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ABSTRACT The hydrogen exchange (HX)
rates of the slowest peptide group NH hydro-
gens in oxidized cytochrome ¢ (equine) are con-
trolled by the transient global unfolding equi-
librium. These rates can be measured by one-
dimensional nuclear magnetic resonance and
used to determine the thermodynamic parame-
ters of global unfolding at mild solution condi-
tions well below the melting transition. The free
energy for global unfolding measured by hy-
drogen exchange can differ from values found
by standard denaturation methods, most nota-
bly due to the slow cis-trans isomerization of
the prolyl peptide bond. This difference can be
quantitatively calculated from basic principles.
Even with these corrections, HX experiments at
low denaturant concentration measure a free
energy of protein stability that rises above the
usual linear extrapolation from denaturation
data, as predicted by the denaturant binding
model of Tanford. © 1994 Wiley-Liss, Inc.
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INTRODUCTION

To understand the factors that determine protein
structural stability and function, one wants to mea-
sure stability and changes in stability due to tem-
perature, solvent conditions, functional state, amino
acid substitutions, and other modifications in terms
of real thermodynamic parameters. At this time the
measurement of thermodynamic stability parame-
ters depends on carrying a protein through its global
unfolding transition where K, . the equilibrium
constant for unfolding, can be measured. One can
then attempt to extrapolate these stability measure-
ments to obtain parameters at milder solution con-
ditions.

Measurements of K, through the unfolding
transition are commonly made by spectroscopic
methods or calorimetric heat absorption. These ap-
proaches are not without problems. Denaturant
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melting experiments provide data only over a lim-
ited range, often have sloping baselines, and require
long extrapolations with uncertain degree of curva-
ture.’~3 Analysis of calorimetric data can be im-
paired by baselines that slope or even curve, and by
high melting temperatures, and proteins may ex-
hibit irreversibility when heat denatured at the con-
centrations required.* Horse cytochrome c (cyt c), for
example, tends to aggregate when melted at pH val-
ues above 5.

In recent work, Mayo and Baldwin® studied the
dependence of ribonuclease hydrogen exchange
(HX) on low concentrations of guanidinium chloride
(GdAmC1) and suggested that exchange of the slow
NHs may be determined by a novel whole-molecule
mechanism, termed global unlocking, acting in tan-
dem with a series of more limited fluctuations. Fol-
lowing their lead, we initiated similar studies on cyt
¢. HX measurements over a wider range of GdmCl
concentrations and temperature now point to a
somewhat simpler conclusion. GdmCI and tempera-
ture act by promoting the transient global unfolding
reaction itself, which in turn determines the HX be-
havior of the slowest exchanging hydrogens. This is
possible because protein molecules cycle through the
globally unfolded state, as required by the Boltz-
mann distribution, even under mild solution condi-
tions. Thus the very slow HX behavior can be ex-
ploited to measure global protein unfolding and its
response to experimental variables at conditions
well below the melting transition. Available evi-
dence suggests that this capability is fairly general.

THEORETICAL BACKGROUND

This section considers the relationships among
protein hydrogen exchange, transient unfolding,
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and structural stability, and shows how HX mea-
surements taken as a function of denaturant concen-
tration and of temperature are able to access ther-
modynamic parameters.

Thermodynamic Parameters From HX Data

The exchange of protein hydrogens that are
slowed by involvement in structure depends on some
structural opening step, as in Eq. 1.

kop krc
closed € open — exchange: K, = kopka (1)
kcl

In the steady state, this reaction sequence produces
HX rates given by Eq. 2.

kep = kok,/(ky, + kg + Ko @)

At the so-called EX1 limit,® where k,, < <k,,, Eq. 2
leads to the HX rate in Eq. 3.

kew = kop 3)

Eq. 4 gives the HX rate at the EX2 limit, where k,
> > k,..

kex = (ko/Kok,e = Kk, @)

These equations assume that structure is stable, so
that K, < < 1. K, is then essentially equal to the
fraction of time the restraining structure is open
[fraction open = K, /(K,, + 1)]. We assume EX2
behavior here, and will describe experimental tests
of this assumption. In the EX2 limit the measure-
ment of an HX rate provides the free energy for the
underlying structural opening reaction, according to
Eq. 5.

AGgx = —RT In K, = —RT Ink./k,) (5)

Since values for k.., the HX rate for NHs in a ran-
dom chain polypeptide, are known,”® the measure-
ment of k., leads to K, (Eq. 4), and therefore to
AGyx. These issues have been multiply recounted
before,® from the point of view of a supposed depen-
dence of H-exchange on the opening of individual
H-bonds,%® on the cooperative unfolding of small
structural segments'!'? and on global whole mole-
cule unfolding.'?

We want to consider the case in which structural
opening reactions can be manipulated by tempera-
ture and denaturants, and in which significant rate
contributions for a given NH may come from both
local (1) and global (g) opening events. In this case,
Eqgs. 6 and 7 will come into play.

kex = ko) + kon(®@ = Koy + Kop(@lkse (6)

AGpx = —RT In[K () + K, (g)]
= —-RT In K, o« (D

In general, limited structural fluctuations will have
low sensitivity to temperature and denaturants.

