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ABSTRACT: Site-directed mutagenesis has been used to study the effect on the stability of human apomyoglobin
(apoMb) of modifying the size, hydrophobicity, and charge of a central residue in the G-B helix—helix packing
interface. Some stability measurements have also been made on the corresponding holomyoglobins (heme
present). Cys-110, a central helix pairing residue in the G helix, has been changed to Ala, Ser, Asp, and
Leu. Stability to low-pH-induced unfolding has been measured for both native apoMb and the compact
folding intermediate discovered by Griko et al. [Griko, Y. V., Privalov, P. L., Venyaminov, S. Y., &
Kutyshenko, V. P. (1988) J. Mol. Biol. 202, 127-138]. As judged by its circular dichroism spectrum, this
intermediate has a substantial helix content (about 35%). Whether or not this inferred helical structure
is closely related to the myoglobin structure is not yet known. The mutational evidence shows that integrity
of G+B helix pairing is important for the stability of apoMb as well as of myoglobin and that this helix pairing
site is very sensitive to both steric and electrostatic disruption. Our results also suggest that G-B helix pairing
does not stabilize the compact intermediate; hence, disrupting this site destabilizes the native protein relative
to the compact intermediate. Such selective destabilization of the native state relative to equilibrium folding
intermediates is not restricted to acid denaturation: urea denaturation of the Leu mutant appears to display
at least one stable intermediate, while wild-type and the remaining mutant apoMbs undergo two-state urea
unfolding transitions.

Apomyoglobin {apoMb)! is the classic example of a protein
whose folding pathway has been inferred from its structure.
In particular, the framework model of folding is based in part
on the postulated folding behavior of apoMb (Ptitsyn &
Rashin, 1975; Richmond & Richards, 1978; Cohen et al.,
1979), in which individual a-helices form independently of
each other but are stabilized by helix pairing reactions, so that
a stable framework of helical structure is formed which acts

This work was supported by NIH Grant GM 19988.

as a hydrophobic container for the heme group. Recently,
Griko et al. (1988) have shown, especially by calorimetric
measurements, that apoMb has a well-organized hydrophobic
core and may be considered as a well-defined globular protein.
In view of its significance for the framework model of folding,

! Abbreviations: apoMb, apomyoglobin; CD, circular dichroism;
GuHCl, guanidine hydrochloride; HEPES, N-(2-hydroxyethyl)-
piperazine-N"-2-ethanesulfonic acid; Mb, myoglobin; N, I, and U, native,
acid intermedijate, and unfolded states of apomyoglobin, respectively.
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it is tempting to investigate the folding pathway of apoMb.
This is particularly true since Griko et al. (1988) have found
that acid unfolding of apoMb reveals a compact folding in-
termediate, whose properties seem similar to the “molten
globule intermediates” reviewed recently by Ptitsyn (1987).
We begin such a study here by using site-directed mutagenesis
to ask if a particular helix pairing reaction, between the B and
G helices, is important for the stability of apoMb and of the
compact intermediate.

ApoMb, myoglobin (Mb) without the heme group, is a small
(molecular weight 17 000) monomeric protein with no disulfide
bonds. Approximately 60% «-helix, the apoprotein has about
20 fewer residues in a helical conformation than the holo-
protein (Harrison & Blout, 1965). 'H NMR and calorimetric
evidence (Griko et al., 1988) indicate that sperm whale apoMb
has a unique three-dimensional structure which, although
unknown, presumably resembles that of Mb. ApoMb is most
stable at 27 °C; either raising or lowering the temperature
destabilizes the native state (Griko et al., 1988). In their
thorough study of sperm whale apoMb stability, Griko et al.
monitored a-helix content as a function of pH. As the pH
is lowered from 6 to 2 in low-salt buffer, apoMb unfolds, and
its a-helix content drops from ~60% to <15%. At 27 °C,
acid denaturation occurs as a single, cooperative transition.
Surprisingly, however, at both low (=6 °C) and high (50 °C)
temperatures, acid denaturation reveals two successive un-
folding transitions well separated by a plateau region (Griko
et al,, 1988). This plateau represents a partially folded
equilibrium intermediate. Whether this intermediate is on the
direct folding pathway is not yet known. The a-helix content
of the intermediate is approximately 35%, midway between
that of the native (N) and unfolded (U) protein. The ap-
pearance of an intermediate at both high and low temperatures
is most likely caused by the onset of heat and cold denatu-
ration, respectively: both processes destabilize the N state
more than they destabilize the acid intermediate (I). Irace
and co-workers have also observed apoMb intermediates under
some conditions (Balestrieri et al., 1976; Irace et al., 1981,
1986; Colonna et al., 1982).

The I state of apoMb is compact (Griko et al., 1988) and
thus resembles the “molten globule” state discussed by Ohgushi
and Wada (1983) and reviewed by Ptitsyn (1987). Several
proteins have been shown to form compact intermediates under
specified conditions. The best-characterized example is the
A state of o-lactalbumin, observed both at low pH and at
intermediate GuHCI concentrations, which is nearly as com-
pact as the native protein (Kuwajima et al., 1976; Dolgikh et
al., 1985). The secondary structure of the A state, as judged
by circular dichroism (CD), also resembles that of native
a-lactalbumin. Tertiary interactions present in the native
protein are not observed in the A state (Kuwajima et al., 1976;
Dolgikh et al., 1985). Ikeguchi et al. (1986b) have shown that
this equilibrium intermediate has properties indistinguishable
from an early intermediate in the kinetic folding pathway.

