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I. Introduction

The structural elements which afford molecular
recognition and discrimination events in macromol-
ecule-ligand interactions dictate the basis of protein
function. Nature has evolved highly specific interac-
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tions between proteins and other molecules that permit
regulated biological activities, without which life could
notexist. Selected examples include enzyme~substrate,
receptor-ligand, antibody-antigen, and protein—nucleic
acid interactions. The mechanisms which allow the
binding of one ligand preferentially over chemically
and structurally similar molecules is defined at the
atomiclevel. In this review we will focus on the ability
of the heme proteins myoglobin and hemoglobin to
discriminate selectively between the binding of two
small gaseous ligands, oxygen (O3) and carbon monoxide
(CO). Although the chemical and structural rules which
define this interaction are unique to myoglobin and
hemoglobin, the underlying mechanisms have general
applicability to all protein-ligand interactions. Aswill
become apparent to readers, the combination of site-
directed mutagenesis to modify specifically a protein
active site, coupled with structural, chemical, and
physical characterizations of the resultant mutant
proteins, provides a very powerful approach from which
to address protein function at the molecular level. Only
when knowledge of proteins at this level is attained
does the rational design of chemical and structural
ligand analogs become possible.

Hemoglobin and myoglobin are partners in the
transport and storage of oxygen in vertebrates.
Hemoglobin is found packed at high concentrations
(~20 mM) in red blood cells and myoglobin in aerobic
muscle tissue. Hemoglobin is an a8, heterotetramer
that binds O; cooperatively. The cooperative binding
of Oy in areas of high oxygen concentration allows
hemoglobin to become nearly saturated in the lungs.
The blood stream then transports oxyhemoglobin to
areas of low oxygen concentration in respiring tissues
where the O is released and delivered to myoglobin.
Myoglobin is a compact, predominantly o-helical,
globular protein which functions by storing oxygen
during periods of rest until required for oxidative
phosphorylation. The individual « and 8 subunits of
hemoglobin are analogous to myoglobin both at the
structural and functional levels. Although a brief
comparison of the functional properties of myoglobin
and the hemoglobin subunits will be addressed below,
a complete description of hemoglobin structure and
function is beyond the scope of this review and readers
are directed to the following reviews for more extensive
information.i~
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Sperm whale myoglobin and horse hemoglobin A were
the first protein structures determined to high resolu-
tion by X-ray crystallography®® and have since served
as paradigms for studies of protein structure—function
correlation. Myoglobin is comprised of eight o helices
(labeled A-H) that form an amphipathic pocket that
stabilizes the binding of the essential prosthetic group,
iron protoporphyrin IX, which is designated as heme
(Fe?*) or hemin (Fe?*) (Figure 1). The iron atom is
coordinated to the protein moiety through a histidine
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which is located at position 8 along the F helix (HisF8,
or “proximal” histidine) (Figures 1 and 2) and to the
protoporphyrin through four pyrrole nitrogens. The
majority of the other heme-protein contacts are
hydrophobic, with the exception of two solvent-exposed
heme propionates that interact electrostatically with
external protein residues.

Myoglobin and hemoglobin bind ligands through the
one remaining Fe coordination position on the distal
face of the heme. The heme iron in myoglobin and
hemoglobin exists in two physiologically relevant ox-
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Figure 1. A ribbon diagram of the sperm whale myoglobin
a-carbon backbone showing the arrangement of the eight «
helices and the heme group (shown as balls and sticks).!15 To
simplify the comparison to other oxygen binding heme
proteins, the location of a particular amino acid is specified
by a location along a helix, instead of the simple numerical
value in the sequence. For example, amino acid E7 is the
seventh amino acid along the E helix. Amino acids in turns
between helices are specified by a number following the two
helix specifiers, e.g., CD1. Figures 1-6 were prepared using
MOLSCRIPT.116

idation states. In the oxidized (Fe3*, ferric, or met)
state, myoglobin and hemoglobin can bind a water
molecule or a number of different anions (viz. N3y-, CN-,
NOy, SCN-, and F-). In the reduced (Fe?*, ferrous,
deoxy) state, myoglobin and hemoglobin can bind O,
CO, NO, aryl nitroso compounds, and alkyl iso-
cyanides.”® Inthisreview, our attention will be focused
on O, and CO binding.

Unhindered pentacoordinate model hemes in organic
solvents bind oxygen and carbon monoxide with a ratio
that favors CO over O; by as much as 30 000- to 100 000-
fold.*-* When the heme is embedded in the protein
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matrix of myoglobin or hemoglobin, that ratio is
changed to approximately 30 and 200, respectively.
Thus, these proteins are capable of selectively dis-
criminating against the binding of carbon monoxide in
favor of oxygen. This mechanism of preferential O
binding has evolved to prevent inhibition of oxygen
transport and storage by endogenously produced carbon
monoxide. Both the catabolic breakdown of heme and
related neurotransmission activity produce sufficient
CO to inhibit hemoglobin and myoglobin function if
the proteins had the same relative O; and CO affinities
as simple heme complexes.!516

In order for myoglobin and hemoglobin to function
as efficient oxygen transport and storage proteins, they
must also have appropriate kineticand thermodynamic
properties with respect to oxygen binding. In hemo-
globin, the affinity for oxygen must be moderately low
(Pso of 20-50 uM) in order to release the oxygen when
needed, and relatively large association and dissociation
rate constants (k’o, > 108 M s! and ko, > 10 s7!) are
required for rapid release and uptake in muscle and
capillary beds.”!8 The proteins must also be slow to
autooxidize to the ferric state, have low rates of hemin
dissociation, and be resistant to denaturation.

I1. General Aspects of Heme Protein-Ligand
Interactions

A. Proximal Coordination Geometry

The presence of a proximal base has a profound
influence on the reactivity of the heme iron. In the
absence of a fifth ligand, the equilibrium constant for
CO binding is reduced several hundred-fold and
reversible oxygen binding does not occur due to
extremely rapid rates of autooxidation. The nature of
the proximal base helps to determine the enzymatic
activity of the heme protein with cysteine, tyrosine,
and imidazole being found in P45, 0xygenases, catalases,
and peroxidases, respectively. In cytochrome ¢ per-
oxidase, the proximal histidine forms a hydrogen bond
with an adjacent ionized aspartic acid residue giving

Figure 2. A stereoview of the heme with bound CO and arrangement of amino acids in the distal pocket (ligand binding site)
of sperm whale myoglobin.!’5 These key active site amino acids have been replaced by site-directed mutagenesis to examine
their roles in 04/CO discrimination. The proximal histidine (HisF8) coordinated to the heme iron is also shown. Carbon atoms
are displayed as open circles, nitrogen atoms as closed circles, and oxygen atoms as shaded circles.
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the imidazole side chain anionic character and facili-
tating the reduction of hydrogen peroxide.’® In the
oxygen transport proteins, the proximal imidazole is
neutral and facilitates the reversible binding of oxygen
and carbon monoxide.

