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In this report, the model proteins staphylococcal nuclease and ubiquitin were used to test the applicabil-
ity of two new hydrogen/deuterium exchange (HX) electrospray ionization mass spectrometry (ESI-MS)
methods for estimating protein folding energies. Both methods use the H/D exchange of globally protected
amide protons (amide protons which are buried in the hydrophobic core) to elucidate protein folding ener-
gies. One method is a kinetic-based method and the other is equilibrium-based. The first method, the HX
ESI-MS kinetic-based approach is conceptually identical to SUPREX (stability of unpurified proteins from
rates of H/D exchange) method but is based on ESI-MS rather than MALDI-MS (matrix assisted laser des-
Protein folding orption mass spectrometry). This method employs the time-dependence of H/D exchange using various
MALDI denaturant concentrations to extract folding energies. Like SUPREX, this approach requires the assumption
ESI of EX2 exchange kinetics. The second method, which we call a protein equilibrium population snapshot
SUPREX (PEPS) by HX ESI-MS uses data collected only for a single time point (usually the shortest possible) to obtain
a snapshot of the open and closed populations of the protein. The PEPS approach requires few assumptions
in the derivation of the equations used for calculation of the folding energies. The extraction of folding
energies from mass spectral data is simple and straightforward. The PEPS method is applicable for proteins
that follow either EX1 or EX2 HX mechanisms. In our experiments the kinetic-based method produced
less accurate AGy,o and mganci values for wild-type staphylococcal nuclease and mutants undergoing
H/D exchange by EX1, as would be expected. Better results were obtained for ubiquitin which undergoes
HX by an EX2 mechanism. Using the PEPS method we obtained AGu,0 and mgaua values that were in
good agreement with literature values for both staphylococcal nuclease (EX1) and ubiquitin (EX2). We
also show that the observation of straight lines in linear extrapolation method (LEM) plots is not a reliable
indicator of the validity of the data obtained using the LEM approach.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Typically a specific conformation of a folded protein is biologi-
cally active and an unfolded or misfolded state is less so. Unfolding
or misfolding may thus be associated with disease when biolog-
ically important proteins have less than the necessary function
needed for full health [1]. Protein folding is significantly influenced
by non-covalent interactions such as hydrogen bonding, ionic inter-
actions, van der Waals’ forces and hydrophobic effects [2,3]. While
the protein is constantly folding and unfolding, bonding forces
generally ensure that the native state is more strongly populated
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than any other conformation. Any changes in the protein’s environ-
ment that disrupt these forces and increase the extent of unfolding
may also denature the protein. Agents such as urea or guanidine
hydrochloride (GdHCI), as well as pH and temperature changes
have been used to deliberately denature proteins [4-8]. Such delib-
erate modifications to the protein’s environment have been used
to determine protein folding energies [4]. In the literature, most
protein denaturation studies have been monitored using spectro-
scopic probes. Typically these are based on tryptophan or tyrosine
fluorescence, or circular dichorism (CD) [4-6,9].

While these approaches are widely used, they have some dis-
advantages. Tryptophan residues are relatively rare in protein
sequences and the resulting fluorescence changes only convey
information about local changes. Tyrosines are more common, but
also only report local structure. Tyrosine fluorescence is difficult to
follow if tryptophan is also present. Circular dichroism signals from
helices and sheets are more global in nature with respect to protein
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structure, but measuring the comparatively weak CD signal requires
alarge amount of protein present in high concentration. Thus, these
techniques are not ideally suited for measurement of folding ener-
gies in complex environments where other proteins or compounds
contribute similar and overlapping spectroscopic signals [10-16].

Mass spectrometry, on the other hand, is well suited for studying
proteins at low levels and in complex mixtures. Most often MALDI
and ESI are the approaches of choice. Examples from recent litera-
ture include MS-based studies of protein folding, protein structure,
mapping changes associated with mutations, protein-ligand inter-
actions and protein—-protein interactions. H/D exchange [17,18],
chemical modification, and limited proteolysis [19] are among the
techniques most frequently coupled with MS for this purpose. Of
these, H/D exchange has been the most popular and when carefully
applied, can accurately reflect biologically relevant solution-phase
properties including binding and folding [20-32]. Most of these
methods are kinetics-based. The widely used SUPREX [25,27] and
related technique SPROX [32] (stability of proteins from rates
of oxidation) extract folding and binding properties for proteins
and protein-ligand complexes. More recently, methods have been
developed specifically for probing complex bimolecular interac-
tions involving proteins. For example PLIMSTEX (protein-ligand
interactions by mass spectrometry, titration, and H/D exchange)
[31] can be used to measure protein-ligand and protein-protein
interactions. A modification of PLIMSTEX called SIMSTEX (self-
association interactions using mass spectrometry, self-titration and
H/D exchange) [30] can also be used to measure self-association of
proteins associated with protein aggregation.

