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On the Mechanism of Isotope Exchange Kinetics of Single Protons in 
Bovine Pancreatic Trypsin Inhibitort 

Bruce D. Hilton and Clare K. Woodward* 

ABSTRACT: The hydrogen isotope exchange kinetics of the 
slowest exchanging proton resonances in the bovine pancreatic 
trypsin inhibitor nuclear magnetic resonance spectrum were 
measured from pH 1 to 12, 33-68 "C. The pH dependence 
and the apparent activation energy for each proton vary with 
temperature. The kinetics for each proton are explained by 
a model in which exchange is governed by two discrete con- 
formational processes that differ in temperature dependence. 
One process is related to thermal unfolding, and kinetics for 
exchange by this pathway are of high activation energy, -60 
kcal/mol, and about half-order in OH- ion. The second is a 
dynamical process of the folded conformation, and kinetics 
for exchange by this process give an activation energy of 20-35 
kcal/mol with variable pH dependence approaching first order 
in catalyst ion. Since the chemical exchange step has an 

T h e r e  is increasing evidence that the internal structure of 
the folded conformation of globular proteins is dynamic, with 
interior atoms undergoing rapid fluctuations on the order of 
tenths of angstroms in the vicinity of the time-average X-ray 
structure (McCammon et al., 1977, 1979; Woodward & 
Hilton, 1979; Weber, 1975; Curd & Rothgeb, 1979; Wagner 
& Wuthrich, 1978; Richards, 1979; Frauenfelder, 1978; Je- 
linski & Torchia, 1979; Munro et al., 1979). The hydrogen 
isotope exchange kinetics of backbone amide protons in native 
proteins monitor the accessibility of the closely packed protein 
matrix to solvent and consequently are a measure of the 
long-time internal motions in the solution structure. The 
observation that most buried amide protons in native proteins 
have slow, but finite, isotope exchange rates was for over a 
decade the main experimental indication of internal motions 
in unperturbed proteins (Linderstram-Lang, 1958; Hvidt & 
Neilsen, 1966; Englander et al., 1972). 

Briefly, for total hydrogen isotope exchange of globular 
proteins, the following are known: 85-90% of the amide 
protons exchange from the folded conformation with no con- 
tribution from unfolding (Woodward & Rosenberg, 1971a; 
Ellis et al., 1975); under certain conditions of pH and tem- 
perature the major unfolding transition may contribute to or 
dominate the observed exchange kinetics (Woodward et al., 
1975a; Ellis et al., 1975; Tsuboi & Nakanishi, 1979); native 
proteins exchange with a distribution of exchange rates 4-8 
orders of magnitude broader than the distribution of rates for 
the equivalent unfolded peptide, with the fastest rates equiv- 
alent to those of the unfolded protein (Woodward & Rosen- 
berg, 1970, 1971b; Molday et al., 1972; Lebedev et al., 1976); 
the activation energy for the conformational contribution to 
exchange is typically C-15 kcal/mol (Woodward & Rosenberg, 
1971a; Ellis et al., 1975; Woodward & Ellis, 1975; Woodward, 
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activation energy of -20 kcal/mol, the enthalpies of the two 
conformational processes are -40 and 0-15 kcal/mol, re- 
spectively. The model is simple, has a precedent in the hy- 
drogen-exchange literature, and predicts the complex features 
of the pH and temperature dependence of the single proton 
exchange rates, including the data of Richarz et al. [Richarz, 
P., Sehr, P., Wagner, G., & Wuthrich, K. (1979) J .  Mol. Biol. 
130, 191 and Wagner & Wuthrich [Wagner, G., & Wuthrich, 
K. (1979) J .  Mol. Biol. 130, 311. For the two slowest ex- 
changing protons, the rates a t  51 "C show a pH-independent 
plateau between p H  8.4 and 9.6. In the context of our model, 
comparison with data for the same resonances a t  45 "C sug- 
gests that the high activation energy conformational process 
is rate limiting a t  pH >8.4, 51 "C, and the rate of exposure 
to solvent is equal to the observed exchange rate, 5 X h-'. 

1977); denaturing cosolvents, a t  concentrations below those 
inducing unfolding, do not affect hydrogen exchange rates from 
the native conformation (Woodward et al., 1975b; Ellis et al., 
1975); exchangeable protons a t  the interface of a dimer ex- 
change with a pH and temperature dependence normal for 
buried protons in globular proteins and without apparent 
contribution of dimer dissociation (Woodward, 1977); the 
activation volume is markedly pressure dependent for folded 
proteins but not for unfolded proteins (Carter et al., 1978); 
ligands often decrease exchange rates of native proteins, but 
in some instances ligands increase exchange rates or have no 
effect [see references in Woodward & Hilton (1979)l. 

