Western University

Scholarship@Western

Chemistry Publications Chemistry Department

6-30-2023

Effects of Hydrogen/Deuterium Exchange on Protein Stability in
Solution and in the Gas Phase

Yousef Haidar
yhaidar2@uwo.ca

Lars Konermann
konermann, konerman@uwo.ca

Follow this and additional works at: https://ir.lib.uwo.ca/chempub

0 Part of the Chemistry Commons

Citation of this paper:

Haidar, Yousef and Konermann, Lars, "Effects of Hydrogen/Deuterium Exchange on Protein Stability in
Solution and in the Gas Phase" (2023). Chemistry Publications. 270.
https://ir.lib.uwo.ca/chempub/270


https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/chempub
https://ir.lib.uwo.ca/chem
https://ir.lib.uwo.ca/chempub?utm_source=ir.lib.uwo.ca%2Fchempub%2F270&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/131?utm_source=ir.lib.uwo.ca%2Fchempub%2F270&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/chempub/270?utm_source=ir.lib.uwo.ca%2Fchempub%2F270&utm_medium=PDF&utm_campaign=PDFCoverPages

Effects of Hydrogen/Deuterium Exchange on Protein

Stability in Solution and in the Gas Phase

Yousef Haidar and Lars Konermann*

Department of Chemistry, The University of Western Ontario, London, Ontario,

N6A4 5B7, Canada

* corresponding author: konerman@uwo.ca



Abstract. Mass spectrometry (MS)-based techniques are widely used for probing protein structure
and dynamics in solution. H/D exchange (HDX)-MS is one of the most common approaches in this
context. HDX is often considered to be a “benign” labeling method, in that it does not perturb protein
behavior in solution. However, several studies have reported that DO pushes unfolding equilibria
toward the native state. The origin, and even the existence of this protein stabilization remain
controversial. Here we conducted thermal unfolding assays in solution to confirm that deuterated
proteins in D20 are more stable, with 2 — 4 K higher melting temperatures than unlabeled proteins
in H20. Previous studies tentatively attributed this phenomenon to strengthened H-bonds after
deuteration, an effect that may arise from the lower zero-point vibrational energy of the deuterated
species. Specifically, it was proposed that strengthened water-water bonds (W--W) in D20 lower
the solubility of nonpolar side chains. The current work takes a broader view by noting that protein
stability in solution also depends on water-protein (W--P) and protein-protein (P--P) H-bonds. To
help unravel these contributions, we performed collision-induced unfolding (CIU) experiments on
gaseous proteins generated by native electrospray ionization. CIU profiles of deuterated and
unlabeled proteins were indistinguishable, implying that P--P contacts are insensitive to deuteration.
Thus, protein stabilization in D20 is attributable to solvent effects, rather than alterations of intra-
protein H-bonds. Strengthening of W--W contacts represents one possible explanation, but the
stabilizing effect of D20 can also originate from weakened W:--P bonds. Future work will be
required to elucidate which of these two scenarios is correct, or if both contribute to protein
stabilization in D20. In any case, the often-repeated adage that “D-bonds are more stable than H-

bonds” does not apply to intramolecular contacts in native proteins.



Introduction

Native proteins in solution are stabilized by numerous noncovalent contacts. Two key factors are
backbone H-bonds that mediate the formation of secondary structure, and the hydrophobic effect
which causes the clustering of nonpolar residues in the protein core.'” Salt bridges and other
contacts play a role as well. Together, these interactions counteract the destabilizing effects of
conformational entropy, such that the native state N is favored over the unfolded state U under
physiological conditions (AGu> 0 for N 2 U).

Condensed phase techniques that provide atomically-resolved protein structures include X-
ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, and cryo-electron
microscopy.* Complementary insights come from mass spectrometry (MS)-based techniques, such
as covalent labeling>” and crosslinking.®® A concern with the latter two strategies is the possibility
that covalent modifications can perturb the protein behavior, such that labeling or crosslinking
patterns might not fully reflect the properties of the native state.'® This potential problem necessitates
careful controls to ensure the absence of artifacts.®!!