Global unfolding will be more sensitive. Let us con-
sider the consequences for protein HX behavior.

Structural Free Energy From
Denaturant Studies

Figure 1a uses hypothetical data for the unfolding
of a protein with denaturant to illustrate the anal-
ysis commonly used to measure structural stabil-
ity.® Measurement of any structure-sensitive pa-
rameter through an unfolding transition can
provide the equilibrium unfolding constant (K,
(Den) = [Unf]/[Nat]), and from this the free energy
for unfolding (AG(Den) = —RT In K,,,,o) as a function
of denaturant concentration in the immediate tran-
sition region. To obtain the stabilization free energy
at zero denaturant concentration [AG(0)], one usu-
ally extrapolates from the data as shown in Figure
1a (solid line). This procedure assumes a linear de-
pendence on denaturant concentration as in Eq. 8.

AG,,dDen) = AG(0) — m[Den] (8)

The slope, m, relates to the exposure of new dena-
turant binding surface when the protein unfolds.?
Due to the long extrapolation from a limited data
range (Fig. 1a), the accuracy of AG(0) obtained in
this way is exceedingly sensitive to the detailed ac-
curacy of the data, including necessary corrections
for baseline non-linearity above and below the tran-
sition.? Further, according to the denaturant bind-
ing model of Tanford,*? which considers the differ-
ential binding of denaturant to a limited number of
sites, the extrapolation may properly curve upward,
as suggested by the dashed line in Figure 1a. This
behavior can be approximated as in Eq. 9.

AG(Den) = AG(0) — AnRT In (1 + K[Den)) (9)

Here An is the number of additional denaturant
binding sites, with averaged binding constant K,,
that are exposed when the protein unfolds.

Two previous attempts to test these models by ca-
lorimetric measurements reached opposite conclu-
sions,'*!® due in part to the difficulty of obtaining
an accurate post-transition baseline as temperature
approaches 100°C. Ideally one would like to obtain a
direct measurement of AG(Den) in the range of low
denaturant concentration where the linear and de-
naturant binding models diverge (Fig. 1a). This
would more precisely determine the AG(0) value as
well as distinguish different models for denaturant
processes.

Given the relationships indicated in Eq. 5, HX
measurements in the range of low denaturant con-
centration may provide this information. In general,
the HX rate for any given NH depends on the frac-
tion of time its blocking structure is open, i.e., on the
sum of its local (1) and global (g) openings, as in Eq.
6. The summed fraction of time open, K, .+ (Eq. 7),
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Fig. 1. lllustrative curves for the dependence of unfolding free
energy on denaturant concentration. a: Linear extrapolation of the
free energy for global unfolding measured in the transition region
(Eg. 8, using hypothetical parameters). The rising, dashed curve
is suggested by the denaturant binding model (Eq. 9). b: Rela-
tionship between the free energy measured by HX of a very slowly

can be written as in Eq. 10 to include the denaturant
dependence in the linear approximation (Eq. 8).

K = K, + Ki(g,0),,exp(m[Denl/RT) (10)

op,eff —

Eq. 10 assumes that local openings are insensitive to
denaturant (m = 0) and takes the final term from
Eq. 8, where K(g,0) represents K(Den) for global
opening at zero denaturant. Eq. 10 together with Eq.
6 describes the dependence of HX rate on denatur-
ant concentration in the linear approximation.

Figure 1b simulates behavior that might be ex-
pected for the exchange of various NHs. The simu-
lation was prepared using reasonable values for the
local and global parameters in Eq. 10, together with
Eq. 7. The uppermost solid curve in Figure 1b rep-
resents NHs that can exchange only by way of a
global unfolding, with AG(g) = 9.7 kecal/mol and m
= 4 kcal/mol/(molar denaturant). The simulation
assumes that m for the global unfolding is constant
over the small denaturant range and low denatur-
ant concentration shown. The lower lying curves in
Figure 1b represent faster NHs that exchange by
way of smaller opening reactions, with AG(l) less
than AG(g). We assume m = 0 for these local open-
ings, since little new surface will be exposed in small
fluctuations. Figure 1b shows that global unfolding
makes no significant contribution to the faster NHs
at low denaturant. As denaturant concentration in-
creases, the global unfolding equilibrium is selec-
tively promoted because its m value is large, and so
it progressively overtakes the faster exchanging
NHs.

The HX analysis described assumes that HX rate
in transiently open forms is equal to k,., the rate
calibrated in random chain polypeptides.”’® If resid-
ual blocking structure is present in unfolded forms,

exchanging NH (1) that depends on K,(g) and some faster NHs
(2—-4) with different K, (1) (Eq. 7). The upper dashed curve rep-
resents an NH that experiences some residual HX blocking in the
K,p(0) state, so that it exchanges from a still higher energy state,
as expressed by B(g) = 0.1.

