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ABSTRACT All possible protein folding 
intermediates exist in equilibrium with the na- 
tive protein at native as well as non-native con- 
ditions, with occupation determined by their 
free energy level. The study of these forms can 
illuminate the fundamental principles of pro- 
tein structure and folding. Hydrogen exchange 
methods can be used to detect and characterize 
these partially unfolded forms at native condi- 
tions and as a function of mild denaturant and 
temperature. This information illuminates the 
requirements that govern the ability of kinetic 
and equilibrium methods to study folding inter- 
mediates. o 19% Wiley-Liss, Inc. 
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INTRODUCTION 
To understand the fundamental nature of protein 

molecules-their stability, folding, cooperativity , 
and biological evolution-one would like to be able 
to adopt the divide and conquer approach of the bio- 
chemist, take proteins apart into their component 
pieces, examine the parts, and see how they fit back 
together again. The cooperative nature of protein 
structure makes this difficult but by no means im- 
possible. A number of promising approaches have 
been devised, and the characterization of partially 
folded intermediates by kinetic, equilibrium, syn- 
thetic, and theoretical methods has become a central 
focus of protein studies. 

Recent hydrogen exchange (HX) experiments 
with cytochrome c (cyt c) significantly extend this 

Initial results show that some hydro- 
gens in cyt c exchange with solvent hydrogens 
through transient global unfolding reactions, some 
through sub-global openings, and others through 
smaller, more local fluctuations. The sub-global un- 
folding reactions identify a set of four cooperative 
substructural units that together compose the entire 
cyt c molecule (Fig. 1). Combinations of these units 
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may produce the intermediate structures that define 
the folding and unfolding pathways of cyt c. Here we 
briefly illustrate this new capability for studying 
the multistate nature of protein structures and then 
consider some lessons that can be useful for future 
structural studies in equilibrium, kinetic, and hy- 
drogen exchange modes. 

THEORETICAL BASES 
Under native conditions the vast majority of pro- 

tein molecules exist in their unique native state (N). 
A tiny fraction must also occupy all possible higher 
energy states as dictated by the Boltzmann relation- 
ship, P,/N = exp(-AG"/RT). Even under native con- 
ditions, protein molecules continually unfold and re- 
fold, cycling through the fully unfolded state (U) and 
all the partially unfolded forms that protein chem- 
ists have tried so hard to  characterize. Because pro- 
tein molecules are highly cooperative structures, 
most partially unfolded states will exist only at  free 
energy levels higher than U, but, since cooperativity 
is not infinite, some may well exist at  free energy 
levels between the native and globally unfolded 
forms. A simple, non-continuous distribution of 
higher energy states is pictured in Figure 2. More 
complex free energy surfaces have been the subject 
of active theoretical  investigation^.^-^ 

The minor protein forms that exist at elevated en- 
ergy levels are invisible to most experimental mea- 
surements, which are swamped by signals from the 
abundant native state. Hydrogen exchange is excep- 
tional in that the native state makes no contribution 
to the measurement. Slowly exchanging hydrogens 
protected by a protein's native structure can ex- 
change with solvent hydrogens only during some 
transient, high energy opening reaction: 
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sequential independent , model model 

Fig. 1. A set of four cooperative unfolding units constitute the 
cyt c molecule and may define the intermediates in cyt c unfolding 
and refolding pathways. The colors code for increasing free en- 
ergy of unfolding in the order red, yellow, green, blue. Side chains 
of the two green segments make contact in the central core at the 
far edge of the heme. 

KO, kch 
NH(c1) - NH(op) -+ ND 

Therefore states within the excited state manifold 
that include broken hydrogen bonds may be acces- 
sible to hydrogen exchange investigation. 

Eq.(2) gives the HX rate generated by this reac- 
tion scheme. Eq.(3) translates the exchange rate to 
the free energy of the opening reaction. 

k,, = Kop/(Kop + 1) = KO,Kch (2) 

= -RT In KO, = -RT In  (kCh/k,,) (3) 

These equations, due originally to  Linderstrom- 
Lang,'-l0 define the almost universally observed 
EX2 limit (bimolecular exchange) of hydrogen ex- 
change behavior: in which structure is stable (KO, 
<< 1) and structural reclosing rate is fast compared 
with kch, the chemical exchange rate for the fully 
solvent-exposed The exchange rate, 
k,,, is then proportional to KO,, essentially the frac- 
tion of time that the productive opening exists 
[Eq.(2)1, and Eq.(3) follows. 