H/D exchange (HDX) experiments with MS or NMR detection represent another important
tool for probing protein structure and dynamics.'>!? In these studies, the protein is incubated in D20-
based labeling buffer, triggering the exchange of N, O, and S-linked protium (H) with deuterium
(D). HDX in exposed side chains proceeds on a sub-second time scale. H-bonded backbone sites
exchange more slowly, requiring seconds to weeks at physiological pH.'* This slow backbone
deuteration is mediated by dynamic protein motions.!?!3

Compared to covalent labeling or crosslinking, HDX is less intrusive. Many HDX studies
implicitly assume that replacing H with D is completely benign and does not affect protein structure

and dynamics.'> However, this is not necessarily true. Compared to H20, D20 has a 10% higher

viscosity, 10% higher maximum density, and 7 K higher temperature of maximum density.'® These



differences can affect the properties of H-bonded systems.!” A number of studies have reported that
protein incubation in D20 stabilizes the native state, evident from an increased melting temperature

(Tm)'®2! and a larger (more positive) AGu.'®?° D20 can also suppress protein dynamic motions.***

18,1924 and extent®® of protein stabilization in D20 remain controversial. Several

The origin
studies have attributed D2O-induced stabilization to enhancement of the hydrophobic effect in D20,
i.e., a lower solubility of nonpolar side chains in D20 compared to H20.2%2® This scenario may arise
from stronger “H”’-bonds among solvent molecules, i.e., stronger DOD--OD:2 contacts compared to
HOH--OH2.2%?° Indeed, gaseous D20 dimers are more stable than H2O dimers, an effect that is
related to shifts in the zero-point vibrational energy (ZPVE).3%-3

Understanding ZPVE effects on H-bond stability is not straightforward. A harmonic
oscillator has ZPVE = Yshv with the frequency v = (2rt)"! (K/m)"?, where / is Planck’s constant and

K is the force constant.??

Replacing a vibrating H-atom with D lowers ZPVE, because mp > mmn.
However, a lower ZPVE does not necessarily strengthen H-bonds. The enthalpy AHus of H-bond
dissociation XH-Y — XH + Y may increase, decrease, or stay the same upon deuteration. The
direction and magnitude of the stability change depends on whether the bound or the unbound state
experiences a larger ZPVE shift (Figure 1). The situation becomes even more complicated in large
systems with many vibrational modes, particularly in the presence of charges.> In such cases, the
stability trend can be reversed, making D-bonds more stable than H-bonds.* It has also been noted
that D- vs. H-bond stability differences are most prevalent at cryogenic temperatures, while entropic
factors diminish this difference under ambient conditions.*® In addition, the dissociation of one bond
often allows the formation of another bond, e.g., when backbone NH--OC contacts are replaced with
water-protein bonds upon unfolding.?” Overall, the mechanism of protein stabilization in D20
remains elusive, although the purported higher stability of D-bonds vs. H-bonds features

prominently in most explanation attempts,'8-20:24:26-28
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Figure 1. Schematic illustration of possible deuteration-induced effects on the H-bond strength
AHus. Horizontal lines represent zero-point vibrational energies (ZPVEs) of the bound and
dissociated states. (A) AHus prior to deuteration. (B) Deuteration lowers both ZPVEs equally; AHus
remains unchanged. (C) ZPVE of the bound state gets lowered more than that of the dissociated
state; AHus increases. (D) ZPVE of the dissociated state gets lowered more than that of the bound
state; AHuB decreases.

We propose that it should be possible to streamline the discussion of protein stabilization in
D20 by dissecting H-bonds into three categories:*®3° (i) Water-water (W:-W) bonds, i.e.,
DOD--OD2 vs. HOH:-OHa. (i1) Water-protein (W--P) bonds, i.e., D20 protein vs. H2O- -protein.
(ii1) Intramolecular protein-protein (P--P) bonds. Category (iii) comprises both backbone (ND--OC
vs. NH--OC) as well as side chain H-bonds. Backbone P--P bonds are a key contributor to protein
folding and stability,* although side chain P--P contacts can contribute as well.*'** The secondary
role of the latter reflects the fact that most charged/polar side chains protrude into the solvent,
rendering the formation of P--P bonds sterically difficult.**#°

With only a few exceptions,*®*® previous discussions focused on W--W bonds!8-20-4:26-28
while ignoring the possible involvement of other factors. In particular, it has not been possible to
uncover the relevance of P--P bonds, partly because many samples had either incomplete?® or poorly

controlled backbone deuteration.2”-3847:48



The premise of the current work is that it should be possible to separate the role of P--P
bonds from the solvent-linked contributions (W--W and W--P) by examining solvent-free proteins.
Under native ESI conditions (non-denaturing solutions, minimal collisional excitation), solution-

like protein structures survive in the gas phase,*->

with retention of most backbone H-bonds, on
the millisecond time scale of typical ion mobility spectrometry (IMS) measurements.’*>’ The
stability of gaseous proteins generated by native ESI can be assessed in collision-induced unfolding
(CIU) experiments, where conformational changes are detected by IMS.%% Thus, comparative CIU
experiments on deuterated and unlabeled protein ions should reveal whether the stability of P--P
bonds is subject to isotope effects. The observation of deuteration-induced stabilization in the gas
phase would suggest that P--P bonds also cause stabilization of deuterated proteins in D20 solution.
Conversely, the absence of deuteration-induced stabilization in the gas phase would imply that
solvent contributions (W--W and/or W--P) are responsible for the higher stability of proteins in D20.

