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ABSTRACT: We give a quantitative description of the urea- and acid-induced transitions of apomyoglobin
at 0 °C and 2 mM sodium citrate. Our data consist of two series of unfolding curves: (1) acid-induced
unfolding carried out in the presence of various concentrations of urea and (2) urea-induced unfolding at
various pH values. A three-state equationisderived whichrelates thestability of three different conformations
of apomyoglobin (native [N], unfolded [U], and intermediate [I]) as a function of urea and of pH. This
equation fits our data reasonably well. The parameters which give the best fit have both thermodynamic
and structural implications for N, I, and U. Specifically, I is closer in Gibbs energy to U than to N,
indicating that side-chain packing results in much of the stability of native protein structure. The equilibria
between N and I and between I and U are equally sensitive to urea, suggesting that much of the surface
of I is inaccessible to solvent. The acid-induced transition in which N unfolds can be described as the result
of titration of approximately two histidines with low pK,s in N. Under physiological conditions (neutral
pH, no urea) I is the most stable non-native conformation.

Sperm whale apomyoglobin (ApoMb!; myoglobin with its
heme group removed) adopts a partly folded intermediate
conformation (I) in mild denaturing conditions (Kirby &
Steiner, 1970; Griko et al., 1988; Hughson et al., 1990; Goto
& Fink, 1990). At low temperature and ionic strength, a
decrease in pH from 7 to 4 results in a transition from the
native (N) state to I; I contains less helical structure than N
([©]222 =-15 000 and —19 000 deg-cm2dmol-!, respectively)
as judged by circular dichroism spectroscopy (CD). The
unfolded conformation (U) is not populated until the pH is
decreased further. Intrinsic viscosity measurements indicate
that I is nearly as compact as the native conformation (Griko
et al., 1988). Fluorescence spectroscopy studies have shown
an emission maximum at 336 nm for I, midway between that
seen in N (331 nm) and U (340 nm, Kirby & Steiner, 1970;
Iraceetal., 1981), suggesting an intermediate degree of solvent
exposure of tryptophan and tyrosine side chains. Hydrogen-
exchange studies indicate that three of the helices (A, G, and
H) are formed in I (Hughson et al., 1990). Although these
helices are closely packed in the crystal structure (Hansen &
Schoenborn, 1981), site-directed mutagenesis studies indicate
that this close packing is absent in the intermediate confor-
mation and, along with studies of peptide fragments, suggest
that some other loose interaction stabilizes the helices
(Hughson et al., 1991).

Our objective here is to determine the stability of I relative
toNand U. Our data consist of pH titrations in the presence
of varying amounts of urea and of urea-induced unfolding
transitions at various pHs. We fit a three-state equation, in
which urea and pH are treated as independent variables, to
our data using nonlinear least-squares methods. The best-
fitting parameters, when interpreted within the framework of
the three-state model, have implications for both the stability
and the structure of I.

t This work was supported by NIH Grant GM 19988. D.B.isa Howard
Hughes Medical Institute Predoctoral Fellow.

! Abbreviations: apoMb, apomyoglobin; Mb, myoglobin; CD, circular
dichroism; [0]222, mean residue ellipticity at 222 nm; N, I, and U, the
native, intermediate, and unfolded forms of apomyoglobin.
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EXPERIMENTAL PROCEDURES

ApoMb Preparation. The apoMb used in this study is
produced and purified from the Escherichia coli strain TB-1
(JM83 hsdR (r,— my+) harboring the plasmid pMb413b
(Hughson et al., 1991). pMb413b carries a modified version
(Hughson et al., 1991) of the synthetic sperm whale Mb gene
(Springer & Sligar, 1987), which was kindly provided by B.
A.Springer and S. G. Sligar. Expression of sperm whale Mb
is carried out essentially as described (Hughson et al., 1991).
Typically, 4 L of L-broth (10 g of tryptone, 5 g of yeast extract,
and 5 g of NaCl/L) containing 200 mg/L carbenicillin is
divided between three 6-L flasks. Each flask is inoculated
with 1 mL of an early log-phase culture of pMb413b/TB-1.
Flasks are vigorously aerated by shaking for approximately
12 h at 37 °C. As the cultures approach stationary phase,
Mb production is monitored by the visible whole-cell carbon
monoxide difference spectrum method of Springer and Sligar
(1987). When myoglobin production peaks (usually resulting
in a difference peak of 0.06~0.07 absorbance units at 420
nm), cells are harvested by centrifugation and stored at —80
°C. Purification is carried out as described (Hughson et al.,
1991), with the addition of a sonication step immediately after
the 3-h treatment with lysozyme and with the omission of the
sonication step of the cell debris following lysate clarification.
For the experiments described here, 8 L of cell culture (two
growths on consecutive days) is purified at once. Heme is
removed from purified Mb by extraction with 2-butanone as
described (Teale, 1959; Hughson et al., 1991). Apoprotein
concentration is determined by UV absorbance in 6 M
guanidine hydrochloride using the method of Edelhoch (1967);
stock solutions are between 0.15 and 0.5 mM in apoprotein
and are stored at 4 °C for no longer than 36 h prior to use.