For the protein process governing solvent accessibility in the 
solution structure of proteins, two limiting types of models have 
been proposed. In one, water molecules and catalyst ions 
penetrate the buried regions of the protein via small-amplitude 
motions, each too small to accommodate solvent molecules or 
ions but which may collect as holes or pathways for solvent 
species into the protein matrix where exchange occurs 
(Woodward & Rosenberg, 1971a; Ellis et al., 1975; Wood- 
ward, 1977). Lumry and Rosenberg have suggested a more 
specific mechanism of internal fluctuations involving the re- 
distribution of mobile defects, or void volume cavities created 
primarily by rearrangements of hydrogen bonds, that allows 
the diffusion of one hydroxyl ion or hydrogen ion in combi- 
nation with at least one water molecule (Lumry & Rosenberg, 
1975; Lumry, 1978). The second type of model involves larger 
amplitude motions that expose a region of the protein to bulk 
solvent where exchange takes place. Motions suggested are 
unspecified open-close reactions (Hvidt & Neilsen, 1966; 
Hvidt, 1973), local reversible unfolding (Englander, 1975; 
Schreier & Baldwin, 1977), local unfolding of a segment of 
secondary structure in which several broken hydrogen bonds, 
distributed randomly over the molecule, are statistically 
localized in adjacent peptides of the same secondary structural 
element (Nakanishi et al., 1973; Tsuboi & Nakanishi, 1979), 
and motions of hydrophobic domains relative to each other 
by open-close transitions of hydrogen-bonded secondary 
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to 1 mL of D20,  0.3 M in KCl, and the pH was adjusted with 
DCl and/or KOD. Spectra were obtained with a Bruker 
HX-270 spectrometer equipped with temperature control. 
Temperatures were calibrated by using ethylene glycol (Pic- 
cinni-Leopardi et al., 1976). In Hilton & Woodward (1978) 
the data are reported in terms of pD, taken as the pH meter 
reading plus 0.4, the correction for the potential change in the 
glass electrode in deuterium solvent (Glasoe & Long, 1960). 
Here, the pH meter reading in 98% deuterium solution, pH*, 
is reported without correction since it appears that the equi- 
librium isotope effect compensates for the effect of the deu- 
terium on the glass electrode (Bradbury & Brown, 1973). 

NMR spectra were obtained in the Fourier transform mode 
by using an internal deuterium lock. The HOD resonance was 
selectively saturated by using 33 dB of decoupler power. From 
1500 to 10 800 scans were accumulated for individual spectra, 
continuously recorded during an exchange experiment with 
the sample remaining in the spectrometer. 

Resonance intensities were obtained as in the previous report 
(Hilton & Woodward, 1978). Errors in rates were estimated 
to be within 10% except where indicated. The error in the 
activation energies from the linear portion of the temperature 
dependence was 510% based on a linear least-squares fit. 

Results 
We have previously reported the hydrogen isotope exchange 

rates of the downfield resonances of BPTI at 68 OC (Hilton 
& Woodward, 1978). The high temperature was chosen so 
that the exchange could be conveniently followed over the pH 
range that spans the pH of minimum rate, pH,,,. BPTI is 
unusually stable and at 68 "C is >20 OC below thermal un- 
folding detectable by N M R  (Masson & Wuthrich, 1973; 
Wagner et al., 1976). As the exchange is acid/base catalyzed 
and has a high activation energy, the temperature was lowered 
in order to bring the exchange rates at  pH* >7 into the ob- 
servation window, 1-48 h. 

Exchange rates from pH* 7 to 10 were determined at  5 1.3 
and 33 OC (Figure 1). Resonances are numbered as in Hilton 
& Woodward (1978). The data at 68 OC reported earlier 
along with new data at pH* 1.1, 1.4, 1.9, and 2.3 are also 
shown in Figure 1. For three of the protons, the pH-rate 
profiles for the predicted chemical-exchange step are shown 
by dashed lines; these are calculated for each proton from the 
empirical nearest-neighbor rules of Molday et al. (1972), based 
on the assignments of Dubs et al. (1979). The assignments 
of Dubs et al. (1979) are indicated in parentheses after the 
resonance number. 

As noted earlier (Hilton & Woodward, 1978) for these 
protons at 68 OC, the pHmi, is higher than for unfolded p e p  
tides and the base-catalyzed exchange rates show less than 
first-order dependence on OH- ion. The latter is indicated by 
the fact that A(1og k)/ApH* < 1 (Figure 1). At pHmi,, 68 
OC, the exchange rates are slower than model compound rates 
by the same factor. The rates for resonances 1, 2, 3, 4, 6, 7, 
and 9 are 0.074, 0.13,0.063, 0.069, 0.063, 0.084, and 0.074 
h-*. The model compound rates (Molday et al., 1972) based 
on the assignments of Dubs et al. (1979) at 68 "C and pHmi, 
are 10.0, 19.5, 10.10, 10.4, 11.0, 13.9, and 10.4 min-', re- 
spectively. For each resonance at 68 "C and pHmi,, the ratio 
between the extrapolated model compound rate and the ob- 
served rate is f 9 %  of 9 X lo3. 

At 51 OC, the pH*-rate profile obtained between pH* 7.2 
and 9.2 shows the same OH- ion dependence as at 68 "C for 
resonances 2, 4, 7, and 9. For resonances 1, 3, and 6 at 51.3 
OC, the pH*-rate profiles between pH* 7.2 and 10.6 are 
curved, Further, for resonances 3 and 6, there is a pH*-in- 

structure (Wagner & Wuthrich, 1978; Wuthrich et al., 1978a). 
The evidence cited in support of each type has been reviewed 
(Woodward & Hilton, 1979; Gurd & Rothgeb, 1979; En- 
glander & Englander, 1978; McCammon & Karplus, 1979). 