By conducting thermal unfolding experiments on fully deuterated proteins in D20 and H20
solution, the current work confirms the existence of D20-induced stabilization. However, deuterated

and unlabeled gaseous protein ions exhibited indistinguishable stability. We conclude that protein

stabilization in D20 is caused solely by solvent effects.

Materials and Methods

Materials and Sample Preparation. Equine heart cytochrome ¢ (cyt ¢, 12360 Da), hen egg white
lysozyme (14305 Da), and bovine ubiquitin (8565 Da) were supplied by Millipore Sigma (St. Louis,
MO). D20 was from Isowater (Collingwood, ON). All other chemicals were purchased from Thermo
Fisher Scientific (Mississauga, ON). An AB15 glass electrode pH-meter (Fisher) was used for pH

measurements; pD values referenced throughout this work are glass electrode readings that were



corrected according to pD = (pH meter reading)+ 0.4.% Protein stock solutions (500 uM) were initially
dialyzed for 24 h against water for removal of salt contaminants using 10 kDa MWCO Millipore
Sigma dialysis cassettes. Deuteration was performed by incubating protein samples in 99% D20 at 42
°C for three weeks, at a protein concentration of 5 uM (10 uM for cyt ¢) and pD 5.3 in 10 mM D20O-
based acetate buffer. Sodium acetate was used in optical experiments to ensure consistency with
earlier unfolding experiments,®’ whereas ammonium acetate was used for ESI-MS. Unlabeled
samples were treated exactly the same way, except that H2O was used for all steps instead of D20.
Control experiments revealed that D2O incubation periods beyond three weeks did not further

enhance the deuteration percentage.

Unfolding in Solution. Thermal unfolding experiments were performed with circular dichroism
(CD) spectroscopy detection on a Jasco J-810 instrument (Easton, MD) with a 1 mm cuvette using
5 uM lysozyme and 10 uM cyt c. The ellipticity was measured at 222 nm (which reports on o-
helicity®®), while heating the solutions from 21° C to 100° C at 1° C min™'. The ellipticity at 222 nm
is commonly used for thermal unfolding experiments because it yields a relatively high S/N ratio.®
In comparison, the 250-300 nm range (which reports on tertiary structure) produces signals that are
~2 orders of magnitude less intense.”® Also, the proteins studied here have been shown to undergo

two-state thermal unfolding,?>%"-"!

such that different CD wavelengths will provide the same
information.*”*” Unfolding experiments in H2O were performed at pH 4.9 and pH 5.3, and in D20

at pD 5.3. All measurements were conducted in triplicate. Experimentally measured ellipticities 6

for all temperatures 7 were converted to normalized ellipticity Gnorm according to

Q_ON

Bnorm = ————— 1
norm GU_BN ()



where &N and the Au are the ellipticities of the native and unfolded protein at 21° C and 100° C,

respectively. Thermodynamic parameters were determined by fitting the Gnorm profiles using®”%°

AG
O +myT) + (ry + myT) exp (- )

1+ exp (— %)

(2)

Qnorm =

where

AGy = AHU(1 —%) 3)

is the free energy of the N 2 U unfolding equilibrium, and AHu is the corresponding enthalpy. The
(yn+mnT) and (yu + muT) terms in eq. 2 represent the pre-and post-transition baselines. Least square
fitting was performed using custom-designed Microsoft Excel worksheets, employing the Solver
routine for nonlinear generalized reduced gradient minimization. From the fitted AHu and Tm

parameters, one can calculate the fraction of unfolded protein in solution fu soL as

v en(-Fd)

Josov = Ty ] = 1+ exp (— %)

(4)

Keeping in mind that 0 = AHu - Tm ASu, the entropy of unfolding (ASu) is

AH
ASy = —— (5)
T

Egs. 1-5 are widely used for analyzing thermal protein unfolding in solution,”® but the fitted
parameters AGu, AHu, and ASu are only valid in the vicinity of 7m because this strategy does not

consider the temperature dependence of enthalpy and entropy.



Native Mass Spectrometry and Ion Mobility Spectrometry. ESI-IMS/MS experiments were
performed on a SYNAPT G2 instrument in positive ion mode (Waters, Milford, MA) with the ESI
capillary held at 2.8 kV. Proteins in H20 or D20 solution were infused at room temperature using a syringe
pump at 5 uL min™!. Temperatures and voltages were adjusted to ensure minimum thermal and
collision excitation during ion sampling (source 30 °C, desolvation gas 40 °C, sampling cone 5 V,
extraction cone 3 V). For a full list of instrument settings, see Table S1.