CD Studies. Helix content of apoMb is measured at 222
nm ([©]222) in an Aviv 60DS spectropolarimeter, using a path
length of 10.0 mm. Samples are 1 uM in apoMb. All CD
measurements are made at 0 °C, as low temperature
destabilizes N (Griko et al., 1988) and allows I to be well
resolved. CD samples are made 2 mM in citrate. pH is
adjusted by mixing appropriate volumes of 2 mM citric acid
and 2 mM sodium citrate, each containing the appropriate
amount of urea (U.S. Biochemicals). pH values less than 3
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require the addition of a small amount of S M HCI, For each
measurement, apoMb is added to the ice-cold buffered urea
solution. The sample is then allowed to equilibrate for 5 min
at 0 °C. No change in CD signal is observed after this time.
The pH of each sample is determined after measuring
ellipticity, using a Metrohm combined glass pH electrode
(Model 6.0216.100). When this protocol is used, folding can
be fully reversed from strongly denaturing conditions (8 M
urea or pH 2-3); however, we find that in refolding by dilution
from 4 to 5 M urea, as little as 70% of native ellipticity is
recovered (D. Barrick, Ph.D. thesis, in preparation). Since
the unfolding transitions we present here are essentially
complete under these conditions, we believe our thermody-
namic analysis is cogent despite this partial irreversibility.

Fitting the Data. We first construct a model of how acid
and urea affect the conformational stabilities of N, I, and U.
From this model, a three-state equation is derived (Appendix),
which we use to fit our data. Much of the model and the
subsequent equations are based on those of Tanford (Aune &
Tanford, 1969a,b; Tanford, 1970) and of the multiple ligand
binding theory described by Cantor and Schimmel (1980).

Our model for apoMb unfolding contains three
conformations: N,I,and U. Weadopt the linear extrapolation
model of Pace (Greene & Pace, 1974; Schellman, 1978; Pace,
1986; Santoro & Bolen, 1992) to describe the effect of urea
on Gibbs energy differences between N, I, and U. The effects
of urea are given by two coefficients, mn_.; and m;—.y, relating
Gibbs energy change to urea concentration. The reference
conditions we have chosen are O urea concentration and high
pH (pH greater than the pK,s which are linked to the observed
unfolding transitions).

The two observed acid-induced transitions are modeled as
the result of two classes of titratable groups. The number of
groups within each class is designated ny; or ny,. Here, 1
refers to the high-pH transition, in which N is converted to
Iand U, while 2 refers to the low-pH transition, which produces
U from I. Within each class, and for a given conformation,
all groups have identical proton affinities given by, for example,
pKai N or pKaa u, where 1 and 2 indicate the class. All groups
are modeled to titrate independently of each other.

The model then links proton binding of groups in classes
1 and 2 to conformational equilibria in the following way. The
first transition, in which N is lost, must result from increased
proton binding to I and U compared to N (pKain < pKails
pKa1,u). Since our data does not provide information on
differences between pK, 1 and pK,,u, our model takes pK,) 1
and pKi,u as equal. Since transition 1 is observed in the
absence of urea, differential class 1 proton binding persists
down to the lowest pH values that N is detected. pKj; N is
assumed to be below this pH limit; thus, our model is
constructed so that class 1 proton binding does not occur in
N. Although class 1 groups may be protonated in N at pH
values lower than those resulting in this first transition, we
wish only to extrapolate our data from the transition to neutral
pH.

Intransition 2, Uis formed from N and I as pH is decreased.
Thus, U has a higher affinity for protons at class 2 groups
than do N and I (pK,,uy > pKaz N, PKa21). For convenience,
we construct our model so that class 2 groups do not bind
protons in N and I. Although our model provides a useful
working description of the pH dependence of transition 2, it
isnot likely to be mechanistically correct. Since the structure
of I is suspected to be loose and fluctuating (Hughson et al.,
1991), transition 2 is more likely to result from a larger number
of groups with only small pK, differences between I and U.
Our treatment of the effects of acid on transition 2 are formally
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FIGURE 1: pH-induced unfolding transitions of apoMb in urea at 0
°C and 2 mM sodium citrate. Data are from experiment 1 (see text
and Table I). Titrations were carried out in 0 (0), 1.0 (@), 1.5 (Q),
2.0 (m),3.0(A),and 4.5 M urea (A). Curves result from evaluation
of the three-state stability equation (eq 15) at the urea concentrations
listed above and using best-fitting parameters listed in Table II,
experiment 1.

consistent with the model of Goto, in which electrostatic
repulsion between positively charged groups results in un-
folding of I (Goto & Nishikori, 1991).