We have targeted a specific tertiary interaction in apoMb
for site-directed mutagenesis: the G-B helix—helix pairing site.
We assume, on the basis of the close similarity among the
known globin structures, that the three-dimensional structures
of human and sperm whale Mbs are very similar; their primary
sequences differ at 25 of 153 positions, of which many are
conservative substitutions. Thus, we use the crystal structure
of sperm whale Mb (Takano, 1977) to select residue 110 of
human Mb for site-directed mutagenesis. Residue 110 is
positioned near the middle of the G helix, and its side chain
is buried almost entirely in the G-B helix packing interface
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FIGURE 1: Schematic representation of Mb, showing the relative
orientation of the B and G helices. The heme group is shown as a
shaded disk. The 8-carbon position of residue 110 is also indicated
schematically.

(Figure 1). We have made a series of substitutions varying
the size, hydrophobicity, and charge of this central buried
residue. We test whether the overall architecture of apoMb
resembles that of Mb closely enough that mutations predicted
to disrupt a helix pairing site in Mb also destabilize native
apoMb. Because the acid denaturation of apoMb at low
temperature occurs in two well-separated stages, the effect of
mutations on the stability of the N and I states can be assessed
independently. In this way, we are able to investigate the role
of a particular tertiary interaction in stabilizing the native
protein and/or the compact acid intermediate.

EXPERIMENTAL PROCEDURES

Preparation of Mutant Mbs and ApoMbs. Two methods
were used to create site-directed mutations at position 110 of
human Mb. The vector M13mp11FXMb (Varadarajan et al.,
1985) was primed with synthetic oligonucleotides to substitute
the codons TCC (Ser), CTC (Leu), and GAC (Asp) for the
wild-type codon TGC (Cys). The Ser and Leu mutants were
made by using a 10-fold excess of mutagenic oligonucleotide
to prime second-strand synthesis by the large fragment of
DNA polymerase I. The extension reaction was transformed
directly into Escherichia coli strain TG1. The resulting phage
plaques were then transferred to nitrocellulose and probed with
labeled oligonucleotide under stringent conditions to identify
mutants. The Asp mutant was made by using the method of
Kunkel et al. (1987). In all cases, the entire coding region
was sequenced (Sanger, 1981) to confirm that only the ex-
pected changes had been made and then subcloned into
pLcIIFXB (Nagai & Thogersen, 1984) to express the mutant
Mbs. The resulting plasmids, upon transformation into E. coli
strain MZ1, direct high-level synthesis of fusion proteins in
which the first 31 amino acids of A cII protein are fused via
the sequence Gly-Gly-Ser-lle-Glu-Gly-Arg to the amino ter-
minus of Mb. Identical expression constructs pMb3 [carrying
the wild-type human Mb gene (Varadarajan et al., 1985)] and
pMb3[C110A] [as pMDb3, but coding for the mutant human
Mb Cys-110 — Ala (Varadarajan, 1988)] were the gift of R.
Varadarajan. Overexpression, reconstitution with heme, and
trypsin cleavage of the fusion protein, as well as purification
of the resultant wild-type and mutant Mbs, were performed
as described by Varadarajan et al. (1989). All purified Mbs
were >95% homogeneous as judged by sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis and had essentially
identical absorbance spectra at 250-700 nm.

ApoMbs were prepared from Mbs by using a minor mod-
ification of the 2-butanone extraction method of Teale (1959):
following extraction of the heme group, the protein solution
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was dialyzed extensively against | mM HCIl at 4 °C. For
wild-type apoMb, the dialysis buffer also contained 1 mM
dithiothreitol to prevent formation of covalent dimers involving
Cys-110. Prepared in this way, apoMbs were stable for up
to 1 week at 4 °C.

ApoMb concentration was determined by measuring the UV
absorbance in 6 M GuHCl1/20 mM sodium phosphate, pH 6.5,
and using extinction coefficients derived from the tryptophan
and tyrosine content as determined by Edelhoch (1967). This
procedure yields extinction coefficients for horse apoMb and
several other proteins which agree closely with those deter-
mined by other means (Edelhoch, 1967). Calculated in this
way, €sgo and e,gq for the human apoMbs are 13.9 and 10.4
mM™ cm™, respectively. Mb concentrations were determined
by measuring the absorbance at 409 nm in 100 mM sodium
phosphate, pH 6.8, and using an extinction coefficient of 171
mM™ ¢cm™! (Puett, 1973).