HX results may be able to detect this. This possibil-
ity can be accommodated in Egs. 6 and 7 by multi-
plying K{),, and/or K(g),, by factors less than
unity, e.g., by B() and B(g), respectively. The
dashed line in Figure 1b indicates the effect of a
factor B(g) = 0.1, so that HX rate of the proton in
some otherwise measurable globally unfolded form
is still slowed tenfold (see also refs. 13, 24-26).

Energy Parameters From
Temperature Studies

The general dependence of protein unfolding free
energy on temperature is shown in Figure 2a. Equa-
tion 11 describes this behavior.*

AG(T) = AH, — TAS,, +
ACPUT - T,) — T In(T/T, )] (11)

Parameters are the enthalpy (AH,)) and entropy
(AS,) of any unfolding transition (local or global)
referenced here to its midpoint melting temperature
(Tm), and AC, is the difference in partial specific
heat between the native and unfolded forms. The
parameter AC,, which determines the curvature of
the plot of AG vs. T, is connected to the hydrophobic
contribution to protein stability and in general to
the change in solvent-accessible hydrophobic sur-
face in the transition.* In a calorimetry experiment,
one attempts to evaluate these parameters (T,
AH,,, AS,,, AC)) from heat absorption measure-
ments through the thermal transition. Eq. 11 can
then be used to project the wider range of behavior
indicated in Figure 2a.

HX studies as a function of temperature well be-
low Tm might be used to map directly the behavior
seen in Figure 2a. The simulated curves in Figure
2b represent hypothetical results for NHs exchang-
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Fig. 2. lllustrative curves for the dependence of free energy on temperature. a: Global unfolding behavior.
b: The same curve (1) along with faster NHs, one of which exchanges by way of a sizeable but still sub-global
unfolding (2) with relatively large AS, and others (3 and 4) by small focal unfoldings.

ing by way of both global and local fluctuations,
with Eq. 7 rewritten as follows.

AGx(T) = —RT In[exp(—AG()/RT)
+ exp (—~AG(g)/RT)] (12)

AG(g) is then expressed as in Eq. 11. To express
AG(D, we use Eq. 11 with AC,(1) = 0 so that AH(l)
and AS(l) become temperature independent.

The upper curve in Figure 2b simulates AGygx val-
ues for a slowly exchanging NH that depends wholly
on transient global unfolding, as in Figure 2a. NHs
that exchange at faster rates because they are ex-
posed to solvent by lower energy fluctuations pro-
duce lower lying curves. The simulated behavior
shows that exchange of the faster NHs is determined
by local fluctuations at lower temperatures, but at
higher temperature their exchange becomes domi-
nated by the global unfolding, just as for the dena-
turant simulation in Figure 1b.

The behavior seen in these simulations has been
described more qualitatively before for both temper-
ature and denaturant dependences.®

MATERIALS AND METHODS

Horse heart cytochrome ¢ (type VI) and ultrapure
GdmCl were from Sigma Chemical Co. Buffer solu-
tions contained 0.1 M potassium phosphate at pD 7
in D,O (pD values are uncorrected pH meter read-
ings). GAmCI concentrations were measured refrac-
tometrically.®> For the GdmCl experiments, solu-
tions contained 0.5 M KClI to minimize possible salt-
dependent effects at low GdmCl concentrations.

Cyt ¢ was initially fully oxidized with a small
amount of K ;Fe(CN)g, which was removed by gel
filtration.'® The pH was set to 7, and samples were
lyophilized. For H-D exchange in GdmCl, cyt ¢ was

dissolved in D, 0 at 50°C (~3 mM), incubated for the
experimental time period, then chilled in ice water,
and reduced by adding ascorbate (10 mM). Reduc-
tion slows HX rate and enhances the nuclear mag-
netic resonance (NMR) resolution of the resonances
studied. One-dimensional 'H NMR spectra were
then recorded, either directly or after storage on dry
ice.

To measure HX time points as fast as 10 seconds
at high GdmCl or high temperatures, samples were
injected into a coil of 0.23 mm ID, 1.50 mm OD stain-
less steel tubing [high performance liquid chroma-
tography (HPLC) tubing]. The coil was immersed in
a high temperature bath (50°~70°C) for the experi-
mental HX time and then transferred into 0°C water
to halt exchange. The cyt ¢ sample was withdrawn,
reduced with ascorbate, passed through a spinning
gel filtration column'® at 5°C to remove the GdmCl
and ascorbate, and analyzed by NMR as before. For
faster HX rates (to <1 second), samples were ex-
posed to the high temperature by using an HPLC
pump to flow the sample through a stainless steel
coil (as before) of predetermined length held at the
high temperature and then directly into a cold coil to
halt the exchange. Effective HX time is determined
by the flow speed and hot coil volume (see also ref.
17). Subsequent processing was as described.

The one-dimensional NMR spectra used for HX
measurements were acquired as 128 transients of
8,192 data points using a Bruker AM500 spectrom-
eter. Residual solvent was suppressed by presatura-
tion. Tyr97 to Leu98 NOE intensity was measured
using cyt ¢ at 510 mM with up to 25,000 scans to
improve signal to noise. The overlapping Ala96 and
Tyr97 peaks were saturated for 300 msec with a de-
coupler power of 3.8 mW. Peak areas were inte-
grated using the program FELIX (Hare Research,
Inc) with Lorenzian fitting when peaks overlapped.
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The heme a-meso proton resonance in the amide re-
gion was used to normalize peak areas.