Restraints on the proximal histidine bond can affect
greatly the affinities of myoglobins and hemoglobins
for CO and O, by influencing Fe movement relative to
the plane of the porphyrin ring. Inhibition of Fe
movement into the heme plane to allow coordination
with a sixth ligand appears to be the primary cause of
the low affinity observed for the first step in ligand
binding to native tetrameric hemoglobin in the T
guaternary conformation.!42 However, this proximal
effect does not appear to discriminate greatly between
CO and O, since the ratio of R to T state affinity con-
stants for both ligands is ~50-100.8 As a result, this
review has concentrated on distal interactions between
the sixth ligand and surrounding amino acid side chains.

B. The Role of Distal Pocket Amino Acids

Several amino acids in the distal pocket of myoglobin
and hemoglobin are highly conserved across species
lines, including Phe at position CD1, Val at position
E11, Leu at position B10, and most importantly His at
position E7 (Figure 2). ValEll and PheCD1 are in
contact with the heme and contribute significant
stabilizing hydrophobic interactions that inhibit hemin
dissociation.?:22 The close proximity of HisE7 to the
ligand binding site led to the proposal that this residue
serves to hinder sterically the binding of CO and thus
reduce its affinity for myoglobin and hemoglobin.! The
crystal structures of model heme compounds with
bound CO suggest strongly that the preferred Fe~C-0
bonding configuration is linear and perpendicular to
the heme plane.?32¢ Distortion from this linear orien-
tation is observed in native sperm whale myoglobin-
CO complexes and has been attributed to steric
interactions with HisE7.2%5 This hindrance was then
assigned as the cause of reduced CO affinity in
myoglobin. On the other hand, O; binds in a bent
orientation, and as a result, HisE7 was thought to
impose no steric constraint on the Fe-O-0 complex.
Supporting evidence for the importance of steric
hindrance in reducing the CO affinity was provided by
ligand binding data on a series of synthetic “picket
fence” and “pocket” porphyrins. For the latter com-
pounds, additional steric hindrance near the ligand
binding site resulted in unaltered O, affinity but
decreased CO affinity.%!®> Until recently, this steric
hindrance model has provided the “textbook” explana-
tion for reduced CO affinity in mammalian myoglobins
and hemoglobins.?8

The close proximity of HisE7 to the ligand binding
site also allows a hydrogen bond between N, and the
second oxygen atom of the bound ligand. Stabilization
of the Fe—0O-0O complex by H-bonding to the distal
histidine was first proposed by Pauling?” and later
confirmed by neutron diffraction studies of the oxy-
myoglobin complex?2® and by spectral studies of cobalt
substituted myoglobins and hemoglobins.3%31 The
importance of H-bonding in stabilization of the oxy
complex has also been shown for model compounds.
For example, O; binding to chelated protoheme is
enhanced in more polar environments, whereas CO
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binding appears to be somewhat destabilized.!332 In
addition, the ligand binding properties of a series of
“capped” cyclophane and adamantane model hemes
with simple ether or amide linkages also suggest a
complex interplay between steric and polar effects.t!12

The wealth of structural, biophysical, and biological
data available on myoglobin and hemoglobin set the
stage to address the questions of molecular recognition
of small gaseous ligands by genetic engineering tech-
niques. The development of systems to express suf-
ficient quantities of myoglobins and hemoglobins in
heterologous hosts has greatly facilitated determination
of the role of specific amino acids in globin function,33-36
Site-directed mutagenesis combined with detailed
structural and biophysical characterizations has allowed
quantitative tests of the theories of steric hindrance,
hydrogen bonding, and local polarity in regulating
ligand binding to myoglobin and hemoglobin. These
more recent studies provide the basis for this review.
The roles of specific amino acid side chains and their
physical effects on ligand binding are discussed below
in the context of discrimination between CO and O:
binding.

A compilation of the ligand binding parameters of
selected E7, E11, CD1, CD4, and B10 mutants of
myoglobin is given in Table 1. The qualitative agree-
ment between the pig, human, and sperm whale mutants
insures the generality of the results.

111. The Binding of Carbon Monoxide

A. Steric Hindrance: Evidence For and Against

1. The Expected Geometry of Fe-C-0O in Heme
Systems is Linear

A linear Fe-C-O orientation is expected for heme—
CO adducts on the basis of orbital overlap in the =
back-bonding model of transition metal carbonyl
complexes. The crystallographic structure for a CO
complex of a pyridine tetraphenylporphyrin confirmed
the expected linear Fe-C~O geometry and also indicated
that, in the absence of distal steric constraints, the linear
Fe—C-0 complex is oriented perpendicular to the heme
plane.2¢ More recently, however, Gerothanassis et
al.3 have suggested that the Fe-CO geometry in the
unhindered “picket fence” model is actually bent using
13C CP MAS NMR spectra to calculate the 13C shielding
tensor (which is a sensitive probe for the Fe-CO
orientation). X-ray and neutron diffraction crystal
structures of a number of CO-bound myoglobins and
hemoglobins reveal CO in variously distorted (tilted
and/or bent) conformations.?3-42 Despite extensive
high-resolution crystallographic data on heme proteins,
at present it is not yet possible from structural data
alone to determine whether Fe—C-0 is linear yet tilted
from the heme normal, or whether Fe~C-Q is bent with
the Fe-C bond perpendicular to the heme plane and
the C-O bond off axis. It is clear, however, that there
are significant distortions from a linear geometry which
is perpendicular to the heme plane. In a recent
crystallographic study on the CO geometry ina “capped”
porphyrin, the Fe—~C—O angle was seen to vary by as
much as 7° from linearity, despite the fact there is little
or no effect on CO affinity.#® Other model heme
compounds with reduced CO affinity retain a more
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Table 1. Rate and Equilibrium Constants for O; and CO Binding and Autooxidation Rates for Mb Mutants®

k'co kco Kco ko, kof kox
(uM-1s1) (s 37°C,h)

Ko,
M) Kco/Ko,

protein (M-t (s M) ref(s)
A. Wild-Type
sperm whale (SW) 0.51 0.019 27 17 15 1.1 25 0.055 49,52,53,82,111
Dpig 0.78 0.019 41 17 14 1.2 34 0.07 79,93,111
human 0.76 0.022 35 19 22 0.86 41 ND? 112
B. HisE7 Mutants