In our model, effects of urea and of pH are treated as
independent. This assumption requires that urea does not
change proton binding (pK,s) and that pH changes do not
affect binding the of urea to the folded and unfolded
conformations. This assumption has been made previously
by Aune and Tanford (1969a,b) in analyzing the two-state
unfolding of hen egg-white lysozyme and by Kuwajima in his
three-state analysis of a-lactalbumin unfolding (Kuwajima
et al., 1976).

According to the model, the parameters which describe the
relative stability of the apoMb N, I, and U conformations
with urea and pH are mn-—, Mi-u, Mu1, Au2, pKay 1 (Which is
taken as equal to pK,,u), pKaz,us Kn—1, and Kj—y. To fit our
data, we also determine the [0],3; values for N, I, and U,
along with any measurable dependence on urea. In Figure
2, both N and U show measurable changes in [0],;; with
urea; we model these as linear changes. Since I is not well
resolved in urea-induced unfolding transitions (Figure 2), the
urea dependence of [0]22; of I is omitted.

A three-state equation, based on the model above, (eq 15,
Appendix) is fitted to the data using nonlinear least-squares
adjustment (Johnson & Frasier, 1985) with 4 beta version of
the program NonLin for Macintosh (Brenstein, 1991).
Confidence intervals are evaluated at 67% with the NonLin
program, using methods described by Johnson (1983).

RESULTS

Urea Dependence of Acid-Induced Unfolding. Figure 1
shows the effect of urea on acid-induced unfolding transitions.
The existence of [isapparent at all urea concentrations except
4.5 M, where the protein s fully unfolded (although the amount
of intermediate appears to decrease as urea is added; compare
the effects of O versus 3 M urea on observed —[0],,; values
in the pH range 4.5-5.5 of Figure 1). The addition of urea
to the pH titrations destabilizes N relative to I and U, as
evidenced by a progressive shift of the first unfolding transition
to higher pHs (from pH 5at 0 M urea topH 7.2 at 3 M urea).
The addition of urea also destabilizes I relative to U: the
second transition shifts from about pH 3.3 at 0 M urea to pH
4.4 at 2 and 3 M urea. This sensitivity to urea allows the
unfolding transitions to be studied over a larger range of pH,
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FIGURE 2: Urea-induced unfolding of apoMb at various values of
pH at 0 °C and 2 mM sodium citrate. Data are from experiment
1 (seetextand TableI). Symbolsindicate pH values of approximately
7.8 (0),7.4 (@), 6.9 (D), 5. 9(l) 5.0 (A), 3.9 (a),and 2.8 (X). The
solid lines are determined using the best-fitting parameters to data
from experiment 1. In these urea-induced transitions we observe
minor, but in some cases significant, pH differences throughout a
given transition. Therefore, rather than evaluating eq 15 at a single
averaged pH to generate expected urea transitions, we evaluate eq
15 at combinations of urea and pH corresponding to the actual
conditions at each data point. Thesolid lines are interpolated curves
through these expected [6],2, values.

making possible the determination of pK,s linked to confor-
mational stability, as well as the extrapolation of different
conformational equilibria to common reference conditions.

pH Dependence of Urea-Induced Unfolding. Figure2shows
the effect of pH on urea-induced unfolding transitions. As
the pH is decreased, unfolding transitions shift to lower urea
concentrations. The existence of I is less obvious in urea-
induced unfolding than in the acid-induced transitions of
Figure 1. The urea unfolding transitions in Figure 2 appear
to be single, sigmoidal transitions, even at pHs where N and
Icoexist (pH 5 and 6; see Figure 1). This may reflect different
mechanisms in acid- and urea-induced unfolding: acid is a
highly specific unfolding agent, which actsat a limited number
of high-affinity proton-binding sites, whereas urea is relatively
nonspecific and is less likely to destabilize one particular folded
conformation selectively.

