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Abstract

Advancing Hydrogen Deuterium Exchange Mass Spectrometry Through the development of Novel Internal
Exchange Reporters

Taylor Murphree

Chair of the Supervisory Committee:
Miklos Guttman

Department of Medicinal Chemistry

Hydrogen deuterium exchange mass spectrometry (HDX-MS) is a powerful tool for protein structure
analysis. The remarkable versatility and sensitivity of HDX-MS renders the technique uniquely well suited
to probing challenging biological systems. Over the last two decades advancements in mass spectrometers,
sample handling techniques, and software tools have brought HDX-MS into the mainstream by dramat-
ically improving data quality. Despite this renaissance, HDX-MS measurements remain very challenging
to reproduce. The strong solution dependence of the chemical process underlying amide HDX contributes
significantly to irreproducibility; even small variations in temperature or pH can have a pronounced effect
on the deuterium uptake by a protein. As a result, a myriad of controls have been developed to help the
investigator identify and address variations in solution conditions. Among these controls are compounds
which directly monitor the conditions under which amide exchange takes place. These compounds, referred
to as internal exchange reporters (IERs), have been the focus of my graduate work in the Guttman Lab at the
University of Washington. When my work in the area began, the concept of reporting controls had been well
established. However, the reporters themselves, small unstructured peptides, were of limited utility. Under
the guidance of Dr. Miklos Guttman and with the assistance of many brilliant and rather patient friends
and colleagues I have been able to develop novel imidazolium based IERs. This document will describe
the design, validation and subsequent refinement of these compounds through the discussion of previously
published and ongoing work.
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Chapter 1

overview

1.1 Introduction to HDX-MS

Hydrogen/deuterium exchange mass spectrometry (HDX-
MS) exploits the natural exchange of hydrogens that
occurs at backbone amides within proteins[63, 62, 35]
In a folded protein, the exchange kinetics for individual
amides are strongly influenced by the local electronic en-
vironment, the higher-order structure and solvent. The
incorporated deuterium acts as a label along the back-
bone that can reveal information about each amide’s
relative accessibility in protein under the experimental
conditions. The tools for measuring amide hydrogen ex-
change evolved considerably over the years[30, 33]. The
pioneering experiments that provided the foundational
theory of H/D exchange in proteins were accomplished
using sensitive densitometry measurements of intact pro-
teins in solution[63]. Initially using tritium instead of
deuterium to do hydrogen/tritium exchange the tech-
nique was refined through the incorperation of proteol-
ysis to localize exchange at the peptide level [34, 102,
29]. The foundational work and principles established
from these early studies allowed HDX to be effectively
coupled to mass spectrometry (MS) and offered advan-
tages over previous methods of detection[71, 133]. The
approach for most HDX-MS studies remains relatively
simple. A protein, typically under native conditions, is
transferred from an aqueous buffer to a deuterium-rich
buffer and allowed to undergo exchange. The exchange
process is then slowed and the levels of deuterium incor-
poration are readily measured with MS, thanks to the
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Figure 1.1: Various peptides from an interlab com-
parative HDX-MS study that controlled sample and
labeling/quench buffers. Results for the same peptide
from nine different laboratories are plotted to illus-
trate the interlab variability in the study. Reproduced
with permission from [60]. Copyright 2019 American
Chemical Society.

approximately one Dalton mass difference between the mass of a protium (1H) and a deuterium (2H) 1.2.
While the experimental concept is simple, there are many considerations necessary for obtaining and

interpreting HDX-MS data sets. One of the reasons HDX-MS has been so successful is its inherent versatility;

it can be applied to nearly any protein system, many of which are too large, flexible, heterogeneous, or sample

limited to be analyzed by other existing structural tools.

For instance, in 2011 Houde et. al. demonstrated

how HDX-MS could be a valuable tool for establishing comparability in biopharmaceuticals by using the
technique to map the effects of small structural defects on a protein with accuracy exceeding many more
established techniques[58]. This study and many others since have noted considerable variation in HDX-MS
measurements separated by extended periods of time or collected at different locations [60, 22, 134, 10, 109,
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89]. In this chapter we will discuss the reasons underlying variability in HDX-MS data and the controls
which have been developed to mitigate it. The tools and methods discussed here and in subsequent chapters
have been developed for "bottom-up” HDX-MS experiments. In these experiments the deuterium labeled
protein is cleaved into smaller peptides typically with an acid active non-specific protease like pepsin [84].
The resulting peptides are analyzed using liquid chromatography mass spectrometry (LC-MS) allowing for
the resolution of global deuterium uptake at the peptide level.

1.2 Understanding the Analytical Performance of HDX-MS

In response to the widespread use and growing interest for regulatory filings, numerous studies have focused
on the analytical performance of HDX-MS. Particular attention has been directed towards the assessment of
the repeatability and reproducibility of HDX-MS studies. HDX-MS experiments conducted within in single
lab on the same day often report very high precision, as little as 1% variation in deuterium uptake; as one
would expect, when measurements are made over an extended period of time or carried out in different
laboratories, variability increases [11, 10, 60]. Automated sample handling systems offer one way to reduce
some of the variables and have been implemented in efforts to increase reproducibility of HDX-MS [10,
134]. Cummins et. al. demonstrated the potential of improving reproducibility by reporting impressively
comparable HDX-MS data collected in two different labs[22]. In this particular study, the reagents and
analyses were rigorously harmonized, and identical automated systems were used to eliminate platform
dependency and provide better control over each step in the HDX-MS experiment. This example represents
the highest possible level of reproducibility but requires a level of harmonization that cannot be realistically
achieved by the majority of laboratories.

A study carried out by the National Institute of Standards
and Technology (NIST) sought to provide a more practical in-
dication of analytical performance by comparing HDX-MS data
collected on a wide variety of platforms by a large group of in-
dependent investigators [60]. Participants in this study were
provided with a kit containing buffer components, a fragment
of a standardized monoclonal antibody designed and produced in-exchange
by NIST, in addition to explicit instructions. In doing so, NIST Ly control (0%)
sought to minimize error arising from the forward exchange re-

L[ 4y _Jundeuterated control

action as much as possible. Moreover, the study required nu-
. . . 10 seconds

merous controls including a system-specific back-exchange cor- | |, o0
rection (1.1). In spite of these precautions, deuterium incorpo- _ ’ .
ration varied by as much as 9% between laboratories. Much of g Qualty control

. . e]e . . . . Qo 10 hours in H,O
this variability was attributed to processes such as digestion, lig- £ then 10 seconds
uid chromatography, and instrument specific parameters. More . ,l [ P20
broadly, this study like many other demonstrates that there are
many sources of variability in the HDX-MS experiment, and that
available controls are unable to facilitate comparison of disparate 0o
datasets[134, 10, 109, 89, 35, 84]. In the next section we will | e
look more closely at some of the most widely utilized controls ;’;an’;‘rr;a(';yogf/:’)‘era‘ed
for HDX-MS, why they are necessary, the associated limitations,
and how they can be improved.

il l l ll 1
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1.3 Controls for HDX-MS m

Figure 1.2: Example peptide spectra as un-
As the conclusions we draw from HDX-MS measurements rely deuterated, 0% (in-exchange control), after
solely on our interpretation of the observed accumulation of deu- 10 s labeling in D20, after 10 h of labeling
terium by a protein, it is critical that we have a comprehensive 1 D20, and 100% exchanged control (tf)p
understanding of how these structures gain and lose deuterium to b,Ottom)' The.quahty control m the mid-
over the course of the entire experiment. Due to the complex- dle is used to verify that the protein has not

. ¢ id N . h thi been perturbed during the 10hrs incubation
ity of amide exchange processes, it is necessary to approach this by verifying that the spectra looks identical

to the first 10 s time point.
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challenge practically, through the development of robust controls. We can break the HDX-MS experiment
into two phases: labeling or forward exchange and downstream processing, in other words, the uptake and
loss of deuterium. From that perspective it becomes clear that we need controls to provide the maximum and
minimum extent of deuterium uptake as well as controls to provide some means of comparing the conditions
of deuterium uptake and downstream loss. Much effort has been directed towards developing appropriate
control for HDX-MS, in this section we will briefly discuss some of these concepts in an effort to provide
necessary context for the work described in later chapters.

An undeuterated sample is a necessary starting point for HDX-MS studies as it is used to establish sample
handling conditions, identify peptides via MS/MS, and serve as a reference for calculation of deuterium
content in the deuterated samples. This sample is prepared identically to all deuterated samples, except
that the D3O in the labeling step is replaced with HyO. For comparative HDX-MS studies that seek to
identify changes within two states of a protein, for example a side-by-side comparison of two protein samples
or to map changes associated with binding, an undeuterated control may be all that is necessary [120]. On
the other hand, using HDX-MS to probe fine structural changes or quantitative dynamics requires more
elaborate controls, as it is necessary to account for more variables.

An inherent variable common to any HDX-MS analy-
sis is the extent of back-exchange that occurs throughout (a)
all downstream processes after the labeling step. Con- 100% J
sistent conditions that yield reproducible back-exchange

0% ¢

are crucial to the comparability of HDX-MS data. With 5 1oon (b)
bottom-up HDX-MS, reducing the back-exchange itself g / 7
can limit variability. Many factors have been optimized E % ' © '

to minimize back-exchange during digestion and separa- § 100% fess

tion [107, 117, 126, 73, 129, 121] and within the mass § - /4

spectrometer (e.g., ion source temperature [121, 15]).
However, reducing overall back-exchange only limits this
inherent variation, it does not alleviate the problem. .
One of the most useful controls to include for HDX-MS = i Exchan‘;): ime (Secl?‘;) = =

is a maximally deuterated standard [133, 55]. This con-

trol serves as the most accurate way of measuring levels Figure 1.3: Amide exchange kinetics in proteins
of back-exchange during analysis, an important metric Vvary over 8 orders of magnitude. Comparative studies
for evaluating the platform suitability for reliable HDX that sample only a limited temporal range can lead to
measurements [84]. Using a maximally deuterated con- missed information. PIOt_S a—d show various klnetl?s
trol is also the most accurate approach for determining fcir tth) i;ates of a .pmt:lnl (rtef and g;eenfl' Olﬁly i
the maximal deuteration point in calculating extents of E;e: lsploiscoén_ p(?r}llzz:; ;;zal Zisf?er?:n(f,)er ?n Eizhzziz
labeling and exchange kinetics (1.2). The importance rates, but they are invisible due to the limited tempo-
of this control can be illustrated using the highlighted ;4] sampling (highlighted region of the plot). Repro-
range of the data in 1.3 panel D. Without the 100% refer- quced with permission from ref [86]. Copyright 2017
ence standard we might (wrongly) infer that the peptide American Chemical Society.

has fully exchanged by the time point, as its plateaued

final observed exchange is close to what we would expect based on the deuterium incorporation for a certain
number of amides. Having the 100% reference here reveals that there are actually a few amides within the
peptide that are highly protected even at very long time points.

In practice, the preparation of an appropriate maximally deuterated standard can be challenging. His-
torically, preparation of a maximally deuterated standard was accomplished by heating the protein (e.g.,
75°C for several hours) in the presence of DyOto equilibrate all amides with deuterium [133]. However, some
proteins are prone to aggregation or may be too stable to maximally exchange even with such exhaustive con-
ditions [120]. Furthermore, high temperatures can lead to exchange of the C2 proton on histidine sidechains,
which will inflate the levels of observed deuterium uptake observed [85]. Additionally, there are reports that
under exhaustive deuterium exchange other carbon-protons can start to exchange, and chemical modification
of the protein become more common, both of which may further distort the level of deuterium[27, 5, 113]. A
safer approach is to incubate the protein for a long period of time (12-24 hours) at a low pH (between 2.5 and
4) at room temperature in the presence of denaturants such as guanidine or urea [84, 111]. In spite of such
precautions there is always a level of uncertainty with regard to whether a maximally deuterated control
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is in fact actually completely deuterated. An alternative approach for obtaining a fully deuterated control
is to prepare a pre-digested sample that is dried, and resuspended in deuterium, before being quenched to
mimic all other samples [56]. Though practically very useful, this strategy can generated confounding results
due to variation in back-exchange rates between quenched free peptides and peptides in the context of full
protein[6, 50, 56, 55, 26].

During the entire downstream processing of proteins, the deuterium labeled species continues to equi-
librate to the final percentage of deuterium in solution. For example, if the labeling reaction was 90%
deuterium, and quenching was accomplished with a 1:1 dilution into a HoO quench buffer at 0°C, then
the peptides will experience 45% deuterium upon the quench. They can equilibrate towards a maximum of
45% until trapping, desalting and chromatography further reduces the % D. This can cause peptides that
were natively completely undeuterated during the labeling step to take on deuterium, and peptides that
were maximally deuterated to loose it, even at 0°C'within the few minutes it takes a quenched sample to
thaw before injection[56]. Although it is possible to mitigate this effect, it has become routine to include
peptides which are not derived from the system being studied such as Bradykinin and Angiotensen II to
act as back-exchange reporters[67]. Back-exchange reporters are incorporated into the DoObuffer prior to
mixing with the protein stock during the labeling step. During labeling, these compounds equilibrate to
the % D of the exchange reaction. Downstream, Bradykinin and Angiotensen II undergo relatively rapid
back-exchange making them highly sensitive to changes in sample handling conditions[122, 134].

Through the use of an undeuterated sample, a well-matched maximally deuterated sample, and back-
exchange reporter such as Bradykinin or Angiotensen II very high precision HDX-MS measurements can
be made[124, 84, 56, 125]. However, it was noted from well-harmonized comparisons, that these tools are
not adequate for the comparison of data generated in different labs or on different days[22, 60]. Burkitt
et al. attributed day-to-day variation to instrument conditions, inconsistent chromatography, and sample
concentration [10]. Other studies implicated ambient lab temperature and the shift in the pH of buffers over
time as possible contributors to this kind of variability [22]. There is also evidence of different ionization
methods and mass analyzers complicating the comparison HDX-MS data[11]. Ultimately, this suggests that
for comparative HDX-MS studies to be truly robust, all samples should be prepared as close together as
possible using the same set of reagants and analyzed using the same system. Despite the many compounding
factors underlying this apparent limitation interest in HDX-MS grows and efforts continue to improve re-
producibility. One of the more promising methods of improving the comparability of HDX-MS data involves
looking at how variation in the labeling conditions impacts observed deuterium uptake[84, 121, 109].

Changes in the labeling solution conditions i.e., pH, temperature, salt concentration and solvent compo-
sition influence deuterium uptake or forward exchange by acting on both the intrinsic rate of amide exchange
(ken) and protein structure. The sensitivity of proteins toward these changes is what allows HDX-MS to
resolve subtle structural variations and weak binding interactions. As previously discussed it is virtually im-
possible match conditions precisely enough from day-to-day and lab-to-lab to avoid ambiguity, so strategies
have been developed to help account for change in the labeling conditions[58, 45, 13, 22, 10, 123]. In general,
it is assumed that the vast majority of forward exchange variation arises from changes in pH or temperature.
As a result, the most widely utilized method for addressing forward exchange variation is to adjust time
points according the measured temperature and pD by assuming only k.,changes and in a manner that is
1st order with respect to the hydroxide ion in solution[50]. While this is a useful assumption, a means of
verifying solution changes is necessary or corrections may yield misleading results.

Recently, internal exchange reporter (IER) based strategies have been developed in effort to make forward
exchange correction more robust. The IER is designed to exchange alongside the protein and respond more
predictably to changes in the exchange reaction conditions. Several groups have proposed the use of small
unstructured peptides as IERs [134, 115, 92]. Small peptide IERs have a single slowly exchanging C-terminal
amide that exchanges in a time regime relevant to most HDX-MS studies, the slow exchanging site losses
deuterium downstream at slightly slower rate than most peptides. The lack of higher order structure for these
IERs means that the exchange behavior is theoretically governed only by the electronic effects inherent to the
structure. In other words, because no large scale structural movements are necessary to render the amide
exchange competent, observed k.pcan be used to more directly review reaction conditions. Furthermore,
these IERs are efficiently ionized and sufficiently retained under most relevant chromatographic conditions,
making them relatively simple to incorporate into a wide variety of HDX-MS experiments. The use of
these compounds has been shown to facilitate more robust comparisons where solution conditions are not
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matched, for example looking at the effects of high concentrations of chaotropes or buffer additives on the
structural dynamics of proteins[92, 115, 134](1.4). One notable limitation of using the C-terminal amide as
a reporter is that this site undergoes acid catalyzed exchange at higher pH than other sites, which reduces
sensitivity towards changes in pH potentially leading to misrepresentation of actual reaction conditions[130,
90]. Moreover, these reporters cannot accurately report on reaction deuterium content which has a significant
impact on observed exchange.

Variations in the percent deuterium (%D) of the la-

beling solution can occur from sample to sample either 09+
through dispensing error or by changes in the quality of 081
the deuterium buffer (e.g., deuterium solutions open to =07
air will exchange with atmospheric moisture and slowly 906_ -
lose %D over time). In an effort to reduce variation % v Ié:tg:tzi'hosphate
attributed to changes in %D, Sheff et. al., developed §-°'5_ ‘ —e— Guanidine
an approach wherein the addition of known quantities E "] e m:g:gz:ne
of light and heavy isotopically labeled caffeine to the B 037 —4— Polysorbate 20
. . . . . 5 —w— Sulfate
protein solution and deuterium labeling solution can be & 02 e Thisepr
used to estimate the relative proportions of D20 and 01 —#— Trehalose
H20 in each sample [109]. In this study, the incorpo- 0o , . . e
ration of the caffeine dispensing standards was able to 0 100 200 300 1500
improve the precision of deuterium measurements across Time (s)

multiple replicates. While this application is both clever
and highly useful, it can be difficult to implement and is ;1. yvPI are shown in the presence of various buffer
incapable of accounting for several sources of %D. In jditives. The offset in the exchange profiles can be
essence, the concepts necessary to make robust com- ygsed to correct for the offset to the kcpin the different
parisons between labeling conditions from day-to-day solution, thereby enabling robust comparisons for pro-
and lab-to-lab are well established in literature, but the teins in the various solutions. Reproduced with per-
chemical tools available are inadequate. The overarch- mission from [114]. Copyright 2017 American Chemi-
ing goal of this document is to describe the development cal Society.

and validation of novel chemical tools which utilize these

concepts to facilitate much more robust comparison of
HDX-MS data.

Figure 1.4: Deuterium uptake kinetics for the tripep-
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Chapter 2

Imidazolium Internal Exchange
Rep OrterS: Adapted from previously published work[90]

2.1 Internal Exchange Reporters for HDX-MS

Hydrogen-deuterium exchange mass spectrometry (HDX-MS) is a widely utilized technique for the rapid
assessment of protein structure and local dynamics. By observing deuterium uptake of back-bone amides
via mass spectrometry it is possible to gain information about the local structural stability throughout a
protein, map protein-protein and protein-ligand interactions, and monitor allosteric effects[69]. Recent ad-
vancements have made HDX-MS amenable to the analysis of large molecule biopharmaceuticals and the FDA
now recommends HDX-MS as a tool for establishing “equivalence” between existing biologics and emerging
biosimilars[57]. Despite the many advantages of HDX-MS for biophysical evaluation, poor reproducibility
has limited its widespread use. The most notable issues pertaining to poor reproducibility are inconsistent
sample handling and variation in the exchange reaction conditions[59].