E7GIn(SW) 1.0 0.012 82 24 130 0.180 460 0.021 42,52,112
E7GIy(SW) 5.8 0.038 150 140 1 600 0.090 1700 44 42,52
E7Gly(human) 4.1 0.041 100 63 1200 0.053 1 900 ND 112
E7Ala(SW) 4.2 0.061 69 53 2 300 0.023 2 800 58 42,93,111
E7Alathuman) 2.9 0.055 53 46 2200 0.021 2 500 ND 112
E7Val(SW) 7.0 0.048 150 110 10 000 0.011 14 000 33 42,93,111
E7Val(pig) 6.4 0.050 130 110 14 000 0.0077 17000 25 74
E7Val(thuman) 5.4 0.051 100 84 7 700 0.011 9100 ND 112
E7Thr(SW) 6.9 0.045 150 110 6 400 0.017 8 800 ND 42,93,111
E7Leu(SW) 26 0.024 1100 98 4100 0.023 48000 10 42,93,111
E7Leuthuman) 24 0.029 830 120 5400 0.022 38 000 ND 112
E71le(SW) 8.0 0.047 170 90 6 400 0.014 12000 ND ¢
E7llethuman) 5.6 0.044 130 79 11 000 0.0072 18000 ND 112
E7Met(SW) 4.6 0.023 200 75 1700 0.045 4 400 >10 52,113
E7Phe(SW) 4.5 0.054 83 75 10 000 0.075 11 000 6 52,93,111
E7Tyr(SW) 0.50 0.092 5.4 6.7 3200 0.0021 2600 2100 22,c
E7Trp(SW) 0.65 0.023 28 6.2 87 0.071 390 ND ¢
E7Arg(SW) 5.7 0.014 400 79 880 0.090 4 400 >10 52,113
E7Asp(SW) 44 0.052 85 d d d d >100 52,113

C. ValE1ll Mutants
E11Ala(SW) 1.2 0.021 56 22 18 1.2 47 0.26 49,93,111
EllLeu(SW) 0.53 0.011 48 23 6.8 3.4 14 0.10 114
El11lle(SW) 0.050 0.024 2.1 3.2 14 0.22 9.5 0.75 49,93,111
Ell1lle(pig) 0.045 0.027 1.7 1.7 14 0.12 14 ND 74
E11Phe(SW) 0.25 0.018 14 1.2 2.5 0.48 29 0.07 49,93,111
E11Ser(SW) 0.28 0.044 6.4 5.1 31 0.16 40 ND ¢
E11Ser(pig) 1.1 0.044 25 13 35 0.37 68 14 74
E11Thr(pig) 0.60 0.080 7.5 2.8 39 0.07 110 3.5 79
E11Asn(SW) 0.041 0.0096 4.3 1.9 0.54 3.5 1.2 ND 50,114,c
E11GIn(SW) 0.012 0.011 1.1 0.60 3.4 0.18 6.1 ND 50,114,c

D. PheCD1 Mutants
CD1Val(SW)¢ ~0.36 ~0.050 ~7 ~16 ~100 ~0.2 ~40 ND f
CD1Trp(SW) 0.23 0.045 5.1 11 63 0.17 30 7.5 f

E. LeuB10 Mutants
B10Ala(SW) 0.26 0.019 14.0 14.0 18.0 0.80 17 0.24 53,93,111
B10Ala(human) 0.15 ND ND 4.3 ND ND ND ND 78
B10Val(SW) 0.18 0.016 11.0 8.8 8.3 1.1 10 0.23 53,93,111
B10Ile(SW) 0.23 0.018 13 8.6 10 0.86 15 ND c
B10Ilethuman) 0.13 0.020 6.5 5.5 9.0 0.60 11 ND 78
B10Phe(SW) 0.22 0.006 37.0 21.0 14 15.0 2.5 0.005 53,983,111
B10Trp(SW) 0.0039 0.008 0.48 0.25 8.5 0.029 16 0.18 c

F. PheCD4 Mutants
CD4Leu(SW) 0.50 0.056 9.0 13 72 0.18 51 1.5 80
CD4Val(SW) 1.1 0.064 17 14 200 0.069 250 4.9 80

2 The CO association rate constants were measured both by flash photolysis and stopped-flow rapid mixing techniques. The O,
association rate constants were measured by laser photolysis techniques. The dissociation rate constants were computed from ligand
replacement reactions in which CO was displaced with NO and O, was displaced by CO.1® Equilibrium constants were computed
as k’o,/ko, and k’co/kco. The ligand binding parameters were measured at pH 7.0, 20 °C. The autooxidation rates were measured
at pI-f 7.0, 37 °C, in air-equilibrated buffers. Structures of the proteins marked in bold italics have been determined by X-ray
crystallography and the references are given in the last column. ® ND, not determined. ¢ Li, T.; Singleton, E. W.; Olson, J. S. Unpublished
data. ¢ The high rate of autooxidation for HisE7Asp precluded the ability to accurately measure O, binding parameters. ¢ All the
kinetic traces for PheCD1Val were biphasic so that the rate parameters are approximate and represent the larger faster phase.
f Whitaker, T.; Chen, F.; Singleton, E. W.; Li, T.; Olson, J. S. Unpublished data.

linear configuration.# Thus, even in cases where atomic
resolution is possible, there is no clear relationship
between Fe-C-0O angle and affinity.

2. Infrared Measurements of the Fe-C-0O Angle in
Myoglobin

Frauenfelder and co-workers have measured the
vibrational frequency of bound C-O at low tempera-
tures.® The angle of the CO dipole with respect to the
heme normal can be determined by measuring the linear

dichroism following photoselective flash photolysis of
the Fe—CO complex in the infrared at low temperature.
Since the IR transition dipole lies along the CO axis,
the angle determined (o) is between CO axis and the
hemenormal. For native sperm whale myoglobin three
different angles are observed, each presumably cor-
responding to a different conformational substate of
CO bound to myoglobin.#> Room-temperature data on
the geometry of bound carbon monoxide also has been
obtained by Hochstrasser and co-workers using fast
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transient dichroism measurements.*48 All methods
reveal angles that are off the heme axis with an Fe-
C-0 angle of approximately 160°.

3. Site-Directed Mutagenesis of Amino Acids E7, E11,
CD1, and B10

If steric hindrance were the key factor in regulating
CO affinity, then decreasing the size of the amino acid
side chains adjacent to the bound ligand should cause
marked increases in affinity, whereas increasing the
size of the residues should produce the opposite effect.
A summary of these studies is presented in Table 1,
and the results indicate that steric hindrance does not
play a dominant role in regulating the CO affinities of
the native proteins.

Inthe case of the E7 mutants, there is little correlation
between the number of atoms in the side chain and the
CO association equilibrium constant, Kco. Compared
to the changes in Ko,, most of the E7 mutants produce
only modest 2- to 5-fold changes in CO affinity. The
two exceptions are, HisE7Leu which produces a 30-
fold increase in Kco, and HisE7Tyr which produces a
6-fold decrease. In the case of E7Tyr metmyoglobin,
the phenolside chain chelates directly to the ferric iron
atom.224? Assuming a similar conformation in deoxy-
myoglobin, the proximity of the phenol oxygen to the
ligand binding site would be expected to inhibit CO
binding, either sterically or electrostatically. However,
even for the E7Tyr myoglobin derivative, it is difficult
to accept that steric hindrance is the dominant factor
since the HisE7Trp mutation has little effect on any
of the parameters for CO binding (Table 1). The
dramatic increase in Kgo observed for the HisE7Leu
mutant is not easily explained in terms of relief of steric
hindrance by the distal histidine since replacements
with physically smaller Gly, Ala, and Val side chains
produce much smaller increases in CO affinity. The
enhanced CO affinity observed for HisE7Leu remains
unexplained despite extensive structural, functional,
and spectroscopic characterization,*250

The ligand binding parameters for the E7Arg and
E7Asp mutants also seem anomalous since, on the basis
of the results for HisE7(native) and E7GIln, polar
residues would be expected to show decreased, not
increased rates of ligand binding. One possibility is
that, as in the case of hemoglobin Zurich 8 chains which
also contain a HisE7Arg mutation,® the charged
guanidinium group of the E7Arg myoglobin mutant
may swing out toward the solvent creating an unhin-
dered, “open” distal pocket.* A similar explanation
was proposed to explain the high rate of CO binding to
the E7Asp mutant, but in this case autooxidation is so
rapid that oxygen binding experiments were pre-
cluded.1452 However, these explanations remain specu-
lative until the crystal structures of HisE7Arg and
HisE7Asp myoglobins are determined.