Acid Denaturation. Acid denaturation curves were gen-
erated by measuring the CD signal at 222 nm, [6],,,, as a
function of pH using an Aviv 60DS spectropolarimeter. Two
hundred microliters of apoMb stock (5.00 uM protein in 1 mM
HCI) was added to 1.80 mL of buffer solution on ice to give
final conditions of 500 nM apoMb, 5 mM NaCl, 1 mM so-
dium phosphate, and | mM sodium citrate. The pH of the
buffer solution was adjusted beforehand with HCl. For
wild-type apoMb, 1 mM dithiothreitol was included in both
protein stock and buffer solutions. Since Cys-110 is the sole
cysteine in human apoMb, dithiothreitol was omitted from
solutions containing position 110 mutants. In a control ex-
periment, dithiothreitol had no effect on the transition curves
for acid or urea denaturation of the Ala mutant. CD mea-
surements were made in a 10-mm quartz cuvette thermostated
t0 3.0 £ 0.5 °C. At this protein concentration (500 nM), little
or no time-dependent change in the CD signal was observed,
while at higher concentrations time-dependent changes in the
signal were observed for the I state at some pH values. The
rate of change of [6],,, depended on apoMb concentration and
was attributed to aggregation of the I state. pH was measured
after allowing the samples to warm to room temperature at
the conclusion of the experiment.

pH transition midpoints were estimated directly from in-
spection of plots of [#],,, versus pH.

Urea and GuHCI Denaturation. Urea denaturation was
monitored by measuring [6],,, as a function of urea concen-
tration at 3.0 £ 0.5 °C. Twenty microliters of apoMb stock
(100 M protein in 1 mM HCI) was added to 2.00 mL of
ice-cold 10 mM N-(2-hydroxyethyl)piperazine-N"2-ethane-
sulfonic acid (HEPES), pH 7.60, containing urea and, in the
case of experiments with wild-type apoMb, 1 mM dithio-
threitol. Values were obtained after an equilibration time of
about 300 s. In the transition zone, slow irreversible changes
in the CD signal were seen in both unfolding and refolding
experiments and may reflect protein aggregation at moderate
urea concentrations. Denaturation profiles, however, were
independent of protein concentration between 1 and 5 uM
apoMb.

Denaturation of the metMbs (the heme iron in the ferric
state, water bound to the sixth coordination site) was monitored
by measuring either [],,, or the Soret absorbance peak at 409
nm as a function of GuHCI concentration. The denaturant,
GuHCI, and the conditions used were chosen to maximize the
reversibility of the unfolding reaction; even so, reversibility was
only 85-90%. Small volumes of Mb stock solution were added
to GuHCl-containing 10 mM HEPES, pH 7.60, to give a final
protein concentration of about 1 uM. The absorbance or CD
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FIGURE 2: Acid denaturation of wild-type human apoMb. Mean
residue ellipticity at 222 nm, [6],;5, is plotted as a function of pH.
Protein concentration was 500 nM in 5 mM NaCl, 1 mM sodium
phosphate, 1 mM sodium citrate, and 1 mM dithiothreitol. Sample
temperature was 3 °C. Plateaus represent native (N), intermediate
(I), and unfolded (U) states. The line through the data points was
drawn by inspection.

signal was followed with time at 25.0 = 0.1 °C. In the
transition zone, both signals, after a rapid decrease, continued
to decline gradually for several hours. This phenomenon
generally has been attributed to heme or globin aggregation
(Puett, 1973). “Apparent equilibrium” was defined as being
reached when the rate of change of the signal reached 10%
(of the native protein signal) per hour.

Urea and GuHCI denaturation curves were analyzed by
assuming that the folding/unfolding transition is two-state,
in which case equilibrium constants (K, can be obtained at
each denaturant concentration from the experimental data
[specifically, K, = () — ¥)/ (¥ = yp), Where y represents the
observable parameter ([6],5, Or €49) and yy and yp, represent
linear base lines for the native and denatured protein, re-
spectively; Pace, 1986]. Since AG,,, = —RT In K, calcu-
lating the free energy of unfolding at a given denaturant
concentration in the transition zone is straightforward. We
assume that AG,,, varies linearly with denaturant concen-
tration (Schellman, 1978, 1987; Pace, 1986). Then In Kopp
versus [denaturant] is also linear, and one can define a pa-
rameter m = d In K,;,/d[denaturant] which measures the
cooperativity of the two-state transition (Shortle & Meeker,
1986). Six parameters then describe the denaturation curve:
m, Cpiq (the transition midpoint), and four parameters giving
the slope and intercept of the two base lines (one each for
native and unfolded protein). To derive values and standard
deviations for these six parameters for a given data set, non-
linear least-squares analysis was performed using a program
written by David Whitman and modified by Robert Fairman.
To calculate AG®,, the apparent free energy of unfolding in
the absence of denaturant, the formula AG®,,, = RTmCpyq
was used. This procedure is formally equivalent to extrapo-
lating AG,, values derived from K, in the transition zone
back to O M denaturant, but it explicitly subjects the base lines,
as well as the transition zone, to statistical treatment. An
analogous treatment was published in greater detail recently
(Santoro & Bolen, 1988). AAG®,,, is the change in AG®,,
caused by a given mutation, using wild-type as the basis for
comparison.

