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ABSTRACT Low-temperature flash photolysis with IR
and visible spectroscopy was used to probe the influence of the
distal histidine His-64(E7) of sperm-whale myoglobin (Mb) on
the orientation of bound carbon monoxide (CO) and on the
kinetics of CO rebinding. The synthesis and high-level expres-
sion of a sperm-whale myoglobin gene in Escherichia coli
permits the efficient substitution of the distal histidine through
site-directed mutagenesis. Substitution of His-E7 with glycine
[GlyE7]Mb bound with CO (CO[GlyE7]Mb) results in one
broad bound-CO IR stretch band, v(C-O), centered at 1973
cm 1 at 10 K, in contrast to three distinct bands for native and
synthetic wild-typeMbCO at 1966, 1945, and 1929 cm-'. After
flash photolysis at 10 K, the unbound state of CO[GlyE7]Mb
exhibits two CO stretch bands, whereas MbCO has three.
Fourier transform IR spectroscopy measurements of the linear
dichroism after photoselective flash photolysis ofCO bound to
[GlyE7]Mb at 10 K reveals the bound CO to be oriented at an
angle of a = 20° ± 2° with respect to the heme normal. Flash
photolysis data from 10 to 300 K provide evidence for a larger
distal pocket and a smaller enthalpy barrier (by =4 kJ/mol)
for [GlyE7JMbCO as compared with wild-type MbCO. These
results reinforce the notion that the dominant control of the
binding step at the heme iron comes from the proximal side
through the protein structure.

The relation between macromolecular structure and function
is one of the most intriguing problems in molecular biology.
In the oxygen storage and transport proteins, myoglobin (Mb)
and hemoglobin (Hb), a central issue is the role of the protein
structure in the selective binding of atmospheric 02 versus
CO to the embedded heme prosthetic group: the binding
affinity of CO to protoheme is about 100 times greater than
to Mb (1-3). If Mb were to have the same affinity as
protoheme, endogenous breakdown of heme would produce
enough CO to render oxidative metabolism of 02 impossible.
Mb and individual Hb chains contain one heme prosthetic

group buried in the protein matrix. The heme Fe is coordi-
nated to four pyrrole nitrogens and an imidazole nitrogen
donated by the globin proximal histidine [His-93(F8)]. The
sixth coordinate position of the iron binds ligands reversibly.
Two highly conserved residues in the distal pocket are
implicated in the observed ligand-binding selectivity: His-E7
and Val-Ell. CO binds to Mb and Hb in a bent or tilted
geometry rather than normal to the heme plane (1-6). It is
usually assumed that the off-axis position of CO is caused by
the steric hindrance of His-E7 and that this hindrance
regulates the CO affinity.

Until recently, the effect of various residues on ligand
binding was studied by using naturally occurring mutants (7-

13). An example is Hb Zurich, in which an arginine replaces
His-E7. Such studies imply that His-E7 is important but do
not detail its role. Progress in recombinant DNA technology
has allowed advances in site-directed mutagenesis. The
advantages of specific genetic alteration of key residues are
apparent. Nagai and coworkers (14) have successfully used
site-directed mutagenesis combined with O2-binding kinet-
ics, x-ray crystallography, and resonance Raman spectros-
copy to probe the function of the His-E7 and Val-Ell
residues in Hb B chains.
We combine site-directed mutagenesis with low-temper-

ature Fourier transform IR (FTIR) difference spectroscopy
and flash photolysis to probe the role of the His-E7 in Mb. By
selecting Mb we avoided the complication of cooperativity.
We substituted His-E7 with glycine by taking advantage of
the expression of a synthetic sperm-whale Mb gene in
Escherichia coli (15) and denote the mutated Mb by
[GlyE7]Mb. The study ofCO rebinding over the temperature
range 10-300 K yields insight into the effect of residue
substitution on controlling binding at the heme iron. The
linear dichroism of FTIR spectra of photoselected samples
determines the orientation of the bound CO dipole with
respect to the heme normal.