CIU was performed after quadrupole selection of the most intense charge states for each protein.
Collisional excitation was implemented by varying the trap collision voltage Virap between 2 V and
70 V with Ar as a collision gas. To ensure that unlabeled and deuterated protein ions experienced collisions
with equivalent center-of-mass translational energies Ecom, we used the relationship Ecom = ELaB
mad/(mprot+ mar) = ELAB mar/mprot Where mar is the mass of Ar, mprot is the mass of the protein, and ELas =
z X e X Virp is the laboratory-frame translational energy.””* Accordingly, Virap Was increased for deuterated
samples by a factor of mprt(deuterated)/merot(unlabeled). For example, excitation of unlabeled ubiquitin
(8565 Da) with Viap = 50 V is equivalent to excitation of deuterated ubiquitin with Virap = 50 V x (8565
+ 142)/8565 = 50.8 V. For simplicity, Viap settings will be reported as nominal values, i.e., for the
example used here, both the corrected and the uncorrected value would be given as “50 V™.

Protein conformational changes triggered by collisional excitation were probed by travelling
wave IMS (TWIMS) with N as the primary buffer gas. TWIMS drift times were converted to effective
He collision cross sections ("WCCSn2—He, referred to as “Q” throughout this work).”*”> Average
collision cross sections <Q2> were calculated from the measured Q distributions. The extent of CIU

was quantified by calculating the fraction of unfolding in vacuum, fu vac, according to

<O>—-<Q>y

= 6
fuvac <0>, —<QO>y (6)




where <>~ represents the average collision cross section of the folded protein ions at Viap =2V,
while <>y represents the average collision cross section of the unfolded ions at Virap = 70 V. All
CIU experiments were performed in triplicate with independent Q calibrations. Error bars represent

standard deviations.

Results and Discussion

Protein thermal stability assays in neutral solution tend to be challenging because unfolding often
takes place close to the boiling point of water. A common strategy for mitigating this problem is to
lower Tm by mild acidification.®”-”! The current work focused on cyt ¢, lysozyme, and ubiquitin.

4345

These three are representative of many other globular proteins, and they have been widely

54,35,57,58.61.63.76-79 and solution investigations.'>*”"8% Qur experiments

studied in earlier gas phase
were conducted at pH (and pD) 5.3, which is well within the stability range of all three proteins at
room temperature.'>* Preliminary tests (not shown) revealed that thermal unfolding in solution was
straightforward for cyt ¢ and lysozyme at pH 5.3. However, ubiquitin is very resilient even at low
pH,**¢7 such that we were unable to characterize thermal unfolding of this protein in solution. The
high stability of ubiquitin has been attributed to its tight H-bonding network and compact

hydrophobic core.** The subsequent sections will therefore discuss solution data only for cyt ¢ and

lysozyme, while ESI-MS and IMS/MS results are shown for all three proteins.

Native ESI Mass Spectra in H,O and D,O. ESI mass spectra of cyt ¢, lysozyme, and ubiquitin

acquired in H20 at pH 5.3 are depicted in Figure 2 (black traces). All three spectra show [M + zH]*

10



ions in low charge states that are consistent with tightly folded solution conformations, as seen in
earlier native ESI experiments, 376778182

Protein deuteration was performed as outlined in the Methods section, and the resulting
samples were electrosprayed in D20 solution. The charge state distributions of the deuterated [M +
zD]*" ions (Figure 2, red traces) were virtually identical to those of the [M + zH]*" ions
electrosprayed in H2O. This high degree of similarity indicates that the release of protein ions into
the gas phase and the associated charging mechanism(s) are insensitive to isotope effects. The extent
of deuteration was measured from the most intense peaks in the spectra (insets of Figure 2).
Deuteration percentages were determined using %D = (AMexp / AMmax), where AMexp 1s the
experimentally measured mass shift. AMmax 1s the maximum possible mass shift for complete
deuteration of all exchangeable sites (backbone, side chains, termini, and the two heme propionates
in cyt ¢; the cyt ¢ N-terminus is acetylated*’). AMmax values for cyt ¢, lysozyme, and ubiquitin are
195, 255, and 144 Da, respectively. The average %D value obtained in this way was (96 £ 2.5)%.
Considering that proteins can undergo some gas phase back exchange during ESI and ion