RESULTS

Wild-type human apoMb unfolds in two well-separated
cooperative transitions as the pH is lowered from 7 to 2 (Figure
2). The transition midpoints are pH 5.3 (N < I) and pH
3.3 I« U) (Table I). ApoMbs from dog and horse (data
not shown), as well as sperm whale (Griko et al., 1988), have
very similar pH titration curves; a stable intermediate with
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Table I: Transition pH Midpoints for Acid Denaturation of ApoMbs
at 3 °C

apoMb N+«I [+-~U
wild-type 5.3 33
CIl10A 5.1 3.5
C110S 5.2 3.7
Cl110D 5.9 3.7
Cl10L 6.2 3.2

an a-helix content of approximately 35% is seen in all cases.
These four apoMbs share 80-90% amino acid sequence hom-
ology.

Four substitutions for Cys-110, a central residue in the G-B
helix—helix packing site (Figure 1), were isolated by site-di-
rected mutagenesis: Ala (C110A), Ser (C110S), Leu
(C110L), and Asp (C110D). Acid denaturation curves for
the mutant apoMbs (Figure 3) are reversible and still show
the compact intermediate, although in some cases the pH
midpoints of one or both transitions have shifted. At the low
resolution afforded by CD measurements, residue 110 sub-
stitutions appear to alter the stability, but not the structure,
of apoMb. The N states of the five apoMbs attain the same
CD value within experimental error. [8],,, values for the I
and U states of all the apoMbs except C110L are also in
reasonable agreement. Both I and U states of C110L appear
to have, however, significantly higher [6],5, values than
wild-type apoMb or the remaining mutants. The structure
of the I state may therefore be different, and residual structure
in the U state may be augmented, for C110L relative to the
remaining apoMbs. The I state appears to aggregate under
some conditions (see Experimental Procedures); the use of low
protein concentrations appears to circumvent this problem.

The pH midpoint for the transition from native to inter-
mediate varies from pH 5.1 for C110A to pH 6.2 for C110L
(see Table I), demonstrating that mutations at residue 110
affect the relative stability of N and I states. Compared to
wild-type apoMb, the N states of C110D and C110L are
significantly destabilized relative to the I states of these mu-
tants, while the N states of C110A and C110S are marginally
stabilized. It is therefore possible to vary the relative stability
of N and I states of a protein over a broad range by engi-
neering single amino acid changes.

Variation in the relative stabilities of the I and U states is
less striking (Figure 3). The I state of the C110L mutant
apoMb is the most stable, as it unfolds with the lowest pH
midpoint of the apoMbs studied. The I states of C110S and
C110D, and to a lesser extent C110A, are somewhat less stable
than wild-type.

To characterize further the stability of the N states of the
apoMbs, urea denaturation curves were generated at pH 7.60
(Figure 4). This pH was chosen to ensure that the Asp-110
side chain of C110D was charged. The curves are reversible
and independent of protein concentration over a 5-fold range.

Hughson and Baldwin
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FIGURE 3: Acid denaturation of mutant human apoMbs. [8],, is
plotted as a function of pH for C110A (O), C110S (m), C110D (a),
and C110L (A). Conditions were the same as in Figure 2 except that
no dithiothreitol was added. Lines through the data points were drawn
by inspection.

-[8]222 x10°3 (deg + cm? - dmol1)

! 1 L I

L L i 5

0.0 05 1.0 15 20 25 3.0 35 4.0

[Urea} (M)

FIGURE 4: Urea denaturation of human apoMbs. [f],,, is plotted
as a function of urea concentration for wild-type (0), C110A (@),
C110S (m), C110D (0), and C110L (a). Solid lines are derived by
nonlinear least-squares fitting to a two-state transition as described
under Experimental Procedures except for C110L, for which the fitting
program did not converge. The dashed line was drawn by inspection.
Samples were measured at 3 °C and contained, in addition to urea,
1.00 uM apoMb and 10 mM HEPES, pH 7.60.

Except for C110L, the curves can be subjected to thermody-
namic analysis by assuming that the folding/unfolding tran-
sition is two-state. As detailed under Experimental Procedures,
the net free energy stabilizing the folded state in the absence
of denaturant is estimated by linear extrapolation of AG,,,
values calculated in the transition region (Table II). AAG®,,,
is the change in AG®,,, caused by a given mutation, using
wild-type as the basis for comparison. C110S and wild-type
are essentially indistinguishable, while C110D, which places
a charged residue in the helix packing site, is strongly desta-
bilizing compared to wild-type (AAG®,,, = -3.6 £ 0.4
kcal/mol). C110A apoMb, on the other hand, is actually more