The development of automated HDX-MS systems has made significant progress towards minimizing vari-
ation in sample handling, but even with these systems variation in deuterium uptake can vary by as much as
5.4% for a given peptide observed in different laboratories[60]. This persistent variability is a consequence of
the strong solution dependence on backbone amide exchange. Even a small change in the reaction conditions
(i.e., temperature, deuterium content, or pH) can have a pronounced effect on the observed exchange[134].
Furthermore, solution conditions can drastically affect both the protein conformational dynamics and the
rate of amide intrinsic exchange (k.p, the exchange rate of an unstructured amide) deferentially. This means
that without some means of accounting for altered reaction conditions, any difference in deuterium incorpo-
ration observed over two separate experiments could be due to variation in protein dynamics, amide intrinsic
exchange, or both[114]. As a result, correcting for variation in reaction conditions has been a focal point
among groups trying to improve the reproducibility of HDX-MS [134, 114].

Another challenging aspect of studying proteins by HDX-MS is that the exchange of backbone amides
can occur over a massive time window, from 10-2 s to 1010 s under standard conditions[48]7 Performing
HDX experiments over this time scale is impractical, not only from a logistical standpoint, but also because
many proteins may not be stable enough in solution beyond 104 s. Incomplete coverage of this large time
window can significantly limit the ability of HDX-MS to monitor protein dynamics and discern structural
perturbations. To overcome this limitation, techniques have been developed to artificially expand the time
window for HDX-MS experiments, most often accomplished through the preparation of multiple HDX reac-
tion buffers at different pH values [45, 84]. These approaches attempt to modify HDX reaction conditions
to accelerate or decelerate kch while minimizing the impact on the conformational dynamics of the protein
being studied. This approach, although informative, can provide misleading results if measures are not taken
to accurately monitor HDX reaction conditions.

Small peptide internal exchange reporters (IERs) have been developed to monitor HDX reaction condi-
tions. These compounds lack secondary structure and feature a relatively slow exchanging c-terminal amide.
When added to the reaction mixture with the analyte protein, these small peptides undergo exchange under
the same conditions as the analyte. Thus, variation in the deuterium uptake by the small peptide IER from
run to run can be used to correct for variation in the deuterium uptake by the analyte protein[134, 114]. Al-
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though these compounds can improve reproducibility, they have limited benefit. For instance, peptide IERs,
such as YPI, become fully deuterated within a few minutes at neutral pH and 25°C, making it ineffective for
monitoring exchange at longer time points. Additionally, it was recently reported that C-terminal amides
exhibit complex pH dependent exchange behavior within physiologically relevant systems[130]. The limita-
tions of existing small peptides IERs encouraged us to explore alternative chemistries capable of extending
the utility of IERs in HDX-MS.

The term pD is used in frequently in this chapter and throughout the rest of the document. The term pD
is synonomous with pH in that both describe activity of the acidic form of water (D30T, H30™) as a decimal
logarithm. It is necessary to differentiate the two terms because the activity of the D3O and HzOTions are
different, and it is therefore necessary to apply a correction to the measured activity of a D2Osolution as
observed using a combined glass electrode calibrated in an HoOsolution (pH*). There is a certain amount
of error assocaited with the conversion of pH* to pD. In an effort to minimize this, experimental pH* is
measured for all conditions using the same probe and calibration solutions on the same day. Where a pD
value is provided, it has been calculated from pH* using the empirically derived equation 2.1[19, 20, 44].

pD = ((pH* - 0.929) + 0.41) - 1.076 (2.1)

2.2 Exploring Different Chemistries in Persuit of Suitable pH De-
pendent Kinetics

The currently available small peptide internal exchange reporters (i.e. the tripeptide: YPI and the tetrapep-
tide: PPPI) rely on the observed exchange at the C-terminal amide to correct for variation in HDX reaction
conditions[134, 114]. To better understand the exchange kinetics of the C-terminal amide, the HDX of YPI
was probed under a variety of conditions by time resolved NMR. The spectra show the loss of the isoleucine
amide resonance for YPI, over time, as a result of H-D exchange with the buffered NMR solvent (D20O). The
HDX kinetics were monitored at different pD values, and in all cases the signal decay could be fit to a single
exponential to reveal the exchange rate (2.1, panel A). The change in the log rate versus pD for YPI shows a
linear relationship, but interestingly, the slope of the fit for these data is only 0.195 (2.1, panel B). This slope
deviates significantly from the notion that the intrinsic exchange of backbone amides exhibits a first order
relationship with the concentration of hydroxide in solution above the pH,,;,(i.e. the slope of the linear fit
for the log rate versus pH above the pH,,;,is expected to be near 1)[32]. The shallow slope suggests, that
within the observed pH range, HDX at this site cannot be adequately described by a simple base catalyzed
mechanism. These findings are consistent with a recent report that the c-terminal amide exhibits complex
solution dependent exchange behavior and are ill-suited for empirical exchange correction of data collected
at different pH[130].

In response to these findings, we sought to identify alternative chemistries which exhibit pH dependent
exchange behavior which more closely reflects that of backbone amides. This search was further refined by
considering the conditions and time points relevant to solution HDX-MS studies (i.e. 11 —1%4s near neutral
pH and 25°C). From extensive screening, it was determined that imidazolium containing compounds such
as 1,3-dimethylimidazolium are ideal IERs for HDX-MS studies. Although imidazolium IERs convey many
advantages over peptides, the comparative simplicity of the moiety’s exchange kinetics is perhaps the most
important. The HDX at the C-2 position of the imidazolium ion has been thoroughly investigated and is
understood to proceed through base catalyzed hydrogen transfer followed by deuteration of the anionic C-2
of the imidazol-2-yl carbene, which occurs at the rate of solvent reorganization (2.1, panel D)[2]. It should be
noted that exchange at the C-2 position can within certain confines be considered irreversible in comparison
to backbone amides. This property of C-2 HDX has been utilized to investigate side chain accessibility of
histidine residues[53]. However, it should be noted that imidazole by itself is not desirable as an IER, because
the rapid exchange of the nitrogens at positions 1 and 3 strongly influences the observed rate of HDX at the
2 position effectively reducing the sensitivity of this position to changes in pH[9].

To test the potential of imidazolium derivatives to act as IERs the pH dependent exchange behavior of 1,3-
dimethylimidazolium was probed by hydrogen deuterium exchange nuclear magnetic resonance spectroscopy
(HDX-NMR). The comparison revealed that the slope of the change in the log rate as a function of pH is
nearly 1 (m=1.05) across a range from pH 6-8 (2.1, panel B), and therefore the exchange at the C-2 proton
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is first order with respect to hydroxide concentration. Unfortunately, the overall exchange rate was too slow
to be useful as a reporter within the typical time window used for HDX-MS experiments (t1/2 30 hours
at pD 7.02 and 25°C'). Fortunately, conjugated azolium ions are notable for being highly efficient in the
transmission of substituent effects to groups bonded to the C-2 position[4]. This observation suggested that it
would be possible to accelerate HDX at the C-2 through the addition of electron withdrawing substituents to
the ring system. Through the study of numerous imidazolium derivatives, a very strong correlation emerged
making it possible to relate the rate of C-2 HDX to the chemical shift of the C-2 proton in DoO(2.2, panel
E). This relationship has considerable value as a basis for more rapidly understanding the extent to which
imidazolium structures can be tuned to achieve exchange over a wider temporal window.

Several C-5 substituted 1,3-dimethylbenzimidazolium derivatives were synthesized and the pH depen-
dence of exchange was measured by HDX-NMR (2.2). We focused mainly on three variants: “TM-68”,
“TM-657, “TM-85” (2.2, panels A-C). TM85 contains a highly electron withdrawing nitro group and ex-
changes relatively quickly with a rate of 1.59210%2s~% (t1/2 = 41 s) at pD 7.16. TM65 contains a less elec-
tron withdrawing ester group and exchanges around 10-fold slower than TMS85 with a rate of 2.38210 357!
(t1/2 = 4.8 min) at pD 7.23. The slowest compound TM68 contains a weakly electron donating C-5 methyl
group. The addition of this group results in a nearly 100-fold reduction in the rate of exchange compared to
TMS85, with a rate of 1.252107%s~! (t1/2 = 1.5 hrs) at pD 7.19. For each of these compounds there was a
clear linear relationship between the reaction pD and the log of the exchange rate with a slope near 1 (2.2,
panel D). The HDX of these compounds was also probed at low pH (approx. pD 3.0), where C-2 exchange
was observed to be negligible (2.2, panels A-C). In contrast, the YPI showed considerable exchange within
tens of minutes at the same pH (2.1, panel A). These data suggest that imidazolium compounds are likely
to retain more deuterium than peptides following the quench and downstream processing, which is highly
desirable as any downstream deuterium loss will complicate correction of deuterium uptake by the analyte.
We also tested a saturated 1,3-dimethylbenimidazolium-5-methyl ester derivative where positions 3a,4,5,6,7
and 7a were hydrogenated (TM-91). This compound exhibited extremely slow C-2 exchange with a rate of
8.45210 6571 (t1/2 = 22 hrs) at pD 8.04. While this compound may have been suitable for probing long
time scales, we found that the ester was hydrolyzed at both high and low pH. The hydrolyzed product,
containing a free carboxylic acid, had altered exchange kinetics and was therefore not considered further.
NMR spectra confirmed that this type of hydrolysis was unique to TM-91 as none of the other compounds
showed any form of degradation under any condition tested even after extensive incubation. Fortunately,
TM-91 was rendered unnecessary by TM-65, TM-68 and TM-85, which together provided ample coverage of
the typical HDX-MS time window[48].

2.3 Temperature Dependent Exchange Kinetics

Temperature variation during or between HDX-MS experiments is a significant source of day to day and lab
to lab variability. Although large variations in temperature are unusual within climate-controlled lab spaces,
it is understood that the rate of back-bone amide exchange is exponentially related to the temperature of the
exchange reaction[32]. Therefore, even a small change in temperature could have a significant impact on the
observed deuterium uptake by a protein. The change in the rate of amide intrinsic exchange as a function
of temperature is a consequence of the temperature dependence of the equilibrium ionization of water and
is therefore predictable within physiologically relevant boundaries[35]. To assess how temperature influences
HDX of imidazolium compounds, we observed the exchange of TM-85, TM-68, and TM-65 BY HDX-NMR
at 12, 23 and 40C while maintaining constant solution pH, ionic strength, and solvent composition (2.3,
panel A). In all cases there was a linear relationship between the natural log of the exchange rate (Iny,,)
and the inverse temperature (1/K), which is typical of compounds exhibiting first order exchange kinetics
[50]. Using the Arrhenius equation the activation energies of TM-85, TM-68, and TM-65 in the PBS buffer
were 27.54, 29.44 and 30.84 Kcal/mol, respectively. We note that the methyl ester present in compound
TM-65 did not undergo any measurable hydrolysis even after an hour at 40C. These data demonstrate that
imidazolium compounds respond predicatbly to changes in solution temperature and are therefore capable
of acting as robust IERs in HDX-MS experiments where temperature is a variable.

15



2.4 Solution ionic strength Dependent Exchange Kinetics

The rate of amide intrinsic exchange(k.;,) is influenced by electrostatic interactions with neighboring groups
and with solvated ions. These interactions are implicated in the complex exchange behavior of amides in
high salt solutions[116, 14]. However, to understand the impact of dissolved salts on amide HDX, one must
also consider how the salts themselves interact with hydroxide (OH ) and hydonium (H3O") ions. For
instance, it is understood that the addition of sub molar quantities of neutral salts, such as sodium chloride,
to a phosphate or citric acid buffered solution results in an apparent decrease in pH[119, 21]. This apparent
change in solution pH is manifests primarily through alteration of OH and H3OTion activities(source).
As the extent to which salts modulate k.xis not necessarily related to the aforementioned impact on the
water and its ions, modeling salt effects on amide HDX is challenging (sources). This effect is somewhat
dramatically represented in (2.5) wherein YPI exhibits a more than 2-fold increase in the rate of HDX in
the presence of 0.5 M sodium chloride. This behavior is striking as this quantity of sodium chloride has a
proportionately small effect on the apparent pH of the buffered solution and suggests that the local electronic
environment surrounding the C-terminal amide is significantly perturbed by the presence of the salt. To test
how dissolved salts influence the HDX of benzimidazolium compounds, HDX-NMR was used to observe the
exchange behavior of TM-85 as a function of solution ionic strength (i) (2.3, panel B). The small decrease
in the observed HDX rate at higher 7 is consistent with the theoretical rate calculated by accounting for the
effects of salt on the ionization of the reaction buffer. This behavior is highly desirable for an IER, because it
suggests that the kinetics of exchange are more strongly dependent on the ionization of the solvent than by
interactions with dissolved salts. In other words, the salt dependent exchange behavior of benzimidazolium
based IERs is a consequence of the effect of the salt on the ionization of the reaction buffer, not the effect of
the salt on the electronic structure of the compound.

2.5 Influence of Organic Solvents on Exchange Kinetics

HDX-MS studies are often performed with an organic co-solvent to help solubilize hydrophobic peptides or
small molecule ligands. The addition of miscible organic solvents to water interferes with the bonded structure
of water thereby altering the solvated structures of proteins and ions alike, such changes are understood to
significantly impact exchange processes in ways that are challenging to model[128, 29]. However, in general it
is assumed that the addition of organic co-solvents depresses the rate amide HDX [50, 35]. This assumption
though apparently problematic given our understanding proton transfer processes in buffered hydroorganic
systems, has received very little scrutiny within the HDX-MS community. That is to say, the addition of
acetonitrile to a phosphate buffered aqueous solution is expected to raise the observed pH of the solution
through modulating the activity of the OH ion, which should increase the rate of exchange under most
circumstances. In an attempt to better understand how organic co-solvents impact exchange kinetics we
carried out HDX-NMR studies involving TM-68 and YPI in the presence of two commonly used organic
co-solvents: acetonitrile (ACN) and dimethylsulfoxide (DMSO). As with the previously discussed studies
only a single solution condition was varied within the sample set; in this case, the mole fraction of organic
solvent (ACN or DMSO).

From 2.3, panel C it is clear that there was a strong positive correlation between the log of the exchange
rate and the mole fraction of organic solvent. While the rate of HDX for TM-68 increases rapidly with the
mole fraction of both co-solvents, it is notable that the rate of HDX increases more rapidly in the presence of
DMSO than ACN. This is consistent with the difference in the activities of ions in the two solvent systems[99,
3]. These data further suggest that imidazolium compounds respond directly to changes in the activity of
the OH ion. While not within the scope of this study, further evaluation of this relationship may prove a
valuable tool in understanding the complexity of amide HDX in hydroorgnaic buffer systems. It should be
noted that this effect does not represent a practical limitation for the use of the proposed IERs, because
even under chromatographic conditions, where the mole fraction of the organic component is highest, the
combined effects of low pH and low temperature will suppress the exchange rate to a much greater extent.
For example, the calculated half-life for compound TM-85 under HDX-MS chromatographic conditions (pH
2.5, 0°Cand 15% ACN) is estimated to be in excess of 50 hours. This estimate is corroborated by the lack
of any observable back exchange from multiple LC-MS studies performed using compounds TM-85, TM-68,
and TM-65.
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2.6 Suitability of imidazolium compounds for HDX-MS studies

Following the assessment of the exchange behavior of the proposed Alternative IERs, we incorporated these
compounds along with other previously published controls into a multi-condition HDX-MS experiment with
Equine Cytochrome C (CytC). the purpose being to determine if imidazolium compounds could serve as
useful IERs. TM-65, TM-68, and TM-85 at micromolar concentrations were spiked into a solution of CytC
and HDX was measured at various time points from 3 seconds to 20 hours. Among the additional controls
included in this experiment was YPI, which like the proposed benzimidazolium compounds can be used to
monitor variation in exchange reaction conditions, and bradykinin, which is another samll peptide regularly
used to detect variaitons in downstream processes[84]. In this study, two groups of exchanges were carried
out side-by-side at 22°C' in a standard phosphate buffered saline solution adjusted to pD 7.80 and 7.30.
Resulting peptides were analyzed for deuterium content along with TM-85, TM-68, TM-65 and YPI and
bradykinin. The imidazolium IERs were easily detected by MS due to their fixed positive charge. The
uptake of a single deuterium by each IER was evident across the different HDX time points (2.6). We
note that the maximum deuterium uptake for all IERs was between 0.85 and 0.90 Da, consistent with
the total deuterium content during the HDX reaction (85% D). Some of the deuterium content may be
exaggerated due to intensity distortions of isobaric peaks in FT-MS instrumentation[11]. This indicates that
back-exchange for imidazolium based IERs under HDX quench conditions is not significant. In contrast, YPI
showed a maximum shift of 0.60 +/- 0.03 Da consistent with a high degree of back-exchange. Furthermore,
the difference in the exchange of the pepsin derived peptides of CytC between pD 7.80 and pD 7.30 (2.4,
panels B and C left) is paralleled by the observed exchange for all three imidazolium IERs, and data from
bradykinin suggest that downstream variation was negligible (2.4, panel A).

To test whether the offset in the exchange kinetics at the two pH conditions could be corrected, we shifted
the time-axis for the low pD dataset to account for the difference in the kch between the high and low pH
datasets 8,25 (see methods). The pH-based time shifting results in overlays which are still visibly offset (2.4,
panels B and C middle). As an alternative approach, we tried utilizing the exchange kinetics of the IERs to
time shift the pD 7.30 data. The exchange for each of the IERs was fit to a single exponential function (2.4,
insets). The ratio of the exchange rate for each imidazolium compound at the high and low pH conditions
was fairly consistent (TM-85: 2.3; TM-65: 2.2; TM-68: 2.5), but notably lower for the YPI (1.3). The
average ratio from all three imidazolium compounds (2.3) was applied to time-shift all the peptides in the
data set (see methods). The IER-based time adjusted overlays look remarkably consistent, suggesting that
using the TER is an accurate approach for time adjustment (2.4, panels B and C right ). The improvement in
time adjustment can be attributed to several things. First, the benzimidazolium based IERs detect reaction
buffer pH directly. This insight overcomes some of the error inherent to calculating exchange reaction pD
from the reaction buffer pH* [77]. Second, the proposed IERs are sensitive to changes in solution conditions
beyond pH. For instance, if there was a subtle offset in temperature or salt concentration between the two
samples the benzimidazolium IERs would be able to detect it whereas the pH probe alone would not.

2.7 Overall utility of imidazolium IERs

The proposed benzimidazolium compounds have several advantages that make them ideal IERs for HDX-MS
studies: 1) Exchange exclusively through base-catalysis, rendering their exchange rates highly responsive to
pH; 2) Exhibit high solubility in water, making it possible to create very concentrated stocks (> 10 mM); 3)
Are highly stable in aqueous solvent, so they can be used for long incubations without the risk of degradation;
4) The combination of the three proposed compounds provides coverage of a wide time scale; ranging from
seconds to hours at pH 7 and 25°C) The compounds have a fixed positive charge, making them easily
detectable by MS; 6) Will not react with protein side-chains[2]. Additionally, these compounds exhibit
negligible back-exchange under HDX quench conditions, making it possible to use their maximum deuterium
uptake to directly detect the total deuterium content during the exchange reaction.