83,84

sampling, we conclude that the D20 labeling strategy used here generates proteins that are

essentially fully deuterated. This is in contrast to several earlier studies on proteins in H20 vs. D20,

where deuteration was incomplete, poorly controlled, or unreported. 224748

11
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Figure 2. Native mass spectra of (A) cyt ¢, (B) lysozyme, (C) ubiquitin electrosprayed in H20
solution (black, pH 5.3), and fully deuterated samples in D20 solution (red, pD 5.3). All samples
contained 10 mM ammonium acetate. Selected peaks are labeled with their charge state.

pH Effects on Thermal Protein Unfolding. Prior to conducting comparative stability
measurements in H2O vs. D20, it is necessary to examine a potential source of artifacts. Like most
earlier investigations, we used the relationship pD = (pH-meter reading) + 0.4 to prepare solutions with
equivalent H" and D" activity.!>20-226 Thus, we compared samples at pH 5.3 and pD 5.3 (the latter having

a pH-meter reading of 4.9). However, the appropriateness of this “+ 0.4 correction” has been questioned,

prompting some studies to rely on uncorrected pH-meter readings in D20.!%238 In other words, there is

12



a possibility that protein stability comparisons in H20 vs. D20 might be skewed by differences in H"
and D" activity. To explore the severity of this issue we examined the worst-case scenario, where the
effective acidity differs by 0.4 units. To this end, we initially performed stability measurements in H2O
solution at pH 5.3 and pH 4.9.

CD-detected thermal unfolding curves of cyt ¢ and lysozyme at pH 5.3 and pH 4.9 are depicted in
Figure 3A, D. Visual inspection of the experimental and fitted fnorm data reveals subtle differences for
both proteins upon changing pH by 0.4 units (black and blue in Figure 3A, D). However, closer
analysis reveals that the 7m values of both proteins remain unchanged, within experimental error.
Both proteins exhibit a slightly higher AHu at pH 5.3, but even this alteration remains close to the
measurement uncertainty (Table 1). The fu soL profiles (Figure 3B, E) as well as the corresponding
AGu(T) data (Figure 3 C, F) are nearly superimposable at pH 4.9 and pH 5.3. We conclude that the
thermal unfolding behavior of cyt ¢ and lysozyme is virtually identical when conducting the
experiments at pH 4.9 and pH 5.3. In other words, the disputed validity'>* of the “+ 0.4 correction”
is not an issue under the conditions of this work. We therefore continued to rely on this correction

throughout this work, consistent with most other studies in the field.!>20-22:66

D>0-Mediated Protein Stabilization in Solution. While numerous studies have reported that D>O
enhances the thermodynamic stability of native proteins in solution,'3-2%26 there are also voices that
have questioned the existence of this effect (see e.g. Figure 1C in ref. 2, which suggests that D20
causes protein destabilization). Instead of relying on these partially conflicting literature data, we
sought to verify the occurrence of stability difference in H20 vs. D20 ourselves.

CD-detected unfolding profiles of fully deuterated cyt ¢ and lysozyme acquired at pD 5.3
showed a notable shift to higher temperatures, compared to profiles measured at pH 5.3 (black vs.

red data in Figure 3A, D). The D20-induced 7m increase for the two proteins was 2.0 K and 4.2 K,

13



respectively. Thermodynamic stabilization of both proteins is evident from an upward displacement
of the AGu profiles in D20 relative to H2O (Figure 3C, F), implying that the N & U equilibria were
shifted toward the native state in D20. This D20-induced stabilization is consistent with earlier
results.'¥222¢ Qverall, the results of Figure 3 confirm that cyt ¢ and lysozyme are more
thermodynamically stable in D20 than in H20. In contrast to some earlier studies, this result was
obtained for samples that had well controlled (virtually complete) deuteration, as seen from the mass
shifts in Figure 2. We also verified that the observed isotope effect is independent of possible
differences in the H" vs. D" activity, as discussed in the preceding section.

The free energy of unfolding is AGu = AHu — TASu, allowing us to determine the enthalpic
and entropic contributions to D20O-induced stabilization. Table 1 reveals that D.O-exposure causes
AHUu to increase by 40 kJ mol™! and 60 kJ mol™! for cyt ¢ and lysozyme, respectively. This enthalpic
stabilization of the native state in D20 is in line with earlier reports.'32° Interestingly, enthalpic
stabilization is counteracted by a ASu increase in D20 of ca. 100 J K™! mol! which destabilizes the
native state. The occurrence of this enthalpy-entropy compensation in H20 vs. D20 has been noted
earlier.”®> However, the fact that AGu is more positive in D20 than in H2O (Figure 3C, F) implies
that the stabilizing AAHu > 0 dominates over the destabilizing AASu > 0.