MATERIALS AND METHODS
Sperm-Whale Mb. Mutagenesis of the synthetic Mb gene

was performed by inserting oligonucleotides coded for glycine
in place of histidine at position E7 (S.G.S., unpublished data).
The synthetic form has an additional methionine at the amino
terminus not present in the native Mb (Sigma), but optical and
magnetic spectroscopy show no significant differences be-
tween the synthetic wild-type and native Mbs (15).
FTIR Spectroscopy. The CO stretch bands, v(C-O), in the

bound (A) and the photodissociated (B) states were measured
on a Mattson Sirius 100 FTIR spectrometer. Lyophilyzed
protein was dissolved in a 75% glycerol/water (vol/vol)
solvent buffered to -pH 7 with 0.1 M potassium phosphate
and an excess of sodium dithionite. The final protein con-
centration ([GlyE7I]Mb) was 3 mM. Approximately 10 ,ul of
solution was placed between two CaF2 windows separated by
a 75-,um spacer. A closed-cycle helium refrigerator (CTI
Cryogenics, model 21) cooled the sample. All spectra were
taken at 2 cm-1 resolution and at 10 K, where rebinding ofthe
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ligand is slow on the time scale of the measurement. The
absorption difference spectra were obtained by referencing
the photolyzed spectrum to the unphotolyzed background
(Mb*/MbCO). Photolysis was achieved with a tungsten lamp
(Oriel, 250 W).

Photoselection and Linear Dichroism. The angle of the CO
dipole with respect to the heme normal can be determined by
measuring the linear dichroism of a partially photolyzed
sample in the IR at low temperature (16). In photoselection,
linearly polarized light filtered to 540 ± 5 nm partially
photolyzes the sample. This wavelength corresponds to the
heme f band, for which the transition dipole is isotropic in the
heme plane (17). We then determine the orientation of the CO
dipole relative to the transition dipole of the 83 band by
measuring the IR spectra with the polarization parallel and
perpendicular to the polarization of the photolyzing beam. An
IR polarizer (model IGP228, Molectron, Sunnyvale, CA)
produced the two polarizations. The angle a between the
heme normal and the v(C-O) transition dipole is given by a
= sin-1{[4(1I1 /I ) - 21/1V /II) + 2]} /2 where III and I_ are the
parallel and perpendicular intensities, respectively (16). Be-
cause the IR transition dipole lies along the C-O bond axis, a
gives the angle between the CO axis and the heme normal.

Flash Photolysis. The flash photolysis system employed a
30-nsec pulse from a frequency-doubled, Q-switched Nd+-
glass laser (540 nm, 240 mJ). Samples consisted of protein
dissolved in a 75% glycerol/water solvent buffered to pH 7.0
with 20 mM potassium phosphate and an excess of sodium
dithionite. The final protein concentration ([GlyE7]Mb) was
v20 AM. Rebinding was monitored with light from a tungsten
lamp passed through a monochromator at 440 nm and mea-
sured by a photomultiplier (Hamamatsu 928). The signal was
digitized from 1 ,usec to 300 sec by a homebuilt micro-
processor-based digitizer with a logarithmic time base. A
liquid-helium storage dewar (Janis) permitted temperature
control.

RESULTS AND DISCUSSION
Synthetic MbCO. The FTIR absorption difference spectra

of synthetic wild-type and native MbCO at 10K (Fig. 1) show
the v(C-O) bands of the bound (A) and the photolyzed (B)
states (18, 19). No significant differences between the native
and synthetic wild-type MbCO were observed in the peak
positions of the photodissociated and bound CO stretch
bands, the angle of the bound ligand as determined by linear
dichroism following photoselection, or the CO-rebinding
kinetics. Differences in the peak intensities of the bands
between the two spectra can be attributed to slightly different
pH values. Therefore, any new phenomena seen in the
mutant Mb are caused by the exchange of the His-E7 for
glycine and are not artifacts of the synthesis of Mb in E. coli.