In crystals of myoglobin, ~ 9 5 %  of the peptide N H  protons 
exchange with deuterium after perfusion with deuterium 
solvent (Schoenborn et al., 1978). Also, recent studies of the 
temperature dependence of the myoglobin crystal structure 
indicate that the interior atoms fluctuate in the crystal 
(Frauenfelder et al., 1979). It is possible that the types of small 
atomic displacements observed in the temperature (Frauen- 
felder et al., 1979) and ligand (Deatherage et al., 1976; Huber 
et al., 1974) perturbation of protein crystal structure provide 
solvent accessibility for N H  protons in the crystalline state 
and further that these motions are related to the fluctuations 
that expose buried atoms in the solution structure to solvent 
(Woodward & Hilton, 1979). 

The interpretation of total hydrogen exchange in proteins 
has been limited by the lack of adequate methods for the 
analysis of the complicated kinetics, although promising ad- 
vances have been made by the introduction of a distribution 
function constructed from the reverse Laplace transform of 
the total exchange kinetics (Knox & Rosenberg, 1980). To 
simplify the analysis of hydrogen exchange kinetics in solution, 
we have turned to the study of single proton exchange rates 
by N M R  spectroscopy (Hilton & Woodward, 1978). 

Hydrogen-deuterium exchange rates of single atoms are 
obtained from the decay rates of the 'H NMR signal in 
deuterium solvent. Bovine pancreatic trypsin inhibitor (BPTI) 
is an ideal model for the initial studies of single proton ex- 
change by N M R  spectroscopy. It is small, molecular weight 
6500, and stable over an unusually broad range of pH and 
temperature. The high-resolution X-ray crystal structure is 
known (Huber et al., 1971), and it has been the subject of 
extensive NMR spectroscopic characterization (Karplus et al., 
1973; Marinetti et al., 1976; Wagner et al., 1976; Wagner & 
Wuthrich, 1978; Richarz & Wuthrich, 1978; Wuthrich et al., 
1978b; Wuthrich & Wagner, 1979). BPTI is also the model 
protein used for dynamical calculations of small amplitude 
motions in proteins by Karplus, McCammon, and co-workers 
(Gelin & Karplus, 1975, 1977; McCammon et al., 1977, 
1979). 

In this paper we have extended our previous high-temper- 
ature studies of the slowest exchanging protons in BPTI 
(Hilton & woodward, 1978). These are conveniently observed 
as they are shifted downfield and well resolved from the 
aromatic envelope. The exchange rates of these protons at 
lower temperatures have recently been reported (Wuthrich & 
Wagner, 1979; Richarz et al., 1979). These resonances have 
been assigned to individual atoms (Dubs et al., 1979). Our 
present results indicate that there are two discrete types of 
dynamic processes having markedly different activation en- 
ergies that account for the accessibility of each slowly ex- 
changing proton in the temperature range 22-68 OC, pH 1-12. 

Experimental Section 
Bovine pancreatic trypsin inhibitor (BPTI) (Novo Industries, 

Denmark) was dialyzed against deionized water at neutral pH 
to remove low molecular weight impurities and stored as the 
lyophilized powder. D 2 0  (99.8%, Stohler) was treated by 
extraction with dithiocarbazone in carbon tetrachloride to 
remove metals (Hilton & Bryant, 1976). Sodium 3-(tri- 
methylsily1)propionate-2,2,3,3-d4 (TSP) (Merck Sharpe & 
Dohme) was used without further purification. 

BPTI buffers and solvents were preequilibrated to 25 OC 
for at least 1 h, and then 20 mg of protein was added directly 
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FIGURE 1: pH dependence of exchange rates of single protons in BPTI. The numbers refer to resonances in the NMR spectrum (Hilton & 
Woodward, 1978). The assignments in parentheses are from Dubs et al. (1979). The circles are data of Hilton and Woodward; triangles 
are from Wuthrich & Wagner (1979) and Brown et al. (1978) extrapolated from 5 5  to 51 "C or from 60 to 68 OC by using activation energies 
determined at pH* 7.7. The solid curves are fits of the pH profile at 68 OC to the equation k = kl[HtI0.*' + k2[Ht]4,3' + k3. Dashed lines 
are calculated model compound rates at 68 O C  (X10-4) from the rules of Molday et al. (1972). 

dependent plateau from pH* 8.4 to 9.6 (Figure 1). 
At 33 OC, the pH* dependence is clearly different from that 

at higher temperatures; the data fall on a line with slope A(1og 
k)/ApH* N 1. The exchange rates a t  33 OC were obtained 
only for resonances 1, 2, 4, 7, and 9 as rates for the other 
protons fall outside the observation range. 

