likelihood to capture the lower limits of kfast (note: the lower limits of 

kfast takes on different forms: koff, kf + kr, or something more complex; see Tables 3.1 – 3.6 for the 

lower limits of kfast).  

 The results from simulations for the comparison of the binding (black lines) and dilution 

(red lines, dilution factor = 10) experiments for the five different double-exponential ligand 

binding models are presented in Figure 3.10. Each row contains results for each binding model 

which include plots of the change in fraction bound, amplitude values, and %fast phase vs ligand 

concentration (scaled by KD,app) in each column. The rate constants for each binding model are 

specified in the figure legend. Notably, the kinetic cases for the IF, CS, SB, and SR models match 

one of the limiting test cases in Figures 3.3 – 3.6 (specified in the Figure 3.10 legend).  

 The change in fraction bound for each binding model display similar behavior between the 

different models. Specifically, the change in fraction bound for the dilution experiment exceeds 
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the observed change for the binding experiment when the ligand concentration is below the 

intersection of both curves. In fact, identical plots are observed for the IF, CS, and SR models. 

Similar behavior for the SB and PH models is observed, however, the maximum value for the 

dilution experiment and the point of intersection between both experiments can vary depending on 

the relative binding affinities for the first and second binding event (i.e. KD1 and KD2). In addition, 

the relative amounts of each enzyme state (Etotal and E*total) may alter the maximum value and 

intercept for the PH model. For the dilution factor of 10, the dilution experiment yields a higher 

change in fraction bound for the dilution experiment when the initial ligand concentration is less 

than 8*KD,app. Thus, the dilution experiment will amplify the change in fraction bound for final 

ligand concentrations below 0.8*KD,app ([Lfinal] = [L0]/dilution factor; also recall that kobs is 

dependent on [Lfinal]). To clarify, the dilution experiment amplifies the change in fraction bound 

for each model below the following final ligand concentrations: IF = 0.18 mM, CS = 0.72 mM, 

SB = 0.28 mM, SR = 0.25 mM, and PH = 0.51 mM. Examination of the kobs and %fast phase plots 

for the relevant case in Figures 3.3 – 3.6 reveals that the dilution experiment range contains regions 

before either plot (kobs or %fast phase) plateaus, particularly for the CS and SR models (Figures 

3.4B and 3.6A). This is extremely useful for models where KD < KDapp (e.g. CS, SB, SR, PH) 

because the curvature in kslow or %fast phase tends to vary around KD (see detailed discussion for 

each kinetic case in sections 3.5.1 – 3.5.5). 

 The amplitude behavior and the resulting change in %fast phase plots highlight the relative 

changes in the pre-exponential factors for the fast and slow phases in the binding and dilution 

simulations. Moreover, the amplitude plots also further illustrate the differences in amplitude 

contribution for each model (different curvature, max values, etc). Strikingly, the %fast phase plots 

are identical for the binding and dilution experiments for the IF, CS, and SR models. However, 
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different behaviors may be expected for the SB and PH models depending on the relative KD 

values (for both models) and/or the relative amounts of each enzyme state (Etotal and E*total, for the 

PH model). Importantly, global analysis of binding and dilution data takes the amplitude 

contribution into account and helps with model differentiation, particularly when data from both 

experiments are simultaneously fit. 

 

3.6  Discussion 

 Different mechanisms of ligand binding were presented with the goal of providing a 

quantitative and qualitative understanding of limiting cases for each model. The solutions for kobs 

and amplitude expressions are unique to each model. However, there are examples where the kobs 

or the amplitudes are nearly identical between different ligand binding models. Importantly, the 

ligand binding mechanisms may be sufficiently resolved when the full solutions describing each 

model are applied to kinetic data. In addition, a new experimental approach, the dilution 

experiment, may increase the likelihood of distinguishing the different binding mechanisms. Here, 

the interpretation of the different ligand binding mechanisms in the context of a free-energy 

landscape of enzyme conformers are discussed in relation to functional properties such as binding 

promiscuity and catalytic promiscuity. 

 

3.6.1 The ‘kinetically silent’ ensemble of unbound states 

 The binding mechanism for ligand binding involving an ensemble of unbound enzyme 

states may produce apparently 2-state binding kinetics (single-exponential process) for scenarios 

wherein an isomerization event has no bearing on the ligand ‘selection’ process (in addition to the 

rapid isomerization case in Figure 3.4A (when kr << kf) and the stationary intermediate case 
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discussed in Figure 3.3A). Consider the case where 3 different enzyme conformations constitute 

an ensemble of unbound enzyme states with 3 different ligand binding ‘selection criteria’ 

illustrated on the left, top, and right face of the enzyme (Figure 3.11A). The scenario with a 

‘kinetically silent’ ensemble is illustrated in Figure 3.11B. In this example, the binding competent 

conformation persists in all enzyme states (binding site located on the top face of the different 

enzyme states, Figure 3.11A). The isomerization processes are irrelevant to the binding mechanism 

because ligand does not ‘select’ the other binding modes. Stated differently, while the 

isomerization processes may occur throughout the binding process, they remain ‘invisible’ to the 

kinetics provided the three different enzyme conformations have the same binding properties. 

Thus, the ligand binding kinetics would produce single-exponential kinetics and present as an 

apparently 2-state binding mechanism described by Figure 3.11B.  

 The ‘kinetically silent’ ensemble scenario offers a potential explanation (in addition to the 

stationary intermediate case in Figure 3.4C) for situations where one observes single exponential 

kinetics but may have expected multi-state or multi-exponential binding kinetics when structural 

evidence strongly suggests an ensemble of unbound enzyme conformations. To clarify, the lack of 

a CS component in the binding mechanism does not refute the possibility of a pre-existing 

ensemble of conformers as dictated by the CS binding mechanism. In this respect, ligand ‘selects’ 

all enzyme conformers and binds to 100% of the unbound enzyme conformations. Unfortunately 

for this scenario, recovery of the isomerization rate constants requires interrogation by different 

ligands (see next section) or alternative experimental approaches. 

 

3.6.2 Rearrangement rates may be ligand dependent 
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 An ensemble of unbound enzyme states may yield apparently different isomerization rates 

in the ligand binding mechanism for ligands with different ‘selection criteria’ for the binding 

competent state. Consider again, the ensemble of 3 enzyme states in the absence of ligand (Figure 

3.11A). In this scenario, the binding competent conformers are the E2 and E3 conformers for the 

ligand 2 (purple ligand) and the E3 conformer for ligand 3 (green ligand), shown in Figures 3.11C 

and 3.11D, respectively. The binding kinetics may be expected to proceed via double and triple-

exponential processes described by the apparent 3-state and 4-state binding mechanisms, 

respectively (Figure 3.11C and 3.11D). In either case, characterization of the binding mechanism 

for ligands 2 and 3 yield different rearrangement rates for the same enzyme, which may seem 

counterintuitive at first. Thus, caution is advised when defining the number of enzyme conformers 

in the absence of ligand. Importantly, the binding experiment for any individual ligand only reports 

on the kinetics and equilibria for the enzyme conformers involved in the ligand binding process 

for that ligand. To clarify, the kinetically determined binding mechanism defines the minimum 

number of ligand-free enzyme states.  

 

3.6.3 Binding mechanism may be ligand dependent 

 The binding mechanism may be ligand dependent. The previous two sections outline cases 

where different ligands bind through different binding mechanisms despite interacting with the 

same ensemble of enzyme states (specifically yielding different CS mechanisms). Though not 

pictured, one might envision a variety of scenarios wherein different ligand types may induce 

different isomerization events (IF binding mechanism), multiple binding events (SB binding 

mechanism), or perhaps different binding orientations (SR binding mechanism). Additionally, 
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irreversible isomerization of enzyme to a new conformer may result in additional binding 

properties (PH binding mechanism).  

 

3.6.4 Kinetic and thermodynamic properties of binding interactions may be sensitive to 

experimental conditions 

 The experimental conditions may contribute to mechanistic differences (mechanism or rate 

constants). For example, lipid content, ionic strength, pH, temperature, etc. should be considered 

when comparing kinetic and thermodynamic data because they may alter the conformational 

landscape for the accessible enzyme states. In addition, for enzymes that require additional 

cofactors for catalysis (e.g. Cytochrome P450 reductase or cytochrome b5 for CYPs), it is possible 

that conformational landscape may be further modified by their binding. However, this would 

require additional enzyme states, which are outside the scope of this work. The relevance of the 

different binding models are discussed in the next section. 

 

3.6.5 Functional implications for the different binding models: binding promiscuity and catalytic 

promiscuity 

Regardless of the rates at which binding takes place, the existence of multiple 

conformations in the absence of ligand can either be an advantage or a disadvantage. Exemplary 

binding scenarios include the CS and PH binding mechanisms (Figure 3.12). For a ‘traditional’ 

substrate specific enzyme with a defined substrate that binds to one ‘cognate’ member of a 

conformational ensemble, the other ‘noncognate’ conformations are a disadvantage. The 

noncognate conformations are a ‘cost’ to the enzyme because their presence lowers the overall 

affinity of the ligand for the enzyme, and the noncognate conformation results in the possibility of 
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inhibition by noncognate ligands that have affinity for these conformations. The presence of 

noncognate conformations in the ligand-free ensemble of substrate-specific enzymes might be 

considered as the ‘cost’ the enzyme must pay in order to have sufficient flexibility to exploit the 

other mechanistic extreme, induced fit, to achieve specificity for its cognate substrate.  

 On the other hand, the existence of multiple conformations in the ligand-free state could 

be a functional advantage for an enzyme that requires substrate promiscuity. For example, an 

enzyme may evolve to adopt a vast conformational landscape and therefore the ability to 

accommodate chemically diverse substrates wherein different ligand types selectively bind to 

different subsets of enzyme conformations. The gain in substrate promiscuity comes at the cost of 

the interconversion between conformations. In fact, the limiting step at high ligand concentrations 

is dependent on the forward rearrangement rate and the fraction of the binding competent state 

present before addition of the ligand.  

 The existence of multiple ligand-bound states could present a functional advantage or 

disadvantage for an enzyme that exhibits multi-functionality or catalytic promiscuity. Exemplary 

binding scenarios include the IF, SB, SR and PH binding mechanisms (Figure 3.12). One can 

envision a variety of scenarios where heterogeneity among ligand bound states can manifest in 

complex catalytic properties. The presence of multiple ligand-bound enzyme states can lead to 

evolutionary advantages wherein new protein function may be attained from different binding 

orientations or catalytic properties for the different bound states. Of course, this could also present 

a disadvantage as the adoption of multiple ligation modes potentially increases the likelihood of 

catalytically inefficient enzyme conformers (IF or PH) or binding poses (SB or SR).  

 

3.6.6 Summary decision tree 
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 A decision tree is provided to aid in early interpretation of kinetic data when double-

exponential kinetics are observed. Each of the models discussed contain a linear kfast component, 

so the best indicators for the different kinetic binding mechanisms include interpretations for the 

kslow and % amplitude behavior. The decision tree is not exhaustive and it is best to consider the 

thermodynamic properties (KD,app) in relation to the upper and lower limits of kfast and kslow, which 

are summarized in Tables 3.2 – 3.6. However, the best means of interrogating the different ligand 

binding models requires global analysis of kinetic binding (and likely dissociation) data with the 

full solutions to the different binding mechanisms (described in Tables 3.2 – 3.6). 
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3.7 Figures 

 

Figure 3.1. Two-state models. The general case represents the simplest two-state reversible model 
with no indication for the cause of differences between the two enzyme states, E1 and E2. More 
detailed variants of the general two-state model include a conformational isomerization or ligand 
binding event.  A) The general 2-state model depicts the equilibrium between two interconvertible 
states, E1 and E2. The rate k12 describes the rate at which E1 is reversibly converted to E2. The 
rate k21 describes the reverse transition of E2 to E1. Perturbation of the system by an external factor 
such as pH or temperature results in a mono-exponential re-equilibration process with an observed 
rate, kobs = k12 + k21. The equilibrium amounts of each enzyme state, [E1eq] and [E2eq], are governed 
by the rate constants for the transition, k12 and k21, as shown in the equations above. B) The 2-state 
isomerization model envisions a flexible enzyme that is capable of sampling distinct 
conformations, E and E*. The asterisk is the textual representation of differences in the enzyme 
conformers. The figure depicts equilibrium between a closed, E, to open, E*, enzyme state. The 2-
state isomerization model parallels the general case and the expressions that describe the kobs and 
equilibrium amounts of each enzyme state are similar to the general case expressions with the 
following substitutions: E = E1, E* = E2, kf = k12 and kr = k21. C) The 2-state binding model depicts 
differences in the ligation state of the enzyme, E and EL. Ligand, L (depicted as red triangles), 
binds to the unbound form of enzyme, E, to form a complex, EL. Under pseudo-first order 
conditions ([L] >> total enzyme), the observed rate has a linear dependence with respect to ligand 
concentration: kobs = kon[L] + koff. The 2-state binding model parallels the general case and the 
expressions that describe the kobs and equilibrium amounts of each enzyme state are similar to the 
general case expressions with the following substitutions: E = E1, EL = E2, kon[L] = k12 and koff = 
k21. In addition, the expressions describing [Eeq] and [ELeq] were further simplified with the 
expression for binding affinity, KD = koff/kon.  
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Figure 3.2. Multi-state binding models. The red shapes represent different ligands which have 
on- and off-rates equal to kon or koff, respectively. When multiple binding steps occur in a model, 
the rates associated with the first or second binding and dissociation events are noted in the 
subscripts (e.g. Model D: kon1 and kon2 represent on-rates for the first and second binding events, 
respectively). For models with isomerization processes, the forward and reverse rates of the 
transitions are equal to kf and kr, respectively. 
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Table 3.1. Kinetic and thermodynamic signatures of the 2-state systems. The kobs have units 
of s-1 and the KD have units of concentration. The PH model, which consists of two 2-state binding 
models, is summarized in Table 3.6. 
 

2-state isomerization: E ⇄ E* (solution: [C] = [Ceq]+ Ae-kobs*t) 

Keq: 
𝑘4
𝑘5

 

[Ceq]: [𝐸BC] 	= 	
𝑘5

𝑘4 + 𝑘5
[𝐸'(')*]																												[𝐸∗BC] =

𝑘4
𝑘4 + 𝑘5

[𝐸'(')*] 

A: 𝐴E =
[𝐸$]𝑘4 − [𝐸∗$]𝑘5

𝑘4 + 𝑘5
																															𝐴E∗ =

−[𝐸$]𝑘4 + [𝐸∗$]𝑘5
𝑘4 + 𝑘5

 

kobs: 𝑘(FG = 𝑘4 + 𝑘5  

2-state binding: E ⇄ EL (solution: [C] = [Ceq]+ Ae-kobs*t) 

KD: 𝑘(44
𝑘(6

 

[Ceq]: [𝐸BC] 	= 	
𝐾H

[𝐿] + 𝐾H
[𝐸'(')*]																											[𝐸𝐿BC] =

[𝐿]
[𝐿] + 𝐾H

[𝐸'(')*] 

A: 𝐴E =
[𝐸$]𝑘(6[𝐿] − [𝐸𝐿$]𝑘(44

𝑘(6[𝐿] + 𝑘(44
																			𝐴EI =

−[𝐸$]𝑘(6[𝐿] + [𝐸𝐿$]𝑘(44
𝑘(6[𝐿] + 𝑘(44

 

kobs: 𝑘(FG = 𝑘(6[𝐿] + 𝑘(44 
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Table 3.2. Kinetic and thermodynamic signatures of the IF binding model. The KD,app and KD 
have units of concentration. The equilibrium concentrations, [Ceq], are expressed as a ratio of 
[Etotal] where [Etotal]= [E] + [EL] + [E*L]. The two observed rates, kslow and kfast, as well as their 
lower ([L] →0) and upper ([L] →∞) limits have units of s-1. The coefficient matrix, K, is defined 
in equation 3.52 for the general case and can be applied to the IF model with the following 
substitutions: kon[L] = k12’, koff = k21, kf = k23, kr = k32, E = E1, EL = E2, and E*L = E3. The matrix, 
I, represents the 3x3 identity matrix. 
 