Static Properties. A striking difference between MbCO and
CO[GlyE7I]Mb is seen in the 10 K FTIR absorption difference
spectra in Figs. 1 and 2. MbCO shows three distinct bands,
which we interpret following Makinen etal. (19, 20), as three
distinct conformational substates corresponding to three
different protein structures. In contrast, CO[GlyE7]Mb pos-
sesses only one broad band centered at 1973 cm-'. Prelim-
inary rebinding kinetics following flash photolysis at 50 K
indicates that the band is composed of two components. The
small peak at 1930 cm1 is the red-shifted stretch band caused
by the small fraction of `3C in the CO. The three substates in
MbCO have angles a as given in Table 1, whereas
CO[GlyE7]Mb has an angle a = 20°. The absence of His-E7
thus results in a CO orientation similar to that of substate AO
in wild-type MbCO. The photolyzed state, Mb*, exhibits
three B substates (Fig. lb), whereas [GlyE"]Mb* shows only
two broad bands (Fig. 2). Neither the B substates of Mb* nor
of [GlyE"]Mb* show a linear dichroism (16). We summarize
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FIG. 1. FTIR absorption difference spectrum of synthetic
wild-type Mb*/MbCO (a) and native Mb*/MbCO (b) at 10 K in 75%
glycerol/water at -pH 7.

in Table 1 the static properties of the native and mutant
MbCO. The changes in the conformations for [GlyE7]Mb in
the bound and photolyzed states are evidence for the crucial
role played by the distal histidine in determining the ligand-
heme conformation.
Low-Temperature CO Rebinding. The rebinding of CO to

[GlyE7]Mb also sheds light on the role of the distal histidine.
We measured rebinding kinetics of CO[GlyE7]Mb after flash
photolysis from 10 to 300 K at 440 nm in 75% glycerol/water
(Figs. 3 and 5). The low-temperature data show smooth
nonexponential kinetics as seen in all heme protein systems
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FIG. 2. FTIR absorption difference spectrum of [GlyE7I-
Mb*/CO[GlyE7IMb (MbE7Gly*/MbE7GlyCO) at 10 K in 75%
glycerol/water at -pH 7.

Proc. NatL Acad Sci. USA 85 (1988)



Proc. Natl. Acad. Sci. USA 85 (1988) 8499

Table 1. Parameters of the A and B substates in MbCO
and CO[GlyE7]Mb

F(FWHM),
Substate v, cm-l cm-1 a

MbCO* AO 1966 9.7 150 ± 30
A1 1945 8.8 280 ± 20
A3 1929 14.0 330 + 40
Bo 2149 6.0
B1 2130 6.3
B2 2119 7.0

CO[GlyE7]Mbt A 1973 14.9 200 ± 20
Bo 2137 13.6
B1 2125 7.6

All data refer to 75% glycerol/water solvent at 10 K and pH 7.
r(FWHM), full width at half-maximum.
*Refs. 16 and 19.
tData from present work.

studied (21, 22). We fit the data from 60 to 160 K by assuming
a distribution of conformational substates with different
barriers for rebinding (21). Below o180 K in a 75% glycerol/
water solvent the ligand is confined to the heme pocket, and
each protein molecule is frozen in a conformational substate
with a specific activation enthalpy for rebinding. We define
g(H)dH as the probability of a protein having an activation
enthalpy between H and H + dH. The fraction of proteins
that have not yet rebound a ligand at time t then becomes

rx

N(t, T)= |g(H)e-kBA(HT)tdH. [1]

The rate coefficient is given by

kBA(H, T) = A BA(T/TO)e ,R [2]

ABA = veSIR, [3]

where S is the activation entropy, R = 8.314 J/mol-K, T. is
taken to be 100 K, and v is the attempt frequency at 100 K.
N(t, T) = AA(t, T)/AA(0, T), where AA(0, T) was assumed
to be 2.34 OD at all temperatures. We parameterize g(H) as
agamma distribution (23) and show the distributions obtained
for mutant and native MbCO in Fig. 4. The solid lines in Fig.
3 are a least-squares fit using a finite-difference Levenberg-
Marquardt algorithm to minimize x2. The peak enthalpies and
preexponentials are listed in Table 2. The reduction in the
peak enthalpy reflects the reduced hindrance experienced by
the ligand in rebinding to the glycine mutant; the reduction in
the preexponential can be attributed to the increased entropy
of the mutant-ligand system in state B owing to the larger
distal pocket in the glycine mutant (24).