A careful determination of the temperature dependence of 
the BPTI downfield resonances was carried out between 43 
and 68 OC a t  pH* 7.7. These data are shown together with 
the rates at 33 OC for four of the resonances extrapolated from 
the pH-dependence studies in Figure 2. For resonances 1, 
3, and 6, for which the 33 OC data are not available, the 
apparent activation energy is constant within error between 
43 and 68 OC. For resonances 4 and 9, the Arrhenius plots 
are linear from 48 to 68 OC but show curvature a t  43 and 33 
"C. Resonance 2 has an increasing activation energy a t  higher 
temperatures, and resonance 7 shows curvature over the entire 
temperature range. It is notable that for all but resonance 2 
the Arrhenius plots extrapolate to approximately the same 
value a t  68 OC (Figure 2). The apparent activation energies 
obtained from the linear, high-temperature regions of Figure 
2 for resonances 1, 3, 6, 4, and 9 are 57, 65, 65, 46, and 48 
kcal/mol (&lo%), respectively. 

Discussion 

Several new features of the mechanism of solvent isotope 
exchange of single protons in BPTI are apparent from analysis 
of Figures 1 and 2. (1) For each proton there are a t  least two 
conformational processes, one of high energy and the other 
of low energy, that provide accessibility to solvent. (2) The 
high-energy conformational fluctuation is rate limiting a t  5 1 
OC, pH* 8.4-9.6, for the two slowest exchanging resonances, 
3 and 6. (3) Assuming the N M R  assignments made by Dubs 
et al. (1979), shown in Figure 3, adjacently hydrogen-bonded 
@-sheet protons may have closely similar exchange parameters 
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FIGURE 2: Temperature dependence of exchange rates of single protons 
in BPTI at pH* 7.7. (a) (0) resonance 3; (A) resonance 6; (0 )  
resonance 4; (A) resonance 9. (b) (0) resonance 1; (0) resonance 
2; (A) resonance 7 .  The points at 33 "C were extrapolated to pH* 
7.7 from the pH-rate data at 33 O C  in Figures 1 and 4. 

when they are oriented between the same peptide strands, as 
for resonances 4 (Phe-33 N H )  and 9 (Arg-20 NH),  or when 
they are oriented to different peptide strands, as for the res- 
onances 3 (Phe-22 N H )  and 6 (Tyr-21 NH) .  

(1) The data in Figures 1 and 2 demonstrate that there are 
a t  least two types of protein motions that determine accessi- 
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FIGURE 3: Computer projection of the X-ray crystal structure of BPTI showing the P-sheet region containing the exchanging protons. Hydrogen 
bonds are  shown as  dashed lines; side chains are  labeled by sequence position. Assignments of Dubs et  al. (1979) are  shown with our resonance 
numbers next to the amide proton (drawing provided by Dr.  Richard J. Feldmann, National Institutes of Health).  

bility of these P-sheet protons to solvent; one is evident at 
higher temperatures, 51-68 OC, and the other is evident at 
lower temperature, 33 O C .  Rates of exchange by the first have 
a high activation energy and about a half-order dependence 
on OH- ion, while rates of exchange by the second have a lower 
activation energy and a higher order dependence on OH-. 

The Arrhenius plots of exchange rates a t  pH* 7.7 for res- 
onances 2 ,  4, 7, and 9 are curved over the range 33-68 OC 
(Figure 2 ) .  Resonances 1, 3, and 6 have rates outside the 
observation window below 43 O C ,  and their activation energies 
are reasonably constant from 43 to 68 "C. Apparent activation 
energies obtained from the linear, high-temperature regions 
range from 46 to 65 kcal/mol (see Results); an upper estimate 
for the activation energy between 33 and 48 OC for the ex- 
change of resonances 4, 7, and 9 is 30 kcal/mol. These data 
are roughly consistent with the limited data of Richarz et al. 
(1979), who report average activation energies a t  p H  8 ob- 
tained from linear fits to three to four data points over the 
range 10-60 "C. These data also supersede our earlier esti- 
mates of the activation energies obtained from 58 to 68 "C, 
pH* 6.85 (Hilton & Woodward, 1978). 

The Arrhenius plots are not only curved, they converge a t  
high temperatures. This suggests that the apparent activation 
energy for each proton rises with increasing temperature due 
to a shift in the contribution from one or more low-energy 
processes to a higher activation energy process that is similar 
for all the protons. 

The simplest model to explain the data in Figures 1 and 2 
is that there are two discrete types of processes, process a and 
b, with different activation energies and different p H  depen- 
dencies, whose relative contributions to the observed exchange 
will depend on the p H  and temperature. We envision each 
process as involving interconversion between conformational 
substates. Then, as the temperature is raised at constant pH, 
the folded conformation shifts from a population of many 

substates interconverting by low-energy, low-amplitude tran- 
sitions with little p H  dependence to a population of a few 
substates interconverting by high-energy, high-amplitude, 
pH-dependent transitions. 

For illustration of this idea, hypothetical pH-rate profiles 
for each type of process for resonance 1 are shown a t  several 
temperatures in Figure 4. The curves for process a are 
constructed from the data a t  68 OC (Figure 1 )  by using the 
apparent activation energy a t  high temperature to estimate 
process a at lower temperatures. The curves for process b are 
constructed from the 33 O C  data by using an activation energy 
of 30 kcal/mol. The exchange kinetics expected to be observed 
are indicated by the dashed lines. The data points are from 
Figure 1 and Wuthrich & Wagner (1979). 

