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Protein Folding Intermediates: 
Native-State Hydrogen Exchange 

Yawen Bai, Tobin R. Sssnick, Leland Mayne, 
S. Walter Englander* 

The hydrogen exchange behavior of native cytochrome c in low concentrations of de- 
naturant reveals a sequence of metastable, partially unfolded forms that occupy free 
energy levels reaching up to the fully unfolded state. The step from one form to another 
is accomplished by the unfolding of one or more cooperative units of structure. The 
cooperative units are entire omega loops or mutually stabilizing pairs of whole helices and 
loops. The partially unfolded forms detected by hydrogen exchange appear to represent 
the major intermediates in the reversible, dynamic unfolding reactions that occur even at 
native conditions and thus may define the major pathway for cytochrome c folding. 

U n d e r  native conditions, a sinall fraction 
of any population of protein lllolecules oc- 
cupies each possible higher energy, partially 
unfolded state, including even the fully un- 
folded state, as described by the Boltzmann 
distribution. The study of these partially 
unfolded forms (intermediates) iuay illumi- 
nate the fundaiuental cooperative nature of 
protein structure and define the unfolding 
and refolding pathways of a protein even 
though the intermediates are normally in- 
visible to measurement. The energy levels 
and therefore the occupation of these con- 
formationally excited states can be manip- 
ulated by denaturants and temperature. Hy- 
drogen exchange experiments can then de- 
termine the hydrogens exposed in each 
higher energy form, their rates of exchange 
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with solvent, and their sensitivity to the 
perturbant. From this we can infer, respec- 
tively, the structure, the free energy, and 
the surface exposure of each protein form. 

Results for cvtochrolne c reveal a small 
sequence of distinct partially unfolded 
forms with progressively increasing free en- 
ergy and degree of unfolding. These appear 
to represent the major intermediates In the 
unfolding and refolding pathways of cyto- 
chrome c. 

Hydrogen exchange theory. Exchange- 
able ainide hydrogens (NH) that are in- 
volved in hydrogen-bonded structure can 
exchange with solvent hvdroeens onlv - . u 

when they are transiently exposed to sol- 
vent in some kind of closed to open reac- 
tion (1 -3) ,  as indicated in Eq. 1. 

K,,,, 1k.1, 

NH(c1osed) NH(open) -+ exchanged 

(1 
In the almost universally observed lim- 

NAGW-732 and NAGW-474 (R.G.P, and J.H.), 
NAGW-732 (F N A ,  D.M C., D E.H ) ,  and NAGW- 
2034 (R F.W and B R M.); National Oceanc and At- 
mospheric Admin~stration (NOAg contract NA85- 
RAG051 03 (P.G.S.), Chemical Manufacturers Assoc- 
atlon contracts FC-85-567 (P.G S )  and FC-87-640 
(P J.F); United Kingdom Department of Environment 
contract PECD 7/10/54 (P.G.S.), Commonwealth 
Sc~entif~c and Industrial Research Organization 
(P.J F); and Bureau of Meteorology, Melbourne, Vlc- 
torla, Australia (P.J.F.) Valuable local support at the 
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C. Brunson and M W~ney (Cape Matatula, Samoa), 
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Rasmussen and A J. Crawford for the~r contribut~ons 
to the ALE-GAGE experiment, ncudng operaton of 
the Cape Meares, Oregon, and Cape Matatula, Sa- 
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D. Sze, D Weisenste~n, C. H Jackman, and A R.  
Dougass for kndly providng results from ther two- 
dimensonal models used in our analyss 

itine case. referred to as EX2 (for bimolec- - 
ular exchange) ( I ) ,  the structural opening 
reaction enters the rate expression as a pre- 
equilibrium step. The exchange rate of any 
hydrogen, kex, is then determined by its 
chemical exchange rate in the open form, 
kc,,, multiplied by the equilibrium opening 
constant, Kc)1, (Eq. 2). 

Since the free peptide rate, kch, is known 
from model studies (4-6), the measure- 
ment of kex leads to Kc,1, (Eq. 2) and the free 
energy for the dominant opening reaction, 
AG,,, (Eq. 3). 

where R is the eas constant and T is the " 
absolute temperature. Any structurally 
blocked hydrogen inay be exposed to ex- 
change by many different unfolding reac- 
tions with differing KoL, values. The opening 
with the greatest Kc,1, (smallest AG,,) will 
dominate the hydrogen exchange behavior. 

