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Molecular Mechanisms of Acid Denaturation

The Role of Histidine Residues in the Partial Unfolding
of Apomyoglobin

Doug Barrickt, Frederick M. Hughson and Robert L. Baldwin§

Department of Diochemistry
Beckman Cenler
Stanford University Medical Cenler
Stanford, California 94305, U.§.4.

Apomyoglobin adopts a partly folded intermediate conformation (1), sometimes referred to
a5 a melten globule intermediate, near pH 4. To determine which histidine residues trigger
this partial unfolding reaction, we made mutants in which nine of the twelve histidine
residues in the protein are substituled individually. We then measured acid and urea-
induved unfolding curves for these substituted proteins. Two acid unfolding transitions are
observed: native (N) to intermediate (I), and I to unfolded (U). These data were fitted using
a simple three-state model which has been shown to give an udequate description of acid and
urea-induced unfolding of wild-type apomyoglobin. The aim is to guantify changes in the
apparent standard Gibbs energy differences between N, T and U, as well as the unfolding
mechanism, that result from these subatitutions, and to test how well the model fits data for
substituted proteins. In most cases, the model fits the data reasonably well, and signifieant
changes in fitted unfolding parameters of various mmutants arc also clearly visible in the
primary data. The following conclusions are drawn, {1) Histidines 24 and 119 synergistically
stabilize native apomyoglobin (N} at pH 8, hut together destabilize N as pH is decreased
below seven. (2) Histidine 36 stabilizes N when it is protonated. (3) Histidine substitutions
in the heme-binding pocket {residues 84, 93 and 97) have little effect on the stability of N,
suggesting that the heme-binding pocket is open. (4) Histidine substitutions affect the N to 1
transition but have liltle effect on the T to U transition. (5) The simple model we use to
describe the unfolding of apomyoglobin cannot account for all the data, particularly the
effects of the H36Q mutation. The effect of protonated histidine 36 on stabilizing N is not
incladed in the model.

We suggest that breaking the hydrogen bond between histidines 24 and 119 by
protonation when the pH is decreased from 8 to 4 is an important part of triggering the
partial unfolding of N to I, and likewise that formation of the hydrogen bond between
histidines 24 and 119 may be a rate-determining step in the kinetic process of forming N
from T during refolding.

Keywords: protein folding; protein structure; protein stability;
molten globule; apomyoglobin

1. Introduction

Apomyoglobin  {apoMbf], myoglobin without
heme) adopts an intermediate (I) conformation at

pH 4 that has been the focus of structural, thermo-
dynamic, kinetic and theoretical studies (Breslow et
al., 1965, Kirby & Steiner, 1970; Shen & Hermans,
1972; Ptitsyn & Rashin, 1975; Kihara et af., 1980,
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I| Abbreviations used: apoMb, apomyoglobin; holoMb,
holomyoglobin; CD, circular dichroism; [0);,,, mean
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netive, intermediate, and unfolded conformations of
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apomyoglobin; PCR, polymerase chain resction; NOE,
nuclear Overhauser efiect; Ky ., and Ky, apparent
equilibrium constants between bf and T and T and U
respectively: AG®g oo and AG®, o, apparent Gibbs
energy differences between N and I, and | and U
respectively; ny, and #y,, the apparent number of
proton hinding sites linked to the N to Tand I to UJ
transitions respectively, pK,, ; and pK,, , the pKa
values of the ny, and ny, sites in T and U respectively;
g and gy, the ures sensitivities of the N to T and 1 to
1 reartinns, respectively.
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Irace et al., 1981; Griko e al., 1988; Hughson &
Baldwin, 1989; Hughson et al., 1990, 1991; Cocco &
Lecomte, 1990; Cocco ef ol., 1992; Brooks, 1992,
Barrick & Baldwin, 1993a,b; Tirado-Rives &
Jorgensen, 1993; Waltho et al., 1993; Shin et al.,
1993a.b; Jennings & Wright, 1993). While the native
(N) conformation is compact, and contains
secondary and tertiary structure similar to that of
holomyoglobin (holoMb, Griko et al., 1988; Hughson
et al., 1990; Cocco & Lecomte, 1990), apoMb I shows
decreased helix content (Kirby & Steiner, 1970;
sriko ef al, 1988; Hughson et af., 1990) and lacks
the tight side-chain packing characteristic of
globular protein cores (Hughson ef al., 1991).
Recently, pulsed hydrogen exchange studies
(Jennings & Wright, 1993) identified an early
folding intermediate with a very similar pattern of
amide NH protection to that seen for the equili-
brium intermediate (Hughson e al., 1990),
suggesting the equilibrium intermediate is also a
kinetic folding intermediate.

In a recent study, we measured quantitatively the
pH and urea dependences of the relative stabilities
of N, T, and the fully unfolded (U) conformations of
apoMb (Barrick & Baldwin, 1993a}, This analysis
shows that the unfolding of N can be modeled as
resulting from approximately two proton-binding
sites with pK, values around 7 in apoMb I and U,
and which cannot bind protons (i.e. have abnor-
mally low pK, values) in N. Since histidine in
unstructured polypeptide has a pk, near 7
(Reynolds et al., 1973; Anderson ef al., 1990; MeNutt
et al., 1990}, this pH dependence of unfolding may
result from histidine residues.

Studies on other proteins show that conforma-
tional stability can be affected strongly by thermo-
dynamic coupling to the acid-base equilibrium of
histidine. For example, the stability of T4 lysozyme
is dependent on pH in part because histidine 31 has
an abnormally high pXK, (91) in the native protein
(Anderson et al., 1990). In a study of RNase TI,
replacement of Glub8 with Ala has large effects on
the pK, values of two neighboring histidines and
thus atfects the pH dependence of stability {MeNutt
et al., 1990). Replacement of a histidine with a
glutamine at the C terminus of an a-helix in barnase
has a pH-dependent effect on stability consistent
with the abnormally high pK, of the histidine (Sali
et al., 1988). In these studies, mutagenesis of either
the histidines (Sali et af., 1988; Anderson ef af., 1990;
or residues interacting with the histidines (Anderson
et al., 1990; McNutt e al., 1990) was critical in
verifying the role of the histidine in pH-dependent
stability changes.