Fitting the Urea- and Acid-Induced Unfolding Data. We
fitted the three-state model described above to our pH- and
urea-induced unfolding data. We applied nonlinear least-
squares fitting procedures (Johnson & Frasier, 1985; Brenstein,
1991) to fit eq 15 to the data. The fitting procedure was
carried out on the data from Figures 1 and 2 simultaneously.
This data set contains 299 independent measurements of
apoMb at different pH values and urea concentrations and
will be referred toas “experiment 1”. The parameters resulting
from fitting eq 15 to experiment 1 are given in Table I, along
with 67% confidence intervals (Johnson, 1983).

The agreement between the experimental data and the model
can be seen in Figures 1 and 2. In Figure 1, solid lines show
the result of evaluating eq 15 as a function of pH, using best-
fitting parameters (Table I, experiment 1) along with the
urea concentrations given in the figure caption. The solid
lines in Figure 2 are also determined using the best-fitting
parameters to data from experiment 1. The model reproduces
the observed dependence of [0]22: on pH and urea reasonably
well. Use of the least-squares minimization procedure on the
data in experiment 1 (Figures 1 and 2) results in a residual
of 630 deg-cm2dmol-!, while fitting the experiment 2 data
(an independent data set; see below) gives a residual of 1100
deg.cm2.dmol-!.
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The 67% confidence intervals for parameters determined
by the fitting procedure are sufficiently small (Table I). In
most cases, the interval of 67% confidence for each parameter
has a width of around 10% of the parameter value. Confidence
intervals are larger for the reference equilibrium constants
(especially Kn—.); when these are transformed to free energies,
however, the confidence intervals again have widths of 10%
of best estimates. These confidence intervals report on how
well a parameter has been determined from the data used to
generate the parameter. In order to determine the repro-
ducibility of these parameters, we made independent mea-
surements on a different protein preparation. This data set
(experiment 2) contains 245 separate measurements of [0]32,
at different pH values and urea concentrations (data not
shown). We then repeated the fitting procedure for the data
from experiment 2. The best-fitting parameters are given in
Table I. In all cases except for mn—., the 67% confidence
intervals overlap between the two experiments, indicating that
these intervals are reasonable indicators of uncertainty. Data
from experiments 1 and 2 (544 measurements) were then
combined; parameters resulting from fitting to 'this combined
data set (Table I, 1 + 2) are discussed below.

DISCUSSION

Assumptions of the Model. We make three assumptions
when fitting our model to the data. (I) There are only three
different conformations. Our modeltreatsIasa singlespecies
and does not allow for gradual unfolding to U. A test of this
assumption can be made by comparing independent probes of
folding, such as far-UV CD and fluorescence. Fluorescence
changes resulting from acid-induced unfolding of apoMb
qualitatively agree with CD changes at 222 nm, but a
quantitative analysis of fluorescence as a function of pH and
urea is not possible because the pH dependence of the native
baseline is complicated [unpublished results; also see Kirby
and Steiner (1970) and Irace et al. (1981)]. (II) Each
unfolding transition is caused by abnormal pKs of just one
type of group. We are testing this assumption for transition
1 by mutating histidine residues to see if replacement of »,
histidines eliminates the pH dependence of the N — I reaction.
(III) The effects of urea and acid on the conformational
equilibria are independent. This assumption requires that
pK.s are not influenced by urea and that pH does not change
m-values. Wearetesting the effect of urea on pK,s by titrating
with pH short peptides containing histidine in the presence
and absence of urea. Studies on RNase A and RNase T1
have shown that m-values may change with pH (Pace et al.,
1990) The largest effect was found for RNase A, where m
increases by approx1p1ately 50% between pH 8 and 3. RNase
T1 shows only a 30% increase (Pace et al., 1990). This effect
cannot be predicted a priori, nor can it be extracted reliably
from our data. ‘

The failure of any of these assumptions would compromise
the meaning of the parameters that have been determined. A
failure of (I) would give an oversimplistic accounting of the
titratable groups linked to folding, but the determined pH
dependence would still be useful in extrapolating conforma-
tional equilibria. A failure of (III) would still give a reasonable
description of solvent effects at each transition, but would
introduce error in extrapolation. A failure of (I) could strip
thermodynamic meaning from all parameters.