The hydrogen exchange behavior mea- 
sured here is in the EX2 limit. This is shown 
by the agreement between the AG,, values 
calculated for various hydrogens with dis- 
parate kc, values (Figs. 1 to 5). In the 
alternative EX1 case ( 1 )  (monomolecular 
exchange) the exchange rate is indepen- 
dent of kc,,, and therefore correcting the 
different hydrogens for their kCh differences 
would make AG,, values controlled by the 
same opening appear to be disparate. 

Opening reactions that may determine 
protein hydrogen exchange rates have been 
discussed in terms of the breakage of single 
hydrogen bonds (j), the concerted local 
unfolding of small protein segments (3,  8), 
and whole molecule unfolding (9-1 1). " .  
Here we deal with a new class of large but 
still subglobal unfolding reactions. All these 
cases, although different structurally, are 
governed by the same mathematical rela- 
tions (Eqs. 2 and 3). 
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Global, local, and subglobal unfolding. 
The Gibbs free energy for whole molecule 
unfolding (AG,) is conventionally obtained 
by carrying a protein through its coopera- 
tive unfolding transition, either at high 
temperature or high denaturant concentra- 
tion. In the transition zone, the unfolding 
equilibrium constant, K,, can be measured 
and converted into AG,. The dependence 
of unfolding free energy on denaturant con- 
centration [AG,(den)] is often assumed 
(1 2-14) to be linear (Eq. 4). 

The slope (m) depends on the additional 
denaturant sensitive surface exposed in the 
unfolding reaction. The opening reactions 
that determine protein hydrogen exchange 
may expose much or little new surface. 
They will be promoted accordingly (Eq. 4). 

The AGO, values for the most slowly ex- 
changing hydrogens in native cytochrome c 
can be computed (Eq. 3) from the data of Bai 

et al. (I I). These hydrogens, exemplified by 
Leu9' (Fig. lA), show a strong dependence 
on guanidinium chloride (GdmCl) concen- 
tration, reflecting a very large unfolding re- 
action (Eq. 4). For these hydrogens the curve 
for AG, against GdmCl concentration ex- 
trapolates to the value for global AG, at zero 
GdmCl concentration and, at high GdmCl 
concentration, merges smoothly with AG, 
values obtained from equilibrium melting 
data (I I). Results for ribonuclease A (15, 
16) show similar agreement (I I ). Thus the 
exchange of the slowest hydrogens in these 
proteins is dominated by and can measure 
the parameters of the global unfolding equi- 
librium (Eqs. 1 and 2), even at solution 
conditions far from the melting transition. 

At low GdmCl concentration. the ex- 
change of many other hydrogens ( ~ i ~ .  1A) 
is dominated bv various local structural 
fluctuations, such as Kop(local), that expose 
little new GdmCl binding surface and 
therefore have m values (Eq. 3)  close to 

.i-- I 
@tide g ~ ~ p - ~ ~  hydr- In cytoctuome c , --;. 4 . J  

(oxidized form from horse heart). (A) Skwty ex- + F, ? .  

C 
changlng NH's with low m value (Eq. 3) merge into , 

a common hydrogen exchange isotherm that re- 
veals the GdmCI-enhanced g & @  mfokling mat- 
tion [at 5O0C; data from (811. (6 and C) The analo- 
gous grouping of hydragens into lower lying iso- 
therms as their exchange becomes domimed by 
larger unfolding reactions, promoted by denatur- 
ant (30°C) and by temperature. Data are at pD7. 
These and subsequent curves were tit with qua- 
tiona derived fnrm Eqs. 3 to 5 (1 1, 41). 

2 0 3 0 4 0 5 0 8 0 1  - (XI 

zero. The same hydrogens can also ex- 
change through the global unfolding reac- 
tion, Kop(g), as in Eq. 5. 