Here we test whether the acid-induced transition
from apoMb N to T can be attributed to a small
number of histidine residues, as we have modeled
(Barrick & Baldwin, 1993a}, and if so, which histi-
dines are responsible. We congtruct single mutants
of nine of the twelve histidines in myoglobin, and
also a double mutant involving histidines 24 and
119, Combinations of acid and urea are then used to
analyze the effect of each mutation on the stabilities

of N, I and U, and on the pH dependence of the
stability of N. We fit our three-state stability
equation (Barrick & Baldwin, 1993a) to the
unfolding data in order to obtain quantitative
unfolding parameters. Results of the denaturation
studies here are consistent with a partial list of the
histidine pK, values in apoMb N (Cocco ef al., 1992)
and with structural data for holo- and apoMb
(Takano ef al., 1977, Cheng & Schoenborn, 1991;
Coeco & Lecomte, 1990), and partially describe the
molecular mechanism of acid-induced unfolding of
apoMb N.

2. Materials and Methods
(a) Choice of hastidine mutations

The 12 histidines in myoglobin are listed in Table 1,
together with information regarding their environments
in the erystal structure of holoMb, measured pK, values
of some histidines in apoMb N (Cocco et al., 1992), and
percent protonation at pH 57 from crystalline neutron
diffraction studies of carbonmonoxymyoglobin (Cheng &
Schoenborn, 1991). We are interested in replacing the
histidines that have abnormal pX_ values in apoMb. For
this reason, of the histidines for which pK, values in
apoMb N are known., we replaced all but histidine 116
(pK, 6:6). For those histidines where pK, values are not
available, we calculated solvent-accessible surface area
(see the legend to Table 1}, and replaced histidines which
have low solvent-accessible surface area in holoMb since
burial may result in low pK, in apoMb N. Based on
calculated solvent-accessible surface areas, we mutated
histidines 64, 82, 93 and 97. We note, however, that three
of these four histidines contact heme in holoMb; thus their
environments should be quite different in apoMb. Since
histidines 24 and 119 are placed so as to interact with
each other in holoMb and in apoMb (Takano, 1977; Cocco
& Lecomte, 1990). we chose to replace them simul-
tanecusly as well as individually. For most mutations
histidine is replaced with glutamine (Table 2) to preserve
side-chain volume and, to a lesser degree, polarity. For
histidines 24 and 119, we substitute valine and phenyl-
alanine, respectively, since these two residues are
frequently found together in globin sequencest.

The expression and purification system used here relies
on the production of holoMb. We were initially concerned
that mutation of histidine 93, which provides the proxi-
mal ligand to the heme iron (Kendrew, 1962), would be
unable to bind heme; failure to bind heme may result in
an apoMb that is unstable in Escherichia coli, and may
seriously complicate purification. To circumvent this
problem, we replaced histidine 93 with glycine, and then
supplemented all growth and purification steps with 1 to
10 mM imidazole (see below). Our intention was to
stabilize the H93G holoMb both in vive and during purifi-
cation by substituting imidazole as a proximal ligand in
the cavity left by the mutation H93G (Ertksson ef af.,
1992). Based on preliminary spectroscopic character-
ization, addition of imidazole produces an H93G holoMb
conformation very similar to wild-type holoMb (3. B.,
unpublished results).

tIn a list of 215 globin sequences, kindly provided by
Donald Bashford, out of the 40 sequences containing
valine at position 24, 30 contain phenylalanine at
position 119,
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Table 1
Histidines in myoglobin
Solvent exposure} Oecupancy

Histidinet (A% Contacts in holoMb§ pKLl 9%}
12 (AlD) 1083 solvent 2
24 (B5) 28 E, (i, HI19 N <48 41
36 (C1) 465 a §1-82 0
48 (CD6) 106:1 solvent, 52 48
64d (E7) 267 heme 0
81 (EF4) 1359 solvent, 35
82 (EF3) 48 N:2-6A from D14107 100
93p (F8) 50-7 H, heme N/D

7 (FG2) 79-9 heme, 4 H,0, HO3 a7
113 (G14) 57-3 3 H,0 around N* <5h 14
116 (G17) 1055 solvent 66 9
119 (GH1} 165 B, H24 N¢ 53-58 55

T Residue number, based on the sequence of wild-type sperm whale myoglobin. Myoglobin produced
in the bacterial expression systems contains a formyl-methionine on the N terminus, however, as with
protein derived from sperm whale, we take the following valine as residue number 1. Numbers in
parenthesis indicate positions within helices and turns, and are as in Lesk & Chothia (1980).

I Determined by the method of Lee & Richards (1971) from the Brookhaven file 2MBN (Takano.
187T), with the heme omitted.

§ From Lesk & Chothia (1980), and from inspection of the crystal strueture.

|| pK, values determined for apoMb at 25°C (Cocco et al., 1992).

| Degree of protonation determined from neutron diffraction studies of carbonmonoxymyoglobin at
pH 57 (Cheng & Schoenborn, 1991).

(b) Construction of mulanis

Al DNA manipulations are performed essentially as
described in Sambrock ef al. (1989). All mutagenesis is
performed on a derivative of a synthetic sperm-whale
myoglobin gene, kindly provided by Drs Barry A.
Springer and Steven G. Sligar. Mutagenesis of histidines
24 and 119 was achieved using the Kunkel method

cassette replacements are impractical due to a paucity of
unique restriction sites. Instead we use a recombinant
polymerase chain reaction (PCR) technigue (Merino et ol.,
1692; Higuchi, 1990). In this methed, a single oligonucleo-
tide is synthesized which spans the site to be muta-
genized. The mutagenic oligonucleotide contains base
substitutions coding for the desired substitution and is
used in conjunction with a C-terminal primer in an initial

(Kunkel et al., 1987).
cassette mutagenesis.