Induced fit: E ⇄ EL ⇄ E*L (solutions: [C] = [Ceq]+ Aslowe-kslow*t +Afaste-kfast*t) 

KD,app: 𝐾H L
𝑘5

𝑘5 + 𝑘4
M 										𝑤ℎ𝑒𝑟𝑒	𝐾H =

𝑘𝑜𝑓𝑓
𝑘𝑜𝑛

 

[Ceq]: 
[𝐸BC] =

𝐾H,)JJ[𝐸K)L]
𝐾H,)JJ + [𝐿]

									[𝐸𝐿BC] =
[𝐿][𝐸𝐿K)L]
𝐾H,)JJ + [𝐿]

										[𝐸∗𝐿BC] =
[𝐿][𝐸∗𝐿K)L]
𝐾H,)JJ + [𝐿]

 

 

𝑤ℎ𝑒𝑟𝑒	𝐸J9K = [𝐸8/89:], [𝐸𝐿J9K] =
𝑘L

𝑘M + 𝑘L
[𝐸8/89:]	, [𝐸∗𝐿J9K] 	=

𝑘M
𝑘M + 𝑘L

[𝐸8/89:] 

A1,2: 

𝐴G*(M =
𝑲B𝑲 − 𝑘4)G'𝑰C

𝑘G*(MB𝑘G*(M − 𝑘4)G'C
																		𝐴4)G' =

𝑲(𝑲 − 𝑘G*(M𝑰)
𝑘4)G'B𝑘4)G' − 𝑘G*(MC

 

 

𝐴E",N =
−𝑘(6[𝐿]B𝑘4 + 𝑘5 − 𝑘NC[𝐸1$] + 𝑘(44(𝑘5 − 𝑘N)[𝐸2$] + 𝑘(44𝑘5[𝐸3$]

𝑘NB𝑘N − 𝑘OC
		 

 
𝐴E!,N = −𝐴E",N − 𝐴E#,N 
 

𝐴E#,N =
𝑘(6[𝐿]𝑘4[𝐸1$] − 𝑘4(𝑘(6[𝐿] − 𝑘N)[𝐸2$] − 𝑘5B𝑘(6[𝐿] + 𝑘(44 − 𝑘NC[𝐸3$]

𝑘NB𝑘N − 𝑘OC
 

 
𝑤ℎ𝑒𝑛	𝑖	 = 𝑠𝑙𝑜𝑤, 𝑗 = 𝑓𝑎𝑠𝑡						𝑎𝑛𝑑	𝑣𝑖𝑐𝑒	𝑣𝑒𝑟𝑠𝑎 

kobs1,2: 
 
 

𝑘G*(M =
𝑏 − √𝑏! − 4𝑎𝑐

2 																		𝑘4)G' =
𝑏 + √𝑎! − 4𝑎𝑐

2𝑎  
 
𝑤ℎ𝑒𝑟𝑒𝑎 = 1, 𝑏 = 𝑘/N[𝐿] + 𝑘/MM + 𝑘M + 𝑘L , 𝑐 = 𝑘/N[𝐿]𝑘M + 𝑘/N[𝐿]𝑘L + 𝑘/MM𝑘L 
 

𝑎𝑛𝑑	:𝑘%45 = 	𝑏,					𝑎𝑛𝑑	>𝑘%45 	= 	𝑐	 
 

lim
L→0

kobs1,2: 
𝑘G*(M =

𝑏 − √𝑏! − 4𝑎𝑐
2 																		𝑘4)G' =

𝑏 + √𝑎! − 4𝑎𝑐
2𝑎  

 
𝑤ℎ𝑒𝑟𝑒	𝑎	 = 1, 𝑏 = 𝑘(44 + 𝑘4 + 𝑘5 	, 𝑐	 = 𝑘(44𝑘5 

lim
L→∞

kobs1,2: 𝑘G*(M = 𝑘4 + 𝑘5 																			𝑘4)G' =	𝑘(6∞+ 𝑘(44 	= 	∞ 
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Table 3.3. Kinetic and thermodynamic signatures of the CS binding model. The KD,app and KD 
have units of concentration. The equilibrium concentrations, [Ceq], are expressed as a ratio of 
[Etotal] where [Etotal] = [E] + [E*] + [E*L]. The two observed rates, kslow and kfast, as well as their 
lower ([L] →0) and upper ([L] →∞) limits have units of s-1. The coefficient matrix, K, is defined 
in equation 3.52 for the general case and can be applied to the CS model with the following 
substitutions: kf = k12, kr = k23, kon[L] = k23’, koff = k32, E = E1, E* = E2, and E*L = E3. The matrix, 
I, represents the 3x3 identity matrix. 
 

Conformational selection: E ⇄ E* ⇄ EL (solutions: [C] = [Ceq]+ Aslowe-kslow*t +Afaste-kfast*t) 

KD,app: 𝐾H L
𝑘4 + 𝑘5
𝑘4

M 										𝑤ℎ𝑒𝑟𝑒	𝐾H =
𝑘𝑜𝑓𝑓
𝑘𝑜𝑛

 

[Ceq]: 
[𝐸BC] =

𝐾H,)JJ[𝐸K)L]
𝐾H,)JJ + [𝐿]

									[𝐸∗BC] =
𝐾H,)JJ[𝐸∗K)L]
𝐾H,)JJ + [𝐿]

										[𝐸∗𝐿BC] =
[𝐿][𝐸∗𝐿K)L]
𝐾H,)JJ + [𝐿]

 

 

𝑤ℎ𝑒𝑟𝑒	𝐸J9K =
𝑘L

𝑘M + 𝑘L
[𝐸8/89:], [𝐸∗J9K] =

𝑘M
𝑘M + 𝑘L

	[𝐸8/89:], [𝐸∗𝐿J9K] 	= [𝐸8/89:] 

A1,2: 

𝐴G*(M =
𝑲B𝑲 − 𝑘4)G'𝑰C

𝑘G*(MB𝑘G*(M − 𝑘4)G'C
																		𝐴4)G' =

𝑲(𝑲 − 𝑘G*(M𝑰)
𝑘4)G'B𝑘4)G' − 𝑘G*(MC

 

 

𝐴E",N =
−𝑘4B𝑘(6[𝐿] + 𝑘(44 − 𝑘NC[𝐸1$] + 𝑘5B𝑘(44 − 𝑘NC[𝐸2$] + 𝑘5𝑘(44[𝐸3$]

𝑘NB𝑘N − 𝑘OC
		 

 
𝐴E!,N = −𝐴E",N − 𝐴E#,N 
 

𝐴E#,N =
𝑘4𝑘(6[𝐿][𝐸1$] + 𝑘(6[𝐿]B𝑘4 − 𝑘NC[𝐸2$] − 𝑘(44(𝑘4 + 𝑘5 − 𝑘N)[𝐸3$]

𝑘NB𝑘N − 𝑘OC
 

 
𝑤ℎ𝑒𝑛	𝑖	 = 𝑠𝑙𝑜𝑤, 𝑗 = 𝑓𝑎𝑠𝑡						𝑎𝑛𝑑	𝑣𝑖𝑐𝑒	𝑣𝑒𝑟𝑠𝑎 

kobs1,2: 
 
 

𝑘G*(M =
𝑏 − √𝑏! − 4𝑎𝑐

2 																		𝑘4)G' =
𝑏 − √𝑎! − 4𝑎𝑐

2𝑎  
 
𝑤ℎ𝑒𝑟𝑒𝑎 = 1, 𝑏 = 𝑘4 + 𝑘5 + 𝑘(6[𝐿] + 𝑘(44 , 𝑐 = 𝑘4𝑘(6[𝐿] + 𝑘4𝑘(44 + 𝑘5𝑘(44 
 

𝑎𝑛𝑑	:𝑘%45 = 	𝑏,					𝑎𝑛𝑑	>𝑘%45 	= 	𝑐	 
 

lim
L→0

kobs1,2: 
𝑘G*(M = 𝑘4 + 𝑘5 									𝑎𝑛𝑑										𝑘4)G' = 𝑘(44															𝑤ℎ𝑒𝑛			𝑘(44 >		 𝑘4 + 𝑘5 
 
𝑘G*(M = 𝑘(44															𝑎𝑛𝑑										𝑘4)G' = 𝑘4 + 𝑘5 									𝑤ℎ𝑒𝑛			𝑘(44 <		 𝑘4 + 𝑘5 

lim
L→∞

kobs1,2: 𝑘G*(M = 𝑘4																			𝑘4)G' =	𝑘(6∞+ 𝑘(44 + 𝑘5 	= 	∞ 
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Table 3.4. Kinetic and thermodynamic signatures of the SB binding model. The KD,app has 
units of concentration. The equilibrium concentrations, [Ceq], are expressed as a ratio of [Etotal] 
where [Etotal] = [E] + [EL] + [ELL]. The two observed rates, kslow and kfast, as well as their lower 
([L] →0) and upper ([L] →∞) limits have units of s-1. The coefficient matrix, K, is defined in 
equation 3.52 for the general case and can be applied to the SB model with the following 
substitutions: kon1[L]  = k12’, koff1 = k23, kon2[L] = k23’, koff2 = k32, E = E1, EL = E2, and ELL = E3. 
The matrix, I, represents the 3x3 identity matrix. 
 

Sequential binding: E ⇄ EL ⇄ ELL (solutions: [C] = [Ceq]+ Aslowe-kslow*t +Afaste-kfast*t) 

KD,app: −𝑘(6"𝑘(44! +\B𝑘(6"𝑘(44!C
!
+ 4𝑘(6"𝑘(44"𝑘(6!𝑘(44!

2𝑘(6"𝑘(6!
		 

[Ceq]: 
[𝐸OP] =

𝑘/MM3𝑘/MM4[𝐸8/89:]
𝑐 			[𝐸𝐿OP] =

𝑘/N3[𝐿]𝑘/MM4[𝐸8/89:]
𝑐 			[𝐸𝐿𝐿OP] =

𝑘/N3𝑘/N4[𝐿]4[𝐸8/89:]
𝑐  

 
𝑤ℎ𝑒𝑟𝑒		𝑐 = 𝑘#%,𝑘#%([𝐿]( + 𝑘#%,[𝐿]𝑘#&&( + 𝑘#&&,𝑘#&&( 

A1,2: 

𝐴G*(M =
𝑲B𝑲 − 𝑘4)G'𝑰C

𝑘G*(MB𝑘G*(M − 𝑘4)G'C
																		𝐴4)G' =

𝑲(𝑲 − 𝑘G*(M𝑰)
𝑘4)G'B𝑘4)G' − 𝑘G*(MC

 

 

𝐴6),8 =
−𝑘%&)[𝐿]B𝑘%&9[𝐿] + 𝑘%''9 − 𝑘8C[𝐸1*] + 𝑘%'')B𝑘%''9 − 𝑘8C[𝐸2*] + 𝑘%'')𝑘%''9[𝐸3*]

𝑘8B𝑘8 − 𝑘:C
		 

 
𝐴69,8 = −𝐴6),8 − 𝐴6;,8 
 

𝐴6;,8 =
𝑘%&)𝑘%&9[𝐿]9[𝐸1*] + 𝑘%&9[𝐿](𝑘%&)[𝐿] − 𝑘8)[𝐸2*] − 𝑘%''9(𝑘%&)[𝐿] + 𝑘%'') − 𝑘8)[𝐸3*]

𝑘8B𝑘8 − 𝑘:C
 

 
𝑤ℎ𝑒𝑛	𝑖	 = 𝑠𝑙𝑜𝑤, 𝑗 = 𝑓𝑎𝑠𝑡						𝑎𝑛𝑑	𝑣𝑖𝑐𝑒	𝑣𝑒𝑟𝑠𝑎 

kobs1,2: 
 
 

𝑘G*(M =
𝑏 − √𝑏! − 4𝑎𝑐

2 																		𝑘4)G' =
𝑏 + √𝑎! − 4𝑎𝑐

2𝑎  
 
𝑤ℎ𝑒𝑟𝑒	𝑎 = 1, 𝑏 = 𝑘#%,[𝐿] + 𝑘#&&, + 𝑘#%([𝐿] + 𝑘#&&(,				𝑐 = 𝑘#%,𝑘#%([𝐿]( + 𝑘#%,[𝐿]𝑘#&&( + 𝑘#&&,𝑘#&&( 
 

𝑎𝑛𝑑	:𝑘%45 = 	𝑏,					𝑎𝑛𝑑	>𝑘%45 	= 	𝑐	 

lim
L→0

kobs1,2: 
𝑘G*(M = 𝑘(44!										𝑎𝑛𝑑										𝑘4)G' = 𝑘(44"															𝑤ℎ𝑒𝑛			𝑘(44" >		 𝑘(44! 
 
𝑘G*(M = 𝑘(44"										𝑎𝑛𝑑										𝑘4)G' = 𝑘(44!															𝑤ℎ𝑒𝑛			𝑘(44! >		 𝑘(44" 

lim
L→∞

kobs1,2: 𝑘G*(M = 	∞																			𝑘4)G' = 		∞ 
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Table 3.5. Kinetic and thermodynamic signatures of the SR binding model. The KD,app has 
units of concentration. The equilibrium concentrations, [Ceq], are expressed as a ratio of [Etotal] 
where [Etotal] = [EL] + [E] + [EL*]. The two observed rates, kslow and kfast, as well as their lower 
([L] →0) and upper ([L] →∞) limits have units of s-1. The coefficient matrix, K, is defined in 
equation 3.52 for the general case and can be applied to the SR model with the following 
substitutions: k off1 = k12, k on1[L] = k21’, kon2[L] = k23’, koff2 = k32, EL = E1, E = E2, and EL* = 
E3. The matrix, I, represents the 3x3 identity matrix. 
 

Substrate reorientation: EL ⇄ E ⇄ E*L (solutions: [C] = [Ceq]+ Aslowe-kslow*t +Afaste-kfast*t) 

KD,app: 
𝑘(44"𝑘(44!

𝑘(44"𝑘(6! + 𝑘(6"𝑘(44!
 

[Ceq]: 
[𝐸𝐿BC] =

[𝐿][𝐸K)L]
𝐾H,)JJ + [𝐿]

									[𝐸BC] =
𝐾H,)JJ[𝐸∗K)L]
𝐾H,)JJ + [𝐿]

										[𝐸∗𝐿BC] =
[𝐿][𝐸∗𝐿K)L]
𝐾H,)JJ + [𝐿]

 

 

𝑤ℎ𝑒𝑟𝑒	𝐸𝐿J9K =
𝐾Q,9RR
𝐾Q3

[𝐸8/89:], [𝐸J9K] = [𝐸8/89:], [𝐸∗𝐿J9K] 	=
𝐾Q,9RR
𝐾Q4

[𝐸8/89:] 

A1,2: 

𝐴G*(M =
𝑲B𝑲 − 𝑘4)G'𝑰C

𝑘G*(MB𝑘G*(M − 𝑘4)G'C
																		𝐴4)G' =

𝑲(𝑲 − 𝑘G*(M𝑰)
𝑘4)G'B𝑘4)G' − 𝑘G*(MC

 

 

𝐴6),8 =
−𝑘%'')B𝑘%&9[𝐿] + 𝑘%''9 − 𝑘8C[𝐸1*] + 𝑘%&)[𝐿]B𝑘%''9 − 𝑘8C[𝐸2*] + 𝑘%&)[𝐿]𝑘%''9[𝐸3*]

𝑘8B𝑘8 − 𝑘:C
		 

 
𝐴69,8 = −𝐴6),8 − 𝐴6;,8 
 

𝐴6;,8 =
𝑘%'')𝑘%&9[𝐿][𝐸1*] + 𝑘%&9[𝐿]B𝑘%'') − 𝑘8C[𝐸2*] − 𝑘%''9(𝑘%'') + 𝑘%&)[𝐿] − 𝑘8)[𝐸3*]

𝑘8B𝑘8 − 𝑘:C
 

 
𝑤ℎ𝑒𝑛	𝑖	 = 𝑠𝑙𝑜𝑤, 𝑗 = 𝑓𝑎𝑠𝑡						𝑎𝑛𝑑	𝑣𝑖𝑐𝑒	𝑣𝑒𝑟𝑠𝑎 

kobs1,2: 
 
 

𝑘G*(M =
𝑏 − √𝑏! − 4𝑎𝑐

2 																		𝑘4)G' =
𝑏 + √𝑎! − 4𝑎𝑐

2𝑎  
 
𝑤ℎ𝑒𝑟𝑒	𝑎 = 1, 𝑏 = 𝑘%'') + 𝑘%&)[𝐿] + 𝑘%&9[𝐿] + 𝑘%''9,			𝑐 = 𝑘%'')𝑘%&9[𝐿] + 𝑘%'')𝑘%''9 + 𝑘%&)[𝐿]𝑘%''9 
 

𝑎𝑛𝑑	:𝑘%45 = 	𝑏,					𝑎𝑛𝑑	>𝑘%45 	= 	𝑐	 

lim
L→0

kobs1,2: 
𝑘G*(M = 𝑘(44!										𝑎𝑛𝑑										𝑘4)G' = 𝑘(44"															𝑤ℎ𝑒𝑛			𝑘(44" >		 𝑘(44! 
 