Beyond these desirable properties a few limitations were observed. Compounds 85, 68 and 65 have exact
masses of 192.08, 161.11, 205.10 Da, respectively, which are outside of the mass window typically observed
in HDX-MS studies (300 - 2000 m/z). Therefore, in order to detect these compounds the m/z window
was expanded, which can impact sensitivity for some MS instrumentation [106]. A second limitation is
poor retention during the LC-MS step. All three compounds were only effectively trapped on C18 columns
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at 0°Cwhen loaded with a buffer containing less than 2% ACN. None of the compounds were effectively
retained on C4 or C8 columns. We note that TM-85, the most polar of the proposed compounds, was
poorly retained even by C18 chromatography. For this reason, we had to use a nearly 100 times greater
concentration of TM85, compared to TM-65 and TM-68, to obtain sufficient signal. This is not an effect
of diminished ionization efficiency for TM-85, as direct infusion of all three compounds produced the same
signal intensity. TM-65 and TM-68 on the other hand were easily detectable at starting concentrations lower
than the protein being studied. Even if the protein had a strong affinity for the IERs, which is an inevitable
caveat of any internal standard, only a fraction of the protein would be bound thereby minimizing the effects
on the observed HDX data. Further optimization of imidazolium-based compounds will likely alleviate the
aforementioned caveats.

Despite the current limitations of the three proposed benzimidazolium based IERs, these compounds are
capable of making meaningful exchange corrections under a wide variety of experimental conditions. The
immediate benefit of the proposed IERs is making comparative studies more robust. Currently, biocompa-
rability studies by HDX-MS are known to be highly variable and only datasets collected and analyzed in
parallel provide rigorous comparative power[58]. More recent studies have revealed that HDX-MS studies
carried out under carefully matched conditions on an identical protein sample can still vary considerably|[60].
Through the use of the proposed benzimidazolium based IERs we were able to effectively compare HDX-MS
data collected for a protein under different reaction conditions (Fig. 4B). We believe that the inclusion of
imidazolium based IERs could make it possible to accurately reference HDX-MS data collected on different
days or even in different labs to a benchmark condition. Currently, HDX-MS studies include specific infor-
mation on reaction exchange conditions (pH, temp, buffer etc), but this information is largely self-reported,
and is therefore of limited utility for rigorous comparison of disparate data sets. Incorporation of IERs like
the proposed benzimidazolium compounds could provide a chemical exchange “stamp” that could facilitate
more robust comparison of exchange reaction conditons regardless of when and where the data was actually
collected. To be clear, this proposed "stamp” approach cannot be utilized to isolate variation in specific so-
lution parameters like pH or temperature, but rather to improve the statistical power of comparative studies
by allowing for a more robust distinction between effects on the protein structure and dynamics vs. global
offsets to intrinsic exchange rates arising from altered reaction conditions.

2.8 Methods

2.8.1 Reagents

D20, deuterated ACN, and deuterated DMSO were purchased from Cambridge Isotope Labs (Tewks-
bury, MA, USA). Methyl iodide 99.9%, potassium carbonate, Methyl 3a, 4,5,5,6,7,7a-hexahydro-1H-1,3-
benzodiazole-5carboxylate 98%, and 1-methylimidazole 98% were purchased from sigma Aldrich (St. Louis,
MO, USA). 5-mehtylbenzimidazole 98%, and 5-nitrobenzimidazole 984+% were purchased through Alfa Ae-
sar (Haverhill, MA, USA). Benzimdazole 98% was purchased from Acros organics (Geel, Belgium). 1-
methylbenzimdazole-5-carboxylic acid was purchased from Maybridge chemicals (Altrincham, UK). Before
use in alkylation reactions the solvents were dried via distillation over activated 3A molecular sieves. Chro-
matography solvents were purchased from Fisher Scientific (Hampton, NH, USA).

2.8.2 HDX kinetics by NMR (HDX-NMR)

Dried samples were re-suspended in an aqueous reaction buffer containing sodium phosphate (50 mM),
3-(Trimethylsilyl)-1-propanesulfonic acid (DSS) (0.104 mM), and 10% D20 (final volume 600 wpL). This
aqueous buffer was adjusted to specific pH using small additions of NaOH or HCI. Prior to NMR analysis,
the adjusted samples were dried fully by speedvac. The resulting solid was re-suspended in D20 (99.96%),
mixed vigorously for approximately 15 seconds, transferred into a NMR tube, and rapidly loaded into the
NMR. For experiments with organic co-solvents, pH adjusted samples were resuspended in a mixture of
D20 and either deuterated DMSO or ACN at a specific ratio. All NMR experiments were performed on a
499.73 MHz Agilent DD2 spectrometer equipped with a 5 mm triple-resonance 1H(13C/15N), z-axis pulsed-
field gradient probe head. Course shim values were briefly manually adjusted prior to beginning arrayed
1H NMR experiments. Array HDX-NMR studies consisted of identical experiments featuring Watergate
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solvent suppression separated by a pre-acquisition delay between experiments to allow access to different
time scales. The duration of the delay was chosen to allow for the observation of 3 half-lives over 500 total
experiments. The dead-time between resuspension and NMR, acquisition for each sample was in the range of
45 to 90 seconds. The preparation and adjustment steps necessary for all the replicates of a particular sample
set were carried out in the same day. All experiments were conducted at 298 K except for the temperature
dependence studies which were sampled at 313 and 285 K. Actual experimental temperatures were determined
using solvent chemical shift values as described by Gottlieb et al29. Exact pH* was measured for each sample
after collection of the NMR kinetic data. Using an empirically derived equation, the pH* value was used to
calculate the sample pD26 (see supporting methods). For experiments carried out at elevated temperature,
pH* measurements were made at the experimental temperature via the use of a recirculating water bath.
NMR data was processed using SpinWorks version 4.2.8. Spectra were referenced to DSS (0 ppm) to ensure
consistent reporting of chemical shifts. The disappearance of the C-2 1H peak (or C-terminal NH peak for
YPI) was analyzed relative to the intensity of a nearby well-resolved aromatic resonance; this was to account
for any changes in the total signal intensity during the experiment. The change in the ratio of integrations
as a function of exchange in the experiment time was fitted using an exponential function. For ionic strength
comparisons a sample of TM85 was prepared at pH 5.5, separated into three identical aliquots, and dried
by speedvac. The aliquots were resuspended in 600 pL of either pure water, 250 mM NaCl, or 500 mM
NaCl. Each sample was dried again and resuspended in D20 for HDX measurements. Prior to each NMR
measurement a blank containing deuterated reaction buffer or with sodium chloride (250mM or 500mM) was
used to roughly tune, lock, and shim the spectrometer for each ionic strength. Corrections to the reaction
buffer pD were made using literature values corresponding the to the activity of phosphate buffered water
in the presence of sodium chloride (see supporting information).

2.8.3 Compounds Stability measurements

To assess the solution stability of the proposed benzimidazolium IERs, samples of purified TM85, TM68 and
TM65 were reconstituted in D20 (99.9%), transferred into NMR tubes and sealed with parafilm. The sealed
samples were analyzed by 1H NMR immediately after preparation and again after two months of storage at
room temperature on the benchtop.

2.8.4 HDX-MS

Equine Cytochrome C (Sigma Aldrich) was resuspended in PBS (20 mM sodium phosphate 150 mM NaCl,
2 mM DTT) to a concentration of 0.1 mg/mL and adjusted to either pH 7.39 or 7.94 (corresponding to
a calculated pD of 7.3 and 7.8, respectively) with small additions of HCl and NaOH. Internal exchange
reporters were added to each solution for a final concentration of 6.5 uM TM65, 6.5 uM TM68, and 20 mM
TMS85. 10 uL of the protein solution was diluted 10-fold into deuterated buffer (for a final content of 85%
D20) and incubated at 22°C for 3 sec, 15 sec, 1 min, 5 min, 30 min, 4 hrs, or 20 hrs. Exchanged samples
were added to an equal volume (100 pL) of ice-cold quench buffer (8 M Urea, 0.2% formic acid) for a final pH
of 2.5. Samples were flash frozen in an ethanol-dry ice bath (—60°C') and subsequently stored at —80°C'until
LC-MS analysis. The exact pH* during the deuterium reaction was measured using an identical sample in
D20, without protein and used to calculate the pD as described for the NMR methods. Frozen samples were
thawed on a 5°Cblock for 4 minutes prior to injection onto a loading loop. The loaded sample was passed over
a custom packed pepsin column (2.1 x 50 mm) kept at 8°C with a flow of 0.1% trifluoroacetic acid (TFA)
at 200 pL/min (Cite pepsin column). Digested peptic fragments were trapped onto a Waters BEH trap
column (2.1 x 5 mm, 1.7 pm). After 5 minutes of loading, digestion, and trapping, peptides were resolved
on an analytical column (Waters CSH 1 x 100 mm, 1.7um, 130A) using a gradient of 3% to 40% solvent B
for 9 minutes (A: 0.1% FA, 0.025% TFA, 2% ACN; B) 0.1% FA in ACN). The LC system was coupled to a
Thermo Orbitrap performing full scans over the m/z range of 150 - 1500 with a resolution setting of 30,000.
During the analytical separation step, a series of 250 pL injections were used to clean the pepsin column: 1)
0.1% Fos-12 with 0.1% TFA; 2) 2 M GndHCl in 0.1% TFA; 3) 10% acetic acid, 10% acetonitrile, 5% IPA[S0,
51]. After each gradient the trapping column was washed with a series of 250 pL injections: 1) 10% FA; 2)
30% trifluoroethanol; 3) 80% MeOH; 4) 66% isopropanol, 34% ACN; 5) 80% ACN. During the trap washes
the analytical column was cleaned with three rapid gradients[39]. These cleaning steps were necessary to
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ensured that the level of carry-over was below 5% for each peptide analyzed. Undeuterated samples were
used to collect MS/MS spectra using data-dependent acquisition. Peptic peptides were identified by exact
mass and tandem mass spectrometry (MS/MS) spectra using Byonic (Protein Metrics). Mass shifts were
determined using HD-Examiner V2 (Sierra Analytics) and HX-Express v2[46]. The exchange kinetics for
each IER were calculated by fitting the data to a single exponential.

2.8.5 Time shifting HDX-MS Data

Time shifting of the pD 7.30 data was first achieved by assuming a ten-fold increase in the intrinsic amide
exchange rate for a pH increase of 1.0. By this criterion, the time axis of the pD 7.30 data set was shifted
down by a factor of 10(7.94-7.39) or 3.54. Time-shifting using the exchange offset as observed by the
benzimidazolium IERs was accomplished by first calculating the difference in exchange rate between the pD
7.80 and 7.30 data sets and then using the average ratio between the rates (average factor of 2.3) to scale the
time points of the pD 7.30 data set. For example, the 1 minute time point was shifted down to 26 seconds.

2.8.6 Alkylation of Imidazole Derivatives

To an oven dried round bottom flask containing a magnetic stir bar benzimidazole (0.84mmol, 1.0 eq) and
potassium carbonate (1.26mmol, 1.5 eq) were added. The vessel was fitted with a rubber septum and flushed
with Argon (g). Approximately 30ml of dried acetonitrile was added via cannula to the vessel via argon
pressure. Next the mixture was set to stir and methyl iodide (4,23mmol, 5.0 eq) was added dropwise to the
stirring solution. The vessel was then fitted with a liquid cooled reflux condenser and heated to reflux. The
mixture was allowed to stir at this temperature for approximately 12 hours or until all starting material
appeared to be consumed by TLC. Excess solvent was removed under reduced pressure. The residue was
resuspended in mobile phase (9:1 H20:ACN w/ 0.1% TFA) and filtered using a syringe driven filter (0.22:M).
The effluent was purified via reverse phase HPLC (gradient elution: 15-95% ACN in H20 with 0.1% TFA),
to yield 1,3-dimethlybenzimidazolium (TM-39) as a yellowish solid, 89%.

2.8.7 Synthesis 1,3-dimethlybenzimidazolium (TM-39)

See Alkylation of Imidazole Derivatives, no changes made to procedure. Purified by HPLC (gradient elution:
15-95% ACN in H20 with 0.1% TFA) to yield yellowish solid 89%, 73% yield; 1H NMR (499.73 MHz, D20,
ppm): 9.17 (S, 1H),7.79 (D, 4H) 4.09 (S, 6H); MS (ESI) calcd for COH11N2: 147.09, found: 147.1

2.8.8 Synthesis 1,3-dimethylimidazolium (TM-31)

See Alkylation of Imidazole Derivatives, no changes made to procedure. Isolated via filtration to yield white
solid 97%, 90% yield; 1H NMR (499.73 MHz, D20, ppm): 8.64 (S, 1H), 7.41 (S, 2H), 3.884 (S, 6H)

2.8.9 Synthesis 1,3-dimethylbenzimidazolium-5-methyl ester (TM-65)

See Alkylation of Imidazole Derivatives, no changes made to procedure. Purified via HPLC (isocratic elution:
10% ACN in H20 with 0.1% TFA) to yield white solid 98%, 40% yield; 1H NMR, (499.73 MHz, D20, ppm):

9.36 (S, 1H), 8.57 (S, 1H), 8.325 (D, 1H ), 7.96 (D, 1H), 4.14 (6H, SS), 4.01 (S, 3H); MS (ESI) caled for
C9H13N202: 205.10, found: 205.10

2.8.10 Synthesis 1,3,5-triimethylbenzimdazolium (TMG68)

See Alkylation of Imidazole Derivatives, no changes made to procedure. Purified via HPLC (gradient elution:
15-95% ACN in H20 with 0.1% TFA) to yield white solid 95%, 68% yield; 1H NMR (499.73 MHz, D20,
ppm): 9.07ppm (S, 1H), 7.67 (S, 1H), 7.55 (D, 1H), 7.72 (D, 1H), 4.05 (S, 6H), 2.56 (S, 3H); MS (ESI)
caled for C1I0H13N2: 161.11, found: 161.11

20



2.8.11 Synthesis 5-nitro-1,3-dimethlybenzimidazolium (TM-85)

See Alkylation of Imidazole Derivatives, no changes made to procedure. Purified via HPLC (isocratic elution:
20% ACN in H20 with 0.1% TFA) to yield yellow solid 98%, 65% yield; 1H NMR, (499.73 MHz, D20, ppm):

9.51 (S, 1H), 8.92 (S, 1H), 8.58 (D, 1H), 8.08 (D, 1H), 4.19 (S, 3H), 4.17 (S, 3H); MS (ESI) caled for
CI9H10N302: 192.08, found: 192.08

2.8.12 Synthesis 3a,4,5,6,7,7a-hexahydro-1,3-dimethylbenzimidazolium-5-methyl
ester (TM-91)

See Alkylation of Imidazole Derivatives, no changes made to procedure. Purified via HPLC (gradient elution:
10-95% ACN in H20) to yield white solid 98%, 85% yield; 1H NMR (499.73 MHz, D20, ppm): 8.46 (S, 1H),
3.74-3.70 (9H, SSS), 3.08-3.02 (m, 1H) 2.95-2.83 (m, 3H), 2.69- 2.66 (m, 3H), 2.28-2.22 (m, 1H ), 2.07-1.99
(m, 1H); MS (ESI) caled for COH19N202: 211.14, found: 211.1

2.8.13 Solid Phase Peptide Synthesis of YPI

In a glass fritted 2 port solid state synthesis vessel 300mg of chlorotrityl resin preloaded with Fmoc-L-
isoleucine (approx. 0.1lmmol) was allowed to swell in 5ml of dried DMF under an N2 atmosphere with gentle
agitation for 30 minutes. Next the residual DMF was pushed through the frit using N2 gas pressure. The
beads were then resuspended in approximately 5ml of 20% piperidine in Dry DMF. The beads were agitated
under a nitrogen atmosphere for 5 minutes, before the solvent was removed via gas pressure. This step was
repeated until cleavage of the Fmoc group was complete by ninhydrin assay (Kaiser test). Following successful
FMOC cleavage, the solvent was pushed out via gas pressure and the beads were washed with several 5ml
portions of dry DMF. While washing the beads, the coupling reaction mixture containing Fmoc-proline
(0.5mmol) was set to stir in dry DMF with HATU (0.51mmol) and triethylamine (1.0mmol) in a separate
vessel. The coupling reaction mixture was added to the gas dried beads and agitated under a nitrogen
atmosphere for approximately 8 hours. Washing, cleavage and couplings steps were repeated for the addition
of Fmoc-O-tert butyl-L-tyrosine with no changes made to the reaction stoichiometry. After completing the
coupling of tyrosine, simultaneous deprotection of the tyrosine O-tertbutyl and Fmoc protecting groups
and cleavage was achieved by agitating the bead bound peptide in 5ml of 95% trifluoroacetic acid (TFA)
for approximately 1 hour at room temperature. The cleaved crude tripeptide, YPI, was recovered via
vacuum filtration. The effluent was concentrated under reduced pressure and purified via HPLC (gradient
elution 2ml/min 10-95% ACN in H20 with 0.1% TFA). The resulting white solid was characterized via mass
spectrometry and proton NMR. tyrosine-proline-isoleucine (YPI) purified via HPLC (gradient elution: 5-
95% ACN in H20 with 0.1% TFA) to yield white solid 98%, 35% yield (calculated overall); 1H NMR (499.73
MHz, D20, ppm): 7.81 (m, 0.5H), 7.24-7.17 (m, 2.5), 6.907 (m, 2H), 4.10-3.04 (m, 6H), 2.29 (m,1H), 1.99-
1.77 (m, 6H), 1.47 (m, 1H) 1.28 (m, 1H), 0.95-0.88 (m, 8H); MS (ESI) calcd for C19H27N305: 391.21, found
392.21

2.9 Conclusions

Benzimidazolium based IERs exhibit solution dependent HDX behavior ideal for monitoring changes in pH,
temperature, salt concentration, or levels of organic co-solvent, and over a wide range of time scales. The
use of the IERs proposed in this publication served as a proof of concept, effectively demonstrating that
forward exchange controls can significantly improve data quality in comparative HDX-MS studies. While
carrying out this work we also learned how to manipulate the electronic properties of imidazolium containing
compounds to overcome some of the caveats associated with the three compounds proposed here. The next
chapter will cover the process of designing and testing a 2nd generation of imidazolium IERs.
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Figure 2.1: (A) HDX rates for the C-terminal isoleucine in peptide YPI measured by NMR at various pD. Solid
lines represent fits of exponential decay functions. (B) Plot of the log of the exchange rate, log(kex), as a function
of pD for both YPI (green) and 1,3-dimethylimidazolium (gray). The slopes (m) of the lines are shown next to the
linear fit. (C) pD dependence of HDX at the C-2 proton for 1,3-dimethylimidazolium measured by NMR at various
pD. (D) General mechanism for HDX at the C-2 proton for 1,3-dimethylimidazolium.
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Figure 2.2: pD dependence of HDX rates for the C-2 proton in TM68 (A), TM65 (B), and TM85 (C) measured by
HDX-NMR. Chemical structures are shown on the right. (D) The observed log rate of exchange (kex) for compounds
TMS85 (blue), TM68 (red), and TM65 (purple) as a function of pD. The slope of each line (m) is indicated next to the
linear fit. (E) The rate of exchange for compounds TM85 (blue), TM68 (red), TM65 (purple), TM39 (brown), TM31
(gray), and TMO91 (black) at pD 7.0 as a function of C-2 chemical shift (ppm). Error bars show standard deviations
from triplicate measurements.
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Figure 2.3: (A) Arrhenius plots showing the temperature dependence on the HDX rates of compounds TM85 (blue),
TM68 (red), and TM65 (purple). The equations for the linear fits and R2 values are shown above each line. (B)
The observed rate of exchange for TM85 as a function of the square root of the solution of ionic strength (0.0 M, i =
0.158 M, 0.250 M, i = 0.408 and 0.50 M, i = 0.658 M) (blue circles). The dashed line corresponds to the theoretical
rate of exchange (logl0) for compound TMS85 as a function of the solution ionic strength. (C) The observed rate of
exchange for TM68 as a function of the fraction of organic solvent in the D20 reaction buffer with either DMSO
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Figure 2.4: Solution HDX-MS data for cytochrome C and internal exchange reporters. (A) Deuterium uptake
plots for YPI, TM85, TM65, and TM68 is shown for various time points at pD 7.8 (blue) and 7.3 (red). Solid
and dashed lines show a single exponential fit. Example deuterium uptake plots for two peptides of cytochrome C:
TYTDANKNKGITWKEETLME (B) and IAYLKKATNE (C) are shown. (B, C) The plots on the left show the
uncorrected deuterium uptake at pD 7.8 (blue) and 7.3 (red). The plots in the center show the deuterium uptake
after time-shifting the pD 7.8 data to match the exchange conditions based on the pD difference. The plots on the
right show the deuterium uptake after time-shifting the pD 7.8 data based on the difference in rates measured using
the exchange rates of the exchange reporters TM85, TH65, and TM 68 shown in part A. Additional examples are
shown in Figure S7, and data for all peptides are provided in Supporting Information.
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Chapter 3

2nd Generation Imidazolium Internal
Exchange Reporters

3.1 Introduction

Internal Exchange reporters (IERs) function by exchanging in solution alongside the protein being studied
[134]. At a basic level, IERs should provide coverage of the entire time course of the HDX experiment and
retain information about the exchange reaction after downstream processing. More specifically, IERs must
also be observable at concentrations much lower than that of the proteins and be efficiently trapped and
separated from peptides by liquid chromatography to simplify incorporation and identification. In Chapter
2 the 1%'generation imidazolium IERs that I developed in the Guttman lab were introduced. Although these
compounds exceed the performance of peptide based reporters, our own experiences using these compounds
and the feedback we received from collaborators revealed shortcomings that were possible to overcome
through refinement.

