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ABSTRACT The kinetics of hydrogen exchange from folded proteins can be molded
as a function of two continuous distributions of rate constants, k. and k,, repre-
senting exchange from the folded and unfolded conformations, respectively. This
model can account for the temperature dependence of soybean trypsin inhibitor at
pH 3 and pH 6.5. The physical significance of this model, especially the shape and
breadth of the k, distribution, are discussed.

INTRODUCTION

A protein is composed of one or more linear polymers of a-amino acids, and in the
native state is folded upon itself in a compact three-dimensional structure. In the
unfolded (or denatured) state, this structure is disrupted and the protein exists as an
extended chain or chains. Many workers have studied the structure and mobility of
folded proteins by measuring the kinetics of hydrogen exchange of peptide amide pro-
tons. For example, we have determined the extent to which the internal regions of a
protein are accessible to solvent using this technique (Ellis et al., 1975).

A conceptual model is required before the results of hydrogen exchange experiments
can be interpreted. These data can often be approximated as the sum of two to four
exponential terms. Thus one model frequently assumed, implicitly or explicitly, is that
peptide amide protons can be divided into two to four kinetic classes, each with a single
rate constant for exchange. Biophysical significance is accorded to these classes
(Englander, 1975; Englander et al., 1972), though the error of this assumption is well
known (Laiken and Printz, 1970).

This paper presents an alternative model for hydrogen exchange based on more
valid assumptions. This model can simulate the observed hydrogen exchange kinetics
of soybean trypsin inhibitor (Kunitz) (STI) as a function of temperature and pH.

BACKGROUND AND THEORY

The rate of hydrogen exchange in an unfolded protein is a function of the chemical
environment of the exchanging protons. That is, it depends completely on the chemi-
cal nature of the amino acid side-chains of the residues joined by the peptide bond
(Molday et al., 1972). If we assume a protein with only a single exchangeable amide
proton, its rate constant for chemical exchange, k., can be determined from model
compounds.
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The relative amounts of folded and unfolded protein present at any given pH and
temperature depend on &, and k,, the rate constants for thermal refolding (renatura-
tion) and unfolding (denaturation), respectively. The physical and chemical factors
influencing exchange from the folded conformation can be lumped into another rate
constant k,, which measures the rate of exchange from the native (folded) protein.
This symbol k&, has been used previously (Ellis, 1977); it corresponds to k; of Ellis
etal. (1975).

If the native (folded) protein is N, its denatured (unfolded) conformer is D and the
proton to be exchanged is *; this can be diagrammed as

N* SNt
ky ! VK . (D
D* &—'D+*

The rate constant for exchange from the folded conformation, k,, is influenced by
the proton’s chemical environment, but folding imposes more important constraints,
including limited solvent access.

Hydrogen exchange experiments measure the number of protons remaining unex-
changed (H,., = N* + D*) at a given time. From diagram 1, the time-course of
these measurements (dH,.,/d¢) is a function of k, and k,,: dH,/dt = —(k,N* +
k.. D*).

Under the steady-state assumption that the rate of change of D* equals zero,'
D* = k,N*/(ky + k.). Thus dH,,/dt = —N*k,,, and H,, = exp (—k.,!),
where ko, = k, + (kox - k) /(ky + ko).

The above discussion assumes only one exchangeable proton in the protein. How-
ever, the usual hydrogen exchange experiment rarely, if ever, measures only one pro-
ton. Instead it simultaneously measures exchange of many (or all) of the amide pro-
tons. Thus k., and k, are distributions of rate constants, one for each of n exchangeable
protons, and

n
Hrem = Z exp (_kapp,it)
i=1
where the apparent rate constant of the ith proton,?

kaPP.i = kn‘i + (kcx,i° k/)/(kb + kcx,i)' (2)

"Though analytical solution of this set of differential equations is possible without this assumption, little
significance can be attached to the solution because of the relative values of the rate constants. Numeric
approximation methods, though lengthy, do converge, and have been used on several representative protons.
Calculations based on the steady-state assumption are within 5% of those based on numeric approximation.
2The rate constant kapp,i could alternatively be defined as K, ; - kax,;» Where K,q ; is an equilibrium con-
stant between the native protein and a locally denatured intermediate which exposes the ith proton to sol-
vent. This model would then be equivalent to a local denaturation model first proposed by Linderstrom-
Lang and co-workers, with a K.q distribution (see Englander et al., 1972, for a review).
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Values for k., ; are determined by the method of Molday et al. (1972). As mentioned
earlier, they have reported that k,, ; is uniquely determined by the two amino acid
residues joined by the peptide bond. Using their empirical rules, we can thus calculate
k., for all protein amide sites, given the amino acid sequence of the protein.