In contrast to the diatomic gases, isocyanide binding
does appear to be regulated by the size of residue E7
and serves as paradigm for steric hindrance effects. A
roughly linear decrease in In(Kgrnc) is observed with an
increasing number of atoms in the E7 side chain. As
a result, the affinity of E7Phe myoglobin is ap-
proximately equal to that for native HisE7 myoglobin
for all the isocyanides that have been examined.5? These
results are in marked contrast with those observed for
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carbon monoxide where there is little difference between
the K¢o values for mutants containing Gly, Ala, Val,
Thr, Ile, Met, and Phe at the E7 position (Table 1).

Initial studies with E11 mutants indicated that the
native valine residue does sterically hinder bound CO.
Increasing the size of this residue to isoleucine and
phenylalanine decreased Kco 15-fold and 2-fold, re-
spectively, whereas decreasing the size to alanine
resulted in a 2-fold increase.* However, with the
exception of the ValE11Ile mutation, these steric effects
aresmall. The importance of polar interactions is quite
dramatic when the CO affinities of myoglobins con-
taining valine (native) and leucine at E11 are compared
to those of mutants containing threonine and asparagine
at this position. Ineach case, the more polar side chain
markedly inhibits CO binding even though the side
chains are nearly isosteric (Table 1).

Results for the CD1 mutants also suggest that any
steric hindrance on ligand binding provided by this
residue issmall. Both decreasing thesize of this residue
by replacement with valine, PheCD1Val, and increasing
it, PheCD1T'rp, result in decreased CO affinity (Table
1). Similar ambiguity is observed upon replacement of
LeuB10. Substitution of LeuB10 with the smaller Ala
and Val residues results in 2-fold decreases in CO
affinity, whereas increasing the size to Phe actually
produces a 30% increase in Kco.?® (A structural
explanation for this result is provided below.) Only
when LeuBl10 is replaced with Trp is a dramatic
decrease in CO affinity observed. A preliminary X-ray
structure of the oxy structure of the B10Trp mutant
shows that the indole side chain is located directly above
the iron atom greatly distorting the Fe-~O-0 geometry
(Li, Olson, and Phillips, unpublished observations).

4. X-ray Crystal Structures of Mutant Myoglobin—-CO
Complexes

The X-ray crystal structures of CO complexes for
wild-type, E7Gly, E7GIn, E7Leu, E11Ala, and E11Phe
have been determined*?5 (Figure 3). Unlike the
Kuriyan et al.?® structure, single CO orientations are
observed. Inaddition,the Fe~C—-Ois only slightly bent
in these structures of recombinant proteins, with angles
in the range of 155° to 170°. The most dramatic result
is the lack of correlation between Fe~-C-O geometry
and CO affinity. The bend and tilt angles for the sperm
whale myoglobin-CO complexes are all very similar even
though their affinities vary greater than 30-fold.4250 The
C-0 angle relative to the heme plane also has been
determined using linear dichroism measurements in
the IR for sperm whale myoglobin active-site mutants.
In all cases the Fe—C—-0 angle is still off axis, even when
the potential steric constraints imposed by active-site
residues are removed.5%545 Quantitative comparisons
have been presented by Braunstein et al.,5 Li et al.,
Quillin et al.,*2 Li and Spiro,* and Ray et al.,2* and
readers are directed to these sources for more informa-
tion.

In Elllle myoglobin the C; of the isoleucine side chain
clearly hinders ligand access to the heme iron atom
(Figure 4), and there is a substantial decrease in the
affinity of this mutant for carbon monoxide (Table 1).
Thus, steric inhibition of CO binding is directly
demonstrated, but only in this extreme case, where the
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HisE7Leu

ValEllAla

ValE11Phe

Figure 3. The structures of wild-type and mutant sperm whale myoglobins complexed with CO.%2 The view is from the “top”
of the heme and shows selected active-site side chains and heme iron-bound ligand. These structures reveal that the CO ligand
for each protein is approximately vertical with only small deviations from linearity. Side chain and ligand carbon atoms are
displayed as open circles, nitrogen atoms as closed circles, and oxygen atoms as shaded circles. The top middle panel shows
HisE7Gly complexed with CO, and “H20” defines the positions of a water molecule that resides in a location analogous to the
edge of the distal histidine (E7) imidizole in the wild-type structure. The bottom left panel shows HisE7Leu with complexed
CO. This mutant has the highest CO affinity thus far discovered, but still has a nonlinear Fe—C-0O geometry.

ValE1l1lle (met)

Figure 4. The structure of the met form of the ValE11Ile
sperm whale myoglobin mutant.2 The view is from the “top”
of the heme and shows selected active-site side chains and
the heme iron-bound water molecule. Side chain and ligand
carbon atoms are displayed as open circles, nitrogen atoms
as closed circles, and oxygen atoms as shaded circles. This
mutant exhibits marked steric constraints on ligand binding
due to the C; of the isopropyl side chain that overlaps the
space just above the heme iron. (The CO structure was not
available for this mutant at the time of submission.)

Elllleside chainisin a position to overlap significantly
with the ligand binding site.

B. Electrostatic Interactions in the Distal Pocket

1. Displacement of Distal Pocket Water Molecules

On the basis of the mutagenesis studies presented in
Table 1 and Figures 3 and 4, steric hindrance does not
appear to be the major determinant of reduced CO

affinity in myoglobin. The most likely alternative
causes are the requirement to displace distal pocket
water molecules and/or direct unfavorable electrostatic
effects between the bound ligand and adjacent amino
acid residues. Rohlfsetal.’2 have suggested that a major
kinetic barrier to Oz and CO binding involves disruption
of hydrogen-bonding interactions between HisE7 and
the adjacent water molecule found at ~80% occupancy
in the crystal structures of native or wild-type deoxy-
myoglobins? (Figure 5, middle panel). Quillin et al.
have proposed that replacement of HisE7 with large
apolar residues results in loss of this internal water
molecule thus enhancing rates for both CO and O,
binding (Table 1). Since the Fe-CO complex is
relatively apolar, favorable hydrogen-bonding interac-
tions between HisE7 and the bound CO are thought to
be weak. As a result, replacement of HisE7 with
aliphatic residues should cause increases in Kco by
removing the requirement for water displacement. In
contrast, the Fe-O-0O complex is highly polar and is
stabilized by at least -2 kcal/mol through direct
hydrogen bonding to N, to HisE7!¢ (Figure 6, upper
left panel). Since apolar substitutions at the E7 position
prevent this interaction, the net result is a dramatic
decrease in O, affinity, even though water displacement
is no longer required.