Equations 1-3 are independent of the structural 
details of the opening reactions. Any given hydrogen 
may be exposed to exchange by the separation of a 
single hydrogen bond97l3 or more sizeable open- 
i n g ~ ~ ~  ranging even up to transient whole molecule 
unfolding,15 as in Equation 4. 

a 
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. P,=GB or RGB 

' P,=YGB 

. N=RYGE 

Fig. 2. The energy manifold of states found for cyt c, including 
the native (N), unfolded (U), and conformationally excited, partially 
unfolded states (Pi). The different possible identities for the PUFs 
detected in the HX experiment are indicated in terms of the co- 
operative units still remaining folded, identified by the color code 
in Figure 1 (R, Y, G, B = red, yellow, green, blue). The unfolding 
of the blue unit is known to represent full global unfolding (see 
text). Microscopic reversibility requires the pairing of unfolding and 
refolding reactions, as shown. The arrows show the extreme un- 
folding-refolding models; additional opening-closing reactions can 
be envisioned. 

k,, = Kop,,rrkch = [K,,(local) + K,,(subglobal + 

Eq.(4) connects the hydrogen exchange behavior of a 
protein with subcategories of conformationally ex- 
cited states that break hydrogen bonding interac- 
tions. For any given exchangeable hydrogen, the un- 
folding intermediate that attains the greatest KO, 
will dominate the exchange. One may investigate 
the different kinds of states in Eq.(4) by manipulat- 
ing their free energy levels, and thus the relative 
populations of unfolding intermediates, and then ap- 
propriately interpreting the HX signals that result. 

GLOBAL UNFOLDING 
The melting transition of cyt c, measured in the 

conventional way a5 a function of guanidinium chlo- 
ride (GdmC1) by changes in intrinsic fluorescence, is 
shown in Figure 3A (open squares). The usual 
lengthy extrapolation to zero denaturant concentra- 
tion gives an estimate of the free energy for global 
unfolding. Figure 3A also shows H-D exchange re- 
sults measured by two-dimensional nuclear mag- 
netic resonance (NMR) for several very slowly ex- 
changing peptide group hydrogens in the COOH- 
terminal helix of cyt c. The exchange rates together 
with Eqs.(2) and (3) yield the correct value for the 
free energy of global cyt c unfolding.' Similar suc- 
cess has been found for staphylococcal nuclease,16 
ribonuclease A,l,17 barnase,", staphylococcal pro- 
tein A domain B (Y. Bai and P. Wright, personal 
communication), and turkey ovomucoid third do- 

KO, (glObal)lk,h (4) 
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. 3. The dependence on denaturant of H-exchange due to 
glob& sub-global, and local unfolding in cyt c. A: Open symbols 
show classical melting data through the two-state transition. The 
symbols at lower GdmCl are from HX data for six residues in the 
COOH-terminal helix, which can only exchange by way of global 
unfolding. 6:  Residues in the NH,-terminal helix exchange by way 

of small fluctuations at low GdmCl but become dominated by the 
global unfolding when it is promoted by denaturant. C: Sub-global 
isotherms, with only two amino acid residues shown per isotherm 
to minimize clutter. D: Exchanging hydrogens in the 60's helix 
merge to form the green isotherm. Data were measured at 50°C 
for A and 30°C for E D ,  all at pD 7.' 

main (L. Swint-Kruse and A. Robertson, personal 
communication). Some of the slowest hydrogens in 
these proteins exchange with solvent hydrogens 
only during the small fraction of time when the pro- 
tein experiences the globally unfolded state. 

The dependence of unfolding free energy on dena- 
turant concentration is usually expressed as in 
Equation 5. 

AG(den) = AG(0) - m[den] (5) 

The slope, m, depends on the denaturant binding 
surface newly exposed in the unfolding reaction. 19*20 
The large m value characteristic of the GdmC1-sen- 
sitive surface exposed in the global unfolding reac- 
tion is reflected in the exchange behavior of the slow 
hydrogens in Figure 3A. 