In the absence of additional information, it is difficult to interpret D2O-induced AHu and
ASu effects of Table 1 because proteins in solution experience numerous intra- and intermolecular
contacts, all of which have enthalpic and entropic contributions.!**” In particular, it is not possible
to unravel whether the D20-induced net stabilization is related to solvent effects (W--W and W--P
bonds, see Introduction), or by the strengthening of H-bonds within the proteins (P--P bonds). The

gas phase experiments discussed in the following section help unravel this puzzle.

14



Temperature (°C) Temperature (°C)

30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100

i) o
2 2
Z £
v o
o o
X 3
£ g
S 5
z Z

1.0 1 l1.0
= B E -
5 osy os 9§
g * 8
B 0.6 1 toe 3
o ke
2 ke
S 044 04 5
3 c
S 5
T 024 02 B
o &

0.0 0.0

151 C F 98
% 10 10 =
o
£ £
5 5 5 £
] 2
0 0 il
2 >
92 O
d -5 -5 <

-10 L-10
-15 15

300 310 320 330 340 350 360 370 300 310 320 330 340 350 360 370

Temperature (K) Temperature (K)

Figure 3. Thermodynamic analyses of cyt ¢ (A-C) and lysozyme (D-F) thermal unfolding in H20
and in D20 solution. Colors denote pH 4.9 (blue), pH 5.3 (black), and pD 5.3 (red). Panels A, D
show experimental CD unfolding profiles (dots) and the corresponding eq. 2 fits. Panels B, E depict
the fraction of unfolded protein fu soL vs. temperature (eq. 4), while panels C, F show free energy
profiles. Vertical dashed lines indicate 7m values in H20.
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Table 1. Thermodynamic parameters determined from thermal unfolding experiments (Figure 3) on
cyt ¢ and lysozyme in H20 and D20 solution.

cyte lysozyme
Tm AHu ASu Im AHy ASu
(K) (kJ mol") | (J K mol™) (K (kJ mol") | J K mol™)
pH 4.9 356.4+0.5 | 380+ 10 1070 + 40 3509+0.5 | 290+ 10 814 +£40
pH 5.3 356.4+0.7 | 390+ 20 1080 = 70 3502+ 0.7 | 310+ 10 920 £40
pD 5.3 3584+0.5 | 430+ 10 1190 + 40 3544+ 0.3 | 370+20 1040 + 30

Unfolding of Unlabeled and Deuterated Proteins in the Gas Phase. We examined the CIU

behavior of the most intense protein ions generated by native ESI, i.e., cyt ¢ 8+, lysozyme 8+, and

ubiquitin 6+. IMS profiles were acquired for Veap values between 2 V and 70 V. Gas phase

collisional excitation triggered large-scale unfolding, evident from shifts of the IMS distribution to

higher Q (Figure 4). For Viap beyond 65 V the spectral quality started to deteriorate as a result of

collision-induced dissociation (CID), i.e., covalent bond rupture events that are commonly observed

when performing CIU with high collision energy.

86,87

CIU of cyt ¢ and ubiquitin proceeded via semi-unfolded intermediate structures, evident from

features in-between the most compact and the fully unfolded species (e.g., Figures 4C, K). In

contrast, lysozyme CIU took place without distinct intermediates. The relative increase in <>

during CIU was smaller for lysozyme (21%) than for cyt ¢ (49%) and ubiquitin (38%). This behavior

reflects the presence of four disulfide bridges that limit the conformational freedom of unfolded

lysozyme.** Neither cyt ¢ nor ubiquitin possess disulfide bridges,

43,45

allowing these two proteins to

adopt more expanded conformations after CIU. Overall, the gas phase unfolding behavior seen in

Figure 4 for all three proteins agrees with previous native IMS/MS data acquired with H20

solutions.

61,64,78

16




A key result of our CIU experiments is that unlabeled and deuterated protein ions exhibited
IMS data that were virtually indistinguishable from one another throughout the entire range of Virap
values, evident from the overlapping black and red profiles in Figure 4. Numerous additional Virap
values were tested, and these data were compiled into fu vac profiles that reflect the extent of gas
phase unfolding (Figure 5). These fu vac data reaffirm that the CIU behavior of all three protein ions
is independent of their deuteration status. The insensitivity of gas phase protein unfolding to isotope
effects (Figures 4, 5) is in striking contrast to the behavior in solution, where D20 significantly
stabilizes the native state (Figure 3).!%! It appears that this is the first time that the CIU behavior of

unlabeled vs. deuterated proteins has been compared directly.

