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Abstract: Gas/water interfaces (such as air bubbles or foam) are detrimental to the stability of pro-
teins, often causing aggregation. This represents a potential problem for industrial processes, for
example, the production and handling of protein drugs. Proteins possess surfactant-like properties,
resulting in a high affinity for gas/water interfaces. The tendency of previously buried nonpolar res-
idues to maximize contact with the gas phase can cause significant structural distortion. Most ear-
lier studies in this area employed spectroscopic tools that could only provide limited information.
Here we use hydrogen/deuterium exchange (HDX) mass spectrometry (MS) for probing the confor-
mational dynamics of the model protein myoglobin (Mb) in the presence of N, bubbles. HDX/MS
relies on the principle that unfolded and/or highly dynamic regions undergo faster deuteration than
tightly folded segments. In bubble-free solution Mb displays EX2 behavior, reflecting the occur-
rence of short-lived excursions to partially unfolded conformers. A dramatically different behavior
is seen in the presence of N, bubbles; EX2 dynamics still take place, but in addition the protein
shows EX1 behavior. The latter results from interconversion of the native state with conformers
that are globally unfolded and long-lived. These unfolded species likely correspond to Mb that is
adsorbed to the surface of gas bubbles. N, sparging also induces aggregation. To explain the
observed behavior we propose a simple model, that is, “semi-unfolded” — “native” — “globally
unfolded” — “aggregated”. This model quantitatively reproduces the experimentally observed
kinetics. To the best of our knowledge, the current study marks the first exploration of surface
denaturation phenomena by HDX/MS.
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Introduction

Under physiological conditions most globular pro-
teins adopt a highly ordered conformation, compris-
ing a hydrophobic core and a hydrophilic exterior.’
This native state can be destabilized by exposure to
extremes of pH, high or low temperature, and dena-

turants such as urea.>™* These physical and chemi-
cal agents can result in various degrees of unfolding,
from semi-structured molten globules all the way to
the random coil state.®” Non-native conformers
formed in this way are often prone to aggregation.’?

Proteins have become a valuable commodity—
not only as enzymes for industrial processes but also
as vaccines and therapeutic agents. Protein drugs
such as monoclonal antibodies and antibody-drug
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conjugates have a rapidly growing market share.!%
The formulation, processing, and packaging of these
proteins may induce various degradation proc-
esses.!?!3 In other words, structural changes and/or
aggregation may take place even if the proteins are
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never exposed to any of the “classical” denaturing
agents mentioned above.!* !¢ Especially for protein
drugs these issues are of concern because degrada-
tion may affect their efficacy and immunogenicity.'®
Early investigations considered shear stress experi-
enced during pumping and stirring to be a major
cause of degradation.!” Recent studies found shear
effects on proteins to be negligible,!3¥2% although
shear can certainly damage protein-producing cells
in stirred-tank reactors.!*1:22

It has now been established that a key factor
associated with the degradation of proteins during
processing is the presence of gas/water interfaces in
the form of bubbles or foam.'*'52327 Proteins
exhibit a high affinity for these interfaces. Protein-
induced foaming in bioreactors can lead to overflow
and other problems during large-scale industrial
operations.?® On the other hand, foam stabilization
via protein adsorption is beneficial for many food
and beverage formulations, exemplified by the frothy
appearance of whisked egg-white and the foaming of
beer.2>?° The texture and shelf life of aerated food
products greatly depends on the capability of pro-
teins to prevent the coalescence of gas bubbles.®’
Similar considerations apply to the interaction of
proteins with oil/water interfaces, a factor that is
important for the stabilization of emulsions such as
milk.3!