Thermal and GdmCl denaturation transitions
were measured by Trp59 fluorescence on a Perkin-
Elmer 650-10S spectrometer (provided by Dr. Jane
Vanderkooi) or by circular dichroism using an Aviv
62DS spectropolarimeter, with oxidized cyt c at ~10
1M concentration using a fresh sample for each tem-
perature point.

A number of tests for EX2 HX behavior were used.
One test measures the intensity of an NH-NH NOE
as a function of degree of H-D exchange.!”'® To put
the NOE test on a quantitative basis, a Monte Carlo
simulation of exchange for two neighboring NHs
was done to determine the decay of the relative NOE
as HX progresses. The relative NOE may or may not
decrease as HX progresses, depending on the ratio
k. /k,. (see Egs. 2—4). The simulation used 30,000
molecules with two neighboring NOE-connected
NHs exchanging at rates differing by a factor of 1.8,
as predicted for the k,, rates of Tyr97 and Leu98
NHs used here.” Results of the simulation are shown
in Figure 8 for values of k. /k,. ranging from near
the EX1 limit to near the EX2 limit. The simulation
program is available on request.

RESULTS
Slow HX by One-Dimensional NMR

Figure 3 shows a 'H NMR spectrum of reduced cyt
¢ (20°C, pD 7). A number of slowly exchanging pep-
tide group NH hydrogens can be resolved and the
fraction of each not yet exchanged can be accurately
quantified. To measure exchange, samples of oxi-
dized cyt ¢ were held at the experimental condition
in D,O for increasing time periods and then re-
turned to the standard condition shown, and an
NMR spectrum was recorded. HX data obtained in
this way for Leu98 as a function of GdmC] concen-
tration (50°C, pD 7, D,0) are shown in Figure 4.
From these rates, the free energy for the opening
reaction that governs Leu98 exchange at each
GdmCl concentration (AGyx) can be obtained (Eq.
5). The same spectra provide H-D exchange rates of
all the resolved NHs and the free energy of the un-
folding reaction that governs each one.

Denaturant Dependence

Figure 5a plots AGy;x values obtained in this way
for the most slowly exchanging NHs in oxidized cyt
¢ (Ala96, Tyr97, Leu98). Figure 5a also includes
data through the global unfolding transition mea-
sured by fluorescence in GdmCl denaturation exper-
iments (50°C, pD 7, D,0). The AGyx curve for the
slowest exchanging NHs merges smoothly with the
global denaturation data, and indicates a AG,,, ¢ of
9.3 kcal/mol at zero GdmC]l. Available AG,,, values
for cyt ¢ from horse and cow, although measured
under different conditions, are generally consistent
with these results.*1%-2° These observations indicate

* + 195 + K99

L94 + C14

Meso a
L98

9.5 9.0 8.5 8.0 75
ppm

Fig. 3. Proton NMR spectrum of reduced cyt ¢ at conditions
used for the present analyses (pD 6.8, 20°C).
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Fig. 4. Kinetic H-D exchange results for Leu98NH in oxidized
cyt ¢ at various GdmCI concentrations (50°C, pD 7). Peak areas
were normalized to the a-meso heme proton (see Fig. 3). GdmCI
concentrations (right to left) range from 0.0 M to 1.03 M (as plotted
in Fig. 5).

that the slowest NHs do exchange by way of tran-
sient global unfolding and tend to validate the over-
all approach. Figure 5a also shows that AGy;x values
at low GdmCl concentrations tend to rise above the
linearly extrapolated denaturation data.

Figure 5b expands the low denaturant range and
includes data for some faster exchanging NHs. The
faster NHs exhibit a much smaller dependence on
denaturant at low GdmCI concentration, with val-
ues for m close to zero. Clearly, these NHs exchange
by virtue of limited fluctuations that expose little
new surface area. As GdmCl concentration in-
creases, the global unfolding HX pathway increases,
overtakes the local rate, and comes to dominate the
HX behavior of the faster NHs also, just as seen in
the simulation described before (Fig. 1b). The differ-
ence between the best fit global curves for A1a96 and
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Fig. 5. HX results for slow and faster NHs as a function of denaturant concentration. a: AG values for
global unfolding calculated from the slowest exchanging NHs (Eqg. 5) and from denaturation data measured
through the GdmCl transition by fluorescence (0). The dashed curve is the linear exirapolation to zero GdmCl
from the denaturation data. b: The same HX results for the slowest NHs and also results from some faster
NHs. The faster NHs are controlled by local fluctuations at low GdmCl and are overtaken by global unfolding
at higher GdmCI. Ala96 and Tyr97 may exhibit some residual slowing in the globally unfolded form (1.6-fold

slowing ~0.3 kcal).