The model has the advantage of being simple and in most
respects physically reasonable. Moreover, the model is based
on well-understood phenomena, such as acid—base equilibria,
and urea-induced conformational transitions. We have used
these phenomena to build what we believe is the simplest model,
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Table I: Best-Fit Parameters for Apomyoglobin Unfolding

experiment 1¢

experiment 2°

lower upper lower upper 1+2

parameter value confidence limit*  confidence limit® value confidence limit®  confidence limit® value
pKaill 7.14 6.96 7.31 7.00 6.81 7.14 7.05
nuy 2.27 2,02 2.52 2.37 2.00 273 2.26
pKa2u 4.57 4.42 474 4.50 4.29 4.69 4.58
nH2 1.08 0.96 1.19 1.43 1.18 1.70 1.31
mN—© 0.98 0.87 1.07 1.27 1.12 1.37 1.03
L J 0.94 0.90 0.99 0.86 0.79 0.93 1.01
KN reference 1.6 X 10+ 9.0 X 10-% 2.7 X104 9.9 X 10 4.4 %107 1.8 X 10~ 23x 104
AG®N—igeference®  4.71 435 4.97¢ 4.98 4.53¢ 5.33¢ 4.55
KU reference 3.9 %1072 3.0x 102 4.8 X102 3.5 %1072 23 X102 5.0 %1072 22x102
AG® oy retorence? 175 1.63¢ 1.87¢ 1.81 1.58¢ 2.00¢ 2.07
~{6]222¥ 19 000 18 700 19 300 19900 19 300 20 500 19 260
-[0)222¥ 16 500 16 000 17 100 17 400 15 900 18 800 16 200
-[6]2/ 3300 3000 3600 2660 2230 3190 3250

2 Experiments ! and 2 were done on different protein preparations. CD measurements for the two experiments were made on different months. Data
from the two experiments were fitted separately using nonlinear least-squares adjustments. The data set in experiment 1 contained 299 separate
measurements; that in experiment 2, 245. Entries 1 + 2 result from fitting to both data sets simultaneously. * Evaluated at the 67% confidence level.
¢ In kcal-mol-'-M-! (1 cal = 4.187 J). ¢ Calculated using the formula AG = -RT In K, where R is the gas constant in kcal-mol-!-K-' and T is the absolute
temperature. Reference conditions are 0 M urea and pH > pK,, . ¢ Uncertainties in free energy are calculated as ~RT[d(In K)/3K] X ok, where ax
is the confidence limit of K. / Circular dichroism, in deg-cm?-dmol-!, of N, I, and U in the absence of urea. In addition, for N and U a linear dependence
of [8],2, on urea was fitted for experiment 1, 8(—[0]222,n) /8[urea] =750 deg-cm?mol-'.(M urea)-!, and (~[0]222,u) /d[urea] =-370 deg-cmZmol-'-(M
urea)'; for experiment 2 8(~[6]22:,n)/8[urea] = ~770 deg-cm?mol~'«(M urea)~!, and 8(-[0]222,u)/8[urea] = ~170 deg-cmZmol-'+(M urea)-!; for the
combined fitting 1 + 2 8(-[0]222,n)/0(urea] = —220 deg-cmZmol-!-(M urea)!, and 8(-[0]2,u)/8[urea] = -310 deg-cmZmol-'-(M urea)~'.

containing a minimal number of parameters, that can account
for the data, namely, two separate acid-induced unfolding
reactions, each dependent on urea. The model can be tested
in two related ways. First, we ask whether the model
adequately reproduces the data. Second, we ask if the fitted
parameters are physically reasonable. The model does fit the
data reasonably well (see Results), and the parameters
determined by fitting are reproducible. There are, however,
two regions where systematic errors between the model and
thedata exist. Oneregionisatlow pH and urea concentration
(Figure 1): higher CD values are observed than predicted by
fitted curves. This probably results from the increase in ionic
strength which accompanies pH decrease below pH 2, as
described by Gotoand Fink (1990). Omission of these outlying
points from the data set in experiment 1 did not significantly
change the parameters (data not shown). Another region
where systematic deviations are seen is at low urea concen-
tration and between pH 3.5 and 5.5. Here transition 1 is
predicted to occur at a higher pH than observed. This
discrepancy may result from an oversimplification of our
model. Specifically, one or more class 1 proton-binding groups
may be beginning to bind protons in the native conformation
arouhd pH 5, decreasing the sensitivity of transition 1 to pH.
Stability of I. 11is closer in Gibbs energy to U than to N.
The conformational stability of N, I, and U can be obtained
from the reference equilibrium constants Ky—; and Kj.y.
Our best estimates for these values are 2.3 X 10~ and 2.2 X
102 (Table I, experiments 1 + 2), respectively. These give
a Gibbs energy difference between N and I of 4.5 kcal-mol-!
and between I and U of 2.1 kcal-mol-!. This is consistent with
the common observation that equilibrium intermediates are
not found: if conditions harsh enough to destabilize N cause
even a modest destabilization of I, I will become less stable
than U, and only a transition from N to U will be observed.
The primary structural difference between N and I is global
loss of tertiary structure (Hughson et al., 1991); I retains
substantial helical structure (see Table I: atO M urea,—[0]222n
= 19260, —[0]2221 = 16 200). Thus, the Gibbs energy
differences determined here indicate that side-chain packing
plays a dominant role in stabilizing the folded protein.
The stability of I can be compared with that of other
equilibrium intermediates. Kuwajima and co-workers (Ikeg-