These curves predict several aspects of isotope exchange 
kinetics which can be tested by experiment. First, they predict 
that a t  high temperatures and high p H  values there will be 
a shift from the high activation energy process a to the low 
energy process b a t  the point of intersection of the curves 
(Figure 4). Such behavior is observed at 5 1 OC for the slowest 
exchanging resonances (1, 3, and 6), for which exchange rates 
shift to first-order dependence on OH- a t  pH > 10 (Figure 1). 
Second, they predict that a t  lower temperature this shift will 
take place a t  lower p H  values, specifically a t  p H  -8 a t  45 
"C for resonance 1 (Figure 4). The data of Wuthrich and 
co-workers fit the predicted curves for resonance 1 remarkedly 
well (Figure 4).l Third, our model predicts that a t  pHmi, 

The agreement of Wuthrich's 45 O C  data is essentially in the shape 
of the pH-rate profile rather than in the precise value of the exchange 
rates, as the rates reported for 45 OC overlap our 51 OC data at pH* >9.8 
except for resonances 3 and 7. Since the activation energy in the range 
51-45 OC is 220 kcal/mol, the overlap between the 45 and 51 O C  rates 
obtained in the two labs may reflect some differences in the BPTI solu- 
tion conditions. 
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FIGURE 4: Model for the temperature dependence of the pH profile 
of resonance 1 (Tyr-23 NH) exchange rates. Kinetics for process 
a or b are shown as solid curves; dashed curves are observed exchange 
kinetics predicted by the model. Curves for process a are derived from 
the 68 OC data by using an activation energy of 57 kcal/mol; curves 
for process b are derived from a straight-line fit to the data at 33 OC 
and an activation energy of 30 kcal/mol. Circles are data from Hilton 
and Woodward; triangles are from Wuthrich & Wagner (1979) and 
Brown et al. (1978). For the latter, the 33 and 68 OC points were 
extrapolated from 36 and 60 OC data by using an activation energy 
of 57 kcal/mol. 

process a will dominate, even around room temperature, and 
the activation energy measured from about 22 to 68 "C at 
pH- will be constant and -60 kcal/mol for these resonances, 
that a t  basic pH values process b will dominate and the ac- 
tivation energy will be constant over a broad temperature range 
at  20-35 kcal/mol, and that at intermediate pH values the 
Arrhenius plots may be curved. These predictions are realized 
in the comparison of Figures 2 and 5 and in the activation 
energies at pH&. Figure 5 shows the temperature dependence 
for resonance 1 around pH,,, and at pH* 10.6. Within the 
error of the sparse data, the activation energy from 36 to 69 
OC at  pH* 4.2 is linear and 60 kcal/mol, while a t  pH* 10.6 
the activation energy between 22 and 5 1 OC is linear and 28 
kcal/mol. At intermediate pH the activation energy will be 
a function of the relative contribution of processes a and b; 
a t  pH* 7.7, over the range 36-71 O C ,  resonances that can be 
observed below 43 "C change to low activation energy at lower 
temperatures (Figure 2). For resonance 1 at  pH* 7.7, the 
model in Figure 4 predicts that process a will dominate from 
45 to 68 OC and therefore that the activation energy should 
be constant and high in this range; this is observed (Figure 
2). At pHmi,, the Arrhenius plots for resonances 2, 3, 4, 6, 
and 9 constructed from the same sources as that for resonance 
1 (Figure 5) are linear over the range 36-71 OC, pH* 4.2, and 
have apparent activation energies from a least-squares fit to 
the data of 51, 65,63,62, and 64 kcal/mol, respectively. For 
resonance 7, the 36 "C rate is not available and the activation 
energy between 45 and 71 "C is linear and 65 kcal/mol. A 
single point at 22 OC for resonance 7 at  pH* 4.2 shows that 
the temperature dependence changes to lower activation energy 
between 22 and 45 O C .  The differences between these values 
of the activation energies at pH* 4.2 previously reported for 
the interval 62-71 OC (Hilton & Woodward, 1978) arise from 
the bias of the lowest temperature points, which are on the 
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FIGURE 5 :  Temperature dependence of resonance 1 (Tyr-23 NH) 
exchange rates at pH* 4.2 (closed symbols) and pH* 10.6 (open 
symbols). Circles are data from Hilton and Woodward; triangles are 
from Wuthrich & Wagner (1979) with the pH* 4.2 values extrap- 
olated from data at pH* 4.6 by using the pH dependence at 45 OC. 
The apparent activation energies are 60 kcal/mol at pH* 4.2 and 28 
kcal/mol at pH* 10.6. 

slow limit for these experiments and have the highest exper- 
imental error. 

In summary, the complex exchange kinetics of the slowest 
exchanging protons in BPTI are explained by a simple model 
of two types of dynamical processes that are different in ac- 
tivation energy. We propose that the low activation energy 
process b is the general exchange process of interest in the 
native conformation of globular proteins involving low-energy, 
small-amplitude fluctuations (Woodward & Rosenberg, 197 1 a; 
Woodward, 1977). We propose that process a is a large-am- 
plitude process related to major unfolding. Our model has a 
precedent in the hydrogen-exchange literature (Woodward et 
al., 1975a; Ellis et al., 1975) and has no complex ad hoc 
assumptions. The present model differs from our earlier 
suggestions for the BPTI exchange mechanism (Hilton & 
Woodward, 1978). 