Histidine 113 was replaced using
For other histidine mutations,

round of PCR on pMb413b (a plasmid containing the

wild-type myoglobin gene). The C-terminal primer is

Table 2
Besi-fit paremeters describing the acid-induced folding of apoMb histidine mutants
AGDNI.:;\;:'})I AG* U, app+

Mutant T (kcal mol™?) (keal mol™") \/(Variance)§
H24V 226 (1-91-2-74;} 401 {3-69-4-27) 2-08 (2-00-2-18) 657
H36Q 304 (N/D) 338 (N/D) 193 (N/T) 795
H48Q 240 (212-273) 404 (378-4-27) 195 (1-88-203) 703
H640Q) 204 (193-213) 420 (407433) 196 (1-8§-2-04) 434
H82Q 2:61 (2-35-2-8T) 470 (4-52—4-88} 1-86 {1-77-1-95) 595
H93G 2:71 {1'75~1-88) 460 (447-4-73) 205 {1-99-2-11) 518
H97Q 289 (205-2-43) 457 (437-475) 103 (1-84-202) 657
H1130 297 (210-2-46) 419 (402-435)  2-16 (210-2:23) 469
HI119F 258 (2-31-2-84) 384 {3-62-4-04) 2:09 (2:03-215) 520
H24V/H119F 1-24 (1-12-1-35) 538 (5-19-5-56) 2:38 (2-26-2-53) 684
Wild-typel 205 (1-86-265) 455 (407-479) 206 (1-86-223) 1188

Parameters result from applying the constrained 3-state fitting procedure to the data set (see the
text).

T Values in parentheses are 679, confidence limits determined during fitting. For H36Q, NonLin was
unable to calculate 679, confidence limits, perhaps as a result of poor fitting.

1 Apparent standard Gibbs energy differences are at 0 M urea, and pH »7, and are computed using
the equation AGZ,,= — RTInK ... where R is the gas constant (1-987 x 1072 keal mol~' K~!), and T
is 27315 K. Uncertainties in free energy are calculated as — RT[8(InK ,; 10n)/0K cq applo K g app Where
0K g app is the 67% confidence limit of K deter‘mmed during fitting.

§ Square root of the variance in deg em? dmol~

|| Parameters for wild-type unfolding are from Table I of Barrick & Baldwin {1993g), in which data
from both experiments were combined (544 observations}. Although httlng to experiment 1 of that
paper alone produces a significantly lower variance (630 deg ¢m? dmol™") resulting in part from a
major improvement in instrument optics, parameters are not significantly different between data sets.
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homologous to a region of the plasmid just outside the
coding sequence, and has on its 5 end an extension
(5"-AAGGCCTTGTCGACCCCC). The product of the
primary PCR is treated with 3 units of T4-DNA poly-
merase (New England Biolabs, Beverly, MA} in (-2 to
0-5mM of all 4 deoxynucleotide triphosphates, and is
purified by native polyacrylamide gel electrophoresis. The
gel-purified product is mixed with 10 ng of pMb413b and
subjected to 5 rounds of thermal eycling in the absence of
primers. An N-terminal primer (reverse sequeneing primer
1233, New England Biolabs) and a primer identical to the
5" extension of the C-terminal primer listed above are
added, and a 2nd round of PCR is carried out. The
product is digested with the appropriate restriction
enzymes, gel purified, and ligated into pMb413b. The
T4-DNA polymerase treatment of the primary PCR
product in an excess of dANTPs Iz desighed to remove, via
3 -5 exonuclease activity, the 3’ dA, dinucleotide that is
added by Taq polymerase. Nevertheless, dideoxy-
sequencing reveals that this step is sometimes unsuec-
cessful; the extra nucleotides cause a frame-shift 5 to the
mutation. To avoid the frame-shift problem, mutagenic
primers are currently designed so that their 5 ends are
immediately 3’ to the sequence TT. For all mutant
constructg, the entire portion of the gene replaced in the
ligation step was sequenced using the dideoxy method
{Sanger, 1981) in order to avoid errors resulting from
PCR.

(¢} Protein purification

Mutant myoglobins are produced in the E. coli strain
TB-1 as described by Barrick & Baldwin (1993a). Except
for H93G, protein is purified from the supernatant of
cleared lysates as described (Hughson et al., 1991; Barrick
& Baldwin, 1993q4). For H93G, expression and purifica-
tion are done in the presence of 10 mM imidazote- HCI at
the appropriate pH values (1 mM imidazole is used in the
cation exchange step in order to keep ionie strength low).
This method results in high level expression. around
5 mgfl of cell culture, We cannot detect changes in
chromatographic behavior or yield for any of the mutant
proteins, although H64Q is bright red, rather than the
usual reddish brown seen for wild-type protein.
Significant spectral changes which correlate with the
replacement of histidine 64 with glutamine have been
noted (Shikama & Matsuoka, 1989). Proteins are typically
greater than 959% pure ag judged by Coomassie staining
of 8DS-polyacrylamide gels.

ApoMb is prepared by 2-butanone extraction of heme
(Teale, 1959, Hughson et ai.. 1991). Concentration of
apoMb in stock solutions is determined using the method
of Edelhoch (1967). ApoMb stocks are stored at 0°C to
4°C; all subsequent measurements are made within 48 h.

{d) CD studies of apoMb mutants

CD measurements are made as described in Barrick &
Baldwin (1993a). Mean molar residue ellipticity at 222 nm
{[#]222), which measures «-helical structure, was moni-
tored at 0°C as a function of urea concentration and pH.
Typically, for each mutant, 3 acid-induced unfolding
curves (in urea concentrations ranging from 0 to 3 M) and
4 urea-induced unfolding curves (at pH 8, 7, 6, and
either 5, 4:5, or 5) are generated, giving approximately
160 separate CD) measurements per mutant. We observe
small but significant changes in ellipticity at 222 nm
between different apoMb preparations from day to day,
therefore all 7 unfolding curves for a given mutant are

collected in one 24 h period. All samples were 1 gM in
apoMb, and contained 2 mM total of sodium citrate plus
citric acid. In a recent report describing apoMb precipita-
tion as a function of urea concentration (De Young ef al.,
1993) a solubility minimum was found at 2-4 M urea of
around 2 mg apoMb/ml. In the current study, as in all
previous circular dichroism studies from our laboratory,
we use less than one-hundredth the concentration of this
lower limit in solubility, in order to avoid the well-known
problem of apoMb aggregation and precipitation (Rumen
& Appella, 1962). For each measurement, 5 to 20 ul of
apoMb stock is added to 2ml of prechilled buffer
containing the appropriate amount of urea. The sample is
immediately mixed, transferred to a thermostatted (0°C)
1-00 em quartz cuvette, and allowed to reach thermal and
chemical equilibriom for 5 min. Ellipticity is then
averaged over the next 120s. The pH of each sample is
determined at the conclusion of each titration with a
Metrohm combined glass electrode (Model 6.0216.100) at
room temperature.