The most pressing drawback associated with the use of the 1st generation imidazolium IERS (TM-
65,68,85) is the lack of chromatographic retention. Compounds TM-65 and 68 can be efficiently trapped under
typical conditions using C18 only, and TM-85 cannot be trapped efficiently under typical chromatographic
conditions. Detection of TM-85 was only possible through a molar excess, more than 100X that of the protein
and roughly 3000X that of the other reporters[90]. This is undesirable as any IER at high concentrations
may interact with the protein and influence observed exchange. Another drawback associated with the
1%tgeneration reporters is that the mass of these compounds is below the typical m/z window for HDX-MS
studies (300-2000 m/z). In some cases this can be overcome by simply adjusting the mass analyzer method.
However, strong background ionization of commonly used reagents such as TCEP (251 m/z) can reduce
sensitivity towards peptides [28]. In an effort to address these limitations and further expand the utility
of imidazolium IERs, we designed and validated a series of improved reporters referred to as 2"?generation
imidazolium reporters.

3.2 Designing and Validation of 2nd Gen Imidazolium IERs

A series of N-benzyl and N-heptyl derivatives of the 15’ generation IERs was generated. The retention of
these compounds under typical conditions was compared to TM-65 and TM-68 in a retention assay. The
observed retention time for each of the compound incorporated was then plotted against a computationally
derived logP value generated using ©Molinspiration cheminformatics online tools, this is shown in Figure
3.1. Fitting this relationship with a linear equation allowed for prediction of retention time for unknown
imidazolium derivatives with an average deviation of +33s. Using this relationship it was determined that
N-heptyl derivatives would be too strongly retained to be useful under typical conditions. However, diverse
N-benzyl derivatives could be generated with appropriate mass values and greater retention than the majority
of peptides. Having the IERs elute after the peptides is particularly desirable as it minimizes overlap with
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signals corresponding to peptides allowing the user more freedom to optimize methods to improve sensitivity
or minimize deuterium loss[11, 50, 67].

Using a previously established synthetic approach 6 new candidates were acquired (Figure 3.2). The
hydrophobic nature of these larger compounds rendered HDX-NMR analysis of exchange kinetics impractical.
As a result, we devised an apparatus to enable highly reproducible continuous labeling HDX-MS (CHDX-
MS) on a variety of platforms. This system allows for simultaneous analysis of multiple IERs at once with far
greater sensitivity than HDX-NMR. For a detailed description of this apparatus please refer to the methods
section. CHDX-MS studies were carried out on a Thermo Orbitrap. Individual runs were carried out in
succession with blank samples in between to minimize carryover. The results of these studies demonstrated
clearly that all 6 perspective candidates exhibit 1st order exchange kinetics (Figure 3.3). The exchange rates
for each compound at pD 7.0 and 25°C as determined by this experiment are: TM-2-16 4.56E-4 s~1 (t1/2 =
25.3 min), TM-155 4.36E-5 s~ (t1/2 = 4.42 hrs), TM-151 1.70E-3 s~! (t1/2 = 6.78 min), TM-139 8.35E-4
s~ (t1/2 = 13.8 min), TM-143 0.111 s=* (t1/2 = 6.24 s), and TM-141 5.01E-3 s~ ! (t1/2 = 2.31 min). The
time point coverage corresponding to these compounds is visualized in Figure 3.4 where the shaded region
represents the useful extent of deuteration, compounds outside of this range are within 10% of the maximal
deuterium content or have not incorporated enough deuterium to be reliably measured. The uptake curves
in Figure 3.4 show that TM-143 is capable to reporting on reaction conditions at the shortest typical time
point of 3s for solution HDX-MS, and that the other compound offer overlapping coverage all the way up to
14400s or 4hrs.

3.2.1 Assessment of Chromatographic Performance

In an effort to assess the chromatographic performance of the potential 2nd generation IERs, undeuterated
samples were subjected to the same downstream processing procedures used in the analysis of proteins.
To accomplish this, the same custom automated system described in Chapter 2 was used. This system
allows for precise and independent temperature control over the digestion and subsequent chromatographic
separation. With the exception of compounds TM-141 and TM-139, the 2nd generation IERs performed as
expected. Interestingly, TM-141 and TM-139 exhibited extensive and persistent carryover with the pepsin
column in line. However, when the pepsin column was removed, the compounds behaved as expected. That
is to say, that TM-141 and TM-139 eluted within 33 seconds of the expected retention time and did not
carry over to a significant degree when the pepsin column was removed. From this observation we infer that
these compounds are very strongly retained by the pepsin column conceivably through interaction with the
resin POROS onto which the protease is immobilized. Attempts were made to minimize this interaction
via modifying the pepsin wash protocol and loading buffer, but with no success. Alternative protease
immobilization resins such as BEH and Nugel may overcome this issue[67]. We do not recommend the use
of compounds TM-139 and TM-141 in conjunction with a POROS resin protease column. The removal of
TM-139 does not significantly impact the potential quality of IER based corrections near physiological pH
because TM-2-16 has a similar half-life. However, the removal of TM-141 reduces the quality of coverage for
experiments below pD 7.2 at the 30s time point. Filling this gap in coverage is the subject of ongoing work
discussed in Chapter 4.

3.2.2 Optimizing Reporter Concentration

Having identified candidates with suitable exchange kinetics and chromatographic behavior, it was necessary
to determine how efficiently these compounds could be detected under typical conditions. As previously
discussed, minimizing the concentration of IERs is necessary to avoid influencing deuterium uptake via
interactions between the protein and reporters. The target range for IER concentration is ideally 100x less
than that of the protein being studied. In this range, even strong unforeseen binding interactions between
proteins and IERs are virtually undetectable. To determine if the 2nd generation IERs could be detected
within this concentration range, un-deuterated samples containing 1.5uM equine cytochrome C, equine
myglobin, and Hen Egg lysozyme in addition to the IERs and bradykinin were prepared. After several
iterations, it was found that TM-143, TM-151, TM-155, and TM-2-16 could be detected within the linear
range of a first generation Themo-Orbitrap-LTQ at reaction concentrations of 0.005uM, 0.003:M, 0.0004.M,
and .013uM respectively (Figure 3.5). These results suggest that these IERs could be incorporated into a
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wide variety of HDX-MS experiments without any risk of interacting with the protein analyte and influencing
the observed exchange.

3.3 Suitability of 2nd Gen IERs for HDX-MS studies

In order to rigorously assess the performance of proposed 2nd generation IERs we incorporated the com-
pounds into a comparative HDX-MS study carried out under two pH conditions. The exchange reaction
buffers were phosphate buffered saline adjusted to pH 7.4 and pH 6.4 by using small amounts of HCI and
NaOH to achieve final pH* values in D20 of 7.183 and 6.227 (pD 7.62, 6.65) respectively. Reaction deuterium
content was calculated to be 84.6%. The exchange reactions included 3 proteins: Hen egg lysozyme, equine
Cytochrome C, and equine Myoglobin, 4 imidazolium reporters; TM-143, TM-151, TM-155, and TM-2-16
in addition to the back-exchange reporter bradykinin. Exchange reactions were carried out in quadruplicate
at 7 time points; 3s, 15s, 1min, bmin, 30min, 4hrs, and 20hrs. Maximally deuterated exchanges were also
carried out in quadruplicate for each condition. Detailed information about sample preparation and handling
can be found in the methods section.

Analysis, of the exchange reactions shows a clear difference in deuterium uptake by both peptides and
reporters between the two conditions. Figure 3.6 panels A, B, and C (peptide uncorrected, pD corrected,
IER corrected over time course) shows uncorrected uptake for the three peptide from Equine Cytochrome
C (CYT C): AGIKKKTE, YLENPKKY, and IFAGIKKKTEREDL. Figure 3.6 panels D, E, and F shows
the uptake of these same peptides with the low pD data time shifted along the X-axis to account for the
difference between the high and low pD conditions by applying a correction factor pD. ., acquired from
equation 3.1. The exchange time in seconds is simply divided by pD,, to correct for differences in reaction
pD. For example, the 60s time point at pD 6.65 is corrected to 6.43s using this approach.

pDCO’r"I‘ — 1O(pDh,1igh_leow) (31)

This correction assumes that the increase observed deuterium uptake by the protein between low and
high pH conditions is the result of changes to the intrinsic amide exchange rate (k) alone. This method
further assumes that the change in k., with regard to pD is consistent with 1st order kinetics, i.e., for a pH
increase of 1.0 units k.pincreases by a multiple of 10. While this method is widely utilized, it’s limitations are
well understood[134, 28, 84, 50, 90]. For example in this data set the pD correction tends to over-represent
the extent of exchange for the low pD data. This is likely due to error associated with pH measurement and
conversion of pH* to pD: a limitation that is overcome by using imidazolium IERs[90, 67]. Time-shifting
using the imidazolium IERS was accomplished by calculating the difference in exchange rate between the
high and low pD data sets. The average ratio of observed exchange rates across the entire time course was
applied as a correction factor to scale the time points in the low pD data set, in the same manner as the pD
correction. Figure 3.6 panels G, H and I demonstrates how this method minimizes the error associated with
pH measurement to accomplish better quality corrections.

Although, frequently unnecessary it is possible to use the uptake of the 2nd generation IERs to make
robust time point specific corrections. This is only possible because the lack of back-exchange allows for
accurate calculation of rates from single time point measurements, using 3.2 where #D is the observed extent
of deuteration and D,,,, is the maximum observed deuterium content.

#D—Dmao
D—max

Rate = —In(—( rimme ) (3.2)
The rate corresponding to the specific time point can then be used in the manner previously discussed
to generate more accurate exchange corrections. To fully take advantage of this capability, the extent of
exchange for the IER must be within 10% and 90% of the maximal deuterium content at each time point
intended for correction. In this experiment it was possible to accomplish time point specific corrections for
the entire time course using the IERs incorporated. In Figure 3.7 panel C the time point-specific correction
of low pD measurements corresponding to the peptide LENPKKYIPGTKMIF from CYT C is displayed.
although not evident from the data presented in Figure 3.7, a time point-specific exchange correction can in

general provide a higher quality correction.
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3.4 Methods

3.4.1 Reagents

D20, deuterated ACN, and deuterated DMSO were purchased from Cambridge Isotope Labs (Tewks-
bury, MA, USA). benzyl bromide 98%, trimethyloxonium tetraflouroborate 95% potassium carbonate,
2,3-diaminonaphthalene 98%, and formic acid 88% in methanol were purchased from sigma Aldrich (St.
Louis, MO, USA). 5-mehtylbenzimidazole 98%, and 5-nitrobenzimidazole 984+% were purchased through
Alfa Aesar (Haverhill, MA, USA). Benzimdazole 98% was purchased from Acros Organics (Geel, Belgium).
1-methylbenzimdazole-5-carboxylic acid was purchased from Maybridge Chemicals (Altrincham, UK). Be-
fore use in alkylation reactions the solvents were dried via distillation over activated 3A molecular sieves.
Chromatography solvents, absolute ethanol, concentrated HCI, and solid NaOH were purchased from Fisher
Scientific (Hampton, NH, USA).

3.4.2 Continuous labeling HDX-MS (CHDX-MS)

CHDX-MS requires the quenched exchange reaction to flow directly into the ionization source at relatively
high flow rates. As a result, volatile buffers are essential. For the CHDX-MS experiments we carried out,
the exchange buffer was 200mM ammonium acetate and the quench buffer included 1% formic acid and
1% trifluoroacetic acid in optima H2O. Both buffers were adjusted using solutions of sodium hydroxide or
hydrochloric acid to achieve the desired solution pH value. The reaction buffer was made by adding 150uL
of the acetate buffer to 1350uL of 99.99% D20 for a final buffer concentration of 20mM. The TER master
mix was made by adding compounds TM-155, TM-151, TM-143, TM-141, TM-139, TM-2-16, along with
TM-65, TM-68, and TM-85 as reference compounds to optima HyO. Immediately before beginning the
experiment, 1485uL of the buffered DoOsolution was drawn up into a glass Pasteur pipette and mixed in a
vessel containing 15ul of the IER master mix to form the reaction mixture. Half of the reaction mixture
was promptly removed using a gastight 1ml syringe and the remaining 750uL was used to measure reaction
pH* by a Thermo combined glass electrode.

To deliver sample to the spectrometer, a Harvard Instruments syringe pump was set up to drive a 1ml
gastight Hamilton syringe and deliver 10 fracuLmin of the CHDX-MS reaction mixture. The flow from this
pump is directed through 280mm of PEEK tubing with an inner diameter of 0.25mm into a T-shaped PEEK
junction. At this junction the reaction mixture is diluted 1:1 by an opposing flow of quench buffer delivered
by a Shimadzu LC-10ADV solvent pump. The length and inner diameter of the PEEK tubing connecting
both the syringe and solvent pumps to the T-shaped peek junction was matched to minimize back flow and
pressure ripple. The out flow from the T-shaped junction to the spectrometer was directed through 140mm
of PEEK tunning with an inner diameter of 0.5mm. The experiment was begun as soon as the Dy;Obuffer
was added to the IER master mix, signal did not appear until approximately 2 minutes after syringe pump
began delivering the reaction mixture. To minimize carryover, the solvent pump continued to deliver quench
between runs and a blank was run between every sample. Uptake data was analyzed via Microsoft excel
following export as .csv from platform specific software.

3.4.3 HDX-MS

Equine Cytochrome C , Equine myoglobin, and Hen Egg Lysozyme (Sigma Aldrich) were resuspended in
PBS (20 mM sodium phosphate 150 mM NaCl, 2 mM DTT) to an individual concentration of 15.0uM. A
mixture of the 2nd gen IERs; TM-143, TM-151, TM-155, and TM-2-16 was added to protein stock to achieve
concentrations of 0.05uM, 0.03uM, 0.004uM, and .13uM respectively. The PBS buffers for conditions 1 and 2
were adjusted with small additions of HCl and NaOH to pH 7.457 and 6.405, corresponding to pH* values in
D2Oof 7.183 and 6.227 respectively. 10 uL of the protein solution was diluted 10-fold into a deuterated buffer
containing 0.2 pg/mL of bradykinin and angiotensin II to serve as controls for assessing back-exchange[134].
The exchange reaction deuterium content was calculated to be 85%. Reactions were incubated at 23.5°C
for 3 sec, 15 sec, 1 min, 5 min, 30 min, 4 hrs, or 20 hrs. Exchanged samples were added to an equal volume
(100 uL) of ice-cold quench buffer (8 M Urea, 0.2% formic acid) for a final pH of 2.544. Samples were
flash frozen in an ethanol-dry ice bath (—60°C') and subsequently stored at —80°Cuntil LC-MS analysis.
Undeuterated samples were prepared in the usual way[84]. Maximally deuterated exchanges were also carried
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out in quadruplicate for both condition using two different methods. In method 1 (TDA) exchange reactions
were prepared in the usual way, sealed with parafilm, and heated to 60°Cfor 2 hours in a slotted heat block
before being quenched and prepared for analysis. In method 2 (TDB) exchange reactions were prepared in
the same way as TDA however, excess guanidinium chloride (3M) was added to facilitate more complete
deuterium incorporation by the proteins in solution[59]. Reactions for both conditions were carried out by
hand in a single day. The exact pH* during the deuterium reaction was measured using an identical sample
in D50, without protein and used to calculate the pD as described for the NMR methods in Chapter 2.
Frozen samples were thawed on a 5°Cblock for 4 minutes prior to injection into a loading loop. The loaded
sample was passed over a protease column containing porcine pepsin immobilized on POROS resin (2.1 x 50
mm) at 10°C' with a flow of 0.1% trifluoroacetic acid (TFA) at 200 uL/min[67]. Digested peptic fragments
were trapped onto a Waters BEH trap column (2.1 x 5 mm, 1.7 pm). After 7 minutes of loading, digestion,
and trapping, peptides were resolved on an analytical column (Waters CSH 1 x 100 mm, 1.7pm, 13OA) using
a gradient buffers A ( 0.1% FA, 0.025% TFA, 2% ACN; B) 0.1% FA in ACN) and B (99.9% ACN, 0.1%TFA).
In this gradient B is held at 2% for 4min then increasing to 10% 4.5min, then to 33% via linear gradient at
13min, and to 50% at 14.5min, before increasing linearly again to 95% at 16min. After 16min the column
was washed and allowed to equilibrate at 2%B for several minutes. The LC system was coupled to a Thermo
Orbitrap performing full scans over the m/z range of 150 - 1500 with a resolution setting of 30,000. During
the analytical separation step, a series of 250 pL injections were used to clean the pepsin column: 1) 0.1%
Fos-12 with 0.1% TFA; 2) 2 M GndHCI in 0.1% TFA; 3) 10% acetic acid, 10% acetonitrile, 5% IPA[80, 51].
After each gradient the trapping column was washed with a series of 250 pL injections: 1) 10% FA; 2) 30%
trifluoroethanol; 3) 80% MeOH; 4) 66% isopropanol, 34% ACN; 5) 80% ACN. During the trap washes the
analytical column was cleaned with three rapid gradients[39]. These cleaning steps were necessary to ensured
that the level of carry-over was below 5% for each peptide analyzed. Undeuterated samples were used to
collect MS/MS spectra using data-dependent acquisition. Peptic peptides were identified by exact mass and
tandem mass spectrometry (MS/MS) spectra using Byonic (Protein Metrics). Mass shifts were determined
using HD-Examiner V2 (Sierra Analytics) and HX-Express v2.34[46]. The exchange kinetics for each IER
were calculated by fitting the data to a single exponential.