uchi et al., 1986) have measured a difference in Gibbs energy
between the native and the molten globule conformations of
bovine a-lactalbumin of 2.34 kcal-mol-!; they found a
difference in Gibbs energy between the molten globule and
U forms of 1.42 kcal-mol-!, at pH 7.0 and 25 °C. As is the
case for apoMb, the intermediate conformation of a-lactal-
bumin shows only modest stability compared with the fully
unfolded form. Rather different values have been reported,
however, from a recent calorimetric study of bovine a-lac-
talbumin (Xieetal., 1991): when enthalpy and entropy values
at 25 °C and pH 8 are used (Table I, Xie et al., 1991), the
Gibbs energy difference between N and the molten globule
is reported to be 0.6 kcal-mol-!, and that between the molten
globule and U, 1.6 kcal-mol-!.

Our determination of the stability of I is consistent with the
protection factors measured by amide hydrogen exchange
(Hughson et al., 1990). The stability of I relative to U,
evaluated at 0 M urea and pH 4.2, is —1.1 kcal'‘mol-!. This
corresponds to a protection factor of 8, if exchange occurs by
complete unfolding and by the EX2 mechanism [see the review
by Englander and Kallenbach (1984)]. Protection factors
for apoMb I were measured at pH 4.2 and 5 °C by Hughson
et al. (1990). The most strongly protected helices in I gave
protection factors ranging from 5 to 90, with an average value
of 24, corresponding to a Gibbs energy of —1.6 kcal‘mol-! in
the EX2 limit. [To determine the average, we have divided
protection factors for the two Val and three Ile residues in
helicies A, G, and H, Table 1 of Hughson et al. (1990), by
4, because the intrinsic exchange rates used to calculate these
protection factors (Molday et al., 1972) are too high by a
factor of 4 (Robertson & Baldwin, 1991)]. Exchange may
occur directly from I without complete unfolding to U. If this
happens, exchange will be faster and the measured protection
factors will be smaller than predicted for complete unfolding
to U. Our data are consistent with exchange occurring by
unfolding to U.

A similar compdrison can be made from exchange mea-
surements on N at pH 6 (Hughson et al., 1990): the free
energy calculated from protection factors is 5.6 kcal-mol-!;
that from the data presented here is calculated to be 3.4
kcal-mol-!. This discrepancy may be caused in part by the
different temperatures of the CD and hydrogen exchange
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measurements (0 and 5 °C, respectively). ApoMb at low
temperature is in the cold-denaturation regime (Griko et al.,
1988) and shows increased stability with temperature increase.

Urea Dependence of the Three-State Equilibrium. The
urea dependences (m-values) of the N —I and [ — U equilibria
are1.03and 1.01 kcal-mol~!-M-!. Thesimilarity of values for
mn-—j and mj—.y shows that the increase in urea binding sites
resulting from full unfolding of I is roughly the same as the
increase upon formation of I from N. If the urea binding sites
are equally distributed on the surface of the unfolded protein,
then the m-value is proportional to the increase in solvent-
accessible surface area on unfolding. This interpretation
indicates that only half of the buried surface area in N becomes
exposed to solvent in the N to I transition; the other half
remains sequestered from solvent in I. This view is supported
by fluorescence studies in which the emission maximum for
tyrosine and tryptophan fluorescence is found midway between
those of N and U (Kirby & Steiner 1970) and is consistent
with stabilization of I by interactions among hydrophobic
groups (Hughson et al., 1991).

The results obtained here for apoMb can be compared with
those for other proteins. The m-values for the two unfolding
transitions of a-lactalbumin found by Ikeguchi et al. (1986)
are not the same: 0.7 kcal-mol-'«(M guanidine hydrochloride)!
for the transition from molten globule to U, compared with
1.6 kcalsmol-!' (M guanidine hydrochloride)~! for the transition
from N to molten globule. Kuwajima and co-workers (1977)
found, however, a substantial positive heat capacity increment
onunfolding of the molten globule of a-lactalbumin, indicating
that the molten globule has substantial nonpolar surface area
that is shielded from solvent. Similar findings have recently
been reported by Xie et al. (1991). A similar conclusion has
been reached about a molten globule intermediate of horse
cytochrome ¢ (referred to as Ilc; Kuroda et al., 1992).