(e) Three-state fitting

We apply a three-state model for acid and urea-induced
unfolding to our mutant apoMbs. We use the program
NonLin for Macintosh (Brenstein, 1991), to fit eqn {15) of
Barrick & Baldwin (1993«) to the data. This eqn describes
the relative stability of the 3 conformations using 2 refer-
ence equilibrium constants for the N to [ and T to U
reactions (K oo, and Kp; oo; apparent reference condi-
tions are high pH, no urea). In the model, the natural
logarithm of these apparent equilibrium constants
depends linearly on the urea molarity; the linear coeffi-
cients of change in In{Ky ,,,) and In(Ky; ,.) with molar
urea are myfRT and myyf RT. where R is the gas constant,
and T is absolute temperature. This formulation is iden-
tical to the linear extrapolation model (Greene & Pace,
1974: Schellman, 1978; Santoro & Bolen. 1992). The
influence of pH on Ky ,,, and Ky ., is modeled as the
result of some apparent number of proton binding sites,
nyy and %y, which have low pK, values in the N and T
forms respectively. and normal pK, values in I and U
(pK,,; and pK,,, respectively Barrick & Baldwin,
19934). In addition, [#],,; values for N, T and U are fitted
to the data: those for N and U are allowed to vary linearly
with urea concentration. because the data are sufficient to
evaluate the urea dependence for each case. The data for I
are not sufficient to determine its urea dependence and
{0125, for I is treated as a constant.

3. Results

(a) Acid-induced unfolding of histidine mutants
of apodb

Acid-induced unfolding of apoMb mutants in the
absence of urea, monitored by CD at 222 nm, is
shown in Figure 1. In each panel, wild-type protein
is shown for comparison {open circles). Ellipticity in
Figure 1 is scaled so that at high pH each apoMb
has the same value of [8],,,. This manipulation
allows denaturation curves to be compared, but has
no effect on the position of unfolding midpoints or
steepness of unfolding transitions.

Acid-induced unfoiding of the single mutants
H24V, H119F, the double mutant H24V/H119F,
and wild-type apoMb show that the effects of single



592 Role of Histidines in Apomyoglobin Unfolding

12 e

B RRRaan s

[ a ]

Lo oo 05339995’” & B

°o ++DQ"X J
. a®

6(30@ 4

[  3) ]
0.6 e
st

08 |

<

Ellipticity

04 e

LA S a e W

0.2

00 PR | PRI PRI R PR R | I

12 77T T T
10: Oooo@(ﬁm.
[ o° x> ]

x
_ QQQQQ(?(X x XX -
5 Q i
0.6 ® 7

I Q ]
04 B

Ellipticity

X0

00' — R B Lt sl *

1.0 20 30 40 50 60 70 80

l.zk“’l_‘_'_"I""|""]_f"‘|‘_’_"‘T""
Lo
o.sE . 5% .

0.6 [

Ellipticity

04 F o
‘ ¥

o |

0‘0'1..;\” Lo P S .
10 20 30 40 50 60 70 8.0

12 [ rrT—————————————— Ty

0.8 P

L o) 4
06 ) .
p ]

Ellipticity

0.2

T
1

0‘0'...‘!.._._1_“1.1.”‘\ o U L

10 20 30 40 50 60 70 840
pH

Figure 1. Acid-induced unfolding transitions of wild-
type (O) and histidine mutants of apoMb in the absence
of urea, monitored by CD at 222 nm. Data are scaled so

substitution are non-additive (Figure 1a). Although
neither single mutant has large effects on either the
N to I transition or the T to U transition,
H24V/H119F untolds at significantly lower pH. For
wild-type, the midpoint for the N to I transition is
around pH 50, and is well resolved from the low
pH I to U transition. For H24V/H119F, unfolding
appears to proceed in a single transition, with a pH
midpoint of around 3-1 to 3-2. This increased resist-
ance of the H24V/H119F N to acid demonstrates
that the two replacements stabilize N relative to 1
at low pH. It is not clear from Figure la if the
H24V/H119F unfolding transition results from a
single two-state reaction from N to U, or if there are
two transitions spaced too close to resolve the inter-
mediate conformation. By adding one or two molar
urea, the intermediate conformation is clearly
resolved in acid unfolding (data not shown).

Acid-induced unfolding of H36Q shows a shift in
the midpoint of the N to I transition from pH 50 to
pH 6-1 (Figure 1b). This decreased resistance to acid
demonstrates that N is destabilized relative to T by
replacement of histidine 36. Although the N to T
transition is strongly affected by this mutation, the
I to U transition of H36Q is identical to wild-type.

The other histidine mutants in this study show
little change from wild-type in their acid-induced
unfolding curves. Acid-induced unfolding transi-
tions of apoMb mutants where the replaced histi-
dine is in the heme binding pocket (H64Q, H93G
and H97Q) are very similar to wild-type (Figure l¢).
There may be a small decrease in the pH midpoint
of the N to I transition for H64Q; however, since the
fransition is not well defined, the decrease is prob-
ably not significant. For three remaining histidine
mutants {(H48Q, H&82Q and HI13Q)} the acid-
induced unfolding transitions are identical to wild-
type (Figure 1d).

(b} Urea-induced unfolding of histidine mutants
of apoMb

Urea-induced unfolding of apoMb mutants at
pH 8, monitored by CD at 222 nm, is shown in
Figure 2. Wild-type apoMb is shown for eomparison
(open circles). Ellipticity is scaled so that different
apoMbs have the same value in the absence of urea.
In urea-induced unfolding of wild-type at pH 8,
unfolding oceurs directly from N to U, with little I
present at any wurea concentration ({Barrick &
Baldwin, 1993q).