This proposed importance of distal pocket water and
hydrogen bonding between the bound ligand and HisE7
is supported by the kinetic results in Table 1. Even
though the rate-limiting step for CO binding is bond
formation with the iron atom, the overall rate constant,
k’co, is proportional to the equilibrium constant for the
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Wild-Type (met) Wild-Type (deoxy) HisE7Leu (met)

Figure 5. Structures of wild-type sperm whale myoglobin in the met and deoxy states (left and middle panels) and the met
form of the sperm whale myoglobin mutant HisE7Leu (right panel).#2 Selected active-site side chains and bound ligand are
shown with carbon atoms displayed as open circles, nitrogen atoms as closed circles, and oxygen atoms as shaded circles.
Different mutants have different hydration states in the distal pocket. (Left panel) Two water molecules are found in the ligand
binding pocket of the met form of myoglobin. One water is covalently bound to the heme iron and another water molecule
is found at the rear of the pocket, hydrogen bonded to the first water. (Middle panel) In the deoxy state, wild-type myoglobin
has no heme iron covalently bound water molecule, but one remains hydrogen bonded to the HisE7 N,. This water molecule
must be displaced when ligands bind. (Right panel) In comparison, the HisE7Leu mutant myoglobin has a more hydrophobic
ligand binding site, i.e.) no covalently bound or hydrogen-bonded water molecules are observed.

PRI g

.\
~

Wild-Type (oxy) HisE7Gln (met) HisE7Gly (met)
BI10 B10 B10
E7

11

. oo

E7%

PheCD4Val (met) Pig ValE11Thr (met) LeuB10Phe (oxy)

Figure 6. Structures of wild-type and mutant sperm whale myoglobins and a pig myoglobin mutant showing the heme group,
bound ligand, and selected active-side chains. Side chains and bound ligand are shown with carbon atoms displayed as open
circles, nitrogen atoms as closed circles, and oxygen atoms as shaded circles. Bound oxygen is stabilized by hydrogen bonding.
(Top left) Oy complex of wild-type myoglobin showing a hydrogen bond with the HisE7 N, and the hydrogen bond network
within the distal pocket (dashed lines). A partially bound second water molecule is seen in this form. (Top middle) In the
HisE7Gln mutant the Gln side chain can substitute for the HisE7 imidizole and provide a hydrogen bond to heme iron bound
water. Of the HisE7 myoglobin mutants thus far examined the HisE7Gln protein has an O affinity and autooxidation rate
most like wild-type protein and presumably can donate a hydrogen bond to stabilize bound Q,. Gln at position E7 is found
naturally in elephant myoglobin. (Top right) In HisE7Gly myoglobin, a solvent water molecule can partially compensate for
the missing imidizole of the HisE7, but there is still a reduction in the oxygen affinity. (Bottom left) The met form of PheCD4Val
shows the heme iron-bound water molecule hydrogen bonded to the HisE7 N.. Two orientations of HisE7 are observed in
approximately equal portions. (Bottom middle) The met form of pig mutant myoglobin ValE11Thr showing the heme iron-
bound water hydrogen bonded to the HisE7 N.. (Bottom right) The LeuB10Phe mutant complexed with oxygen showing
interactions with the HisE7 N, and the phenyl ring of B10Phe (dashed lines). This mutant has a remarkably high oxygen
affinity due to the dual interaction of the bound dioxygen with the distal histidine and the positively charged edge of the phenyl
group of the B10Phe side chain.

noncovalent binding of the ligand within the distal binding process requires the displacement of the distal
pocket in a location near the final binding site (the pocket water molecule found in native deoxymyoglobin
“pocket occupancy factor”).5# This equilibrium and will be enhanced when this water is absent due to
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replacement of HisE7 with apolar residues (i.e. E7Leu
in Figure 5). Active-site water can also be modulated
by solvent perturbation. Carbon monoxide on-rates
can be increased 3-4-fold by the addition of a 50%
cosolvent (either ethylene glycol and glycerol) which
appears to decrease the mole fraction of internal water,
thus increasing CO access to the pocketf! (Chien and
Sligar, unpublished observations). This is consistent
with cases where the protein provides a semipermeable
barrier to cosolvent and ions and loss of interstitial
water correlates with osmotic pressure.6263

The overall rate constant for O, association, £’o,, is
governed roughly by the rate of movement into the
protein and up to the binding site and by the rate of
iron—oxygen bond formation. The rate of the former
process will be greatly reduced when a water molecule
is hydrogen bonded to the distal histidine preventing
direct access to the heme iron atom. Thus, regardless
of side-chain volume or conformation, polar residues
at the E7 position are expected to reduce both k’¢o and
k’o,, whereas apolar residues should increase these
parameters.

The overall rate constant for CO dissociation, kco, is
determined almost exclusively by the thermal rate of
disruption of the Fe~CO bond, whereas ko, is again
governed roughly equally by the rate of Fe—O, bond
disruption and the rate of escape from the protein.5
Favorable hydrogen-bonding interactions with the
bound ligand should decrease the rate of iron-ligand
bond disruption and be manifested as decreases in the
overall dissociation constants for either ligand, whereas
disruption of these interactions should produce in-
creases in kco and ko,. As shown in Table 1, dramatic
increases, in some cases up to 1000-fold, are observed
for ko, when HisE7 is replaced with less polar amino
acids. These results confirm the importance of hy-
drogen bonding in stabilizing the Fe—~O-O complex.
Favorable, but much weaker hydrogen-bonding inter-
actions also appear to occur between HisE7 and bound
CO since kg increases for the same set of mutants,
although in this case the changes are <4-fold. (See
section 3, below.)

2. Structural Evaluation of Distal Pocket Polarity

Quillin et al. have evaluated the water-displacement
theory by determining the crystal structures of selected
E7 mutants in the aquomet, deoxy, and CO forms.4% A
complete discussion of the role of distal pocket polarity
necessitates a description of the ability of H,O to bind
to the ferric form of native and mutant globins. When
the heme iron of native or wild-type myoglobin is in the
Fe?* state, a HO molecule is found coordinated to the
iron atom and hydrogen bonded to HisE7 (Figure 5,
left panel). Another spherically symmetric peak of
electron density is found in the distal pocket of wild-
type metmyoglobin and is within hydrogen-bonding
distance (2.5 A) of the coordinated water molecule.42
This appears to be asecond, noncovalently bound water
molecule present at ~80% occupancy. Replacement
of HisE7 with Leu or Val results in the loss of both
water molecules, creating a completely apolar heme
pocket, even when the iron atom is in the Fe3* state
(Figure 5, right panel).

These crystallographic results confirm previous UV~
vis and resonance Raman spectroscopic studies which
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indicated the absence of coordinated water in the ferric
forms of several E7 mutants and abnormal myoglobins
and hemoglobins lacking a distal histidine.8488 The
structure of Aplysia limacina metmyoglobin, in which
valine occurs naturally at the E7 position, shows no
water coordinated to the hemin iron atom.t” NMR
techniques have also indicated the lack of coordinated
H;0 in E7Val and E7Phe sperm whale metmyoglobin
mutants (G. La Mar, unpublished observations).