The rate constants for folding and unfolding, &, and k,, can be obtained from the
literature (e.g., Kunitz, 1948, and Pohl, 1969). Alternatively, under appropriate con-
ditions (see Discussion), kycan be set to zero.

Finally, if one determines k, ;, Eq. 2 can be used to calculate k,, ; and thus the
mole (atom) fraction of hydrogen remaining at the ith site. The methods used to as-
sign k, values to individual amide protons involve two steps. First, the shape and
breadth (maximum and minimum values) of the distribution are chosen. Second, rate
constants from that distribution are assigned to individual amide protons.

Taking the second step first, each proton is assigned a classification number be-
tween 0 and 1, which is inversely proportional to the &, value of that proton. That is,
a proton whose classification number is O will be assigned the maximum &, value, one
whose number is 1 will be assigned the minimum value, etc. There need not be a linear
relation between the number and the &, value; that will depend on the shape of the
distribution of k, values.

The classification number may be assigned arbitrarily. For example, one may order
the n amide protons by sequence and give the one closest to the amino terminus a value
of 0, the next a value of 1/(n — 1), etc. The last amide proton would then have a
number of 1. This method has been used previously (Ellis, 1977; Ellis et al., 1975), but
it has limited physical significance.

A more realistic method is used in this paper. As mentioned earlier, k,; depends
on the three-dimensional microenvironment of the ith proton. The most important
attribute of this environment as it affects hydrogen exchange is the accessibility of the
site to solvent. If one assumes that residues on the surface of a protein are more ac-
cessible to solvent than those buried in its center, one can calculate the probability of
any amino acid being buried, based on examination of several protein X-ray crystal
structures. In this manner Gates and Fisher (1971) have tabulated the probability of an
amino acid being inaccessible to solvent because it is located in the interior of a pro-
tein. This probability, or accessibility coefficient, is based on side-chain, as opposed to
peptide amide, accessibility. As a first approximation, we assume that the accessibility
of an amide proton will be the average of that of its two adjacent side-chains, Such a
classification number can be calculated as

{[(Bi + Bi—l)/2] - Bmin}/(Bmax - Bmin)a

where B; is the accessibility coefficient of the ith residue, and B, and B,,, are the
minimum and maximum B values, respectively.

The breadth of the &, distribution is bounded at its fastest end by the largest values
of k., the rate constant for exchange from freely exposed (unfolded) amide protons.
At the other end, its slowest rates approach zero or are significantly less than (k-
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k;)/(ky + k) and thus can be ignored in Eq. 2. The limits of this distribution were
varied to best approach the observed data.

Finally, one must determine the shape of the k, distribution. Because of the large
range of values (over seven orders of magnitude), the shapes explored were limited to
logarithmic distributions. A log uniform shape is one of the simplest of these, and the
log normal also frequently occurs in biological distributions.

Though a k,,, value can now be calculated for each proton in the protein, all of them
will not affect the exchange observed at any given pH or temperature. This is because
of the limits of the experimental method. Protons with half-times less than 5 min are
completely exchanged by the time of the first H,.,, measurement. Similarly, those with
half-times over 50 h are totally unexchanged even at the last measurement. Thus, the
observed k,,, distribution varies from 0.14 min~'t0 2.3 x10~*min~".

Histograms of the continuous distribution of the rate constant k,,, for soybean
trypsin inhibitor at pH 3 and 20°C, using both the log uniform and the log normal dis-
tributions for k,, are shown in Fig. 1. The shaded areas are the observable k,,, dis-
tributions. Since (k.. ;- k;)/(ks + k..,) is approximately 1.7 x 107¢ min~' under
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FIGURE 1  Bar graph of continuous distributions of rate constants assigned to the amide protons
of soybean trypsin inhibitor (Kunitz) at pH 3 and 20°C. a. k,p, values assuming a log uniform
ky distribution spanning 7.8 orders of magnitude. b. k,pp values assuming a log normal k, dis-
tribution spanning 7.7 orders of magnitude. Shaded areas indicate observable rate constants (see
text). Values for krand kp from Kunitz (1948).

