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fluctuations involving solvent penetration, Guanidinium Chloride Induction of analo~ustothemechanismbvwhichox-  - 
ygen penetrates myoglobin to reach its Partial Unfolding in Amide Proton bindingsiteonthehemeiron. 

To obtain new evidence on this question, 

Exchange in RNase A we netic used resonance two-dimensional (2D 'H-NMR) proton nuclear to measure mag- 

Stephen L. MayoMnd Robert L. Baldwin* 
Amide (NH) proton exchange rates were measured in 0.0 to 0.7 M guanidinium chloride 
(GdmCI) for 23 slowly exchanging peptide NH protons of ribonuclease A (RNase A) at pH* 
5.5 (uncorrected pH measured in D,O), 34°C. The purpose was to find out whether GdmCl 
induces exchange through binding to exchange intermediates that are partly or wholly 
unfolded. It was predicted that, when the logarithm of the exchange rate is plotted as a 
function of the molarity of GdmCI, the slope should be a measure of the amount of buried 
surface area exposed to GdmCl in the exchange intermediate. The results indicate that 
these concentrations of GdmCl do induce exchange by means of a partial unfolding 
mechanism for all 23 protons; this implies that exchange reactions can be used to study 
the unfolding and stability of local regions. Of the 23 protons, nine also show a second 
mechanism of exchange at lower concentrations of GdmCI, a mechanism that is nearly 
independent of GdmCl concentration and is termed "limited structural fluctuation." 

Whether  hydrogen-deuterium (H-D) ex- 
change in proteins occurs by partial unfold- 
ing has been debated hotly (1). Classic 
experiments (2) indicate that the NH pro- 
ton exchange rates of bovine pancreatic 
trypsin inhibitor (BPTI) depend on a global 
thermodynamic property of the protein. 
The exchange rates of individual NH pro- 
tons were compared for a family of proteins 
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homologous to BPTI, either from different 
species or from chemically modified vari- 
ants produced, for example, by reducing 
and blockine a suecific disulfide bond. The " L 

exchange rates of all measured NH protons 
could be correlated closely with T,, the 
midpoint of the thermal transition for glob- 
al unfolding, suggesting that exchange rates 
depend on global thermodynamic behavior. 
In contrast, experiments over many years 
have suggested that some exchange reac- 
tions may occur by partial unfolding (1). 
Still other ex~eriments and lines of reason- 
ing (3) have suggested (1) that exchange 
reactions may occur by limited structural 

exchange rates of individual NH protons in 
RNase A as a function of the concentration of 
guanidinium chloride (GdmCl). Guanidin- 
ium chloride causes protein unfolding by in- 
teractine with the unfolded urotein. and the 

c7 

change in Gibbs energy upon unfolding varies 
linearly with the molarity (M) of GdmCl. 
The slope, -m, of the plot of Gibbs energy as 
a function of the molarity of GdmCl is pro- 
portional to the number of GdmCl interac- 
tion sites exposed on unfolding (4), which is 
taken to be urouortional to the surface area 

L L 

exposed. We make use of this fact to ask 
whether H-D exchanee of individual ~ e ~ t i d e  ., 
NH protons can be caused to occur by partial 
unfolding by means of adding GdmCl. For our 
conditions, exchange is known to occur by 
the EX2 exchange mechanism (1, 5 )  that is 
defined below. This means that the apparent 
change in Gibbs energy, AG: for the confor- 
mational reaction that permits exchange can 
be obtained for each proton by the relation 

where kHX(i) is the observed rate constant 
for exchange of proton i and k,(i) is the 
chemical exchanee rate when uroton i is 

c7 

fully solvent exposed, obtained from model 
ueutide data (6) .  The conversion of H-D . . ~, 

exchange rates to Gibbs energies is possible 
because in the EX2 exchange mechanism 
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the equilibrium between the open and 
closed forms is fast compared to the ex- 
change step. Hence, the observed exchange 
rates are a measure of the eauilibrium frac- 
tion of molecules that are available for 
exchange. If exchange is caused by a partial 
unfolding mechanism, the relation 

should hold, as it does in global unfolding, 
and m;. the m value for an individual uroton 
i (termed the micro-m value), should be 
proportional to the surface area exposed on 
partial unfolding. AG3O) is the apparent 
change in Gibbs energy at zero denaturant 
for uroton i. and M is the denaturant con- 
centration. The micro-m values for different 
individual urotons can be comuared with 
each other Lnd with m for globai unfolding 
measured by techniques such as fluores- 
cence, absorbance, or circular dichroism. 