The globally unfolded state is normally pop- 
ulated only at a very low level and makes no 
significant contribution to the measured ex- 
change of most hydrogens. As GdmCl con- 
centration is increased, the global unfolding 
pathway is selectively promoted due to its 
high m value (Eq. 4), and it comes to dom- 
inate the exchange of progressively faster 
hydrogens (Eq. 5) as shown in Fig. 1A. The 
several hydrogen exchange curves in Fig. 1A 
merge to define a hydrogen exchange iso- 
therm that reveals the global unfolding re- 
action and defines its AG and m values. 

One can expect that all the faster ex- 
changing NH's should become controlled 
by the global unfolding reaction as denatur- 
ant is increased. This will occur if ~ ro te in  
unfolding behavior is adequately represent- 
ed by a simple, two-state transition with no 
intermediate states between the native and 
fully unfolded forms. The data obtained 
show a more interesting behavior, illustrat- 
ed by the GdmCl and temperature iso- 
therms in Fig. 1, B and C. Before joining 
the high energy, global unfolding isotherm, 
the various faster hvdroeens in cvtochrome , - 
c assemble into several lower lying iso- 
therms, distinguished by their different 
AGO, and m values. To avoid a confusion of 
overcrowding in Fig. 1, B and C, we show 
the behavior of onlv two hvdroeens for each 
isotherm. In Figs. 2 to 5 \;e shiw the addi- 
tional hydrogens that join each isotherm. 

The various hydrogen exchange iso- 
therms mirror the behavior seen for the 
global unfolding isotherm but exhibit seri- 
ally decreasing values for AGO, and m. Just 
as the highest energy isotherm reflects the 
globally unfolded state, the various lower 
lying isotherms reveal a sequence of partial- 
ly unfolded states. We refer to these sub- 
global partially unfolded forms by the acro- 
nym PUF. That these patterns are inherent 
in the cytochrome c structure and are not 
de~endent on GdmCl interactions is SUD- 

ported by the similar behavior seen in tem- 
perature studies at zero GdmCl (Fig. 1C). 

The amino acids that converge to form 
each isotherm h e l ~  to identifv the cooDer- 
ative unfolding unit that exposes those res- 
idues to exchange (Fig. 6). The common 
KO, reached in each isotherm specifies the 
free energy of the PUF produced by the 
unfolding (Eq. 3). The slope of each iso- 
therm (m in Eq. 4) indicates the additional 
GdmCl sensitive surface exposed in each 
PUF relative to the native state. 

In the native protein, the amino-termi- 
nal helix (residues 2 to 15) and the carbox- 
yl-terminal helix (residues 87 to 104) are 
docked against each other (Fig. 2) and form 
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a cooperative unit, the melting of which 
marks the final transition to the globally 
unfolded state (I 1 ). 

All the peptide group hydrogens in the 
amino-terminal helix can exchange through 
local fluctuations with near-zero m value. As 
GdmCl concentration increases, these hy- 
drogens merge with the global unfolding iso- 
therm typified by Leu98 (Fig. 2A). The ami- 
no-terminal segment extends to Thr19 NH, 
which is hydrogen bonded to a structural 
water (17, 18) at the far end of the amino 
helix. 

In the carboxyl-terminal helix, the pep- 

tide group hydrogens of residues 94 through 
99 can exchange only through the major 
unfolding reaction that yields the globally 
unfolded form (Fig. 2B). The stable seg- 
ment containing these residues must in- 
clude also their hydrogen bond acceptor 
residues down to Glu90 CO. Residues 100 
and 101  laced near the molecular carbox- 
yl terminus can exchange faster through 
local unfolding, presumably for Alalol, be- 
cause of dynamic helix fraying that is re- 
flected in the small but non-zero m value. 
Also residues 91 to 93 can exchange 
through some small fluctuations, presum- 

Fig. 2. Hydrogen exchange behavior defining the cooperative reversible unfolding of the amino- 
terminal (A) and carboxyl-terminal(8) helices. The structural positions of the hydrogens measured are 
illustrated (C). In these and subsequent hydrogen exchange experiments, oxidized equine cytochrome 
c in D,O at pD7 and 30°C was used and then analyzed at pD5 in the reduced form by 1 D and 2D NMR 
with the proton assignments from Wand et a/. (42) as described (1 1). Molecular diagrams were 
obtained with Molscript (43). 

