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University of Washington
Abstract

MOLECULAR RECOGNITION IN THE
STREPTAVIDIN-BIOTIN SYSTEM

by Vano Chu

Chairperson of the Supervisory Committee: Professor Patrick Stayton
Department of Bioengineering

In this project, the bases for high-affinity interaction and ligand recognition were
investigated in the streptavidin-biotin system. With an estimated binding constant on
the order of 10"* M, the binding of biotin to streptavidin is one of the strongest non-
covalent interactions known. Here, we report the results of combined structural and
thermodynamic efforts toward defining the contributions of two components of the
tight-binding phenomenon—a flexible loop which closes over the binding site and a
key residue in the hydrogen bond network to biotin. To probe the role of the loop, a
new mutagenesis technique based on creating circularly permuted variants of core
streptavidin was used to create discontinuities in the binding-site loop and to remove it
entirely through relocation of the termini without changing the overall structure of the
protein. The loop alterations result in drastic reductions in binding affinity
accompanied by large increases in the dissociation rate of biotin from the binding site.
The results of the flexible loop alterations underscore the magnitude of the
contribution which loop closure provides to the stability of the streptavidin-biotin
complex. Also, site-directed mutagenesis was used to remove a hydrogen bond from
aspartate-128 to a ureido nitrogen of biotin by changing the residue to alanine
(D128A). This modification also generated a large drop in affinity with a concomitant
increase in dissociation rates. Parallel studies in x-ray crystallography and in molecular
modeling provided the surprising finding that the structure of the D128A-biotin
complex very closely resembles an intermediate structure seen in most of the

computed dissociation pathways. The DI128A-biotin complex may be viewed



essentially as a stable, structural snapshot of an intermediate state on the dissociation

reaction coordinate.



TABLE OF CONTENTS

SULface Area ANALYSIS .....cceereecrerereressessessesasssasssessesssssssssnsssasscsstsconsensassasasncseases

LIST OF FIGURES ...... eeeeeeesessessesssessessesesessssseseseseesstesstssntent et stentatace s aentsaeenetanrs iv
LISTOF TABLES.......oo oo eecreeeereemeseeeeessevesenenneanneas eeeemesreneseaneenserrnasnnenns v
LIST OF ABBREVIATIONS....... eeeesesseesaneasseessneenasserantsosansaneesnnesssesasene vi
CHAPTER 1: INTRODUCTION........cccceceeramrceernesenaccrecosscesssesssens ...l
Molecular RECOGNILION ......ceeeceercceccraceeseaccsemessmsssosssossoessssenssmressesssesssessasessesansessansnssasoes 1
FIEXIDIE LOOPS ..cceueeeereeenececcnrseaesnescrscessassansanssasesmessesssssmsssnessssensesssessassessassesssssnsesnsansen 4
CIrcular PErMULAtION. .......cccereereeeeereerseacersesessneseeraeanessacescesssssssssssessessssmssensassssssnsmsnsasessnns 7
CHAPTER 2: MATERIALS AND METHODS ...ttt seseaseneenes 11
MoOleCUlar BiOlOZY ...cceeeieerieecierrerenerceecsneneensmecessacscecmssnssmssssseessssssssesssssarnsessnasensasasanes 11
Protein Synthesis and PurifiCation........c.cecoveeeeecereceecccrenccccssnnenimecsiensecseeecsssesssnessnnes 11
CharacteriZation .......cceeceeereeeereeereresesescnassnesacescesnsnsescss reeeeeseeescesseesessresnssensanasnnse 13
Composition, Concentration, and Molecular Weight........cceerveeeeoeneneenneennne 13
Isothermal Titration Calorimetry...... eeomeececesetsssse s s ssssne st as e esersnnenas 13
Off-Rate Assay ereeseeeeessesseessesseesreessessreaasanssaeeae e ateatanee teseatessesnsssaneaanes 14
Equilibrium COmMPEHHON ASSAY ......cceeemeeereacrromeccercecsoecsamsnmssessessessesessesesssessssssssnes 16
Differential Scanning Calorimemy......ccccceeeirccereccrensrvernseeerreennersrensseeessneas 17
CHAPTER 3: BINDING SITE LOOP DELETION .........cccccceerverenene 19
Introduction....... .19
Materials and Methods ..... reeesvasessaeasaessasassensssssssatesatssts tsrtntesaeenseranenaes 20
Gene Construction .20
Protein Synthesis and PurifiCation...........cceeeeeveeeccecsmessesseersersisseesennssnssssesssesenes 23
Isothermal Titration CalOrMetrY ......ccceoeeeeerueceeecereescamercessemscssessosesssssssessessassens 23

X-Ray Crystallography......... ceeeerenaeennsrrsntaassncs eeveseseeneensenraessnsesasasnan 24



RESUILS. ...t eerecceesce e css s e essnsassssssnesssass s sesm e ss s se s mnss s en e as e sasnenssnessvenes 24
Protein Sequence . 24
Thermodynamics of Biotin Binding to CPS1/46 ... 24
X-Ray Structures of CP51/46 ... 26

DiSCUSSION.....ecieerecaererceeeseacrenccnanees 31

CODCIUSION ... ceeeeeeeeececneceeseeeenecsecencsnsresesssssssssesssessanserssmassssenssserssnnenss 33

CHAPTER 4: BINDING SITE LOOP DISCONTINUITY .....cociieimireeecrenersnerennsnes 35

INELOAUCHOMN. «.c.veveeeeeereeccceeereecece e oo cesecorcceenessssssnesnssnssssssssasesessneersnsssnssnmnsssssssnsnnes 35

Materials and Methods .........ccccceeeuen.. - 36
Gene Construction and Protein Expression ... eeeemtesanesae et sseaassnnssnranssnansasas 36
Protein CharaCteriZation .........ceeccceeeecceeraceccomsessrnseessssesssnnsnsrssssnsssnsrensssssnsasnsssssasas 37

RESULLS. ..coeeeeeeeeceeeree e eereeeere e sessseeesnssessasssesasacesanessstssonsssstnssssssassssesssnssarseresssnsnsssesnnens 37

DISCUSSION ... eeeeeeeeeieieceeeccneeeeeerenssesseensasassnsnsnomoeseesssscasessstassrsnssasssssesssnassressssernssrsssannes 40
CPAO/AG .......ceeeeeeeeeeeeeeeeeeeeeeesesseneeseescssesssssesesesssnsssesssssssssssssnsnss enesese s s easnsasns 4]
CPS50/A9 .....oeeeeeeeeeeeeereeeeeeeeeseosssesessseesnsnsesesasessssensssssssssnsssssesssnsssssenssrrnensnsessreses 42

CODNCIUSION ....coeeeeeaeeeeccorccereraccecerrannesssnsesees 44

CHAPTER 5: STRUCTURAL THERMODYNAMICS .45

INtroduCtON. ...cceeeccreeeceneccecececceacnennereanes . 45
Structural Thermodynamics eeseecessatsessssnesessassmasseasessransasersanes 45
Accessible SUrface AT a........cucuececeierccieircvennineecirertnrresenreres e reeseerssssnrenenesssnnns 45
Model Compound StUAIES ......ccoocceereeeermernrenreecreeeeetie e e e e e s e encesneesanenen 46
Relationship of AC, to accessible surface area......................... 47
Parameterizations........c...cveeeevecceemcncrssccscersseennenenes rereesematearnsmtessansasensatsses 48

Materials and MethOdsS ....uceceeeeeeecieiecenennererrcrteeesssenersseeeneessennnnes 49

RESULLS.....oueeeereeereneeerameeseressensmeeesasnssesnsessssssnsssessssesssesnessmesssssessseesesensessssssnsssssssesanes 50
Predicted vs. observed heat capacity .............. 50
Breakdown of accessible surface area changes ..........ooeveviveimnciccccreenencenecenes 51

Discussion and CONCIUSION. .......ccceecrierrniireiesemessssnesennsensesssssesssssesssansaessssssrasssnsassnns 54

CHAPTER 6: ASPARTATE-128 AND BIOTIN EXIT PATHWAYS. ..., 56

u



Introduction .- eeteeeoomctasescessssssssseasstomtsteestetnussararesn s nrene srrrr rarrnaasannnrnsrrenrans 56

Materials and MethOdsS ....ceceeeeoocimieiiimiccteericneccneeenenerr s eeesess e ssns e s ss e ensese e enses 57
Gene Construction & Protein Expression. ........cocccoeuceeenn..en. .57
DissS0ciation KINEHCS. «..cccoeeeeeceemreercrescnsresrercosscasnssssssrsinsssensssssssnsssenssansrsssssssssses 57
Equilibrium ThermodynamuiCs. ........cccveicevsicscrcneraersssessessesssssssssssssssessassssnssassneas 57
X-ray crystallography and computer mOdeling ........ceeeeveeomeeeeieseeeerernenesceeneenanes 58
RESUILS.c..ooeeeeeeeeveereercnnneeceencsncessaneseescssmsansrssessssssansesssmesessnmtesserssssessssessesssnesssesssansases 58
DISCUSSION.......eeeeeeeeemeeeeeereraeaeenecormeensacsscsssssescssenseses eeeemeemeessesemarassnnes 60
Conclusion.......cccveeeececceenen. emeesseessesseesessessessessssrentesecsesestsnssesstsses tesssesstensieasatas 62
CHAPTER 7: SUMMARY AND RECOMMENDATIONS........oieceeeeneeceneanees 64

RECOMMENAAUONS. .....eeeeeeeererererenarcecescosesnrsssesssesasosssmsesesssmsssnssssmsesssrssssssenersssesssrnessses 65
BIBLIOGRAPHY ........uemueeereeeaeernresccneeesssaessessssesassasstoscssssssensesesssessssssssessssssersessssssasnsnses 1
APPENDIX A: STRUCTURAL THERMODYNAMICS DATABASES................ 74
APPENDIX B: BINDING SITE RESIDUES IN STREPTAVIDIN ..........ccrvvmrrerenns 75
APPENDIX C: ITC DATA, CP49/48 AND CP50/49........couomieececnccecerennens 76
APPENDIX D: ITC DATA, CP51/46 AND DI128A.........eeeeceeeecenseeseensensenes 77



LIST OF FIGURES

Figure 1. Streptavidin tetramer 2
Figure 2. Streptavidin binding site loop. Closed position shown in black. ..........c.............. 7
Figure 3. Tandem gene construction SChemMAtiC........coeceeeccciencernrerrnensscnnnrcrnerceseeesescaes 21
Figure 4. CP51/46 gene construction from tandem gene.........ccccoeeeececerivrccesecserrcescscnaes 23
Figure 5. Sample ITC of CP51/46 at 25°C......ccooroeioceearcecceaccnnns 25
Figure 6. Linked termini in CPS51/46........ oo sceaneneenesaaeaass 27
Figure 7. CP51/46 Tetramer [L5]......cco i eiiiteeecccercececescsnccesecsesnssesscenssssesss ...29
Figure 8. Construction of “Nicked Loop” CP streptavidin mutants...........ccceecececrrereruencns 36
Figure 9. Competition curve of CP50/49 vs. S0 M WT ........iiinreecnensiaennes 38
Figure 10. AC, fits for CP50/49 and CP49/48...........o o eeeeeeeeeeeeeececcneenae 39
Figure 11. Eyring equation fits for CP50/49 and CP49/48...........erriiiicnienvcenee 40
Figure 12. Accessible surface vs. Connelly surface..........cocoocieieenevcncinnnciinnieenicaenne 46
Figure 13. Accessible surface area changes in W ..ot 52
Figure 14. Accessible surface area changes in CP51/46. ..........ocoooviecininvcnnncncnnccnne. 53
Figure 15. Equilibrium competition and Eyring transition state fits for D128A............... 60
Figure 16. Superposition of the binding sites for WT and D128A...........cccovrirnuunnnee. 61

iv



LIST OF TABLES

Table 1. Circularly permuted Proteins..........ccccceceeeceecercenserrsenersensssessesnssnnssnessessessessassnsases 8
Table 2. Equlibrium parameters for CP51/46 at 25°C......cumemieeemeieeeeeeeeecsetceecnene. 25
Table 3. Thermodynamic comparison of WT, CP50/49 and CP49/48 at 37°C................. 42
Table 4. Predicted ACp for WT and CP51/46 .. . 51
Table 5. Predicted AC,, for WT and CP51/46, binding site residues only ......................... 54
Table 6. Thermodynamic parameters for D128A at 37°C.....uueerrmmrecreeeeeeeeneene 59



ASA.
AASA

AC

P

CPn/c.

CP51/46

CP50/49

CP49/48

D128A

ITC.

N49

WT.

LIST OF ABBREVIATIONS

Accessible surface area.
Change in accessible surface area.
Change in molar heat capacity.

Circularly permuted streptavidin with new N-terminus at position n and new
C-terminus at position c (using the original wild-type numbering system).

Circularly permuted streptavidin in which the loop is excised by creating
termini at the loop edges.

Circularly permuted streptavidin in which the loop is nicked “downstream”
of N49.

Circularly permuted streptavidin in which the loop is nicked “upstream’ of
N49.

Streptavidin mutant in which Aspartate-128 has been changed to Alanine.
The side chain of D128 normally hydrogen bonds to one of biotin’s ureido
nitrogens.

Isothermal titration calorimetry.

Asparagine-49. A loop residue which hydrogen bonds to the biotin
carboxylate in the bound complex ot wild type.

Wild type recombinant streptavidin, comprising residues 13-139 when
expressed in E. coli.