Process a has characteristics of thermal unfolding, but the 
high activation energy process cannot be the major cooperative 
transition if we assume that the kinetics of the transition are 
the same in the range pH 5-1 1 as at low pH. BPTI is so stable 
that the thermal unfolding transition cannot be measured at  
pH >3.5 (Vincent et al., 1971). At pH 1,86 OC, the midpoint 
of the thermal unfolding transition, the interconversion of 
unexchangeable resonances for the same proton in the native 
and denatured forms is slow on the NMR time scale 
(Wuthrich et al., 1978b). Exchange cannot be mediated by 
this slow a transition since the chemical exchange step would 
not enter the overall exchange expression and typical acid/base 
catalysis would not be observed. At pH =7, in D20 or H 2 0 ,  
the unexchangeable protons in the BPTI spectrum at 85-87 
OC show no chemical-shift changes relative to the low-tem- 
perature, time-average structure (Masson & Wuthrich, 1973; 
Wagner et al., 1976). At 87 OC, pH 7, the downfield ex- 
changeable resonances are not observed in D20 due to rapid 
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isotope exchange but are observed in HzO, indicating that the 
average magnetic environment of these P-sheet protons is intact 
a t  temperatures 20 "C higher than those in our experiments 
(Wagner et al., 1976). Both motional processes indicated by 
the hydrogen-exchange data then are apparently processes of 
the folded macrostate. Since few proteins are as stable to heat 
as BPTI, the high activation energy process may not be general 
for globular proteins. That the temperature dependence and 
the pH dependence in the base-catalyzed region for process 
a are somewhat different for these resonances also suggests 
that more than one large-amplitude transition is involved, even 
though at pH,,,, 68 "C, the exchange rates are slower than 
model compound rates by the same factor. 

Our model explains why the thermal stability of BPTI ho- 
mologues and derivatives is correlated to the hydrogen ex- 
change rates at pH 4.6, 36 O C  (Wagner & Wuthrich, 1979). 
In the region of the pH,,, including pH 4.6, process a dom- 
inates the exchange kinetics at temperatures 1 36 "C and 
process a is expected to be correlated to thermal unfolding. 
At different conditions of pH and temperature, where process 
b determines the exchange mechanism, our model predicts that 
the exchange rate is not correlated to thermal stability. In 
the same vein, we expect that process a will be accelerated by 
urea and other denaturants while process b will not. 

This differs from the interpretation of Wuthrich and co- 
workers (Wuthrich et al., 1978a; Wagner & Wuthrich, 1978; 
Richarz et al., 1979). Based on the observation that the 
thermal stability of BPTI homologues and derivatives is cor- 
related to the hydrogen exchange rates at pH 4.6, 36 "C, while 
the flip rates of the tyrosine side chains are not, these authors 
have postulated that the general protein conformational 
fluctuations governing proton exchange in the range pH 1-11, 
10-60 "C, involve opening of hydrogen-bonded secondary 
structure to give motions of intact hydrophobic domains rel- 
ative to each other. 

With regard to the pH dependence, process a for all the 
resonances and process b for resonances 3 and 6 are not first 
order with respect to hydroxyl ion, as expected for simple base 
catalysis. The explanation of this depends on whether the 
difference between the observed exchange rates for these 
protons in native BPTI and their predicted exchange rates in 
an unordered peptide is due to effects on the chemical ex- 
change step or to pH and temperature effects on conforma- 
tional processes. Although the answer is not clear, it is useful 
to review several aspects of the question that arise. 

The chemical exchange step for isotopic exchange of peptide 
amide protons is both acid and base catalyzed [Woodward & 
Hilton (1979) and references therein]. The slow step is the 
formation of a charged intermediate by N- or 0-protonation 
in acid catalysis and by extraction of the amide proton in base 
catalysis. For model compounds, the rate for the chemical 
exchange step, k,,, is 

(1) 
where kH, koH, and kHZ0 are the rate constants for acid-cat- 
alyzed, base-catalyzed, and direct exchange with water. The 
latter is negligible for model peptides freely exposed to solvent. 
The pH-rate profile goes through a minimum at the pH for 
which the first two terms on the right are equal, pH,,,. For 
random conformation peptides, pH,, is pH N 3 and exchange 
away from the minimum region is first order with respect to 
hydrogen and hydroxyl ion. In native proteins, pH,, is usually 
but not always pH e 3  and the base-catalyzed kinetics are 
often less than first order in OH- ion. 

Since exchange from folded BPTI is acid and base catalyzed, 
for each proton in the native structure 

kc, = kH[H+l + kOHIOH-l + kH20 
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where k, is the observed exchange rate, kH,, k(OH),, and k(HZO)a 
are rates for acid- and base-catalyzed and direct exchange for 
that proton in the native conformation of the protein, [H+], 
and [OH-], are the ion concentrations at the exchange site 
in the native protein, and ,&, &H, and @H20 are the equilibrium 
probabilities that the proton is accessible for exchange. 