PpH Dependence of the Three-State Equilibrium. The pH
dependence of transition 1 is best described by 2.26 proton-
binding sites with pKjs of 7.05 in I. This pK, is close to that
of the imidazole side chain of histidine, which was measured
insmall peptides to have a value of 6.8—6.9 at 25 °C (Takahashi
et al., 1992) or 7.2-7.3 at 0 °C using the van’t Hoff relation
and anionization enthalpy of 6.9 kcal-mol~! (Edsall & Wyman,
1958). This interpretation of the data suggests that there are
approximately two histidines linked to transition 1 and that
inI (and U) they have pK,s around 7.0. The assumption we
make in our model that these groups are not protonated in N
at pH values at or above transition 1 seems in good agreement
with the data (Figures 1 and 2). Abnormally low pK,sin N
could result either from burial or from the presence of nearby
positive charges. Proton-binding curves and histidine studies
suggest that one or more histidines in apomyoglobin remain
buried and deprotonated atlow pH (Breslow, 1964). Recently,
Coccoetal. (1992) have reported several low pK,s for histidine
residues inapoMb. We are currently testing the involvement
of histidine residues in transition 1 by mutating several
histidines in sperm whale myoglobin, both individually and
incombination. The pH dependence of transition 2 is described
here by 1.31 binding sites with a pK, of 4.58. Although this
pK, is near that of glutamic acid (4.33 at 5 °C; Izatt &
Christensen, 1968), it is unlikely that this unfolding transition
results from a single nonprotonatable group. Rather, the
observed pH dependence may result from several groups with
small, conformation-linked pK, shifts.

Phase Diagram of apoMb. Relative populations of N, I,
and U are calculated from eq 16 as a function of pH and urea
(Figure 3). As pH is decreased, the population shifts from
N to I; I shows its maximal stability at pH 4.6, where it is

Barrick and Baldwin

Fraction Native

FiGURE 3: Population of the N, I, and U conformations of
apomyoglobin as a function of urea and pH. Best-fitting parameters
(experiments 1 + 2, Table I) are used to evaluate the fraction of N,
I, and U over urea- and pH-space, according to eq 16.

populated to 94%. Figure 3 also indicates that at some pHs
urea should increase the population of I. Although urea
destabilizes I relative to U, it stabilizes I relative to N: at pHs
where N (but not I) is destabilized (from pH 5 to 7), low urea
concentrations will convert N to .

The results here allow the stabilities of N, I, and U to be
compared under different solution conditions. This is useful
for comparison with other work which suggests that I has
some characteristics of a molten globule (Griko et al., 1988;
Goto et al., 1990; Hughson et al., 1991). Our data indicate
that under physiological conditions (neutral pH, in the absence
of urea) I'is the predominant non-native conformation. Thus,
if I is formed rapidly from U, I is likely to be an early
intermediate on the kinetic pathway of folding. This suggests
that I may be important for the process of folding in the cell.
A major motivation in these studies is to apply the fitting
procedures todetermine the energetic consequence of mutation
on N, I, and U. Considerable data for the pH- and urea-
induced transitions of mutant proteins are already available
(Hughson et al., 1991), and more data of this kind are now
being acquired (D. Barrick, unpublished).
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APPENDIX: A THREE-STATE STABILITY
EQUATION

Here equations are derived which describe the relative
stabilities of the N, I, and U forms of apoMb to pH and to
urea concentration. From these stability equations, an
expression can be written which relates the CD signal to
solution conditions. It is this equation which we fit to our
data. The model we adopt to determine this equation, as well
as the underlying rationale, is described in the text.

We begin by considering the equilibrium between two of
the three conformations, for instance, N and 1, as a function
of urea and pH. We write the equilibrium constant between
the two forms as

Ky1 = Ky peference Sn—1{urea) gy (pH) (1

The same equation can be written for the I to U equilibrium.
In (1) it is assumed that the effects of urea and of pH (fN—1-
(urea) and gn—1(pH), respectively) on conformational stability
are independent of each other. This formalism has been used
by Aune and Tanford (1969a,b) in their two-state analysis of
hen lysozyme unfolding. KN—s reference is @ reference equilib-
rium constant. We have chosen high pH and 0 M urea as our
reference point as described in the Results section. Below we
determine the explicit forms for the urea and the pH
dependence and substitute them into (1).