ACKNOWLEDGEMENTS

The author wishes to acknowledge the assistance, guidance, and patience of his
advisors: Professors Patrick Stayton and Christopher Viney. He would also like to
thank Professor Ronald Stenkamp for assistance and moral support “above and beyond
the call of duty” for a Ph.D. committee member. In addition, thanks go to all the
unofficial teachers and mentors: Cyndi Long, Dr. Lisa Klumb, Dr. Philip Tan, and Dr.
David Hyre.

The work reported here was supported by a generous fellowship from the Whitaker
Foundation and by grants from the National Institutes of Health.

Thanks to all the folks from the Stayton and Vogel groups who made working in lab so
enjoyable; to Stefanie Freitag and Isolde LeTrong for determining all those beautiful
protein structures; to John Gilman, Bruce LeSourd, and Chris Ferris for their entropic
contributions to my research; and to Aurora Graf for making me her high-affinity

interaction of choice.



DEDICATION

The author wishes to dedicate this dissertation to his parents, But-Shee and Grace, for

their enthusiastic and unwavering support of his academic endeavors.



CHAPTER 1: INTRODUCTION

MOLECULAR RECOGNITION

The machinery which has evolved over the millennia to sustain life includes a variety
of proteins whose purpose is to pick out a particular ligand from the myriad of
swarming molecules in the surrounding environment and to hang onto it. The result of
this binding event may be modification of the ligand, triggering of a signaling cascade,
or simple sequestration of the molecule. For many research groups, the puzzle lies in

how said protein is able to recognize and retain a particular ligand above all others.

To dissect the components responsible for creating high-affinity interactions, the
streptavidin-biotin system has been used by several research groups as a model system
for investigating the origins of tight-binding phenomena.[1] Streptavidin is a tetrameric
protein (MW~60000) that binds biotin (vitamin H) with an exceptionally high affinity
for a noncovalent interaction—K,~2.5-10".[2] Each subunit is an 8-stranded,
antiparallel, B-sheet barrel structure that binds one 244 Dalton biotin molecule. The

four subunits are distributed about three, two-fold symmetry axes such that the binding
sites are located in pairs on opposite “sides™ of the tetramer. Streptavidin, when first
expressed in its natural state in Streptomyces avidinii, comprises 159 amino acids.
Post-translational processing usually truncates the protein to 125-127 residues—a form
termed “core” streptavidin which is more soluble but retains binding activity.[3] In the
Stayton laboratory, a synthetic gene coding for 127 residues of “core” streptavidin
(residues 13 through 139) and optimized for expression in E. coli was constructed by
Chilkoti.[4] The protein synthesized from this gene is hereafter referred to in this
document as “wild-type” (WT), and all mutant versions of streptavidin described in
this project are derived from the WT gene.



The specific, tight-binding interaction of the streptavidin-biotin system enjoys
extensive use in a variety of assays and separation schemes because conjugating biotin
to another biomolecule can usually be done without affecting the function of the
target.[5, 6] In addition, the robustness and versatility of the streptavidin-biotin system
has encouraged further exploration of its utility in the areas of cancer therapy(7],
stimuli-responsive polymers(8], and nanotechnology.[9] Thus, aside from the
theoretical interest in understanding the determinants of high-affinity binding, many of
the mutants of streptavidin produced in the course of research may find further

application in biotechnology or medicine.

Figure 1. Streptavidin tetramer



Generation of the highly stable protein-ligand complex appears to depend on three

main components of the streptavidin-biotin system:

e A number of tryptophan residues which surround the binding site. [4, 10,
11]

e An extensive hydrogen-bonding network to the ureido group elements and
to the carboxylate of biotin.[12, 13]

e A flexible surface loop which closes over the binding site when biotin is
present.[14, 15]

The X-ray structure of both bound and unbound streptavidin has been determined
(Figure 1), yet surprisingly little is known about how these components combine to
produce such a strong interaction. [13, 16-18] Investigations into the origins of the
high-affinity in the streptavidin-biotin system would not only increase knowledge of
ligand binding interactions, but also provide landmarks for directed manipulation of the
binding characteristics of streptavidin itself and for rational design of drugs that act as
protein ligands. One approach for studying the streptavidin-biotin complex is to perturb
the system by changing the ligand or by changing the protein. A number of studies
have been done on alternate ligands for streptavidin and in every case, the affinity for
the new ligand is lower than that for biotin—sometimes by many orders of
magnitude.[19-25] In contrast, the only groups who have reported mutagenesis studies
on streptavidin have been our own laboratory and that of Cantor’s group at Boston
University.[26-28] Other approaches to investigating high-affinity binding are
computer modeling of the system[29] and atomic force microscopy (AFM)
experiments wherein the ligand is pulled from the site.[30, 31] There has also been a
report in which computer modeling has been used to simulate the AFM
experiments.[32] No clear picture has yet emerged on the roles of the components of
the system. For example, there is still disagreement over whether the hydrogen-

bonding network or the hydrophobic contacts are the main energetic contributors to the
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interaction. What is clear is that mutations of just one residue in the protein can

drastically reduce the affinity of streptavidin for biotin.

FLEXIBLE LOOPS

A large part of this document focuses on the role of the flexible loop which closes over
biotin at the binding site. Flexible loops are often found near the binding or active sites
of receptors and enzymes and in many cases, undergo a conformational change to a
“closed” position upon ligand binding. Virtually all of the published reports on flexible
loops describe enzyme-substrate systems rather than simple ligand binding (for a
review, see Kempner[33]). In each case, the loop appears to have several possible

roles:[34]

e Stabilization of an intermediate
e Steric retention of the substrate

e Exclusion of snlvent to prevent competing reactions

In triosephosphate isomerase (TIM), the 11-residue binding site loop acts as a “lid” for
the binding site. Since it has no catalytic residues itself, the loop appears to stabilize the
enediol intermediate and prevent its loss into solution.[35-37] Though the crystal
structure of TIM has been solved with a number of ligands{38, 39], there is still debate
over the mechanism responsible for loop closure: At present, proposed mechanisms
include long-range electrostatics[40], coupling to a deprotonation event[36], and

natural motion of the protein on the 100-us scale.[41]

The 13-residue flexible loop of lactate dehydrogenase also acts as a lid for the binding
site. Its role appears to be polarization of the pyruvate substrate and stabilization of the
intermediate. The mechanism for closure appears to be neutralization of positive charge
repulsion between the loop and the binding site by the entry of the negatively charged



substrate.[42, 43] Other enzymes with “lids” at their active sites include adenylate
kinase[44] and ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco).[45]

Glutathione synthetase and dihydrofolate reductase both contain loops which are
disordered in the unbound state (as opposed to the open “lids” on triosephosphate
isomerase and lactate dehydrogenase) and which achieve an ordered, closed
conformation on substrate binding. (This is what is believed to occur in the
streptavidin-biotin system). In the enzymes, the loops are hypothesized to protect the
intermediate from decomposition by water[46] and to stabilize the intermediate
state.[47, 48] Tanaka ez al. have also performed an experiment in which the glutathione
synthetase loop was nicked by proteolysis.[49] They discovered that while catalytic
activity was reduced, both halves of the loop appeared to independently close to protect
the intermediate. In this document, I will report “nicking” of the streptavidin loop

starting at the genetic level.

As biotin does not undergo any sort of chemical change after binding to streptavidin,
the flexible loop of streptavidin must serve some other role. The loop presumably plays
an important role in gating ligand association and dissociation, but their energetic
contributions to molecular recognition remain unclear. The free energy of binding is a

combination of several effects:

1. The enthalpic benefits of burying nonpolar surface area

2. The enthalpic benefits of establishing hydrogen-bond and electrostatic
binding contacts

3. The entropic costs of ordering of loops

4. The entropic benefit of releasing bound water

These costs and benefits must be balanced to obtain optimal binding in the context of
physiological function; higher affinity is not always desirable. In the binding of GroES
to the GroEL chaperonin, it has been suggested that the ordering of the loop generates
an entropy penalty in order to reduce the affinity of the interaction and make it



reversible via ATP hydrolysis.[S0] As one approach to studying the energetic
contributions, one might expect that protein/ligand interactions would have energetic

signatures similar to those associated with protein folding.[51, 52]

Our group has recently reported a crystallographic study of the flexible loop in core
streptavidin.[14] The loop (residues 45-52) is in a closed conformation in the presence
of biotin and in an open conformation in unbound streptavidin (Figure 2). In our
monoclinic crystal forms, residues 49 through 52 are found in a 3,4 helix and the open
conformation is stabilized by a hydrogen bonding interaction between residues 45 and
52. In a tetragonal crystal form, these residues are disordered in the open
conformation.[13] Altogether, there are three hydrogen bonds to biotin mediated by
residues near or in the loop: Ser45 terminates the B-strand leading into the loop and the
side-chain oxygen of this residue is hydrogen-bonded to one of the ureido nitrogen
atoms of biotin; the hydroxyl of Tyr43 donates a hydrogen bond to the ureido-oxygen
of biotin; and the backbone amide nitrogen of Asn49 is hydrogen-bonded to the biotin
carboxylate. My goal in this report is to further investigate the contributions of the

flexible loop through mutagenesis of the loop itself.



Figure 2. Streptavidin binding site loop. Closed position shown in black.

CIRCULAR PERMUTATION

In approximately one-third of the proteins for which structures are known, the proteins
fold in such a way that the N- and C-termini lie in close proximity.[53] Conceivably,
one could then ligate the termini and create a circular version of the protein. As a next
step, one might then cut the protein once anywhere along the circularized chain to
create new termini. This then, is the same result achieved using circular permutation
through post-translational modification of the protein or alteration of the gene sequence
itself.

Concanavalin A is the only protein known to undergo circular permutation by natural
means.[54] It belongs to a family of carbohydrate-binding plant proteins called lectins
and shares both sequence and structural homology to two other members of the group:
favin and pea lectin.[55-59] Through a series of apparent enzymatic steps, the termini
of concanvalin A are joined and the chain is reopened between residues 118 and 119. It



is interesting to note that the DNA sequence homology of Concanavalin A to other
lectins is direct. Only the final amino acid sequence has circularly permuted homology

indicating that the permutation does, in fact, occur post-translationally.

The pioneering work done in 1983 on bovine pancreatic trypsin inhibitor was also
accomplished post-translationally by chemically linking the termini and cleaving the
circularized protein with trypsin.[60] Both the circular and the permuted forms were
found to refold to the native conformation after reduction of the intramolecular
disulfide bonds. Shortly after, Luger, et al. created the first circularly-permuted protein
at the genetic level using phosphoribosyl anthranilate (PRAI) and discovered that it
too, refolded into a conformation nearly identical to the wild-type protein.[61] Since
then, the number of circular permutations has been growing as researchers discover
more proteins to which this treatment may successfully be applied. Some of the
proteins for which CP versions exist are listed in Table 1 and a recent review has been
published by Heinemann.[62]

Table 1. Circularly permuted proteins

Bovine pancreatic trypsin inhibitor[61]
Phosphoribosyl anthranilate[62, 64, 65]
Dihydrofolate reductase[66-68]

T4 lysozyme[69]

Interleukin 18[70]

Aspartate transcarbamoylase[71-73]
Interleukin-4 toxin[74]

B-glucanase H[75]

9. Outer membrane protein A[76]

10. Gp120/HIV-1[77]

11. Glycerol-3-phosphate dehydrogenase[78]
12. a-spectrin SH3 domain{79]

13. B-lactamase[80]

14. yB crystallin[81]

15. Phosphoglycerate kinase[82]

0 NO L H W




CP versions of proteins are interesting since they provide insight into the folding
process for proteins. The success of CP mutants is strong evidence that the N-terminus
of many proteins does not need to fold first and provide the core around which the rest
of the protein chain must fold as it is synthesized. In at least two cases, however,
permuting the sequence does affect the rate of either translation[63] or assembly in the
cell membrane.[64] Thus far, CP mutations have been successful if the new termini are
formed at a surface loop, but proteins have refolded even when the new ends were
created in hydrophobic pockets.[65] Although the permuted proteins closely resemble
the wild-type originals, one difference which has been noted in some cases is that the
permuted protein is thermodynamically less stable than the wild-type. In fact, the
108/107 permutation of E. coli dihydrofolate reductase does not refold without the
addition of ligand.

Beyond the question of protein folding, circular permutation has been applied to
provide other types of structural alterations. One application for circular permutation is
the optimization of fusion proteins. Before, if one member of the fusion was interfering
with the function of the other, the only alternatives were to switch the order, use longer
linkers, or mutate one or both the proteins.[66] Using circular permutation, the termini
of one or both of the proteins can simply be moved to a more convenient location for
the junction which allows free access to the active sites of both members. Luger’s
group also demonstrated that it was possible to generate additional iterations of a
repeatable domain via permutation: In this case, a repeat unit from the C-terminus of
PRAI was duplicated ahead of the N-terminus to create a 10-fold Ba-barrel from the

native 8-fold.

In this document, I will describe yet another set of applications for circular permutation
mutants—removal of a flexible loop without re-ligation of the cut site and genetic
“nicking” of a protein chain. Both sets of mutants will be directed toward revealing the
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energetic contributions of the binding-site loop to the interaction of streptavidin and

biotin.



CHAPTER 2: MATERIALS AND METHODS

The following materials and methods were used extensively in the research described
in this document. The procedures described in this chapter apply to all of the proteins
used; procedures specific to a particular mutant are described later in the Materials and

Methods sections of the respective chapters.