In contrast to mutants with large apolar E7 residues,
replacement of HisE7 with Gly, Ala, or Gln results in
little change in the Soret absorption spectrum of
metmyoglobin, indicating that coordinated Hy0 is still
present in these mutants.®%6 The sperm whale myo-
globin mutant HisE7Thr exhibits a partially blue-
shifted Soret maximum, indicating a mixture of penta-
and hexacoordinate ferric states.?? Again, these inter-
pretations were confirmed by crystallography. As
shown in Figure 6, coordinated water molecules are
found at high occupancy in the crystal structures of
E7Gln and E7Gly sperm whale myoglobin. In the
glutamine mutant, the water is held in place through
a hydrogen bond to the Gln N.. In the glycine mutant,
a second water molecule is found at high occupancy
(=80%) in the position normally occupied by N, of
HisE7 in the wild-type protein and appears to be
hydrogen bonded to the coordinated water molecule.

Even though the Fe3*-H,0 bond is broken upon
reduction of the heme iron, a well-defined water
molecule is still found hydrogen bonded to HisE7 in
native and wild-type deoxymyoglobin,284268 In contrast,
no “extra” electron density is found in the distal pockets
of the CO forms of any of the myoglobins that have
been investigated (viz. Figure 3). Thesestructural data
demonstrate that CO binding does result in water
displacement and support the idea that this process is
a significant kinetic and equilibrium barrier to ligand
binding.

3. Polarizability of CO and Hydrogen Bonding

Infrared and resonance Raman studies of the carbon
monoxide complexes of a wide variety of heme proteins
and model compounds have shown that the stretching
frequency of the C—O bond is inversely correlated with
that for the Fe—C bond.50%66%70 1,j and Spiro have
interpreted this inverse correlation between vcg and
vrec In terms of back-bond donation from the iron
atom.’® They suggested that proton donors adjacent
to the oxygen atom of the bound ligand enhance the
degree of back-bonding, increasing the order of the Fe—~C
bond and decreasing the order of the C—O bond due to
the formation of Fe?™=C=0%") resonance structures.
The presence of negative electric fields next to the
oxygen atom would have the opposite effect, increasing
the order of the C—0 bond and forming Fe?-—C=0Q#*
resonance structures. Building on this idea, Oldfield
and co-workers have proposed that tautomerism of the
distal histidine, coupled with movements of the imi-
dazole ring away from the bound ligand can account
for the chemical shifts and stretching frequencies of
the four observed CO conformers in native myo-
globin.”"2 All of these studies indicate a central role
of distal pocket polarity in governing the spectroscopic
properties of the bound CO complex.

In order to assess the relative importance of polar
versus stericinteractions, Liet al. measured the infrared
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spectral properties of 41 different recombinant myo-
globins containing mutations at HisE7, ValEll,
PheCD1, ArgCD3, PheCD4, and LeuB10 positions and
correlated these results to the overall CO binding
parameters for these same mutant proteins.’® The
results were compared to the crystal structures of CO-
bound wild-type, BLOPhe, CD4Val, E11Ala, E11Phe,
E7GIn, E7Leu, and E7Gly sperm whale myoglobin
mutants and of E11Thr pig mutant myoglobin, Vi-
brational spectra of numerous myoglobin and hemo-
globin E7 mutants have been reported.s3707-77 Ag
observed in a number of these previous studies,
replacement of the distal histidine (HisE7) with
aliphatic amino acids results in a single IR band in the
1960-1970-cm-! region and in large increases in CO
affinity (Table 1). More complex behavior was observed
for Gly, Ala, Gln, Met, and Trp substitutions at position
E7, but in each case there was a net increase in the
intensity of this high frequency component. Replace-
ment of ValE11 with Ala, Leu, Ile, and Phe has little
effect on the IR spectrum, whereas these mutations
result in 20-fold changes in Kqo, presumably due to
changes in steric constraints. Replacing ValE1l with
threonine in pig myoglobin decreases Kco 4-5-fold,
whereas the position of the major IR band increases
from 1945 to 1961 cm. Replacing ValE11 with Asn
also results in a large decrease in Ko, but in this case,
the peak position of the major IR band decreases from
1945 to 1916 cm-1.5073 Nine replacements were made
in the CD corner at positions CD1, CD3, and CD4. All
of the resultant mutants showed increased stretching
frequencies that correlate with movements of the HisE7
imidazole side chain away from the bound ligand 50
All five substitutions at position B10 resulted in altered
IR spectra.’® The LeuB10Phe mutation had the largest
effect producing a single band centered at 1932 cm-!.

Together, these and previous data suggest that there
islittle direct correlation between affinity, »co, and Fe—
C-Ogeometry. The major factor governing vco appears
to be the electrostatic field surrounding the bound
ligand and not steric hindrance. The presence of partial
positive charges from proton donors, such as N, of HisE7
and N; of AsnE11 cause a decrease in the bond order
and stretching frequency of bound CO. In contrast,
the negative portion of the ThrE11 dipole points directly
toward the bound ligand and increases the C-O bond
order and stretching frequency. Movement of HisE7
away from the bound ligand or replacement of this
residue with aliphatic amino acids prevents hydrogen-
bonding interactions, causing vco to increase. Place-
ment of the positive portion of the aromatic multipole
from B10Phe next to bound CO causes a decrease in
the order of the C-O bond. Substitutions which
increase the space available in the distal pocket cause
more subtle alterations in the IR spectrum, which can
be attributed to increased conformational flexibility
and enhanced polar interactions of the bound ligand
with solvent water molecules. Thus, the vibrational
spectrum of bound CO appears to be a sensitive gauge
of electrostatic fields near the ligand binding site in
myoglobin. Since there is a strong inverse correlation
between vco and vrec, these IR results indicate that the
strength of the Fe—CO bond is governed by electrostatic
interactions between the bound ligand and adjacent
aminoacid side chains. This interpretation is supported
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by the direct and inverse correlations between the CO
dissociation constant, kco, and the values for »co and
vrec, respectively.®® Similar correlations have been
observed for model heme compounds.2456

4. Electrostatic versus Steric Effects

It is difficult to quantitate the relative importance
of direct steric hindrance and electrostatic effects in
governing the rate and affinity constants for CO binding
to native myoglobin. In some cases discriminating
between the two effects is pedantic. For example,
Quillin et al. have shown that there is a net displacement
of the side chains of either HisE7 or E7Gln out of the
distal pocket and toward solvent when CO binds to
wild-type myoglobin and the E7GIn mutant.#2 This
could be the result of direct steric interactions between
the E7 side chain and the bound ligand, or a consequence
of displacing distal pocket water molecules which cause
the side chains to adopt a more “inward” conformation
in deoxymyoglobin. In addition, the noncovalently
bound water molecules sterically restrict access to the
iron atom, and their presence is a direct consequence
of the E7 side-chain polarity.