The two primary MS-based methods which have been used to
extract protein folding energies are SUPREX and SPROX. SUPREX
involves the study of H/D exchange of the globally protected amide
protons using MALDI HX-MS [25,27]. SPROX is based on chemi-
cal oxidation of globally protected methionines using H,0, [32].
Both MALDI and ESI have been used with SPROX [32]. The SUPREX
and SPROX approaches are conceptually similar and can be uti-
lized to measure protein stability in complex environments. The
application of both of these methods requires a number of assump-
tions. SUPREX relies on the assumption of EX2-HX kinetics while
SPROX assumes that the protein folding equilibrium is not affected
by time dependent protein oxidation. In this work we show that
SUPREX may be extended from MALDI to ESI. Our ESI method is
sufficiently different from SUPREX that we refer to it herein as
the kinetic-based method rather than as ESI/SUPREX. By compari-
son, we also demonstrate the advantages of an equilibrium-based
approach that samples the equilibrium population of the folded and
unfolded states using H/D exchange. We call this approach a pro-
tein equilibrium population snapshot or PEPS. This PEPS approach
requires fewer assumptions and can be used to extract protein
folding energies and mggyc; values. Using several examples from
two types of proteins the AGy,o and mggyc values obtained using
both ESI-based approaches (the kinetic-based method and PEPS)
are compared to each other and with previously reported values.

2. Experimental and theory
2.1. Chemicals

The construction of the mutants of staphylococcal nuclease used
in this study has been described elsewhere [3,5]. Bovine ubiq-
uitin, sodium hydrogen phosphate, and acetonitrile (ACN) were
purchased from Sigma-Aldrich. Trifluoroacetic acid (TFA) was pur-
chased from Halocarbon. Guanidine hydrochloride, omni pure, was
purchased from VWR. Sodium phosphate and sodium chloride were
purchased from Mallinckrodt. Deuterium oxide (D,0; 99.8% atom
D) was purchased from Cambridge Isotope Laboratories. The GAHCI

solution (6 M, 100 mM NacCl, 25 mM sodium phosphate, pH 7.0)
used in these experiments was prepared carefully to maintain the
correct concentration and pH as described previously [5,6]. H,O and
D, 0 solutions were also prepared using the same buffers described
above. All protein samples were dissolved in the H,O buffer to
achieve a final protein concentration of about 2 mg/ml. The pH
measurements were not adjusted for deuterium. The HPLC mobile
phases were 0.1% TFA (A) and 0.1% TFA in ACN (B).

2.2. Instrumentation

The mass spectrometer was a Bruker Esquire 2000 (Billerica,
MA) LC ion trap equipped with an electrospray ionization source.
It was operated in positive ion mode with a nebulizing gas pres-
sure (N, ) of 30 psi and a drying gas flow of 12 ml/min maintained at
250°C. The mass spectrometer was optimized at m/z 1000 with low
skimmer voltage (instrument default for this mass). The HPLC was
a Hewlett Packard (Palo Alto, CA) 1100 series instrument equipped
with an autosampler. HPLC (desalting) was accomplished using
a Supelco Cqig column (4.5mm x 50 mm, 5 wm) at a flow rate of
0.8 ml/min using a rapid gradient from 5%B to 100%B over 3 min.

2.3. Kinetic-based H/D exchange method

The ESI kinetic-based experiments, very similar to MALDI
based SUPREX, were carried out at room temperature, ~25°C.
H/D exchange (wild-type staphylococcal nuclease, a mutant, or
ubquitin) was initiated by 10-fold dilution of protein stock solu-
tion into a solution made from the D, 0 buffer, H,O buffer and the
6M GdHCI stock solution. For staphylococcal nuclease this solu-
tion (100 1) had the desired GdHCI concentration of 0 -1.5M and
was always 70% D0, v/v. For ubiquitin, D,0 had to be adjusted to
60%, v/v to achieve higher concentrations of 0-2.2 M GdHCl. Mixing
was accomplished by vortexing the sample for about 5 s. Exchange
times (1-120 min) were controlled using the HPLC autosampler
which was started immediately on mixing. Samples were loaded
into the autosampler tray after mixing, thus slight differences in
the time taken to place the vial into the tray did not affect the
timing sequence, initiated before vortex mixing. We assume H/D
exchange is quenched on injection of 5-10 .l of sample into the
acidic mobile phase (with 0.1% TFA) where both the mobile phase
and column were kept at 0°C. A 3-min RP-HPLC separation was
used for desalting to improve ESI spectra for the H/D exchanged
samples. The resulting spectra of samples corresponding to spe-
cific H/D exchange times and GdHCI concentrations were used to
obtain folding energies as described in section 2.5 below.