MOLECULAR BIOLOGY

All of the streptavidin mutants were derived from a synthetic gene for core streptavidin
(WT) created in the Stayton laboratory which had been subcloned into the pUC18
plasmid.[4] To create a site-directed mutation, restriction enzymes were used to
remove a segment of the original gene. A synthetic replacement cassette (Integrated
DNA Technologies, Coralville, IA) containing the desired mutation was then ligated
into the gap. The mutant pUC18 plasmids were transformed into a maintenance cell
line—NovaBlue (Novagen, Madison, WI) or TOPI10OF’ (Invitrogen, Carlsbad,
CA)—and the cells were plated onto Luria-Bertani agar supplemented with 100 ug/mL
ampicillin (LB/Amp agar). Colonies confaining the mutant plasmid were identified by
PCR colony screening and the integrity of the mutant streptavidin genes therein was
verified by dye-terminated DNA sequencing. A verified copy of the mutant gene would
then be subcloned into the pET-21a plasmid, which contains the strong T7 promoter,
and transformed into BL21(DE3) cells (Novagen, Madison, WI) in preparation for

protein synthesis.

PROTEIN SYNTHESIS AND PURIFICATION

BL21(DE3) cells containing the mutant pET-21a plasmids were plated on LB/Amp

agar. A 50 mL overnight culture in LB media was grown from a single colony selected
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from the plate. After washing and centrifugation steps to remove waste products and f-

lactamase, the cells were resuspended and used to inoculate 5 L of 2xYT media. Cells

were allowed to grow at 37°C with agitation until mid-log phase as determined by
optical absorbance (Ago = 0.6-1.0). At that point, isopropyl-B-D-thiogalactoside
(IPTG) was added to a final concentration of 1 mM to induce protein synthesis. Cells
were allowed to grow for another 2-3 hours at 37°C and were then harvested by

centrifugation.

Streptavidin and its mutants normally accumulate into densely packed masses called
inclusion bodies when expressed in E. coli under control of the T7 promoter. In this
form, the protein is non-functional, but the inclusion bodies are highly enriched in
streptavidin so that the target protein is, to some degree, pre-purified while in the cell.
To extract these inclusion bodies, harvested cells were lysed using sonication and the
insoluble fractions were collected by centrifugation in a-series of 5-6 cycles of
sonication, centrifugation, and resuspension in a washing buffer: 50 mM Tris-HCI, 200
mM NaCl, 5 mM EDTA, 8% sucrose, | mM phenylmethylsulfonyl fluoride (PMSF),
and 1% Triton X-100 (Triton is present in the first 3 washes only). The extracted
inclusion bodies were solubilized overnight at 4°C in S0 mM Tris-HCl, 6M guanidine
in preparation for refolding and purification. After centrifugation to remove
particulates, the solubilized protein was refolded by dropwise dilution into a 50-fold
volume of refolding buffer: 50 mM Tris-HCI, 100 mM NaCl, 5 mM EDTA, 0.1 mM
PMSF, pH 7.5. Dilution was carried out at 4°C with continuous stirring and the protein

solution was allowed to equilibrate overnight at 4°C.

Refolded protein was concentrated using a stirred ultrafiltration cell (Amicon, Beverly,
MA) and the now-functional protein was purified by affinity chromatography over an
iminobiotin-agarose column (Pierce, Rockford, IL) which takes advantage of the
differential affinity of streptavidin for iminobiotin with changes in pH.[67] All of the
mutants described in this study retained sufficient affinity for purification using this
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method. Protein-containing fractions were pooled and exchanged into a storage buffer
of 50 mM Na,HPO,, 100 mM NaCl at pH 7.0. Further exchanges into new buffers were
accomplished using Slide-a-Lyzer dialysis cartridges (Pierce, Rockford, IL).

CHARACTERIZATION

COMPOSITION, CONCENTRATION, AND MOLECULAR WEIGHT

N-terminal sequencing was performed on an Applied Biosystems Model 477A
Sequencer (Univ. of Washington, Pharmacology). SDS/PAGE analysis was done using
precast Mini-Protean 10-20% gradient gels (Bio-Rad. Hercules, CA). Electrospray
mass spectrometry was performed on a VG Quattro II Tandem Quadrupole Mass
Spectrometer (Univ. of Washington, Medicinal Chemistry). Protein concentration was

determined by absorption using an extinction coefficient (€,5,) of 34000 M™'cm™ for the

subunit.[68] Since no alterations to the tryptophan, tyrosine, phenylalanine, or cysteine
content of streptavidin were made in any of the mutations, this value was used to

determine the concentration for all of the mutant proteins.[69]

ISOTHERMAL TITRATION CALORIMETRY

Isothermal titration calorimetry (ITC) experiments were done using a Calorimetry
Science Corporation 4200 Calorimeter (Provo, UT). Protein solutions of 30-40 uM
concentration were titrated by the addition of 20 x 5 pL aliquots of 750 uM biotin
dissolved in the same buffer as the protein. All ITC experiments were done in either
phosphate (50 mM sodium phosphate, 100 mM NaCl, pH 7.0) or Tris (50 mM
Tris-HCI, 100 mM NaCl, pH 7.0) buffers. Biotin stock solutions at 15 mM
concentration were created using an electrobalance for weighing out biotin to 0.01 mg

accuracies.
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Integration of the injection peaks in the isotherm was accomplished using the
proprietary Dataworks™ software supplied by Calorimetry Science Corporation with
the instrument. Further analysis was performed using the Igor Pro software package
(Wavemetrics, Lake Oswego, OR). The average heat of mixing for each injectiom, as
determined from post-titration dilution peaks within each isotherm, was subtracted
from the reaction heats before data analysis. Nonlinear, least-squares fitting of the data
to an equation describing noncooperative binding allowed the number of binding sites
(n), association constant (K,), and binding enthalpy (AH®) to be determined assuming
one binding site per subunit.[70]

Q (V%_H) +Q(-1-PrnK, ~K,L;)+ (P VAHDK L) =0
Q: Cumulative heat of reaction

V: Reaction volume

P;: Total concentration of protein available for binding

L;: Total concentration of injected ligand

By rewriting this equation as the solution for the quadratic in terms of the cumulative
heat, Q, we may plot Q against the total ligand concentration, L, and fit the data using
n, K,, and AH" as fitting parameters.

OFF-RATE ASSAY

The off-rate (k) of biotin from the mutants was determined using a radiometric
competition assay originally reported by Piran and modified in our lab to take
advantage of new ultrafiltration technology.[10, 71] In a sodium phosphate solution (50
mM NaH,PO,, 100 mM NaCl, pH 7.0), streptavidin at 50 nM concentration was pre-
loaded with 10 nM tritiated biotin (*H-biotin). At the beginning of the experiment, non-
tritiated biotin was introduced into solution to a final concentration of 50 pM.
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Sampling intervals were chosen so that each experiment would span 3 to 4 half-lives.
The dissociated H-biotin at each time point was immediately separated from the
protein via centrifugation through Microcon-10 filters (Amicon, Beverly, MA) at 3.2°C
in a microcentrifuge (Eppendorf, Beverly, MA) at maximum speed (14000 rpm). The
total spin time including acceleration and deceleration of the rotor was 47 seconds. The
amount of dissociated *H-biotin was determined by adding 30uL of the filtrate to SmL
EcoLume scintillation cocktail (ICN Pharmaceuticals, Costa Mesa, CA) and using an
LS-7000 liquid scintillation counter (Beckman, Fullerton, CA) to measure the counts

(1-minute collection times).

The dissociation rate for the release of biotin from streptavidin was calculated from a
plot of the logarithm of the fraction of biotin bound versus time according to the
integrated expression for a first-order reaction. Since the actual quantity measured in
this experiment is the amount of dissociated biotin at each time point, the equation is

rewritten as follows:

InXiouna = -Koat
m(gm;q) g
Crun "Co

Cj.: the count for the original 10 nM *H-biotin solution (full scale)

C,: the count of dissociated *H-biotin in the sample at each time point

C,: the count of dissociated *H-biotin in the protein-biotin solution before the
addition of non-tritiated biotin (baseline)

From the off-rate values at the several temperatures, the transition-state enthalpy, AHF,
and entropy, AS*, may be determined from a fit of the Eyring equation:

k,T —(AH* -TASY)
Ko =_:1—exl{ RT
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kg: Boltzmann’s constant
h: Planck’s constant
R: Gas constant

EQUILIBRIUM COMPETITION ASSAY

A radiometric assay was developed by Klumb to measure the thermodynamic free
energy alterations for the mutants relative to wild type.[12] Using a wild-type mutant
with an additional six histidines (WT-Tag) to enable separation over nickel resin (Ni-
NTA. Qiagen. Chatsworth, CA), the partitioning of *H-biotin between the two proteins
can be determined at equilibrium after removal of WT-Tag. Control assays of wild-
type versus WT-Tag indicate that the addition of the histidine tag does not change WT-
Tag’s affinity for biotin. A complete competition curve is generated by varying the
concentration of a non-tagged mutant streptavidin of interest, keeping the
concentrations of the WT-Tag and *H-biotin constant, and determining the amount of
3H-biotin bound to the non-tagged streptavidin after equilibration. *H-biotin (21 pM,
Amersham, Chicago, IL) was added to a final concentration of 20 nM to mixtures of
the WT-Tag (50 nM) and the mutant in phosphate buffer, pH 7. Imidazole (20 mM)
was added to minimize any non-specific adsorption of the mutant that might result
from the presence of the two native histidines (H87 and H127) in each monomer. The
proteins and ligand mixtures were equilibrated over several half-lives for the wild type
streptavidin-biotin dissociation rate (z,, is 4.5 hours at 37 °C) with typical incubation
times of 24 hours at 37°C. After equilibration, the WT-Tag streptavidin was removed
by batch incubation for 1 hour with 50 pl of a 50% slurry of washed Ni-NTA resin.
The mixture was then cleared extensively via centrifugation. The supernatants were
collected, boiled in 5% SDS to liberate bound *H-biotin, and assayed for radioactivity.
Under these conditions, 98% of the WT-Tag streptavidin was removed from solution
by the Ni-NTA resin and nonspecific binding of the mutant streptavidin to the resin
varied between 2 - 5%. A negligible amount of *H-biotin, in the absence of
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streptavidin, was found to bind to the Ni-NTA resin, and in the presence of protein the

free *H-biotin was less than 3% of the total ligand concentration.

From the expressions for the equilibrium constants for mutant and WT-Tag binding to
streptavidin and the mass balance equations, we may derive the following equation
assuming that the concentration of *H-biotin is insignificant (this is verified in each

experiment):

R-D[CL+ (Ly+ Cr+ R(Py - L)[CL] - L; C; =0

R: ratio of competitor K, to WT-Tag K,
[CL]: concentration of competitor-biotin complex

L., Cr, P;: total concentrations of biotin, competitor, and WT-Tag

As this has the form of a quadratic, we may rewrite it in the form of the equation that
solves for [CL]. L and P are fixed. [CL] may be plotted against C; with R as the sole

fitting parameter:

~(L; +C; +R@p ~L)W(Lr +C; +RPr = Lp)* ~4R -1DL:C;
2R -1)

[CL] =

A non-linear least squares fit of the data is performed to determine the ratio of

dissociation constants.

DIFFERENTIAL SCANNING CALORIMETRY

Samples for differential scanning calorimetry (DSC) were prepared in the same manner
as those for ITC. Briefly, a 25-30 uM solution of the protein of interest in phosphate
buffer was degassed and injected into the DSC sample chamber. The buffer without
protein was injected into the reference cell. Both solutions were placed under 2.80

atmospheres of pressure and subjected to 2-3 heating/cooling cycles over the
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temperature range of 0-110°C. The heating and cooling rate was 1°C/min. Data
processing and extraction of the melting point were accomplished using the supplied

software from Calorimetry Sciences Corporation.



CHAPTER 3: BINDING SITE LOOP DELETION

INTRODUCTION

By creating a circular permutation of streptavidin, we were able to excise the binding
site loop to gauge its relative contribution to the creation of the high-affinity complex.
Generation of circularly permuted proteins provides an experimental means of
investigating the biophysical consequences of loop removal on ligand binding in ways
not available using traditional deletion mutants. Circular permutation allows loop
removal without re-ligation of the protein chain since the cut ends simply become the

new N- and C-termini of the mutant.

Circularly permuted proteins have been used previously to investigate the protein
folding problem, and naturally occurring circularly permuted proteins have been
identified.[1, 60-62] Prior crystallographic studies have shown that circular
permutation does not perturb the overall folding of many proteins. In nature, the
structure of concanavalin A[58] is very similar to that of pea lectin [56] and favin[57]
even though the amino acid sequences of these proteins are circularly permuted. Recent
structural studies of five artificially permuted proteins—two variants of jellyroll
proteins [72], two mutants of a-spectrin SH3 domains{73], and a circularly permuted B-

lactamase[74]—have shown that the overall folding of these molecules is conserved

when compared to the non-permuted proteins.