Table II: Denaturation Curve Analysis at pH 7.6°

apomyoglobin? holomyoglobin®
protein Cmidd AGcapp‘ AAGoappf Cmidd AGDEPP‘ AAGuaPPf
wild-type 2.05 (0.01) 5.1 (0.2) 1.40 (0.01) 7.8 (0.5)
C110A 2.12 (0.01) 6.1 (0.3) 1.0 (0.4) 1.60 (0.01) 10.6 (0.5) 2.8 (0.7)
C1108 1.76 (0.01) 4.9 (0.3) -0.2 (0.4) 1.43 (0.01) 8.3 (0.5) 0.5 (0.7)
C110D 0.70 (0.09) 1.5 (0.3) -3.6 (0.4) 1.09 (0.01) 8.2 (0.5) 0.4 (0.7)
C110L ND# ND ND 1.20 (0.01) 6.0 (0.5) -1.8 (0.7)

aStandard deviations resulting from nonlinear least-squares analysis are given in parentheses. ® Apomyoglobin parameters calculated from data in
Figure 4 (urea denaturation at 3 °C). ¢ Metmyoglobin parameters calculated from data in Figure 5 (GuHCI denaturation at 25 °C). 4Cy, is the
midpoint denaturant concentration given in molarity units. ¢ AG®,,, is given in kilocalories per mole. #AAG®,,, is the apparent free energy change
in kilocalories per mole relative to the wild-type protein. #ND, not determined.




Mutations in an Apomyoglobin Helix Pairing Site

180 |

160

140

120

100
80

£409 (MM =em™l)

60

40

201
0.0 0.5 1.0 15 2.0 25 3.0
[GuHCI) (M)

FIGURE 5: GuHCI denaturation of human Mbs (heme present). The
extinction coefficient at 409 nm is plotted as a function of GuHCI
concentration for wild-type (---), C110A (@), C110S (--), C110D
(m), and C110L (---). Lines are derived by nonlinear least-squares
fitting as described under Experimental Procedures. For clarity, actual
data points are shown only for C110A and C110D; however, the fit
is equally good for the remaining curves. Samples were measured
at 25 °C and contained, in addition to GuHCI, | uM metMb and
10 mM HEPES, pH 7.60.

stable than the wild-type protein by 1.0 £ 0.4 kcal/mol.

Native C110L begins to unfold at a relatively low urea
concentration, consistent with significant destabilization of the
native state. The nonsigmoidal shape of its urea denaturation
curve suggests, however, that the two-state assumption may
break down for this mutant, implying that at least one equi-
librium intermediate is present in the transition zone. Acid
denaturation curves, discussed above, suggest that C110L is
the least stable apoMb studied. The appearance of at least
one intermediate in the urea denaturation of C110L thus
supports the idea that destabilizing the native state can reveal
equilibrium intermediates (see Discussion). Whether the in-
termediates observed in acid and urea denaturation are
structurally related is not yet known.

The structures of several Mbs are known to high resolution.
If the structures of apo- and holoproteins are similar, the
impact of helix pairing site mutations on the stabilities of the
apo- and holoproteins may also be similar. To examine the
effect of helix pairing site mutations on the stability of the
holoprotein, the Soret absorbance at 409 nm was monitored
as a function of GuHCI concentration (Figure 5). AG°,,
and AAG®,,, (Table II) are calculated as before from analysis
of these transition curves. With one exception, C110D, the
results are qualitatively similar to those obtained with the
corresponding apoproteins. C110A is stabilizing relative to
wild-type, C110S has little effect, and C110L, as expected,
is destabilizing. Unlike C110L apoprotein, C110L holoprotein
appears to unfold in a two-state transition. Because heme
stabilizes the native holoprotein, the mutation C110L is
probably insufficiently destabilizing to reveal intermediates.
Surprisingly, though, C110D and wild-type Mbs have similar
stabilities [AAG®,,, = 0.4 £ 0.7 kcal/mol]. In this case,
compensating changes in the transition midpoint (Cp,;4) and
the cooperativity (m) result in a similar free energy of un-
folding, since AG®,,, = RTmC;q (Experimental Procedures).

Monitoring [8],,, instead of €49 yielded results which were
identical within experimental error except in the case of
C110A, for which AG®,,, was 8.8 & 0.6 kcal/mol (data not
shown). The reason for this discrepancy is unknown.

DiscussIoN

Intermediates in the Folding Reactions of Small Proteins.
A fundamental hurdle in understanding protein folding is the
difficulty of studying folding intermediates. Intermediates are
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much less stable under most conditions than the native and/or
unfolded protein. Small single-domain proteins, seemingly the
best model systems for attacking the folding problem, seldom
exhibit measurable populations of intermediates at equilibrium,
even in the denaturation transition zone between native and
unfolded protein. Indeed, calorimetric studies of several small
proteins show that unfolding is very close to a two-state
transition, although the presence of small populations (<5%)
of intermediates cannot be excluded (Privalov, 1979). Intensive
efforts have therefore been directed at characterizing transient
kinetic intermediates, either by covalently trapping them for
further study (Creighton, 1984) or, more recently, by using
a combination of rapid mixing techniques and two-dimensional
TH NMR (Roder et al., 1988; Udgaonkar & Baldwin, 1988).
Oas and Kim (1988) have developed a peptide model system
for pancreatic trypsin inhibitor folding intermediates. Another
approach, taken here, is to try to increase the equilibrium
population of intermediate states in the transition zone to a
level amenable to direct characterization.