Implications of H-Bonds vs. D-Bonds for Protein Stability in the Gas Phase. The compact gas
phase conformers populated in native ESI experiments with minimum collision excitation (Virap = 2
V in Figure 4) retain much of their solution secondary and tertiary structure, along with preservation
of most backbone NH--OC hydrogen bonds.*->>3*37 Additionally, these gas phase proteins form
new intramolecular H-bonds as part of salt bridges on the protein surface, resulting from the collapse
of formerly extended titratable side chains.’*>¢7# CIU of these compact protein ions generates
significantly expanded conformers at the CID threshold that have lost much of their secondary and
tertiary structure, and where most backbone and side chain H-bonds (D-bonds) have been disrupted
or rearranged.’® Our CIU data reveal that there is no stability difference for unlabeled vs.
deuterated proteins, implying that the dissociation energy of P--P bonds in gaseous protein ions is
not affected by the bridging atom (H vs. D). This finding does not support the view that D-bonds
are generally more stable than H-bonds.>*** Instead, our data suggest that P--P bonds behave in
accordance with the scenario of Figure 1B. This finding applies to both, backbone P--P bonds that

already existed in solution, as well as side chain P--P bonds formed after protein desolvation during

17



ESI1.3436738 D.induced stabilization has previously been found to be prevalent in small, neutral
systems, such as H>O dimers.®> Thus, the absence of deuteration-induced stabilization in

electrosprayed protein ions (i.e., large systems with a net charge) is not completely unexpected.

cyt c 8+ lysozyme 8+ ubiquitin 6+

A 2V K 2V 2V

B 12V sv | |J 6V
>
‘»
c
9
=
)
=

- |C 22V 18V K 10V
(0]
N
©
=
—_
o
prd

D 60V //\i/ L 14V

1500 1800 2100 2400 1400 1600 1800 2000 2200 (M 28V

2
—— Unlabeled
—— Deuterated
1000 1200 1400 1600
Q (A?)

Figure 4. CIU data, displaying collision cross section (Q) distributions for unlabeled (black) and
deuterated (red) gaseous protein ions at different levels of collisional heating. The trap collision
voltage Viap 1s indicated in each panel. (A-D) cyt ¢ 8+, (E-H) lysozyme 8+, and (I-M) ubiquitin 6+.
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Figure 5. CIU profiles of deuterated vs. unlabeled (A) cyt ¢ 8+, (B) lysozyme 8+, and (C) ubiquitin
6+ ions generated by native ESI. The profiles were calculated from € values acquired at different
Virap, With subsequent normalization via eq. 6.

Dissecting Isotope Effects on Protein Stability. Toy models can illustrate basic protein
concepts.”> Here, we use a two-dimensional lattice chain model for examining a N 2 U
equilibrium in solution (Figure 6). Within the model, water molecules (blue) can form up to four H-
bonds, hydrophilic residues (red) can form two H-bonds, while hydrophobic residues (green) can
form only one H-bond. We assume that for any protein structure, the system will form the maximum
possible number of H-bonds, i.e., W--W, W--P, and P--P contacts. The number of H-bonds in each

category is nww, nwp, and npp, respectively. The corresponding H-bond dissociation enthalpies are
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AHYSY, AHYY . and AHEE, all of which are positive (Figure 1). A more detailed discussion might
consider the possibility that not all AHus values within each group are identical. However, for the
simple analysis conducted here, the use of just three AHus values will suffice.

Just like for actual proteins,***** the native state in our model has a hydrophobic core and a
hydrophilic exterior (Figure 6A). The total number of H-bonds in this structure is 110. Unfolding
exposes hydrophobic residues to water, thereby lowering the total number of H-bonds to 108. Thus,
the model correctly captures the fact that unfolding in solution leads to a net loss of H-bonds, a
factor that contributes to the hydrophobic effect.’’” Because D20-induced protein stabilization is

) 18-20
b

caused by enthalpy (Table 1 our discussion only focuses on AHu effects, while not examining

ASu-related factors. AHu in our model is given by

AHy = — Anyw AHERY — Anwp AHHE — Anpp AHfg  (7)

Comparison of Figures 6A and 6B reveals that nep decreases to zero as the protein unfolds. These
broken intramolecular contacts are then replaced with newly formed W--P bonds, causing nwp to
increase. Intrusion the unfolded chain into the water network lowers the number of W--W bonds,
i.e. nww decreases. These trends also apply to actual proteins,’’ although the magnitude of the An

terms is system-dependent. For our model, Anww = -9, Anwp = 14, and Anpp = -7, such that

AHy = 9 AHYRY — 14 AHYY +7 AHRE  (8)

The data in Table 1 demonstrate that protein stabilization in D20 results from a shift of AHu to more
positive values (AAHu > 0). Eq. 8 reveals that this stabilization may be caused by three factors, i.e.,
an increase of AHYR", a decrease of AHY4 , or an increase of AHJE.