2.4. PEPS HX ESI-MS method

These experiments were similar to the kinetic-based exper-
iments described above with the following differences. The
equilibrium protein folded and unfold populations were first estab-
lished by mixing 5-10 ul of protein stock solution with specific
volumes of 6 M GdHCI stock and H,O buffer to achieve final con-
centrations of between 0 and 2.5 M for staphylococcal nuclease and
0-4.2 M for ubiquitin in 100 1 total volume. Sufficient time, on the
order of 5-10 min, was allowed to insure proper equilibration of the
native and denatured states after denaturant addition and before
the H/D exchange. Then, in contrast to the ESI SUPREX method, only
a single (shortest possible) time of H/D exchange was employed
to minimize the number of folding/unfolding cycles. In this study
we report data for PEPS in separate experiments using the short-
est (17 +3s) and longer (45s, and 604 3 s) times for comparison.
H/D exchange was again accomplished by a 10-fold dilution of the
protein (5 wl) into an H/D exchange buffer (45 ul) identical to the
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one described in Section 2.3. In this experiment the GdHCI was
also present in the exchange buffer, in the same concentration as
in the protein sample, to avoid dilution and thus maintain constant
ionic strength. Because of the higher concentration of GAHCI used
with ubiquitin the range of volumes possible for mixing needed
to be adjusted, and in this case the v/v ratio for the percentage
D, 0 was maintained at 30%. The total time for exchange was mea-
sured in seconds rather than 1-120 min. Because of the very short
time frame, the autosampler was not used for MS analysis. Instead
25 pl of sample was injected manually using a Rheodyne injector
for HPLC/MS analysis.

2.5. Spectral data processing

For the kinetic-based method AGy,o and mggyc values are
derived from Cy;; and ty, values. These are the concentration
and time where 50% of the maximum number of globally pro-
tected amide protons that can be detected in the experiment have
exchanged. The PEPS method uses the ratio of closed and open
state populations for the calculations. All of these parameters are
derived from mass values, changes in mass, or peak intensity dif-
ferences resulting from controlled H/D exchange. The accuracy of
these measurements is dependent on the control of the experi-
mental conditions as well as the ability to obtain accurate mass
assignments and or intensity values. Mass values for the protein,
denatured protein and H/D exchange products (including both
folded and unfolded forms if differentiable) were obtained by
deconvolution of ESI spectra using the deconvolution function in
the Bruker Data Analysis 3.0 software. The spectra were typically
smoothed one time using a 2 point (0.2 m/z) smooth to improve
the deconvolution. In the special case of EX2, or in the absence of
a denaturant where a single peak results from the deconvolution,
the maximum intensity of that peak was taken as the average mass
resulting from overall H/D exchange. If two peaks resulted from
the deconvolution (EX1, two components resolved) the weighted
average of the two peaks was calculated, when needed, using
the equation below. This represents the weighted average H/D
exchange for the protein overall.

> Ml
M) = (M)
> i
In Eq. (1), [; is the intensity detected at m/z value M;. For
abundance values the reported peak intensities resulting from

deconvolution were used. This avoids uncertainties in the peak
areas (widths) resulting from deconvolution of the spectra.

2.6. Theory, plotting and calculation of folding energies

There are two widely accepted general mechanisms for H/D
exchange called EX1 and EX2 [33]. Both of these generally refer
only to exchange of the globally protected amide hydrogens. These
exchanges can be detected in the time scale of a typical laboratory
experiments. EX1 is defined as the circumstance where a single
unfolding event results in simultaneous exchange of most or all
of the exchangeable protons within the molecule whereas EX2
exchange occurs when a single folding event leads to very few if any
exchanges in the same single unfolding/folding event. Of these two
types of exchange, EX1 is more often associated with a higher level
of denaturation and EX2 with typical physiological behavior of pro-
teins. EX2 with gradual H/D exchange over many unfolding events
results in the observation of a single “population”. This population
has a distribution of isotopes and typically a Guassian-like appear-
ance. In an MS experiment, the center of this distribution increases
slowly in mass over time. On the other hand, EX1 exchange can

lead to two different populations (one exchanged and one not)
because each folding event results in a large and relatively well
defined mass change. These two populations can be distinguished
in a mass spectrometry experiment when the mass change is large
enough to resolve and the half-life of the protein folding event is
sufficient to allow both populations to be sampled. This explana-
tion is simplified by the assumption of a two state model. More
complicated behavior likely occurs in many biological systems. In
mass spectrometry experiments the detection of two states would
define the minimum but not necessarily the maximum number of
states present during protein folding. Most methods that have been
developed to access protein folding energies are kinetic-based and
assume EX2 kinetics.