Urea-induced unfolding of the single mutants
H24V, H119F, the double mutant H24V/H118F,
and wild-type apoMb also show that the effects of
gingle substitution are non-additive (Figure 2a).
Urea midpoints for unfolding are decreased by 0-4 M
for H24V and H119F, indicating a destabilization of

that each apoMb has the same ellipticity at high pH. a;
H24V (+); HI19F (x); and H24V/H119F (&), b: H36Q
(x). o HE4Q (O); HO3G (x ), HOTQ (+). d: H48Q (O );
H82Q (x); and H113Q (+).
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04 b oifo ] to be adjusted in the fitting procedure. Although in
o most cases this procedure gave parameters that
0.2 % . accurately reproduced the data, we found that for
0.0 [ LE ¥ ® '_3 six of the ten mutants the m-value for the N to T
-0.2 I~ ‘ L L ]
0 8

4
Urea (M)

Figure 2. Urea-induced unfolding transitions of wild-
type () and histidine mutants of apoMb at pH 8, moni-

tored by CD at 222 nm. Data are scaled so that each
apoMb has the same ellipticity at O M urea. a: H24V (+);
HII9F (x}; and H24V/HIIOF (&), b: H36Q (x). e
H64Q (&) H93G (x ): HOTQ (+). d: H48Q (O): H82Q
(%) and H113Q (+).
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transition showed a significant decrease to an
average value of 06 (range 0-34 for H24V to 0-75 for
H64Q) keal mol™' (M urea)”™! compared with the
wild-type value of 103 keal mol~! (M urea) 1.
Similar decreases in the urea sensitivity of the tran-
sition from native to intermediate conformations
have been observed in a three-state analysis of the
a-subunit of tryptophan synthase (Tsuji ef al,
1993). Although these and other authors (Shortle &
Meeker, 1986) have interpreted changes in m-value
as reporting on changes in native and denatured
conformations respectively, an alternative explana-
tion of the my changes is the appearance of addi-
tional intermediates in the unfolding transitions (see
the discussion of Figure 1b by Gittis et al. {1993)
concerning changes in  m-values caused by
mutations in staphylococcal nuclease). Thus, the
fitted values of my are likely to have high asso-
ciated uncertainties; errors in my will be propa-
gated into AG°y,., and ny,, the parameters of
primary interest here. Therefore, in this paper we
apply a constrained three-state fitting procedure in
which those parameters expected to remain
constant upon histidine replacement are fixed at
wild-type values. These parameters are #y and m,
(103 and 01 kcal mol™! (M urea)}~!, pK,, (7-05),
pK.: (459), and ny, (1-31 proton-binding sites), and
were obtained reproducibly using different data sets
for wild-type apoMb (Barrick & Baldwin, 1993a).
The adjustable parameters in the constrained fitting
procedure are 7y, Kyp app, a0d Ky oo, and also the
helix contents of N, T and U. This constrained
fitting procedure simplifies the interpretation of the
effects of histidine replacement, and allows direct
comparison of the parameters of interest.
Furthermore, the use of this constrained fitting
method produces values consistent with the primary
data, with what is known about the structure, and
with a subset of measured apoMb histidine pK,
values. It should be kept in mind, however, that in
some cases the constraints we apply may provide a
poor description of urea-induced unfolding.

Fitted unfolding parameters and square roots of
variances {(standard deviations) for the ten mutants
are listed in Table 2. Standard deviations range
from 795 to 434 deg cm? dmol™!. To illustrate the
quality of the fits, we show the data set with the
best fit (i.e. lowest variance, H64Q, Figure 3a,h),
median fit (H82Q; Figure 3¢,d), and worst fit
(highest variance, H36(Q); Figure 3e,f). In each case,
urea-induced unfolding curves are reasonably well
reproduced  using  the fitting  parameters
(Figure 3b,d.f). In acid unfolding curves
{(Figure 3a,c.e), discrepancies are seen between data
and fitted curves at low urea concentrations, pH 4
to 5+5. For H64() these discrepancies are quite small,
but for H36Q they are very large. The fit to the
H&2Q data set (that which produced a median
variance) is satisfactory for our analysis.

The most significant changes in AG®yj ,p, are an
increase of around 0-8 keal mol~! for the double
mutant H24V/HI19F and a decrease of around
1-2 keal mol~! for H36Q (Figure 4a, Table 2); the

20,000 [T
15000 | ]
10000 [ ° —

++
5000 | by

-[6],,,, (degecm’sdmol ")

20,000
15,000
10,000 |

5,000 |

-[6],,, (deg+cm’+dmol™')

20,000
15,000 |
10,000 |

5000 [

-[6],,, (deg*cm” sdmol ™)

-5,000

20,000
15,000 F
10,000 |

5,000

-[6],,, (deg#cm’sdmol’)




Role of Histidines in Apomyoglobin Unfolding 595

20000 [—
15000 |
10000 [

5000 |

-[6],,, (degscm’+dmol )

20000
15,000 F
10,000 |

5000 f

-(6],,, (degecm®sdmol )

5,000 G

Figure 3. Three-state analysis of acid- and urea-
induced unfolding of representative apoMb mutants.
H64Q; (a), (b): H82Q: {¢}, (d): and H36Q; (e), (f) give the
lowest, median, and highest variances in the three-state
fitting procedure. Panel a: acid-induced unfolding in 0
(O), I'5 (%); and 3 (+)M urea. Panels ¢ and e: acid-
induced unfolding in ¢ (O); 1 (x); and 2 {(+) M urea,
Panels b, d and f: urea-induced unfolding at pH 8 (O); 7
(); 6 (+); 5 (A): 45 (O); and 4 ().

H36Q value is more uncertain because of poor
fitting (Figure 3e). Decreases in AG"y 40, of 0-7 and
05 kcal mol ™! are seen for H119F and H24V respec-
tively; the latter value is within the 67 percent
confidence limits of the wild-type value. Fitting of
all other mutants gives smaller, insignificant
changes in AG°y; ..,

AG®y 1pp 18 less sensitive to mutation (Figure 4b)
than AG®y . The largest change in AG°y ...
compared with wild-type is an increase of 0-3 keal
mol ! for H24V/H119F. The statistical significance
of such a small change is slight; indeed the
67 percent confidence limits of AG°y .., for
H24V/H119F and wild-type nearly overlap
{Table 2).

The apparent number of titratable groups linked
to the N to T transition (#,,), as determined by the
fitting procedure, is not significantly different from
wild-type for most mutations (Figure 5). For the
double mutant, however, ny; is 102 titratable
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Figure 4. Standard apparent Gibbs energy differences
between: a, the N and I; b, T and U conformations for
wild-type and histidine mutants of apoMb, determined
from the constrained 3-state fitting. Apparent energy
differences are in the ahsence of urea, at high pH. The
vertical bars show the 679 confidence intervals deter-
mined from the fitting, the horizontal ticks show the best
estimates. Mutants are arranged in order of increasing
conformational stability. The confidence limits for H36Q
are not known.

groups lower than for wild-type. For H36Q, ny, is
1-75 titratable groups higher than for wild-type, but
the confidence intervals are uncertain because of
poor fitting.