𝑘G*(M = 𝑘(44"										𝑎𝑛𝑑										𝑘4)G' = 𝑘(44!															𝑤ℎ𝑒𝑛			𝑘(44! >		 𝑘(44" 

lim
L→∞

kobs1,2: 𝑘G*(M =
𝑘(44"𝑘(6! + 𝑘(6"𝑘(44!

𝑘(6" + 𝑘(6!
																			𝑘4)G' = 	∞ 
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Table 3.6. Kinetic and thermodynamic signatures of the PH binding model. The KD,app, KD1, 
and KD2 have units of concentration. The two observed rates, kobs1 and kobs2, as well as their lower 
([L] →0) and upper ([L] →∞) limits have units of s-1.  
 
 

Persistent Heterogeneity: E ⇄ EL and E* ⇄ E*L (solutions: [C] = [Ceq]+ Ae-kobs*t) 

KDapp: 

−𝑏 + √𝑏! − 4𝑎𝑐
2𝑎  

𝑤ℎ𝑒𝑟𝑒	𝑎	 = 𝐸8/89: + 𝐸∗8/89: , 𝑏 = 𝐸8/89:(𝐾Q4 −𝐾Q3) + 𝐸∗8/89:(𝐾Q3 −𝐾Q4),	
														𝑐	 = −(𝐸8/89: + 𝐸∗8/89:)(𝐾Q3 ∗ 𝐾Q4),			𝐸8/89: = 𝐸 + 𝐸𝐿,			𝐸∗8/89: = 𝐸∗ + 𝐸∗𝐿        
           𝐾Q3 = 𝑘/MM3 𝑘/N3⁄ 	, 𝐾Q4 = 𝑘/MM4 𝑘/N4⁄  

[Ceq]: 
[𝐸BC] 	= 	

𝐾H"[𝐸 + 𝐸𝐿]	
[𝐿] + 𝐾H"

																																[𝐸∗BC] 	= 	
𝐾H,![𝐸∗ + 𝐸∗𝐿]	
[𝐿] + 𝐾H!

		 
 

[𝐸𝐿BC] 	= 	
[𝐿][𝐸 + 𝐸𝐿]	
[𝐿] + 𝐾H"

																															[𝐸∗𝐿BC] =
[𝐿][𝐸∗ + 𝐸∗𝐿]
[𝐿] + 𝐾H!

 

A: 
𝐴E =

[𝐸$]𝑘(6"[𝐿] − [𝐸𝐿$]𝑘(44"
𝑘(6"[𝐿] + 𝑘(44"

																𝐴E∗ =
[𝐸∗$]𝑘(6![𝐿] − [𝐸∗𝐿$]𝑘(44!

𝑘(6![𝐿] + 𝑘(44!
 

 

𝐴EI =
−[𝐸$]𝑘(6"[𝐿] + [𝐸𝐿$]𝑘(44"

𝑘(6"[𝐿] + 𝑘(44"
										𝐴E∗I =

−[𝐸∗$]𝑘(6![𝐿] + [𝐸∗𝐿$]𝑘(44!
𝑘(6![𝐿] + 𝑘(44!

 

kobs1,2: 
 
 

𝑘(FG" = kPQ"[L] + kPRR"																		𝑘(FG! = kPQ![L] + kPRR! 
 
:𝑘%45 = (kon1 +kon2)[L] + koff1 +koff2	
 
>𝑘%45 	= 	kon1kon2[L]

2 + (kon1koff2 +kon2koff1)[𝐿] + koff1koff2 

lim
L→0

kobs1,2: 𝑘(FG" = kPRR"																																					𝑘(FG! = kPRR! 

lim
L→∞

kobs1,2: 𝑘(FG" = ∞																																									𝑘(FG! = 		∞ 
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Table 3.7. Simplified observed rate expressions for the limiting cases. The rates for each case 

shown in the headers use the general case nomenclature:  𝐸1
𝑘34
⇄
𝑘43

𝐸2
𝑘45
⇄
𝑘54

𝐸3 

 

 Rapid first step 
(k12, k21 >> k23, k32) 

Rapid second step 
(k23, k32 >> k12, k21) 

Stationary Intermediate 
(k21, k23 >> k12, k32) 

IF
: 

E 
⇄

 E
L 
⇄

 E
L  𝒌𝒔𝒍𝒐𝒘 = 𝑘' R

[𝐿]
[𝐿] + 𝐾@

T + 𝑘( 

 
 
 

𝒌𝒔𝒍𝒐𝒘 = 𝑘%&[𝐿] + 𝑘%'' R
𝑘'

𝑘' + 𝑘(
T 

 
 
 

𝒌𝒔𝒍𝒐𝒘 = 𝑘%&[𝐿] R
𝑘'

𝑘%'' + 𝑘'
T	

 

																	+	𝑘( R
𝑘%''

𝑘%'' + 𝑘'
T 

𝒌𝒇𝒂𝒔𝒕 = 𝑘%&[𝐿] + 𝑘%'' 
 

𝒌𝒇𝒂𝒔𝒕 = 𝑘' + 𝑘( 
 

𝒌𝒇𝒂𝒔𝒕 = 𝑘%'' + 𝑘' 
 

C
S:

 
E 
⇄

 E
* ⇄

 E
L  𝒌𝒔𝒍𝒐𝒘 = 𝑘%&[𝐿] R

𝑘'
𝑘' + 𝑘(

T + 𝑘%'' 

 
 
 

𝒌𝒔𝒍𝒐𝒘 = 𝑘' + 𝑘( U
𝐾@

[𝐿] + 𝐾@
V 

 
 
 

𝒌𝒔𝒍𝒐𝒘 = 𝑘' R
𝑘%&[𝐿]

𝑘( + 𝑘%&[𝐿]
T	

 

																+𝑘%'' U
𝑘(

𝑘( + 𝑘%&[𝐿]
V 

𝒌𝒇𝒂𝒔𝒕 = 𝑘' + 𝑘( 𝒌𝒇𝒂𝒔𝒕 = 𝑘%&[𝐿] + 𝑘%'' 𝒌𝒇𝒂𝒔𝒕 = 𝑘( + 𝑘%&[𝐿] 

SB
: 

E 
⇄

 E
L 
⇄

 E
L 2

 

𝒌𝒔𝒍𝒐𝒘 = 𝑘%&9[𝐿] R
[𝐿]

[𝐿] + 𝐾@)
T 

	
																+𝑘%''9 

𝒌𝒔𝒍𝒐𝒘 = 𝑘%&)[𝐿]	
 

																+𝑘%'') U
𝐾@9

[𝐿] + 𝐾@9
V 

𝒌𝒔𝒍𝒐𝒘 = 𝑘%&)[𝐿] R
𝑘%&9[𝐿]

𝑘%&9[𝐿] + 𝑘%'')
T	

	

																+𝑘%''9 R
𝑘%'')

𝑘%&9[𝐿] + 𝑘%'')
T 

𝒌𝒇𝒂𝒔𝒕 = 𝑘%&)[𝐿] + 𝑘%'') 𝒌𝒇𝒂𝒔𝒕 = 𝑘%&9[𝐿] + 𝑘%''9 𝒌𝒇𝒂𝒔𝒕 = 𝑘%'') + 𝑘%&9[𝐿] 

SR
: 

EL
 ⇄

 E
 ⇄

 E
L*

 

𝒌𝒔𝒍𝒐𝒘 = 𝑘%&9[𝐿] U
𝐾@)

[𝐿] + 𝐾@)
V 

	
																+𝑘%''9 

𝒌𝒔𝒍𝒐𝒘 = 𝑘%'')	
 

																+𝑘%&)[𝐿] U
𝐾@9

[𝐿] + 𝐾@9
V 

𝒌𝒔𝒍𝒐𝒘 = 𝑘%'') U
𝑘%&9

𝑘%&) + 𝑘%&9
V 

 

															+𝑘%''9 U
𝑘%&)

𝑘%&) + 𝑘%&9
V 

𝒌𝒇𝒂𝒔𝒕 = 𝑘%'') + 𝑘%&)[𝐿] 𝒌𝒇𝒂𝒔𝒕 = 𝑘%&9[𝐿] + 𝑘%''9 𝒌𝒇𝒂𝒔𝒕 = 𝑘%&)[𝐿] + 𝑘%&9[𝐿] 

PH
: 

E 
⇄

 E
L,

 E
* ⇄

 E
*L

 

𝒌𝒔𝒍𝒐𝒘 = 𝑘%&9[𝐿] + 𝑘%''9 𝒌𝒔𝒍𝒐𝒘 = 𝑘%&)[𝐿] + 𝑘%'') Not applicable (the systems are not 
coupled by an intermediate). 
 
 
 
 𝒌𝒇𝒂𝒔𝒕 = 𝑘%&)[𝐿] + 𝑘%'') 𝒌𝒇𝒂𝒔𝒕 = 𝑘%&9[𝐿] + 𝑘%''9 
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Figure 3.3. Induced Fit: test cases. Summary of limiting cases for the IF model. The simplified 
kobs expressions for each case are summarized in Table 3.7. The top row contains plots of the kobs 
vs [L] (red lines) and the %Fast phase vs [L] (black dots and dotted line). The middle four rows 
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contain plots of the transient concentrations of each enzyme species vs time: [E] = grey line, [EL] 
= blue line, [E*L] = green line, [EL] + [E*L] = red line. The bottom row contains the Eadie-
Hofstee plots for each bound state: [EL] = blue line, [E*L] = green line, [EL] + [E*L] = red line. 
A) Rapid binding: kon = 100 mM-1 s-1, koff = 50 s-1, kf = 1 s-1, kr = 0.8 s-1, KD,app = 0.22 mM, KD = 
0.5 mM. This case was used for the dilution experiment so 0.8*KDapp and KD are indicated on the 
x-axis. B) Rapid isomerization:  kon = 1 mM-1 s-1, koff = 0.8 s-1, kf = 100 s-1, kr = 50 s-1, KD,app = 
0.27 mM, KD = 0.8 mM. The KDapp and KD are not indicated on the x-axis because they are low 
compared to the concentration range. C) Stationary intermediate: kon = 1 mM-1 s-1, koff = 100 s-1, 
kf = 50 s-1, kr = 0.8 s-1, KD,app = 1.6 mM, KD = 100 mM. The KDapp and KD are indicated on the x-
axis. 
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Figure 3.4. Conformational selection: test cases. Summary of limiting cases for the CS model. 
The simplified kobs expressions for each case are summarized in Table 3.7.  The top row contains 
plots of the kobs vs [L] (red lines) and the %Fast phase vs [L] (black dots and dotted line). The 
middle three rows contain plots of the transient concentrations of each enzyme species vs time: 
[E] = grey line, [E*] = light grey, [E*L] = red line. The bottom row contains the Eadie-hofstee 
plots for the bound state: [E*L] = red line. A) Rapid isomerization:  kf = 100 s-1, kr = 50 s-1, kon = 
1 mM-1 s-1, koff = 0.8 s-1, KD,app = 1.2 mM, KD = 0.8 mM. The KDapp and KD are indicated on the x-
axis. B) Rapid binding: kf = 1 s-1, kr = 0.8 s-1, kon = 100 mM-1 s-1, koff = 50 s-1, KD,app = 0.9 mM, KD 
= 0.5 mM. This case was used for the dilution experiment so 0.8*KDapp and KD are indicated on 
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the x-axis. C) Stationary intermediate: kf = 1 s-1, kr = 100 s-1, kon = 50 mM-1 s-1, koff = 0.8 s-1, KD,app 
= 1.62 mM, KD = 0.016 mM. The KDapp and KD are not indicated on the x-axis because they are 
low compared to the concentration range. 
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Figure 3.5. Sequential Binding: test cases. Summary of limiting cases for the SB model. The 
simplified kobs expressions for each case are summarized in Table 3.7. The top row contains plots 
of the kobs vs [L] (red lines) and the %Fast phase vs [L] (black dots and dotted line). The middle 
four rows contain plots of the transient concentrations of each enzyme species vs time: [E] = grey 
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line, [EL] = blue line, [ELL] = green line, [EL] + [ELL] = red line. The bottom row contains the 
binding curves with inset Eadie-hofstee plots for each bound state: [EL] = blue line, [ELL] = green 
line, [EL] + [ELL] = red line. A) Rapid binding step 1: kon1 = 100 mM-1 s-1, koff1 = 50 s-1, kon2 = 1 
mM-1 s-1, koff2 = 0.8 s-1, KD,app = 0.35 mM, KD1 = 0.5 mM, KD2 = 0.8 mM. This case was used for 
the dilution experiment so 0.8*KDapp, KD1, and KD2 are indicated on the x-axis. B) Rapid binding 
step 2:  kon1 = 1 mM-1 s-1, koff1 = 0.8 s-1, kon2 = 100 mM-1 s-1, koff2 = 50 s-1, KD,app = 0.43 mM, KD1 
= 0.8 mM, KD2 = 0.5 mM. The KDapp, KD1, and KD2 are indicated on the x-axis. C) Stationary 
intermediate: kon1 = 1 mM-1 s-1, koff1 = 100 s-1, kon2 = 50 mM-1 s-1, koff2 = 0.8 s-1, KD,app = 1.3 mM, 
KD1 = 100 mM, KD2 = 0.016 mM. The KDapp and KD2 are indicated on the x-axis, however, KD1 is 
outside the axis range and not included. 
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Figure 3.6. Substrate Reorientation: test cases. Summary of limiting cases for the SR model. 
The simplified kobs expressions for each case are summarized in Table 3.7. The top row contains 
plots of the kobs vs [L] (red lines) and the %Fast phase vs [L] (black dots and dotted line). The 
middle four rows contain plots of the transient concentrations of each enzyme species vs time: 
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[EL] = blue line, [E] = grey line, [EL*] = green line, [EL] + [EL*] = red line. The bottom row 
contains Eadie-hofstee plots for each bound state: [EL] = blue line, [EL*] = green line, [EL] + 
[EL*] = red line. A) Rapid binding step 1: koff1 = 50 s-1, kon1 = 100 mM-1 s-1, kon2 = 1 mM-1 s-1, koff2 
= 0.8 s-1, KD,app = 0.31 mM, KD1 = 0.5 mM, KD2 = 0.8 mM. This case was used for the dilution 
experiment so 0.8*KDapp, KD1, and KD2 are indicated on the x-axis B) Rapid binding step 2:  koff1 
= 0.8 s-1, kon1 = 1 mM-1 s-1, kon2 = 100 mM-1 s-1, koff2 = 50 s-1, KD,app = 0.31 mM, KD1 = 0.8 mM, 
KD2 = 0.5 mM. The KDapp, KD1, and KD2 are indicated on the x-axis. C) Stationary intermediate: 
koff1 = 1 s-1, kon1 = 100 mM-1 s-1, kon2 = 50 mM-1 s-1, koff2 = 0.8 s-1, KD,app = 0.0062 mM, KD1 = 0.01 
mM, KD2 = 0.016 mM. The KDapp, KD1, and KD2 are not indicated on the x-axis because they are 
clustered closely and near zero. 
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Figure 3.7. ‘Equivalent’ IF and CS cases. Case 1: IF: kon = 2.6 µM-1 s-1, koff = 3.6 s-1, kf = 12 s-