The kinetic-based method employed herein is similar to SUPREX
[25,27] which measures the hydrogen/deuterium (H/D) exchange
reaction of globally protected amide protons in proteins. For pro-
teins with two state equilibrium unfolding behavior, the H/D
exchange reaction can be described by Eq. (2):
(closed)Hkg(open)Hﬂ(open)D (2)

ke

where (closed!) is a closed native protein with no deuterium. This
state of the protein is H/D exchange incompetent in the sense that
only exterior (surface) amide protons can be exchanged. If this state
is subjected to a quick H/D exchange, almost no globally protected
amide protons get exchanged. On the other hand, the open form of
the undeuterated protein (open) is denatured and more sites are
accessible to exchange. This form is H/D exchange competent in the
sense that the amide protons which were globally protected (inte-
rior) are now exposed. After H/D exchange has occurred there also
exists a population which is denatured and deutarated (open)P.
Under these circumstances the values kop and k. represent the
rate constants for the opening and closing reactions of the protein
(respectively), and k;; is the intrinsic exchange rate of unprotected
amide protons. Note that there is no reverse arrow between (open)H
and (open)P in Eq. (1) because the reaction is performed in an envi-
ronment that is predominantly D,0. Using this two state protein
folding mechanism, the observed H/D exchange rate constant, kex,
can be written as

kopkint
— ____opfint 3
= (kop + ket + Kine) 3)

If ke » kop and ki, Eq. (3) reduces to Eq. (4) when 50% of the
globally protected amides protons have exchanged. This circum-
stance where k¢ » kop and ki is the definition of EX2 kinetics [33].
A detailed discussion of the derivation of Eq. (4) from Eq. (3) can be
found elsewhere [25,27].

(Kint)t1 /2
0.693

K{PP is the apparent equilibrium folding constant (KPP =
kei/kop), t1j2 is the H/D exchange time (for 50% exchange) in min-
utes and <k;,.> is the average intrinsic exchange rate of unprotected
amide protons and assumed to be a constant. <k;,;> is pH dependent
and approximated to be ~10(PH-5) protons per minute [25,27,34].

One of the most common methods for the analysis of tra-
ditional solvent-induced equilibrium denaturation curves is the
linear extrapolation method (LEM) [7,8,35] given by Eq. (5).

KPP = -1 (4)

AGapp = AGHZO + mGdHG[GdHCl] (5)
where AGapp is — RT In K{PP, [GAHCI] is the molar GdHCI concen-

. . JAG . .
tration, mcqpcy is —sc>— and AGy,o is the folding free energy of

the protein in the absence of denaturant. When 50% of the globally
protected amide protons have exchanged, Eq. (5) can be re-written
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Fig. 1. Average mass shift (AM) upon H/D exchange as a function of [GdHCI] for
wild-type staphylococcal nuclease. Three curves corresponding to exchange times
of .5min (O), 11 min (O), and 19.5 min (A). The average uncertainty associated with
the mass shift estimations at different GAHCI concentrations is about +2 Da.

(using Eq. (4) as
AGapp = —RT In [(< kil‘lt > t1/2/0693) — 1]

= AGn,0 + MgancallCi/2]- (6)

Values of Cy, for given exchange times (t;/;) can be obtained
by utilizing plots of the sort displayed in Figs. 1 and 2. In Fig. 1, the
average mass shift (AM) from H/D exchange is plotted as a function
of [GAHCI] for a fixed exchange time. Cy, is determined from the
transition mid point by fitting the plots to a sigmoidal curve using
regression analysis tools as described elsewhere [25,27]. In Fig. 2,
AM is plotted as a function of time instead of [GAHCI]. Values for
Cij2, and ty, from these plots can be obtained simply by drawing a
horizontal line across the 50% deuteration level as shown in Fig. 2a.
Here the minimum and maximum values for AM are defined as
the average value for AM with no denaturant (minimum) and the
average value for the maximum AM change (maximum). The x-
axis value at the intersection of individual data curves with the
horizontal 50% AM line gives the ty, value for each concentration.
Cyj2 and tq, values produced by either method can be used with
Eq. (6) to generate standard LEM plots as shown in Fig. 3. In the plot,
the y-axis intercept yields AGy,o at zero denaturant concentration
and the gradient gives the corresponding mgqyc values.

The PEPS HX ESI-MS method is different from the kinetic-based
method. A partially denatured and briefly exchanged protein is
probed by ESI. Ideally two different and distinguishable peaks
result from the different extents of H/D exchange of the folded
and unfolded states. The intensity values from the discrete peaks
in the deconvoluted ESI spectrum are presumed representative of
the equilibrium populations of native and denatured states. Similar
to the kinetic-based method, PEPS also assumes a two state folding
mechanism, as depicted in Eq. (7).

Native state (closed) = Denatured state (open) (7)

H/D exchange is used to obtain the population ratio of the two
states at equilibrium as a function of GAHCI concentration and Kapp
can then be determined by Eq. (8) for different denaturant con-
centrations if it is assumed that the peak intensities correspond
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Fig. 2. Average mass shift (AM) upon H/D exchange as a function of exchange time
for ubiquitin. Seven curves correspond to different GAHCI concentrations: 0.00, 0.48,
0.84 and 1.26 M (v), 1.56 M (W), 1.76 M (0O), 1.92M (a) and 2.16 M (O). The bot-
tom (dotted) line corresponds to a closed state (minimum exchange); the middle
(dashed) line corresponds to 50% exchange and the top (solid) line corresponds to
the maximum exchange. In (b) these lines have been adjusted to encompass only
denaturation concentration dependent H/D exchange to facilitate assessment of 50%
exchange in the denatured (unfolded) protein. The average uncertainty associated
with the mass shift estimations at different GAHCI concentrations is about +2 Da.

approximately to the population values for the two states they are
presumed to represent.