Which of these three possibilities is most likely? The CIU data of Figures 4 and 5 show that

AHEE is insensitive to isotope effects, such that this possibility can be excluded (Figure 1B). Early
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work indicated that D20 enhances the hydrophobic effect by lowering the solubility of nonpolar side
chains, suggesting that AH} %" increases in D20 (Figure 1C).2° However, subsequent studies found
the opposite trend, i.e., higher or identical solubilities of nonpolar molecules in D20 vs. H2O (ref. 2*
and references therein). These later findings cast doubt on the traditional belief that AH} %" increases
in bulk D20, even though this stability trend holds for isolated D20 dimers.3%-*

A possible resolution of this conundrum is that AHYg

decreases in D20 solution, a scenario
that has not thus far been considered in the literature. While our data do not provide conclusive proof
for weakened W--P contacts as the cause of protein stabilization in D20, it appears that this scenario

is consistent with all of the available data. As noted in Figure 1D, such a destabilization of H-bonds

is well within the realm of possible outcomes after HDX 3%

Conclusions

60+ years after its discovery,?¢ the stabilization of proteins in D20 remains poorly understood. In
agreement with earlier work, we found that this stabilization is rooted in enthalpic effects, i.e., a
larger (more positive) value of AHu in D20 than in H20.'82° Like those earlier studies, we attribute
this stabilization to changes in the dissociation enthalpy of H-bonds. This effect is countered by
entropy, as ASu is larger (more positive) in D20 than in H20, thereby causing destabilization (Table
1). However, the AHu term dominates, resulting in a net stabilization of the native state in D20.

18-20,24,26-28 e took a broader

While previous studies focused almost exclusively on W--W bonds,
approach and also considered the role of W--P and P--P bonds, because stability changes in all three

categories can affect the protein behavior in D20 (Figure 6).
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Figure 6. Two-dimensional lattice bead chain model of a protein in water. (A) Native protein. (B)
Example of an unfolded conformation. Hydrophilic (red) and hydrophobic (green) residues are
linked by backbone bonds (solid black line). Termini are marked as “N” and C”. Blue spheres
represent water. H-bonds are indicated as dotted lines of three types (W--W, W--P, P--P). The
corresponding nuB values are shown in brackets. Bonds around the periphery of the lattice were not
included in the nuB counts.

As far as we are aware, this work marks the first time that the stability of deuterated and
unlabeled proteins has been examined in vacuo (although isotope effects on gaseous protein-ligand
complexes have been explored earlier).”® Our CIU experiments revealed that the stability of gaseous
proteins is indistinguishable before and after deuteration, demonstrating that P--P bonds are
insensitive to isotope effects. It can be concluded that protein stabilization in D20 arises either from
strengthened W--W bonds, or from weakened W--P bonds (a combination of both scenarios is
possible as well). Strengthening of W--W bonds has been favored in the earlier literature,'8-2%-26-28

However, weakening of W--P bonds seems just as likely, especially when considering the results of

more recent solubility studies (ref. 2* and references therein). Thus, while we cannot conclusively
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determine the mechanistic basis of protein stabilization in D20, our results show that this
stabilization is caused by the solvent, rather than H-bonds within the protein.

For HDX-MS and HDX-NMR experiments, our results imply that exposure to D20 may
alter certain aspects of protein structure and dynamics. The stability differences seen in our solution
experiments were detected at relatively high temperatures, around 7m. Typical HDX experiments
use ambient temperature,'>! but there is great interest in also using HDX/MS for high temperature
measurements.”**> D,O-induced stability enhancements should be taken into account for the
interpretation of such high-temperature HDX data. It is likely that D20-induced stabilization makes
its presence felt already at room temperature, e.g., as a rigidification of the native state,?>*} but more
work is required to characterize the extent of these changes. Careful comparison of protein HDX
and DHX kinetics’® are a possible way to explore this aspect in the future.

It is not our intent to question the overall viability of HDX-MS or HDX-NMR for
interrogating protein structure and dynamics. After all, the D2O-mediated stability enhancements
seen here are relatively modest. Also, many HDX studies employ a comparative strategy (e.g., by
examining a wild type vs. mutant protein in identical solvent environments). For such comparative
studies, both conditions will likely be affected by D20 to a similar extent, such that differences in
protein behavior should be largely independent of isotope effects.

Complementary to HDX in solution, gas phase HDX can probe electrosprayed proteins in a
solvent-free environment.”’"'% It is reassuring that our CIU data did not show any difference for
deuterated and unlabeled protein ions, implying that gas phase HDX represents a truly “benign”
labeling method that does not perturb protein behavior in vacuo. This is in contrast to HDX in

solution, where deuteration causes stability changes that are readily observable.
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