FiGURE 2 STI hydrogen exchange kinetics at pH 3, 20°C. X, observed data (from Ellis et al.,
1975); —, line predicted by the k,p, distribution shown in Fig. 1a; ----- , line predicted by
the k,,,, distribution shownin Fig. 15; . .. .. , line predicted based on the equation He, = 51 exp

app
(=7.33 x1072t) + 72.5exp (—4.88 x 107) + 47.5exp (~7.31 x107%).
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these conditions, a k,,, distribution is identical to its parent k, distribution down to
log k values of —5 or less.

RESULTS

Models for hydrogen exchange in proteins should account for as many properties of
that exchange as possible. First, they should account for exchange observed under a
single pH and temperature. Both the model proposed in this paper and a model plac-
ing amide protons into three kinetic classes can do this for STI at pH 3 and 20°C, as
shown in Fig. 2 and Table I. The model using a log-normal distribution for k, (solid
line) has approximately as good a fit to the data as the three exponentials model
(dotted line), and both of these are significantly better than the model using a log-
uniform distribution for &, (dashed line).

To be truly useful, hydrogen exchange models should also account for the tempera-
ture and pH dependencies of this exchange. The models based on two to four kinetic
classes cannot do this.

The model discussed in this paper, when using a log normal distribution for &,, can
account for the temperature dependence of STI at pH 3. To do this the maximum
value for k, was set equal to the rate constant for exchange of the side chain amide

TABLE 1

MODEL PARAMETERS AND GOODNESS-OF-FIT CRITERIA FOR SOYBEAN
TRYPSIN INHIBITOR

k, breadth

2

pH Temperature Min Max n z X
°C 1078 min™! 10% min~!

3 10 0.064 0.032 5 134 1.44
3 20 0.20 0.102 H 313 4.87
3 30 0.64 0.322 13 548 16.27
3 40 2.0 1.02 27 1,040 85.18]|
3 45 36 1.81 19 416 115.61 |}
3 50 6.4 3.22 4 96 5.07
3 20* 0.20 0.102 11 2,490 20.67§
3 20% 11 173 2.34
3 40 1.0 1.02 27 692 36.69
3 40 0.51 1.02 27 1,260 25.05
6.5 20 0.57 5.7 11 68 2.52
6.5 30 1.8 18. 17 104 407
6.5 40 5.7 57. 24 154 13.92
6.5 50 18. 180. 9 163 13.16

n is the number of values observed at the given pH and temperature; Z is the sum of the squared residuals
between the observed and calculated values; a log normal distribution is assumed for &, except as indicated.
*Log uniform distribution assumed for k,,.

{Calculated values obtained by the best fit to three exponential terms (see legend to Fig. 2).

§P < 0.05.

[l P <0.0I.
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group in asparagine, since this rate, at the pH’s studied, is faster than all but a very few
k., values. For use in this model, the rate was calculated at 0°C (Molday et al., 1972)
and then assumed to have the same temperature dependence as poly-D,L-alanine
(Englander and Poulson, 1969), with an activation energy of approximately 17 kcal/
mol. The breadth of the distribution, and thus its slowest rates, was varied to approxi-
mate the experimental data.

The model fit very well at 10 and 20°C and fairly well at 30 and 50°C, as shown in
Fig. 3. Its agreement at 40 and 45°C was less good, but even here the correspondence
shown is remarkable, since the model assumes al/ amide sites have one activation en-
ergy. Site dependent energies of activation would certainly improve the fit at varying
temperatures. '

The model discussed in this paper can also account for the pH dependence of hydro-
gen exchange. With the assumption that &, is zero (see Discussion), this model can fit
STI hydrogen exchange at pH 6.5 (Fig. 4) as well or better than at pH 3. The breadth
of the k, distribution must be increased, however, from 7.7 orders of magnitude at
pH 3t09.0 at pH 6.5 (Table I). This is reasonabile since the breadth of the k., distribu-
tion, a factor in k,, increases away from the pH of minimum exchange (around pH 3).
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FIGURE 3 STI hydrogen exchange kinetics at pH 3. o, 10°C; X, 20°C; a, 30°C; 0, 40°C; e, 45°C;
a, 50°C (observed data from Ellis et al., 1975). Lines were predicted by a log-normal &, distribu-
tion spanning 7.7 orders of magnitude. Values for kyand kj, from Kunitz (1948).