1, kr = 2.6 s-1, KD = 1.4 mM, KD = 1.4 µM, KD,app = 0.25 µM, CS: kf = 14.6 s-1, kr = 3.1 s-1, kon = 
2.6 µM-1 s-1, koff = 0.50 s-1, KD = 0.19 µM, KD,app = 0.23 µM. A) IF model: ɛEL = 1, ɛE*L = 1, CS 
model: ɛE = 1, ɛE* = 1, [E0]= 0.18, [E*0] = 0.82, B) IF model: same as A, CS model: ɛE = 0, ɛE* = 
2, [E0]= 0.18, [E*0] = 0.82, C) IF model: ɛEL = 0.89, ɛE*L = 1.11, CS model: same as A. Case 2: 
IF: kon = 0.54 mM-1 s-1, koff = 7.54 s-1, kf = 0.44 s-1, kr = 0.36 s-1, KD = 14.0 mM, KD,app = 6.28 mM, 
CS: kf = 0.8 s-1, kr = 7.2 s-1, kon = 0.54 mM-1 s-1, koff = 0.34 s-1, KD = 0.63 mM, KD,app = 6.30 mM. 
D) IF model: ɛEL = 1, ɛE*L = 1, CS model: ɛE = 1, ɛE* = 1, [E0]= 0.9, [E*0] = 0.1, E) IF model: same 
as D, CS model: ɛE = 0, ɛE* = 2, [E0]= 0.9, [E*0] = 0.1, F) IF model: ɛEL = 0.11, ɛE*L = 1.89, CS 
model: same as D. 
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Figure 3.8. ‘Equivalent’ IF and SR cases. A) Case 1: IF: kon = 2.6 µM-1 s-1, koff = 3.6 s-1, kf = 12 
s-1, kr = 2.6 s-1, KD = 1.4 mM, KD = 1.4 µM, KD,app = 0.25 µM, SR: koff1 = 0.53 s-1, kon1 = 2.13 µM-

1 s-1, kon2 = 0.47 µM-1 s-1, koff2 = 17.7 s-1, KD1 = 0.25 µM, KD2 = 38 µM, KD,app = 0.25 µM. A) IF 
model: ɛEL = 1, ɛE*L = 1, SR model: ɛEL* = 1, ɛEL = 1, [E0]= 1,  B) Case 2: IF: kon = 0.54 mM-1 s-1, 
koff = 7.54 s-1, kf = 0.44 s-1, kr = 0.36 s-1, KD = 14.0 mM, KD,app = 6.28 mM, SR: koff1 = 0.34 s-1, 
kon1 = 0.032 µM-1 s-1, kon2 = 0.51 µM-1 s-1, koff2 = 8.0 s-1, KD1 = 10.6 µM, KD2 = 15.7 µM, KD,app = 
6.33 µM.  
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Figure 3.9. ‘Equivalent’ CS and SR cases. A) Case 1: CS: kf = 14.6 s-1, kr = 3.1 s-1, kon = 2.6 
µM-1 s-1, koff = 0.50 s-1, KD = 0.19 µM, KD,app = 0.23 µM, SR: koff1 = 0.53 s-1, kon1 = 2.13 µM-1 s-1, 
kon2 = 0.47 µM-1 s-1, koff2 = 17.7 s-1, KD1 = 0.25 µM, KD2 = 38 µM, KD,app = 0.25 µM. A) IF model: 
ɛEL = 1, ɛE*L = 1, SR model: ɛEL* = 1, ɛEL = 1, [E0]= 1,  B) Case 2: CS: kf = 0.8 s-1, kr = 7.2 s-1, kon 
= 0.54 mM-1 s-1, koff = 0.34 s-1, KD = 0.63 mM, KD,app = 6.30 mM, SR: koff1 = 0.34 s-1, kon1 = 0.032 
µM-1 s-1, kon2 = 0.51 µM-1 s-1, koff2 = 8.0 s-1, KD1 = 10.6 µM, KD2 = 15.7 µM, KD,app = 6.33 µM.  
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Figure 3.10. Comparison of binding and dilution experimental results. The dilution factor for 
all dilution simulations is equal to 10. Extinction coefficients for the bound species are equal to 1. 
IF: (Rapid binding example from Figure 3.3A) kon = 100 mM-1 s-1, koff = 50 s-1, kf = 1 s-1, kr = 0.8 
s-1, KD,app = 0.22 mM, KD = 0.5 mM, CS: (Rapid binding example from Figure 3.4B) kf = 1 s-1, kr 
= 0.8 s-1, kon = 100 mM-1 s-1, koff = 50 s-1, KD,app = 0.9 mM, KD = 0.5 mM, SB: (Rapid step 1 
example from Figure 3.5A) kon1 = 100 mM-1 s-1, koff1 = 50 s-1, kon2 = 1 mM-1 s-1, koff2 = 0.8 s-1, 
KD,app = 0.35 mM, KD1 = 0.5 mM, KD2 = 0.8 mM, SR: (Rapid binding example from Figure 3.6A) 
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koff1 = 50 s-1, kon1 = 100 mM-1 s-1, kon2 = 1 mM-1 s-1, koff2 = 0.8 s-1, KD,app = 0.31 mM, KD1 = 0.5 
mM, KD2 = 0.8 mM, PH: kon1 = 100 mM-1 s-1, koff1 = 50 s-1, kon2 = 1 mM-1 s-1, koff2 = 0.8 s-1, KD,app 
= 0.63 mM, KD1 = 0.5 mM, KD2 = 0.8 mM, [Etotal] = [E*total] = E + EL = E* + E*L. 
 

  



 166 

 
 
Figure 3.11. Different ligand selection criteria may yield different binding mechanisms for 
the same enzyme. Three different binding scenarios are presented with three different ligands (red 
ligand, purple ligand, and green ligand) that select different subsets of enzyme conformers (E1, 
E2, and E3). A) The ensemble of three unbound enzyme states are shown with isomerization rates 
describing their rates of interconversion in purple in green text. The ligand binding mechanisms 
are shown below for the red, purple, and green ligand, which possess different ‘selection’ criteria 
for the binding competent enzyme conformation. B) The ensemble is ‘kinetically silent’ when all 
enzyme conformers are ‘binding competent.’ Here, the ligand (red triangle) binds to all enzyme 
conformers in Figure 3.11A, which yields an apparently 2-state binding mechanism. The 
isomerization processes on the left and right face of the enzyme become ‘kinetically silent’ when 
they occur without altering the binding kinetics for the ‘binding competent’ conformation or 
binding site (top face of the enzyme). C) Ligand (purple curved rectangle) selects only E2 and E3 
as the ‘binding competent’ conformers. In addition, the isomerization between E2 and E3 has no 
effect on ligand binding and becomes ‘kinetically silent.’ This results in an apparently 3-state CS 
binding mechanism which yields the k12 and k21 isomerization rates. D) Ligand (green triangle) 
selects only E3 as the ‘binding competent’ conformer. All isomerization processes become 
‘kinetically visible.’ This results in a 4-state CS binding mechanism which yields the k12, k21, k23, 
and k32 isomerization rates.  
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Figure 3.12. Potential functional significance of the different binding mechanisms. The 
different binding mechanisms are shown in the context of their potential role in binding and 
catalytic promiscuity. The CS and PH binding mechanisms potentially contribute to binding 
promiscuity when the different enzyme conformers have different binding preferences, particularly 
for different ligand types (e.g. polarity, size, planarity, etc.).The IF, SB, SR and PH binding 
mechanisms potentially contribute to catalytic promiscuity when the different bound states 
(highlighted in red text) have different catalytic properties (e.g. regiospecificity, catalytic 
efficiency, etc.). 

Binding promiscuity

E E* E*L

PH:

CS:

E* E*L E EL

Catalytic promiscuity

E EL E*L

P P

IF:

E EL EL2

P P

SB:

PH: E* E*L E EL

P P

EL E EL*

P P

SR:
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Figure 3.13. Kinetic decision tree.  
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Chapter 4  

Kinetic Resolution of Heterogenous Ligation States of Small Molecules Binding to CYP3A4 

 

4.1 Introduction 

Cytochrome P450s (CYPs) are a pharmacologically important family of heme-containing 

mono-oxygenases that metabolize a range of endogenous and exogenous compounds. These CYPs 

metabolize, or are inhibited by, the majority of marketed drugs and this results in complex, and 

sometimes unpredictable, effects when multiple drugs are administered simultaneously. Among 

the hepatic CYPs, the CYP3A4 isoform is a major determinant of drug interactions. In fact, 

inhibition of CYP3A4 is an accepted strategy for modulating the clearance of other drugs known 

to be cleared by it [140-142]. A common strategy for the design of CYP3A4 inhibitors, or the 

rationale for using existing drugs as inhibitors, is based on the expectation that ‘Type I’ compounds 

will behave as substrates while ‘Type II’ and ‘Reverse Type I’ compounds will behave as 

inhibitors.  

 

4.1.1 Heterogeneity in the ligation state of ‘Type II’ compounds 

Recent observations have suggested that this design strategy for inhibition is 

oversimplified, as some imidazoles or triazoles generate a mixture of heme ligation states 

including multiple nitrogen-coordinated states, water-bridged states that retain the heme axial 

water hydrogen-bonded to the nitrogenous fragment, and heme with apparent ‘bulk water’ bound. 

These low-spin (LS) states are distinguishable by EPR parameters but are difficult to resolve by 

UV-visible spectroscopy [143]. Specifically, low temperature Hyperfine Sublevel correlations 
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Spectroscopy (HYSCORE) clearly demonstrates the ability of various nitrogen-containing 

compounds to hydrogen bond to the heme axial water. Mixtures of these water bridged species 

with nitrogen-coordinated species from a single compound have been deconvoluted by CW EPR 

and are distinguishable from water ligated ‘resting’ CYP [23].  Crystal structures further 

demonstrate the ability of nitrogenous compounds to hydrogen bond to the axial water rather than 

coordinate to the heme iron in the crystalline state [144]. However, the existence of such mixtures 

of ligation state in solution at near physiologic temperatures is not well documented.  

Paradoxically, several nitrogenous compounds that yield these mixtures of heme states are 

efficiently metabolized by CYPs, in contrast to the simple canonical model that predicts inhibition 

for compounds that coordinate to the heme [17-20,145]. In contrast to P450cam, the nitrogen-

coordinated species may be more efficiently reduced than the resting state for some CYPs [21].  

Moreover, it is well established that CYP3A4 is able to form multiple products from the same 

compound, which is a property that implies multiple binding orientations within the active site 

[146]. As a result of these recent and long understood observations, it has become clear that 

effective design of CYP inhibitors requires a more complete characterization of the functional 

properties of the various LS complexes that are formed with nitrogenous ligands.  In principle, the 

kinetics of exchange between different heme ligation states for a single drug could contribute to 

the overall catalytic efficiency or inhibitory properties.  

 

4.1.2 Experimental approach and ligand selection 

 Here we employ kinetic methods to characterize the heterogeneous low spin complexes 

formed with model drug fragments to CYP3A4. In order to study the effects of local electronic 

structure on the kinetics of ligand binding, we aimed to minimize the effects of ligand interacting 
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with protein residues or backbone atoms. One simple approach is to use sterically unhindered 

chemically unsubstituted fragments that ligate to the heme. Imidazole (IMZ) and 1,2,3-triazole 

(123-TRZ) provide two such fragments with clearly established differences in the thermodynamics 

of their interaction with the heme. Specifically, it is well established that IMZ binds tightly whereas 

123-TRZ has a much lower affinity (µM vs.  mM) [143].  Because these fragments are sufficiently 

small to not interact with the active site protein residues when complexed to the heme iron, the 

spectrally measured kinetics are expected to be controlled primarily by the local electronic factors. 

We also include cyanide anion (CN-), as a surrogate for small diatomic molecules known to bind 

the reduced heme-iron, such as oxygen or carbon monoxide. CN- forms a unique ‘Type II’ binding 

spectra because it coordinates to the heme-iron via an electron rich carbon. Notably, binding 

kinetics for CN- have been studied previously, but multiphasic kinetics were not analyzed in detail 

[71].  

 

4.1.3 Improvements in kinetic analyses: a push for a global approach  

 There are many challenges to the determining of kinetic binding mechanisms, which are 

rooted in the methods of the analyses. One of these, involves the delicate balance between 

overparameterization and goodness of fit. Traditional analytical approaches rely on interpretation 

of the ligand-dependent behavior of the observed rates from multi-exponential fits of the data. The 

generic exponential equations have no physical linkage to a given kinetic model which may lead 

to erroneous assignment of a binding mechanism. A better approach is to fit the data to the 

characteristic eigenvalue expressions that describe the observed rates for a particular model. A 

second challenge arises from this approach, which involves the possibility of multiple minima. 

The eigenvalue expressions contain several terms and the final fits may be sensitive to the initial 
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parameter guesses (i.e. prone to local minima), particularly when data from a single set of 

experimental conditions (i.e. single ligand concentration) are locally fit. A global approach 

wherein multiple experimental conditions are simultaneously fit can help improve the fits. 

However, recent kinetic analyses reveal that different binding models can yield nearly equivalent 

observed rates for a range of experimental conditions, despite having different intrinsic rate 

constants for each model[131]. The binding kinetics are information-rich and the behavior of the 

recovered parameters from the multi-exponential fits of the data (the observed rates, kobs, and the 

amplitudes) are unique to a given mechanism and set of initial conditions. Importantly, the models 

are more easily resolved when one considers the behavior of the amplitudes, which are often 

ignored in kinetic analyses. A final challenge emerges: the expressions that describe the amplitude 

behavior in tandem with the observed rate expressions may become prohibitively large for 

equation input to most analytical platforms.  

 Herein, a global approach is employed to analyze kinetic data wherein data are fit to full 

solutions for each tested model using MATLAB. The concept of global kinetic analysis is not new, 

however, the methodology in this work provides a framework for global kinetic analyses with a 

comprehensive list of 8 models to interrogate for cases when single-ligand binding is suspected. 

The approach can be easily adapted to include models with multiple binding sites, and I include 

the differential equations and the initial protein concentration equation expressions to do so (see 

Appendix). A potential reason that the amplitudes have been ignored in kinetic analyses is the 

possibility that different species in the binding mechanism differently contribute to the signal 

which could change the interpretation of the data. Herein, data are fit to the solutions of the system 

of differential equations that describe the tested kinetic mechanisms extinction coefficient 

parameters are included for each species in the model to account for the possibility that different 
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binding modes can differently contribute to the signal. To address the possibility of multiple 

minima in the optimization, a global approach is employed which simultaneously fits data from 

multiple experimental conditions (i.e. multiple ligand concentrations and different experimental 

approaches: binding vs dissociation). Additionally, in an effort to remove user input bias, a multi-

start approach wherein multiple randomized initial guesses were used to search for a global 

minimum in the fits. 

 

4.2 Experimental Procedures 

4.2.1 Materials 

1H-1,2,3-triazole, imidazole, and potassium cyanide were purchased from Sigma Chemical 

Co. (St. Louis, MO, USA) and used without further purification. All water used was Milli-Q 

quality from a Barnstead nanopure UV dispenser.  

 

4.2.2 Protein expression and purification 

Recombinant CYP3A4 was expressed and purified from Escherichia coli cells as described 

in Chapter 2.2.1. Purified protein was stored at -80 ºC in Buffer A (100 mM KPi pH 7.4, 20% 

glycerol, 0.5 mM TCEP, 1 mM EDTA) for further use. 