We have used circular permutation to remove the loop while leaving free N- and C-
termini at the site of excision to provide insight into the energetic contribution of

flexible loops to ligand association.
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MATERIALS AND METHODS

GENE CONSTRUCTION

A47-50. The description of the design and construction of this mutant is included for
completeness: After the initial successful expression and purification of what appeared
to be the correct deletion mutant, I was unable to correctly express and refold the
protein again despite dozens of attempts over a period of two years. Perhaps my
successor in this project will find the key to reclaiming this protein. A47-50 is a
conventional deletion mutant in that it involves simple removal of residues 47, 48, 49,
and 50 from the wild-type streptavidin sequence. The resultant protein has a new
connection from residue 46 to residue 51 in its backbone. The mutation was created by
cassette replacement between the Kpnl and Xbal sites of the wild-type streptavidin
gene in the pUC18 cloning plasmid. The replacement cassette for A47-50 was designed
to eliminate the Kpnl site upon ligation to allow for quick restriction screening to
distinguish mutant genes from those of the wild-type. After confirmation of the desired
mutations by restriction screening and DNA sequencing, the A47-50 gene was

transferred to the pET-21a plasmid for expression.

Tandem Gene. Foliowing the example of Horlick, er al, I first designed a genetic
construct to act as a template from which all circular permutations of streptavidin could
be made via a single PCR mutagenesis step with a pair of the appropriate primers. The
template is a tandem gene—a single gene that codes for a complete copy of
streptavidin, followed by a linker sequence to join the old N- and C-termini, followed
by yet another complete copy of streptavidin.[75]
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Figure 3. Tandem gene construction schematic

The gene was constructed in two halves from the wild-type streptavidin gene using
PCR mutagenesis. Four primers (A, B, C, and D) were used pairwise to generate each
half of the tandem gene. The first half (fragment AB) codes for the wild-type gene with
a new linker sequence attached to the end. This linker sequence codes for an additional
four amino acids, Gly-Gly-Gly-Ser, that act as a flexible bridge between the old N- and
C-termini of streptavidin. The codons immediately preceding this linker sequence were
modified to generate two unique restriction sites (Nhel and Sacll) without changing the
amino acid sequence. The Nhel restriction site would later be used to join the halves of
the tandem gene. The second half (fragment CD) has the flexible linker, with its
associated restriction sites, at the beginning of the gene instead of at the end. Both
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fragments were generated in separate PCR mutagenesis reactions, ligated separately
into pT7Blue plasmids, and transformed into HB101 cells. The DNA sequences of
each set of fragments were checked against our expected sequences to confirm that no
errors had been introduced during the PCR reaction. The CD fragment was excised
using the Nhel and HindlIII restriction enzymes and inserted at the end of the AB
fragment which was still in its pT7Blue plasmid. This completed construction of the

tandem gene. It, too, was checked using DNA sequencing for errors.

CP51/46. The first permutation to be made from this template was designed to
eliminate the central residues of the binding site flexible loop. Residues 46 and 51 were
chosen to be the new termini because‘the penultimate residues, 45 and 52, were both
serines that were hydrogen-bonded back to the main body of the protein in the X-ray
structure. By having “anchors” just before the termini of the permuted protein chain,
we hoped to keep the conformation of the backbone on either side of the missing loop

as close as possible to that of the wild-type streptavidin.

To create a circular permutation from the tandem gene, a pair of new DNA primers had
to be made. Primer 1 is designed to anneal starting at residue S1 of the AB fragment of
the tandem gene and to add an Ndel site to the beginning of the final PCR product. The
antisense primer, Primer 2, is designed to anneal at residue 46 of the CD fragment and
to add stop codons and a HindllI site to the end of the product. PCR mutagenesis
produces a fragment that starts at residue 51, continues through the linker joining the
old N- and C-termini, and finally ends at residue 46. The result is a gene that codes for
permuted streptavidin, but lacks the four residues that make up the loop and places its
new termini at the resulting gap. To indicate where the new termini are located, the
mutant is labeled CP51/46. In this style of nomenclature, "CP" indicates a circular
permutation and "51/46" indicates that the new N-terminus is where the original
residue 51 was, and that the new C-terminus corresponds to residue 46 of the wild-type

structure.
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Figure 4. CP51/46 gene construction from tandem gene

PROTEIN SYNTHESIS AND PURIFICATION

CP51/46 was expressed under the control of the T7 promoter and purified as described
in Chapter 2 of this document. No unusual measures were necessary to obtain adequate

amounts of concentrated, purified CP51/46.

ISOTHERMAL TITRATION CALORIMETRY

To determine the AH® for the binding of biotin to CP51/46, samples were titrated with
biotin on a CSC4200 Calorimeter (Calorimetry Sciences Corporation. Provo, UT) at
25°C. A 1.00mL solution of 10.7uM (subunit concentration) CP51/46 was titrated with
20 x 6uL injections of 250uM biotin. After adjusting for the heat of mixing as
determined from the peaks measured after full titration, the AH® was determined by
non-linear, least-squares fitting of the titration curve using the Bindworks software
package. Since the K, value fell in the range 10°-10°, a reliable estimate of the binding

constant was also extracted from the isotherms via the same fitting function.
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X-RAY CRYSTALLOGRAPHY

Creation of the protein crystals, collection of diffraction data, and refinement of the
protein structure were performed by S. Freitag and L. Le Trong as part of our
collaboration with the Biomolecular Structure Center. The details of the methods used

are described in a separate publication.[15]

SURFACE AREA ANALYSIS

The ASAcalc program was used to calculate accessible surface areas for bound and

unbound CP51/46.[76] The results are discussed in Chapter 5 of this document.

RESULTS

PROTEIN SEQUENCE

The CP51/46 mutant has an unprocessed N-terminal methionine as demonstrated by
high resolution electrospray mass spectrometry and N-terminal sequencing. The
potential contributions of this residue must be considered. It is, however, disordered
and not observed in the crystallographic structures for either the biotin-bound or
unbound states.

THERMODYNAMICS OF BIOTIN BINDING TO CP51/46

Isothermal titration calorimetry was used to characterize the thermodynamic

consequences of deleting residues 47 through 50 of the flexible loop (Figure 5).



[ <
sef
s3f .50 -
g szf- ‘3
= ‘e 1 -4
E osl e [o]o]
< s
2 s} 3
= -150
LU
. v -200 -r
L L L
12 14 1&10” 5 ; To 1IS z:a

Time (x10%s)

Injection number

Figure 5. Sample ITC isotherm (left) and independent binding site fit (right) of
CP51/46 at 25°C used to determine K, and AH®

From the K,, AG® can be calculated according to the equation: AG® = -RTInK..
Knowing AG® and AH® allows the calculation of TAS® from AG® = AH°-TAS® (Table

2).

Table 2. Equlibrium parameters for CP51/46 at 25°C

Wild-Type _ CP51/46
K, (M*)* 25108  (2.3:0.4)10°
AG® (kcal/mol) -18.3 -10.0£0.1
AH®(kcal/mol) 249+04  -13.820.8
TAS® (kcal/mot) -6.6:0.4  -3.8207
AC, (calfmolK)®  -345%12 -95+29

* K, value for WT from Green, 1990
® AG, value for WT from Freitag, 1998

WT streptavidin displays a K, that has been estimated to be 2.5 x 10" M, and we have
previously determined the standard binding enthalpy to be -24.9 kcal/mol at 25°C.[2,
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10] Using the estimated K, and associated standard Gibb's free energy, the TAS® term
for wild-type streptavidin would then be -6.6 kcal/mol at 25°C. With the CP51/46
mutant, the K, for biotin is reduced approximately six orders of magnitude to 2.28 x
10" M (AG® = -10.0 kcal/mol) at 25°C. The association of biotin is still enthalpically
driven with a AH® of -13.8 kcal/mol and the TAS°term is -3.8 kcal/mol at 25°C. The
enthalpy values in both phosphate and Tris buffers are within experimental error of
each other, suggesting that protonation effects are not significant in the mutant despite

the introduction of charged termini at the binding site.

The change in heat capacity was also measured for CP51/46 to provide further
thermodynamic insight into the role of the loop. The AC, was significantly less
negative at -95 + 29 cal/mol-K compared to the value of at -345 cal/mol-K for wild-
type streptavidin. This alteration is qualitatively consistent with the expected decrease
in surface area buried in the CP51/46 bound state after loop deletion. Previous analysis
of the avidin-biotin system by Spolar and Record suggested that AC, for biotin
association is dominated by the folding of the loop residues.[52]

X-RAY STRUCTURES OF CP51/46
The crystal structure of unbound CP51/46 was determined at 2.0 A resolution.
Comparisons of the overall fold of the CP51/46 tetramer with other core-streptavidin

structures indicate no major differences: Least squares fits of the B-sheet C, atoms of

CP51/46 tetramer onto the monoclinic wild-type structures (PDB files: 1SWA, 1SWB,
1SWC) result in rms distances (RMSDs) between the C,, atoms of 0.3 A in all cases. Fits

performed by mapping only one subunit at a time (rather than the entire tetramer) give
RMSDs of 0.2 A for the fitted subunit and values in the range of 0.2 to 1.0 A for the
other three. Superpositions of the four individual CP51/46 subunits onto each other
show no significant differences (RMSDs=0.2 A).
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The crystal structure of the biotin-bound complex of CP51/46 was also determined and
was refined at 1.8 A resolution. Electron density for biotin was clearly defined for all
atoms in biotin. The results here also suggest a very high degree of similarity with the

original wild-type structure: The RMSD after superposing 4 x 65 C, atoms of the

CP51/46-biotin complex on the wild-type-biotin complex structure is 0.3 A. Rotation
of the wild-type tetrameric complex onto that of CP51/46 based on superposition of
only one subunit, gives RMSDs of 0.2 to 0.3 A for the fitted subunit and 0.3 to 0.7 A
for the other three subunits.

Ay
EAR A

.

Figure 6. Linked termini in CP51/46
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While the overall structure of CP51/46 is the same as that of wild-type streptavidin,
there are structural changes at the two regions where the protein was specifically
altered. The first is located at the site of the original termini: All of the residues
comprising the original chain ends and the new linking sequence between them are
ordered and clearly visible in two of the four subunits of the unbound CP51/46
tetramer. Residues 13 to 15 and 134 to 139 have been disordered in other monoclinic
wild-type structures[14], but here they can clearly be identified along with the four new
residues—Gly140, Glyl41, Glyl42, and Serl43. The ordering of two of the four
connecting loops appears to be due to packing interactions in the crystal form;
presumably, all of the loops would remain disordered and flexible in solution. The
linking loops are not visible in any of the subunits of the bound CP51/46 structure. As
this is clear evidence of the union of the original chain termini, we are confident that

the protein was successfully permuted.
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Figure 7. CP51/46 Tetramer [15]

The second structural change occurs at the binding site where we had planned to excise
the flexible loop. Three residues at the new N- and C-termini are disordered in the
unbound structure and unobserved in electron density maps. The N-terminal
methionine is not seen in the electron density of either the unbound or bound forms
(despite the presence of a relatively heavy sulfur atom in the side-chain) indicating that
the residue is highly mobile. Residues Glu51 and the C-terminal residue Ala46 are also

mobile and invisible in electron density maps. The first observed terminal residues are
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Ser52 and Ser45, which show distinctly higher B-values for main- and side-chain

atoms than are found in the rest of the structure.

A comparison of unbound CP51/46 in this region with unbound wild-type structures
reveals a great deal of similarity. One of the key differences between the unbound and
complexed structures of wild-type streptavidin is the breakage of a hydrogen bond in
the B-sheet structure which flanks the loop upon biotin binding.[14] The last B-sheet
hydrogen bond in the wild-type unbound state between strands 3 and 4 is the one from
the nitrogen of Ser45 to the carbonyl oxygen of Ser52. This interaction is also observed
in unbound CP51/46. In wild-type-biotin complexes, this hydrogen bond breaks and is

accompanied by the formation of a hydrogen bond between Ser45 Oy and the ureido

nitrogen atom of the bound biotin. In the complexed CP51/46 structures, this set of

events also occurs.

In all four subunits in the CP51/46-biotin complex, electron density for biotin was
detected in the same orientation as in the wild-type biotin complex. The only
differences in the hydrogen bonding patterns are omissions arising from deletion of the
loop residues. In the wild-type complex, one of biotin’s carboxylate oxygen atoms is
hydrogen bonded to the amide of Asnd49, but the deletion of the binding loop removes
this interaction. All other first shell hydrogen bonds are very similar to those found in
the wild-type complex. The second shell of hydrogen bonds is disturbed by the deletion
Val47 which normally interacts with Ser45 in the wild-type protein.

The flexible linker joining the “old” termini (13 and 139) exhibited order along its
entire length and apparently forms a large number of hydrogen bonds with adjacent
subunits in the crystal. The X-ray structure clearly shows that the previous set of
termini are now part of the protein backbone which strongly suggests that the new
termini have, in fact, been moved to the positions of residues 51 and 46. There was

some worry that since full-length streptavidin (with its complete N- and C-terminal
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sequence) has a tendency to aggregate, that putting a linker between the old termini
might re-create that tendency.[77] Given the solubility and refolding characteristics of
the CP51/46 mutant, this does not appear to be the case.

DISCUSSION

Flexible loops near active sites or binding sites have been seen to provide a variety of
enhancements to the association of protein and ligand. In many cases, they act as gates
that open to optimize substrate/ligand association and close upon binding to prevent
solvent access and to form bonding contacts that minimize dissociation. Much of the
work with flexible loops has been conducted in the context of enzymatic catalysis,
where site-directed mutagenesis and crystallographic studies have probed their
contributions to various states in the turnover cycle. The detailed thermodynamic
contributions of flexible loops to small molecule recognition, however, have not been
well studied. Few analyses discuss the loops’ roles in terms of the free energy
breakdown into enthalpic and entropic components. One theoretical consideration of
flexible loop closure in the avidin-biotin system predicted that the energetic signature
of biotin binding should resemble that of protein folding since the process involves the
partitioning of several loop residues from a solvent exposed state to a bonded, non-
exposed state.[52] We have used a circular permutation approach to delete the
streptavidin flexible binding loop in a manner not previously reported in the literature
and studied both the structural and the thermodynamic consequences.