4. Discussion

We studied the urea and acid-induced unfolding
of a set of mutants in which histidine residues are
replaced with residues that do not titrate. In an
earlier study we reported qualitative analysis of the
effect of packing mutations on the acid unfolding
transitions of apoMb (Hughson et al., 1991). In the
current study, we apply a three-state model
{Barrick & Baldwin, 1993a), in order to quantify the
effects of mutations and also to test the model.
Since the fitting procedure relies heavily on compu-
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Figure 5. Apparent number of protons linked to the N
to T transition (ny,) for wild-type and histidine mutants
of apoMb, determined from the constrained 3-state
fitting. The vertical bars show the 679 confidence inter-
vals determined from the fitting, the horizontal ticks show
the best estimates.

tational methods, which put considerable distance
between the fitted parameters {and assoeiated
conchasions) and the primary data, we begin our
discussion by showing that significant changes in
the fitting parameters are correlated with obvious
changes in the primary data. We then discuss how
these changes relate to the structure and stability of
wild-type myoglobin. In doing so we compare fitted
parameters, but the reader should keep in mind that
the same conclusions can be made qualitatively
from the primary data.

(a) Comparison of fitting parameters with the
primary data

The largest changes in fitted AG®y, ., from wild-
type are for H24V/H119F (0-8 keal mol™" increase
in stability of N relative to I) and H36Q (1-2 keal
mol~' decrease in stability). These changes are
reflected in altered pH midpoints for unfolding: the
N to I transition of H24V/H119F is shifted by 1'5 to
2-0 units to lower pH {Figure 1a}, while that of
H-36Q is shifted 1-0 unit to higher pH (Figure 1b).
These effects are also seen in urea-induced unfolding
at pH 8: the unfolding midpoint for H24V/HI119F is
increased by 0-5M urea (Figure 2a), while that of
H36Q is decreased by 08M ures (Figure 2h).
HI119F shows a decrease in AG®y ., compared with
wild-type apoMhb of 0-7 keal mol~'. Consistent with
this modest decrease in stability is a small shift of
the N to I transition to higher pH in acid-induced
unfolding, and a decrease of the urea-induced
unfolding midpoint by 0:5 M. For the other mutant
apoMbs, changes in AG°y . are not significant;
this behavior is also seen in the primary data
(Figures lc.d; 2c,d).

A change in ny,, the apparent number of proton-
binding sites linked to the N to 1 transition, is
harder to visualize in the primary data since deter-
mination of ny,; requires the caleulation of the first
derivative of the acid-unfolding eurve with respect
to pHt. Nevertheless, for H36Q, where the fitted
value of ny, increases from wild-type by 175
groups, increased cooperativity can he seen hoth in
pH titrations at 1 M urea (compare Figure 3¢ and e)
and in the decrease in stability to urea with
decreasing pH (compare urea-induced unfolding at
pH 6 through 8 of Figure 3f with Figure 3b,d and
also with the wild-type data in Figure 2 of Barrick
& Baldwin, 1993a).

{(b) H2¢V, HII9F and H24V|HI1I9F

A comparison of these three mutants and wild-
type shows synergism between histidines 24 and
119, both in AG°y 4, and ny,. While AG®y ,pp is
decreased for each single mutant, it is increased by
08 keal mol™! for the double mutant (Table 2).
Similarly, ny, for the double mutant, but not for
either single mutant, drops substantially (from 2:25
protons for wild-type to 1-24 protons for the double
mutant).

These results can be rationalized based on the
structure and pK, values of holoMb and apoMb. In
holoMb, histidines 24 and 119 are buried in the
hydrophobic core (Table 1). Stabilization of N
relative to T and U in H24V/HI119F is likely to
result from removing two polar side-chains from the
hydrophobic core, and replacing them with the
hydrophobic side-chains of valine and phenyl-
alanine, which occupy roughly the same volume. In
holoMb, histidines 24 and 119 are nearly coplanar
and hydrogen bonded to each other through their N*
atoms {25 A separation; Takano, 1977). Histidine
24 also appears to form a hydrogen bond between
its N® and the peptide carbonyl oxygen of aspartate
20 (Takano, 1977; Cheng & Schoenborn, 1991)f. We
propose that the hydrogen bond between histidines
24 and 119 stabilizes N; the decreased stability of
each single mutant is expected, since replacement
breaks this hydrogen bond and buries unsatistied
hydrogen-bond  function. Using mutant-cycle
formalisrn (Horovitz & Yersht, 1990), the inter-
action energy between residues at positions 24 and
119 is 21 keal mol™' at high pH (Figure 7).

¥ Although ny; does have a direct influence on the
position of the pH midpoint of the N to T transition,
such displacements cannot be distinguished from
changes in stability which result from pH independent
interactions such as van der Waals contacts and changes
in hydrophobicity.

i The structure surrounding histidines 24 and 119 in
apaMb is likely to be similar to that in holoMb for the
following reasons. First, the pA, values and chemical
shifts of histidines 24 and 119 do not change when heme
is removed (Cocco et al., 1992). Second, intraresidue
NQEs are obhserved in apoMb between histidines 24 and
119, and also with other nearby residues in the
holoprotein (Cocco & Tecomte, 1990).
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Figure 6. Propased protonation states of histidines 24
and 119 in native apoMb. pK, values are from Coceo ef al.
(1992). Evidence for a hydrogen bond between histidines
24 and 119 comes from neutron diffraction studies of
Cheng & Schoenborn (1991) and from Dalvit & Wright
(1987). In the fully deprotonated form, we have drawn
His24 as the H-3 tautomer; this tautomer is only slightly
less stable (Reynolds ef al., 1973). We propose that in the
singly protonated form, the positive charge is delocalized
across the two imidazole rings as shown.

Although it is not possible to attribute this inter-
action energy to the two histidines alonet, the sign
and magnitude of this energy are consistent with
formation of a stable hydrogen bond.