 

4.2.3 Equilibrium binding titrations 

Equilibrium binding titrations were conducted at 10.6 ºC with an Olis Modernized Aminco 

DW-2 (Olis, Inc., Bogart, GA) dual beam spectrophotometer equipped with a Julabo F30-C 

compact refrigerated circulator (Julabo USA, Inc., Allentown, PA) as described in [143]. Ligand 
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(IMZ, 123-TRZ or CN-) and CYP3A4 stocks were prepared in Buffer A. Ligand was titrated into 

CYP3A4 (0.9 µM). Difference spectra were calculated as the difference in ligand bound CYP3A4 

spectra relative to the ligand free CYP3A4 spectra. The difference in absorbance between λmax and 

λmin, ΔAbsorbance, was plotted as a function of ligand concentration, [L], and fit to the hyperbolic 

binding equation (equation 4.1) using IGOR pro 6.35A (Wavemetrics, Lake Oswego, OR): 

 

 ∆Absorbance = 
Amax [L]
KD + [L] 

(4.1)  

 

where Amax is the maximum change in absorbance and KD is the ligand dissociation constant. 

 

4.2.4 Corrections to CN- concentration 

Cyanide concentration in all figures and data analysis refer to the concentration of the 

cyanide anion species, [CN-], at pH 7.4. The experiments are still considered to be under pseudo-

first order conditions as there is a large pool of KCN in solution (pKa(KCN) = 11.0) as was done 

previously [147]. The final ligand cyanide anion concentration was calculated as follows: 

 
[CN-] 	= 	 g

KX(���))
[H]" + KX(���)

h [KCN] 
(4.2)  

 

4.2.5 Stopped-flow kinetic: ligand binding (mixing experiments) 

Ligand binding kinetic measurements were performed under pseudo-first order conditions 

([Ligand] >> [CYP3A4]) at 10.6 ºC with an Applied Photophysics SX-20 stopped-flow instrument 

(Applied Photophysics, Leatherhead, U.K.) equipped with a photodiode array detector and 
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compact refrigerated circulator. Ligand free CYP3A4 (1.18 µM final concentration) was mixed 

with variable amounts of ligand in a 1:1 ratio in Buffer A. Difference spectra were calculated 

similarly to equilibrium titrations. The difference in absorbance between λmax and λmin, Δ 

Absorbance, was plotted as a function of time, t, for each ligand concentration.  

 

4.2.6 Stopped-flow kinetic: ligand dissociation (dissociation experiments) 

 In general, when multiexponential kinetics are possible, a wide range of ligand 

concentrations is required to adequately characterize the concentration dependent behavior of the 

observed rate of change, kobs, linked to each phase (typically assessed by kobs vs [ligand] plots). In 

many cases, the observed rate of change for the fast phase, kobs,fast, often has a linear relationship 

with respect to ligand concentration; the slope of which is often equal to the on-rate of ligand 

binding. Additional phases including the slowest rates of change, kobs,slow, often have a hyperbolic 

dependence with respect to ligand concentration; the limits are often related to the rearrangements 

rates that govern the interconversion between enzyme states. Importantly, observation of the 

direction of change for kobs,slow with respect to ligand concentration may be indicative of the 

binding mechanism. In practice, the low ligand concentrations required to observe such curvature 

in the kobs vs [ligand] plot are often impractical because the signal intensity diminishes as ligand 

concentration approaches zero. To circumvent such a problem, I performed a dilution experiment 

which ‘amplifies’ the signal intensity by measuring the dissociation of ligand from the bound 

species.  

 

4.2.7 Global fitting and statistical analysis of stopped-flow kinetic data 
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Data were globally fit to eight different ligand binding models (Figure 4.1) in MATLAB 

with the goal of estimating the following parameters for each model: kinetic rate constants and 

relative extinction coefficients for each bound species. Total protein concentration was defined as 

the max absorbance change at saturating ligand concentrations (Amax in equation 1); this is valid 

for assumed linearity in the relationship between absorbance signal and concentration in accord 

with Beer’s Law and when the kinetics are unaltered by ligand depletion in accord with the pseudo-

first order experimental conditions. For models with a pre-existing ensemble of unbound enzyme 

conformations (models with a conformational selection component), the initial concentrations of 

each ligand-free species were calculated using the relevant rate constants involved in the 

interconversion of each species.  For models with an ensemble of bound enzyme conformations 

(models with an induced fit component), parameters for the relative extinction coefficients of 

individual bound species are included to account for the possibility that different binding modes 

can differently contribute to the spectroscopic signal or even, in more extreme cases, be 

spectroscopically silent. The multi-start algorithm in the Global Optimization Toolbox was used 

to randomize initial guesses for the rate constants and extinction coefficients with lower bounds of 

0 and upper bounds of 100 s-1 and 109 M-1 s-1 for the rate constants and bounds between 0 and 20 

for the relative extinction coefficients of bound species [126]. The fits were constrained such that 

binding affinity was within 1-fold KD obtained from the equilibrium titrations. The differential 

equations for each model (see appendix) were solved using the ode15s solver. The process was 

repeated for each initial guess to minimize the sum of residuals squared, RSS, using the fmincon 

optimizer.  

The model that best described the data was selected using standard model selection criteria such 

as the Akaike information criterion (AIC) and the Bayesian information criterion (BIC) under a 
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likelihood framework which ap[148,149]ply penalties to the increasing number of parameters in 

larger models . The log likelihood, LL, was calculated for each model fit using equation 4.3 where 

n is the number of data points, s is the standard deviation of the residuals, and RSS is the sum of 

residuals squared. 

 LL = −
n
2 log(2π) − n ∗ log(s) −

RSS
2s!  (4.3)  

The criteria were calculated using equations 4.4 and 4.5 below: 

 AIC = −2 ∗ LL + 2 ∗ p (4.4)  

 BIC = −2 ∗ LL + ln(n) ∗ p (4.5)  

where LL is the log likelihood, n is the number of data points, and p is the number of parameters 

in the model. Due to the large sample size (thousands of data points), AIC and BIC were similar, 

so we only show AIC to conserve space. The lowest AIC or BIC value indicates the model with 

the best fit for a given data set.  

 

4.2.8 Singular value decomposition of kinetic data 

 Singular value decomposition (SVD) is a useful matrix factorization technique that can be 

applied to spectral data to help identify the number of spectrally distinct species in a given dataset 

[150-153]. The absolute binding spectra from the kinetic experiments in this study were analyzed 

by SVD in MATLAB. The data matrix, A, was decomposed into the product of three matrices, U, 

S, and VT:  

 A = USV� (4.6)  
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where A is an m x n data matrix (m = the number of wavelengths and n = the number of time 

points for a single stopped flow injection), U is an m x n orthogonal matrix in the wavelength 

domain containing spectral components, S is an n x n diagonal matrix containing the singular 

values and VT is an n x n orthogonal matrix in the time domain containing the spectral amplitude 

vectors or concentration profiles.  

 

4.3 Results 

4.3.1 Equilibrium titrations 

UV-visible difference spectra were performed in order to determine the equilibrium 

binding affinity of each ligand. Figure 4.2 shows the calculated difference spectra obtained from 

UV-Vis absorbance titrations and the resultant binding isotherms with CYP3A4 at 10.6 ºC in 100 

mM KPi (pH 7.4, 20% glycerol, 0.5 mM TCEP and 1mM EDTA).  Binding of all three ligands 

induced type II difference spectra which is consistent with previous reports [71,143]. The spectral 

KD values for 123-TRZ, IMZ and CN- binding to CYP3A4 are 13.4 mM, 201 µM, and 566 nM, 

respectively. CN- binds to CYP3A4 with the tightest binding affinity. Between the azoles, IMZ 

binds more tightly than 123-TRZ. 

 

4.3.2 Stopped-flow kinetic measurements 

 To understand the mechanism of ligand binding, kinetic data from mixing and dilution 

experiments spanning a range of ligand concentrations were conducted. The 1,2,3-TRZ binding 

kinetics were too fast to assign a model (data not shown). The results from the kinetic experiments 

from IMZ and CN- shown in Figures 4.3 – 4.4. As is commonly observed for ligand binding 
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kinetics with CYP3A4 [72], the binding kinetics for all three ligands were multiexponential, thus 

necessitating interrogation of multistate binding mechanisms. The data were fit to a total of eight 

different ligand binding models (Figure 4.1) and analyses of those fits were used to identify the 

model that best described the data. It is important to acknowledge there are additional  3- or 4-state 

models and justify their omission from the pool of tested models below:  On the basis of the linear 

Eadie-Hofstee plots for each ligand, which suggest a single heme binding site, all iterations of 

models containing multiple ligand binding sites were excluded from this study (example: E + L ⇄ 

EL ⇄ EL2). Additionally, due to the small size of each ligand, it is conceivable that any small 

reorientations in binding mode occur within the active site. Thus, models containing heterogenous 

bound states that require active site egress and external reorientation prior to rebinding to achieve 

a different binding mode were excluded (EL* ⇄ E + L ⇄ EL; prominent example: itraconazole 

[69]). Finally, triple exponential fits were sufficient to describe the kinetic data which strongly 

suggest a binding model containing at least three equilibration steps. Thus, in an effort to avoid 

overparameterization, models containing two or three equilibration steps were examined while 

models containing more than four equilibria were excluded, with the exception of the closed mixed 

conformational selection/induced fit model, as it has been extensively discussed in the literature.  

 

4.3.3 123-TRZ binding mechanism 

 Binding and dilution kinetics were collected for 123-TRZ binding to CYP3A4. The binding 

kinetics yielded what appeared to be multi-exponential kinetics, however, the presence of a fast 

phase beyond the instrument limits of detection. Notably, a slow-phase was observed at 

concentrations up to 300 mM 123-TRZ, which potentially suggests a CS component (persistent 

slow phase with constant amplitude spanning large concentration range) or different extinction 
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coefficients for the bound species. The dilution experiment spanning ligand concentrations that 

were undetectable by the ‘binding experiment’ were performed. Multi-exponential kinetics were 

observed in the dilution experiment, however, the presence of a fast phase beyond the limits of 

detection made it impossible to interrogate a binding mechanism. 

 

4.3.4 IMZ binding mechanism 

 The results of the global fitting of the IMZ data are shown in Figure 4.3. Goodness of fit 

was evaluated by RSS and LL and the models were compared by their AIC and BIC values, which 

are summarized in Table 4.1. The RSS values spanned 0.112 to 0.853 while the AIC values ranged 

from -7.70E+05 to -6.19E+05. Among the models tested, the purely CS models had the highest 

RSS and AIC values (Model B: 3-state CS, Model E: 4-state linear CS, Model G: 4-state branched 

CS) which indicate they do not describe the data well compared to the remaining models. Addition 

of an IF component to the models improved the fits (Model D: 4-state linear CS/IF and Model H: 

4-state closed CS/IF). Both the purely induced fit 4-state models best described the data (Model 

C: 4-state linear IF and Model F: 4-state branched IF). Compared to the 3-state IF model, both the 

4-state IF models yield better fits on the basis of RSS and AIC values supporting the inclusion of 

an additional state as compared to the 3-state model.  Moreover, the additional parameters in the 

4-state models outweigh the penalties associated with the AIC and BIC calculations. Between the 

4-state IF models, the 4-state branched IF model best described the data with an RSS of 0.112 and 

an AIC of -7.70E+05. The recovered parameters from the 4-state branched induced fit model fit 

are: k1 = 140 mM-1 s-1, k-1 = 76.1 s-1, k2 = 3.93 s-1, k-2 = 12.5 s-1, k3 = 0.110 s-1, k-3 = 0.547 s-1, 

[EL]ext = 0.870, [E*L]ext = 1.38, [E**L]ext = 1.33. The results from the 4-state branched induced fit 

model are summarized in Figure 4.5. 
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4.3.5 CN- binding mechanism 

 The results of the global fitting of the CN- data are shown in Figure 4.4. Goodness of fit 

was evaluated by RSS and LL and the models were compared by their AIC and BIC values, which 

are summarized in Table 4.2. The RSS values spanned 0.356-13.5 while the AIC values ranged 

from -4.51+05 to -2.69E+05. Similar to the IMZ data fits, of the models tested, the purely CS 

models were among the poorest fits based on RSS and AIC values (Model B: 3-state CS, Model 

E: 4-state linear CS, Model G: 4-state branched CS). Addition of an IF component improved the 

fit in the linear case but worsened the fit in the closed version of the model (Model D: 4-state linear 

CS/IF and Model H: 4-state closed CS/IF, respectively). Similar to the IMZ data fits, the 4-state 

branched induced fit model, Model F, best described the data with an RSS of 0.356 and an AIC of 

-4.51E+05. The recovered parameters from the 4-state branched induced fit model fit are: k1 = 

6.14 µM-1 s-1 (or 6140 mM-1 s-1), k-1 = 8.39 s-1, k2 = 0.179 s-1, k-2 = 1.46 s-1, k3 = 0.101 s-1, k-3 = 

0.0949 s-1, [EL]ext = 0.544, [E*L]ext = 3.09, [E**L]ext = 1.19. The results from the 4-state branched 

induced fit model are summarized in Figure 4.5. 

 

4.3.6 SVD analysis of stopped-flow kinetic measurements 

 Mechanistic analysis of the binding and dissociation kinetics suggested that an ensemble 

of ligand-bound states exists. Therefore, the kinetic data were analyzed by SVD to aid in potential 

identification of multiple distinct spectral components. The results from the SVD analysis for each 

ligand are shown in Figures 4.6 – 4.7. In a perfect experiment with noiseless data, the number of 

components with nonzero singular values reflect the number of species in the kinetic data. In 

practice, SVD analysis of experimental data will yield ‘noise’ components with near zero singular 
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values in addition to the desired spectral components. The components with the top four singular 

values are presented herein. The spectral and amplitude components do not present as ‘random 

noise.’ 

 

4.4 Discussion 

 This chapter characterizes the mechanism of ligand binding for three small molecules 

(1,2,3-TRZ, IMZ, and CN-) binding to CYP3A4 via a global kinetic analysis approach. All three 

ligands displayed multiphasic binding kinetics, however, the kinetics for 123-TRZ were too fast 

to be interrogated mechanistically. The analyses revealed that, even for small molecules, the ligand 

binding kinetics require complex multi-state binding models to adequately describe the data, which 

highlights the complexity in the binding interactions of low-spin complexes at the active site of 

CYP3A4. In general, the kinetics were best described by a 4-state induced fit binding model. These 

results provide evidence for an ensemble of bound states which may be attributed to heterogeneity 

in the ligation state of low-spin complexes at the active site heme. Quantitative estimates for the 

relative amounts of each bound species and estimates for their rates of interconversion were 

presented. In addition, a framework for global kinetic analyses with a comprehensive list of 8 

models to test for cases was presented for cases when single-site ligand binding is expected. 

 The kinetics were best described by a 4-state induced fit binding model. Between the 

branched and linear versions of the model (Models C and F, respectively), the 4-state branched 

model best described the data with the lowest RSS, AIC, and BIC values for all models tested. A 

surprising result was that the fits for the CN- data were inferior to the IMZ fits despite a 

significantly higher signal to noise ratio in the CN- binding data. Additionally, the extinction 

coefficients were higher for each bound species compared to the IMZ fits, which were all close to 
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1 ([ECN-]ext = 0.544, [E*CN-]ext = 3.09, [E**CN-]ext = 1.19 vs [E-IMZ]ext = 0.870, [E*IMZ]ext = 

1.38, [E**IMZ]ext = 1.33). This suggests that perhaps a more complicated model is needed to 

describe the CN- data. However, since a triple exponential was sufficient to describe the data, 

expansion of the analysis to include 5 state models (which require at least a quadruple exponential 

to describe the data) would be difficult without more data. Therefore, the implications from the 

current model fits are discussed below. 