The affinity of proteins for gas/water interfaces is
related to the amphiphilic nature of the polypeptide
chains. In a manner that is reminiscent of low
molecular-weight surfactants, hydrophobic residues
tend to orient themselves towards the gas phase,
whereas hydrophilic moieties will remain solvated by
water. The tendency of previously buried hydrophobic
sites to maximize interactions with the gaseous side
of the interface often forces adsorbed proteins to
adopt non-native conformations!'®252%2 that readily
aggregate, 14152327

Despite the considerable interest in surface dena-
turation phenomena, the exact nature of protein
structure and dynamics at gas/water interfaces
remains poorly understood. Previous work in this
area employed probes such as CD, fluorescence, or
FTIR spectroscopy, light and small-angle X-ray scat-
tering, as well as surface tension measure-
ments.!#1%2531 Protein losses due to aggregation
have been quantified by UV-Vis absorbance measure-
ments'*2” and radioactivity assays.2®

Hydrogen/deuterium exchange (HDX) mass spec-
trometry (MS) has emerged as a versatile tool for
examining protein structural features and conforma-
tional fluctuations under a wide range of condi-
tions.>>*° This technique relies on the fact that
exposure of a protein to DyO will induce the replace-
ment of amide backbone hydrogens with deute-
rium.*1™*3 Limited proteolysis of the labeled protein
with subsequent LC separation and mass analysis of
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the resulting peptides allows HDX kinetics to be
measured in a spatially resolved manner.

In near-neutral solution unstructured protein
regions undergo rapid HDX with a “chemical” rate
constant k., that is on the order of 650 min '.%°
Deuteration in folded segments proceeds much more
slowly, mediated by structural fluctuations that
transiently disrupt N-H“O=C hydrogen bonds while
providing solvent access to amide backbone sites.**
These thermally activated dynamics cause each pro-
tein to constantly cycle through all of its Boltzmann-
accessible conformations.** Although the steady-
state concentration of most excited conformers is
low, the measured HDX behavior is largely governed
by these conformational dynamics. The opening and
closing rate constants associated with HDX-relevant
structural fluctuations are referred to as k., and &,
respectively. Two different regimes can be distin-
guished. Under most conditions the open states have
a relatively short lifetime (k, >> kg,), such that
numerous opening/closing events are required before
all NH groups associated with a given structural
transition are deuterated. This so-called EX2 limit is
recognizable in HDX/MS as a continuous shift of the
peak envelopes to higher mass, with an overall deut-

eration rate constant** 8

kHDX:kop/kclxkch (1)

Alternatively, proteins may undergo cooperative
dynamics where the open state is quite long-lived
(ka << kg, such that complete deuteration of the
corresponding NH sites will take place during the
first opening event. These “EX1” dynamics give rise
to bimodal distributions where the relative intensity
of the high mass component increases with time,

and where*®8

krpx =Fkop (2)

Using met-myoglobin (Mb) as model system, the
current work employs HDX/MS to examine protein
structure and dynamics at the gas/water interface.
Mb is an archetypical globular protein®® with a native
state that comprises eight helices. Most nonpolar side
chains are sequestered in a well-developed hydropho-
bic core. The protein binds heme in a nonpolar pocket,
with Fe®" ligation by the proximal His93. The choice
of Mb for the experiments of this study is based on
previous work that revealed Mb to be highly suscepti-
ble to the presence of gas/water interfaces.?’” By con-
ducting comparative experiments on Mb solutions
with and without Ny sparging we obtain detailed
insights into the mechanism by which gas/water inter-
faces promote unfolding and aggregation. We develop
a kinetic model that is capable of quantitatively
describing the experimentally observed interplay
between aggregation and EX1/EX2 conformational
fluctuations. It appears that this study marks the first
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Figure 1. Relative amount of soluble protein in the presence and absence of N, bubbles, as monitored by ESI-MS signal inten-
sity measurements. Protein loss in the presence of bubbles is attributed to aggregation. The red curve is an exponential fit with

an apparent rate constant of 0.054 min™".

use of HDX/MS as a tool for exploring surface denatu-
ration effects.

Results and Discussion

Protein aggregation in the presence of gas
bubbles

Sparging of Mb solutions with Ny bubbles results in
the formation of insoluble aggregates. The assay used
for examining this process involves precipitate
removal by centrifugation, followed by LC/MS analy-
sis of the supernatant. The loss of soluble protein in
the presence of Ny bubbles can be approximated as
an exponential decay with an apparent rate constant
of kage = 0.054 min L. In contrast, the protein concen-
tration in bubble-free control samples remains con-
stant (Fig. 1).