Tyr97 and for the other NHs measured may indicate
a small contribution of HX blocking in the unfolded
state, with B(g) ~0.6 (defined above), so these NHs
appear slowed by 1.6-fold.

These results indicate a AG,,; value of 9.3 keal
mol ! for cyt ¢ unfolding at zero GdmCl, an m value
for GdmCl-induced unfolding (Eq. 8) of 5 kcal mol !
M~! at low GAmC] concentration, somewhat higher
than the 4 kcal found through the denaturation re-
gion, and values of 33 apparent sites for An and 0.3
M™! for K, in the denaturant binding model (Eq. 9)
(at 50°C, pD 7 in D,0 with 0.1 M potassium phos-
phate). (The AG,,,; value obtained in a melting ex-
periment will be lower by 0.5 kcal mol ™!, due to the
proline effect described below.)

Temperature Dependence

Analogous behavior is seen when HX rates are
measured as a function of temperature, shown for
the slowest NHs (residues 96-98) in Figure 6
(pD=7, 0.1 M phosphate buffer). The data points
near the T, (87°C) show thermal melting measured
by circular dichroism at very low cyt ¢ concentration
with minimal thermal exposure so that denatur-
ation is reversible. The AGyy values obtained from
HX data well below the melting transition (40°-
70°C) for the most slowly exchanging NHs merge
smoothly with the AG,,, values obtained by stan-
dard methods through the thermal transition, just
as seen before for denaturant-induced unfolding.
This agreement tends to validate the AGyyx mea-
surement.

The data in Figure 6 do not determine the AC,
parameter well. Calorimetric determinations found

2 i L L n

\59\8+Y97+A96

AG (kcal/mol)

20 40 60 80 100
Temperature(°C)

Fig. 6. HX results for the slow NHs and some faster NHs as a
function of temperature. Data points above 80°C are from CD
measurements through the thermal melting transition. The upper
curves (dashed) are drawn using Egs. 11 and 12 with the following
parameters for global unfolding: T, = 87°C, AH,, = 100 kcal
mol~", AS,, = 277 cal mol~' K~'. The two dashed curves used
AC,(g) of 1.3%"22 and the best fit value of 0,4 respectively. The
faster protons were fit using AC (1) = 0.

1.2 keal mol™! K71?! and 1.4 kecal mol™! K~ 1,22
albeit at much lower pH. The two upper curves in
Figure 6 show that the data can be well fit by a
range of AC,, values (0.4 and 1.3 used; data fit using
Egs. 11 and 12). HX rates at the lower temperatures
necessary to more accurately determine AC, become
prohibitively slow at the pD 7 used, but might be
measured at higher pH or, with more effort, from
extrapolation of denaturant curves, as in Figure 5.



10 Y. BATET AL.

60 e

40 A

OHy (keal/mol)

o 10 2 30 40
TAS,(kcal/mol)

Fig. 7. Enthalpy-entropy compensation plot for the values ob-
tained by HX, extrapolated to 25°C. The symbol marked “globai”
mdlcates the global vaiues extrapolated to 25°C by use of a

Co{@) of 1.3. For AC(g) = 0.4 kcal mol ™" K™ (the best it value
for our data), the glo %al value is offscale, as suggested by the
arrow.

The faster NHs shown in Figure 6 and other NHs
measured (omitted here for clarity; see Fig. 7) ex-
change in the lower temperature range by way of
smaller fluctuations with small AC,. These data
measure the thermodynamic parameters of the
small fluctuations that govern the exchange of each
faster NH. As temperature increases, the global un-
folding pathway is selectively promoted and comes
to dominate the exchange of these faster NHs, just
as seen in the simulation of Figure 2b.

Global unfolding parameters obtained from the
H-D exchange of Ala96, Tyr97, and Leu98 at pD 7 in
D,O with 0.1 M phosphate are: T, = 87°C, AH,, =
100 keal mol™!, AS_, = 280 cal mol ' K. The best
fit global AC,, of 0.4 kcal mol ™! K™ is poorly deter-
mined but provides reliable values for AG,,,,rdown to
40°C (see Fig. 6). Results for the faster NHs mea-
sured are shown in the form of an enthalpy-entropy
compensation plot in Figure 7, extrapolated to 25°C.

EX2 Behavior

The analysis used here to calculate unfolding free
energies assumes EX2 behavior (Eq. 4). A number of
observations validate this assumption.

In a test for EX2 behavior at 50°C, the HX rate for
residues 9698 measured at pD 8.3 was found to be
20-fold faster than at the pD 7 used here. This
matches the behavior expected for H-exchange in
the EX2 limit, as in Eq. 4, since the chemical ex-
change rate, k.., is catalyzed by OH -ion. In the
EX1 case, k., would depend only on k,, (Eq. 3),
which is likely to be essentially independent of pH
in the neutral pH range. Again, the m value found,
which depends on the unfolding equilibrium con-
stant in the EX2 limit, is close to, even somewhat

10 A , \ ) A
i
5
>I_ 0.8 -
[0 0]
2
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H—-occupancy(Y97)

Fig. 8. The relative NOE (NOE with exchange/NOE without
exchange) as a function of degree of H-exchange for two neigh-
boring NHs. The theoretical curves shown are from simulations
described in Materials and Methods. The relative NOE remains at
unity for pure EX1 behavior and follows a diagonal line for EX2
behavior. The curves drawn indicate behavior expected for k /K .
values as follows: 1) 0.1; 2) 1.0; 3) 5.0; 4) 10.0. Error bars indicate
the data uncertainty level on both axes.

higher than, that seen in a GdmCl denaturation ex-
periment. In the EX1 limit, where k., depends on
the unfolding transition state, the m value found
would be much smaller.