 Before discussing the individual models in detail, mechanistic differences from a recent 

study must be addressed. The results in this work suggest that the ligands in this study readily bind 

to all CYP3A4 in solution (induced fit). This is counter to a recent study by Guengerich and 

coworkers wherein different drugs were found bind to CYP3A4 through a conformational 

selection model, which requires one enzyme conformer from an ensemble of states to not bind to 

ligand [72]. The methods in the study were similar to those presented here. While these 

experiments may provide evidence for a pre-existing ensemble of enzyme conformers, this is only 

possible for cases where the different conformations have distinct ligand binding properties. Stated 

more simply, the data are a reflection of what the ligand ‘sees;’ the spectroscopic signal reflects 

the ligand-induced change in the active site heme-iron spin-state and the kinetics may or may not 

be influenced by the conformational dynamics of the enzyme. The conformational dynamics may 

alter solvent accessibility, ligand binding channels or tunnels, auxiliary binding pockets, etc. Thus, 

the binding properties for each enzyme conformation in the ensemble may be ligand dependent. 

This is reflected in the study by Guengerich and coworkers wherein different rate constants for the 

rearrangement between unbound enzyme conformations (Figure 1B: k1 and k-1) were reported for 

different ligands with CYP3A4. In this work, it is possible that the ligands are sufficiently small 

such that ligand is able to access the active site-heme regardless of the relative dynamics of 
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possible CYP3A4 conformers. In the context of the CS/IF model comparison, perhaps the small 

molecules in this study bind to every member in the ensemble of CYP3A4 conformations in a 

similar manner. This becomes a case of parallel binding processes with similar kinetics, which can 

be condensed as described below. Consider the case where two unbound conformations of 

CYP3A4 exist in solution, E1 and E2, and bind to ligand through the same mechanism with 

equivalent rate constants as shown below. 

Ensemble in the absence of ligand: E1 ⇄ E2 

Ligand binding for conformation 1: E1 ⇄ E1L ⇄ E*L ⇄ E**L 

Ligand binding for conformation 2: E2 ⇄ E2L ⇄ E*L ⇄ E**L 

Given that the rate constants are equivalent for ligand interactions with either conformation, the 

ligand binding model condenses to an induced fit model as shown below: 

General ligand binding model: E ⇄ EL ⇄ E*L ⇄ E**L 

I would like to emphasize that ‘induced fit’ in experiments in this study, merely suggests that 

ligand is able to bind all enzyme conformations with similar binding properties. Note that a similar 

simplification can be made for the CS model provided E and E* (in Figure 4.1B) represent multiple 

conformations with similar binding properties, or lack thereof. Here it is important to make a clear 

distinction between IF and CS: IF is not definitive evidence against the existence of an ensemble 

of enzyme conformations. Whereas CS provides definitive evidence for a pre-existing ensemble 

of at least 2 distinct conformations, one of which ligand cannot bind to, however the relative 

amounts of each species (E and E*) can be ligand dependent depending on the selection criteria 

that the conformational dynamics influence. That is, different ligand types might interact with 

different subsets of enzyme conformations and thus one might recover apparently different rates 

for their interconversion (i.e. different rates for the E ⇄ E* rearrangement as was seen by 
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Guengerich and coworkers). In this work, I do not refute the possibility of a pre-existing ensemble 

of enzyme conformations in the absence of ligand.  

 A summary of the recovered rate constants from the fits to the 4-state branched IF models 

are shown in the left panels of Figure 4.5. Comparison of the on- and off-rates for each ligand 

(Figure 4.5 step 1: kon = k1, koff = k-1), revealed that CN-, the ligand with the highest affinity, had 

the fastest on-rate (CN- kon ~44x greater than IMZ kon) and the slowest off-rate (CN- koff ~9x less 

than IMZ koff). Notably, the results here for CN- binding are consistent with measurements by 

Denisov and coworkers (T = 6 ºC, kon = 40 µM-1 s-1 and koff = 4.0 s-1; concentration corrected for 

CN- here from total CN reported in [71]). Moreover, the kon and koff for CN- binding (T = 10.6 ºC, 

kon = 6.14 µM-1 s-1 and koff = 8.39 s-1) are on the upper and lower end of reported rate constants 

for various ligands binding to CYP3A4, respectively [72].  

 Regarding the ensemble of ligand-bound states, the relative rates of their interconversion 

(Figure 4.5 steps 2 and 3) were more similar in magnitude compared to the binding step (Figure 

4.5 step 1), which was much faster. Between the two rearrangement steps, the slowest steps (Figure 

4.5 step 3) were comparable between the ligands (k ~0.1 – 0.5 s-1). The model suggests that the 

ensemble of bound states have different equilibrium profiles for each ligand. The percentages next 

to each bound species represent their equilibrium amounts, which are visually represented by 

qualitative free energy diagrams in the right panel of Figure 4.5. The dominant species differed 

between the ligands (IMZ: EL = 66%, CN-: E**L = 49%). The major species for IMZ was the 

initially formed ligand-bound complex, EL. The major species for CN- was one of the branched 

rearrangement species, E**L, associated with the slow rearrangement step (step 3), however, the 

initially formed ligand-bound complex was nearly equal in amount (E**L = 49% vs EL = 46%). 

In the model, ligand rapidly binds and initially populates the EL state, followed by a relatively 
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slow rearrangement to form either the E*L or the E**L complex, hereafter referred to as ‘branched 

species.’ Between the ‘branched species,’ the ‘kinetically favored’ species, E*L, was preferred for 

IMZ (E*L = 21% vs E**L = 13%) while the ‘thermodynamically favored species,’ E**L, was 

overwhelmingly preferred for CN- (E*L = 5% vs E**L = 49%). Speculatively, because the 

thermodynamic and kinetic profiles differed between the ligands, it is possible that the types of 

heme-ligand interactions differ between ligands (i.e. directly coordinated species, water bridged, 

etc.). 

 To explore the possibility that an ensemble of ligand-bound complexes was generated, as 

suggested from the model fits, the spectra were analyzed by SVD with the goal of identifying the 

number of spectral components in the kinetic experiments. The resulting spectral and concentration 

vectors from each component are shown in Figures 4.6 – 4.7. The magnitude of each singular 

value, S, is often an indication of the relative importance of each component. One may be tempted 

to include only the largest components from the analysis, however, omission of components with 

low singular values is not always recommended because short-lived intermediates, which may be 

significant to the mechanism, tend to have low singular values. Thus, the four components with 

the highest singular values that had non-zero spectral and concentration vectors were included. 

Comparison of the four spectral components reveal two components that appear to be inverted 

CYP spectra (components 1 and 3 which are colored blue and yellow, respectively) and two 

components that resemble difference spectra (components 2 and 4 which are colored red and 

purple, respectively). Comparison of the corresponding concentration vectors reveal that the first 

component, which has the highest singular value, appears to be relatively constant compared to 

the other components. This is because the first component is often the best approximation of all 

the data while the remaining components describe the differences over time. Matching simulations 
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of the kinetic data using the recovered parameters from the fits are included to compare the 

concentration vectors from the SVD analysis to the concentration profiles of individual species 

under the matching simulated conditions ([Etotal] = 1 µM, [Ligand] matches the experimental 

concentration). The SVD are not a perfect match, which is commonly observed for CYPs. 

However, in all ligands, the concentration vector of component 4 resemble the E*L species. It is 

possible that E*L has slightly different spectral properties and is the reason that the SVD analysis 

was able to identify the component. Regardless, the observation of a time-dependent decrease in 

the concentration profile of a species is highly suggestive of an IF component in the binding 

mechanism. An interesting experiment for future work would be to perform rapid freeze-quench 

EPR experiments in an attempt to monitor the transient nature of each species. 

A recent CW EPR study by Lockart and coworkers with several low-spin compounds and 

CYP3A4 revealed a mixture of low-spin complexes from flash-frozen samples of equilibrated 

ligand/protein solutions [23]. IMZ was among the ligands in the study and deconvolution of the 

spectra revealed 78.4% contribution from a directly coordinated low-spin species and 21.6% from 

an unknown ligation mode that could not be unambiguously assigned due to spectral overlap. The 

authors note that for the unknown ligation species, at least one complex contained water or was 

water bridged. Speculatively, it is possible that the E*L species (21%), which has faster associated 

rate constants of interconversion, may be related to the unknown ligation mode in the CW EPR 

study, and the remaining signal may be associated with directly ligated binding poses, EL and 

E**L (66% + 13% = 79%). If this is true, this suggests that direct coordination or ‘true type II’ 

interactions have longer residence time and are thermodynamically favored over a water-bridged 

complex. Another possibility is that the branched conformations, E*L and E**L, correlate to the 

unknown species (two different ligation modes: water-bridged and/or water containing mode = 
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21% + 13% = 34% ‘unknown’; 66% directly coordinated) and discrepancies in the final 

percentages can be explained by a temperature dependent shift in the ratios of each species (CW 

EPR experiments performed at room temperature vs kinetic experiments in this study performed 

at 10.6 ºC). Regardless, the results highlight different kinetic and thermodynamic properties for 

each member in the ensemble of bound complexes. If the final ratio of ligation modes for ‘type II 

ligands’ are ligand specific, this has potential functional implications in the context of drug 

metabolism for drugs that contain an IMZ moiety, if the different binding modes have different 

catalytic properties. This is consistent with the well-accepted that CYP3A4 is capable of forming 

multiple products for a given compound. This suggests that the substrate is able to access multiple 

binding orientations in the active site.  

 In the context of drug metabolism, the rate constants associated with step 3 were between 

0.1 – 0.5 s-1 (6 min-1 – 30 min-1) which are in the same time regime as kcat for CYP3A4 and a 

majority of ligands. The ligands in this study were selected with the rationale that they are 

sufficiently small enough to not interact with any active site protein residues such that the kinetics 

for any possible rearrangements be governed by local electronic factors. That is, I hypothesized 

that the intrinsic rate constants for the rearrangement processes will be in the upper range compared 

to those expected from large drugs or drug-like molecules that have chemical handles capable of 

interacting with active site residues. If this is true, it is possible that type II compounds may form 

an ensemble of bound complexes whose rates of interconversion are comparable to their rates of 

metabolism and thus nullify rapid equilibrium assumptions. An interesting scenario arises when 

each of the different bound states (EL, E*L, and E**L), which binding with the same affinity, have 

different catalytic properties, be it differences in sites of metabolism, product formation rates, or 

even binding affinities for the required redox partner proteins. One possibility is that the different 
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bound complexes could potentially display non-Michaelis-Menten or ‘atypical’ kinetic profiles. 

Thus, detailed knowledge of the mechanism of ligand binding may help clarify some cases of 

multifunctionality observed in CYP3A4. 

 Related to the catalytic cycle, CN- was selected in this study as a surrogate for oxygen (O2). 

CN- preferentially binds to the ferric form of CYPs whereas O2 only binds to the ferrous form. 

Given the instability of the ferrous form of enzyme and the inherent complexities required to 

measure the kinetics of O2 binding (reduction by redox partner proteins or by synthetic means, 

anaerobic conditions, difficulty regulating amounts of oxygen in solution, etc), I used CN- as a 

surrogate diatomic ligand. The ferric-CN- complex is considered as an O2 mimic because it has 

been shown to reproduce structural changes observed in the I-helix of O2-bound P450cam, detailed 

in crystallographic studies[154]. Moreover, CN- is considered a better mimic than other diatomic 

ligands such as CO and NO because the negative charge in the distal atom (CN- coordinates heme 

via an electron rich carbon) is able to participate in a hydrogen bonding network resulting from 

the reorientation of an Asp251 residue in the I-helix of P450cam. It is possible that the nature of 

the ensemble of bound states in our studies, here with CYP3A4, is a consequence of an induced 

hydrogen bonding network. Another potentially related possibility is fluctuations between bent 

and linear binding geometries, which have been observed by Resonance Raman spectroscopy in 

P450cam [155]. Unfortunately, comparisons of population distribution are not possible as the 

authors mention that the different species are sensitive to many factors that make derivation of 

their relative amounts difficult. Despite the body of evidence that has been presented for 

heterogeneity in CN- ligation for P450cam, it is still possible that the results may not be fully 

recapitulated in the more complicated CYP3A4 isoform. The results here present interesting 

possibilities and more questions: Are similar reorientations possible for the ferrous-oxy complex 
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in CYP3A4? If an ensemble of ferrous-oxy complexes is generated, do different ligands or partner 

proteins influence the population distribution of the ensemble? Does this influence catalysis? Does 

this alter the propensity for uncoupling reactions?  

 The results presented here provide kinetic validation for the existence of equilibrating 

states within an ensemble of bound complexes for 123-TRZ, IMZ, and CN- interacting with 

CYP3A4. Each ligand displayed multiphasic kinetics. Unfortunately, the binding and dissociation 

kinetics for 123-TRZ had components that were beyond the levels of detection for the instrument. 

However, IMZ and CN- displayed kinetics that were able to be interrogated across multiple ligand 

concentrations and experimental setups. The data for IMZ and CN- required complex 4-state 

binding models to describe the data, despite the small size of the compounds. The data for IMZ 

and CN- were best described by a 4-state branched induced fit model. Together the kinetic results 

further reveal the complexity of the behavior of low-spin complexes at the active site of CYPs, 

provide quantitative estimates for the relative contributions of the states at equilibrium, and reveal 

the estimates for the rates of exchange between these states. 
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4.5 Figures 

 

Figure 4.1. Ligand binding kinetic schemes tested in this study. The ligand binding step and 
ligand-bound enzyme states are highlighted in red text.   
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Figure 4.2. Difference spectra and resultant binding isotherms for 123-TRZ, IMZ and CN- 
binding to CYP3A4. UV-Vis equilibrium titrations (10.6 ºC) of purified CYP3A4 (0.9 µM). The 
difference spectra calculated relative to the ligand-free spectra are shown in the top row. The 
resulting binding isotherm is shown on the bottom row (Change in absorbance vs Concentration) 
with inset Eadie-Hofstee plots (Change in absorbance vs change in absorbance/ligand 
concentration). The Amax and KD for 123-TRZ was 0.0594 ± 0.00273 and 13.42 ± 1.5 mM. The 
Amax and KD for IMZ was 0.0796 ± 0.0025 and 201 ± 23.3 µM. The Amax and KD for CN was 0.120 
± 0.0035 and 566 ± 59.6 nM. 
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Figure 4.3. IMZ binding and dissociation kinetics. Plots of DA430-410 vs time (s) for imidazole 
binding and dissociating from CYP3A4. The model fits are depicted as black lines and the data 
from replicate experiments are depicted as colored dots. The recovered parameters for each model 
fit are shown in Table 2. Binding experiments:  CYP3A4 was mixed with imidazole at 0.283 mM 
(blue), 0.566 mM (orange), 1.13 mM (yellow), 1.70 mM (purple) and 2.26 mM (green). 
Dissociation experiment:   Data from an 11x dilution experiment are shown in light blue 
([IMZ]final = 0.054 mM). A) 3-state induced fit model B) 3-state conformational selection model 
C) 4-state linear induced fit model D) 4-state mixed conformational selection/induced fit model E) 
4-state linear conformational selection model F) 4-state branched induced fit model G) 4-state 
branched conformational selection model H) 4-state closed mixed conformational 
selection/induced fit model. 
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Figure 4.4. CN- binding and dissociation kinetics. Plots of DA443-413 vs time (s) for imidazole 
binding and dissociating from CYP3A4. The model fits are depicted as black lines and the data 
from replicate experiments are depicted as colored dots. Binding experiments:  CYP3A4 was 
mixed with cyanide at 3.30 µM (blue), 6.60 µM (orange), 13.2 µM (yellow), and 19.8 µM (purple). 
Dissociation experiment:   Data from an 11x dilution experiment are shown in light blue ([CN-

]final = 0.0589 µM). A) 3-state induced fit model B) 3-state conformational selection model C) 4-
state linear induced fit model D) 4-state mixed conformational selection/induced fit model E) 4-
state linear conformational selection model F) 4-state branched induced fit model G) 4-state 
branched conformational selection model H) 4-state closed mixed conformational 
selection/induced fit model. 
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Table 4.1 Model parameters and statistics for IMZ binding to CYP3A4. The recovered rate 
constants, kn, and relative extinction coefficients for the bound species, [Species]ext, from 
individual model fits are shown in each column. The units for the first- and second-order rate 
constants have units of s-1 and mM-1 s-1, respectively. For ease of comparison, the models are 
ranked from the best, 1, to the worst, 8, fit by the AIC and BIC values. The association rate, kon, 
for each model is underlined. The model with the best fit, as determined by the lowest AIC and 
BIC values (n=73,000), is indicated in bold text. Each model is shown in Figure 4.1. 
 