Fig. 3. h e  cydic heme-associated structure in natke c y t o c h r ~ e  
c. The hydrogens indicated exhibit protection against exchange in the transient globally unfolded form. 

ably involving motions of their hydrogen 
bond acceptor residues 87 to 89. These 
faster hydrogens all merge into the global 
unfolding isotherm as GdmCl concentra- 
tion increases. The cooperative carboxyl- 
terminal segment therefore may extend be- 
yond GlugO CO and include Lys87 C O  (ac- 
ceptor of Arggl NH), but it does not reach 
to Ile85 NH, which exchanges in a lower 
energy PUF. 

Residual structure in unfolded states. 
Residues 14, 15, and 18 exchange through 
local fluctuations (Fig. 3) with near-zero m 
value and hydrogen exchange protection 
factors (2) (k,dk,, in Eqs. 2 and 3) of about 
lo6 in the native state. Surprisingly, when 
the global unfolding reaction is enhanced 
by GdmC1, these hydrogens cross over and 
exchange more slowly than the global un- 
folding isotherm. They experience residual 
protection in the globally unfolded state. 

In the native protein, residues 14, 15, 
and 18 occupy a cyclic structure (Fig. 3)  
stabilized by the heme thioether bridges 
(Cys14 and Cys17) and the His18 to heme 
iron coordination. Evidently this structure 
persists during transient global unfolding 
and provides hydrogen exchange protection 
by a factor of at least 30 ( 2 2  kcal) (19). 
The continuing straight-line behavior of 
these hydrogens represents continuing slow 
exchange from the native state, which still 
exists 99.9998 percent of the time at the 
cross-over region. 

The peptide group hydrogens of His33 
and Phe36 also appear to show significant 
protection in open states (see below), which 
makes their assignment to a given coopera- 
tive unit somewhat insecure. Phe36, His33, 
and the heme-related residues exhibit addi- 
tional protection compared to their free pep- 
tide exchange rates by factors of 2.5, 4, and 
230, respectively. 

Partially unfolded forms. Cytochrome c 
contains a third sizable helix, the 60's helix, 
extending from residue 60 to 70. All but 
one of the peptide hydrogens in the 60's 
helix can exchange through local fluctua- 
tions with near-zero m value. The Led8 
NH can exchange only through a more 
extensive unfolding reaction with large m. 
With increasing GdmCl, the larger unfold- 
ing is promoted (Eq. 4) and comes to dom- 
inate all the hydrogens in the 60's helix 
(Fig. 4A; see also Fig. 1C). 

Residues 29, 32, and 33 join the hydro- 
gen exchange isotherm defined by the 60's 
helix (.Fig. 4B). Among these, His33 shows 
some additional protection (4 times great- 
er) in the partially unfolded form, probably 
due to its local hydrogen bond to the side 
chain of Asn3l (18). The large m value of 
the isotherm together with results for the 
other cooperative units point to a coopera- 
tive opening extending from ValZ0 to Leu35, 
nearly coincident with the omega loop, res- 
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idues 18 to 33, described by Leszczynski and 
Rose (20). 

Whether the 20 to 35 loop [green(a)] and 
the 60's segment [green(b)] unfold together 
can be questioned since they are distant in 
sequence. These two segments show identi- 
cal m and AG values (Fig. 4), they are at 
opposite ends of a cooperative segment that 
may well be already open when they unfold 
(Fig. 6), and some of their side chains inter- 
act in the central hydrophobic core of cyto- 
chrome c (Leu32, Leu35, Leu64, Led8). The 
loss of one pair of core leucine residues by 
the unfolding of either of these segments 
may well destabilize the other. 

The results in Fig. 5A identify a coop- 
erative unit that exposes the peptide group 
hydrogens of residues 36, 37, 60, and 64 
and the indole NH of Trp59. Phe36 shows 
some additional protection (2.5 times 
greater). These residues occupy the neck 
of a large omega loop (20) that forms the 
entire bottom of the protein (convention- 
al view, Fig. 6) and connects the two 
segments just discussed (20 to 35 loop and 
60's helix). The indole NH of Trp59 hy- 
drogen bonds to a heme propionate oxy- 
gen, is thoroughly buried by the bottom 

: -7.. i;. 