In the case of CP51/46, the circular permutation approach leaves free ends at the base
of the flexible loop rather than the peptide connection left with standard deletion
techniques. Comparison of the wild-type and circularly permuted streptavidin
structures demonstrates that there are no significant quaternary changes introduced by
the loop deletion. Similarly, the introduction of the residues joining the native N- and
C-termini does not affect the structure of the tetramer. As this engineered connector is



32

observed only in subunits where the loop is involved in crystal packing interactions, it

is assumed that the connector is disordered in solution.

A detailed analysis of the CP51/46 biotin-binding residues demonstrate that the
conformations of all of the direct hydrogen bonding and aromatic contacts are
indistinguishable from wild-type in both the unbound and complexed states. A
remarkable feature of the CP51/46 structural analysis is the retention of coupled
hydrogen bonding alterations in the loop hinge points upon biotin association that are
seen in wild-type. A previous crystallographic analysis of the flexible loop showed that
the open conformation is stabilized by a B-sheet hydrogen bonding interaction between

Ser-45 of the B-strand leading into the loop and Ser-52 of the B-strand leading out of

the loop. This hydrogen bond is broken in the closed conformation as the side-chain
hydroxyl of Ser-45 moves into position to hydrogen bond to a ureido nitrogen of biotin.
That this structural alteration between Ser-45 and Ser-52 is preserved in the loopless
CP51/46 mutant implies that the formation of the Ser-45 side-chain hydrogen bond to
biotin may drive the conformational closure of the loop rather than vice versa. The
overall conservation of structure between wild-type and CP51/46 suggests that any
thermodynamic changes that are observed should attributable primarily to effects

arising from the deletion of the four loop residues in CP51/46.

Even though almost all of the direct binding contacts to biotin are retained, the
CP51/46 mutant displays a dramatic decrease in affinity of approximately six orders of
magnitude when compared to wild-type. This reduction in binding free energy is driven
by a large decrease in the binding enthalpy (AH®) which is lowered from -24.9
kcal/mol to -13.8 kcal/mol at 25° C. Qualitatively, it could be hypothesized that loop
removal would result in a decrease in binding enthalpy since the N49 hydrogen bond to
the biotin carboxylate is deleted along with any potential van der Waals interactions of
residues 47 through S0. Nevertheless, the loss of four residues—only one of which

appears to make direct contact with biotin—would not be expected to create such a
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large (11.1 kcal/mol) change in the binding enthalpy. Examination of the CP51/46-
biotin complex crystal structure reveals what a purely thermodynamic analysis would
not have predicted: Residues 46 and 51 are also disordered in the bound state as a
result of the loop deletion. Perhaps part of the large enthalpy change may be explained
if the net effect of the mutations more closely resembles the removal of six residues
(46-51) rather than four. The mobility of Ala-46 and Glu-51 may effectively create a
much larger “window”” over biotin when it is in the binding pocket.

With the removal of most of the loop, one might also predict that the binding entropy
change would become less negative due to the reduction in configurational entropy
penalties associated immobilizing all of the loop residues upon closure. The magnitude
of this entropic effect might be tempered somewhat if the newly introduced chain
termini were immobilized on biotin binding, but this does not appear to be the case. If a
K, of 10" is assumed, then the TAS term is less negative by about 3 kcal/mol at 25° C
indicating that the entropic costs of binding the ligand have been reduced. However,
this value is strongly dependent on the widely-accepted value for K, of 2.5 x 10"
determined by Green[2]—a value that has not been independently confirmed in the
literature or in our lab due to the difficulties of obtaining accurate values for high-
affinity binding constants. A K, which was higher by a factor of 100 (10') would leave
an unaltered TAS® term and allow interpretation of loop deletion effects in terms of the

enthalpic consequences only.

CONCLUSION

We have used the technique of circular permutation to investigate the thermodynamic
contribution of a flexible loop to the high-affinity streptavidin-biotin complex. The
binding lodp was removed while retaining the original conformation of the streptavidin
tetramer as demonstrated by X-ray diffraction. The result was a drastic reduction in
binding affinity which appeared to be driven mostly by a reduction in the magnitude of
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the binding enthalpy. While this mutant demonstrates the importance of the binding
loop to the creation of a high-affinity interaction between streptavidin and biotin,
further experiments need to be performed to clearly define how the loop accomplishes

its role in keeping biotin tightly bound.



CHAPTER 4: BINDING SITE LOOP DISCONTINUITY

INTRODUCTION

To further probe the role of the flexible loop, two mutants—CP50/49 and
CP49/48—were created to generate discontinuities in the loop on either side of
Asparagine-49 (N49). Residue 49 is hydrogen-bonded to a carboxylate oxygen of
biotin in the bound complex via the main chain nitrogen. By cutting the loop at
position 49, we are testing the hypothesis that the hydrogen bond of N49 is in some
way responsible for maintaining the closed position. If this is true, then whichever half
of the loop contains residue 49 should be able to achieve the closed position when
biotin binds, and the other half should remain disordered. If, on the other hand, it is the
breaking of the Serine-45 to Serine-52 hydrogen bond that nucleates loop closure, then
we may see full or partial ordering of the loop halves regardless of which half contains
residue 49. Since the wild-type N49 hydrogen bond is from a main chain atom rather
than a side chain atom, a third possibility is that we might see a different loop residue
form a main-chain hydrogen bond to biotin as the pieces of the loop achieve a new

equilibrium position in the bound state.

In the literature on flexible loops, there is only one study of loop function investigated
by nicking of the loop. The binding site loop of dihydrofolate reductase was nicked
using a protease: The separate ends of the nicked, binding-site loop appear to close
independently so that, even though the catalytic ability of the enzyme is compromised,
the reaction intermediate is still protected from decomposition by water.[49] Similar
behavior is possible in the streptavidin-biotin system if van der Waals interactions on

both halves of the loop are responsible for creating the closed conformation.
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MATERIALS AND METHODS

GENE CONSTRUCTION AND PROTEIN EXPRESSION

The genes for CP50/49 and CP49/48 were designed and constructed with the help of
Saurabh Gupta and Cyndi Long. Both genes were created from the tandem streptavidin
gene described in Chapter 3 using PCR mutagenesis.
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Figure 8. Construction of “Nicked Loop” CP streptavidin mutants

Protein synthesis was carried out using the T7 promoter system in BL21(DE3) cells
(Novagen. Madison, WI) as previously described in Chapter 2. Both proteins expressed
and refolded in a manner similar to that of wild type. Both mutants also retained
sufficient binding affinity to allow purification over an iminobiotin column (Pierce.
Rockford, IL).
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PROTEIN CHARACTERIZATION

Mass spectrometry and radiometric assays for kinetic and equilibrium thermodynamic
parameters were performed as described in Chapter 2. Isothermal titration calorimetry
experiments were performed as before with one change: The sample cell is completely
filled with protein solution before the addition of titrant. This removes the air space
above the sample and produces isotherms with much better signal-to-noise ratios. The
data analysis procedure was altered to correctly reflect the new, constant-volume

experimental conditions.

RESULTS

Electrospray mass spectrometry results indicate that while the CP50/49 mutant
expressed correctly, the CP49/48 mutant still retains its initiating methionine. The
expected molecular weight of both CP mutants was 13529. For CP50/49 the
experimental value was 13530 and for CP49/48, 13656. The difference between
expected and observed molecular weights in CP49/48 is exactly accounted for by the
addition of a methionine residue at the N-terminus. Therefore, CP49/48 has a binding
site loop which is not only discontinuous, but which also contains an extra residue just
ahead of position 49. Interpretation of the effects of nicking the loop in CP49/48 would
be confounded by possible effects from the addition of the methionine. The effect of a
net addition to the binding site loop cannot be fully appreciated until a biotin-bound
structure of CP49/48 is determined and the involvement (if any) of the extra
methionine in the binding process ascertained. SDS-PAGE analysis of the purified
proteins indicated electrophoretic mobility for both mutant tetramers and monomers

virtually identical to those of wild-type streptavidin.

In both CP50/49 and CP49/48, the enthalpy of binding (AH®) has been reduced in
magnitude by 7.5-8.0 kcal/mol at 37°C. Additional experiments on CP50/49 reveal
that the binding affinity (K,) has decreased by a factor of 417 from the wild-type value
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which translates into a 3.7 kcal/mol reduction in the magnitude of the free energy of
binding (AG®). From the free emergy relationship, AG°=AH°-TAS°, we have
determined that these changes are accompanied by a 3.8 kcal/mol reduction in the

entropic penalty associated with forming the complex.
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Figure 9. Competition curve of CP50/49 vs. 50 nM WT

ITC experiments over the temperature range 10°C-37°C reveal that the changes in heat
capacity for CP50/49 (-145 cal/mol-K) and CP49/48 (-166 cal/mol-K) are not as steep
as the wild-type value (-345 cal/mol-K). Differential scanning calorimetry of CP50/49
further reveals a surprising result: The melting point of CP50/49 (87°C) is higher than
that of WT (79°C).
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Figure 10. AC, fits for CP50/49 and CP49/48

Transition state analysis of CP50/49 and CP49/48 uncovers more alterations to the
binding reaction. In both mutants, the dissociation rate (k,) of biotin has increased.
The off-rate for CP49/48 is faster than that of CP50/49 at all temperatures and
approaches the resolution limit of our radiometric assay at 25°C (Figure 10. The poor
fit of the 298K point is likely to be an artifact of the assay as sampling times approach
the half-life of biotin dissociation). For CP50/49, the k,,, when extrapolated to 37°C, is
predicted to be 811 times faster than WT; for CP49/48, approximately 10000 times
faster. The lowering of the dissociation barriers is, in contrast to the decrease in
affinity, entropically driven rather than enthalpically driven. Both mutants exhibit an
increase in gained entropy during biotin dissociation as compared to WT. For CP50/49,
the difference is 3.2 kcal/mol, and for CP49/48, preliminary experiments estimate the
additional entropic gain to be about 14.7 kcal/mol. CP50/49 retains the WT value for
the enthalpic barrier to dissociation; CP49/48 has a compensating increase in AH?
which may be the result of interactions with the extra methionine on the biotin exit

pathway.
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Figure 11. Eyring equation fits for CP50/49 and CP49/48 from k. data obtained
at different temperatures.

DISCUSSION

The role of flexible loops near binding sites has previously been studied in the context
of enzymatic reactions where they have been seen to enhance catalysis either by
bringing reactive side chains into proximity or by retaining and protecting reaction
intermediates. In the streptavidin-biotin system, the binding site loop also achieves an
ordered, closed conformation upon biotin binding. In this case, there is no reaction and
no unstable intermediate to protect so the role of the loop is less clear. We may

postulate two possible roles for the loop:

1. Enhancement of binding enthalpy through additional hydrogen-bonds
and van der Waals contacts.

2. Increasing the barrier to dissociation through steric retention of
biotin.
If these hypotheses hold true, then the thermodynamic signature expected from
removal of the loop would be reduction of binding enthalpy and an increase of
dissociation rate. In the CP51/46 mutant where most of the loop is removed, this is
exactly the signature which is observed.[15]
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There remain, however, additional questions regarding the loop which could not be
answered by deletion. For example, the enthalpic/entropic balance of the dissociation
barrier could not be determined in CP51/46. Also, while the entropic penalty for
binding was reduced by 2.4 kcal/mol, can that difference be assigned on a per residue
basis to the segment which no longer needs to be ordered? To answer these questions,
we created two more circular permutations of streptavidin in which the loop was cut on

either side of a putative anchor point—N49.

CP49/48

Unfortunately, the initiating methionine remains on CP49/48 which complicates the
analysis. The few experiments on CP49/48 imply equilibrium parameters very similar
to those of CP50/49 including nearly identical values of AH®. Although a relative K,
has not been determined for CP49/48, the shape of its ITC isotherms suggests a K, very
close to that of CP50/49 as well. The preliminary transition state analysis of CP49/48
indicates that it has markedly different kinetic behavior though. The values of AH* and
ASt appear to be much larger than those of either WT or CP50/49 implying a
significant change in the dissociation pathway. This may be due to hydrophobic or
steric contacts with the extra methionine on the exit pathway. To remove the
confounding effect of the methionine, it would be more appropriate to study a CP49/48
variant with a mutation at position 49 to promote removal of the initiating
methionine—to alanine, glycine, proline, or serine, for example.[78] Since the N49
hydrogen bond to biotin is from the main chain nitrogen rather than the side-chain, the
potential for re-forming the position 49 hydrogen bond to biotin remains even though

other effects may arise from the mutation to an amino acid other than asparagine.
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Table 3. Thermodynamic comparison of WT, CP50/49 and CP49/48 at 37°C

Parameter WT CP50/49 CP49/48
K, ratio (MUTANT:WT) — 417+14 —_
AAG® (kcal/mol) — +3.7+0.1 —_—
AAH?® (kcal/mol) —_ +7.6+0.1 +7.9+0.1
TAAS® (kcal/mol) — +3.8+0.1 —

AC, (cal/mol-K) -345+12 -145+3 -166%3
Toretting (°C) 79 87 —

k. (sT 2.9-10° 0.024 0.33
AG?¥ (kcal/mol) 246 20.5+0.9 18.8+x1.3
AH* (kcal/mol) 304 29.5+0.4 39.3+0.6
TAS? (kcal/mol) 5.8 9.0+0.5 20.5+0.7

CP50/49

Complete thermodynamic and kinetic characterization of the CP50/49 mutant reveals
that a nicked binding site loop still retains partial function when compared with the
deleted loop of CP51/46. The nature of this function is manifested in a reduction of the
magnitude of enthalpy for the binding reaction with no change in the enthalpic
component of the dissociation barrier. This implies that the loop is already open and
does not contact biotin in the transition from bound to unbound states, but that it does
contribute to the stability of the bound complex. The entropic penalty for binding
biotin is lower than that of WT by 3.8 kcal/mol. Had both loop segments become
ordered on binding, we would expect the entropic penalty to increase as a result of the
additional degrees of freedom lost in the immobilization of the chain termini versus
immobilization of the intact loop. This value of TAAS?® is still less than that for deletion
of the full loop in CP51/46 suggesting that partial ordering of one or both of the loop

segments occurs.