 
 3-state 4-state 
 A 

IF 
B 

CS 
C 
IF 

(linear) 

D 
CS+IF 
(linear) 

E 
CS  

(linear) 

F 
IF 

(branch) 

G 
CS 

(branch) 

H 
CS+IF 

(closed) 
k1 55.9 0.00760 101 59.1 0.0253 140 69.3 42.8 
k-1 23.0 0.00779 45.0 24.1 90.4 76.1 41.6 48.3 
k2 0.115 63.8 0.894 101 38.9 3.93 66.3 19.2 
k-2 0.766 21.6 8.46 30.0 0.0112 12.5 13.4 23.7 
k3 - - 0.693 0.120 64.5 0.110 1.52 42.6 
k-3 - - 0.529 0.710 21.9 0.547 21.2 0.395 
k4 - - - - - - - 57.7 
k-4 - - - - - - - 1.59 
KD,app 0.358 0.686 0.358 0.357 0.688 0.358 0.337 0.287 
[EL]ext 0.971 2.00 0.884 0.98 2.00 0.870 1.02 0.697 
[E*L]ext 1.46 - 2.18 1.36 - 1.38 - 5.08 
[E**L]ext - - 1.28 - - 1.33 - - 
RSS 0.196 0.501 0.122 0.163 0.498 0.112 0.853 0.806 
LL (x105) 3.65 3.30 3.82 3.71 3.30 3.85 3.10 3.10 
AIC (x105) -7.29 -6.60 -7.64 -7.43 -6.60 -7.70 -6.19 -6.20 
BIC (x105) -7.29 -6.60 -7.64 -7.43 -6.60 -7.70 -6.19 -6.20 
Rank 4 6 2 3 5 1 8 7 

 

kon = 140E05 M-1 s-1, koff = 76.1 s-1, KD = koff/kon = 0.544 mM, KD,app = 0.358 mM 
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Table 4.2 Model parameters and statistics for CN- binding to CYP3A4. The recovered rate 
constants, kn, and relative extinction coefficients for the bound species, [Species]ext, from 
individual model fits are shown in each column. The units for the first- and second-order rate 
constants have units of s-1 and mM-1 s-1, respectively. For ease of comparison, the models are 
ranked from the best, 1, to the worst, 8, fit by the AIC and BIC values. The association rate, kon, 
for each model is underlined. The model with the best fit, as determined by the lowest AIC and 
BIC values (n=50,000), is indicated in bold text. Each model is shown in Figure 4.1. 
 
 
 3-state 4-state 
 A 

IF 
B 

CS 
C 
IF 

(linear) 

D 
CS+IF 
(linear) 

E 
CS  

(linear) 

F 
IF 

(branch) 

G 
CS 

(branch) 

H 
CS+IF 

(closed) 
k1 3.07 0.416 8.15 0.00340 0.101 6.14 0.667 1.32 
k-1 4.84 0.240 8.20 0.00286 0.0464 8.39 0.574 1.04 
k2 0.298 1.99 0.207 3.94 1.02 0.179 12.7 6.13 
k-2 0.183 0.811 0.495 6.35 0.596 1.46 5.05 16.3 
k3 - - 1.60 0.410 2.89 0.101 0.829 0.399 
k-3 - - 0.611 0.287 1.05 0.0949 8.16 3.10 
k4 - - - - - - - 6.09 
k-4 - - - - - - - 0.100 
KD,app 0.601 0.641 0.400 1.22 0.674 0.625 0.777 0.474 
[EL]ext 0.674 0.986 0.490 1.18 1.02 0.544 0.974 2.91 
[E*L]ext 1.17 - 4.17 2.12 - 3.09 - 15.6 
[E**L]ext - - 0.167 - - 1.19 - - 
RSS 0.975 1.76 0.927 0.752 1.42 0.356 2.56 13.5 
LL (x105) 2.00 1.85 2.01 2.07 1.91 2.25 1.76 1.34 
AIC (x105) -4.00 -3.71 -4.03 -4.13 -3.82 -4.51 -3.52 -2.69 
BIC (x105) -4.00 -3.71 -4.03 -4.13 -3.82 -4.51 -3.52 -2.69 
Rank 4 6 3 2 5 1 7 8 

 

kon = 6.14E06 M-1 s-1, koff = 8.39 s-1, KD = koff/kon = 1.36 µM, KD,app = 0.625 µM 
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Figure 4.5. Summary of ligand binding mechanisms for IMZ and CN- binding to CYP3A4. 
The recovered rate constants from the models that best described the data are shown. The 
percentages next to each species reflect their equilibrium amounts. The models are summarized in 
the free energy diagram, which detail the energy landscape profile for the unbound complex, and 
the three ligand-bound complexes.   
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Figure 4.6. SVD analysis of IMZ binding data. Extracted spectral components and 
corresponding amplitude vectors obtained from SVD of IMZ binding data. Left) The top panel 
shows an overlay of each component. Individual components are shown in subsequent plots with 
the singular values indicated above each plot. Right) Matching simulated data using the recovered 
rate constants and extinction coefficients from the 4-state branched induced fit model in Table 4.1. 
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Figure 4.7. SVD analysis of CN- binding data. Extracted spectral components and corresponding 
amplitude vectors obtained from SVD of CN- binding data. Left) The top panel shows an overlay 
of each component. Individual components are shown in subsequent plots with the singular values 
indicated above each plot. Right) Matching simulated data using the recovered rate constants and 
extinction coefficients from the 4-state branched induced fit model in Table 4.2.  
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Appendix 

The following pages list the differential equations, initial enzyme amounts, apparent binding 

affinities, and parameters for each model as input into MATLAB for fitting.  

 

Differential equations: 

At the beginning of each section, a generic scheme is shown which details the nomenclature for 

each enzyme. For example, in the generic 3-state mechanism, E1 corresponds to state “a,” 

associated with the differential equation da/dt, initial protein concentration E1, and extinction 

coefficient, extA.  

 

Initial protein concentrations: 

The initial amounts of protein are useful for conformational selection cases where a pre-existing 

ensemble of unbound enzyme conformations exist. Initial protein amounts are also important for 

dilution experiments where enzyme is pre-incubated with ligand at an initial concentration, Linit, 

and diluted. For a binding experiment (mix unbound enzyme with ligand), Linit = 0. 

 

Binding affinity: 

The expressions for the apparent binding affinity, KD,app, for each model are shown.  

 

Parameters: 

The kinetic parameters are listed as well as the corresponding extinction coefficients for each state. 

The extinction coefficient for the unbound states was set to zero (i.e. extA = 0 for the 3-state 
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induced fit model; extA = extB = 0 for the 3-state conformational selection model, etc). Where 

appropriate, the states with extinction coefficients set to zero are indicated for each model. 
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Summary of Models: 
 
 
2 state isomerization (2 rates) – page 207 
 

 
 
2 state binding (2 rates) – page 208 
 

 
 
3 state induced fit (4 rates) – page 210 
 

 
 
3 state conformational selection (4 rates) – page 211 
 

 
 
3 state sequential binding (4 rates) – page 212 
 

 
 
3 state substrate reorientation (4 rates) – page 213 
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4 state persistent heterogeneity (4 rates) – page 214 
 

       
 

 
 
4 state linear induced fit (6 rates) – page 216 
 

 
 
4 state linear mixed conformational selection/induced fit (6 rates) – page 217 
 

 
 
 
4 state linear conformational selection (6 rates) – page 218 
 

 
 
4 state induced fit with two binding sites (A) (6 rates) – page 219 
 

 
 
 
4 state induced fit with two binding sites (B) (6 rates) – page 220 
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4 state conformational selection with two binding sites – page 221 
 

 
 
4 state branched induced fit (6 rates) – page 223 
 

 
 
4 state branched conformational selection (6 rates) – page 224 
 

 
 
4 state closed mixed conformational selection/induced fit (8 rates) – page 227 
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2 state – Generic 
 

 
 
dE1/dt = dadt 
dE2/dt = dbdt 
 
Differential equations: 
dadt=-k1*a+km1*b; 
dbdt=k1*a-km1*b; 
dYdt=[dadt;dbdt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*(km1)/(km1+k1); 
E2=Etotal*(k1)/(km1+k1); 
 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
extA=K(3); 
extB=K(4); 
	  

E1 E2
k1

km1
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2 state – Isomerization 
 

 
 
Rate constants: 
kf = k1 
kr = km1 
 
Differential equations: 
dadt=-k1*a+km1*b; 
dbdt=k1*a-km1*b; 
dYdt=[dadt;dbdt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*(km1)/(km1+k1); 
E2=Etotal*(k1)/(km1+k1); 
 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
extA=K(3); 
extB=K(4); 
	  

E E*
k1

km1
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2 state – Binding 
 

 
 
Rate constants: 
kon = k1 
koff = km1 
 
Differential equations: 
dadt=-k1*a*L+km1*b; 
dbdt=k1*a*L-km1*b; 
dYdt=[dadt;dbdt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*(km1)/(km1+k1*Linit); 
E2=Etotal*(k1*Linit)/(km1+k1*Linit); 
 
Binding affinity: 
Kd=(km1)/(k1); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
extA=K(3); 
extB=K(4); 
	  

E EL
k1

km1
kon = k1



 209 

3 state – Generic 
 

 

 
dE1/dt = dadt 
dE2/dt = dbdt 
dE3/dt = dcdt 
 
Differential equations: 
dadt=-k1*a+km1*b; 
dbdt=k1*a-km1*b-k2*b+km2*c; 
dcdt=k2*b-km2*c; 
dYdt=[dadt;dbdt;dcdt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*(km1*km2)/(km1*km2+k1*km2+k1*k2); 
E2=Etotal*(k1*km2)/(km1*km2+k1*km2+k1*k2); 
E3=Etotal*(k1*k2)/(km1*km2+k1*km2+k1*k2); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
extA=K(5) 
extB=K(6); 
extC=K(7); 
 
 
	  

E1 E2
k1

km1
E3

k2

km2
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3 state – Induced Fit 
 

 

 
Binding step: 
kon = k1 
koff = km1 
 
Differential equations: 
dadt=-k1*L*a+km1*b; 
dbdt=k1*L*a-km1*b-k2*b+km2*c; 
dcdt=k2*b-km2*c; 
dYdt=[dadt;dbdt;dcdt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*(km1*km2)/(km1*km2+k1*Linit*km2+k1*Linit*k2); 
E2=Etotal*(k1*Linit*km2)/(km1*km2+k1*Linit*km2+k1*Linit*k2); 
E3=Etotal*(k1*Linit*k2)/(km1*km2+k1*Linit*km2+k1*Linit*k2); 
 
Binding affinity: 
Kdapp=(km1*km2)/(k1*(k2+km2)); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
extA=K(5)=0; 
extB=K(6); 
extC=K(7);	  

E EL
k1

km1
E*L

k2

km2
kon = k1
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3 state – Conformational Selection 
 

 

 
Binding step: 
kon = k2 
koff = km2 
 
Differential equations: 
dadt=-k1*a+km1*b; 
dbdt=k1*a-km1*b-k2*L*b+km2*c; 
dcdt=k2*L*b-km2*c; 
dYdt=[dadt;dbdt;dcdt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*(km1*km2)/(km1*km2+k1*km2+k1*k2*Linit); 
E2=Etotal*(k1*km2)/(km1*km2+k1*km2+k1*k2*Linit); 
E3=Etotal*(k1*k2*Linit)/(km1*km2+k1*km2+k1*k2*Linit); 
 
Binding affinity: 
Kdapp=(km2*(k1+km1))/(k1*k2); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
extA=K(5)=0; 
extB=K(6)=0; 
extC=K(7);	  

E E*
k1

km1
E*L

k2

km2
kon = k2
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3 state – Sequential Binding 
 

 

 
Binding step: 
kon,1 = k1 
koff,1 = km1 
kon,2 = k2 
koff,2 = km2 
 
Differential equations: 
dadt=-k1*L*a+km1*b; 
dbdt=k1*L*a-km1*b-k2*L*b+km2*c; 
dcdt=k2*L*b-km2*c; 
dYdt=[dadt;dbdt;dcdt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*(km1*km2)/(km1*km2+k1*Linit*km2+k1*Linit*k2*Linit); 
E2=Etotal*(k1*Linit*km2)/(km1*km2+k1*Linit*km2+k1*Linit*k2*Linit); 
E3=Etotal*(k1*Linit*k2*Linit)/(km1*km2+k1*Linit*km2+k1*Linit*k2*Linit)
; 
 
Binding affinity: 
Kdapp=(-k1*km2+sqrt(k1^2*km2^2+4*k1*k2*km1*km2))/(2*k1*k2); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
extA=K(5)=0; 
extB=K(6); 
extC=K(7); 
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3 state – Substrate Reorientation 
 

 
 
Rate constants: 
koff,1 = k1 
kon,1 = km1 
kon,2 = k2 
koff,2 = km2 
 
Differential equations: 
dadt=-k1*a+km1*L*b; 
dbdt=k1*a-km1*L*b-k2*L*b+km2*c; 
dcdt=k2*L*b-km2*c; 
dYdt=[dadt;dbdt;dcdt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*(km1*Linit*km2)/(km1*Linit*km2+k1*km2+k1*k2*Linit); 
E2=Etotal*(k1*km2)/(km1*Linit*km2+k1*km2+k1*k2*Linit); 
E3=Etotal*(k1*k2*Linit)/(km1*Linit*km2+k1*km2+k1*k2*Linit); 
 
Binding affinity: 
Kdapp=k1*km2/(k1*k2+km1*km2); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
extA=K(5); 
extB=K(6)=0; 
extC=K(7); 
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4 state – Persistent heterogeneity 
 

       

 

Rate constants: 
kon1 = k1  
koff1 = km1 
kon2 = k2 
koff2 = km2 
 
Differential equations: 
dadt=-k1*a*L+km1*b; 
dbdt=k1*a*L-km1*b; 
dcdt=-k2*c*L+km2*d; 
dddt=k2*c*L-km2*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=(E1+E2)*(km1)/(km1+k1*Linit); 
E2=(E1+E2)*(k1*Linit)/(km1+k1*Linit); 
E3=(E3+E4)*(km2)/(km2+k2*Linit); 
E4=(E3+E4)*(k2*Linit)/(km2+k2*Linit); 
 
Binding affinity: 
Kd1=(km1)/(k1); 
Kd2=(km2)/(k2); 
Kdapp=(-((E1+E2)*(Kd2-Kd1)+(E3+E4)*(Kd1-Kd2))+sqrt(((E1+E2)*(Kd2-
Kd1)+(E3+E4)*(Kd1-Kd2))^2-
4*Kd1*Kd2*(E1+E2+E3+E4)^2)/(2*(E1+E2+E3+E4));  
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2);  
k2=K(3); 
km2=K(4); 
extA=K(5); 
extB=K(6); 
extC=K(7); 
extD=K(8); 
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4 state – Linear Generic 
 

 

 
dE1/dt = dadt 
dE2/dt = dbdt 
dE3/dt = dcdt 
dE4/dt = dddt 
 
Differential equations: 
dadt=-k1*a+km1*b; 
dbdt=k1*a-km1*b-k2*b+km2*c; 
dcdt=k2*b-km2*c-k3*c+km3*d; 
dddt=k3*c-km3*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*km1*km2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*km3+k1*k2*k3); 
E2=Etotal*k1*km2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*km3+k1*k2*k3); 
E3=Etotal*k1*k2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*km3+k1*k2*k3); 
E4=Etotal*k1*k2*k3/(km1*km2*km3+k1*km2*km3+k1*k2*km3+k1*k2*k3); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
k3=K(5); 
km3=K(6); 
extA=K(7); 
extB=K(8); 
extC=K(9); 
extD=K(10);	  
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4 state – Linear Induced Fit 
 