GdmCl W) loop, and appears unable to exchange 
without disrupting it. The sizable m value Fig. 4. Hydrogens of the 60's helix (A) and the 20 to 35 loop (B) and their common hydrogen exchange 
observed is consistent with unfolding of isotherm. Dashed lines show the positions of neighboring isotherms. The two cooperative segments and 

the entire bottom loop. their neighboring structure are illustrated. 

These relationships indicate that the 
loop from residues 36 to 61 forms a cooper- 
atively unfolding unit (Fig. 5). The cooper- 
ative unit must include the Lys60 CO, the 
hydrogen bond acceptor of the Led4 NH, 
which joins the isotherm. It cannot include 
the G1u6l CO-the acceptor for Met65 NH, 
which joins the more slowly exchanging 
60's helix isotherm. Thus the boundary be- 
tween the two cooperative units is placed at 
G1u6l Ca. 

Residues 74, 75, and 85, placed in the 
neck of a small omega loop that includes 
residues 70 to 85 (20), form a hydrogen 
exchange isotherm (Fig. 5B, red). Residues 
74 and 75 hydrogen bond to 70 and 71, 
forming a short helical length orthogonal to 
the 60's helix. The Ile85 NH closes the loop 
by hydrogen bonding either to Led8 CO ' 
(1 8) or a neighboring structural water (1 7). 
The sizable m and AG values indicated by 
the hydrogen exchange isotherm suggest 
that the entire 70 to 85 loop accounts for 
the unfolding reaction. 

The cooperative units identified here are 
shown color coded in order of increasing 
free energy (red to blue) in the cytochrome 
c protein (Fig. 6). 

The hydrogen exchange isotherm for 
the amino-terminal helix [blue(a)] ex- I 

tends up to Lys13 NH, but the pattern of 0.0 0.5 1 .O 1.5 

protection observed requires the coopera- o d d 1  (M) 

tively unfolding unit to reach only to Ile9 Fig. 5. The large bottom loop isotherm (A) and the small loop isotherm (B). The omega loops in the native 
CO, the Lys13 NH acceptor. The heme- protein are illustrated. 
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associated residual structure presumably 
reaches back to Phelo CO, the hydrogen 
bond acceptor for residues 14 and 15 in 
native cytochrome c (17, 18). That the 
omega loop reaching from ValZ0 to the 
reverse turn of residues 32 to 35 forms a 
cooperative segment [green(a)] is suggest- 
ed by the isothermal hydrogen exchange 
behavior of residues 29, 32, and 33, with 
the slower exchange of Thr19 at one end 
and the faster exchange of Phe36 at the 
other. The bottom segment, Phe36 to 
G1u61 Ca,  is an omega loop (yellow). The 
cooperative 60's helical segment 
[green(b)] includes the entire helix from 
the Ca of G1u6' to Asn70 Ca. Residues 70 
to 85 comprise an omega loop (20) that 
represents the lowest energy unfolding 
unit (red). The coo~erative carboxvl-ter- . , 

minal helical segment [blue(b)] reaches 
from either Lys86 Ca or Ly~87 Ca to the 
chain terminus. 

In summary, the results obtained specify 
all the cooperative unit boundaries within 
one residue, with the exception of the 
boundary at the 32 to 35 beta turn. The 
cooperative units are entire omega loops 
and mutuallv stabilizine  airs of whole he- -. 
lices and loops, with a segment size of about 
15 residues. 

Cooperative unit relations. The hydro- 
gen exchange isotherm produced by each 
PUF identifies one cooperative unit that is 
unfolded but does not specify whether the 
coonerative units that have alreadv ex- 
changed their hydrogens in lower energy 
isotherms are folded or unfolded. The pos- 

Fig. 6. The cooperative units in cytochrome c, 
color coded in order of increasing free energy level 
(red to blue), asfollows: the 70 to 85 loop (red), the 
36 to 61 loop (yellow), the 20 to 35 loop [green(a)] 
and 60's helix I~reen(b)l, the amino-terminal helix 
[blue(a)] and ca~boxyl:terminal helix [blue(b)]. Core 
side chains of the green(a) and green(b) segments 
make contact beyond the far edge of the heme 
(17, 18, 44). 