In another test, the decrease in the NOE between
Leu98 and Tyr97 was measured as H-D exchange
progressed (50°C, pD7) (see also refs. 17 and 18). The
NHs of the neighboring helical residues exhibit sim-
ilar HX slowing factors, evidently determined by the
same opening reaction. In the EX1 limit, the H to D
exchange of both Tyr97 and Leu98 in any given mol-
ecule will occur together upon structural opening,
the NOE will decline in direct ratio to the NHs
themselves, and the relative NOE—(NOE with ex-
change)/(NOE without exchange)—will remain con-
stant at unity in Figure 8. In the EX2 limit, the
exchange of the two NHs in a given molecule are
uncorrelated so that the relative NOE decreases lin-
early with proton occupancy as H-D exchange
progresses, as indicated by the diagonal line in Fig-
ure 8. The other curves shown in Figure 8 represent
intermediate cases with different ratios of k. /k,..
These curves were obtained from a Monte Carlo sim-
ulation as described in the Methods section. The
data points in Figure 8, obtained from NOE mea-
surements as exchange progressed, indicate that the
exchange reaction is dominated by EX2 behavior.
Thus structural reclosing (k) is faster than k, for
these NHs under the conditions tested (k,. ~ 20s™1).

It can be noted that as HX rates diverge from pure
EX2 behavior, AGyyx values do not deviate rapidly
from true AG,,,¢ values. Even when k /k,. = 1, K,
measured will be half of the true K, (Eqgs. 2 and 4),
and the error in AG will be only 0.4 kcal/mol (Eq. 5).
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DISCUSSION

In a stable protein, local and global unfolding oc-
cur concurrently and independently. Increasing de-
naturant or temperature selectively promotes the
global unfolding reaction because global unfolding
exposes more surface and has higher chain entropy
and enthalpy (at high temperatures) than local un-
folding reactions. The rise of global unfolding pro-
gressively overtakes the more limited fluctuations,
and this progression leads ultimately to the well-
known two-state denaturation transition. The
present work shows that hydrogen exchange mea-
surements can access this behavior in a quantitative
way. From this, equilibrium and kinetic information
on protein unfolding and refolding may be obtained.

Earlier Work

The idea that some hydrogens may exchange by
way of a global unfolding reaction has been present
through much of the history of hydrogen exchange
research. This was clearly stated in early tritium
exchange work with carbonic anhydrase® and ribo-
nuclease.?4?% Even earlier, a dependence of DNA
hydrogen exchange on global thermal unfolding was
shown?® as temperature approached the thermal
transition. Subsequent work with various proteins
has provided HX resultsthat correlate in one way or
another with global unfolding.?27~3* This sizeable lit-
erature is generally consistent with the conclusion
that some of the slowest hydrogens in many proteins
exchange by way of the transient global unfolding
reaction.

HX and Global Unfolding

This paper analyzes in some depth the behavior of
the slowest exchanging NHs in oxidized cyt c as well
as some faster NHs. The necessary theoretical back-
ground is described (Eqs. 1-12), and HX experi-
ments using denaturant and temperature were de-
signed to distinguish local and global unfolding
behavior.

Results obtained for oxidized cyt ¢ show that the

faster exchanging NHs are insensitive to added de--

naturant at low denaturant concentrations, and
many are insensitive to increasing temperature, as
can be expected for local unfolding reactions. The
exchange behavior of the slowest NHs appears to be
determined by a much larger scale unfolding reac-
tion. When GdmCl concentration is progressively in-
creased, the large scale unfolding is promoted, and
its free energy, calculated from HX of the slowest
NHs, smoothly approaches the unfolding free energy
measured through the denaturant unfolding transi-
tion by standard methods (Fig. 5a). HX measured as
a function of temperature similarly connects the
large-scale HX unfolding with the thermal unfold-
ing reaction (Fig. 6).

When exchange of the slowest NHs is controlled

by global unfolding, K, for HX (Eq. 4) becomes
equal to K the equilibrium constant for global
unfolding, and AGyx is equal to AG_,,. Thus mea-
sured HX rates can be used to obtain the unfolding
free energy, its enthalpic and entropic components,
and its dependence on denaturants and other fac-
tors. This is the major result of this paper.