I

T (8)

Kapp =

In Eq. (8), In and I4 are the intensities of the exchanged native
(closed) and exchanged denatured (open) states, respectively, for
specific denaturant concentrations which may be directly detected
by mass spectrometry if the protein undergoes HX by an EX1 mech-
anism.
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Fig. 3. Solvent denaturation plots using the linear extrapolation method (LEM) for
three staphylococcal nucleases and ubiquitin obtained from HX ESI-MS kinetic-
based method and PEPS HX ESI-MS method compared to literature fluorescence and
CD data. For staphylococcal nuclease: open symbols represent the PEPS method and
solid symbols represents the kinetic-based HX-MS methods; 231/251/66L/72L (A);
wild type (O), 117G/124L/128A/411/59A/21K/21N (O); dashed lines (1)-(3) show flu-
orescence data [5,6,36]. For ubiquitin (¢) dashed line (4) represents literature NMR
data [39] and (V) literature CD data [29].

Alternatively mass differences can also be used. For a given
|GdHCI] the minimum exchange [ AMp, no denaturant], maximum
exchange [ AMy, denaturant no longer increases exchange] and the
specific exchange for a given concentration [AM] gives Kapp val-
ues for each denaturant concentration. Here [AM] could be the
mass change from the single peak resulting when the folded and
unfolded states do not give two discrete masses, or the weighted
average if they do.

AMy — AM
AM — AM,

Having both options is important. Ideally, the magnitude of the
relative k values for folding and unfolding should not matter. If the
HX mechanism is EX2 or the peaks cannot be resolved then a single
peak is observed in the mass spectrum and mass differences must
be used. For EX1 mechanisms if two states can be observed then the
intensity values can be taken directly from the spectra to obtain
Kapp. In this case the process is greatly simplified as illustrated
using PEPS HX of a staphylococcus nuclease. Low resolution ESI-
MS detected two states (folded and unfolded) after H/D exchange as
shown in the deconvoluted spectrum. Observation of two discrete
peaks resulting from H/D exchange of a single protein is indica-
tive of EX1 conditions. The different populations of the two states
are clearly evident in Fig. 4a for processed deconvoluted data and
unprocessed raw data in Fig. 4c for different denaturant concentra-
tions. In this example, K;pp for a given [GAHCI] is simply taken as the
ratio of I, and Iy. The percentage of folded protein calculated this
way is compared to the percentage of folded protein under similar
conditions sample using fluorescence in Fig. 4b.

9)

Kapp =

3. Results and discussion

Data obtained from two HX-ESI-MS based techniques, a kinetic-
based approach and PEPS method, are presented. The AGy,o and

Mcdnc) values are compared to the previously reported fluorescence
[3,5,6,36], and NMR/CD [29] values for staphylococcal nuclease
and ubiqutin. These two proteins have been extensively studied
as models in protein folding studies [5,37-39]. Moreover these two
proteins follow different HX mechanisms. Staphylococcal nuclease
clearly follows EX1 HX kinetics [40] as shown in Fig. 4 (distinct
populations) whereas ubiquitin reportedly follows EX2 HX kinetics
even at high denaturant concentrations [29]. Most other HX meth-
ods require assumptions or prior knowledge of the proteins folding
characteristics [25,27], including exchange mechanisms. The PEPS
approach presented herein is different in that regard, and should
provide reasonably accurate folding energies for proteins exhibiting
either EX1 or EX2 mechanisms.

3.1. Kinetic-based method

Fig. 1 shows three stability curves for a staphylococcal nucle-
ase wild type obtained at different times (1.5, 11 and 19.5 min). The
individual points on these plots correspond to the weighted aver-
age mass shift (AM) of the protein upon H/D exchange for each
given time and denaturant concentration. A value referred to as
the Gy, for each curve can be obtained by finding the concentra-
tion of GAHCI at which the mass change is half way between the
minimum and maximum values for each curve. This can be accom-
plished either by estimation or curve fitting. Typically sigmoid
curves are fitted. The mass increase resulting from H/D exchange
reflects the time spent in the open configuration. For longer H/D
exchange times and the increasing numbers of open/closed cycles,
the probability of any given globally protected amide proton being
exchanged increases. Likewise increases in the denaturant concen-
tration increase the equilibrium population of the open form and
thereby also increase the accessibility of protected amide protons.
This is evident from Fig. 1, where the C;, value at which 50% of the
globally protected amide protons were exchanged decreased with
increasing H/D exchange time. Eq. (6) relates the constants (T, ki,
and R) and variables (1, and Cy ;) to folding energies. Thus the Cy
values were used to prepare AGapp vs [GAHCI] plots for 14 staphy-
lococcal nuclease mutants giving rise to AGy,o at zero denaturant
concentration and mggyc values listed in Table 1.