sible options for the structural identity of that carry a lot of traffic must be matched 
each PUF can be considered by comparing by major refolding steps, and minor with 
the m value measured for each isotherm minor. so that the eauilibrium concentra- 
with the additional surface area exposed 
(Aarea), computed for each possible PUF 
identity, as in Fig. 7. A fairly direct corre- 
lation between m and Aarea can be expect- 
ed. One limiting option (left-most symbols) 
is that the hydrogen exchange patterns re- 
flect the independent opening of the indi- 
vidual cooperative units from the native 
state (only red open, only yellow open, and 
so forth). At the other extreme (filled sym- 
bols), a sequential model is considered (red 
open e red + yellow open e red + yellow 
+ green open * U). Guidance in placing 
the expected correlation line is provided by 
the fact that the identity of the native state 
(N: all units intact) and the unfolded state . . 
(U; all units unfolded) are unambiguous. 

The seauential model (filled svmbols) 
provides a reasonable correlation and makes 
sense structurally and energetically, espe- 
cially from the point of view of kinetic 
refolding (as discussed below). The suggest- 
ed energetically uphill sequence of PUFs for 
cytochrome c unfolding can be written as in 
Eq. 6. 

However, a role for the other possible 
PUFs (open symbols in Fig. 7) cannot be 
excluded. 

A partly similar sequence has been in- 
ferred bv Fisher and Taniuchi (21) from . , 

studies of the reconstitution of structure by 
complementing cytochrome c fragments. 

Protein folding. Our experiments were 
done under equilibrium native conditions 
(pD7, 30°C). The principle of microscopic 
reversibility requires that each transient un- 
folding step must be accompanied by an 
equivalent refolding step. Unfolding steps 

tion of each species is maintained. There- 
fore the sequence of reactions that carry 
cytochrome c from N to the various inter- 
mediate PUFs and to U must be matched by 
reverse reactions that carry it back to N and 
thus specify the refolding as well as the 
unfolding pathway (or pathways), as sug- 
gested in Eq. 6. 

Some correlations with ~ r i o r  informa- 
tion suggest the reality of the pathway in 
Eq. 6. The lowest energy unfolding found 
here (opening of the 70 to 85 loop) includes 
the weak Met80 to heme ligand. The loss of 
this ligation is known to accompany the 
first step in cytochrome c unfolding (22, 
23), and its reformation marks the final step 
in cytochrome c folding (24). This is the 
step N,,,, * P,,, in Eq. 6, which is 
required by both the sequential and inde- 
pendent unfolding models. 

The last unfolding amino-terminal plus 
carboxyl-terminal unit found here is the 
first element seen to fold in hydrogen ex- 
change pulse labeling experiments (25). 
This is consistent with the step U * P, in 
Eq. 6. Further folding is transiently blocked 
at this step by a misfold-reorganization bar- 
rier (26) because of the misligation of the 
heme iron by either His26 or (19, 26, 
27). The sequence in Eq. 6 predicts this 
result, since both histidines are placed with- 
in the 20 to 35 loop [green(a)]. The misli- 
gation of either histidine may well allow the 
early folding bihelical unit (blue) to form, 
but it will block the folding of the 20 to 35 
loop [green(a)], and therefore also the 60's 
helix [green(b)] and the subsequent folding 
of the other cooperative units. Isolated 
com~lexes of the amino and carboxvl heli- 
ces are known to exhibit independent 

Fig. 7. A test for the identities of the AG 
different PUFs in terms of the coopera- (kcaVrnol) 
tive units that may be folded and un- '1 y... 12.8 (8 open) 
folded in each. Them value measured 

noted by the energy-related color code '1 / 

for each PUF is plotted against the ad- 4-  

ditional solvent accessible surface 
(Aarea), relative to the native protein, 5 3- 
computed for each possible PUF iden- 
tity. Each possible partially unfolded 2- 
form (P,) is identified in terms of the g cooperative units that remain folded, - 

- 10.0 (G open) .......... .......... 

PYGB ............ 