Robson and Pain (1976) have suggested that an interme-
diate is observed in the guanidine hydrochloride (GuHCI)-
induced denaturation reaction of penicillinase, but not for most
other globular proteins, because native penicillinase is un-
usually unstable. According to this line of reasoning, dena-
turant concentrations (or temperatures) sufficient to denature
most globular proteins severely destabilize equilibrium inter-
mediates as well (Tanford, 1970; Robson & Pain, 1976).
Generalizing from the penicillinase example, one might, by
selectively destabilizing the native state of a protein, create
a window in which the native state is unstable but interme-
diates are populated. For example, an equilibrium interme-
diate is observed for the unfolding of bovine a-lactalbumin
only when Ca?*, which stabilizes the native protein, is absent
(Ikeguchi et al., 1986a). In this work, low temperature and
site-directed mutagenesis have been used to destabilize the
native state of human apoMb relative to one or more equi-
librium intermediates. Acid denaturation of wild-type and
mutant apoMbs shows directly that this is possible. The
success of this attempt is also demonstrated by one mutant
(C110L) for which urea denaturation is no longer two-state;
i.e., stable intermediates are detected in the unfolding transition
zone.

Helix—Helix Pairing. Mutations were chosen to disrupt,
to varying degrees, interactions between the B and G helices
of apoMb. We expected this helix pairing site to play a critical
role in stabilizing the native state. Helix pairing is an im-
portant motif in known protein structures. Chothia et al.
(1981) established that helix pairing usually entails the in-
tercalation of ridges and grooves along the interacting helix
faces. The most prominent ridges are formed by side chains
at positions 7, i + 4, i + 8, ..., etc. along an «-helix, since this
spacing most closely corresponds to the helical repeat unit of
3.6 residues/turn. Intercalation of £4n ridges of one helix into
%4n ridges of another helix defines an interhelical angle of
about —50°, which is in fact seen in half of the helix pairings
studied. The angle between B and G helices in sperm whale
Mb is —55°; £4n ridges on the B helix intercalate among x4n
ridges on the G helix (Lesk & Chothia, 1980). An elegant
feature of the analysis by Chothia and co-workers is that, to
this point, it is derived exclusively from the backbone geometry
of the a-helix and consequently is independent of the specific
amino acid sequence. The nature of the side chains, of course,
plays an important role in determining the precise positioning
of a helix—helix interaction (Lesk & Chothia, 1980; Chothia
et al,, 1981).
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It seems reasonable that helix pairs are stabilized primarily
by the burial of closely packed, hydrophobic side chains
(Richmond & Richards, 1978), although hydrogen bonds and
salt bridges between interacting helices, usually involving
nonburied atoms, also occur quite often (Chothia et al., 1981).
Mutations or modifications which disturb either the close
packing or the hydrophobicity of a helix pairing site would
then destabilize that interaction and consequently the protein.
Several experiments indicate that helix pairing sites are indeed
sensitive to these two types of disruption. Radding (1987) has
chemically modified the two Trp residues of sperm whale Mb,
which are located in the A-E and A-H helix pairing sites, to
the less hydrophobic oxindolylalanine and has shown that this
comparatively subtle change severely destabilizes the holo-
protein. He also suggests that the acid denaturation of the
modified Mb is no longer two-state. Alber and co-workers
have isolated an Ala — Val mutation in a helix pairing site
of bacteriophage T4 lysozyme which lowers protein stability
by 4 kcal/mol, presumably as a result of steric clash involving
the two additional methyl groups. Although the mutant ly-
sozyme is active, the X-ray crystal structure shows that the
helices are pried apart (T. Alber, personal communication).
Low tolerance for mutations has been demonstrated recently
for several residues buried in a helix pairing site between A
repressor monomers (Reidhaar-Olson & Sauer, 1988).

Stability of Native ApoMbs. In this study, single amino
acid replacements of a cysteine residue buried in the G-B
packing interface are shown to alter apoMb stability greatly.
In particular, while the mutation C110S has little effect,
C110D, which places a charged residue in the helix pairing
site, is severely destabilizing. Comparing free energies of
unfolding for C110D and wild-type apoMbs at pH 7.6, where
Asp-110 is charged, AAG®,,, determined by urea denaturation
is —3.6 + 0.4 kcal/mol (Table IT). C110L, which substitutes
the much larger leucine residue for cysteine in the pairing site,
also appears to destabilize native apoMb drastically: although
the stability of the acid intermediate, I, is hardly affected, the
N < I transition midpoint is shifted +0.9 pH unit (Table I).
C110A, in which a larger residue is replaced by a smaller one
of comparable hydrophobicity, is more stable than wild-type
(see below).

The destabilizing effect of C110D, and the (inverse) cor-
relation between residue size and protein stability for the
remaining four apoMbs, strongly suggests that both charged
residues and residues which interfere with close packing can
destabilize the G-B helix pairing site and consequently the
protein. Both conclusions have been drawn for buried residues
in other proteins: mutations which alter residue size or in-
troduce polar or charged residues in place of more hydrophobic
residues are generally more deleterious for protein stability
at buried than at surface positions (Argos et al., 1979; Fermi
& Perutz, 1981; Pakula et al., 1986; Alber et al., 1987).