3.4.4 Time shifting HDX-MS data

Time shifting of the pD 6.65 data was first achieved by assuming a ten-fold increase in the intrinsic amide
exchange rate for a pH increase of 1.0 unit. By this criterion, the time axis of the pD 6.65 data set
was shifted down by a factor of 10 raised to the difference in calulcated pD values for conditions 1 and 2
(pDecorr = 10(7-62-6.65) — 9.33). Time-shifting using the 2nd gen imidazolium IERs was accomplished by first
calculating the difference in IER exchange rates for the pD 7.62 and 6.65 data sets. This was accomplished by
fitting the observed uptake overtime under each condition with a single exponential equation. The correction
factor was then calculated by raising the difference between the high and low pD rates to the power of 10
(average IER factor of 7.25). This value was applied by dividing the low pD time point y the value of the
correction factor. For example, the 60s time point was shifted down to 6.43s when using the pD correction
and 8.3s when using the IER based correction.

For time point specific corrections to be effective it is necessary to compare the rates of a single standard
within a deuteration range of 10-90% under both conditions. The rate is calculated using equation 3.2,
where #D is the observed extent of deuteration and D4, is the maximum observed deuterium content. We
note that miss-representation of absolute deuterium content can arise from FT-MS and the data processing
method[11]. However, this did not appear to adversely affect the quality of correction factors generated using
this approach.

3.4.5 Synthesis 1,3-dibenzylbenzimidazolium (TM-151)

To an oven dried round bottom flask containing a magnetic stir bar benzimidazole (0.84mmol, 1.0 eq) and
potassium carbonate (1.26mmol, 1.5 eq) were added. The vessel was fitted with a rubber septum and flushed
with Argon (g). Approximately 30mL of dried acetonitrile was added via cannula to the vessel via argon
pressure. Next the mixture was set to stir and benzylbromide (4,23mmol, 5.0 eq) was added dropwise to
the stirring solution. The vessel was then fitted with a liquid cooled reflux condenser and heated to reflux.
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The mixture was allowed to stir at this temperature for approximately 12 hours or until all starting material
appeared to be consumed by TLC. Excess solvent was removed under reduced pressure. The residue was
resuspended in mobile phase (9:1 H20:ACN w/ 0.1% TFA) and filtered using a syringe driven filter (0.22uM).
The effluent was purified via reverse phase HPLC (C18, gradient elution: 15-95% ACN in H20 with 0.1%
TFA), to yield 1,3-dibenzylbenzimidazolium (TM-151) as a white solid, 89%, 1H NMR (499.73 MHz, D20,
ppm): 9.37 (S, 1H), 7.79-7.77 (M, 2H), 7.61-7.59 (M, 2H), 7.46-7.42 (M,10H), 5.71 (S, 4H); MS (ESI) caled
for C21H19N2: 299.1543, found: 299.1550 M/Z

3.4.6 Synthesis 1,3-dibenzylimidazolium (TM-155)

See synthesis TM-151; no changes made to procedure. 1,3-dibenzylimidazolium (TM-155) isolated as trans-
parent oil 99% 1H NMR, (499.73 MHz, D20, ppm): 8.95 (S, 1H), 7.52-7.44 (M,10H), 5.41 (S, 4H), 4.87 (S,
2H); MS (ESI) calced for C1THI7N2: 249.1386, found: 249.1392 M/Z

3.4.7 Synthesis 1,3-dibenzyl-5-nitrobenzimidazolium (TM-143)

See synthesis TM-151; no changes made to procedure. 1,3-dibenzy-5-nitrobenzimidazolium (TM-143) iso-
lated as white solid 99% 1H NMR (499.73 MHz, D20, ppm): 9.62 (S, 1H), 8.79-8.78 (D, 1H), 8.49-8.46
(D, 1H), 8.01-7.99 (D, 1H), 7.48-7.46 (M,10H), 5.79 (S, 2H), 5.76 (S, 2H); MS (ESI) calcd for C21H18N302:
344.1393, found: 344.1395 M/Z

3.4.8 Synthesis 1-methyl-3-benzylbenzimidazolium-5-benzylester (TM-141)

See synthesis TM-151; no changes made to procedure. 1,3-dibenzy-5-nitrobenzimidazolium (TM-141) iso-
lated as white solid 99% 1H NMR (499.73 MHz, D20, ppm): 9.46 (S, 1H), 8.34 (S, 1H), 8.25-8.23 (D,
1H), 7.94-7.92 (D, 1H), 7.44-7.462 (M,10H), 5.71 (S, 2H), 5.33 (S, 2H), 4.13 (S, 3H); MS (ESI) calcd for
C23H21N202: 357.1597, found: 357.1591 M/Z

3.4.9 Synthesis 1,3-dibenzyl-5-methylbenzimidazolium (TM-139)

See synthesis TM-151; no changes made to procedure. 1,3-dibenzy-5-nitrobenzimidazolium (TM-139) iso-
lated as white solid 99% 1H NMR (499.73 MHz, D20, ppm): 9.307 (S, 1H), 7.65 (S, 1H), 7.63 (S, 1H),
7.57 (S, 1H), 7.46-7.41 (M,10H), 5.68-5.67 (D, 4H), 2.45 (S, 3H); MS (ESI) calcd for C22H21N2: 313.1699,
found: 313.1699 M/Z

3.4.10 Synthesis 1,3-dimethylnaphthoimidazolium (TM-2-16)

To a round bottom flask containing a magnetic stir bar 2,3-napthalenediamine (0.63mmol, 1.0eq) was added.
The solid was added to 10ml of absolute ethanol. Next 88% formic acid in methanol (250 microliter approx.
6eq) was added dropwise to the stirring solution. The vessel was then fitted with a liquid-cooled condensation
column and heated to approximately 80°C. The reaction was monitored by mass spectrometry, with a
small portion of the reaction mixture being removed, neutralized, and filtered at regular intervals. Upon
completion, the reaction vessel was allowed to cool before being poured into a saturated solution of sodium
carbonate. The crude napthimidazole precipitated and was isolated via vacuum filtration. The filter Cake
was washed 5 times with de-ionized water, and the identity of the crude product (TM-2-13) was confirmed
by HR-MS (1H-Napthimidazole, HR-MS = 169.079 m/z). TM-2-13 was dried completely before use in the
subsequent reaction. Solid TM-2-13 (0.31mmol, 1.0eq) was dissolved in dried methylene chloride (DCM),
and the vessel was then sealed and flushed with argon (g). Next, solid trimethyloxonium tetrafluoroborate
(1.55mmol, 5.0 eq) was added in small portions under a light flow of argon (g) to exclude atmosphere. After
addition of the alkylating agent, the vessel was fitted with a rubber septum and the mixture formed a white
fluffy precipitate, which over time became dark red and opaque. After allowing the mixture to stir at room
temperature for approximately 48hrs. reaction monitoring was carried out via removing a small portion
of the reaction mixture, diluting it with ice-cold 1:1 water and methanol, and filtering in preparation for
MS analysis. When MS indicated completion, the reaction mixture was diluted with ice-cold 1:1 water and
methanol and concentrated onto silica gel. The silica gel was transferred into a RediSep solid loading column
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for chromatography. 1,3-dimethylimiazolium (TM-2-16) was isolated via flash chromatography (silica gel,
gradient elution: 0-10% Methanol in DCM) as an off-white solid 98% 1H NMR (499.73 MHz, D20, ppm):
9.03 (S, 1H), 7.96 (S, 2H), 7.91-7.89 (M, 2H), 7.48-7.46 (M, 2H), 3.88 (S, 6H); MS (ESI) calcd for C13H13N2:
197.1073, found: 197.1079 M/Z

3.5 conclusions

Here we demonstrate a series of 2nd generation imidazolium IERs. These compounds utilize the same well
studied kinetics of the 1st generation standards but feature more extensive time point coverage and better
chromatographic performance. Importantly, the improvment in chromatographic performance allows for the
detection of the IERs at very low concentrations, more than 100X less than that of the protein analyte. At
such low concentrations potential unforeseen interactions between the analyte and IERs have virtually no
impact on the observed exchange. These improved imidazolium IERS are amenable to a wider variety of
HDX-MS experiments.

35



Log P vs. LC retention

TM-68
o TM-65
TM-2-16
® TM-155
TM-151
o TM-143
[] ® TM-2-59
T™M-141
® TM-139

R?=0.9236

LogP
o

4 5 6 7 8 9 10 11 12 13

Retention Time (min)

Figure 3.1: Computationally generated logP values for imidazolium IERs as a function of observed retention. Details
pertaining to the chromatographic conditions can be found in the methods section. LogP values were generated using
©Molinspiration cheminformatics online tools.
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Figure 3.2: Structures with reference number and exact mass values for compounds TM-139, TM-141, TM-151,
TM-155, TM-2-16.
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Figure 3.6: Panels A, B, and C show the observed deuterium uptake at pD 7.62 (blue) and 6.65 (red) for 3 peptic
peptide from Equine Cytochrome C: AGIKKKTE, YLENPKKY, and IFAGIKKKTEREDL. Panels D, E, and F show
these same peptides with the low pD time points shifted to account for the difference between the high and low pD
conditions. Panels G, H, and I show these peptides with the low pD time points shifted by a factor proportional to
the average difference in observed rates under the high and low pD conditions for the imidazolium IERs. Note that
the reported pD values are calculated from the measured pH* using the method described in Chapter 2.
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Figure 3.7: Panels A shows the observed deuterium uptake at pD 7.62 (red) and 6.65 (blue) for the Equine
Cytochrome C deried peptic peptide LENPKKYIPGTKMIF. Panel B shows the low pD time points for this peptide
shifted by a factor proportional to the average or global difference in observed rates under the high and low pD
conditions for the imidazolium IERs. Panel C shows the low pD time points for this peptide shifted by a factor
proportional to the difference in observed rates under the high and low pD conditions for an imidazolium IER
between 10 and 90% exchanged at each time point.
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Chapter 4

An IER Based Strategy for
Standardizing % D

4.1 Introduction

For typical HDX-MS studies peptide deuterium uptake tends to vary by approximately 10%[60, 13]. Some
advanced automated systems can achieve more precise measurements however, widespread use of these
systems remains impractical[10]. The development of more pragmatic approaches to improving HDX-MS
data quality has tangible benefits. For example, by improving precision beyond 10% HDX-MS can be
utilized to study more subtle interactions or more complex systems, create higher resolution labeling maps,
and help improve the statistical power of datasets[38]. Internal standard-based approaches have been shown
to considerably improve data quality[129, 121, 90, 134]. However, these methods are generally only suitable
for detecting changes in reaction buffer conditions or sample handling variations. Significantly less attention
has been directed towards addressing variation in reaction deuterium content.

Observed deuterium uptake is linearly proportional to the reaction deuterium content or % D. Variation
in % D typically arises from dispensing error, changes in reagent quality, or through exposure of the exchange
reaction to atmospheric moisture[109, 84]. Often a change in % D for a few samples within a single experiment
can be detected and corrected using a maximally deuterated control. Essentially the maximally deuterated
control shows the highest possible degree of deuteration for a specific peptide. This value can be used to ad-
just the uptake of a matching peptide where variation in % D has impacted the extent of exchange. In Figure
4.1 the uptake of the Equine Cytochrome C derived peptic peptide MEYLENPKKYIPGTKMIFAGIKKK-
TERED is shown under two conditions where reaction % D has been varied. In panel A the solid blue line
represents the correction of the deuterium uptake under condition 2 through the use of a maximally deuter-
ated control sample. Although very useful, the maximally deuterated control cannot be used to determine
the actual reaction deuterium content. A consequence of this limitation is shown in Figure 4.1 panel B,
where the uptake of the same peptide under the low % D condition is corrected using the maximal deu-
terium uptake for the back-exchange reporter peptide Bradykinin. The underrepresentation of deuterium
denoted by the solid blue line occurs because the Equine Cytochrome C derived peptide and Bradykinin
lose different amounts of deuterium over the numerous downstream processing steps following quench[28, 50,
134, 129, 60]. While Bradykinin is not typically used to correct for variation in reaction % D, doing so in
this example is conceptually similar to correcting uptake for matched peptides collected at different sites or
on different days. The inability of peptide-based controls to facilitate meaningful comparison of HDX-MS
data-sets suggests that in the absence of additional tools, reproducibility will remain limited[60, 22].

Currently the only method intended to facilitate the detection and correction of variation in reaction
deuterium content across disparate HDX-MS datasets was published in 2014 by Joey G. Sheff and David C.
Schriemer[109]. This approach requires that known quantities of “light” and “heavy” (C13 labeled) caffeine be
added to the HyOand DyOreaction buffers prior to the incubation step. The caffeine standard does not retain
any deuterium following quench, so the resulting ratio of caffeine isotopes can be used to estimate the reaction
% D directly. Conceptually this estimate of % D could be used to standardize deuterium content across
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data sets collected at different times or in different laboratories. However, the non-exchangeable caffeine
standards can only detect dispensing errors. In other words, this approach cannot address % D variation
arising from changes in reagent quality or exposure to atmospheric moisture. Additionally, the amounts of
light and heavy caffeine have to be optimized to achieve a linear response from the mass spectrometer[109].
This can be challenging to achieve in certain instruments, particularly those with a limited dynamic range[11,
109]. Essentially, extensive system-specific back-exchange prevents peptide-based controls from measuring
reaction deuterium content, and the alternative non-exchangeable reporter based strategy, is similarly limited
by insensitivity towards reaction conditions and incompatibility with many workflows[114, 115, 134, 109]. In
this Chapter we will discuss the development of an imidazolium based reporting strategy for standardizing
reaction % D. Imidazolium reporters are particularly well suited to this purpose because the rate of exchange
can be accelerated to allow for maximal deuteration within the shortest typical time point for an HDX-MS
experiment of 3s, and the extremely slow and predictable back-exchange for these compounds allows for
unambiguous detection of actual reaction deuterium content[28].

4.2 Designing an Imidazolium based % D reporter

Most exchange reactions are carried out at room temperature in buffered solutions ranging from pH 6.5 to
7.5, from this we understand that a versatile % D reporter should have a half-life less than 0.6s at pH 7.0.
Given that imidazolium IERs exchange exclusively through base catalysis, it is possible to accurately predict
the extent of deuterium loss under quench conditions and during downstream processing. This property of
imidazolium allowed for the establishment of a lower limit on the half-life of a “useful” % D reporter, which
is 0.215s. Beyond this lower limit, the half-life under typical chromatographic conditions is less than 40min,
and as much as 12% of the deuterium content could be lost. This estimate considers the acceleration of
exchange in the presence of the organic co-solvent acetonitrile (ACN). An in-depth discussion of this effect
as it pertains to imidazolium can be found in Chapters 2 and 5. Additionally, a discussion of predicting
D-loss by imidazolium under chromatographic conditions can be found in the subsection titled ”Addressing
Downstream Deuterium Loss”.

4.2.1 Using Computational Methods to Accelerate Discovery

Although we have successfully targeted time point coverage using a conceptual understanding of how imi-
dazolium structure influences the rate of C-2 exchange, using this same approach to pursue such a narrow
temporal window may have taken many iterations. In an effort to accelerate the search for a suitable % D
reporter, we attempted to develop a computational model to estimate exchange rates for unknown imida-
zolium derivatives. The model was conceptually similar to a Hammett plot, in that it related the changes to
electronic structure induced by specific substituents to the rate of proton transfer. This was accomplished
by using the computational chemistry platform Gaussian to generate single point energy (SPE) values for
optimized 3D structures of protonated and de-protonated forms of well-studied imidazolium compounds. As
de-protonation is understood to be the rate-limiting step in the proton transfer reaction at the C-2, the
difference in SPE values corresponding to the protonated and de-protenated forms can be used as a quali-
tative indicator of C-2 acidity analogous to the measurement of C-2 ppm|[2]. This assumption is supported
by a reasonably strong linear relationship between the observed chemical shift for the C-2 proton in 10%
Ds0Oand the computationally derived difference in SPE seen in Figure 4.2. This relationship facilitated the
calculation of C-2 chemical shift values for unknown compounds. These computationally derived C-2 values
were then used to estimate the rate of exchange for the unknown compound via the empirical relationship
discussed in Chapter 2.

Initial tests of this method showed an average percent difference between predicted and observed rates
within the training set of 39%, with the maximum deviation being 87% and the minimum being 1.9%.
Despite this limitation, the approach was used to generate crude estimates of exchange rates for a series
previously uncharacterized imidazolium derivatives. Among the initial series of unknown compounds was
1,3-dimethyl-5,6-dinitrobenzimidazolium (TM-162). The computationally estimated rate for TM-162 at pD
7.0 and 25C was 0.239 s~! (t1/2=2.89 s) which did not meet the minimum rate requirement for a % D
reporter. Moreover, the estimated log P of -3.8 suggested that TM-162 would be insufficiently retained under
typical chromatographic conditions and therefore of limited utility. Nonetheless, TM-162 was synthesized in
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an effort to refine the computational approach through expansion of the training set. The observed rate for
TM-162 was measured at 0.249 s~! (t1/2=2.78 s) under standard conditions. The surprising accuracy of
this prediction suggested a bias towards nitro-containing compounds which may have been resolved through
further expansion of the training set. Such refinement was found to be unnecessary as empirical data showed
that the additions of N-benzyl groups to this structure would accelerate exchange by approximately 10-fold
exceeding the minimum necessary rate for a % D reporter.

The synthesis of the benzyl derivative of TM-162, 1,3-dibenzyl-5,6-dinitrobenzimidazolium (TM-2-59)
was accomplished over 2 steps via 4.3. Analysis of the compound’s kinetics by CHDX-MS showed that the
under standard conditions, the rate was 2.86 s=! (t1/2= 0.242 s). This rate is just within the maximum for
a “useful” % D reporter of 3.224 s~! (t1/2= 0.215s). Additionally TM-2-59 has a relatively high estimated
logP of 1.03, which suggested that it would be retained for 632+33s (10.54+0.55min) corresponding to an
estimated loss of 10.2842.56% deuterium content under the chromatographic conditions typically used in
the Guttman lab (see Chapter 2, methods). However, due to the accuracy with which imidazolium D-loss
can be predicted this proved to have little impact on the overall quality of the % D correction.

4.3 Suitability of TM-2-59 to Standardize % D

In order to assess the utility of an imidazolium reporter-based approach to correcting % D variation in
HDX-MS we carried out a series of exchanges where reaction pH* was kept constant at 7.183 (pD 7.63), and
deuterium content was varied in known intervals over 2 conditions. Reaction deuterium content for conditions
1 and 2 was 84.6% and 69.5% respectively. Conditions 1 and 2 were prepared using the same buffer at the
same concentration. Condition 1 represents the maximum % D for a typical exchange reaction. In condition
2 the % D was reduced by adding water to the condition specific D20 stock. The small peptide bradykinin
was included in each D20 stock as a back exchange reporter. The % D reporter TM-2-59 along with 2nd
generation reporters TM-143, TM-151, TM-155, and TM-2-16 were added to a protein solution containing
Equine Cytochrome C, Equine Myoglobin and Hen Egg Lysozyme. Exchange reactions corresponding to each
condition were carried out side by side at 25°Cin quadruplicate at 3 time points: 3s, lmin, 4hrs (3s, 60s, and
14400s). Maximally deuterated samples were also generated for both conditions in the usual way[84, 67]. The
deuterium uptake of the peptic peptides and imidazolium reporters was observed via Thermo LTQ-Orbitrap
at 60K resolution, and the data was processed using Sierra Analytics HDexaminer version 2.34.