In native Mb the distal histidine affects binding both
sterically and electrostatically (6, 25-30). Comparing the CO
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FIG. 3. Recombination of CO with [GlyE7]Mb (MbE7GlyCO)
over the temperature range 60-160 K in 75% glycerol/water, pH 7.
The solid lines are fits based on Eqs. (1 and 2) and the enthalpy
distribution given in Fig. 4.
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FIG. 4. Activation enthalpy spectra ofthe innermost bamier B-
A of CO[GlyE"]Mb (MbE7GlyCO) and MbCO. g(H)dH denotes the
probability of a protein having an activation enthalpy betweenH and
H + dH.

rebinding of wild-type Mb with that of separated 1B chains of
hemoglobin Zurich, in which the His-E7 is replaced by an
arginine (30), suggests that the steric effect of His-E7 ac-
counts for 2 kJ/mol of the enthalpy barrier. The electrostatic
effect has been estimated from the pH dependence of the CO
rebinding to Mb. The pH dependence has been interpreted in
terms of a charge-dipole interaction between the CO dipole
and the positive charge of the imidazole of the His-E7 (30).
The faster rebinding at pH 5 suggests that the charge of the
distal histidine can contribute 2-4 kJ/mol to the enthalpy
barrier. The reduction in the peak enthalpy of4 kJ/mol in the
glycine mutant is consistent with these previous estimates.
The rebinding kinetics also differentiates the role of en-

tropy and enthalpy in the bond formation step, B -+ A, at the
heme iron. The single CO conformation in CO[GlyE7]Mb
appears to be related to the AO substate in MbCO because the
orientation angle a and peak frequencies are comparable
(Table 1). Average binding rates ofthe two states at 100 K are
also similar (Table 2). However, the binding rates are larger
than that measured in MbCO at 440 nm for different reasons:
the Ao substate in MbCO binds faster because of its larger
preexponential-i.e., an entropy effect-whereas the A state
in CO[GlyE7]Mb binds faster because of a smaller enthalpy
barrier. Thus, the distal histidine influences both the entropy
and enthalpy barriers for CO rebinding to the heme iron.
High-Temperature Binding. Fig. 5 shows that rebinding

becomes more complicated above -z200 K. The slowest
process, denoted by S, is proportional to the ligand concen-
tration in the solvent. We interpret S as the solvent process:
CO escapes from the pocket into the solvent and rebinds from
there (30, 31). In Mb and in [GlyE7]Mb process S is expo-
nential. In [GlyE71Mb, an additional slow component with an
amplitude of a few percent occurs, the origin of which is
unclear. The association rate coefficient Aon for process S can
be written as (30-32)

Aon(T) = kBA(T)PB(T)Ns(T).
Table 2. Parameters for CO binding to Mb and [GlyE7]Mb in
75% glycerol/water, pH 7, at 1 atm CO

[4]

CO[GlyE7]Mb,* MbCO,* MbCO,t
Parameter 440 nm 440 nm AO

Hpeak(kJ/mol) 6.3 ± 0.2 10.0 ± 0.2 10
log[ABA/sec1] 8.4 ± 0.1 9.0 ± 0.1 10.8
log[kBA/sec-1] (100 K) 6.1 4.3 6.3
log[kBA/sec1] (300 K) 7.4 7.4
log[Akn/sec-1] (300 K) 3.7 2.8
N, (300 K) 0.47 ± 0.02 W1-
log PB (300 K) -3.4 -4.6
*Data from present work.
tRef. 19.

-I IOO
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FIG. 5. Recombination of CO with [GlyE7IMb (MbE7GlyCO)
over the temperature range 210-300 K in 75% glycerol/water, pH 7,
at 1 atm of CO (1 atm = 101.3 kPa).