Despite the lowered entropic penalty for binding, the overall binding affinity drops by
approximately 400-fold compared to WT as a result of changes in the enthalpy of
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binding. The reduction in the magnitude of AH® and the drop in binding affinity are
both less drastic than the changes seen in CP51/46 as was expected in a mutant
designed to retain some functionality in the loop.[15] The enthalpic destabilization of
the bound complex could be interpreted in terms of loss of enthalpic contacts with the
loop including the hydrogen bond from N49 and van der Waals interactions between
the distal portion of the valeryl tail and loop residues.

The kinetics of biotin dissociation from CP50/49 display a different sort of change. The
salient points are a dissociation rate that is about 800 times faster than that of WT, an
enthalpic dissociation barrier (AH*) which is unchanged, and a 3.1 kcal/mol increase in
the entropy gained (TAS*) when biotin exits. The similarity of AH* to the value in WT
suggests that the same number and type of enthalpic contacts must be broken for
dissociation to occur even though the loop has been altered. From this, one might
conjecture that the loop has few bonding contacts and that its role is primarily to
increase the residence time of biotin in the binding site by sterically hindering its
escape. The increase in entropy gain on dissociation is consistent with the signature
expected from the increase in configurational entropy from mobilization of chain

termini instead of a continuous flexible segment.

An additional complicating factor in the interpretation fo the thermodynamic and
kinetic data common to all CP mutants is the introduction of charged residues wherever
the original chain is cleaved to form new termini. In the case of CP50/49 and CP49/48,
the new termini are residues that, while not constrained to remain adjacent, are likely to
remain in close proximity. The potential formation of a salt bridge between the termini
would serve to ameliorate the consequences of removing the original peptide bond.
Another possibility is that the chain ends could interact with the negatively-charged
carboxylate of biotin thereby creating an additional bonding interaction where one was
not present before. The results from structural analysis of CP51/46 suggest that this is
unlikely. In CP51/46, the initiating methionine is retained so that the positively-
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charged N-terminus is essentially at position 50; this is exactly the location of the N-
terminus in CP50/49. No interaction of the N-terminus with biotin is observed in
CP51/46, but definitive statements on the role of the N-terminus in CP50/49 will have

to await determination of the structure.

CONCLUSION

In creating a nicked-loop variant of streptavidin using circular permutation, we have
further highlighted the importance of the flexible loop in creating the high-affinity
interaction of streptavidin and biotin. Here, we have not mutated or removed any
binding-site residues; merely broken the protein chain in a highly-mobile surface loop.
The result is a drop in affinity and a large increase in biotin dissociation.

With the current thermodynamic and kinetic data, we propose that some portions of the
loop are able to attain a “closed” configuration over the binding site, but that both
halves do not close independently to recreate the fully closed position. Were that the
case, we would expect to see an increase in the entropic penalty for binding. But the
reverse is true. The loop plays a role in enthalpic stabilization of the bound state, and
the entropic penalties of immobilizing a flexible portion of the protein to enhance
binding are kept to a manageable level by using a contiguous loop of medium length (6
residues) which is already constrained by its anchorage to strands of the g-sheet. More

definitive interpretations of the effects of this mutation must await the solution of the
structure for the CP50/49-biotin complex.



CHAPTER 5: STRUCTURAL THERMODYNAMICS

INTRODUCTION

STRUCTURAL THERMODYNAMICS

In its most ideal form, structural thermodynamics is the prediction of the stability or
binding affinity of a protein or protein-ligand system purely from its three-dimensional
structure. In many respects, it is the natural extension of the protein folding problem
wherein researchers attempt to predict the three-dimensional structure of a protein
solely from its amino acid sequence. Recent studies have indicated that the structural
thermodynamics problem is perhaps a bit more tractable than that of protein folding. If
protein thermodynamics could be reliably predicted from structural data, the fields of
protein engineering and rational drug design would receive a tremendous boost. The
effects of site-directed mutations on ligand-binding could be predicted beforehand
which would allow directed optimization of binding affinities.[79]

ACCESSIBLE SURFACE AREA

Functionally, the predictive information which needs to be extracted from the three-
dimensional structure is the accessible surface area (ASA). “Accessible” means
exposed to solvent, and the idealized “water molecule” which is used as a probe for
accessibility takes the form of a sphere with 1.4 A radius. There are a variety of
methods for determining ASA, but the most popular are those devised by Connolly[80]
and by Lee and Richards.[81] Connolly’s surface is the accessible van der Waals
surface of the protein atoms and t.e re-entrant surfaces that represent the maximum
penetration of the probe sphere into the interstices as determined by the surface of the
probe; it is essentially a contact surface. By contrast, the Lee and Richards accessible

surface is the locus of points traced- by the center of the probe sphere; it is the
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intersection of surfaces if all the protein van der Waals radii were to be expanded by
1.4 A. There exist other methods for calculating surface area[82-85], but the most of
those are refinements of ihe original Lee and Richards algorithm.
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Figure 12. Accessible surface vs. Connelly surface

MoDEL COMPOUND STUDIES

The bases for predicting protein behavior from structure may be found in studies where
hydrocarbons[86] and other model compounds were transferred into aqueous solution.
It was discovered that a high correlation existed between the thermodynamic properties
of the transfer and the exposed surface areas of the compounds. From there, the
concept was expanded to proteins when it appeared that the larger macromolecules also

exhibited the same correlation for folding from the denatured state.

Livingstone, et al. observed that protein folding involved the removal of nonpolar
surface area from water and that the AC,’s measured for that process appeared to have
the same surface area dependence as that AC.’s for transfer of hydrocarbons from

aqueous solution back to the pure liquid state.[87] Using a variation of the Lee and
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Richards algorithm developed by Richmond[85], they demonstrate that the AC,’s of 14

proteins and 12 hydrocarbons exhibit similar linear dependencies on accessible,

nonpolar surface area:
Hydrocarbons: AC,=(-0.32 £0.03) AASA oia
Proteins: AC, =(-0.25 £0.03) AASA ...

AC, is expressed in cal/mol-K and AA,, in A’. The basis for the decrease in heat
capacity with removal of nonpolar surface area (a negative AASA,,,,) is the
hydrophobic effect. Loss of ordered-water clathrate structures around exposed
hydrophobic areas, which are characterized by high heat capacities and low entropies,
reduces the heat capacity of the system.[88] Murphy and Gill would later perform
experiments involving transfer of cyclic dipeptides into water and refute the premise
that AC, could be explained only by changes in nonpolar surface area. They
demonstrated that the polar surface area made a large, and opposing, contribution to
AC,. They also proposed an explanation for the linear correlation of AH®, AS®, and AC,
based on the additive effects of four groups: peptide bonds, apolar hydrogens, aromatic
rings, and hydroxyls.[89] Livingstone, Spolar, and Record responded with a
publication of transfer data for organic amides and modified their model to include

polar contributions to the folding process:

RELATIONSHIP OF AC, TO ACCESSIBLE SURFACE AREA
Freire’s group has proposed a universal function for predicting the heat capacity of
proteins from structural information.[90] They describe protein heat capacity (C,) as

the sum of four components:

1. Contributions from the covalent bonds of the primary structure.This
accounts for the majority of a protein’s heat capacity and may be
parameterized in terms of a protein’s size (MW).
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2. Contributions from intramolecular non-covalent interactions. These are
interactions resulting from the secondary or tertiary structure of the
protein and scale with the amount of buried (vs. accessible) surface area.

3. Contributions from solvent interactions. In this case, “solvent” means
water and the heat capacity effects arise from the differing interactions
of nonpolar and polar areas on the surface of the protein with
surrounding water—ASA o, and ASA ., respectively.

4. Contributions from protonation events. These contributions are usually
on the order of a few calories/mol-K, but may become significant if the
pH of a non-buffered solution containing the protein is at the pK, of
ionizable side-chains (e.g. histidines) of the protein.

In the specific case of ligand binding, we are interested in changes in the heat capacity
(AC,) between the bound and unbound states. Since contributions 1 is not expected to
change as a result of binding, AC, must arise from contributions 2 and 3 (and perhaps 4
if a protonation event occurs on binding also). Therefore, to a first approximation, the
prediction of AC, from structural data relies upon deriving an accurate relationship

between AC, and the changes in accessible surface area, AASA,,.r and AASA,,,.

PARAMETERIZATIONS

The goal of these investigations into the relationship between heat capacity and surface
area is ultimately the calculation of all the equilibrium parameters for the folding of a
protein for which the structure has been determined. After calculating the AC, from
AASAs, AH® and AS° could be calculated as follows:

AH°(T) = AH°( Tg*) + AC,(T- Ty*)
AS°(T) = AS°( Ts*) + AC,In(T/ Ts*)

In this case, Ty* and Tg* are reference temperatures at which AH® and AS® converge to
common values for all proteins. The value of Tg* is 100°C and that of Tg* is
112°C.[79, 91] Naturally, AG® = AH® — TAS® would provide the remaining parameter.
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These calculations hinge on whether or not we may obtain an accurate value for AC,
from structural data. Currently, there are two parameterizations for AC, in the
literature. Both are based on protein databases for which high-resolution structures and
thermodynamic data are available. The values from Spolar, et al include data for the
transfer of organic amides into solution and those Freire ez al include data from solid

dipeptide dissolution studies.
Spolar, etal: AC,=(-0.32 £0.04) AASA ., + (0.14 £ 0.04) AASA .
Freire, etral: AC,=(-0.45+0.02) AASA, . + (0.26 £ 0.03) AASA 1

More recently, studies have been performed which demonstrate that these calculations
may also hold true for protein-protein and protein-ligand associations. Systems for
which the calculated and experimental AC,’s agree well are Angiotensin
I/Antibody[S1], Grb2-SH2/Phosphotyrosine polypeptide[92], Lysozyme/HyHEL-5
Antibody[93], Endothiapepsin/Pepstatin ~ A[94], FKS06/FKBP-12[95], and
Agglutinin/N-Acetylglucosamine[91].

MATERIALS AND METHODS

Isothermal titration calorimetry studies were carried out at temperatures from 10°C to
37°C. The change in heat capacity was determined from a linear, least-squares fit of

AH?” versus temperature.

Calculation of ASA was performed using ASAcalc[76] which is based on the Lee and
Richards algorithm.[81] Calculations use a solvent radius of 1.4 A and a slice width of
1.25 A. The results are averaged over a set of 12 rotations (since slices are taken
orthogonal to the z-axis, ASA is calculated using a number of axial orientations to

eliminate artifacts arising from anisotropies in the calculation method.
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To properly compare ASAs between WT and CP51/46, the structure files for each

protein were modified in the following manner:

1. All water molecules and residues 13—-15 and 133—-139 were removed to
reduce all sets to the common detected residues.

2. Copies of the open binding loop were added to subunits in which the
open loop was disordered in unbound WT (pdb entry—1SWC).

3. ASA of free biotin was calculated by extracting the four biotins from
the WT-biotin complex.

Apolar ASA was treated as the sum of ASAs from carbon and hydrogen atoms; Polar
ASA from nitrogen and oxygen. Changes in ASA on binding (AASAs) were calculated
as the difference of the complex ASA and the combined ASAs of the unbound protein
and free biotin. For a given protein-ligand system, there exist three values of ASA of
interest which may be calculated from structural data:

1. ASA of the protein alone in its unbound conformation
2. ASA of the ligand alone

3. ASA of the bound protein-ligand complex (which may be further
divided into contributions arising from the protein or from the ligand
alone)

The difference between 3 and 142 is what is normally thought of as AASA for a
binding reaction. Since thermodynamic parameters for WT streptavidin and its mutants
are expressed per subunit, the AASA values and calculated AC,’s are expressed as the

average value per subunit also.

RESULTS

PREDICTED VS. OBSERVED HEAT CAPACITY

The surface area calculations for WT and CP51/46 reveal that biotin binding tends to

bury a higher percentage of nonpolar surface area’than polar. The proportions or more
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evenly distributed in CP51/46 binding but still weighted toward a greater AASA,,,.
Using either scheme for parameterization, the calculated values of AC, underestimate
the actual value for WT and overestimate the value for CP51/46 (Table 4).