The decrease in the fitted value of ny, by one
proton for H24V/H119F is consistent with the high
energy penalty which must occur when these
adjacent histidines are protonated in the low dielec-
tric core of N. Presumably it is this penalty which
shifts the pK, of histidine 24 below 48 (Cocco et al.,
1992). The observation that neither H24V nor
H119F shows any decrease, compared with wild-
type, in the fitted value of ny;, may be understood
by considering the proposed protonation scheme
shown in Figure 6f. In the first protonation step in

T The interaction energy could equally well result
from stabilizing interactions between valine 24 and
phenylalanine 119, or from repulsions between histidine
24 and phenylalanine 119 or between valine 24 and
histidine 119.

1 Although the structure around histidines 24 and 119
in wild-type apoMb probably resembles that in holoMb,
at present we know little about the structures of the
mutant apoMbs. NMR studies to examine the structures
of the mutants is still under way: preliminary results
suggest that much of the native structure seen in wild-
type protein is retained in the mutants (M. Coceo & J.
Lecomte, work in progress). Until a complete picture of
these mutant structures is in hand, the structural
interpretation given below should be taken as
speculative,

-0.5 kecal/mol
Wildtype — ™ H4V

0.7 keal/mol 1.4 keal/mol

H119F — ™ HM4V/HI15F
1.6 keal /mol

Figure 7. Mutant-cycle for H24V/H119F at pH9.
Values of AAG®yg .. the difference in apparent fitted
standard unfolding Gibbs energies of N to I, are shown for
each mutation. Arrows determine the sign of AAGSy, .
for instance, H24V minus wild-type is given on top. Since
GGibbs energies are taken in the direction of unfolding,
positive values for AAG®y; ., indicate that the mutation
is stabilizing to N. For double mutants in which the 2
mutated residues do not interact energetically, AAG®,
values on opposite sides of the cycle should be equal. The
apparent Gibbs energy of imteraction is taken as the
difference in energy of one mutation in the absence versus
presence of the other. Here, this apparent interaction
energy is 16 minus —0-5, or 2-1 keal mol™!.

wild-type (pK, 53 to 58), we propose that the
destabilization associated with burial of a positive
charge in the core of the protein is mitigated by
charge delocalization across the two imidazole rings
(Figure 6). When, however, one or the other imida-
zole group is replaced with a propyl or phenyl group
(H24V, HI119F), this delocalization is no longer
possible. We hypothesize that this first (and only)
protonation step becomes more destabilizing in
either single mutant (lower pK,), and effectively
replaces the pH-dependent contribution of the
second protonation step (pX,<4'8) seen in wild-
type apoMb N. This prediction can be tested by
measuring the pK, of histidine 119 in H24V and
that of histidine 24 in H119F,

The results and interpretation above for histi-
dines 24 and 119 are consistent with data regarding
the structure of apoMb 1. Hydrogen exchange
studies indicate that helices A, G and H are formed
in apoMb I, and suggest that the intervening helices
B through E are unfolded {Hughson et al., 1990}
Examination of the holoMb crystal stracture
(Takano, 1977) shows that the helices A, G and H,
and the helices B through E form two separate
subdomains (Hughson et al., 1990, 1991). Histidines
24 and 119 are at this subdomain interface in
holoMb and presumably in apoMb N (Cocco et af.,
1992; Cocco & Lecomte, 1990). Dissociation of these
subdomains (followed by loss of packing for AGH
{Hughson et al., 1991), and more extensive
unfolding for B-E) would relieve the unfavorable
interaction which develops between His24 and
Hisl119 at low pH. In other words, what is known
about the structures of N and I is consistent with
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both the pK, values of His24 and Hisl19, and the
stability changes resulting from their replacement.

Our results, taken together with our analysis of
the titration behavior of histidines 24 and 119,
suggests that protonating this hydrogen-bonded
pair is a major factor in triggering the partial
unfolding of N to I as the pH is lowered from 6 to 4.
Jennings & Wright (1993) have shown that, when
urea-unfolded apoMb is allowed to refold at pH 6,
the intermediate that is formed within the stopped-
flow mixing time has the same protected amide
protons as the equilibriam pH4 folding inter-
mediate. We sugpest that formation of the hydrogen
bond between histidines 24 and 119 may be a rate-
determining step in the refolding to N of this
intermediate.

(c) H36Q

Analysis of the data given here suggests that
histidine 36 stabilizes apoMb N. For H36Q, the
midpoint for urea-induced unfolding is decreased,
the midpoint of the N to I transition in acid-induced
unfolding is increased, and AG°y ,,, is decreased
by 12kcal mol™! compared to wild-type.
Furthermore, the pH dependence of the N to I
transition is increased: the acid-induced unfolding
transition appears to be steeper, especially around
pH 7 (Figure 3e, 1 M urea ( x )}, and ny, is increased
by 1:75 protons. Based on both the crystal structure
of holoMb and the pK, of histidine 36 (Cocco e al.,
1092), these effects can be partially rationalized. In
the holoMb crystal structure, the side-chain of histi-
dine 36 is packed against the side-chain of aspartate
38; these two residues may stabilize the protein
through formation of a salt bridge. Additionally
histidine 36 packs against phenylalanine 106.
A stabilizing interaction between phenylalanine and
histidine has been observed in a peptide helix; this
interaction is strongest when the histidine is proto-
nated (Armstrong et al., 1993). Stabilization of
apoMb N by charged histidine 36 should lead to an
increase in pK,; indeed, the pK, of histidine 36 is §-2
in both holo- and apoMb N (Cocco ef al., 1992}, The
observation that histidine 36 has the same value in
holo- and apoMb N, together with the retention of
an NOE between histidine 36 and phenylalanine 106
in apoMb N, indicates that the structure around
histidine 36 is retained in apoMb (Cocco et al., 1992).
Based on the above observations, the destabiliza-
tion of apoMb N displayed by H36Q is expected, as
the replacement eliminates two potentially stabil-
izing interactions. Unlike the groups that are
responsible for unfolding N at acidic pH, histidine
36 should stabilize the protein when the imidazole
ring is protonated. As a result, elimination of histi-
dine 36 should increase the sensitivity of the apoMb
N stability to pH between its pK, in N (8-2) and its
pK, in the I and U conformations (presumably 66
to 7), as is observed (Figure3e, 1 M urea (x};
Table 2).