The term "apparent change in Gibbs 
energy" refers to the fact that k,(i), given 
by model peptide data, may not represent 
accuratelv the exchanee rate in the inter- 
mediate Lonformationuin which exchange 
occurs because: (i) proton i may not be fully 
exposed to solvent in the intermediate that 
permits exchange, (ii) dipeptide data do 
not in some cases reflect all the factors that 
affect exchange rates in unfolded proteins 
(7, 8), and (iii) no account is taken here of 
the dependence of k,(i) on GdmCl concen- 
tration (9). (The last effect may be small, 
because only a narrow range of GdmCl 
concentration is considered.) 

The effect of a denaturant (8 M urea) on 
the exchange rates of NH protons in another 
protein (BPTI) was studied earlier (10, 1 I), 
but conflicting results were reported. The 
two sets of experiments were made at differ- 
ent temperatures, 55°C (10) versus 20°C and 
35°C (1 I), and the results may reflect the 
effects of 8 M urea on two different exchange 
mechanisms. When exchange is measured at 
55°C in the uresence of moderate concen- 
trations of different denaturing agents (1 0) , 
the exchanee rates of seven core NH urotons - 
are accurately correlated with the T, for 
overall unfolding in the given solvent. 

Two mechanisms controlling hydrogen 
exchange. Examination of 23 curves of 
Gibbs energy as a function of denaturant 
concentration reveals two types of plots. 
The first type (observed for residues Asp14, 
Met29, Met3', Ala56, Cys5', SerS9, 
Gln6', Lys61, Val63, Tyr73, Gln74, Alal", 
and Glul'') is characterized by having a 
single linear region (Fig. 1A and Table I), 
indicating that hydrogen exchange for each 
of these residues is controlled by a single 
mechanism for each residue over the dena- 
turant concentration range studied. We 
define the exchange behavior of these pro- 
tons as class 1 exchange behavior. The 
slopes, micro-m values, for the class 1 

protons range from 97 cal mol-' M-' for change by the same kind of mechanism. In 
Metz9 to 3005 cal mol-' M-' for Cys5'. contrast, the data corresponding to residues 

The second type of exchange behavior in class 2a cluster above the regression 
(observed for residues Gln", His1', Met13, curve and represent a separate exchange 
G ~ u ~ ~ ,  Cys7', CysE4, Lys9', Thrl'', and mechanism. 
His119) is characterized bv ulots with two We should uoint out that the distinc- , . 
linear regions that typically meet at a 
well-defined transition point (Fig. 1B and 
Table 1). The GdmCl dependence in the 
linear region at low denaturant concentra- 
tions is in all cases significantly less than 
the GdmCl dependence observed at higher 
denaturant concentrations. The micro-m 
values for the initial regions at low dena- 
turant concentration for these protons in 
class 2a range from 4 cal mol-' M-' for 
Glnl' to 629 cal mol-' M-' for His119. The 
micro-m values for the later reeions at " 
higher denaturant concentration for the 
protons in class 2b range from 1263 cal 
mol-' M-' for Glu49 to 3027 cal mol-' 
M-' for CysE4. Hydrogen exchange for the 
residues that show this second type of be- 
havior is controlled by two distinct mecha- 
nisms for each residue. The first mechanism 
(shown by residues in class 2a) occurs at low 
denaturant concentration and is character- 
ized by small micro-m values. The second 
mechanism (residues in class 2b) occurs at 
higher denaturant concentration and is 
characterized by larger micro-m values. 