The occurrence of Mb aggregation under the con-
ditions of our experiments is consistent with earlier
observations on other proteins.'®2327 In particular, it
has been noted* that sparging is characterized by a
nascent interface area that continuously renews
itself. These conditions are much more effective in
causing aggregation than the “static” surface of regu-
lar protein samples.'* A likely explanation for this
difference is that the surface of regular samples is
decorated with a metastable thin film of adsorbed
protein. This film prevents bulk solution proteins
from coming into direct contact with the air/water
interface. Sparging, on the other hand, continuously
produces bare air/water interface that will readily
adsorb proteins. Bubbles rise until they burst, leaving
previously adsorbed proteins in non-native conforma-
tions that are prone to aggregation. Alternatively,
aggregation may begin already while proteins are
still in contact with the bubble surface.

Intact protein HDX/MS
Mb conformational dynamics in the absence and in
the presence of Ny bubbles were probed using HDX/
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MS. As a first step the Mb behavior was monitored
at the intact protein level. In agreement with previ-
ous reports,**®® bubble-free control samples display
EX2 kinetics with mass distributions that gradually
shift to higher m/z [Fig. 2(A)]. A drastically different
behavior was observed in the presence of Ny bub-
bles, with spectra that are bimodal for ¢>2 min
[Fig. 2(B)]. The decreasing relative intensity of the
low mass component and the increasing intensity of
the high mass component represent the hallmark of
EX1 exchange.*®*® In addition, a gradual shift of
the low mass component is apparent in Figure 2(B)
which reveals that the protein also undergoes EX2
deuteration. The spectra in Figure 2(B) are normal-
ized such that each time point has the same inte-
grated area. This representation is helpful for
recognizing the occurrence of combined EX1/EX2
dynamics*® in the sparged samples, but it masks the
ongoing loss of soluble protein due to aggregation
(as discussed above, Fig. 1). A more realistic view of
the protein behavior is provided in Figure 2(C),
where the HDX mass spectra of the sparged samples
are displayed using actual signal intensities such
that aggregation effects become easily recognizable.

By tracking the low mass peak maxima in Fig-
ure 2 it is found that the EX2 kinetics without and
with bubble sparging are quite similar. Both EX2
deuteration profiles approach a maximum level
around 55%, with kgpx <2 values of 0.79 min ! and
0.56 min !, respectively [Fig. 3(A)]. For EX1 analy-
ses one has to determine the signal intensities asso-
ciated with the high mass and the low mass
components, that is, Ihigh and I,y The kinetics can
then be determined by using the relationship®!

Lign 3)

EX1 Deuteration=
I low +1 high

Figure 2 reveals the occurrence of peak tailing
due to cation adduction.’? This type of artifact is
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Figure 2. Mb mass spectra recorded at different HDX time
points in the absence (A) and in the presence (B), (C) of N,
bubbles. The data shown here correspond to the 18+ charge
state. Time-dependent shifts in peak maxima (EX2 behavior)
are highlighted in panels A, B using arrows. In addition, for
panel B time-dependent changes in the relative intensity of
high mass vs. low mass component (EX1 behavior) are
emphasized. The spectra in (B) were normalized such that
each time point represents the same integrated intensity. (C)
The same data as in panel B, but with actual intensities that
reflect the time-dependent decrease in overall signal due to
aggregation. Unresolved cation adducts are highlighted for
the t = 0 spectrum in panel A.

common in intact protein HDX/MS.?® Cation adduc-
tion is observed regardless of experimental conditions
[see for example Fig. 2(A)]. Overlap of adduct signals
with the high mass EX1 component renders the data
analysis somewhat difficult. The EX1 data of Figure
2(B) were therefore analyzed in a semi-quantitative
fashion by assuming that both components can be
described using the peak shape of the # =0 profiles,
subject to the appropriate mass shifts. On the basis
of Eq. (3), these data were then converted to an EX1
profile [Fig. 3(B)]. These data can be described by an
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exponential curve with Eppx <> =0.084 min . The
scatter in the experimental data points is attributed
to the challenges outlined above.