Figure 3B identifies some hydrogens that exhibit 
near zero m values. Their exchange is determined by 

unfolding reactions that expose little new surface. 
At low GdmC1, global unfolding still occurs but only 
at  a low level that makes no contribution to the mea- 
sured exchange (Eq. 4). When GdmCl is increased, 
the global unfolding is sharply promoted (large m) 
and comes to dominate the exchange of progres- 
sively faster hydrogens, which then merge with the 
global curve to form an HX isotherm. This behavior 
clearly distinguishes local and global unfolding re- 
actions and provides a method for measuring protein 
thermodynamic parameters far below the melting 
transition. 

SUBGLOBAL UNFOLDING 
One can expect that all the faster exchanging hy- 

drogens will ultimately become dominated by the 
global unfolding reaction when it is sufficiently en- 
hanced. This does occur, but first a more interesting 
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intermediate behavior is seen (Fig. 3C). Faster ex- 
changing hydrogens merge into a sequence of three 
lower lying isotherms, each one analogous to the 
global unfolding isotherm but with progressively 
smaller AGHx and m. Figure 3C provides an overall 
view with only two hydrogens for each isotherm. 
Each isotherm contains many hydrogens, as illus- 
trated in Figure 3D for one of them. Just as the 
highest energy isotherm portrays the global unfold- 
ing equilibrium, the lower lying isotherms reflect 
partially unfolded forms (PUFs), with smaller un- 
folding free energies and less surface exposure. That 
this behavior is not a denaturant-dependent artifact 
is shown by the fact that analogous data can be ob- 
tained as a function of temperature., The tempera- 
ture-dependent HX data respond to different param- 
eters (enthalpy and entropy of unfolding) but reveal 
the same subglobal unfolding units as the GdmCl 
experiments. 

The hydrogen exchange data reveal the identity of 
the individual cooperative units (from the residues 
that join each HX isotherm; e.g., Fig. 3B, D), the free 
energy of each subglobal opening reaction (from the 
HX rates; Eqs. 2, 3), and the additional GdmC1-sen- 
sitive surface exposed in each unfolding [from the m 
value; Eq.(5)]. The results portray four cooperative 
unfolding units that together make up the cy- 
tochrome c molecule (Fig. 1). The red and yellow 
units in Figure 1 represent entire omega loops, pre- 
viously defined by Leszczynski and Rose.'l The 
green unit is composed of an omega loop (green-a) 
and the 60's helix (green-b). The blue unit includes 
the NH,-terminal (blue-a) and COOH-terminal 
(blue-b) helices of cyt c, the high energy unfolding of 
which marks the final transition to the U state (Fig. 
3B). 

The HX results further show that these units un- 
fold cooperatively in all-or-none transitions. Struc- 
tural forms between the identified PUFs must in 
principle exist, but evidently they exist only a t  
higher free energy levels as invisible transitional 
forms between the cooperatively unfolding PUFs 
that are observed. Many hydrogens that ultimately 
join an isotherm can exchange faster than the group 
isotherm rate at  low GdmCl (e.g., Fig. 3B,D), but 
these do not represent partial PUFs. The near-zero 
m value shows that this faster exchange represents 
local unfoldings rather than the unfolding of a large 
fraction of a cooperative unit. 

UNFOLDING AND 
REFOLDING INTERMEDIATES 

The HX data fail to specify the full identity of the 
cooperative unfolding units. One cannot tell 
whether each structural unit in Figure 1 unfolds 
and exchanges independently or whether the unfold- 
ing of a given unit occurs together with one or more 
of the lower energy, faster exchanging units. These 
alternatives are suggested in Figure 2 (additional 

possibilities exist). For example, when the green 
unit cooperatively unfolds to form P,, the unfolded 
form may or may not include also the red and/or the 
yellow units. One cannot tell because hydrogens in 
the green isotherm are measured only after the hy- 
drogens that reveal the behavior of the red and yel- 
low cooperative units have already exchanged. The 
HX data show only that the green unit is open and 
the blue unit is not. 

If the openings occur in a sequentially dependent 
manner-red alone, then red + yellow, then red + 
yellow + green, and finally all the units together in 
the global unfolding-then the PUFs represent 
steps in a kinetic unfolding sequence, as in Equation 
6 and Figure 2. 

The same PUFs must then also define the major 
refolding pathway of cyt c, because the HX experi- 
ment at each GdmCl concentration is done at equi- 
librium conditions. To maintain a constant equilib- 
rium concentration of each species, any given 
unfolding reaction must be matched by an equal and 
opposite refolding reaction, as in Eq.(6) (microscopic 
reversibility). 