Linear regression analysis of AGT(0) as a 
function of micro-m values for the data 
corresponding to all residues in both class 1 
and class 2b results in Eq. 3 (Fig. 2A). 

tion between class 2a and 2b residues was 
not made on the basis of whether their 
AGf(0) and mi data fit Eq. 3, but solely on 
their biphasic behavior in plots of AGf as a 
function of the concentration of GdmCl. 

Global unfolding. Experiments conduct- 
ed with optical techniques yield an m value 
for RNase A of approximately 3000 cal 
mol-' M-' (12). The micro-m values for 
Cys5' and CysE4 are 3005 and 3027 cal 
mol-' M-', respectively. The good agree- 
ment between the m value for global unfold- 
ing and the micro-m values for Cys5' and 
CysE4 strongly suggests that the equilibrium 
governing exchange in these two cases must 
be the global unfolding equilibrium 

N e U  (4) 

where N represents native protein and U 
represents unfolded protein. The AGT(0) 
values for Cvs5' and CvsE4 (both 9.6 kcal , ~ 

mol-') are, ' however, significantly larger 
than the stabilization energy of roughly 6 
kcal mol-' determined by optical techniques 
(12). The offset of 3.6 kcal mol-' (that is, 
AGi = AGf - 3.6), which has been found 
independently (1 3), arises from a substantial 
difference (a factor of approximately lo3) 
between the rate of exchange in an unfold- 
ing intermediate and in an unstructured 

AGf(0) = "07 + 0'00124mi (3) peptide (5). Another protein for which val- 
Because of the high degree of correlation ues of k,,(i) appear tobe much smaller than 
shown by these data (r = 0.94), we con- corresponding values of k,(i) is cytochrome c 
clude that all these residues undergo ex- (oxidized form) (14). An offset of 1 kcal 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

GdmCI (M) GdmCI (M) 

Fig. 1. Difference in apparent Gibbs energy between the native protein and the intermediate 
undergoing exchange for slowly exchanging ("core") NH protons of RNase A plotted as a function 
of molarity of GdmCl at pH* 5.5, 34°C. (A) Type I plots. (B) Type II plots. Apparent Gibbs energies 
were computed from exchange rates with Eq.  1. Exchange rate data were collected as described 
(21). The intrinsic chemical exchange rate for each residue except Val was computed as described 
(6). These rates were adjusted for pH*, the dissociation constant of D20 (22), and temperature as 
described (7, 23). In calculating values of k,(i), the pKa's of His1" and Hisllg were taken as 6.0 and 
6.1, respectively (24), and the pKa's of Asp14, G I U ~ ~ ,  and Gluqqq were all taken as 4.0. The value of 
kc for Val is that given (6)  divided by four (7). The correlation between intrinsic chemical exchange 
rate and peptide sequence and structure has been reexamined recently (8). 
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mol-' has been reported for pancreatic tryp- 
sin inhibitor (1 0). 

Partial unfolding versus limited structur- 
al fluctuation. The equilibrium permitting 
hydrogen exchange for Cys5* and Cysa4 (at 
0.7 M denaturant) is one that involves global 
unfolding. This observation suggests that oth- 
er exchange data that fall on the same regres- 
sion line (Fig. 2A) as Cys5' and Cysa4 (the 
data for residues in class 1 and class 2B) 
belong to residues that also undergo exchange 
by an unfolding mechanism. Because the 
micro-m values for most class 1 and class 2b 
protons are smaller than the global unfolding 
m-value seen for Cys5* and Cysa4, it follows 
that these other unfolding reactions must 

represent only partial unfolding. The equilib- 
rium process controlling exchange for these 
NH protons must be of the form 

where I, represents some partially unfolded 
structure. The degree to which I, is unfold- 
ed is directly proportional to the magnitude 
of the micro-m value of proton i, which 
undergoes exchange from the intermediate 
I,. For example, given a micro-m value 
corresponding to two-thirds of the global 
unfolding m value, the structure of Ik must 
retain one-third of the buried surface area of 
N. Thus, Cys5* and Cysa4 are special cases 
of the partial unfolding mechanism for 

rn (cal rnol-I M") rn (cal mol-I M-I) 

Fig. 2. The apparent change in Gibbs energy, AG: at 0.0 M (A) and 0.7 M GdmCl (B) as a func- 
tion of m,. Class 1 residues (filled squares), class 2a residues (open circles), and class 2b 
residues (filled circles). 