Summarizing the intact protein data of Figures
1-3 it can be stated that the exposure of Mb to Ny
bubbles results in a combination of EX1 and EX2
conformational dynamics, in conjunction with aggre-
gation. Without sparging only EX2 behavior is
observed.

Proteolytic digestion HDX/MS

For gaining additional insights into the Mb behavior
in the presence of Ny bubbles we analyzed the HDX/
MS behavior of the protein at the peptide level. For
short peptides it is difficult to differentiate between
EX1 and EX2 behavior. Our attention was therefore
focused on relatively large segments that comprised
15 to 35 residues. In the presence of Ny bubbles all
of these peptides display bimodal mass distributions,
as exemplified in Figure 4. This finding implies the
EX1 structural dynamics correspond to global open-
ing/closing transitions that affect the entire Mb
structure, not just individual parts of the protein.
Gaussian decomposition allows a determination of
EX1 kinetic profiles on the basis of Eq. (3). The
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Figure 3. Intact Mb HDX profiles extracted from the data of
Figure 2. (A) EX2 kinetics in the absence and in the pres-
ence of N, bubbles. Curves are exponential fits with

kupx=® = 0.79 min~" and 0.56 min~", respectively. The
“red” profile shows fewer data points because the EX2 com-
ponent becomes indiscernible for t > 10 min in the presence
of N, bubbles. (B) EX1 kinetics observed in the presence of
bubbles. The exponential fit has kppx=*' = 0.084 min~".
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Figure 4. HDX mass spectra of three representative Mb peptides recorded at different time points in the presence of N, bub-
bles. EX1/EX2 kinetics were analyzed using two-component Gaussian decompositions. The analysis was performed using
Microsoft Excel Solver for global fitting that required the peak position and fwhm to be the same for the high mass component

of each peptide for all time points.

resulting kinetic plots confirm that the EX1 dynam-
ics for all peptides are very similar, as would be
expected for global conformational fluctuations [Fig.
5(A)]. Global analysis of this data set results in
Frpx ¥l =0.089 min !, close to the value obtained
from the intact protein data of Figure 3B.

By tracking the maxima of the low mass Gaus-
sian component for each peptide it is possible to
monitor the EX2 kinetics of the protein. Data for
three representative segments are depicted in Fig-
ure 5(B-D) (residues 1-29, 70-103, and 138-151).
The EX2 kinetics for all three peptides are well
described by kupx 2 values on the order of 0.5
min !, both in the presence and in the absence of
Ny sparging (see caption of Fig. 5 for details).

Mb at the gas/water interface: a simple kinetic
model

The data presented in the preceding sections demon-
strate that Mb in the presence of Ny bubbles under-
goes both EX2 and EX1 fluctuations, as well as
aggregation. We will now devise a model that is
capable of describing these processes in a quantita-
tive fashion. It is not our aim to provide an atomistic
framework, rather we strive to come up with the
simplest possible description of the Mb behavior.

In bubble-free solution ~55% of backbone
amides are involved in rapid sub-global fluctuations
that give rise to EX2 kinetics [Fig. 3(A)]. Earlier
work has revealed that the corresponding sites are
located in the N-terminal region of helix A, as well

Xiao and Konermann

as helices B, C, D, and the C-terminal half of helix
H.%° We make the simplifying assumption that all of
these sites participate in a single type of opening/
closing transition, corresponding to “foldon” fluctua-
tions** between a semi-unfolded species and the
native state. These dynamics may be described using
the notation OC < CC, where the first letter desig-
nates the status (“O” open, or “C” closed) of the 55%
of amides that participates in the EX2 dynamics.
The second letter signifies the residual 45% that do
not participate in the EX2 dynamics.