The imidazolium reporters were detectable at very low concentrations, more than 100X less than that of
the individual proteins. Deuterium uptake by the analytes clearly reflected the reaction deuterium content
corresponding to each condition (Table 4.4). Consistent with previous observations TM-151 reached maximal
deuterium incorporation after 30 min at pH* 7.183 and 25C. From these measurements, reaction deuterium
content for conditions 1 and 2 were calculated at 85.6% and 69.7% respectively. TM-2-16 was observed to
reach full deuterium incorporation after 30 min. From these measurements, reaction deuterium content for
conditions 1 and 2 were calculated at 87.2% and 69.65% respectively. The faster exchanging reporter TM-143
reached maximal deuterium incorporation after 15 seconds under these conditions. From these measurements,
reaction deuterium content for conditions 1 and 2 were calculated at 84.8% and 68.4% respectively. The
proposed % D reporter, TM-2-59, reached maximal deuterium incorporation within 3 seconds under both
conditions. This is clear from the relatively minimal variation in the # D for this compound across the
entire time course (4.5, panel A). Consistent with our expectation regarding back-exchange by TM-2-59
under chromatographic conditions, the compound reports reaction deuterium content at 74.5% and 58.3%
for conditions 1 and 2 respectively. Although % D loss by TM-2-59 cannot be meaningfully reduced through
modification of the chromatographic conditions, the extent of D-loss is significantly less than what is typically
observed for peptide-based alternatives[90, 134]. Moreover, the comparatively simple exchange kinetics of
imidazolium IERs makes it possible to accurately calculate the extent of downstream deuterium loss with
reasonable accuracy.

4.3.1 Addressing Downstream Deuterium Loss

As previously discussed, peptide-based reporters are incapable of accurately measuring reaction deuterium
content because of extensive system specific back-exchange. Unfortunately an imidazolium reporter capable
of measuring % D across the entire HDX-MS time course must exchange so rapidly that some back-exchange
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is likely. Unlike peptides, D-loss by imidazolium occurs almost exclusively during chromatography. This
behavior is a consequence of the compounds 1st order exchange kinetics. For example, during the thawing
phase where solution pH is approximately 2.5 and the temperature is 5°C'TM-2-59 has a half-life of 27.5hrs,
a value which decreases only slightly during the trapping phase to 24.03hrs. As solution pH and temperature
during the trapping phase are kept low, the slight acceleration in rate is a understood to arise primarily from
the change in solvent composition[35, 54, 12, 47, 90, 61, 41, 98]. This observation is consistent with the
effects of ACN on imidazolium exchange discussed in Chapter 2 and suggests that back-exchange by TM-2-59
or any imidazolium based reporter can be generally considered as function of chromatographic retention and
solvent composition.

In an effort to test this assumption, the downstream processing of matched maximally deuterated samples
was broken down into 3 phases, thawing, trapping, and chromatography. Each phase was then modified
independently over 5 different experiments to systematically identify sources of D-loss. In Experiments 1-4,
a Waters BEH C18 trapping column (2.1 x 5 mm, 1.7 ym) and a Waters BEH C18 analytical column
(1x50mm, 1.7 pm, 130 A) were used. Experiment 1 established the baseline for typical downstream process.
In this experiment frozen samples were subjected to a standard 4min thawing phase followed by an IER-
optimized 7min trapping phase and an IER-optimized LC gradient. In experiment 2 the thawing phase was
unchanged, while the length of the trapping phase was reduced to 5min, and the LC gradient was changed
to one optimized for general use was. This experiment was intended to show if the downstream optimization
made for IERs have any impact on D-loss. Next in experiment 3 frozen samples were subjected to a standard
4min thawing phase followed by an extended 20min trapping phase and an IER-optimized LC gradient. By
changing the length of the trapping phase only, we were able directly compare D-loss in experiments 1 and 3
to understand how the trap environment influences back exchange. In experiment 4 the thawing phase was
changed from 4min at 5°Cto 60min at 0°C, while the trapping and chromatography phases were matched
to experiment 1. Experiment 3 allowed for the assessment of how changes to the thawing phase, which
could arise from improper sample handling affect back-exchange. Lastly, in experiment 5 the the thawing,
trapping, and chromatography phases were matched to experiment 1, but the dimensions of the analytical
column were changed from 1 x 50mm to 1 x 100mm. By altering the column dimensions only between
experiments 1 and 5, we were able to isolate the effect of retention time on the extent of D-loss.

Figure 4.6 summarizes the results of these studies by showing how these sample handling variations
influenced D-loss for TM-143, TM-2-59 and Bradykinin. Between experiments 1 and 2, there is no signif-
icant change in the apparent % D reported by TM-143 or TM-2-59 and a modest 0.80% deviation in the
reported %D for bradykinin. These observations suggest that the IER-optimized gradient has little effect
on imidazolium back-exchange but may slightly increase D-loss in peptides. During the extended trapping
phase in experiment 3 the change in % D reported by TM-143 and TM-2-59 changes very little compared
to bradykinin, which loses an additional 25% D relative to experiment 2. These results suggest that trap
time strongly affects back-exchange in peptides, but has little effect on imidazolium D-loss. Following the
extended 1hr thawing phase in experiment 4, Bradykinin loses 19%D, while TM-2-59 shows a small loss of
0.838% D, and TM-143 shows no significant change compared to the average observed % D in experiments
1-3. This experiment reinforces the assertion that back-exchange rates for imidazolium compounds are very
slow under the thaw conditions. Lastly in experiment 5, where only the retention of compounds was altered
relative to experiment 1 via the change in the length of the analytical column there is a more significant loss
of deuterium by TM-2-59 amounting to 3.8% D. This is in contrast to the absence of any significant change in
the % D reported by TM-143 and the sizable reduction in D-loss for Bradykinin relative to experiments 3 and
4 (1.93% D). The observation that an increase in retention has a greater effect on imidazolium D-loss than
extensive trapping or thawing strongly suggests that the vast majority of D-loss by imidazolium reporters
occurs during the chromatography phase. The practical consequence of this observation is that the extent
of imidazolium back exchange can be treated as a function of retention time and the mole fraction of ACN.

Using HDX-NMR data, a system of empirically derived equations was developed to facilitate the calcula-
tion of imidazolium D-loss during chromatography. First the rate correction factor (7.o.) is calculated from
equation 4.1 where y is the mole fraction of ACN at a given time point in the LC-gradient and Ag,o is the
decay constant for the imidazolium reference reporter determined by HDX-NMR.

In(2)
o 10*H20
7-CO’I"I‘ - l’I’L(2) (4.1)
10(7-437x—3.8965)
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The correction factor 7.o. is then applied in equation 4.2 to generate Apgr which is the decay constant
for the reporter in question under the solvent conditions specified in equation 4.1. In equation 4.2 the term
T4 is the half-life for the reporter in question under the thaw conditions, in this case pH 2.5 and 5°C. We
note that the value of 7, may require adjustment if the difference between thaw and LC temperature is large,
as temperature is also a strong modulator of imidazolium exchange rate[118, 96, 40, 90].

Aor = % (4.2)

Tcorr
The value Appr is time point specific and can be used in equation 4.3, where tpg is the time point in
question, Ny refers to the amount of deuterated reporter at the previous time point and N; refers to the
amount of deuterated reporter present after tpg.

Ny = Noel orton) (43)

Accurate calculation of NV; using this system of equations requires that the value of Ny change throughout
the LC gradient to account for the cumulative reduction in % D. To streamline the calculation of N; a
Microsoft Excel based tool has been created. Using this tool, TM-2-59 is estimated to lose 11.69% D from
the starting point of 84.6% D in condition 1, and 9.61% D from the starting point of 69.5% D in condition 2.
This closely corresponds to the observed deuterium loss by TM-2-59 relative to the other reporters, which
can be seen in Table 4.4. Tt should be noted that the comparatively minor deviations in % D reporting
by TM-143, TM-151, and TM-2-16 are likely not the result of back-exchange because, these compounds
back-exchange too slowly for D-loss to be detected under the chromatographic conditions used. It is more
likely that these smaller variations are the consequence of destructive interference arising from the insufficient
resolution of the signals corresponding to the M+D ion and C'3 containing M+H ion by the Thermo LTQ-
Orbitrap instrument used in this study[11, 67]. In Figure 4.7 panel A, two isotopes of TM-2-16 are displayed.
Here M+H is shown at 197.1077 m/z, and M+D highlighted in red is shown at 198.1138 m/z. Panels B, C,
D and E show the M+D peak at 15K, 60K, 120K and 240K resolution respectively. By zooming in on this
region it is possible to see the C''? containing M+H emerge from under the broad peak associated with the
M+D ion as resolution increases. The data discussed in this Chapter was collected at 60K resolution where
the effect of this destructive interference can be recognized by the reduction in apparent % D particularly
under condition 2. Consequently the quality of % D correction is limited by this effect. However, It should be
noted that this distortion can be minimized on Fourier-transform mass spectrometry (FT-MS) instruments
like the Thermo LTQ-Orbitrap by adding a low resolution 15K scanning event to the acquisition method.

4.3.2 Standardizing Deuterium content using TM-2-59

The published approach to generating a correction factor (X...) based on the ratio of “light” and “heavy”
caffeine can be modified for use with exchanging reporters (4.4). In equation 4.4 the term D, is the actual
observed deuterium uptake for the species and D,,,, is the maximum deuterium content for an IER that
exhibits no back exchange, in this case the average uptake of TM-143 under condition 1 (84.6% D, pD 7.6)
during the 60s and 14400s time points was used.

Dobs
Xeorr = 4.4
Dobs + (Dmax - Dobs) ( )
Dmeas
Dcorr = 4.5
Xcor'r‘ ( )

The value X, is applied in equation 4.5, where D,,.qs is the raw uptake of the species in question
and the D, is the corrected uptake for that species[109]. Figure 4.8 shows the uncorrected deuterium
uptake for the Equine Cytochrome C derived peptide MEYLENPKKYIPGTKMIFAGIKKKTEREDL in
broken lines. Here, the solid blue line represents the uptake for the same peptide scaled to the measured
reaction deuterium content using this method. In Figure 4.8 panel A the correction was accomplished by
using the uptake of TM-143 under condition 2 (69.5% D, pD 7.63) at the 60s and 1440s time points as D,ps
and the average maximum deuterium content of TM-143 under condition 1 (84.6% D, pD 7.63) as Dyqe-
Here the raw uptake for the peptide under condition 2 is adjusted from 33.4% at 60s and 46.6% at 14400s
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to 41.4% and 57.8% respectively. This corresponds to an average of 1.06% error between the observed % D
under condition 1 and corrected % D under condition 2. This example serves as a useful proof of concept,
demonstrating that it is possible to make robust corrections to observed deuterium uptake for a peptide by
scaling uptake to the reaction deuterium content measured by an exchangeable reporter molecule. In Figure
4.8 panel B the back-exchange corrected uptake of TM-2-59 is used to facilitate the scaling of deuterium
uptake for the same peptide across the entire time course for the experiment. Here the raw deuterium uptake
for the peptide under condition 2 is adjusted from 22.5% at 3s, 33.4% at 60s, and 46.6% at 14400s to 28.2%,
41.8%, and 58.3% respectively. Notably, the back-exchange correction of TM-2-59 appears to have little
effect on the quality of the % D correction. This is evident from the average error between observed % D
in condition 1 and the corrected % D under condition 2, which is 1.53%. This relatively small increase in
error further suggests that imidazolium D-loss can be accurately calculated using the method described in
addressing Downstream Deuterium Loss”. Moreover, the quality of imidazolium based % D correction is
likely to improve if the destructive interference effects associated with FT-MS instrument can be avoided
[11].

4.4 Methods

4.4.1 Reagents

D20, deuterated ACN, and deuterated DMSO were purchased from Cambridge Isotope Labs (Tewksbury,
MA, USA). benzyl amine 99%, trimethyloxonium tetraflouroborate 95%, and formic acid 88% in methanol
were purchased from sigma Aldrich (St. Louis, MO, USA). 1,2-difluoro-4,5-dinitrobenzene 95%, and 5,6-
dinitrobenzimidazole 984+% were purchased through Enamine Building Blocks (Cincinnati, OH, USA). Be-
fore use in alkylation reactions the solvents were dried via distillation over activated 3A molecular sieves.
Chromatography solvents, absolute ethanol, concentrated HCl, and solid NaOH were purchased from Fisher
Scientific (Hampton, NH, USA).

4.4.2 Computational Approach to Reporter Discovery

Structures of well-studied imidazolium reporters TM-31, TM-39, TM-65, TM-68, TM-85, and TM-91 in
addition to the unknown target molecule TM-162 were generated in cationic and ylide forms ChemDraw
prime (PerkinElmer) then exported as .mol files. These structures were imported into the computational
chemistry platform Gaussian (ver. 16, Rev. A. 03). Initial structural optimization for all structures was
carried out using density functional theory (DFT, b3lyp/6-311+g(d,p)). The most reasonable low energy
optimized outputs were selected for single point energy (SPE) calculation using 3 different models: mp2/6-
31+g(d), hf/3-21g, and b3lyp/6-14+g(d). SPE values for individual structures were given in hartrees. The
difference in SPE values corresponding to cationic and ylide structures was calculated for each model then
related to the experimentally derived C-2 chemical shift for each compound. All NMR experiments were
performed on a 499.73 MHz Agilent DD2 spectrometer equipped with a 5 mm triple-resonance 1 H(13C/15N),
z-axis pulsed-field gradient probe head. Samples were all prepared in 10% D20 and observed at 23°C.
Residual solvent signal was suppressed using pre-saturation. A strong linear relationship was observed
between the mp2/6-31+g(d) associated SPE values and the corresponding C-2 chemical shift thereby enabling
the calculation of C-2 chemical shift (CG-C2) from computationally generated SPE values. The CG-C2 value
was used to estimate C-2 exchange rate via the empirical relationship between C-2 ppm and exchange rate
discussed in Chapter 2. We note that this model exhibits a clear bias with regard to the quality of rate
estimation and recommend that the reader seek out more refined methods for estimating C-2 chemical shift
like those recently published by Peng Gao and colleagues18.

4.4.3 Continuous labeling HDX-MS (CHDX-MS)

CHDX-MS requires the quenched exchange reaction to flow directly into the ionization source at relatively
high flow rates. As a result, volatile buffers are essential. For the CHDX-MS experiments we carried out,
the exchange buffer was 200mM ammonium acetate and the quench buffer included 1% formic acid and
1% trifluoroacetic acid in optima H20. Both buffers were adjusted using solutions of sodium hydroxide or
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hydrochloric acid to achieve the desired solution pH value. The reaction buffer was made by adding 150uL
of the acetate buffer to 1350uL of 99.99% D20 for a final buffer concentration of 20mM. The IER master
mix was made by adding compounds TM-155, TM-151, TM-143, TM-2-16, and TM-2-59 to optima H-O.
Immediately before beginning the experiment, 1485uL of the buffered DyOsolution was drawn up into a glass
Pasteur pipette and mixed in a vessel containing 15uL of the IER master mix to form the reaction mixture.
Half of the reaction mixture was promptly removed using a gastight 1ml syringe and the remaining 750uL
was used to measure reaction pH* by a Thermo combined glass electrode. Please refer to Chapter 3 for a
detailed description of the CHDX-MS apparatus and associated data processing methods.

4.4.4 HDX-MS

To asses the utility of the proposed imidazolium reporter based strategy for standardizing deuterium content,
phosphate buffered saline (PBS) D20 reaction buffers with different deuterium concentrations were created
using a single PBS solution adjusted to pH 7.457 (pH* 7.183, pDcalc 7.63). The reaction buffers with
calculated deuterium contents of 94.05% and 77.22% D, correspond to conditions 1 and 2 respectively. The
deuterated buffer had 0.2 pg/mL of bradykinin and angiotensin II to serve as controls for assessing back-
exchange[134]. The protein solution included Equine Cytochrome C, Equine Myglobin, Hen Egg Lysozyme
(Sigma-Aldrich) resuspended in PBS (20 mM sodium phosphate, 150 mM NaCl, 2 mM DTT) to an individual
concentration of 15uM. To this stock, a total of 5 imidazolium exchange reporters were added: TM-143 (.05
uM), TM-151 (.03 pM), TM-155 (.004 M), TM-2-16 (.12 M), and TM-2-59(.07 uM). Exchange reactions
were prepared in quadruplicated by adding 10 pLi of the protein solution to 90 uL of a deuterated buffer.
Incubation was carried out at 23.5°C' for 3 s, 1 min, or 4 h. Undeuterated samples were prepared in the usual
way[84]. Maximally deuterated exchanges were also carried out in quadruplicate for each condition using two
different methods. Detailed descriptions of maximally deuterated sample prep can be found in Chapter 3. All
exchange reactions and undeuterated samples were prepared by hand in a single day. Following incubation,
exchanged samples were added to an equal volume (100 uL) of ice-cold quench buffer (8 M urea, 0.2% formic
acid) for a final pH of 2.5. Samples were flash frozen in an ethanol—dry ice bath —60°Cand subsequently
stored at —80°Cuntil LC-MS analysis. The exact pH* during the deuterium reaction was measured using an
identical sample in D20, without protein, and used to calculate the pD using methods discussed in Chapter
2[19, 20, 44]. Frozen samples were thawed on a 5°Cblock for 4min prior to injection onto a loading loop.
The loaded sample was passed over a custom packed pepsin column (2.1 x 50 mm) kept at 8°C with a flow
of 0.1% trifluoroacetic acid (TFA) at 200 puL/min. Digested peptic fragments were trapped onto a Waters
CSH trap column (2.1 x 5 mm, 1.7 um). Waters BEH traps were also found to be effective. After a 7min
phase, digested peptides and IERs were resolved on an analytical column (Waters CSH 1 x 100 mm mm,
1.7pm, 130A) using a binary buffered mobile phase composed of buffer A ( 0.1% FA, 0.025% TFA, 2% ACN;
B) 0.1% FA in ACN) and buffer B (99.9% ACN, 0.1% TFA). The ratio of these buffers was changed over an
optimized steeped gradient, wherein buffer B is held at 2% for 4 min then increasing to 10% 4.5 min, then
to 33% via linear gradient at 13 min, and to 50% at 14.5 min, before increasing linearly again to 95% at
16min. After 16min the column was washed and allowed to equilibrate at 2% B for several minutes. The LC
system was coupled to a Thermo LTQ-Orbitrap performing full scans over the m/z range of 150— 1500 with a
resolution setting of 60,000. During the analytical separation step, a series of 250 uL injections were used to
clean the pepsin column. A complete description of the wash buffers and between-run LC cleaning protocol
can be found in Chapter 3. Undeuterated samples were used to collect MS/MS spectra using data-dependent
acquisition. Peptic peptides were identified by exact mass and tandem mass spectrometry (MS/MS) spectra
using Byonic (Protein Metrics). Mass shifts were determined using HD-Examiner V2 (Sierra Analytics) and
HX-Express v2.34.