Table 1. Values of m, and AG:(O) for all protons studied. See Eq. 2 and text for definitions of m, and 
AG;(O). For the nine protons that show a transition between two different mechanisms of exchange 
(Fig. lB), the GdmCl concentration at which the transition occurs is given as well as the values of 
m, and AG:(O) for the two lines. Residues are indicated with the one-letter abbreviations (20). 

m , AG: (0) Transit~on m,? AG:(O)t 
Residue (cal mol-l M - l )  (kcal mol-l) (M)  (cal mol-l M - l )  (kcal mol-l) 

tposttransition m, values for those protons showing two mechan~sms of exchange. $Posttransition AG:(O) 
values for those protons show~ng two mechanisms of exchange. 

which ICy558 = ICyS84 = U. 
If the residues in class 2b (Fig. 2A), have 

partial unfolding as their controlling mech- 
anism, then residues in class 2a should 
exchange by some other mechanism involv- 
ing more limited breakage of hydrogen 
bonds. We use "limited structural fluctua- 
tion" as a name for this second mechanism 
of hydrogen exchange. 

The change in mechanism observed for 
residues with biphasic exchange plots (Fig. 
1B) is, therefore, a transition from limited 
structural fluctuation to partial unfolding. 
Because limited structural fluctuation is 
seen to have only a weak dependence on 
denaturant concentration (small micro-m 
values) and partial unfolding is seen to have 
a stronger dependence on denaturant con- 
centration (larger micro-m values), it fol- 
lows that partial unfolding is induced by 
exposure to GdmC1, as expected a priori. 
That is, increasing the GdmCl concentra- 
tion leads to stroneer interaction between 
the denaturant andu the partially unfolded 
exchange intermediates and ultimately 
leads to unfolding (including both partial 
and global unfolding) as the dominant hy- 
drogen exchange mechanism. For many 
NH protons, but not all, limited structural 
fluctuation provides a lower energy alterna- 
tive to partial unfolding at 0 M GdmCl. 
Limited structural fluctuation can provide a 
mechanism to bypass prohibitively high 
energy barriers to partial unfolding. 

Global unlocking. That the data for 
class 1 and class 2b residues (Fig. 2) are 
linearly correlated supports the interpreta- 
tion that exchange of these residues occurs 
by partial unfolding, because the change in 
Gibbs energy on unfolding should be ap- 
proximately proportional to the surface area 
exposed on unfolding, just as the micro-m 
value is proportional to the surface area 
exposed. What is unexpected in this plot is 
the intercept of 6.0 kcal mol-' at m = 0; it 
implies that a global unlocking step is cou- 
pled to partial unfolding, and unlocking 
must occur without exposing significant 
buried surface area. Then, as global unlock- 
ing occurs, a wide range of partial unfolding 
reactions can occur, each with its own set 
of values for m, and AGT(0). The fact that 
the intercept at m = 0 has the same value 
(6.0 kcal mol- ') at 0.7 M GdmCl (Fig. 2B) 
as at 0.0 M GdmCl (Fie. 2A) shows that the ~- , 

globally unlocked state does not expose new 
surface area for interaction with GdmCl. 
The intercept in the linear free energy plot 
(Fig. 2) should be corrected for the offset of 
3.6 kcal mol-' between AG* of exchange 
and AG of unfolding (5). Applying this 
correction reduces the barrier in Gibbs en- 
ergy between N and the globally unlocked 
state from 6.0 kcal mol- ' to 2.4 kcal mol-'. 