If the chemical exchange rate for the proton in the native 
protein has the same value as for model compounds, then all 
of the difference between the observed pH and temperature 
dependence of the exchange kinetics of native proteins, as 
compared to unfolded peptides, resides in protein conforma- 
tional processes. Then for base-catalyzed exchange, k(OH)n- 
[OH-], koHIOH-] = k ,  and the conformational parameters 
can be calculated from the observed exchange rate and model 
compound values of kcx. Alternatively, there have been sug- 
gestions that differences between exchange kinetics of native 
and unfolded proteins may be due in part to effects on the 
chemical exchange step; if exchange occurs in the protein 
matrix, then the chemical exchange term may be different 
from model compounds in the value of the catalytic rate 
constant, in the effective OH- ion activity, or both. Then 
k ( o ~ , ~ [ o H - ] ,  # koHIOH-], and conformational parameters 
calculated from the observed exchange rates and model com- 
pound data have no clear physical relevance. 

Whether the pH dependence of process a is ascribed to 
effects on the chemical exchange step or on the conformational 
process, the explanation must account for why these apparently 
do not affect process b for four resonances. One possibility 
is that the motions at low temperature involve low-amplitude 
fluctuations that in general do not perturb interactions between 
charged groups. Since the charge-bearing side chains are on 
the surface and have substantial rotational freedom (Gurd & 
Rothgeb, 1979), their average electrostatic interactions may 
not be affected by small internal motions. However, the 
high-amplitude motions may displace charged surface groups 
relative to each other. As these experiments are carried out 
at an ionic strength of 0.3 M, one does not expect electrostatic 
effects to be important. Nevertheless, some type of interactions 
that depend on the charge of the protein appears to be the only 
viable explanation for the high-temperature results. 

For process a, pHmh* e 3 . 6 ,  ~ 0 . 8  pH unit higher than the 
pH& calculated for each proton from empirical rules (Figure 
1). Again the question is whether this arises from effects on 
the chemical exchange term or on the protein conformational 
process. An electrostatic contribution to the effective OH- 
ion concentration calculated from the smeared charge model 
(Linderstr#m-Lang, 1924) would give a pH& lower than that 
for model compounds. A lower effective K ,  would give a 
higher pH&, as would a greater increase in the acid-catalyzed 
exchange at 68 O C  relative to base-catalyzed exchange (Hilton 
& Woodward, 1978). The latter now seems to be the most 
attractive explanation for the pHmi, of process a, as BPTI is 
known to be less thermally stable at low pH. The shallowness 
of the pH- region as compared to model compounds can arise 
from acid and base terms that are less than first order in H+  
and OH- ions (Hilton & Woodward, 1978). 

(2) The pH*-rate profiles of resonances 3 and 6 plateau 
between pH* 8.4 and 9.6 (Figure 1); the profile of resonance 
1 also levels off around the same pH*, a feature more evident 
in Figure 4. If as suggested above the exchange at  high pH* 
shifts to process b, then the observed sigmoidal shape of the 
profile for resonances 3 and 6 in Figure 1 is a combination 
of a leveling out of process a at pH >8.4 and the entry of 
process b at pH >IO (Figure 6). We have then to explain 
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FIGURE 6: Model for the contributions of processes a and b to the 
pH profile of resonance 3 (Phe-22 NH) exchange rates at 22-68 OC. 
Solid curves for process a are derived from a fit to the data at 68 OC 
by using an activation energy of 65 kcal/mol; solid curves for process 
b are derived from a linear fit to the 51 " C  data at pH* >9 and an 
activation energy of 30 kcal/mol. Circles are data from Hilton and 
Woodward; triangles are from Wuthrich & Wagner (1979) and Brown 
et al. (1978). For the latter, the triangles at 68 OC are extrapolated 
values from data at 60 O C  by using an activation energy of 65 
kcal/mol. 

why for resonances 1, 3, and 6 process a is pH independent 
at pH >8.4, while other resonances show no evidence of such 
an effect. 

An interesting possibility is that the chemical exchange step 
at  high pH has become very large relative to the protein 
conformational reactions so that it no longer enters the ob- 
served exchahge, as in the "EXI" case in the notation of Hvidt 
(Hvidt & Neilsen, 1966; Hvidt, 1973). This is consistent with 
the fact that these are the slowest exchanging amide protons 
in BPTI. In the EX1 case the observed exchange rate gives 
the rate by which conformational transitions provide solvent 
accessibility for the buried proton. 