Three examples are also plotted in Fig. 3 along with literature
data from fluorescence studies of the same mutants [5,6,36]. Overall
the estimated AGy, o values for folding energies of the staphylococ-
cal nucleases obtained using the kinetic-based method showed a
clear correlation with the values obtained from tryptophan fluores-
cence studies, even though the absolute values were consistently
high (Fig. 5a). It should be noted that there are minor differences
in the temperatures for the MS-based data and the fluorescence
data, but these temperature differences are not large enough to
account for the observed differences in AGy,o. Similarly, mgguc
values derived from mass changes are significantly lower than those
from fluorescence but seem to agree better for more stable pro-
teins as clearly seen when the difference between fluorescence and
kinetic-based mggqpc; values data (Am) is plotted as a function of
protein folding energies in Fig. 5b.

A AGapp vs [GAHCI] plot for ubiquitin, also generated accord-
ingly using the kinetic-based method, is presented in Fig. 3 along
with a plot of literature (NMR and CD) values [29,39]. A differ-
ent plotting approach is shown in Fig. 2. The advantage of using
the method in Fig. 2 is that some specific behaviors (Fig. 2b) that
affect the derived AGy, o and mggpc values and are indicative of the
kinetics of the experiment are readily detected although they are
not otherwise obvious. For example, Fig. 2 shows nearly identical
behavior for no denaturant added and the three lowest concen-
trations of denaturant added (up to 1.2M) in the H/D exchange
for ubiquitin. This holds true for times up to 120 min. The lack of
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denaturant concentration dependence suggests that this plateau
corresponds to a closed state where exchange occurs but the denat-
urant has had no effect on protein folding. Thus in Fig. 2b, we have
redefined the closed state “minimum” exchange by moving the
dotted horizontal line labeled “minimum” vertically to match the
beginning of measurable denaturant concentration dependent H/D
exchange. By chance this state would correspond to about 50% of
the overall H/D exchange observed in this experiment as noted in
Fig. 2a, but is about the same exchange that would have occurred
without any denaturant at all. Only addition of GAHCI above 1.2 M
causes proportional increases in H/D exchange until a maximum
value is reached (with no subsequent change). This is the same
maximum value defined in Fig. 2a. This state at the maximum con-
centration corresponds to the state where all the globally protected
amide protons are fully exchanged. We propose that the correct
closed state which has minimum H/D exchange capacity should be
taken as the lower (dotted) line in Fig. 2b rather than the arbitrary
level selected (dotted line) in Fig. 2a. Using the approach depicted

(@) 0.54M
: 16846
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in Fig. 2b the AGy,o and mggyc from HX-ESI-MS kinetic-based
method for ubiquitin agree with the CD and the SUPREX values
[29], whereas the other plotting approach resulted in 2.0 kcal mol~!
lower values (Table 3, Fig. 3).

3.2. PEPS HX-ESI-MS method

The main differences between these kinetic-based and PEPS
methods are that (a) the denaturant is mixed with, and allowed
to equilibrate with the protein before H/D exchange rather than
added at the same time as the H/D exchange mixture, and (b) the
protein H/D exchange is quenched more rapidly (seconds rather
then minutes) after exposure to D,0. This brief exchange is done
at different denaturant concentrations to reproducibly sample dif-
ferent concentrations of the open and closed forms of the protein.
A brief exposure limits the number of cycles of protein folding and
unfolding and thereby should label primarily the amide hydrogens
which are highly solvent accessible. If this can be achieved then, at

0.78 M
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Fig. 4. Staphylococcal nuclease wild type by PEPS method. The top panel (a) shows variations in peak intensities corresponding to the deuterated open and closed forms as
a function of GAHCI concentration. The middle panel (b) shows AM (A) {right side y-axis}, the percent of folded protein (®) calculated using AM, and the percent of folded
protein from fluorescence data (O) [5,6,36]. All are plotted as a function of GdHCI concentration. The bottom panel (c) shows the ESI mass spectra which were deconvoluted

to produce the data in panel (a).
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Fig. 4. (Continued ).

the limit of zero time the extent of H/D exchange (if it could occur
instantaneously) could allow the open and closed populations to be
monitored. For short exchange times and only weakly denatured
states, increased GAHCI concentration results in a greater extent
of unfolded protein compared to folded protein. While about the
same number of amide protons are exchangeable in the unfolded
state (the mass difference between the folded and unfolded state
changes very little in Fig. 4a) the number of these accessible protons
that exchange increases as shown in Fig. 4a. For exchange times
of 45 and 60s similar results were observed. The calculated val-
ues deviated more from the reported values at longer times, as
expected. However, at the longer exchange times the AGy,o val-
ues decreased by about 10% compared to the values for 17 s (data
not shown). Thus this approach might not work for exchange times
longer than 60's.