Despite the ambiguity in interpreting the kinetic
parameters for wild-type myoglobin, there can be no
doubt about the importance of polar interactions in
the distal pocket. The isosteric ValE11Thr mutation
in pig myoglobin results in a 5-fold decrease in CO
affinity which is due primarily to a 4-fold increase in
kco™ (Table 1). Since the structures of both the met
and CO forms of this mutant are isomorphous with the
wild-type structures, these changes must be due to the
polarity of the hydroxyl side chain. The E11Thr side
chain donates a proton to the carbonyl oxygen of HisE7,
and the negative portion of the hydroxyl dipole is
pointed toward the bound ligand molecule.” The
resultant negative electrostatic field stabilizes the
Fe?)—C=0%" resonance structure weakening the
Fe-C bond, decreasing Kco, and increasing kco sig-
nificantly (Table 1). Intermediate results were obtained
with ValE11Ser mutants.

Positive electrostatic fields adjacent to bound CO
(i.e. hydrogen-bonding interactions) should stabilize the
Feth=C=0%") gtructure, increase Kco, and decrease
kco. Such favorable interactions do appear to occur,
but they are small and offset by the concomitant
appearance of noncovalently bound distal pocket water
molecules in the corresponding deoxymyoglobin de-
rivatives. For example, there may be a weak hydrogen
bond between bound CO and HisE7 in native myoglobin
due to a small amount of the imidazole tautomer with
a proton on the N, atom® (i.e. the small fraction of
what is termed the A; ground state). Loss of this
interaction would account for the increase in kco
observed when HisE7 is replaced with apolar residues.
However, the water molecule hydrogen bonded to the
distal histidine in native deoxymyoglobin inhibits CO
binding to a much greater extent than the small
favorable polar interaction stabilizes bound ligand.
Similar situations may occur for the E11Asn and E11GIn
mutations, but since crystal structures of these mutants
have not been determined, this interpretation is
speculative.®

Further evidence for direct interactions between
bound CO and HisE7 comes from work with position
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CD4 mutants.58 When PheCD4 is replaced with Val,
the imidazole side chain of the distal histidine becomes
disordered and appears to be “swinging” between the
“up” and “down” conformations shown in Figure 6,
bottom left panel. In the CO form of this protein, the
HisE7 side chain is predominately in the “up” con-
figuration disrupting any electrostatic interactions with
the bound ligand. This results in a 3-fold increase in
kcoand ashift in yco to higher wave numbers. However,
unlike the E7 mutants, the PheCD4Val deoxymyoglobin
mutant still contains water molecules, although they
are less well-defined and in different positions than
those in the wild-type protein. Consequently, there is
only a small increase in k’co and the net result of
disordering HisE7 in this mutant is a decrease in CO
affinity. Similar results are observed when the HisE7
is protonated at low pH and swings out toward the
solvent#28182 (Yang and Phillips, unpublished observa-
tions).

IV. The Binding of Oxygen
A. Hydrogen Bonding and the Distal Histidine

1. Previous Ideas and Model Herme Studies

Unlike Fe-CO, the iron-dioxygen complex is highly
polar, and bound oxygen is selectively stabilized by
hydrogen bonding to HisE7 in almost all myoglobins.
The oxy complexes of sperm whale myoglobin and
human hemoglobin reveal that the oxygen molecule is
bound to the iron atom with a bent, end-on geometry%88
as predicted by Pauling.®* Many authors have argued
that the amino acid side chains which compose the
ligand binding site are structurally “tailored” to ac-
commodate preferentially the binding of bent 0,158
(Figure 6, top left panel). Similar bent geometries for
Fe—-0-0 were observed in X-ray crystal structures of
model heme compound oxy complexes.8# Inaddition,
neutron diffraction studies with native myoglobin and
hemoglobin, and spectral studies with cobalt deriva-
tives, have shown that a hydrogen bond occurs between
HisE7 and bound oxygen.?®-3! When an inert ether
linkage was replaced by an amide proton donor on the
ligand binding side of synthetic model “hanging basket”
porphyrins, a 10-fold enhanced affinity for O, and no
effect on CO affinity was observed, confirming the
importance of hydrogen bonding interactions.18” The
presence of a hydrogen bond between the distal amide
proton and the bound O, was confirmed by NMR 8822
Similar results have been reported for model hemes
with distal alcohol or secondary amines® and phenyl-
urea substituents.®!

2. Modulation of O, Affinity by Mutagenesis

The oxygen binding parameters for 42 different
recombinant myoglobins are presented in Table 1.
These data also support the view that the distal pocket
residues regulate the binding of diatomic ligands
primarily by electrostatic interactions. In deoxy-
myoglobin, ligand binding is inhibited when polar
residues stabilize distal pocket water molecules, whereas
in the liganded form proton donors are required to
stabilize the polar Fe¥-0-0%- complex. Therelative
magnitude of these two effects governs whether there
is an increase or decrease in affinity.
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Replacement of HisE7 with any other amino acid
results in a substantial decrease in oxygen affinity
(Table1). Thereductionin oxygen affinity is the result
of large 10-1000-fold increases in kg, due to the loss of
hydrogen bonding between the distal histidine and the
bound ligand. The smallest decreases in affinity are
observed for the E7GIn, E7Gly, E7Arg, and E7Trp
mutants. For the E7Gln mutant, the N, atom occupies
a position similar to that of the corresponding atom in
the side chain of HisE7 in the native protein, and thus
is in a position to donate a proton to bound O,. Infact,
the HisE7GIn mutation was expected to be relatively
conservative since glutamine is found naturally in the
E7 position of elephant myoglobin which exhibits
similar oxygen and carbon monoxide binding param-
eters to the sperm whale protein.*?

The relatively high oxygen affinity observed for the
E7Gly mutant was initially more difficult to intepret.
However, when the crystal structure of the ferric
derivative of this mutant was determined, two intense
and spherically symmetric electron density peaks were
found in the distal pocket and attributed to water
oxygen atoms (Figure 6, top right panel). One water
molecule is coordinated to the iron atom, and the second
water molecule appears to hydrogen bond to the first
and occupies a position almost identical to that of the
HisE7 N, in the wild-type protein (Figure 6, top left
panel). If this second water molecule is also present in
the oxy structure, it would serve to increase the polarity
of the ligand binding site and would help to stabilize
bound O;. A similar situation probably occurs in the
distal pocket of E7Arg, but in this case no crystal
structure is available for the sperm whale derivative.
The causes of the relatively high oxygen affinity of
E7Trp and its low dissociation rate constant are less
clear.