What is the nature of global unlocking? 
An interesting possibility is that the un- 
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locked intermediate precedes and is close to, 
both in structure and Gibbs energy, the tran- 
sition state intermediate for unfolding. A 
study of the unfolding transition state of hen 
lysozyme (15) shows that little buried surface 
area in the native protein becomes exposed to 
solvent in the unfolding transition state, as 
measured either by the negligible change in 
heat capacity, ACpNT, between the native 
protein (N) and the transition state ($) or by 
the small de~endence of the activation en- 
thalpy on the concentration of various ionic 
denaturants, including GdmC1. The activa- 
tion enthalpy, AHNT, is large and tempera- 
ture-independent; it may arise from breaking 
hydrogen bonds and van der Waals interac- 
tions in moving from the native state to the 
transition state (1 5). The ~ ro~er t i e s  deduced ~, L L 

for the globally unlocked intermediate are 
reminiscent of a model proposed for "dry" 
molten globule intermediates (1 6). 

The existence of a global unlocking step 
may provide the key to understanding how 
rates of exchange controlled by partial un- 
folding reactions can be correlated with a " 

global thermodynamic property such as T, 
(2). Each partial unfolding reaction is cou- 
pled to overall unfolding by global unlock- 
ing. It should be emphasized that we are 
studying here the exchange rates of NH 
protons that are among the most slowly 
exchanging protons of RNase A. More 
rapidly exchanging protons may undergo 
exchange by limited structural fluctuations 
or possibly by partial unfolding reactions 
that do not involve global unlocking. 

Mutational effects on the relative ex- 
change rates of NH protons in the oxygenated 
(R) versus deoxygenated (T) forms of human 
hemoglobin provide a remarkable example of 
a correlation between an overall thermody- 
namic property of a tetrameric molecule (the 
eauilibrium constant for the R = T reaction) 
a id  the exchange rates of local clusters  of^^ 
protons (1 7). When the exchange rates are 
converted to changes in Gibbs energy (Eq. 1) 
and the AAG* values for the two alpha and 
two beta subunits are added together to give 
AAG for the effect of mutation on the hemo- 
globin tetramer, the same value of AAG is 
found as when the equilibrium constant for 
the R e T reaction is measured directly by 
determining the appropriate association con- 
stants for subunit assembly and ligand bind- 
ing. This striking correlation has been ex- 
plained (1 7) as arising from the cooperativity 
of the R e T reaction. 

Structural correlations. Two observa- 
tions can be made that relate the structure of 
native RNase A (18) to the values of mi and 
AGY(0) for protons undergoing exchange by 
partial unfolding. First, Asp14, which is just 
outside helix 1, shows m = 395 cal mol-' 
M-' and AG*(O) = 6.0 kcal mol-', where- 
as Gln", His", and Met13, which are hy- 

drogen-bonded in helix 1, show significantly 
higher values of m, and AGY(0) . Likewise 
Lys6', which is outside helix 3, has m = 597 
cal mol-' M-' and AG*(O) = 5.8 kcal 
mol-', whereas Ala56, Ser59, and 
Gln60, which are in the COOH-terminal 
end of helix 3, show higher values of 
AG* (0). Second, the two protons that show 
values of m, and AG:(0) expected for global 
unfolding, Cys58 and Cyss4, are cysteine 
residues whose side chains form large disul- 
fide-bonded loops. Apparently these loops 
act as anchors to prevent partial unfolding. 
And Cys7', which forms a small disulfide- 
bonded loop to has smaller values of 
m and AG*(O) than CysS8 and Cyss4. 

Not all the values of m, and AGy(0) can be 
given simple structural explanations. One of 
the main goals of future work is to find 
detailed structural explanations for the results. 

Note added in proof: After this paper was 
submitted, two articles appeared proposing 
that hydrogen exchange in BPTI occurs by 
two separate EX2 mechanisms that might 
be termed limited structural fluctuation and 
unfolding. The authors propose that the 
unfolding exchange mechanism occurs by 
total unfolding (1 9). 
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