A secondary result relates to the analysis of pro-
tein global unfolding behavior. At low GdmCl con-
centrations, the curve for AGyx against GdmCl rises
above the curve obtained by linear extrapolation
from GdmCl melting experiments. This behavior is
consistent with some role for a site-binding model.?®

Comparison of AGgx and AG

unf

Several factors can make the AGygy for unfolding
differ from the value for AG,, ., even when AG, ¢
data are properly extrapolated to the mild condi-
tions of the HX experiment.

Most obviously, one must consider whether the
slowest exchanging NHs are in fact controlled by the
global unfolding reaction. The high quality of the
RNase data described below® provides a good exam-
ple (see Cys58 in Fig. 9b). In general, HX deter-
mined by a non-global unfolding can be distin-
guished by a decreasing slope in the curve of AGgx
vs. denaturant as denaturant approaches zero con-
centration (small m value as in Fig. 1b), or by a
relatively linear behavior in the temperature curve
(small value for AC, as in Fig. 2b).

Recent work indicating that denatured proteins
may not be fully random®® suggests a source for real
differences between AGyx and AG,,. If residual
structure modifies the free energy level of the un-
folded state, this can show up in both AGyy and
AG ¢ If HX is not blocked by the residual structure
(e.g., side chain but not main chain interactions oc-
cur), it is likely that AGyx, measured at mild con-
ditions, will appear lower than AG,,,,;, measured un-
der more severe conditions through the transition.
On the other hand, if HX of some NHs is blocked in
the unfolded state that is accessed in denaturation
experiments, then the AGyy value obtained from
these NHs will refer to some higher energy unfolded
state in which their HX is allowed. The latter effect
is formally encoded in the B factor noted in the the-
ory section (see also Fig. 2b). To be effective, the
residual structure must have energetically signifi-
cant stability. For example, residual structure that
is present only a small fraction of the time will not
alter HX rates significantly, even though the tran-
sient structure can produce nuclear Overhouser ef-
fects in NMR experiments.>"—39

The use of HyO in denaturation experiments and
D,0 in the comparative HX experiments can lead to
a discrepancy, since proteins generally appear more
stable in D,0. For example, the Tm is higher in D,O
than in H,O by 4°C for RNase*® and for oxidized cyt
¢. GdmCl denaturation results for cyt ¢ at 50°C in-
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Fig. 9. Stability results for RNase at pH and pD 5.5 a: Linear extrapolation (—-) from GdmCl denaturation
data*® and data points (e) from calorimetric results'® in GdmCI extrapolated to 25°C. b: The arrows indicate
AG,,, values of 6.0 kcal mol~' (LEM) obtained from GdmCl denaturation results by the linear extrapolation
method® and 8.6 kcal mol ™" from extrapolation of calorimetric data’® to 34°C (in H,0). The H-D exchange data
points® are fit by solid curves according to Eq. 12. The dotted line through the His12 data illustrates the fitting

procedure used by Mayo and Baldwin.®

dicate an H,0:D,0 difference in AG,, of 0.4 kcal
mol ! (not shown). Given the curvature of the tem-
perature curve (Fig. 2a), the difference at lower tem-
perature is likely to be even smaller.

The slow cis-trans isomerization of the prolyl pep-
tide bond will lead to a discrepancy between AGyx
and AG,,. In an equilibrium melting experiment,
the proline residues in the unfolded state have time
to reach their isomeric equilibrium distribution, but
this is not true for the unfolded molecules in the HX
experiment. For example, in the present HX exper-
iments (pD 7, 50°C, k,. ~ 100 s™1), cyt ¢ must spend
only 50 msec in the transient globally unfolded state
in order to exchange its slowest NHs (even though
the HX experiment consumes 2 weeks of real time).
Proline isomerization requires a much longer time
period (minutes*!). Thus the unfolded state probed
by the HX experiment occupies a higher free energy
level than the equilibrium unfolded state, because it
does not have time to relax to the lower free energy
state with the prolines at their cis-trans equilibrium
values. This discrepancy in free energy arises be-
cause the total population of transiently unfolded
molecules that exists at any instant (with prolines
in their proper equilibrium isomeric distribution) is
larger than the population that contributes to hy-
drogen exchange (with prolines only in their native
isomeric positions).

The proline-dependent free energy increment can
be calculated as follows.

AAG,,, = AGux — AG RTIn(1 + K) (13)

exp unf —

Here K is the isomerization constant in the equilib-
rium unfolded state, written in the direction for
which K = 0 in the native state. This equation can

be derived from a pertinent thermodynamic cycle
(see also ref. 42).

In native cyt ¢, all four prolines are trans. If it is
assumed that each proline position attains a cis/
trans ratio of 1/4 in the equilibrium unfolded state
(K = 0.25), then each contributes RT In (1 + 0.25),
for a total discrepancy of 0.54 kcal (at 30°C). When a
proline is cis in the native protein, the differential is
larger, given by RT In (1 + 4) = 1 kcal/proline.

An altered isomeric ratio in the unfolded state
will modify the calculation. Adler and Scheraga*®
report that the two prolines that are cis in native
RNase A exhibit an equilibrium constant in the un-
folded state (trans/cis) of about 1.6. Thus these two
prolines contribute 2 x RT In (1 + 1.6) = 1.16 keal,
and together with the two trans prolines lead to a
proline-dependent free energy differential (AGyx —
AG,,¢ in unfolded RNase of 1.4 kcal (at 34°C).