The argument above also pravides an explanation
for the poor fitting of the H36Q data. The model on

which the fitting is based describes the acid-
unfolding of N as resulting from groups with abnor-
mally low pK, values in N. Removal of a group
whose pK, is abnormally high in N (a pK, shift not
accounted for by our simple model} may be
expected to produce a pH dependence of the N to 1
transition that is inconsistent with our simple
model. Stabilization of apoMb N at low pH by
His36 shows that the model is oversimplified.

(d} Heme binding pockel mutations

The mutations H64Q, H93(G, and H97Q show
little change in either acid and urea-induced
unfolding transitions, or in fitting parameters. In
the crystal structure of holoMb, histidines 64, 93
and 97 contact the heme. The identical stability at
all pHs for these mutant and wild-type apoMbs
indicates that the heme pocket remains open; that
is, removal of heme does not cause a collapse to a
tightly packed structure. This is consistent with the
fast binding of heme to apoMb (Antonini & Brunori,
1971; Shen & Hermans, 1972; Kawamura-Konishi et
al., 1988), two-dimensional NMR studies of the
apoMb N (Cocco ef nl., 1992}, and NMR studies of
dyes bound to the heme pocket of apoMb (Daniel
Pierce & Steve Boxer, personal communication),

(e} Comparison of AG gy app and AG® 1y app

Application of the three-state model to the
different mutant proteins allows us to compare
changes in apparent stability for the three con-
formations of apoMb. Changes in AG°y,p, are

larger than in AG°y ... In Figure 8, AG®y ,,, is
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Figure 8. Comparison of apparent standard Gibbs
energy differences between N and T with those between
the T and U conformations for wild-type (O) and histidine
mutants { %) of apoMb. The same scale is used for both
axes, so that the spread of the data in each dimension ean
be compared; the crossbars show the root-mean-square
deviation in each dimension.
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plotted against AG°y; ,pp for each mutant. The scale
is identical on each axis, so that the ranges of
AGP g app and AG® ., can be compared. Crossbars
show the calculated root-mean-square deviation of
the distribution in each dimension. Although statis-
tically crude, these root-mean-square deviations
provide an analytical measure of the spread of the
data; comparison of the root-mean-square-deviation
in AG°y app With that in AG®y ., shows that the
mutations studied here affect the stability of N
relative to I about four times more than that of 1
relative to U. Tf the stability of U is not affected by
mutation, the factor of four ahove should reflect the
sensitivity to mutation of N compared with 1.
Although these energy differences are apparent
quantities, and are likely to suffer from inadequa-
cies of the model {(such as those implicated from the
poor fitting of H36Q, and from potential multi-state
unfolding of I}, we point out again that the primary
data support the insensitivity of I to mutation
{Figure 1).

A similar conclusion was reached in a qualitative
study of helix packing mutants in apoMb (Hughson
et al., 1991; Barrick & Baldwin, 1993)), and was
taken as evidence that close packing interactions
between helices are lost in the N to T transition. An
alternative explanation, based on molecular dyna-
mies simulations of apoMb in water, has been
proposed by Tirado-Rives & Jorgensen (1993} in
which close helix packing is retained in apoMb I
but does not involve the residues that were replaced
in the study of Hughson et al. {1991). It will be
interesting to see if any of the nine residues studied
here are involved in the proposed apoMb I helix—
packing interactions of Tirado—Rives & Jorgensen.

5. Conclusions

In the present study we replaced nine different
histidine residues and studied the effects of these
replacements on the stability of sperm whale
apoMb. Our motivations were: (1) to learn about the
molecnlar mechanisms that control acid unfolding
of apoMb N; (2) to examine quantitatively the
effects of histidine mutations on the relative stabili-
ties of apoMb N, I and U; (3) to test the generality
of a simple three-state model for apoMb unfolding
{Barrick & Baldwin, 1993a).

We draw the following conclusions regarding the
molecular mechanisms that control acid unfolding
of apoMb N. Histidines 24 and 119, which are
H-bonded to each other in holoMhb, account for a
major part of the pH dependence of the N to I
transition: as the pH is decreased below 7, histidines
24 and 119 destabilize apoMb N. The double mutant
H24V/HU19F is strongly stabilized against acid
unfolding and the apparent number of protons
taken up in the N to I transition at low pH is
reduced from 22 in wild-type to 1-2 in the double
mutant. This dependence cannot, however, be attri-
buted to either imidazole group alone. Rather, the
interaction between these two groups creates unique
proton affinities, such that the two imidazole groups

must be considered as a whole. Histidine 36, which
has a high pK, (8-2) in N and in the crystal structure
is close to two groups that might stabilize the proto-
nated form of the side-chain, appears to influence
the pH dependence of the stability of N in the
opposite way: when it is protonated, histidine 36
stabilizes apoMb N. The mutant H36Q is destabi-
lized against acid unfolding. The apparent number
of protons taken up in the N to I transition at low
pH is increased to 39, but this value is questionable
because our model is unable to fit the H36Q
unfolding transitions (see below). We fail to detect
any change in the pH dependence of the stability of
N in any of the other histidine mutants studied
here, suggesting that the remaining pH dependence
of 12 protons for the N to I reaction in
H24V/H119F probably results from small pK, shifts
of several groups.

We draw the following conclusions regarding the
generality of the three-state model for apoMb
unfolding. Most of the mutant data obtained is
fitted reasonably well. The origins of all significant
changes in fitted unfolding parameters can be seen
ciearly in the primary data. This consistency
between the primary data and the fitting suggests
that the three-state model can be used to analyze
data for mutants. Nonetheless, the results of fitting
for some mutants are unimpressive; the most
obvious example is H36Q, whose acid unfolding
behavior is poorly fitted by our model. Given the
data presented here for H36Q, the results of the
fitting, and other structural data (Takano, 1977,
Coceo et al., 1992), we conclude that the molecular
mechanism which causes N to unfold at low pH is
more complicated than our original model (Barrick
& Baldwin, 1993a). The increase in ny, found for
H36Q shows that values of ny; obtained by using
our model must be treated with caution. Although
useful in extrapolating observed folding equilibria
with pH, vailues of ny, and pK,, , found using our
model do not have simple, direct correspondence to
structural features or mechanisms; rather they
should be taken as apparent guantities describing
the macroscopic properties of apoMb.
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