7.4 (Y open) 

6.0 (R open) 

of Fig. 6 (R for red, Y for yellow, G for RYGB 0.0 (Native) green. Bforblue). Exposedsurfacecal- OP ' I 
culated for each candidate PUF comes 0 2 4 6 8 1 0  

from the newlv ex~osed  rotei in and Mrea (1000 A2) 
heme surface blus 'the cooperative segments that are unfolded, approximated as fully extended. The 
scale on the right shows the cooperative unit seen to be unfolded in each hydrogen exchange isotherm 
and the Gibbs free energy for the unfolded state, obtained from the hydrogen exchange isotherm at zero 
GdmCl concentration (pD7,3OoC). The correlation line drawn is determined by the fact that the unfolding 
of the amino helix plus carboxyl helix unit (blue) is known to produce the globally unfolded state (U) (1 1). 
The AG and m parameters relate to the whole molecule PUF and not merely to the individual cooperative 
unit newly unfolded. 
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stability (28, 29). The other cooperative 
units defined here are not independently 
stable and so may fold only when they are 
stabilized by docking against some earlier 
formed supporting structure. This too is con- 
sistent with the folding sequence in Eq. 6. 

These observations tend to confirm the 
step N e PI-,, in Eq. 6 and support the 
dominance of the step PB + U rather than 
the various alternatives shown in Fig. 7 (U 
e P,,, P,,, or PRY,). Only the second 
intermediate in Eq. 6, which may in prin- 
ciple involve PRGA as well as PGB (Fig. 7 ) ,  is 
unsupported by external evidence, but the 
correlation in Fig. 7 favors PGB. 

It seems especially promising that the 
hydrogen exchange analysis described 
here makes possible the direct study of 
conforlnationally excited, partially unfold- 
ed states of vrotein lnolecules under native 
conditions. Conventional equilibrium and 
kinetic unfolding and refolding analyses 
can detect intermediate states onlv when 
they are well-populated. The native state 
hydrogen exchange experiment may re- 
veal all the partially unfolded intermedi- 
ates that exist between the native and 
unfolded states even though they are only 
infinitesimally populated under the condi- 
tions studied. The only limitations appear 
to be the need for adequate probe hydro- 
gens and the requirement for a sufficient 
dynamic range in AG,, and m. The present 
results point to a small number of cooper- 
ative, metastable intermediates. Forms 
with structures between the metastable 
PUFs do not appear in the hydrogen ex- 
change allalvsis and therefore must exist 
only Yat higher free energy than the inter- 
mediates seen. The resolution of protein 
molecules into their component coopera- 
tive elements in this way promises to illu- 
minate the fundamental nature of ~ r o t e i n  
structure, including their design, construc- 
tion, and biological evolution. 

Other implications concern protein 
folding. Proteins cannot fold in one undif- 
ferentiated, whole molecule, search-depen- 
dent reaction (30), but must move to the 
native state through intermediate forms 
(31-34). The metastable, native-like inter- 

mediate forms found in our study support a 
folding strategy that carries cytochrome c 
through a single linear pathway, consisting 
of a small nulnber of discrete intermediates, 
in stem that fold one cooverati\~e unit at a 
time (Eq. 6). The results seem to be incon- 
sistent with models that suggest a large 
number of alternative intermediate states 
(35-38). 

The cooperative units in cytochrome c 
are 15 to 27 residues in size; the individual 
segments involved are about 15 residues in 
length (Fig. 6). This reflects on the search 
processes visualized in the Levinthal folding 
varadox 130). It is far easier to fold a num- 
ber of cooperative 15-residue segments 
(time 7 x 3" - 10') than to concertedly 
fold one whole-molecule 100-residue seg- 
ment (time a 3'" - since the size of 
the cooperative unit appears in the expo- 
nent (39). Further, the native-llke nature of 
the PUFs found here rationalizes the prob- 
lem of an amino acid code for vrotein fold- 
ing, since the formation of intermediates 
can then be driven by the amino acid se- 
quence according to the same rules that 
determine the native state. Finally, it is 
interesting to consider the relations be- - 
tween cooperative structural units, their 
folding sequence, and their role in the bio- 
logical evolution of contemporary protein 
structures. For more discussion of these is- 
sues see reference (40). 
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