Stability of HoloMbs. The stability of the corresponding
holoMbs was assessed by GuHC! denaturation. The results
are subject to some uncertainty (in addition to the standard
deviations quoted in Table II which derive from the fitting
routine) because the reversibility of the unfolding reaction was
only 85-90%. In general, however, the effect of residue 110
replacements on Mb stability is similar to their effect on
apoMb stability. This result adds to earlier evidence [see Griko
et al. (1988) and references cited therein] that apoMb has a
well-organized tertiary structure that is closely related to the
structure of Mb. Compared to wild-type, C110S is similar
in stability, while, as expected, C110L holoprotein is less stable
(AAG®,,, = ~1.8 = 0.7 kcal/mol). As in the case of the
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apoproteins, C110A holoprotein is more stable than wild-type.
Here, the difference in stability between wild-type and C110A
is greater: AAG®,, is 2.8 = 0.7 kcal/mol for the holoprotein
as opposed to 1.0 & 0.4 kcal/mol for the apoprotein (Table
II). If the presence of the heme group creates a less flexible
protein interior, the effect of making a favorable change (Cys
— Ala) may be magnified.

A surprising result is obtained for C110D holoprotein, which
is approximately as stable as wild-type when judged by AG®,;
when judged by the GuHCI concentration required to reach
half-denaturation (Cg;4), the C110D mutation is, however,
strongly destabilizing. For apoMb, the C110D mutant is 3.6
kcal/mol less stable than wild-type.

The result that C110A is more stable than wild-type for both
apo- and holoMbs is unexpected. In view of the recent study
by Fersht and co-workers of the destabilizing effects of making
small deletions in the hydrophobic core of barnase (Kellis et
al., 1988), it is interesting to observe that the stability of Mb
can be increased by making a small deletion in the hydrophobic
core (C110A). Because cysteine is somewhat more hydro-
phobic than alanine (Cantor & Schimmel, 1980), this stability
increase cannot be caused by an increase in the hydrophobicity
of the packing site. It may be that the removal of the ~-SH
group allows structural rearrangement which yields a more
stable protein. Alternatively, the mutation C110A may relieve
steric clash involving the -SH group without causing signif-
icant structural change. To distinguish these possibilities, and
to understand better to what extent close packing of hydro-
phobic side chains stabilizes protein structure, high-resolution
structures of these proteins are needed.

Stability of Acid Intermediates. ApoMb also provides an
opportunity to study the effect of destabilizing the G-B he-
lix—helix interaction on the stability of the compact acid in-
termediate. According to Ptitsyn (1987), the molten globule
state (of which the acid intermediate of apoMb may be an
example) is characterized by the absence of fixed side chain
conformations. Presumably, helix pairing at the G-B site would
require that side chains become fixed in this interaction. Acid
denaturation of these apoMbs demonstrates that both the N
<[ and I < U transition midpoints change as the residue at
position 110 is varied; these midpoint shifts clearly fail, how-
ever, to track each other with respect to a given mutant (see
Table I). Whereas disruption of the G-B helix-helix inter-
action can account for the shifts in the N < I transition, a
different explanation is needed for the shifts in the I <> U
transition.

Judged by the pH midpoint of the I <> U transition, the
stability of the intermediates in relation to the unfolded pro-
teins correlates very well with the hydrophobicity of residue
110 as measured by the transfer free energy from ethanol to
water (Tanford, 1962; Cantor & Schimmel, 1980). Hence,
apoMbs with hydrophobic residues such as Leu and Cys both
have very stable intermediates, although the N <> I transition
midpoints for these two proteins differ by 0.9 pH unit. That
hydrophobicity seems to be the dominant factor suggests
position 110 is at least partially buried in the intermediate.
Recent mutagenic studies on several other proteins have
demonstrated a close correlation between the thermodynamic
stability of the native state and the hydrophobicity of single,
mostly buried, residues (Matsumura et al., 1988; Yutani et
al., 1987). Side chain size, however, seems to play little or
no role in determining the stability of the apoMb I state,
arguing that the structure of the intermediate in the vicinity
of residue 110 is somewhat looser than the structure of the
native protein.
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The pH midpoint of the N <> I transition for wild-type
apoMb is 5.3, which implicates histidine side chain ionization
in the partial unfolding reaction. One possibility is that one
or more buried histidine residues, uncharged at neutral pH,
disrupt critical hydrophobic interactions upon protonation. Of
the nine histidine residues in human Mb, six are buried in the
interior of the protein (side chain surface-accessible area <
20 A% based on the sperm whale Mb structure; Lee &
Richards, 1971). Three of these contact the heme group, one
is in the F-H helix pairing site, and the remaining two, His-24
and His-119, are in the G+B helix pairing site (Lesk & Chothia,
1980). A plausible scenario is that the partial unfolding that
occurs in the N — I transition involves disruption of the G-B
helix pairing site caused by protonation of His-24 and/or
His-119. A prediction of this model is that disruptive muta-
tions in the G-B helix pairing site, while destabilizing the N
state, would have substantially less effect on the stability of
the I state. This is indeed the case: the range of pH midpoints
for the I <= U transition is less than half that seen for the N
<> [ transition (Table I).