In summary, the value of AGyy, the free energy
for global unfolding measured by HX, can be larger
than the AG,,; value determined by melting exper-
iments due especially to the proline effect, and pos-
sibly also due to the use of D,O and H,0 in the
different experiments and to residual HX blocking
in the unfolded state that is accessed by melting.
Factors that may make AGyx values appear low in-
clude the spurious use of slow NHs that do not de-
pend fully on global unfolding and the presence of
increased residual structure in the unfolded state at
mild HX conditions (with the probe NHs not
blocked).

Ribonuclease A

Available HX and melting data for RNase enlarge
this view. Figure 9a and 9b compares calorimetric,'®
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linear extrapolation,** and HX® results, all at pH or
pD 5.5.

Figure 9a shows the linear extrapolation curve
dictated by GdmCl denaturation data*® (pH 5.5,
25°C). The data points, from calorimetric melting
experiments in GdmCI extrapolated to 25°C,'® rise
above the linear extrapolation curve at low GdmCl.
Similarly, the arrows in Figure 9b (34°C, pH 5.5)
point to AG,,,; values of 6.0 kcal mol ! from linear
extrapolation of GdmCl denaturation results® and
8.6 kcal mol ! from extrapolation of published ca-
lorimetric data.'® These results show that linear ex-
trapolation fron RNase melting data point to unfold-
ing free energies at zero GdmCl that are lower than
extrapolated calorimetric values (by 2.2 kcal mol !
at 25°C in Fig. 9a and by 2.6 kcal mol™! at 34°C in
Fig. 9b). This behavior is like that seen for ¢yt ¢ in
Figure 5a, in which AG, ; was determined directly
at low GdmCl from HX experiments.

Figure 9b treats published HX results for RNase®
(34°C, pD 5.5; recalculated according to ref. 7). Mayo
and Baldwin® fit their HX data (Fig. 9b) by one or
two straight lines, as shown for His12 (dotted line),
and noted a relationship between the slope (m value)
for each NH and its AGyx value. We fit the data
according to Eq. 12 (solid lines), based on local and
global unfolding. The RNase behavior appears sim-
ilar to that found for cyt ¢, with the HX of one res-
idue, Cys58, near the global unfolding limit. The
upper dashed line through the Cys58 data is drawn
with a slope (m value) of 4 kcal mol™* M~!, taken
from the calorimetric results in Figure 9a at a sim-
ilar denaturant level. This use of the global m value
helps to identify authentic global unfolding behav-
ior, and points to AGyx of 10.15 kcal. Alternatively,
Mayo and Baldwin drew a straight line directly
through the Cys58 data points, with a slope of 3 kcal
mol~! M~ equal to that for the linear extrapola-
tion curve in Figure 9a. This points to AGyy of 9.6
kcal. These differences produce only a small uncer-
tainty in AGyy, between 9.6 and 10.1 kcal mol ™!, In
either case, however, these AGyx values are consid-
erably higher than the AG,,; value obtained from
denaturation results (6.0 or 8.6 kcal mol ).

The interpretation of the RNase data suggested by
Mayo and Baldwin® stemmed from the apparent 3.6
kcal discrepancy between 9.6 kcal for AGyy indi-
cated by Cys58 and the 6.0 kcal AG,,, found by lin-
ear extrapolation of melting data (see Fig. 9b). The
considerations described here suggest that one
should more properly compare the 10.15 kcal ob-
tained from the global part of the Cys58 HX curve
and the 8.6 kcal value from calorimetric melting re-
sults. The differential, 1.55 kecal, appears to repre-
sent essentially the expected proline effect, com-
puted above at 1.4 keal.

In summary, available HX data for RNase as a
function of GdmCI concentration support the result
seen for cyt c. AGyx obtained from a very slowly

exchanging NH in RNase provides an accurate mea-
surement for AG,, . when corrected for the expected
proline effect.

On protein refolding

It is noteworthy that results obtained here dem-
onstrate EX2 behavior for exchange of the hydro-
gens controlled by global unfolding. This requires
that the refolding of ¢yt ¢ from the globally unfolded
state (k) proceeds more rapidly than the chemical
HX rate (k..) at a number of solution conditions (0-1
M GdmCl at 50°C in Fig. 5; 40°~70°C in no GdmCl in
Fig. 6; all at pD 7). The k,. rate for HX under these
conditions extends up to 80 s~ 1. The ability of cyt ¢
and other proteins to fold rapidly has been consid-
ered in more detail in kinetic folding experiments.*®
The present, direct HX experiments access folding
kinetics but are unlike typical kinetic folding exper-
iments in some ways. The protein is not exposed to
gross unfolding conditions for lengthy time periods.
Intermediate states in unfolding and refolding are
populated on the basis of their equilibrium free en-
ergy level at native conditions and are not depen-
dent on the size of kinetic folding barriers.
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