Table 4. Predicted ACp for WT and CP51/46

WT  CP51/46

AASA, . (AY) -566  -446
AASA,,, (A?) -145 234
Freire AC, (cal/mol-K) 217 -140
Livingstone AC, (cal/mol-K)  -161 -110
Observed 345 95

It might be anticipated that deletion of the loop that closes over the biotin site would
result in significantly larger solvent accessible surfaces for the biotin ligands in
CP51/46. In fact, the changes are not all that large. The average solvent accessible
surface for biotin in the wild-type complex is 18.3 A?, indicative of the nearly complete
burial of biotin when bound to streptavidin. (The solvent accessible surface for “free”
biotin is 407.2 A?). The only exposed biotin atoms are the carboxylate oxygen atoms.
The accessible surface increases to 56.5 A? for the CP51/46 complex. The oxygen
atoms have become somewhat more exposed as have distal portions of the aliphatic
chain. In terms of AC,, this change in ASA for biotin would produce a mere 7
cal/mol-K change as a result of deleting the loop.

BREAKDOWN OF ACCESSIBLE SURFACE AREA CHANGES

To understand the disparity between predicted and experimental values for AC,, the
calculations for accessible surface area were dissected on a residue by residue basis
(Figures 12 and 13). This analysis produced two results. First, it was possible to gain
an overall picture of where surface area was being buried or exposed in WT and
CP51/46 on binding. As expected, residues which make contact with biotin exhibit the
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largest changes in ASA as a result of binding with a large number of changes occurring
in loop 45-52 of WT. Overall, the AASA’s are smaller in CP51/46 and, of course, no

changes occur in the region of the excised loop.
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Figure 13. Accessible surface area changes in WT upon binding of biotin localized
to specific residues. Y-axis scaled in A’
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Figure 14. Accessible surface area changes in CP51/46 upon binding of biotin
localized to specific residues. Y-axis scaled in A%

Secondly, it was possible to limit the changes in ASA used for calculating AC, to just
those residues at the binding site (see Appendix B). The results of those calculations
are shown in Table 5, and they reveal that the AASA changes resulting from loop

deletion are mainly apolar in nature.
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Table 5. Predicted AC, for WT and CP51/46 calculated from binding site residues

only
WT CP51/46
AASA, . (A) -515 -322
AASA,,, (A% -239 -230
Freire AG, (cal/mol-K) -170 -85
Livingstone AC, (cal/mol-K) -131 -70
Observed -345 -95

From a comparison with the values for all the residues in the protein, it is apparent that
a large number of residues away from the binding site contribute to the values for
apolar and polar ASA, and that those contributions alter the balance of the respective

categories of ASA.

DISCUSSION AND CONCLUSION

To test the applicability of current theories on structural thermodynamics to protein-
small molecule interactions, we applied the analyses developed by the Freire and
Livingstone laboratories to the WT and CP51/46 mutants and their complexes with
biotin. We did not expect the individual AC, values to match because the parameters
relating them to changes in ASA are derived from a database of structural
thermodynamic data for protein folding and significant deviations could arise from the
specific properties of biotin, a small molecule. Nevertheless, the crystallographic
analysis indicates that the similarities in biotin binding and the small differences in
ASA should give rise to similar AC,’s. What is observed instead are calculated AC,’s
that qualitatively predict the relationship for the values of WT and CP51/46, but which
fail to quantitatively model the experimental values. This discrepancy between
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predicted and calorimetrically-determined values has also been seen in the binding of
antibodies to proteins such as lysozyme[96] and cytochrome c[97], in the binding of

growth hormone to its receptor{98], and in the barnase-barstar interaction.[99]

Closer examination of the WT and CP51/46 structures reveals many side-chains away
from the binding site that display significant alterations in ASA between the bound and
unbound structures. As these residues do not participate in biotin binding, the total
values of AASA appear to include changes that should not have an effect on the AC,
under the assumptions of this parameterization. This finding highlights the problem of
using an isolated, static crystallographic structure to model the behavior of a protein in
solution. Subtle changes in side-chain conformation across different subunits or even
across different crystal forms of the same protein-ligand pair alter the total accessible
surface area in ways which may have nothing to do with the binding event. Further
investigation into methods for reconciling X-ray structures and bulk dynamic behavior
of proteins under experimental conditions needs to be performed before this type of
structural thermodynamic approach may be used to accurately predict binding

behavior.
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CHAPTER 6: ASPARTATE-128 AND BIOTIN EXIT PATHWAYS

INTRODUCTION

While the reaction coordinate model provides a useful context for understanding how
enzymes manage activation barriers, there have been few attempts to model ligand
binding reaction coordinates in the same manner. An important fundamental question
is whether there even are defined ligand exit pathways that can be described by such a
model. Do small molecules dissociate in a well ordered sequence of bond breaking and
protein conformational events, or is it a stochastic process with many potential
pathways and barrier topologies? In support of a defined pathway for biotin
dissociation from streptavidin, we have observed a concerted shift of binding contacts
while structurally characterizing an aspartate-to-alanine (D128A) mutant that closely
mimics an intermediate on the dissociation pathway predicted by a potential of mean
force (PMF) molecular dynamics simulation. Aspartate-128 is directly hydrogen
bonded to a ureido nitrogen of biotin and also networks with the important aromatic
binding contacts Trp-92 and Trp-108. The Asn 23 hydrogen bond to the ureido oxygen
of biotin is broken in the D128A structure, and a water molecule has moved into the
pocket to replace the missing Asp-128 carboxylate interaction. These alterations are
accompanied by the coupled movement of biotin, the flexible binding loop containing
Ser-45, and the loop containing the Ser-27 contact. Remarkably, these alterations are
duplicated in a key intermediate observed in the PMF calculations. In the simulated
pathway, the Asn-23 hydrogen bond breaks first. This is accompanied by the
lengthening of the Asp-128 hydrogen bond to biotin and its subsequent replacement by
an entering water molecule. Furthermore, both biotin and the flexible loop move in a
concerted conformational change that mimics the D128A structural changes. Our
composite results suggest that the D128 A mutant provides a structural “snapshot” of an
early intermediate on a well defined biotin dissociation pathway.[100]
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MATERIALS AND METHODS

GENE CONSTRUCTION & PROTEIN EXPRESSION.,

The gene for the D128A mutant was constructed using cassette mutagenesis and
subcloned into PCR2.1 plasmids (Invitrogen, Carlsbad, CA) by Lisa Klumb. The
DI128A protein was produced using the pET-21a/BL21(DE3) expression system
(Novagen, Madison, WI) and refolded/purified as previously described.

DISSOCIATION KINETICS.

The off-rate of biotin from D128A was determined using a radiometric competition
assay described previously in Chapter 2. Briefly, the protein was pre-loaded with a sub-
stoichiometric concentration of 8,9-’H-Biotin (Amersham, Arlington Heights, IL).
Dissociation was initiated by the addition of a large excess of nonradioactive biotin.
The amount of unbound radioactive biotin was determined over time by separation
through spin-ultrafiltration and quantitation in a scintillation counter. The k, was
determined by fitting of the expression for a first order reaction. From the off-rates at
each temperature, the transition-state enthalpy, AHF, and entropy, AS* may be
determined from a fit of the Eyring equation.

EQUILIBRIUM THERMODYNAMICS.

The relative binding affinity of D128A versus wild-type streptavidin was determined at
37 °C using a radiometric competition assay that has been previously described in
Chapter 2. Briefly, in a mixture of 8,9-°H-Biotin with histidine-tagged streptavidin
(WT-Tag) and D128A, partitioning of the *H-Biotin to D128 A may be determined by
removing WT-Tag using Ni-NTA resin (Qiagen, Chatsworth, CA) and centrifugation

before quantitation in a scintillation counter.
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The binding enthalpies at 25 °C and 37 °C were determined using isothermal titration
calorimetry on a CSC 4200 calorimeter (Calorimetry Sciences Corp. Provo, UT).
Streptavidin solutions (30-40 uM) were titrated with 15-20 injections of biotin (250-
750 uM, 5-10 pL per injection). All experiments were performed at pH 7 in 50 mM
Na,HPO, and 100 mM NaCl. The enthalpy of binding was extracted from the isotherm
by non-linear least squares fitting to a model of independent binding sites using
Dataworks™ from CSC and Igor Pro (Wavemetrics. Lake Oswego, OR).

X-RAY CRYSTALLOGRAPHY AND COMPUTER MODELING

Crystallographic analyses were performed by S. Freitag, I. LeTrong, and R.E.
Stenkamp of the Biomolecular Structure Center. Potential of mean force molecular
dynamics simulations of biotin dissociation were performed by J. Penzotti and T.P.
Lybrand in the Department of Bioengineering. Methods for these analyses are
described elsewhere.[100]

RESULTS

The D128A mutant displays a binding free energy decrease of 4.32 + 0.04 kcal/mol
relative to wild-type streptavidin at 37 °C (Table 6). This AAG® is enthalpically driven,
with a large +7.9 kcal/mol loss of binding enthalpy at 37 °C as determined by
isothermal titration calorimetry. There is thus a significant reduction in the entropic
costs of biotin association with the D128 A mutant, with a calculated TAAS® of + 3.6
kcal/mol relative to wild-type streptavidin at 37 °C. The dissociation rates were
measured from 3-22 °C, which allowed the determination of a AH* of +20.7 + 1.1
kcal/mol for D128 A relative to a AH* of +30.4 + 0.2 for wild-type streptavidin (Fig. 3).
The extrapolated AG* was 20.4 + 1.6 kcal/mol at 37 °C versus 24.6 for wild-type
streptavidin and the calculated TAS* was 0.3 + 1.2 kcal/mol versus 5.8 for wild-type

streptavidin.
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Table 6. Thermodynamic parameters for D128A at 37°C

Parameter WT D128A
K, ratio (D128A:WT) — 1032 £ 74
AAG® (kcal/mol) — +4.3+0.1
AAH® (kcal/mol) — +79+13
TAAS® (kcal/mol) — +36+13
AC, (cal/mol-K) -345 -238
K ¢ (10°/5) 29 28100
AG? (kcal/mol) +24.6+02 +204+23
AH? (kcal/mol) +304+02 +207+1.1

TAS?* (kcal/motl) +5.8+0.1 +03+12
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Figure 15. Equilibrium competition and Eyring transition state fits for D128A.
Error bars denote one standard deviation.

DISCUSSION

The activation and thermodynamic parameters for the D128A mutant are consistent
with those predicted for an intermediate that has traversed the early portion of the
dissociation reaction coordinate through endothermic bond breaking and concomitant
gain in configurational entropy. It had been previously hypothesized that the
carboxylate bridging of the indole nitrogens of Trp 92 and Trp 108 serve to lessen the
configurational entropy costs of biotin binding by immobilizing the side-chains in the
unbound state. However, these residues appear to be fixed through packing interactions
as the side-chains are not altered in the D128A mutant structure versus wild-type and
also are similar in the bound and unbound states. The equilibrium entropy term is also

more favorable in the mutant, consistent with a “looser” bound state.

The crystallographic structure of the D128A-biotin complex demonstrates that the
thermodynamic and kinetic changes reflect a shift of biotin within the binding pocket
away from the site of the mutation. Thus far, this is the first mutant of streptavidin in
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which the position of biotin deviates from its usual location as seen in the WT
complex. As a result, the enthalpic and entropic effects of the D128A mutation are
hopelessly confounded by the additional effects of altered hydrogen bond lengths in the
non-mutated residues of the binding site and wholesale movement of the three protein
loops which delimit the binding site. Fortunately, the results of the PMF calculations
allow us to interpret the biotin-bound structure in terms of intermediates along the

biotin exit pathway.

residuas 124130

Figure 16. Superposition of the binding sites for WT and D128A complexes
depicting the shift of biotin within the pocket and the concerted shift of surface
loops away from the site of the D128A mutation.



62

In that context, Asp-128 appears to play a pivotal role in maintaining the equilibrium
position of biotin in the hydrogen bond network of the binding pocket. The ground
state destabilization is somewhat larger than might be predicted for a side-chain
deletion given our previous experience with the residues that hydrogen bond to the
ureido oxygen of biotin.[12] Preliminary results with an S45A mutant, however,
support the potentially greater influence of the hydrogen bonds to the ureido nitrogens
on the overall affinity [101] The kinetic analysis of D128A suggests a lowered
dissociation barrier in which enthalpic contacts have already been lost (vs. WT) and
most of the entropic gain has already been realized. This is consistent with the picture
of biotin becoming mobile and breaking bonds on its way out of the pocket toward a
final, average transition state that, according to the changes in free energy, is identical
in energy to the highest free energy barrier in WT also.

CONCLUSION

The composite structural, computational, and biophysical results suggest that biotin
dissociates along a relatively well defined pathway. A striking property of the PMF
calculations is the convergence of pathways in multiple dissociation simulations, where
the same sequence of bond breaking and transient interactions is observed in nearly all
simulations. Especially noteworthy is the early sequence where biotin slips out of the
pocket as the Asn-23 bond is broken and a water molecule moves into the pocket to
replace the lengthening Asp 128 carboxylate interaction with biotin. The D128A
crystallographic structure displays a nearly identical movement of biotin, the
accompanying Asn-23 bond breaking, and the presence of a water molecule that
replaces the Asp-128 hydrogen bond to biotin. It is particularly interesting to compare
these results with force microscopy measurements of the energetic landscape
encountered upon pulling biotin out of the streptavidin pocket. A recent
characterization of single biotin/streptavidin bonds under a wide range of loading rates
suggested that the landscape consists of sharply defined barriers, again consistent with
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a defined pathway.[102] Mechanistic molecular dynamics computations of the pathway
for AFM experiments are also strikingly similar to our PMF calculations. Taken
together, these results suggest that the biotin dissociation pathway in solution may be
closely related to the pathway taken as biotin is pulled out of the pocket. This would
perhaps be expected since the closest route of dissociation is along the direction where
the carboxylate group of biotin exits the protein, the same point where biotin is tethered
and thus pulled along in the force microscopy experiments. It thus appears that a
reaction coordinate model of the activation landscape may be a useful representation of
ligand dissociation from streptavidin, even with the complex set of molecular
interactions that characterize the streptavidin-biotin complex. Finally, it is also
intriguing that we may approximate an intermediate structure for a dissociating protein-
ligand pair via site-directed mutagenesis. Perhaps by eliminating bonds in the correct
order via this approach, we may obtain structures resembling intermediates even

further out on the exit path.