Upon exposure to gas bubbles the EX2 kinetics
do not change very much [Fig. 3(A)l. However, Ny
sparging gives rise to additional EX1 conformational
transitions that expose all amides to the solvent
[Fig. 5(A)], implying the involvement of surface-
adsorbed conformers that are globally unfolded
(“O0”). Inclusion of this species extends the model
to OC — CC « 0O. As a final step, aggregation has
to be considered. The lack of protein loss in bubble-
free solution suggests that neither OC nor CC are
particularly susceptible to aggregation. This leaves
OO as the most likely aggregation-prone species. OO
can either refold to CC, or it can form aggregates.
This kinetic competition can be incorporated by
modifying the model to

OC < CC < OO — aggregated [see Fig. 6(A) for
a complete description that includes rate constants].
A cartoon representation of the four kinetic species
is provided in Figure 6(B), emphasizing their differ-
ent degrees of “openness”, as well as the interaction
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Figure 5. (A) EX1 kinetics of Mb peptic fragments in the pres-
ence of N, bubbles. The solid line represents a global fit to
the combined data, with kypx=<' = 0.089 min~". Intact protein
data are included as well. Panels B-D show a comparison of
EX2 kinetic profiles recorded in the absence and in the pres-
ence of N, bubbles. (B) Residues 1-29, kypx=2 = 0.41 and
0.42 min~"; (C) residues 70-103, kypx=% = 0.57 and 0.88
min~"; (D) residues 138-151, kypx =2 = 0.36 and 0.71 min "

of nonpolar residues (orange) with the gas/water
interface'®152329 in the OO state.

The appropriateness of the model can be scruti-
nized by testing whether it is capable of reproducing
the experimental HDX and aggregation kinetics. We
previously developed a procedure for simulating
deuteration processes that are associated with the
interconversion of different conformers.*® That
method iteratively tracks the behavior of a popula-
tion of bit strings (proteins), where each position
(backbone amide site) is occupied by either 0 (hydro-
gen) or 1 (deuterium). Opening/closing dynamics of
user-defined protein regions take place with proba-
bilities governed by the corresponding k., and kq
values. Open sites undergo 0 — 1 conversion (deut-
eration) with a probability that depends on kg,. The
mass shift distribution of the population is analyzed
at selected time points by adding the number of 1s
in each of the proteins. It was already demonstrated
that a OC < CC < OO model is capable of describ-
ing the simultaneous occurrence of EX1 and EX2
kinetics (see Fig. 5 in ref. [45). For the current work
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we extend this framework by incorporating an
aggregation step, as envisioned in Figure 6. This is
achieved by implementing a reaction path that
removes OO with a probability W that is given by

W=1—exp(—kagg X A1) 4)

where k,q, is the aggregation rate constant and At
is the iteration time step.*®

Given the minimalist nature of the model, a
number of simplifications are required. We assume
that chemical exchange proceeds with kg, =650
min ' at all sites, representing the amino acid-
averaged value at neutral pH.*® For EX2 deuteration
(kg >> kg, it is assumed that ky™X2 = 6500 min L.
Conversely, for EX1 kinetics (kg << kg) we use
EafX¥'=65 min !. The experimentally measured
Eupx X2 =0.56 min ' [Fig. 3(A)] then corresponds to
kopEX2 =56 min !, as dictated by Eq. (1). For a
“pure” EX1 scenario the fitted rate constant of Figure
3B would suggest that kopEX1=kHDXEX1=0.084
min ' [Eq. (2)l. However, the kinetic competition
between kg"<' and kage renders Eq. (2) inadequate
for the reaction scheme of Figure 6(A). To address
this point we empirically settled on a slightly higher
value of kOpEX1 =0.12 min"'. Aggregation of OO was
approximated as a first-order process with k., =44
min~'. Figure 7 demonstrates that this choice of
parameters results in excellent agreement between
the experimental data (red) and the simulated
kinetics (blue).