Available evidence' supports the reality of the se- 
quential unfolding model (Eq. 6; Fig. 2), but this is 
by no means definitive. Alternative opening models 
(Fig. 2) would produce distinctly different PUF 
structures. Either conclusion will be interesting in 
respect to  protein substructure but the implications 
for kinetic folding will be very different. This central 
issue remains as a challenge for future investiga- 
tion. 

DETECTION RULES 
The results summarized here document the un- 

derlying multi-state nature of the cyt c molecule. We 
suppose that other proteins are similarly con- 
structed, yet protein molecules often appear to be 
highly cooperative, two-state structures. The 
present results help to  explain this contradiction 
and illuminate some general detection rules for ob- 
serving folding intermediates in equilibrium and ki- 
netic experiments. 

Equilibrium Unfolding Experiments 
Figure 4 illustrates the equilibrium free energy 

relationships in cyt c that connect the native state 
(N), the fully unfolded state (U), the intermediate 
PUFs (PJ, and also some hypothetical intermedi- 
ates (dashed lines). To distinguish a partially folded 
intermediate in an equilibrium unfolding experi- 
ment, the intermediate must be populated to a sig- 
nificant degree relative to both the N and U forms. 
In most cases this does not occur,22 for reasons that 
Figure 4 helps to make clear. The arrows in Figure 
4 indicate the range of conditions within which un- 
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Fig. 4. Crossover curves from data like that in Figure 3. The 
native state (N) is taken as a reference (AG = 0; free energies are 
in kcal/mol). The global unfolding curve is shown by U and some 
hypothetical intermediates by the dashed lines. Arrows indicate 
the range accessible to classical equilibrium melting experiments. 

folding can be accurately measured by spectroscopy 
or calorimetry in equilibrium unfolding experi- 
ments (U/N -0.05 to 0.95). The imaginary interme- 
diate shown by the lower dashed line, which might 
represent some molten globule formz3 under mildly 
destabilizing conditions, achieves significant popu- 
lation and could be directly studied, but the upper 
level hypothetical intermediate could not. 

The metastable PUFs of cyt c (P, in Fig. 4) occupy 
free energy wells that are always higher than one or 
the other of the N and U forms. They are more stable 
than U at  low denaturant but are overtaken by U 
before they approach N, and therefore will not be 
detectable in equilibrium unfolding experiments. 
Conditions might be found that favorably modify 
these free energy relationships. Mutations that se- 
lectively destabilize N relative to some intermediate 
can be useful'' but denaturants and temperature 
will not since they are likely to promote global more 
than subglobal unfolding. 

Native State Hydrogen Exchange 
The native state HX experiment can detect equi- 

librium unfolding intermediates that are only infin- 
itesimally populated under native conditions be- 
cause, unlike other equilibrium experiments, N does 
not compete. It is only necessary that the interme- 
diate achieve significant population relative to U 
and to any other unfolded state that allows the same 
hydrogens to exchange. The native state HX exper- 
iment is based on the ability to manipulate this com- 
petition by use of denaturant or temperature to se- 
lectively promote large scale openings [Eq.(5)1. 

PUF detection in an HX experiment does not de- 
pend on the kinetic barriers between N, U, and the 

3 20 40 60 ao 100 

Temperature( "C) 

HX unfolding isotherms for the cyt c intermediates, indicated by 
P,, are extrapolated from GdmCl results (A) (e.g., Fig. 3; pD7, 
30°C) and from some more limited data for HX as a function of 
temperature (B).* From this behavior some general rules for the 
detection of folding intermediates can be inferred (see text). 

intermediates. Conversely the HX experiment gives 
no information on the kinetic folding and unfolding 
barriers that separate these states. The only rate- 
based condition stems from the fact that these mea- 
surements utilize HX kinetics. The cycling of pro- 
tein molecules through a PUF must not be slower 
than the HX rate of the hydrogens that define it. 
PUFs that are kinetically isolated and equilibrate 
too slowly with the native state will escape HX de- 
tection. 

The ability to resolve and identify different PUFs 
benefits from a large number of exchangeable hy- 
drogen probes and large dynamic range in AG and 
m. Disadvantageous characteristics are small size, 
which reduces m, and destabilizing conditions, 
which will cause separate isotherms to  merge. Cyt c 
is not unusually rich in slowly exchanging peptide 
NH probes but has high stability (-13 kcal/mol at 
the condition studied) and is sizeable, which pro- 
vides a favorable dynamic range in both AG and m. 
The ability to assign measured amino acid residues 
to one cooperative unit or another depends also on 
how precisely their individual hydrogens appear to 
join a common HX isotherm. This is conditioned by 
the accuracy of the HX measurement and the ideal- 
ity of exchange behavior in the open form. 