A Novel Urea Intermediate. While measuring the stability
of the native apoMbs to urea denaturation, we found that the
folding—unfolding transition of C110L is remarkably broad
and does not appear to be two-state. Initial estimates for six
parameters are required by the nonlinear least-squares analysis
program used to fit the data in these studies; no estimates
tested allowed the iterative program to converge. The data
thus appear inconsistent with the two-state model used, in
which free energy varies linearly with urea concentration.

In a study of temperature-sensitive mutants of staphylo-
coccal nuclease, Shortle and Meeker (1986) found several
mutants for which both urea and GuHCI unfolding transitions
were significantly broader than for wild-type. In the most
dramatic case, a triple mutant is shown to unfold with a co-
operativity (defined as m = d In K,,,/d[denaturant]) about
half that of wild-type. Most striking, denaturation curves
generated by using two different probes for the denaturation
process, intrinsic fluorescence and CD, have very different
midpoints and cooperativities. While Shortle and Meeker
argue that their results are best explained by postulating
changes in the accessible surface area of the denatured proteins
within the context of a two-state model, it seems possible that
intermediates are being detected, at least in the case of the
triple mutant. In particular, the noncoincidence of denatu-
ration curves observed with two different probes is strong
evidence for one or more equilibrium intermediates. The very
broad transition seen for [6],,, as a function of [GuHCI] for
the nuclease triple mutant is quite similar to that seen in our
study for the urea denaturation of C110L apoMb.

Relation to a Protein Folding Model. We have chosen to
study apoMb in hopes of developing a system in which the
predictions of the framework model are explicit and can be
tested directly. If, as seems plausible, the structures of Mb
and apoMb are similar, then according to the framework
model the local structures which form earliest in folding must
be helices and/or loops. Moreover, the second stage of folding
must involve exclusively helix-helix pairing: the architectural
simplicity of apoMb is such that helix—helix interactions
comprise essentially the sole type of tertiary interaction. By
altering a central residue in a representative helix—helix
packing site, we have begun to characterize the contribution
of interhelix contacts to apoMb stability. Results presented
here clearly demonstrate that such contacts stabilize the native
protein. In this work, we have failed to find single-site mu-
tations which strongly affect the stability of the compact in-
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termediate. This may imply that the structure of the inter-
mediate is not well-defined, as would be the case for a molten
globule. Alternatively, the acid intermediate may have a
different and/or more flexible structure in the region of the
G-B helix pairing site but have a well-defined structure overall.
If so, it may be possible to affect the stability of the compact
acid intermediate by targeting mutations to other helix pairing
sites.

In summary, the results presented here demonstrate that
mutations in the G-B helix pairing site can destabilize the
native state of apoMb and thus enhance our ability to detect
and study equilibrium folding intermediates. It remains to
characterize the structures of the two types of
intermediates—those observed during acid denaturation and
those observed during urea denaturation—in greater detail.
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Flash Photolysis of the Serum Albumin-Heme-CO Complex!
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ABSTRACT: Protoheme—-CO in aqueous solution does not exhibit a geminate ligand recombination reaction.
Addition of a protein, either globin or serum albumin, to which heme binds strongly, leads to an observable
geminate reaction in aqueous solution. The bimolecular kinetic data for the albumin—-heme—CO complex
show two stable components, one heme-like in rate and difference spectrum, and one hemoglobin-like. The
geminate reaction correlates spectrally with the hemoglobin-like component.

’Ee binding of heme to globins produces a holoprotein with
remarkable properties including in the case of hemoglobin
(Hb) the capacity to bind a number of gaseous ligands re-
versibly and cooperatively (Antonini & Brunori, 1971; Dick-
erson & Geis, 1983). The effect of the interaction of heme
with globin can be seen clearly when the kinetics of the re-
actions of heme with carbon monoxide (CO) are compared
with the corresponding reactions of hemoglobin (Marden et
al.,, 1986). Binding to globin both protects the iron from
oxidation and slows the entrance and exit of gaseous ligands
from the heme pocket so that the ligands remain correlated
with the heme long enough to allow appreciable recombination
of the geminate pairs.
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Globins, however, are not unique in binding to and modi-
fying the behavior of heme. The protein hemopexin, for ex-
ample, which is present in plasma, binds free heme in both
ferro and ferri forms, and the ferro complex binds oxygen and
CO reversibly (Muller-Eberhard & Morgan, 1975). Serum
albumin is an abundant constituent of human plasma and has
one high-affinity binding site with a dissociation constant of
approximately 2 X 10~# M for hemin as well as additional sites
of much lower affinity (Adams & Berman, 1980; Beaven et
al., 1974; Moehring et al., 1983).

The static spectrum of heme-albumin is intermediate be-
tween that of free heme and that of Hb. In methemalbumin
the spectrum suggests that the iron is high spin, and this in
turn implies that it may be bound to the protein through one
of the many histidines in albumin (Kaminsky et al., 1972).
Such axial ligand binding would be analogous both to Hb and
to the hemopexin complexes (Brown, 1976; Muller-Eberhard
& Morgan, 1975).

The analogy between heme binding to albumin and to globin
suggested that an examination of ligand binding kinetics to
the heme—albumin complex might help to show how important
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