The agreement between modeled and experimen-
tal kinetics (Fig. 7) suggests that the framework of Fig-
ure 6 provides a reasonable approximation of the
protein dynamics in the presence of Ny bubbles. We do
not claim that this model is unique; alternative scenar-
ios such as CC «— OC «— OO — aggregated might fit
the data equally well. However, from our experiments
there is no evidence that OC is an obligatory intermedi-
ate for the formation of OO. It was therefore decided to
put forward the model of Figure 6, which does not
involve a direct OC < OO transition.

Free energy landscape of Mb at the gas/water
interface

Having determined the rate constants associated
with the model, one can proceed to outline the
energy landscape of the protein in the presence of
Ny bubbles [summarized in Fig. 6(C)]. The free
energy of OC and OO relative to the CC ground
state is given by***®

AG°=—RTIn }% (5)
cl

yielding values of 18 and 16 kJ mol }, respectively.
At first sight, it might seem surprising that OC and

Protein Dynamics at Gas/Water Interfaces
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0O possess almost the same free energy, considering
that they represent very different degrees of unfold-
ing. This apparent contradiction is resolved when
considering that the globally unfolded conformer OO
is stabilized by adsorption to the gas/water
interface.

For estimating the height of the activation bar-
riers (AG¥) that separate the protein conformers we
use the Kramers equation® %

#
kop=Cexp ( AR%) (6)

with a pre-exponential factor of C ~ 6 x 10°
min~1.%° The resulting activation barrier heights for
OC — CC and CC — 0O are 52 kJ mol ! and 61 kJ
mol !, respectively. These numbers suggest that the
transition state for global unfolding is much more
unfavorable than that leading to the semi-unfolded
state. Hence, while OO is strongly stabilized by
adsorption to the gas/water interface, this stabiliza-
tion is not fully developed in the CC — OO transi-
tion state.

By switching k., to k,zs one can use eq. (6) to
estimate the kinetic barrier for aggregation of OO.
This approach yields an activation barrier height of
46 kJ mol !, corresponding to a transition state
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energy that is (16 +46) kJ mol 1=62 kJ mol !
above CC. Aggregation can be considered to be
quasi-irreversible,®® implying that the free energy of
aggregated Mb in our model is far below that of the
metastable CC state [Fig. 6(C)].

Conclusions

The experiments and kinetic simulations of this
work provide insights into the conformational
dynamics of a model protein (Mb) under conditions
where interactions with gas/water interfaces are
promoted by Ny sparging. Our results highlight the
destabilizing effects of gas bubbles, as well as the
propensity of the protein to aggregate under these
conditions. Analysis of the HDX/MS data strongly
suggests the involvement of globally unfolded con-
formers that are adsorbed to the surface of gas bub-
bles via interactions with previously buried nonpolar
residues. This OO species represents a Kkinetic
branching point from which the protein can either
aggregate, or refold to the native state.

The kinetic framework of Figure 6 describes the
experimental data well (Fig. 7), but readers are
reminded of the minimalist nature of our model.
Many aspects are not considered in detail. For
example, it seems possible that bubble-adsorbed OO
is quite stable, and that the kinetic competition
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Figure 7. Simulation results, using the model of Figure 6 for
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tein mass shift distributions, (B) aggregation kinetics, (C) EX2
kinetics, (D) EX1 kinetics. Simulation results in panels B-D
are displayed in blue, whereas experimental data (from Figs.
1, 3A, 5A) are shown in red. Simulations were conducted
using the method of Ref. [45 for 5000 proteins with rate con-
stants as defined in the text.

between refolding and aggregation only commences

after this conformer is released into solution upon
bubble bursting. Also, modeling aggregation as a
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first-order process with fixed rate constant glosses
over many of the complexities associated with this
process. Similarly, describing EX2 dynamics via a
single semi-unfolded state certainly represents an
oversimplification.?%** Despite these limitations, we
feel that the model of Figure 6 provides a useful
approximation of the protein dynamics in the pres-
ence of gas bubbles.