FiGURE 4 STI hydrogen exchange kinetics at pH 6.5 X, 20°C; a, 30°C; o, 40°C; 4, 50°C (ob-
served data from Ellis et al,, 1975). Lines predicted using a log-normal k,, distribution spanning 9
orders of magnitude. The value of k, was assumed to be zero (see Discussion).
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FIGURe 5 Effect of varying the breadth of the k, distribution on hydrogen exchange kinetics.
0, exchange observed for STI, pH 3, 40°C (from Ellis et al., 1975). ____, breadth 7.7 orders of
magnitude; - - - - - , breadth 8.0 orders of magnitude; ..... , breadth 8.3 orders of magnitude.
The maximum k,, value for all calculated curves was 102 min~"'. Values for k¢ and k, were from
Kunitz (1948).

Finally, since one important objection to the sum of exponentials model is its non-
uniqueness, it is important to determine this model’s sensitivity to its parameters, in-
cluding the shape and extent of the k, distribution. As was seen in Fig. 2, the shape
of the k, distribution has a great effect on the kinetics calculated for the model. Fig. 5
demonstrates the effect of varying the breadth of k, from 7.7 to 8.0 to 8.3 orders of
magnitude for STI at pH 3 and 40°C. Since for convenience we have fixed the maxi-
mum rate constants, changing the extent will primarily affect the distribution of the
slower rates. Thus at earlier times the curves tend to approach one another. What may
be unexpected is that they also tend to come together at the longest times. This is due
to the limits of detection for hydrogen exchange kinetics mentioned earlier. That is,
all sites with half-times greater than approximately 50 h are not detectable and their as-
sociated rate constants are effectively zero.

DISCUSSION

Although a three-exponential model can be fitted to closely approximate the data at a
single pH and temperature (Fig. 2), the model requires estimation of 6 parameters to
do so. Even better agreement is possible with sums of 4 or 5 exponential terms (8 or
10 parameters).

In contrast, the model described here, based on a continuous distribution of k,
values, requires estimation of only one parameter, the breadth of this distribution.
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Once the shape of the distribution is fixed, its breadth is varied (see Fig. 5) to minimize
deviation from the data points as described below. Although the log-normal distribu-
tion for k, is adequate, a distribution intermediate between log-normal and log-
uniform and/or a skewed distribution might approach the data even more closely.

Fig. 5 also demonstrates the effect of different optimization strategies on the good-
ness-of-fit criteria. At pH 6.5 the sum of squared residuals and the x? statistic could
be minimized with the same model parameters. However, at pH 3, the sum of squared
residuals was minimized at significantly different values of k, distribution breadth
than the x2 statistic. The solid line in Fig. 5 minimizes the sum of squared residuals
when included with all temperatures, as in Fig. 2. The dashed line minimizes the sum
of squared residuals and the dotted line minimizes the x? statistic for 40°C, pH 3 data
alone. Because of the experimental error inherent in hydrogen exchange measurements
at low H,,, it was decided to minimize the sum of squared residuals rather than the
x? statistic; the data shown in Fig. 2 result from this minimization.

All data discussed previously were observed or calculated at pH 3. At more neutral
pH’s, the model is hampered by the lack of values for k,. However, it is reported to
decrease by 2-3 orders of magnitude with every increase of one pH unit (Pohl, 1969).
Since (k.. - k;)/(k, + k) < kg, this term can be ignored in Eq. 2 if &, « k,. To
take the worst case, at 50°C and pH 3,STI has a k, value of 1 x 1072 min~' (Kunitz,
1948). Thus its value should be no greater than 1 x 10~ min-! at pH 6.5. Since the
k, distribution will extend no lower than 10~ min~! (Table I), k, may be assumed
to be zero at pH 6.5 with no loss of accuracy in the model.

The model presented in this paper can account for hydrogen exchange in folded pro-
teins at various temperatures and pH. It makes several assumptions in doing so, in
particular assigning k, values from a distribution on the basis of averaged accessibility
coefficients. In a number of cases these assignments may result in surface amide pro-
tons being classed as inaccessible and/or interior protons classed as accessible. How-
ever, the good fit observed under most conditions demonstrates that these and similar
errors will tend to cancel out when summed over the hundreds of amide protons in a
protein.

The model can be improved by adding distributions other than log normal and log
uniform and by allowing site-dependent energies of activation. This will increase its
usefulness in predicting and/or explaining hydrogen exchange kinetics in folded pro-
teins.
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