Low-lying HX isotherms may be only poorly de- 
finable. Their m values are small and their hydro- 
gens merge with the isotherm only where the dif- 
ferent isotherms approach each other and become 
difficult to distinguish. This restricted detection of 
low-energy, fast-exchanging PUFs may account 
for the large energy gap between the native and 
the lowest energy PUF found here (though see 
ref. 6). 
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Kinetic Folding and  Unfolding 

To detect an intermediate as an independent spe- 
cies in kinetic folding or unfolding experiments, it 
must occupy a free energy well that is lower than all 
prior wells in the pathway and must be blocked by a 
barrier that is higher (trough to peak) than all pre- 
vious barriers. This restrictive condition accounts 
for the observation of two at most, often one, and 
frequently zero intermediates in kinetic experi- 
ments. 

Several correlates can be noted. Suppose that fold- 
ing from U to N carries cyt c down the sequential 
ladder of intermediate PUFs, as suggested in Figure 
2. If large kinetic barriers are not encountered, the 
individual PUFs will not be significantly populated 
and detected. If a late barrier does cause an inter- 
mediate to  accumulate, the intermediate detected 
will incorporate all the prior steps. The usual inter- 
pretation of such results has been that intermedi- 
ates do not exist, or that only the single intermedi- 
ate that is observed exists. Again, kinetic folding 
intermediates can be blocked and caused to accumu- 
late by adventitious barriers that are due to non- 
inherent, off-pathway features, such as non-native 
proline isomers24 or incorrect prosthetic group 
ligands.2 When this occurs, the forms populated may 
still represent true folding intermediates even 
though the barriers are in a sense artifactual. For 
example, an adventitious barrier in cyt c causes the 
population of an early intermediate that strongly 
resembles the blue cooperative unit in Figure l.25,26 
However, equilibrium HX experiments with bar- 
nase do not find the intermediate populated in ki- 
netic folding experiments. l8 It may also be noted 
that when an intermediate is populated due to an 
adventitious barrier, it is not the observed interme- 
diate that slows the folding, as has often been sug- 
gested, but rather the presence of the barrier. 

Similar restrictions govern the observation of in- 
termediates in kinetic unfolding experiments. Fig- 
ure 4 shows that when a protein is jumped to un- 
folding conditions where the free energy levels of U 
and N have crossed over, the intermediates may 
have also crossed. In this range, hydrogen exchange 
will become dominated by the global unfolding re- 
action.27 The behavior to  be expected for the subglo- 
bal unfoldings is not clear; they may merge or they 
may maintain their individual identity. In the ob- 
servable N to U reaction, the order of unfolding 
steps and the rate-limiting step itself may be differ- 
ent from the folding sequence. Whether the order of 
structural steps is determined by their energetic or- 
der or is encoded in the protein structure indepen- 
dently of the native-state energy ladder (Fig. 2) re- 
mains to  be seen. Also it should be appreciated that 
the isotherms in Figure 4 indicate the level of free 
energy wells. The activation free energies of the 
transition state forms that determine kinetic rates 

must lie somewhat higher. These are likely to re- 
spond to denaturant (m value) and temperature (ac- 
tivation entropy) in a manner essentially parallel to  
the energy wells indicated by the HX isotherms. 

LOOKING FORWARD 

We have briefly reviewed the new-found ability to 
distinguish and assign hydrogen exchange signals 
that depend on local, subglobal, and global unfold- 
ing and considered the requirements for studying 
protein substructure in equilibrium and kinetic ex- 
periments. The discovery of cooperative subglobal 
structural units uncovers a new dimension of pro- 
tein structural behavior that may help to expose 
fundamental structural principles. What can the 
substructural PUFs tell us about the design, con- 
struction, and cooperativity of protein molecules and 
their biological evolution? Are the PUFs themselves 
plastic, with boundaries that can change with am- 
bient conditions, or are they rigidly defined by the 
protein structures that they compose? Do the PUFs 
reveal true kinetic folding intermediates? The capa- 
bility of defining and studying PUFs in proteins, 
within the bounds just described, appears to supply 
a potent means of approaching these challenging is- 
sues. 
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