HDX measurements clearly represent an inter-
esting approach for exploring the properties of pro-
teins at interfaces.’! This technology can provide
insights that go beyond those obtainable from com-
monly used bulk spectroscopic methods.!*15:25-27:31
It is hoped that the approach introduced in this
study will be useful for exploring protein dynamics
and aggregation in industrial processes, where
bubble-related degradation phenomena are com-
monly encountered. 4152327

Methods

Materials

Equine skeletal muscle Mb was purchased from
Sigma (St. Louis, MO). HCI, Na,HPO, and NaH,PO,
were obtained from Caledon (Georgetown, ON, Can-
ada). DO was procured from Aldrich (St. Louis, MO).
LC-MS grade H;O was purchased from Optima (Fair
Lawn, NJ). All protein solutions were prepared in
50 mM phosphate buffer. pH values were measured
using a Fisher (Waltham, MA) AB15 pH meter. All
experiments were carried out at a pH meter reading
of 7.1, without correction for isotope effects.

Gas/water interface exposure and HDX

200 pL aliquots of 5 M Mb in 90% DyO were placed
in Eppendorf tubes. Ny was bubbled through these
solutions at 5 L h™! using a syringe needle with an
inner diameter of 0.8 mm. This procedure was carried
out at room temperature (23 = 1°C). After various
deuteration time periods ranging from 1 to 20
minutes the gas flow was stopped. Insoluble aggre-
gates formed during this treatment were removed by
centrifugation at 10,000 rpm for 30 s. HDX was
quenched by adding HCI to the supernatant, resulting
in a pH meter reading of 2.4. Subsequently, samples
were flash frozen in liquid nitrogen until further
analysis. Times reported in the text above refer to the
bubble-exposure period, not including of the ~60 s
required for centrifugation, centrifuge deceleration,
and sample handling prior to freezing. Measurements
for quantifying protein loss due to aggregation were
conducted using non-deuterated buffer solutions. Con-
trol samples for all measurements were prepared
exactly as described above, but without Ny bubbling.

Mass spectrometry
Frozen deuterated samples were rapidly thawed
to ~0°C. Intact protein HDX/MS employed a

Protein Dynamics at Gas/Water Interfaces



reversed-phase column for desalting (BEH C4, 1.7
um, 2.1 X 50 mm, Waters, Milford, MA) with a 10
min water/acetonitrile gradient at 200 pL min~?! in
the presence of 0.1% formic acid. The sample loop
had a 20 pL volume and the amount of Mb per injec-
tion was 100 pmol. The column, injector and solvent
lines were kept in ice for maintaining a temperature
close to 0°C to minimize H/D back exchange. The
column outlet was connected to a Waters Synapt
HDMS quadrupole time-of-flight mass spectrometer.
Intact protein analyses focused on the 18+ charge
state which exhibited the highest S/N ratio.

Peptide-level deuteration measurements were
conducted using a nanoACQUITY UPLC with HDX
technology (Waters)®? Online digestion was performed
using a 2.1 mm X 30 mm POROS pepsin column
(Life Technologies/Applied Biosystems, Carlsbad, CA)
at 15°C. A 20 min water/acetonitrile (0.1% formic
acid) gradient was used for desalting and peptide sep-
aration at 0°C. Peptide mass analysis was performed
on a Waters Synapt G2 mass spectrometer. The iden-
tity of each peptide was confirmed by tandem MS on
non-deuterated samples based on the known Mb
sequence.?® Peptide mass spectra were recorded with
an electrospray capillary voltage of +2.8 kV, 30 V
cone voltage and a desolvation temperature of 250°C.
Mass calibration was performed using 2 pg pL~! Nal
in 50:50 water: isopropanol at a capillary voltage of
1.2 kV. Deuteration percentages were calculated as
(m — mg)/(mq90 — mg). Zero-time-point controls (mg)
were prepared by exposing the protein to 90% DO
buffer under quench conditions. Fully exchanged con-
trol samples (mqo9) were prepared by incubating Mb
in 90% D50 at pD 2.4/37°C for 12 h. All experiments
were carried out in triplicate. Error bars represent
standard deviations.
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