4.4.5 Deuterium Content standardization

The correction factor X, is generated using equation 4.4. We note that back-exchange correction of D
is necessary for TM-2-59. a detailed discussion of how this correction is accomplished can found in the
section ”Addressing Downstream Deuterium loss”. Next using equation 4.5 the raw uptake for a particular
peptide (Diyeqs) is dived by X.om to generate the value D.yp-. The value D,y is the uptake of the raw
peptide adjusted to match the maximal deuterium content as determined by D,..¢. The equations described
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have been adapted from a previously published method for use with reporting controls[109]

4.4.6 Evaluation of Downstream Deuterium loss

In an effort to asses the effects of downstream processing on D-loss, 5 sets of maximally deuterated samples
containing imidazolium IERs and bradykinin were prepared at pH 7.4 using totally deuterated method
A (TDA). All samples were prepared in triplicate. Samples were flash frozen in an ethanol—dry ice bath
—60°Cand subsequently stored at —80°Cuntil LC-MS analysis. The exact pH* during the deuterium reaction
was measured using an identical sample in D20, without protein, and used to calculate the pD using methods
discussed in Chapter 2[19, 20, 44]. Measurements were carried out back-to-back in triplicate for all conditions
except experiment 1, which was performed in duplicate due to sample loss caused by instrument error.
Samples were processed using the automated methods and buffers described in Chapter 2. In experiment
1 frozen quenched samples were thawed at 5°Cfor 4min, then injected into a refrigerated LC-system for a
Tmin trapping phase where buffer salts were removed and analytes were concentrated on a waters BEH C18
trap column (2.1 x 5 mm, 1.7 ym), following trapping LC separation of analytes was accomplished using a
waters BEH C18 analytical column (1 x 50mm, 1.7 gm, 130 A) and the IER-optimized gradient described
in the subsection titled "HDX-MS”. In experiment 2 frozen quenched samples were thawed at 5°Cfor 4min,
then injected into a refrigerated LC-system for a 5min trapping phase where buffer salts were removed and
analytes were concentrated on a waters BEH C18 trap column (2.1 x 5 mm, 1.7 ym), following trapping LC
separation of analytes was accomplished using a waters BEH C18 analytical column (1 x 50mm, 1.7 gm, 130
A) and the standard gradient described in Chapter 2. In experiment 3 frozen quenched samples were thawed
at 5°Cfor 4min, then injected into a refrigerated LC-system for a 20min trapping phase where buffer salts
were removed and analytes were concentrated on a waters BEH C18 trap column (2.1 X 5 mm, 1.7 pum),
following trapping LC separation of analytes was accomplished using a waters BEH C18 analytical column
(1 x 50mm, 1.7 pm, 130 A) and the IER-optimized gradient described in the subsection titled "HDX-MS".
In experiment 4 frozen quenched samples were thawed at 0°C'for 60min, then injected into a refrigerated
LC-system for a 7min trapping phase where buffer salts were removed and analytes were concentrated on
a waters BEH C18 trap column (2.1 x 5 mm, 1.7 um), following trapping LC separation of analytes was
accomplished using a waters BEH C18 analytical column (1 x 50mm, 1.7 gm, 130 A) and the IER optimized
gradient described in the subsection titled "THDX-MS”. In experiment 5 frozen quenched samples were thawed
at 5°Cfor 4min, then injected into a refrigerated LC-system for a 7min trapping phase where buffer salts
were removed and analytes were concentrated on a waters BEH C18 trap column (2.1 X 5 mm, 1.7 um),
following trapping LC separation of analytes was accomplished using a waters BEH C18 analytical column
(1 x 100mm, 1.7 gm, 130 A) and the IER-optimized gradient described in the subsection titled "HDX-MS”".
The results of these experiments are summarized in the Figure 4.6.

4.4.7 Calculating the extent of imidazolium D-loss

A Microsoft Excel based tool has been developed to allow for accurate calculation of D-loss by an imidazolium-
based reporter. This tool will be made publicly available upon publication of this work.

4.4.8 Synthesis of 1,3-dimethyl-5,6-dinitrobenzimidazolium (TM-162)

To an oven dried round bottom flask containing a magnetic stir bar 5,6-dinitrobenzimidazole (0.23mmol,
1.0 eq)and trimethyloxonium tetraflouoborate (1.15mmol, 5.0 eq) were added. Next approximately 5ml
methylene chloride (DCM) was added, and the vessel was fitted with a rubber septum and flushed with
argon (g). The mixture was set to stir under an argon environment at room temperature for 48hrs. Excess
solvent was removed under reduced pressure. The residue was resuspended in mobile phase (75:25 H20:ACN
w/ 0.1% TFA) and filtered using a syringe driven filter (0.22uM). The effluent was purified via reverse
phase HPLC (C18, gradient elution: 20-95% ACN in H20 with 0.1% TFA), to yield 1,3-dimethyl-5,6-
dinitrobenzimidazolium (TM-162) as a yellow orange oil, 95% 1H NMR, (300.13 MHz, DMSO-D6, ppm):

10.05 (S, 1H), 9.16 (S, 2H), 4.15 (S, 6H); MS (ESI) caled for COHIN4O4: 237.0618, found: 237.0552 M/Z.
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4.4.9 Synthesis of 1,3-dibenzyl-5,6-dinitrobenzimidazolium (TM-2-59)

To an oven-dried round bottom flask containing a magnetic stir bar solid 1,2-diflouro-4,5-dinitrobenzene
(0.97mmol, 1.0eq) and anhydrous potassium carbonate (3.88mmol, 4.0eq) were added. The solids were set
to stir in 3ml of anhydrous Dimethyl sulfoxide (DMSO). The vessel was sealed with a rubber septum and
flushed with argon (g). Next, anhydrous benzyl amine was added dropwise via cannula under an argon
environment. After 2hrs at roomtemperature, the reaction mixture was diluted with 20ml of ice water.
The reaction vessel was cooled to —20°C' until precipitate formed. The supernatant was removed and the
solids were washed with ice-cold brine before being dissolved in 2:1 hexanes:DCM and allowed to reach
room temperature. The remaining dark red solids were removed via gravity filtration over filter paper. The
effluent was then cooled to —20°C overnight, and the supernatant was removed to reveal the intermediate
1,2-dibenzyl-4,5-dinitrobenzene (TM-2-53) as fine yellow crystals (MS: 379.1 M/Z, M+H). The solid TM-2-53
was used in the next reaction without further purification, with purity unknown, and an approximate yield of
14% . In a round bottom flask, solid TM-2-53 (0.13mmol, 1.0eq)was dissolved in 5ml of triethylorthoformate
and set to stir. Next 300 pL of 21N hydrochloric acid (HCI) was added at once followed by 150 uL of
88% formic acid in H20. The vessel was then fitted with a water cooled reflux condenser and heated to
approximately 150°C" and held for 2 hrs. After, the reaction vessel was allowed to cool and the reaction
solvent was removed under reduced pressure. The residue was resuspended in 1:1 ACN:H20 (0.1% TFA) and
purified by HPLC using a linear gradient from 30-70% ACN with 0.1% TFA over 20min to yield 1,3-dibenzyl-
5,6-dinitrobenzimidazolium (TM-2-59) as a yellow oily solid 99% 1H NMR (699.96 MHz, DMSO-D6, ppm):

10.39 (S, 1H), 9.22 (S, 2H), 7.55-7.41 (M,10H), 5.87 (S, 4H); MS (ESI) calcd for C21H17N404: 389.1244,
found: 389.1239 M/Z

4.5 Conclusions

In this Chapter we have demonstrated a novel IER based approach to standardizing reaction deuterium
content. Using this approach, deuterium uptake by an Equine Cytochrome C derived peptide at 69.5% D
was adjusted to match the uptake of the same peptide at 84.6% D at 3s, 60s, and 14400s with an average error
of 1.53%. The correction of peptide deuterium uptake arising from the variation in reaction % D was made
possible by the development of an imidazolium based % D reporter TM-2-59. This molecule has an observed
exchange rate of 2.86 s™% (t1/2= 0.242 s) at pH 7.0 and 25°Callowing 99% deuteration within 3s. We note
that the rapid exchange of this compound combined with it’s relatively extensive chromatographic retention
promotes the loss of approximately 10% D. However, this has little impact on the quality of the corrections
made by this reporter because unlike peptide-based alternatives the extent of imidazolium back-exchange
can be accurately predicted. That being said, efforts to develop an imidazolium based % D reporter which
does not lose deuterium during chromatography are ongoing. This approach to detecting and correcting for
variations in reaction deuterium content has considerable utility in both academic and industrial research.
We believe that this method can be used to improve the reproducibility of HDX-MS analysis by facilitating
a more robust comparison of HDX-MS datasets.
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Figure 4.1: In panels A and B the raw uptake plots for the Equine Cytochrome C derived peptic peptide:
MEYLENPKKYIPGTKMIFAGIKKKTERED under conditions 1 and 2 (84.6% D, pD 7.63, and 69.5% D, pD 7.63)
are represented by the black and blue broken lines receptively. In panel A the solid blue line shows the uptake of the
peptide under condition 2 adjusted to match the deuterium content in condition 1 using the widely utilized maximally
deuterated control approach[84]. In Panel B the solid blue line shows uptake of the peptide under conditon 2 adjusted
to condition 1 using the maximal deuterium uptake of Bradykinin. This was done to demonstrate the outcome of
using this approach without matched peptides.
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Figure 4.2: The difference in protonated and de-protonated single point energy (SPE) values as a function of
observed C-2 ppm in 10% D2Ofor TM-39, TM-65, TM-68, TM-85, and TM-162.

c'): C": CH20, Q //O

T gy Q e W S

_O\N* F D(LV'S)O _O‘N* NH ' Oj HCI(21N) ‘O\NIJ©:N>
: RS ¢ =0

Figure 4.3: Scheme showing the two-step synthesis of TM-2-59.
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EXP 1(84.6%D) EXP 2 (69.5%D)

compound avg max %D avg max %D

bradykinin 68.2 56.5
peptide: MEY... 56.9 46.6
TM-2-59 74.5 58.3
T™-2-16 87.2 69.6
T™-151 85.6 69.7
T™-143 84.8 68.4

Figure 4.4: Tabulated % D values for compounds of interest under conditions 1 and 2 (84.6% D, pD 7.63, and 69.5%
D, pD 7.63). The complete sequence for the peptide titled MEY'... is MEYLENPKKYIPGTKMIFAGIKKKTERED.
Note that TM-155 has been omitted from this table because it does not reach maximal deuteration within the longest
time point of 14400s (4hrs).
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Figure 4.5: Raw deuterium uptake for TM-2-59 (panel A), and TM-143 (panel B). The deuterium uptake of the

IERs at pD 7.63 and 84.6% D is shown in red. The deuterium uptake of the IERs at pD 6.63 and 84.6% D is shown
in blue. The deuterium uptake of the IERs at pD 7.6 and 69.5% D is shown in green.
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Figure 4.6: Experiments 1-5 (Exp #) show uptake with standard deviation error bars for TM-143, TM-2-59, and
bradykinin following different downstream processing methods. In Experiment 1 frozen totally deuterated samples
were subjected to the following processing steps; a 4min thawing phase at 5°C, followed by a 7min trapping phase
and separation over a 1 x 50mm analytical UPLC column using an IER-optimized gradient. In experiment 2, the
trapping phase was shortened to 5min and the gradient was changed to one optimized for general use in the Guttman
lab. In experiment 3, all conditions were matched to experiment 1, except the length of the trapping phase which
was extended to 20min. In experiment 4, all conditions were matched to experiment 1, except the thawing phase was
changed to 60min at 0°C. In experiment 5, all conditions were matched to experiment 1, except the length of the
analytical UPLC column was increased to 1 x 100mm.
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Figure 4.7: Panel A shows two isotopes of TM-2-16; the M+H is shown at 197.1077 m/z, and the M+D, highlighted
in red is shown at 198.1138 m/z. Panels B, C, D and E show the M+D peak at 15K, 60K, 120K and 240K resolution
respectively. By zooming in on this region it is possible to see the C'** containing M+H emerge from under the broad
peak associated with the M+D ion as resolution increases. The C*® containing M+H ion is visible at 198.1119 m/z
in panel D (120K) and 198.1114 m/z in panel E (240K).
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Figure 4.8: In panels A and B the raw uptake for the Equine Cytochrome C derived peptic peptide:
MEYLENPKKYIPGTKMIFAGIKKKTERED under conditions 1 and 2 (84.6% D, pD 7.63, and 69.5% D, pD 7.63)
is represented by the black and blue broken lines receptively. In Panel A the solid blue line represents the scaling
peptide deuterium uptake under condition 2 at 60s and 14400s using TM-143 as reference for the reaction deuterium
content under condition 1. In Panel B the solid blue line represents the scaling peptide deuterium uptake under
condition 2 at 3s, 60s, and 14400s using the back-exchange corrected uptake of TM-2-59 as reference for the reaction

deuterium content under condition 1. The slight overrepresentation of D uptake in both corrections is likely the result
of FT-MS distortion[11].
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Chapter 5

Ongoing Work

5.1 Expanding the Capabilities of Imidazolium ITERS

In Chapter 3 the development and validation of improved imidazolium IERs were discussed. Later in Chapter
4 we demonstrated the potential of imidazolium IERs to act as % D reporters in the HDX-MS experiment.
The data presented in these Chapters demonstrates the remarkable adaptability of imidazolium reporters.
In this Chapter ongoing efforts to further expand the utility of these reporters are discussed. Areas of
focus include; expansion of time point coverage, developing reporter based strategies for immobilized HDX-
MS, improving % D reporter performance, and developing a novel mass spectrometry imaging method for
measuring tissue pH variation.

5.1.1 Expansion of Time Point Coverage

During the development of the 2nd generation IERs, described in Chapter 3, several compounds exhibiting
desirable exchange kinetics were found to be unsuitable due to their poor chromatographic performance.
Specifically, compounds TM-141 and TM-139 were found to interact strongly with the POROS resin used
in the protease column. Attempts were made to mitigate this interaction with no success. Given the
popularity of this resin it was decided that these compounds should be excluded from further experiments.
Removing TM-141 led to a reduction in time point coverage at the 30s time point below pD 7.2. While
this lapse in coverage has little effect on the quality of correction in multi-time point experiments, it does
limit overall utility. To fill this gap in coverage 1,3-dibenzyl-5-triflouromethylbenzimidazolium (TM-3-35)
was synthesized. From CHDX-MS the compounds rate at pD 7.0 and 25°Cis 0.0265 s~* (t1/2 = 26s), which
should allow coverage of 30s time point under a variety of conditions (Figure 5.1). If TM-3-35 exhibits
desirable chromatographic performance, it will be used as a direct replacement for TM-141/

Additionally 3 slow exchanging reporters have been synthesized to help expand coverage to extended
time points at elevated pH. Initially 1,3-diheptylimidzolium (TM-2-145) and 1-heptly-3-benzylimidazolium
(TM-2-161) were synthesized. Subsequent evaluation of the chromatographic performance of these com-
pounds revealed that they were unsuitable for HDX-MS. Both TM-2-145 and TM-2-161 interacted strongly
with PEEK surfaces causing extensive and persistent carryover. Following these observations 1-methyl-3-
benzylimidazolium (TM-3-27) was synthesized. This compound exhibits desirable chromatographic perfor-
mance. In Figure 5.2 the structures of available imidazolium IERs are separated into three groups. In the red
box are structures that exhibit desirable chromatographic performance and can be readily incorporated into
a wide variety of bottom-up HDX-MS workflows. In the green box are structures that either tend to carry
over or are too poorly retained under typical chromatographic conditions to be used in many bottom-up
HDX-MS workflows. The structures in the blue box have not been fully evaluated.

5.1.2 IERs for Immobilized HDX-MS

Although less common, there is developing interest in expanding the utility of HDX-MS to allow for the
study of proteins that either cannot be studied in solution or that need to be studied within a highly
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complex environment[23, 132, 127, 67]. Typically these studies utilize biotin-labeled proteins which upon
interaction with streptavidin-coated surfaces or beads can be isolated from the complex mixture. This
pull-down approach does not allow for the use of currently available reporting controls, which is especially
problematic as the complex nature of these experiments makes them especially error-prone. In the near
future we intend to develop imidazolium IERs capable of reporting on exchange reaction conditions in these
complex experiments.

Figure 5.3 displays a generalized biotin-labeled imidazolium-based IER. The structure of the potential
IER is comprised of 3 distinct groups joined by linkages A and B. Each of these groups performs a necessary
function in the immobilized HDX-MS workflow. For example, during the labeling step the benzimidazolium
group will begin to exchange at the C-2 position at a rate dependent on the pH, temperature and ionic
strength of the solution. Next, the Biotin group will enable the IER to be co-isolated with the labeled protein
by associating strongly with streptavidin coated surface during the enrichment step. Lastly, the variable
linker contains a di-sulfide region that can be cleaved by the reducing agent TCEP, which is commonly
added to the HDX-MS quench buffer. The reduction of the di-sulfide region would facilitate the release of
the protein and TER from the streptavidin coated surface, enabling downstream analysis.

One challenging aspect of designing a biotin-containing imidazolium IER is minimizing the impact of
other exchangeable groups on the pH-dependent behavior of the C-2. The influence of the weakly acidic
biotin on the exchange behavior of the C-2 may be mitigated by Increasing linker length. However, the
formation of linkages A and B must also be carefully considered, as the presence of an exchangeable amide
in such close proximity will influence C-2 exchange. We are confident that it will be possible to utilize
ether or ester linkages in conjunction with variable-length di-sulfide-containing linkers to generate functional
biotin-labeled imidazolium IERs.

5.1.3 Improving % D Reporter Performance

The concept of using a reporter to standardize reaction deuterium content (% D) was first introduced in 2014
by Joey Sheff and colleagues[109]. While interesting, the approach had several limitations that prevented
more widespread use. In Chapter 4 we demonstrated a novel reporter-based method for detecting and
correcting variations in % D. The proposed alternative relies on the deuterium uptake of 1,3-dibenzyl-5,6-
dinitrobenzimidazolium (TM-2-59) to represent actual deuterium content for each sample in the experiment.
This enables direct and robust comparison of % D between samples as well as the highly accurate correction
of % D variation. Unfortunately, the predictable downstream deuterium loss by TM-2-59 complicates the
calculation of a correction factor (Xeopr), and ultimately limits the quality of % D correction. To overcome
this limitation, it is necessary to develop a % D reporter with reduced back exchange. In the absence of viable
alternatives to the imidazolium scaffold, it was determined that the most practical means of accomplishing
this goal was to reduce the chromatographic retention of the % D reporter.

From our knowledge of D-loss by imidazolium under chromatographic conditions, we understand that
a reporter with a logP between -2.0 and -0.76 limits D-loss in the functional rate range to less than 5%.
In an effort to pursue new targets within this range, 1,3-dimethyl-6,7-perimidinum was synthesized over 3
steps (Figure 5.4). Surprisingly, this compound exchanges considerably more slowly than expected with a
rate of 0.012 s_; (t1/2 = 56s) at pD 7.0 and 25°Cby CHDX-MS. Although this compound is clearly not
suitable to act as a % D reporter, the synthetic approach is novel and may enable access to other more
suitable candidates. In the near future we intend to refine this synthetic approach in an effort to explore
napthimidazolium and perimidinium-based reporters.