Here kBA(T) is the average rate coefficient for the step B
A extrapolated to the temperature T (23). PB(T) is an

occupation factor, which in the limit kBA .0 is the

probability of finding the system in state B. N. is the fraction
of ligands that reach the solvent after being photodissociated.
Values ofN. (assuming a temperature-independent change in
absorbance), Aon, the extrapolated kBA, and the resultant PB
at 300 K are given in Table 2. The data are surprising: the
average rates kBA for the binding step at the heme iron,
extrapolated from the low-temperature data to 300 K, are
nearly the same for Mb and [GlyE7]Mb. The difference in the
association rate coefficient Aon between Mb and [GlyE7]Mb is
predominantly caused by the larger PB for the mutant.
The extrapolation used here assumes that protein relax-

ation above 200K does not shift the distributions g(H) shown
in Fig. 4. If such a shift occurs, as predicted by Agmon and
Hopfield (33), the extrapolated values of kBA and PB(T) will
change, but we expect the main conclusions to remain valid.

Pocket Volumes. The volumes of the pocket in Mb and
[GlyE7]Mb can be estimated in a number of ways. First, we
note that the two amino acids have very different volumes,
VHlS, l53 A3 and VG1Y, -60 A3 (34). If the overall protein
structure does not change drastically, we expect the pocket
in the mutant to be larger by 90 A3. The larger pocket
volume should be observable as a larger entropy change in
binding, and hence [GlyE7]Mb should have a smaller preex-
ponential, ABA, than native Mb. Table 2 confirms this
expectation. The larger pocket volume should also appear as
a larger factor PB, and this prediction is also correct. While
all, our data are consistent with a much larger volume in
[GlyE7IMb than in Mb, it is difficult to give a definite value
for the pocket volume ratio, because Mb exists in three A
substates, whereas [GlyE7JMb assumes only one conforma-
tion.
The larger pocket should have another effect: A reduced

preexponential for the step B -- A implies a larger preexpo-

nential for the dissociation step A -* B (24). Even if the

replacement His-E7 -* Gly does not change the binding
enthalpy of the CO, the larger pocket volume should increase
AAB and hence kAB. Indeed, the CO-off rate increases by
about a factor of 2 (S.G.S., unpublished data). Because the
fraction N, (Eq. 4) given in Table 2 is -0.5, kAB must increase
by about a factor 4.

CONCLUSION

In the present work we studied the effect of replacing the
distal histidine in myoglobin, His-E7, with glycine. The result
differs from what we anticipated. Textbooks assert that
His-E7 forces the bound CO into a bent position, away from
the heme normal, thereby decreasing the association rate and
lowering the affinity (1). We therefore expected the replace-
ment His-E7 -+ Gly to result in a heme-normal-CO angle of

00 and a much larger rate coefficient kBA. The experiments
show, however, that the association and dissociation rates
increase only moderately, so that the equilibrium rate coef-
ficient (kBA) is larger by only a factor of five (S.G.S.,
unpublished data). The coefficient kBA at 300 K is little
changed and is not nearly as large as for protoheme (35),
reinforcing the notion that the dominant control of the
binding step at the heme iron comes from the proximal side
(30, 36, 39). Moreover, the angle between the CO and the
heme normal is still =20O. Because the CO in the absence of
steric effects is expected to lie in the heme normal (37), steric
effects may still be present, caused for instance by Val-Ell.
The replacement of histidine by glycine also affects dioxygen.
[GlyE7I]Mb was found to autooxidize much more rapidly than
wild-type protein (S.G.S., unpublished data), thus making
low-temperature ligand-binding experiments more difficult.
The multiple A substates shown in Fig. 1 invite the

question as to their role. Multiple bound substates have also
been seen in elephant MbCO, where the His-E7 is replaced
with a glutamine (38). IR measurements on mutants in which
the distal histidine is replaced by amino acids with nonpolar
side chains, however, show only one A substate. His-E7 and
Gln-E7 thus also play a crucial role in promoting the multi-
plicity of CO orientations in MbCO. The role of the multiple
A substates in the function of Mb is not yet understood, and
it is therefore not clear whether the multiple A substates
caused by His-E7 or Gln-E7 are a side effect or are truly
important.
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