Thus, irrespective of the HX behavior (EX1 or EX2), the percent-
age of folded protein, AGy,o and mggpcs can be calculated. For EX1

Table 1

using Eq. (8) (In/lg) and AGapp = —RT In K{PP are used. For EX2 only
one m/z value will be detected for all forms (closed and open) and
AMs must be used rather than I/l and Eq. (8). For EX2 Egs. (9)
and (5) are used with graphical plotting. Within experimental error
(AGy,0 is ~0.3 kcalmol~! and for mggyq it is 0.5 kcal mol~! M~1)
either approach gives the same value (data not shown). The AGapp
values thus obtained were plotted as a function of [ GAHCI] and the
results for the three staphylococcal nuclease proteins and ubiquitin
are shown in the Fig. 3.

Using the PEPS approach the AGy,0 and mggyc values
for the three staphylococcal nuclease proteins for which data
are currently available (the wild type, 231/25V/66L/72L, and
117G/124L/128A/411/59A/21K/21N) are in much better agreement
with the fluorescence values than values derived from the kinetic-
based method, as seen in Fig. 3 and Table 2. This is because this
protein exchanges by an EX1 mechanism [18,40]. The experimen-
tal data (open symbols) almost overlay the literature values (dash

AGh,0 and Mgy values obtained for staphylococcal nucleases at room temperature ~25 °C using the HX ESI-MS kinetic-based method. AGy, o and mggyc values from fluo-
rescence studies [5,6,36] are at 20 °C unless otherwise stated. AG and m units are kcal mol~! and kcal mol~! M1, Estimated average uncertainty for the AG is ~0.3 kcal mol~!

and for m is 0.1 kcal mol=1 M1,

Staphylococcal nuclease AGy,0 (MS) AGy, o (fluoresence) Mgauct (MS) Mgquc (fluoresence)
Wild type -6.7 -5.0? 5.6 6.5%
23L/251/66L/72V -3.8 -2.8 3.0 6.4
231/251/66L/72L —4.1 -2.7 39 6.9
231/25V/66L[72L -3.8 -2.8 2.6 6.2
231/25V/661/72V -3.5 -24 1.9 6.4
23L/25V[66L/72V -39 -3.0 2.2 6.9
23L/251/66L/72L —4.1 -3.0 2.5 5.9
231/251/661/72V -37 -23 3.1 6.2
231/251/66L/72V -4.0 -2.8 24 6.0
661/72V/92V/[99L -4.5 -3.7 32 6.9
661/72L/92V/991 -46 -4.0 3.0 6.7
661/72V[92L/99L -44 -2.8 29 6.7
661/72V/[92L/991 -4.5 -34 2.5 6.7
D21N -7.0 -6.6 4.8 6.3
117G/124L/128A/ -10.4 -11.0 3.6 53
411/59A/21K/21N

4 Measured at 25°C.
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Table 2

AGy,0 and mggyc values obtained for staphylococcal nucleases at room temperature ~25°C using the PEPS HX ESI-MS method compared to fluorescence values [5,6,36].
Units of AGy,o and mgquc units are kcalmol~! and kcal mol~1 M~ respectively. Estimated average uncertainty for the AGy,o is ~0.3kcal/mol and for mgqu( it is

0.1kcalmol-"M-1.

Staphylococcal nuclease AGy,0 (MS) AGy,0 (fluoresence) Mgaucl (MS) Mmgqaucl (fluoresence)
Wild type -4.7 -5.0? 6.3 6.52
231/251/66L/72L -24 -2.7 6.5 6.9
117G/124L/128A/ -11.1 -11.0 54 53

411/59A/21K/21N

4 Measured at 25°C.

lines) in the Fig. 3. Small differences might be explained by dif-
ferent experimental conditions. For example, for 231/25 V/66L/72L,
the fluorescence values in the Fig. 3 and Table 2 were obtained at
20°C, whereas for other two staphylococcal proteins fluorescence
data was obtained at 25 °C. All MS experiments were done at room
temperature.

Using the PEPS approach the AGy,o and mggpc values for the
ubiquitin are also in excellent agreement with the NMR [29,39]
values as seenin Fig. 3 and Table 3. The experimental data (open dia-
mond symbol) almost overlay with literature values (dash line 4) in
the Fig. 3. Even though there are some differences among CD, NMR,
SUPREX, SPROX-ESI and values obtained from the two new HX-ESI-
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Fig. 5. AGy,0o by fluorescence versus (a) AGy,o by H/D kinetic-based method or
(b) Am {m by flurorescence-m by H/D kinetic-based method} for 14 staphylococcal
nucleases. x-axis values taken from references [5,6,36]. y-axis values derived from
references (m by fluorescence) and this paper (m and AGy,o by H/D kinetic-based
method). Average uncertainty associated with AGy, g is 0.3 kcal mol~! and for (Am)
is 0.1 kcal mol~! M—1.