5.1.4 Mass Spectrometry Imaging of Tissue pH by In-Situ HDX-MS

Matrix assisted laser desorption/ionization (MALDI) is a widespread technique that is frequently coupled
with time-of-flight mass analysis (MALDI-TOF-MS) for imagining various biomolecules in tissues. Recently,
more advanced instruments and methods have enabled MALDI imaging at the single-cell level. The re-
markable spatial resolution and adaptability of the technique makes it particularly valuable for the study
of cellular communication. There are numerous examples of how MALDI imaging has advanced our un-
derstanding of these processes. Recently we have been refining an imidazolium reporter-based method for
resolving tissue pH by MALDI-TOF-MS.
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Our Initial experiments were carried out on a Bruker Autoflex instrument using index plates. First small
amounts of HoObuffers with known pH values were added to specific region on the plate and allowed to dry
completely. Next a dilute aqueous solution of TM-3-35, TM-151, and TM-141 was applied to the surface in a
light even coat and allowed to dry completely. These particular reporters were chosen because it is necessary
to have a reporter between 20% and 80% exchanged in addition to a reliable measurement of % D after a
single Smin time point at room temperature under physiologically relevant pH. Following the application
of the reporters, the surface was placed in a DoOrich humidification chamber and very lightly misted with
99.9% D50. The surface was kept damp in the humidification chamber for 5min before being removed and
being sprayed with several light coats of a low pH a-Cyano-4-hydroxycinnamic acid matrix (CHCA). The
application of the matrix halts the exchange process by dropping the surface pH and also promotes the
ionization of the IERs on the surface.

Our preliminary experiments show that on-surface exchanges are highly precise and accurate to within
0.02 pH units. These results suggest that the proposed reporter-based approach may be suitable for spatially
resolving pH differences in immobilized tissue slices. In the immediate future we intend to develop an
automated spray applicator protocol to facilitate the rapid and robust evaluation of pH in tissue samples
immobilized on glass slides. Through refinement of this approach we hope to gain a deeper understanding
of how tissues regulate pH to perform specific biological functions.

5.2 Closing Remarks

The work discussed in this document would not have been possible with the guidance of Dr. Guttman, the
expertise available in the department of Medicinal Chemistry, and the friendship and support of my fellow
students. I have deeply enjoyed my time in the Guttman lab and I feel indebted to the wonderful people
who helped me bring this project to where it is now.

Thank you all for your support and encouragement.
-Taylor
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5.3 Supplementary

5.4 Amide exchange processes in solution

The chemical process of backbone amide exchange is broadly described in solution using proton transfer the-
ory [25]. This process is highly sensitive to exchange reaction conditions and the local electronic environment
[87, 69]. The numerous and complex relationships between reaction parameters and amide exchange kinetics
have been extensively studied by numerous investigators [63, 35, 133, 87, 6, 97, 36]. Here we will attempt
to distill the core concepts underlying these relationships and illuminate some of the more subtle aspects of
ke.nwith regard to unstructured backbone amides . While not covered in detail here, it is also important to
be aware of the exchange processes beyond the amide, such as at side chain positions, which have recently
been reviewed in detail [50].

Amide exchange in an aqueous medium proceeds through three mechanisms: acid, base, and water
catalysis [88]. Acid catalysis proceeds through two distinct mechanisms shown in Schemes 1 and 2. Scheme
1 describes O-protonation (acid-imidic exchange), which is understood to be the predominant pathway of
acid catalysis for backbone amides [97, 36, 50, 83]. This process begins with the transfer of a deuteron from
the solvent to the peptide carbonyl oxygen. The imidic nitrogen is then deprotonated, which is followed
by transfer of a deuteron from the solvent back to the nitrogen. Scheme 2 displays the pathway for N-
protonation or the direct deuteration of the amide. This pathway begins with the transfer of a deuteron to
the neutral amide, followed by removal of the hydrogen that leads to the deuteration of the amide. It should
be noted that the N-protonation pathway is understood to be energetically disfavored for backbone amides,
with the possible exception being the N-terminal amide [97].

The process of base-catalyzed amide exchange on the other hand, is understood to proceed through a
single pathway (Scheme 3). Base catalysis begins with the direct removal of a hydrogen atom from the amide
and the resulting highly basic nitrogen then receives a deuteron from the solvent. Deuterium oxide in its
unionized form is also capable of initiating the protonation/deprotonation steps in these three mechanisms
to mediate hydrogen/deuterium exchange, albeit at a much slower rate. The second order rates for acid kp-+,
base kop-, and water kp,o catalyzed exchange can be calculated using proton transfer theory, provided the
reaction conditions are well characterized. These values are summed using equation 1 to yield the observed
rate of exchange for a particular amide (k—.p,). For solution HDX-MS, the rate of water catalyzed exchange
kp,o is considered negligible and can be ignored which simplifies equation 1 to equation 2. Furthermore,
due to the tendency of amide exchange to proceed primarily through base catalysis above pH 2.3-2.6, the
contribution of acid catalysis kp+ to the observed rate amide exchange (k—.p,) is considered minimal. This
allows for the use of equation 3 to describe k—.p, near physiological pH (pH 5-10)[16]. Accurate estimation of
k—cp is central to informative measurements from HDX-MS experiments [93, 91]. Therefore, extraordinary
care has been taken to understand how structural influences and solution conditions combine to impact
amide exchange rates [63, 35, 133, 87, 6, 97, 36, 83, 131].

The value of k—.;, is unique for each type of amino acid and varies for each amide within a sequence
depending on its position within the sequence and neighboring residues. This is because the side chain chem-
istry of a particular amino acid influences the buildup of charge on the amide during the proton transfer
process [87, 6, 42]. The term “side chain effects” is often used to describe the structural influences respon-
sible for the distinct exchange behavior of amino acids. These structural nuances have more far-reaching
effects within a polypeptide sequence. Often referred to as “nearest neighbor effects” or “sequence effects”,
the arrangement of amino acids relative to one another has a significant impact on k.,[87, 6, 93, 88, 35].
Additionally, the proximity of a particular residue to the N- or C-terminus also greatly impacts the exchange
behavior. Although N- and C-terminal effects have little influence on intrinsic exchange behavior in full
proteins, these effects become pronounced in small unstructured peptides [6, 93, 88, 108]. The positive
charge at the N-terminus accelerates kop- of the neighboring amino acid, sometimes to the point where
the second amino acid (first backbone amide) exchanges so quickly that it cannot be probed by HDX-MS
[93]. As a result, N- and C-terminal effects are frequently considered when gathering higher resolution HDX
data [50]. The Englander group has compiled a set of spreadsheets for calculating k—., for amides in the
context of their sequence and buffer conditions, which are available at: http://hx2.med.upenn.edu/down-
load.html. Alternatively, the online tool: Server Program for Hydrogen Exchange Rate Estimation (Sphere)
can also calculate predicted k—., for a given peptide sequence and condition: https://protocol.fcce.edu/re-
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search/labs/roder/sphere/sphere.html

5.4.1 pH

Controlling solution pH is fundamental to the HDX-MS experiment. In fact, the sensitivity of amide exchange
rates to pH is what enables the retention of deuterium for analysis by MS. Proteins are typically labeled
around neutral pH or under near-physiological conditions (pH 5-10). Within this pH range k., is relatively
fast, enabling the probing of diverse protein motions on a reasonable time scale [49, 45, 16]. In order to
actually observe the localization of deuterium and gain any kind of structural insight from the HDX-MS
experiment, it is necessary to slow the exchange process or “quench” the reaction, otherwise the sample
handling steps with HoO-based buffers will result in loss of the deuterium label . Although the quench step
serves additional purposes, the slowing of amide exchange is accomplished here by acidifying the exchange
reaction buffer to a range where the rates of acid and base catalysis are minimized [31, 35, 29, 36, 32, 121].
The “V-shaped” plot in 5.5 is a useful approximation of the pH dependency of amide exchange. The negative
sloping region on the left side of the plot represents the region where amide exchange proceeds primarily
through acid catalysis and the corresponding positive sloping region on the right, represents the region where
amide exchange proceeds primarily through base catalysis. The minimum in the center represents the region
where both acid and base catalyzed exchange rates are at their lowest values, referred to as the pH, .
Although pH,,;nvaries for individual amino acids, it is generally approximated at pH 2.5 for proteins, and
is what most HDX-MS researchers target for their quench pH [29, 121].

Amide exchange in the deuterium rich labeling buffer is primarily catalyzed by the acidic D3O and basic
OD™ species in solution. Equation 2 provides a way to calculate the impact that the relative quantities of
these two species have on the observed rate of amide exchange k.;, in the HDX-MS experiment. Within the
physiologically relevant pH range, an increase of 1 pD unit will result in an approximately ten-fold increase
in kqp. This assumption is generally robust despite the tendency for the second order rate constants of acid
and base catalysis to vary with some solution parameters beyond the apparent pD [88, 35]. That being said,
special care should be given to the precise measurement of DsO" and OD™ concentrations within labeling
and quench buffers, as the ratio of these species has a direct impact on deuterium uptake. The use of glass
electrodes to measure the pD of the labeling and quench buffers is ubiquitous. It is necessary to correct
the pH measured in a D20 rich solution (pHread or ‘pH*’) to account for the variation in ionic activities of
H" and D" [18]. There are several methods for calculating pD from pH*, each of which features different
assumptions regarding the variations on the pH scale [50, 77, 44, 19]. It should also be noted that pH*
varies with the concentration of deuterium in solution (%D) [77]. As a result, the use of a different approach
to convert pH* can result in a slightly different pD. For this reason, it is recommended that investigators
simply report pH* associated with HDX-MS experiments to avoid confusion [84].

5.4.2 temperature

Temperature is another major factor that affects k.,and should be controlled throughout the HDX-MS
experiment. We note that temperature will likely also affect the solution structure and dynamics of a
protein, but here we focus only on the effects related to k.. Solution temperature is directly tied to the
ionization constant of deuterium oxide kp,oin a given buffer system, which therefore effects the concentration
of D30"and OD ™ in solution [35, 18, 110, 78]. A theoretical value for k.nat a specific temperature can be
computed using a modified Arrhenius equation (5.1) [68, 35, 97]. In this equation T refers to the experimental
temperature in kelvin, k., (293) is the reference rate for the target at 293K, Fa refers to the activation energy
for the target, and R refers to the appropriate molar gas constant.

kern(T) = kern(293) x exp Jga * (; - 53) (5.1)

Accordingly, k.pincreases ten-fold with every 22°C' increase in temperature (5.6). This relationship ap-
pears to be maintained even below freezing, as observed from exchange studies of ultra-low temperature
HDX or the observed deuterium loss in solid frozen samples 79, 80. While this relationship between tem-
perature and k.,is adequate for planning and interpreting most solution HDX-MS experiments, there are
several assumptions associated with this treatment that should be noted, particularly if experiments are to
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be compared across different temperatures. The activation energies for acid, base and water catalyzed amide
exchange are often reported as 14, 17 and 19 % respectively [6, 93, 50]. Although these fixed values are ap-
propriate for most amide rate predictions, the actual acid, base, and water catalyzed activation energies can
be moderately offset by solution parameters, like dissolved salts [14, 1, 21, 1, 21, 74, 14, 42]. Furthermore,
temperature dependent changes to kp,pare not uniform for all buffer systems [21, 95, 72, 21, 119]. This
inconsistency can result in a temperature dependent change in pH, which is unique to a particular buffer
system. For example, phosphate shows minimal variation while TRIS, ACES, acetate, and citrate show more
significant variation in pH with temperature and should be pH adjusted at their intended temperatures.

5.4.3 pressure

Pressure is not commonly a factor in probing protein conformational dynamics, because the labeling step in
solution HDX-MS experiments is typically conducted at atmospheric pressure. However elevated pressures
are common during downstream processes like digestion and chromatographic separation. Like temperature,
system pressure exerts an influence on kp,o, and the resulting change in pH impacts amide intrinsic ex-
change[68] 87. Under certain conditions it is possible to use established empirical relationships to model the
effects of pressure, but in many cases this approach is not adequate for describing the full impact of pressure
on k.p[35, 54, 12, 47]. In general, the ionization of weak electrolytes, like phosphoric acid increases with
pressure [68, 79]. As a result, the effects of pressure on the rate of amide intrinsic exchange in some common
buffer systems can be generalized [69, 43]. It is possible to move beyond this generalization to provide a
semi-quantitative estimate for the pressure dependence of pH for specific buffered systems using Plank’s
equation [79, 43, 66]. This approach brings to light the more complex relationship between buffer pH and
pressure. For example, phosphate buffer is understood to drop by almost half a pH unit per 100 MPa, while
the pH of a MOPS buffer increases by approximately the same amount (5.7) [12, 43, 101, 7]. Though its
effect are minor compared to pH and temperature, handling of HDX-MS samples at elevated pressures may
contribute to offsets solution conditions and k..

5.4.4 solution ionic strength

The identities and concentrations of salts added to the labeling buffer are understood to effect deuterium
uptake and this phenomenon has been extensively investigated [35, 87, 6, 31, 88, 74, 42, 62]. These exper-
iments have clearly demonstrated that ions in solution exert a direct influence on k.;through altering the
local electronic enviroment of the amide. These data demonstrate that charged residues exhibit a greater
response to KCI than neutral residues, and that the response of a negatively charged residue differs from that
of a positively charged residue. This selective and directional modulation of k.nis often attributed to the
exclusion of deuterium oxide and its ionization products by salt ions interacting preferentially with charged
regions of the sequence [68, 74, 81]. While there is strong empirical evidence to support this model, it is also
clear that dissolved salts like NaCl and KCl alter the activities of other charged species in the solvent, which
manifests as a change in buffer pH. Therefore, the effect of salt content on buffer pH should be considered
for studies conducted at high ionic strength.

On a related note, glass electrode pH probes are unreliable for the interpretation of H5OTactivity at
higher ionic strength [64]. As a result, many investigators use empirically determined activity values for wa-
ter to improve estimates of pH in the bulk solution at elevated ionic strength [64, 74, 103, 78, 42]. Although
this is common practice, it should be noted that the effect of salts like NaCl and KCI on activity is not
uniform for all buffer systems [21, 72, 52] 85. Therefore, the use of empirically determined activity values
from non-comparable buffer systems may misrepresent the actual pH of the bulk solution. 5.8 shows the
effect of salt concentration for several different chloride salts on the pH of citric acid and triethanolamine/tri-
enthanolammonium chloride buffers (TEA). Note that the addition of NaCl (square) results in a decrease
in pH in the citric acid buffered system, while the addition of the same salt to the TEA buffer resuts in an
increase in pH. Although there is little evidence to suggest that such a discrepancy could lead to significant
misinterpretation of k., performing HDX-MS experiments involving high salt concentrations in well studied
systems where appropriate empirically determined activity values are available will allow for a more accu-
rate estimate of pH in the bulk solution, thereby enabling a more informed interpretation of salt effects on
deuterium uptake. Though not necessarily related to ionic strength, it has also been noted that the solution
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viscosity can affect k.,in ways that may need to be considered for certain studies [92, 104].

5.4.5 solvent composition

Organic solvents are often involved in HDX-MS during sample processing and are also occasionally necessary
in the deuterium labeling step to facilitate probing of ligand interactions. It is common for studies of protein-
ligand interactions to include low amounts of organic solvent (e.g. DMSO) to aid in the solubilization of
hydrophobic small molecules. Despite the extensive use of organic solvents in HDX-MS, there are few studies
of the effects of organic co-solvents on kch [35, 29, 75].

It is widely accepted that organic co-solvents influence kch indirectly through several mechanisms: 1)
the addition of the organic component reduces the concentration of water, thereby reducing the number of
interactions between the analyte and the aqueous components that catalyze exchange; 2) miscible organic
solvents depress kp,oin certain systems, resulting in fewer ionization products to suppress kep; 3) the organic
component reduces the dielectric constant of the solution, which shifts the equilibrium to favor neutral prod-
ucts reducing the availability of catalytic ions to suppress ke, [70, 35, 87, 50, 75]. Using these assumptions,
the depression of amide exchange in the presence of organic co-solvents has been predicted for a variety of
solvent systems (5.9). However, there have been examples suggesting that an organic solvent may accelerate
ke 98, [90, 61, 41, 98]. Interestingly, there is a considerable body of literature to suggest that the acceleration
of amide HDX in the presence of an organic co-solvent is expected for certain systems due to an increase
in pH or change in buffer capacity [94, 112, 128, 82, 37, 8, 94, 105]. These discrepancies may arise from
the inability to uniformly relate proton activity measured in an aqueous reference to that of a non-aqueous
or mixed (hydroorganic) solvent using a universal pH scale [112]. This is because pH scale length depends
on an activity coefficient, which is a system-specific parameter that depends not only upon the particular
organic modifier and the pH of the aqueous component, but also upon the nature of the buffering system,
i.e., the concentration and identities of the buffering agents [94, 65]. At the very least these findings indicate
that organic co-solvents can influence k.pin different ways, and additional care should be taken to ensure
the utilization of organic co-solvents is consistent, especially in comparative HDX-MS studies.

5.4.6 isotope effects

The hydrogen isotope effect only has a small effect on kch and is rarely considered in the HDX-MS experiment.
For base-catalyzed exchange the slight isotope effect is primarily attributed to the rate-limiting step which
is breaking of the N-H or N-D bond to form the imidate ion (Scheme 3). This is corroborated by the rate
of hydrogen exchange being higher than that of deuterium and tritium exchange, which is consistent with
the primary kinetic isotope effect [17]. For the acid catalyzed reaction there is an associated slight inverse
isotope effect that is attributed to the slightly higher acidity of the D3O ion compared to the H3O%ion [110].
Though isotopic effects have relatively little impact on kch, it has been noted that the stabilities, activities,
and dynamics within native proteins can be offset by changing from HyOto D2O[100]. This can at least be
partially explained by the isotope effect of deuterium leading to slightly weaker hydrogen bonding [24, 76].
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Figure 5.1: Updated time point coverage map including % D reporter TM-2-59 and TM-3-35. The shaded region
(blue) indicates extent of exchange where is it possible to calculate a rate from a single time point measurement with

reasonable accuracy.
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Figure 5.3: Diagram showing generalized structure for imidazolium IER compatible with HDX-MS studies involving
a biotin-streptavidin isolation or immobilization strategy.
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Figure 5.5: Rate of exchange of an unstructured amide is shown as a function of pH. The gray line is the summed
rate from the acid and base catalyzed exchange contributions, which are individually depicted with the red and blue
dashed lines, respectively. The black line above the hatch marks is the net rate accounting for the contribution of
water catalysis. Reproduced with permission from [121]. Copyright 2012 American Chemical Society.
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Figure 5.6: k.nof polyalanine is plotted as a function of temperature based on calculations from Bai et al. [6]
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Figure 5.7: Relationship between solution pressure and pH for phosphate (white) and MOPS (black) buffer are
shown. Circles, squares, and diamonds reflect a starting solution pH of 7.0, 7.5, and 8.0, respectively. Reproduced
with permission from [101]. Copyright 2005 Elsevier
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Figure 5.8: Relationship between the salt concentration and pH for triethanolamine (TEA) buffer and citrate buffer
(CA) are shown. The salts used in the study were tetramethylammonium chloride (), choline chloride ( ), cesium
chloride (), potassium chloride () sodium chloride (), and lithium chloride (). Solid lines are predictions based
upon extended Debye—Huckel equation using ionic size parameter 4 x 10-10 m. Reproduced with permission from

[119]. Copyright 2006 American Chemical Society.
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Figure 5.9: Predicted relationship between kch and pH at different levels of organic solvent. The general shift in
the position of the “V” shaped curves results from offsets to solution conditions and the lower concentration of water
available for catalyzing amide exchange. Reproduced with permission from [29]. Copyright 1985 Elsevier.
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