 

 
Binding step: 
kon = k1 
koff = km1 
 
Differential equations: 
dadt=-k1*L*a+km1*b; 
dbdt=k1*L*a-km1*b-k2*b+km2*c; 
dcdt=k2*b-km2*c-k3*c+km3*d; 
dddt=k3*c-km3*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*km1*km2*km3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*km3+k1
*Linit*k2*k3); 
E2=Etotal*k1*Linit*km2*km3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*k
m3+k1*Linit*k2*k3); 
E3=Etotal*k1*Linit*k2*km3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*km
3+k1*Linit*k2*k3); 
E4=Etotal*k1*Linit*k2*k3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*km3
+k1*Linit*k2*k3); 
 
Binding affinity: 
Kdapp=km1*km2*km3/(k1*(km2*km3+k2*km3+k2*k3)); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
k3=K(5); 
km3=K(6); 
extA=K(7)=0; 
extB=K(8); 
extC=K(9); 
extD=K(10); 
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4 state – Linear Mixed Conformational Selection/Induced Fit 
 

 

 
Binding step: 
kon = k2 
koff = km2 
 
Differential equations: 
dadt=-k1*a+km1*b; 
dbdt=k1*a-km1*b-k2*L*b+km2*c; 
dcdt=k2*L*b-km2*c-k3*c+km3*d; 
dddt=k3*c-km3*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*km1*km2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*Linit*km3+k1*k2*Li
nit*k3); 
E2=Etotal*k1*km2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*Linit*km3+k1*k2*Lin
it*k3); 
E3=Etotal*k1*k2*Linit*km3/(km1*km2*km3+k1*km2*km3+k1*k2*Linit*km3+k1*k
2*Linit*k3); 
E4=Etotal*k1*k2*Linit*k3/(km1*km2*km3+k1*km2*km3+k1*k2*Linit*km3+k1*k2
*Linit*k3); 
 
Binding affinity: 
Kdapp=km2*km3*(km1+k1)/(k1*k2*(km3+k3)); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
k3=K(5); 
km3=K(6); 
extA=K(7)=0; 
extB=K(8)=0; 
extC=K(9); 
extD=K(10);	  
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4 state – Linear Conformational Selection 
 

 

 
Binding step: 
kon = k3 
koff = km3 
 
Differential equations: 
dadt=-k1*a+km1*b; 
dbdt=k1*a-km1*b-k2*b+km2*c; 
dcdt=k2*b-km2*c-k3*L*c+km3*d; 
dddt=k3*L*c-km3*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*km1*km2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*km3+k1*k2*k3*Linit
); 
E2=Etotal*k1*km2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*km3+k1*k2*k3*Linit)
; 
E3=Etotal*k1*k2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*km3+k1*k2*k3*Linit); 
E4=Etotal*k1*k2*k3*Linit/(km1*km2*km3+k1*km2*km3+k1*k2*km3+k1*k2*k3*Li
nit); 
 
Binding Affinity: 
Kdapp=km3*(km1*km2+k1*km2+k1*k2)/(k1*k2*k3); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
k3=K(5); 
km3=K(6); 
extA=K(7)=0; 
extB=K(8)=0; 
extC=K(9)=0; 
extD=K(10); 
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4 state – Linear Induced Fit with 2 Binding Sites (A) 
 

 

 
Binding step: 
kon,1 = k1 
koff,1 = km1 
kon,2 = k2 
koff,2 = km2 
 
Differential equations: 
dadt=-k1*L*a+km1*b; 
dbdt=k1*L*a-km1*b-k2*L*b+km2*c; 
dcdt=k2*L*b-km2*c-k3*c+km3*d; 
dddt=k3*c-km3*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*km1*km2*km3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*Linit*
km3+k1*Linit*k2*Linit*k3); 
E2=Etotal*k1*Linit*km2*km3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*L
init*km3+k1*Linit*k2*Linit*k3); 
E3=Etotal*k1*Linit*k2*Linit*km3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit
*k2*Linit*km3+k1*Linit*k2*Linit*k3); 
E4=Etotal*k1*Linit*k2*Linit*k3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*
k2*Linit*km3+k1*Linit*k2*Linit*k3); 
 
Binding Affinity: 
Kdapp=(sqrt(k1*km2*km3*(k1*km2*km3+4*k2*k3*km1+4*k2*km1*km3))-
k1*km2*km3)/(2*k1*k2*(k3+km3)) 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
k3=K(5); 
km3=K(6); 
extA=K(7)=0; 
extB=K(8); 
extC=K(9); 
extD=K(10);	  
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4 state – Linear Induced Fit with 2 Binding Sites (B) 
 

 

 
Binding step: 
kon,1 = k1 
koff,1 = km1 
kon,2 = k3 
koff,2 = km3 
 
Differential equations: 
dadt=-k1*L*a+km1*b; 
dbdt=k1*L*a-km1*b-k2*b+km2*c; 
dcdt=k2*b-km2*c-k3*L*c+km3*d; 
dddt=k3*L*c-km3*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*km1*km2*km3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*km3+k1
*Linit*k2*k3*Linit); 
E2=Etotal*k1*Linit*km2*km3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*k
m3+k1*Linit*k2*k3*Linit); 
E3=Etotal*k1*Linit*k2*km3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*km
3+k1*Linit*k2*k3*Linit); 
E4=Etotal*k1*Linit*k2*k3*Linit/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*
k2*km3+k1*Linit*k2*k3*Linit); 
 
Binding Affinity: 
Kdapp=(sqrt((k1*(k2+km2)^2*km3+4*km2*k2*k3*km1)*km3*k1)+(-k2-
km2)*km3*k1)/(2*k1*k2*k3) 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
k3=K(5); 
km3=K(6); 
extA=K(7)=0; 
extB=K(8); 
extC=K(9); 
extD=K(10);	  
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4 state – Linear Conformational Selection with 2 Binding Sites 
 

 

 
Binding step: 
kon,1 = k2*L 
koff,1 = km2 
kon,2 = k3*L 
koff,2 = km3 
 
Differential equations: 
dadt=-k1*a+km1*b; 
dbdt=k1*a-km1*b-k2*L*b+km2*c; 
dcdt=k2*L*b-km2*c-k3*L*c+km3*d; 
dddt=k3*L*c-km3*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*km1*km2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*Linit*km3+k1*k2*Li
nit*k3*Linit); 
E2=Etotal*k1*km2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*Linit*km3+k1*k2*Lin
it*k3*Linit); 
E3=Etotal*k1*k2*Linit*km3/(km1*km2*km3+k1*km2*km3+k1*k2*Linit*km3+k1*k
2*Linit*k3*Linit); 
E4=Etotal*k1*k2*Linit*k3*Linit/(km1*km2*km3+k1*km2*km3+k1*k2*Linit*km3
+k1*k2*Linit*k3*Linit); 
 
Binding Affinity: 
Kdapp=(-
k1*k2*km3+sqrt((k1*k2*km3+4*km2*k3*(k1+km1))*k2*km3*k1))/(2*k1*k2*k3); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
k3=K(5); 
km3=K(6); 
extA=K(7)=0; 
extB=K(8)=0; 
extC=K(9); 
extD=K(10); 
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4 state – Branched Generic 
 

 

 
dE1/dt = dadt 
dE2/dt = dbdt 
dE3/dt = dcdt 
dE4/dt = dddt 
 
Differential equations: 
dadt=-k1*a+km1*b; 
dbdt=k1*a-km1*b-k2*b+km2*c-k3*b+km3*d; 
dcdt=k2*b-km2*c; 
dddt=k3*b-km3*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*km1*km2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*km3+k1*km2*k3); 
E2=Etotal*k1*km2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*km3+k1*km2*k3); 
E3=Etotal*k1*k2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*km3+k1*km2*k3); 
E4=Etotal*k1*km2*k3/(km1*km2*km3+k1*km2*km3+k1*k2*km3+k1*km2*k3); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
k3=K(5); 
km3=K(6); 
extA=K(7); 
extB=K(8); 
extC=K(9); 
extD=K(10); 
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4 state – Branched Induced Fit 
 

 
 
Binding step: 
kon = k1 
koff = km1 
 
Differential equations: 
dadt=-k1*L*a+km1*b; 
dbdt=k1*L*a-km1*b-k2*b+km2*c-k3*b+km3*d; 
dcdt=k2*b-km2*c; 
dddt=k3*b-km3*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*km1*km2*km3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*km3+k1
*Linit*km2*k3); 
E2=Etotal*k1*Linit*km2*km3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*k
m3+k1*Linit*km2*k3); 
E3=Etotal*k1*Linit*k2*km3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*km
3+k1*Linit*km2*k3); 
E4=Etotal*k1*Linit*km2*k3/(km1*km2*km3+k1*Linit*km2*km3+k1*Linit*k2*km
3+k1*Linit*km2*k3); 
 
Binding affinity: 
Kdapp=km1*km2*km3/(k1*(km2*km3+k2*km3+km2*k3)); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
k3=K(5); 
km3=K(6); 
extA=K(7)=0; 
extB=K(8); 
extC=K(9); 
extD=K(10); 
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4 state – Branched Conformational Selection 
 

 

 
Binding step: 
kon = k2 
koff = km2 
 
Differential equations: 
dadt=-k1*a+km1*b; 
dbdt=k1*a-km1*b-k2*L*b+km2*c-k3*b+km3*d; 
dcdt=k2*L*b-km2*c; 
dddt=k3*b-km3*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*km1*km2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*Linit*km3+k1*km2*k
3); 
E2=Etotal*k1*km2*km3/(km1*km2*km3+k1*km2*km3+k1*k2*Linit*km3+k1*km2*k3
); 
E3=Etotal*k1*k2*Linit*km3/(km1*km2*km3+k1*km2*km3+k1*k2*Linit*km3+k1*k
m2*k3); 
E4=Etotal*k1*km2*k3/(km1*km2*km3+k1*km2*km3+k1*k2*Linit*km3+k1*km2*k3)
; 
 
Binding affinity: 
Kdapp=km2*(km1*km3+k1*km3+k1*k3)/(k1*k2*km3); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
k3=K(5); 
km3=K(6); 
extA=K(7)=0; 
extB=K(8)=0; 
extC=K(9); 
extD=K(10)=0; 
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4 state – Closed Generic 
 

 

 
dE1/dt = dadt 
dE2/dt = dbdt 
dE3/dt = dcdt 
dE4/dt = dddt 
 
Differential equations: 
dadt=-k1*a+km1*b-k3*a+km3*c; 
dbdt=k1*a-km1*b-k2*b+km2*d; 
dcdt=k3*a-km3*c-k4*c+km4*d; 
dddt=k2*b-km2*d+k4*c-km4*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*(k4*km1*km2+km3*((km2+km4)*km1+km4*k2))/(k4*k1*(km2+k2)+(k4*
km1*(k3+km2)+k1*(km2+km4+k2)*km3+k3*k4*km2+k2*(k1*km4+k3*k4))+(k3+km3)
*((km2+km4)*km1+km4*k2)); 
E2=Etotal*(k1*k4*km2+(k1*km3+k3*k4)*km2+k1*km3*km4)/(k4*k1*(km2+k2)+((
k1*km3+k4*(k3+km1))*km2+((k2+km4)*km3+km4*k2)*k1+k3*k4*(k2+km1))+((k2+
km1)*km4+km1*km2)*(k3+km3)); 
E3=Etotal*(k1*k2*km4+k3*((k2+km1)*km4+km1*km2))/(k4*k1*(km2+k2)+(k1*(k
2+km3)*km4+k4*(k2+km1+km2)*k3+k4*km1*km2+k1*km3*(km2+k2))+((k2+km1)*km
4+km1*km2)*(k3+km3)); 
E4=Etotal*(k1*k2*k4+(k1*km3+k3*k4)*k2+k3*k4*km1)/(k4*k1*(km2+k2)+((k3*
k4+k1*(km3+km4))*k2+((km1+km2)*k3+km1*km2)*k4+k1*km3*(km2+km4))+(k3+km
3)*((km2+km4)*km1+km4*k2)); 
 
Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
k3=K(5); 
km3=K(6); 
k4=K(7); 
km4=K(8); 
extA=K(9); 
extB=K(10); 
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extC=K(11); 
extD=K(12); 
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4 state – Closed Conformational Selection/Induced Fit 
 

 

 
Binding step: 
kon,1 = k1 
koff,1 = km1 
kon,2 = k4 
koff,2 = km4 
 
Differential equations: 
dadt=-k1*L*a+km1*b-k3*a+km3*c; 
dbdt=k1*L*a-km1*b-k2*b+km2*d; 
dcdt=k3*a-km3*c-k4*L*c+km4*d; 
dddt=k2*b-km2*d+k4*L*c-km4*d; 
dYdt=[dadt;dbdt;dcdt;dddt]; 
 
Initial Protein Concentrations (equilibration concentration): 
E1=Etotal*(Linit*k4*km1*km2+km3*((km2+km4)*km1+km4*k2))/(k4*k1*(km2+k2
)*Linit^2+(k4*km1*(k3+km2)+k1*(km2+km4+k2)*km3+k3*k4*km2+k2*(k1*km4+k3
*k4))*Linit+(k3+km3)*((km2+km4)*km1+km4*k2)); 
E2=Etotal*(Linit*k1*k4*km2+(k1*km3+k3*k4)*km2+k1*km3*km4)*Linit/(k4*k1
*(km2+k2)*Linit^2+((k1*km3+k4*(k3+km1))*km2+((k2+km4)*km3+km4*k2)*k1+k
3*k4*(k2+km1))*Linit+((k2+km1)*km4+km1*km2)*(k3+km3)); 
E3=Etotal*(Linit*k1*k2*km4+k3*((k2+km1)*km4+km1*km2))/(k4*k1*(km2+k2)*
Linit^2+(k1*(k2+km3)*km4+k4*(k2+km1+km2)*k3+k4*km1*km2+k1*km3*(km2+k2)
)*Linit+((k2+km1)*km4+km1*km2)*(k3+km3)); 
E4=Etotal*(Linit*k1*k2*k4+(k1*km3+k3*k4)*k2+k3*k4*km1)*Linit/(k4*k1*(k
m2+k2)*Linit^2+((k3*k4+k1*(km3+km4))*k2+((km1+km2)*k3+km1*km2)*k4+k1*k
m3*(km2+km4))*Linit+(k3+km3)*((km2+km4)*km1+km4*k2)); 
 
Binding affinity: 
Kdapp=(-k4*(k2+km1+km2)*k3+k4*km1*km2+k1*(k2-km3)*km4-
k1*km3*(km2+k2)+sqrt((km3*km2+(km3-
km4)*k2+km4*km3)^2*k1^2+2*k4*(((k3+km1)*km3+2*k3*km1)*km2^2+(((2*k3+km
1+2*km4)*km3+(2*km1+km4)*k3+km1*km4)*k2+((km1+km4)*k3+km1*km4)*km3+2*k
3*km1*km4)*km2+(((k3+2*km4)*km3+k3*km4)*k2+k3*km3*km4)*(k2+km1))*k1+((
k3-km1)*km2+k3*(k2+km1))^2*k4^2))/(2*k4*k1*(km2+k2)); 
 
 

E EL
k1

km1

E*L
k4

km4

k2km2

E*

k3km3

kon = k1 and k4
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Parameters (rates and extinction coefficients): 
k1=K(1); 
km1=K(2); 
k2=K(3); 
km2=K(4); 
k3=K(5); 
km3=K(6); 
k4=K(7); 
km4=K(8); 
extA=K(9)=0; 
extB=K(10); 
extC=K(11)=0; 
extD=K(12); 
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