Table 3

AGy,0 and mggyc values obtained for ubiqutin at room temperature ~25° C using
HX ESI-MS kinetic-based and PEPS methods compared to CD, NMR [39], SUPREX
and SPROX [32] literature values. Units of AGy,o and mggyc units are kcal mol~!
and kcal mol~! M~ respectively.

Method AGHZO Mgducl
NMR data -81 23
SUPREX data -8.7+0.2 21402
SPROX-ESI -8.0+03 2.1+0.1
SOROX-MALDI -6.3+1.0 1.6+0.3
CD data -8.5+0.3 2.1+0.2
HX-ESI-MS-kinetic-based —6.40r —8.4+0.2 2.0+0.2
PEPS-HX-ESI-MS -81+03 23403

—6.4 for the plotting method shown in Fig. 2a, —8.4 using the improved plotting
method shown in Fig. 2b.

MS methods, those differences are clearly within the experimental
error, Table 3. In this case, with ubiquitin, where EX2 exchange con-
ditions apply, the kinetic-based method, and PEPS give nearly the
same value.

4. Conclusions

Estimated AGy,o values for folding energies of 14 staphylococ-
cal mutants obtained using an HX ESI-MS kinetic-based method
showed a clear correlation with the values obtained from trypto-
phan fluorescence studies, even though the absolute values were
consistently high. The difference is attributed to EX1 exchange
where some of the assumptions underlying the kinetic-based
method (and SUPREX) are not valid. Even though EX1 HX kinet-
ics were in effect, we still produced linear LEM plots using Eq. (5)
for all the staphylococcal nucleases. Thus, any notion that it is pos-
sible to judge the validity of the LEM approach based solely on the
ability to obtain a straight line plot should be reconsidered.

Values obtained in kinetic-based experiments using ubiquitin
showed better results and also that the results can be further
improved by consideration of only the denaturant concentration
dependent H/D exchange. The PEPS method produced AGy,o and
Mgquc Values that agreed well with fluorescence, NMR or CD values
for three staphylococcal proteins and ubiquitin. The three staphylo-
coccal proteins selected for study had low, medium and high folding
energies and EX1 HX kinetics. All three gave results almost identi-
cal with literature values showing PEPS ability to measure folding
energies from —2 to —11 kcalmol~! and under typically intractable
EX1 conditions. Ubiquitin, which undergoes EX2 HX kinetics, also
gave PEPS derived values for folding energies that were in good
agreement with literature values. Based on a subset of proteins
investigated herein, the PEPS method appears to provide AGy,o
and mggyc) values consistent with fluorescence, NMR, and CD stud-
ies and requires fewer assumptions. For EX2 exchange both the
kinetic-based method and the PEPS method should be valid.

It is not necessary to speculate about whether or not exchange
is EX1 or EX2. ESI-MS can readily detect EX1 exchange where both
the open and closed exchanged states can be detected. The HX ESI-
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MS kinetic-based method, like SUPREX relies on the assumption of
a specific HX mechanism, namely EX2. Thus detection of EX1 kinet-
ics is important for evaluation of H/D exchange data. Because of the
ability to operate under both EX1 and EX2 conditions, the applica-
bility of the PEPS method appears broader than the kinetic-based
method. When two populations can be detected in spectra the pro-
cedure is extremely simple. Thus we also believe that this approach
offers advantages in terms of speed and simplicity. We expect that
this approach can be easily adopted to obtain protein-ligand and
protein-protein interaction energies.

The results presented herein show that the two new techniques,
especially PEPS, have advantages over other methods. However, it is
equally clear that there is still room for improvement and additional
studies are already planned. Two of the most obvious areas that
should be fruitful are to gain better control over temperature and
time. The best thermodynamic analysis is possible with accurate
and precise control of temperature. We have done these experi-
ments at room temperature with less than optimal control over
temperature. Even if temperature was more precisely controlled,
it would still be desirable to collect data at different temperatures,
and such studies are underway. Second, the mixing and, in the equi-
librium method, the injections are done manually. This obviously
introduces a degree of variability in the timing of the experiments.
Further, manual methods have a longer dead time than automated
methods. Therefore our future efforts will also focus on automation
of the mixing and injection process. Finally, we are well aware that
theresults for the equilibrium method are dependent upon the time
that labeling is allowed to proceed and that the shortest time that
allows labeling of the open configuration should give the most accu-
rate results. Our results using PEPS at 17 s are already in very good
agreement with a limited number of previously characterized pro-
teins, but we believe additional studies, better temperature control
and automation will improve the accuracy and precision of these
measurements.
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