We can express the sum of the motions for process a be- 
tween native conformational substates, NH,  in which the 
proton is inaccessible and native conformational substates, 
NH', in which the proton is accessible for exchange with 
deuterium to give ND. 

k k3 

k2 
NH 5 NH' - ND (3) 

Taking k3 = k(OH)n = k,,, this is formally equivalent to the 
scheme of Hvidt; for a buried proton, kl  << k2, and when k,, 

It is also possible that the pH-independent plateau arises 
from local effects from the titration of an ionizing group. In 
this pH region a number of groups are titrating; for the N -  
terminal amino group pKa = 8.1 (Brown.et al., 1978), for the 
four lysine side chains pKa = 10.6-10.8 (Brown et al., 1976), 
and for the four tyrosine side chains pK, = 9.9-1 1.1 (Wagner 
et al., 1976). Deprotonation of the N-terminal amino group 
could alter its salt bridge with the C-terminal carboxyl (Brown 
et al., 1978; McCammon et al., 1979), which in turn could 

>> kz, k ,  N kl .  

affect the protein motions determining the accessibility of these 
protons. 

These alternatives may be differentiated experimentally by 
the temperature dependence of the pH at which the observed 
pH-rate curve levels off. If the effect is due to a titration of 
amino or phenolic groups, a t  lower temperatures the break 
should be at higher pH*, as the enthalpy of ionization for these 
groups is positive. On the other hand, if it is because the 
conformational transition becomes rate limiting, then at lower 
temperatures the break in the pH*-rate curve should occur 
at lower pH* values. This is because the activation energy 
of k,, -20 kcal/mol is about half the enthalpy of the con- 
formational process and at lower temperatures the same 
relative values of the conformational accessibility rates and 
the base-catalyzed chemical exchange rates will be attained 
at  lower pH*. 

Comparison of our data for resonances 3 and 6 with the 45 
"C data of Wuthrich & Wagner (1979) (Figure 6) suggests 
that the latter is the case. At 51 O C  the pH-independent region 
is marked; at 45 "C the inflection in the pH-rate profile is 
present, and it breaks at lower pH. At 45 "C the inflection 
is less prominent, as our model for the relative contributions 
of processes a and b predicts. The inflections in the data for 
resonances 3 and 6 at 45 "C were regarded by the authors as 
experimental deviation from the linear curve for base catalysis. 

Although a more detailed study of the pH dependence as 
a function of temperature in this region is needed before a firm 
interpretation can be made, these data support the conclusion 
that, for process a at high pH, the conformational transitions 
exposing the protons of resonances 1, 3, and 6 to solvent are 
limiting and have a rate equal to the observed rate in the 
pH-independent region. For resonance 3, this is 5.1 X 
h-' at 51 OC and 4.8 X lo-) h-I at 45 "C. 

For resonance 3 (Phe-22 NH) ,  values of k,, (Molday et al., 
1972) at the break in the pH-rate profile are 3.9 X lo7 h-I 
a t  51 "C, pH* 8.4, and 3.5 X lo6 h-' at 45 "C, pH* 7.6. At 
the break in the pH-rate profile for process a, k2 is on the order 
of k,,; this magnitude for k2 is inconsistent with slow exchange 
between N H  and NH' N M R  signals at the midpoint of the 
thermal unfolding. The free energy of Kq = k l / k 2  N k,/k,, 
is on the order of 15 kcal/mol at 51 "C for process a. 

In principle, k2 can be calculated for eq 3 at pH values 
where the chemical exchange rate does contribute to the ob- 
served exchange rate and k l  + k2 >> k3.  Then 

k n  k l k 3 / ( k l  + k 2 )  (4) 
and k2 can be determined from the observed exchange rate, 
k,, if it is assumed that the apparent pH independence of kl 
continues at lower pH and that k3 = k,, (Hvidt & Neilsen, 
1966). The data presently available are not precise enough 
to warrant these calculations. 

(3) For qualitative examination of the crystal structure in 
terms of of the hydrogen exchange kinetics and the assignments 
of these protons, Figure 3 shows a drawing of the relevant 
region. All of the protons are in P-sheet hydrogen bonds, 
except resonance 1 (Tyr-23 NH)  which is hydrogen bonded 
to a side-chain carboxyl (Dubs et al., 1979). All correspond 
to sequences in the rigid core of the protein with the lowest 
root mean square displacements of the a carbons relative to 
the average dynamical structure as calculated by McCammon 
et al. (1977). 

As seen in Figure 3, resonances 4 (Phe-33 N H )  and 9 
(Arg-20 NH) ,  which have very similar hydrogen exchange 
kinetics at all temperatures and pH values, comprise adjacent 
hydrogen-bond rungs on the sheet between the same peptide 
strands; it seems reasonable that the internal motions that 
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expose these two protons should be very similar. However, 
the pair, resonance 3 (Phe-22 NH) and 6 (Tyr-21 NH), which 
also have the same hydrogen exchange parameters, including 
the unusual pH independence around pH* 9, are oriented in 
opposite directions and bonded between two different strands 
of 0 sheet. Since Gln-31 N H ,  assigned to resonance 7, is 
hydrogen bonded to the carboxyl of Phe-22, and Phe-22 NH,  
assigned to resonance 3, is hydrogen bonded to the carboxyl 
of Gln-3 1, this raises the possibility that resonances 6 and 7 
are incorrectly assigned. If the assignments are in fact correct, 
the protein motions that expose protons hydrogen bonded to 
different peptide strands have the same pH and temperature 
dependence and the same rates, while the protein motions that 
expose two well buried protons comprising adjacent 0-sheet 
hydrogen bonds have quite different pH and temperature 
dependencies. 
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