We obtain the urea dependence of Kn—.1 by adopting the
linear extrapolation model of Pace (Greene & Pace 1974;
Pace, 1986),

AG®\_, (urea) = —RT In K, (urea) =

AG®\_,(H,0) — my_,[urea] (2)
where m is assumed to be independent of urea and pH. The
same model is used to describe the I to U reaction.

The function gn—1(pH) is derived by assuming identical
and independent binding sites (Cantor & Schimmel, 1980).
For a conformation with # proton-binding sites (N, for
example) the dissociation of a single proton from N bound
with i protons (NH,) is described by a macroscopic equilibrium
constant,

_ INH,,](H]
iN [NH,]

Similar expressions can be written for proton dissociation from
[NH._] ( <i); substitution of these relations into (3) followed
by rearrangement gives

[H']
[NH,] = [N]H( = ) 4)

7N

(3

The total concentration of native protein, regardless of the
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degree of protonation, is given by

[Nioall = [N](HZ H([H+])}) (5)

In the model we develop here, all groups of a particular class
have identical and independent pK,s for a given conformation
and, therefore, identical microscopic acid dissociation con-
stants. Considering a single class of proton-binding groups,
for instance, those in class 1 (see text), the macroscopic constant
K;can berelated to the microscopic acid dissociation constant
through the relation

Q
Kin=qg XK.n (6)

where the statistical factor Q,,,; is the number of distinct ways
to arrange the i protons on n; sites of the species NH; and is
given by
q = n! )
o (ny — iYW
In this discussion, we neglect other sites not linked to transition
1, as they will be identical in N and I and will not affect the
equilibrium. Writing the statistical factorsin (6) as prescribed
by (7) and substituting into (5) yields

[H'] m!
Nioal = [N](l * Z( )((n l1)'1')) ®
-

Since the term in parentheses on the right-hand side of (8)
is the binomial expansion of (1 + [H*] /K, ~)™, €q 13 can be
written as

H+ n
Noa] = [N](l 0 ]) )

a N

The same relations can be written for I and U, where the acid
dissociation constants change as prescribed by the model. We
canthen use eq 9 and analogous ones to obtain conformational
equilibrium constants as a function of pH, as, for example,

(1o
[Itotal] _ [I] Kal‘l

(Nl  [N] ( [H*] ) B
I+2 .

[H']\"
(1 * Ka,,l )

[H] "
KN

ap,

Kn—i(pH) =

(10)

KpH»pK‘NJ
1+

A similar relation describes Kj.y(pH). A further simplifi-
cation comes from the condition we impose in our model that
in the native form, class 1 proton-binding sites (those linked
to transition 1) do not protonate. This means that for class
1 proton-binding sites K,, n >> [H*], which simplifies (10) to

(HTY
Ky—a(PH) = Ky \ 1 + 5 — K (11)
a1
Thus gn—1(pH) can be taken as the term in parentheses on
the right-hand side of (11). Again, a similar relation can be
written for transition 2, where for class 2 proton-binding sites
K,,1 >» [H*].
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The pH and urea dependences of the conformational
equilibria between N and I and between I and U can then be
written as

H+ ny
N_’l10(m~...(urea]/2.303RT)(1 + [K ]) (12)

a1

Ky =K,

eference,

[H']\"
KI—~U = Kreference l——UlO(m}ﬂU[ureal/Z'stn 1+ (13)
' Kaz,U

From these equilibrium constants an expression can be
constructed which describes the observed [0],;; as a function
of bothureaand pH. Assumingthatonly three conformations
(N, I, and U) are significantly populated,

[01222.00s = [Olosan SN T [0l fi + [Blona s Sy (14)

where [0]222.N, [0]222.1, and [0]222,y are the CD values at 222
nm for N, I, and U, respectively. Our data show that, for N
and U, [6]:2n depends approximately linearly on urea
concentration; therefore, we include terms linear in urea for
[0]222n and [B]25,u. The terms fn, fi, and fy represent the
fraction of [N], [I], and [U] and can be rewritten in (14) to
give

(] _ [B)ypn ¥ [6]550,1Kn—1 + [0]229 y&N—-1Ki--y
222,008 1+ Ky + KK
N—1 T Kn-iKy (15)

The equilibrium constants in (15) are represented as in (12)
and (13) and give both urea and pH dependence to [0]222,0bs-
Additional effects of urea result from the baseline dependencies
on [B]222,n and [0]22,u as described above. It is eq 15 which
we fit to the data in experiments 1 and 2, described in the text.

The fraction of N, I, and U can be expressed in terms of
urea and pH as

_ 1
~=13 Ky + KoKy (e
f= Kn—
P14 Ky + KKy
fu=1-I-N
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