CHAPTER 7. SUMMARY AND RECOMMENDATIONS

In this project, we have further investigated the origins of high-affinity binding in the
streptavidin-biotin system to shed light on the general phenomenon of strong
associations in protein-ligand pairs. In common with many such systems, the
streptavidin-biotin pair relies on several motifs for generating a high-affinity interaction
including hydrophobic interactions, hydrogen-bond networks, and movable protein
segments. This document has focused on the latter two components and in particular on
the D128 element of the hydrogen-bond networks and on the flexible loop at the

binding site.

We have learned that the loop appears to retain biotin in the binding site by raising the
barrier to dissociation. The mechanism by which the loop attains its ordered position in
the biotin-bound complex remains unclear. What is apparent is that the N49 hydrogen
bond to the biotin carboxylate is probably not responsible for nucleating loop closure
since the residues at the loop edge achieve their “closed loop” conformation even in the
absence of N49. We have also determined that creating a discontinuity in the loop
impairs, but does not eliminate, its function. Nicking the loop highlights the
management of entropic costs inherent in the involvement of mobile protein segments

in ligand binding.

The remarkable resemblance of the D128A mutant to an intermediate complex seen in
computer simulations of biotin dissociation led to the interpretation of the
thermodynamic and kinetic results in terms of a reaction coordinate for dissociation
rather than in terms of the role of a single hydrogen bond in the binding pocket. That a
single mutation was able to produce this effect also emphasizes the importance of the
D128 hydrogen bond to biotin.
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Much of the analysis and interpretation in this document would have been impossible
without the complementary structural information from X-ray crystallography studies.
Clearly, a combined structural and thermodynamic approach to the investigation of
high-affinity interactions is one of the most powerful tools available for dissecting the
components of tight-binding pairs. This is especially important in light of the inability
of current structural thermodynamic models to accurately predict binding behavior
when expanded beyond the considerations of protein folding.

RECOMMENDATIONS

It remains to be seen whether the breakage of the S45—S52 hydrogen bond nucleated
by the shift of the S45 side-chain causes the loop to close. This may become evident
when the bound structure for the S45A mutant has been solved as retention of the
A45—S52 bond in the bound state would argue strongly for that interpretation of the
chain of events leading to loop closure. This would be a departure from previously seen
mechanisms for movement of the binding site loop—charge negation, coupling to a

deprotonation event,or natural motion of the protein.

Also, much more information about the role of the binding loop will become apparent
when the structures for CP50/49 and CP49/48 are solved. It would be particularly
exciting to see if the reduction in affinity is due to closure of only part of the loop. In a
practical sense, evidence that the affinity of the streptavidin-biotin system could be
modulated in a manner directly related to the number of loop residues could provide a
method for creating a family of streptavidin mutants with differing affinities but

otherwise consistent binding properties.
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APPENDIX A: STRUCTURAL THERMODYNAMICS DATABASES

Protein databases used for parameterizations in structural thermodynamic studies.

Database used by Database used by Freire
Livingstone, Spolar, and Record

a-Chymotrypsin Chymotrypsin
B-Trypsin Trypsin

Carbonic Anhydrase Carbonic Anhydrase
Chymotrypsinogen Protein G
Ferricytochronme Cytochrome C
Lysozyme Lysozyme
Metmyoglobin Myoglobin

Papain Papain

Parvalbumin B Parvalbumin
Pepsinogen Pepsinogen

Ribopuclease A
Ribonuclease T1
Staph. Nuclease
Trypsin Inhibitor

Ribonuclease A
Ribonuclease T1
Staph. Nuclease
o-Lactalbumin




APPENDIX B: BINDING SITE RESIDUES IN STREPTA VIDIN

These residues were used in the AASA calculations localized to the binding sites of
WT and CP51/46 in Chapter 5.

Asparagine-23  Alanine-50

Glutamine-24 Glutamate-51

Leucine-25 Serine-52
Glycine-26 Tryptophan-79
Serine-27 Serine-88

Tyrosine-43 Threonine-90

Serine-45 Tryptophan-92
Alanine-46 Tryptophan-108
Valine-47 | Tryptophan-120
Glycine-48 Aspartate-128

Asparagine-49




APPENDIX C: ITC DATA, CP49/48 AND CP50/49

These are overall results for fitting of multiple, independent binding site models to the
ITC data of CP49/48 and CP50/49. Where available, I have reported the standard

deviations for the fitting parameter values:

1. n: Number of binding sites. Since concentrations are expressed in uM
of subunits, this value should be approximately 1.0.

2. K,: Affinity constant. Expressed in M.
3. AHP°: Enthalpy of binding. Expressed in kcal/mol

CP49/48

Temperature Data File Conc. n: sd n Ka sd Ka AH__ sd AH _RAMS_Chi-square Buffer_ Date: _ Reject
10 CP48 10A 0.8168 0.002 1.03E+08 1.70E+07 -1620 0.09 27 PB 10/1/88
10 CP49 108 0.7978 0.0024 B8.41E+07 1.42E+07 -16.58 0.11 41 PB 10/2/98
25 CP48 25A (4] 10/1388 x
25 CP49 258 0.7612 1.1888 -17.88 0.3 21 P8 10/14/88
25 CP4g 25C 0.8401 0.001 250E+08 98.30E+07 -19.15 0.07 58 PB 10/15/08
25 CP49 25D 0.8351 0.0013 1.56E+08 2.70E+07 -19.82 0.07 17 PB 10/23/08
37 CP48 37A 0.8867 0.0022 -20.36 0.12 39 PB 10/20/88
37 CP49378 0.8914 0.0021 -21.00 0.2 15 PB 10/21/68
10 CP48R10A P8 12/1/88
25 CP49RA25A 0.8957 0.0049 B8.72E+07 -18.59 0.26 9 P8 11/28/98
37 CP49R37A 1.0014 0.0029 1.55E+08 1.09E+08 -18.74 0.16 14 PB 113008
25 CP48T25A 0.8858 0.0025 1.78E+10 1.37E+10 -16.70 0.1 34 Tiis 9/6/8
25 CP4gT258 0.868S 0.0016 2.13E+08 1.33E+08 -17.30 0.1 48 Tris 9708
25 CP49T25C 0.984 0.0018 1.99E+08 4.90E+07 -2060 0.14 99 Tris /808
25 CP48T25D 0.6076 00023 5.08E+08 S5.06E+08 -20.63 0.18 17 Trs oN7A8 x
37 CP49Ta7A 0.6238 0.0024 7.69E+08 1.30E+00 -23.87 023 48 Tris 8/2008 x
37 CP497378 0.6257 00037 2.63E+08 1.05E+08 -2206 0.33 0 Tis 8/2088 x
37 CP49T37C 0.6738 0.0723 1.13E+08 126E+08 -24.58 023 15 Tds 9/21/88 x

CP50/49

Temperature Data File Conc. n: sdn Ka ad Ka AH___sd AH_RMS _Chi-square Buffer Date: Th[cct
10 CPS0 10A 0.7912 0.0019 1.41E+08 S5.70E+07 -17.37 0.1t 29 PB 9/28/98
10 CP50 108 0.8162 0.0008 2.58E4+08 8.80E+07 -1698 0.05 51 P8 9/30/98
10 CPS0 10C 0.8136 0.0029 1.16E+08 6.90E+07 -17.31 0.16 175 P8 8/30/98
25 CPS0 25A 0.8518 0.0012 0.84E+07 1.08E+07 -18.58 0.06 68 P8 61988
25 CP5025C 0.8888 0.001 4.09E+08 2.70E+08 -18.06 0.07 18 P8 17288
37 CPS037A 0.8477 0.003 1.78E+08 1.34E+08 -20.73 0.1 102 PB 6/27/08
37 CP50378 0.8536 0.0018 1.47E+08 2.70E+07 -21.26 OC.11 23 P8 6/28/08
10 CPS0R10A 0.8417 0.0027 1.62E+08 540E+07 -1587 O.11 21 PB 12/3/88
25 CPS0R25A 0.8827 0.0014 289E+08 2.20€.08 -19.13 0.08 88 P8 11/27/08
37 CPS0R37A 09917 0.0008 1.29E+08 1.70E+07 -20.78 0.05 82 P8 12/2/98
25 CPSOT25A 0.7372 00031 2.46E+08 5.52E+08 -18.84 0.15 14 Tris 7/4198
25 CP50T258 0.7664 0.0033 1.94E+08 1.62E+08 -17.04 0.19 8 Tris 7/28/98
25 CPs0T25C /488 x
25 CPSOT25D 0.739S 0.00t11 2.10E+08 6.70E+07 -19.87 0.1 62 Tris 9/5/08

CPS0T25E 0.673 0.0023 7.32E+07 2.56E+07 -17.58 _ 0.14 40 Tris 9/1288 x

25



APPENDIX D: ITC DATA, CP51/46 AND D128A

These are overall results for fitting of multiple, independent binding site models to the
ITC data of CP51/46 and DI128A. Where available, I have reported the standard

deviations for the fitting parameter values:

1. n: Number of binding sites. Since concentrations are expressed in pM
of subunits, this value should be approximately 1.0.

2. K,: Affinity constant. Expressed in M.

3. AH°: Enthalpy of binding. Expressed in kcal/mol

CPS51/46
Temperature Data Flie Conec. n: sdn Ka 88 Ka AH_ sd AH RMS Chi-square Bufter Date: Heject
10 ¢p10a 344 0.8605 1.64E+07 -12.37 24.88 Phos 12/12/96
10 cp10b 344 08275 2226407 -12.00 21.19 Phos
10 cpilc 344 09255 4.03E+07 -11.80 M3 Phos 41807
10 cp10d 372 Phes Y2687 x
10 cp10e 23 08715 4.99E+07 -11.89 25.89 Phos 41687
10 cp10f 323 0.7853 1.75E+07 -13.52 2538 Phos
10 ¢cp10g 32.3 0.7837 1.74E+07 -13.23 46.06 Phos
25 cp258 34.4 0.9606 1.20E+G7 -12.69 13.44 Phos
25 cp2s5C 34.4 09368 3.81E+07 -11.28 946 Phos
25 cp25D 344 09148 3.31E+Q7 -12.72 24.07 Phos
25 cp25d N2 Phos x
25 cp2Se 312 Phos x
25 cp2St 312 0.80 2.50E+07 -13.20 18.08 Phos 1897
25 cp25g 372 0.94 1.73E+Q7 -14.48 32.65 Phos
25 cp2Sh 372 0.96 2.12E+Q7 -12.96 30.41 Phos
25 cp2S 372 0.9201 1.86E+07 -14.60 16.53 Phos 97
25 cp2Si 372 05328 2.77E+07 -13.85 4564 Phos 4497
25 cp2Sk 37.2 0.8 2.72E+07 -12.59 49.15 Phos 4/8/97
25 cp2si 34.5 0.8838 6.79E+06 -15.39 Phos 42007 x
25 ¢p25m 34.5 0.8503 1.06E+07 -15.06 56.77 Phos 42197 x
37 cp37a 34.4 0.8547 5.71E+06 -16.01 21.84 Phos
37 cp37b 34.4 09197 4.18E+06 -17.11% 92.73 Phos
37 cpd7c 344 09171 6.50E+08 -16.63 9543 Phos
37 cp37d 312 1.0076 2.A40E+09 -18.27 Phos x
37 cpd7e 372 0.98 1.02E4+Q7 -14.89 33.42 Phos
37 cpa7t 372 Q.9 7.T2E+08 -15.27 30.86 Phos
25 cp25nrist 10.7 1.0607 4A4E+Q7 -11.64 Tris
25 cp2S5hris2 10.7 09822 3.22E+07 ~11.41 Tris
25 tcp2Sa 31.86 0.8584 1.97E+07 -13.41 16.53 Tris 472597
25 tep25b 31.6 0.8747 4.54E+07 -12.78 32.53 Tris
25 tep25c 31.6 0.8448 9.00E+08 -14.10 €8.63 Tris 4/28/97
D128A
Jemperature_Data Flie Conc. n: sdn Ka sd Ka AH__sd AH_AMS Chi-square Suffer Date: RTpct
37 D128BA37A 288 0.851 2.15E+16 -21.70 Phos 11/16/97
37 D128BA378 28.8 0.8086 0.0044 8.98E+08 340E+07 -21.80 0.3 14 Phos 11/28/07
37 D12BA37C 28.8 0.5093 0.0021 2.69E+07 2.12E+08 -21.50 0.3 58 Phos 12122197
25 D12BA2SA 13.8 0.8484 0.0024 2.48E+09 8.40E+08 -18.78 0.15 204 Phos
25 D128A258 13.8 0.8907 0.006 1.90E+08 8.70E+07 -18.37 0.3 7 Phos
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