All of the apolar substitutions result in 3-10-fold
increases in k’o, which are most easily interpreted in
terms of destabilization or loss of distal pocket water
molecules in deoxymyoglobin. Thereislittle discernible
dependence on the size of the side chain. Only in the
cases of E7Trp and E7Tyr does steric hindrance appear
to play a role in reducing the association rate constant
compared to that for wild-type protein. The HisE7GIn
mutation produces little change in k’p, presumably
because the polar side chain can also stabilize distal
pocket water, although in this case the crystal structure
of E7GIn deoxymyoglobin failed to show a single
discrete electron density peak attributable to non-
covalently bound H;0.42

The importance of the correct orientation of the
imidazole ring of the distal histidine isseen in the results
for CD1 and CD4 mutants®8 (Table 1). The phenyl
ring of CD4 places strong constraints on the range of
motion of the distal histidine. In the PheCD4Val
mutant, multiple orientations of the distal histidine
are allowed, and this flexibility would be expected to
decrease the strength of the HisE7 hydrogen bond to
Fe-0O., accounting for the decrease in O, affinity®
(Figure 6, bottom left panel). Increasing the size of the
CD1 residue to Trp also results in decreased oxygen
affinity. In this case, the most likely cause is that the
indole side chain pushes HisE7 away from the bound
ligand, but an exact interpretation will require struc-
tural information.
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More complex changes occur when ValE11l is mu-
tated, but in general, the results support the view that
polar interactions play a more dominant role than direct
steric hindrance in governing ligand binding to myo-
globin. Removing the v; methyl group by replacing
ValE11 with Ala, Leu, and Phe produces no change, a
3-fold increase, and a 2.5-fold decrease, respectively, in
oxygen affinity. This suggests that steric hindrance by
the naturally occurring ValE11 residue is small. Asin
the case of CO binding, replacing ValE11 with Ile does
cause a 5-fold decrease in affinity due to direct steric
hindrance between the bound ligand and the E111Ile C,
(Figure 4).

Replacing ValE11 with Thr results in a much greater
decrease in Ko, than was observed for Ko™ (Table 1).
This reduction in affinity is due both to stabilization
of distal pocket water in the deoxy state, which reduces
ko, and to electrostatic repulsion between the partial
negative charges on the Thr hydroxyl group and bound
oxygen, which increases ko, Again, intermediate results
are observed for the ValEllSer mutations. The
preliminary results for the ValE11Asn and ValE11Gln
mutations are remarkable and add further support to
the importance of polar interactions in the distal pocket.
Both mutations appear to stabilize distal pocket water
in the deoxy state and bound oxygen, as seen by the low
association and dissociation rate constants for oxygen
binding. Inthe case of the E11Gln mutant, stabilization
of distal pocket water and/or steric hindrance by the
large E11 side chain appears to dominate, and the net
result is a decrease in oxygen affinity. In the case of
E11Asn, hydrogen bonding to the bound oxygen appears
dominant, causing an increase in Ko, These inter-
pretations are tentative since the E11Asn and E11GlIn
mutants have not been characterized crystallographi-
cally.

Finally, decreasing the size of residue LeuB10 has
little effect on oxygen affinity, however, replacement
of this residue with Phe or Trp results in pronounced
effects. The LeuB10Phe mutation results in a 15-fold
increase in Ko, due primarily to a 10-fold decrease in
ko, This increase in affinity is a result of direct and
favorable electrostatic interactions between the positive
edge of the phenyl multipole and the partial negative
charge on the second bound oxygen atom® (Figure 6,
bottom right panel). In the case of B10Trp, the large
size of the indole ring sterically hinders the binding of
all ligands resulting in ~50-fold decreases in both Kco
and Ko,.

3. Interpretation of M Values

The mutagenesis data and structures presented in
Table 1 and Figures 3—6 suggest strongly that the ratio,
Kco/Ko, or M, is determined primarily by the polarity
of the distal pocket. As pointed out by Springer et al.,
the decrease in M from ~30 000 for simple chelated
protohemes in organic solvents to ~30 in mammalian
myoglobins is due to an ~100-fold increase in Oz affinity
and a smaller ~10-fold decrease in CO affinity.!* The
increase in Ko, is a result of hydrogen bond formation
with HisE7. Althoughsomesteric hindrance with distal
residues must occur, the decrease in K¢o appears to be
due primarily to the need to displace the water molecule
bound to the same HisE7 residue in deoxymyoglobin.
This displacement must also occur in the case of oxygen
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binding, but is compensated by an even stronger
hydrogen-bonding interaction with bound O;. In the
simplest model in which there are no electrostatic
interactions with CO, water displacement from the
distal histidine results in a 10-fold decrease in both
Kcoand Ko,, but the hydrogen bond formed with bound
oxygen increases the oxygen affinity 1000-fold. The
net result is a substantial increase in the selectivity of
the protein in favor of oxygen and against carbon
monoxide binding.

This interpretation is directly supported by the
results for the LeuB10Phe and ValE11Asn mutations.
In B10Phe myoglobin, bound O; is further stabilized
by favorable interactions with the phenyl ring multipole,
causing the M value to decrease to 2.5 (Figure 6, bottom
right panel). Although speculative, the kinetic results
for E11Asn myoglobin suggest that a second hydrogen
bond occurs between the asparagine amide nitrogen
and bound O, causing a further increase in oxygen
affinity. The E11Asn residue also appears to stabilize
distal pocket water causing a marked decrease in CO
affinity. The net result is that E11Asn myoglobin
exhibits nearly equal affinities for both O; and CO (M
= 1.2, Table 1).

V. Heme Iron Autooxidation

In addition to regulating the preferential binding of
0O, over CO, the protein matrix surrounding proto-
porphyrin IX also serves to prevent autooxidation of
the heme iron. Maintaining the Fe?* state is crucial to
the function of hemoglobin and myoglobin. In the
oxidized state (Fe®*) the heme iron cannot bind O; and
is physiologically inactive. Free heme in aqueous
solution at room temperature autooxidizes within
seconds. Once protected by the protein, however,
autooxidation slows to hours. Maintenance of the
reduced state is also important for protein stability.
Hemoglobin and myoglobin have a higher affinity for
heme than hemin and the loss of the prosthetic group
is the first step in the irreversible denaturation of the
protein. Inred blood cells and muscle tissue areductase
system helps to keep the proteins reduced.?!

In the native proteins, and in most mutants still
possessing the distal histidine, autooxidation occurs
through a combination of two mechanisms.® At high
[O,], direct dissociation of the neutral superoxide
radical (HO3) from oxymyoglobin appears to dominate,
and this process is accelerated by decreasing pH. At
low [O4], autooxidation occurs by a bimolecular reaction
between molecular oxygen and deoxymyoglobin con-
taining a weakly coordinated water molecule. In air-
equilibrated buffer at 37 °C, the dominant mechanism
appears to be direct, unimolecular dissociation of
superoxide from native myoglobin and all of the mutants
examined.®® A summary of autooxidation rates, R,
under these conditions is presented in Table 1.

The unimolecular HO, dissociation mechanism was
first proposed by Weiss,* championed by Shikama,?
and is now commonly accepted. The bimolecular
reaction mechanism was proposed by Wallace et al.%
in order to explain the enhancement of autooxidation
by anions. Recently, Dickerson et al.®” have suggested
that sterically hindered pentacoordinate model hemes
are capable of reacting with Oz in the absence of a weakly
coordinated sixth ligand via an outer-sphere mecha-
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Table 2. Rate and Equilibrium Constants for O, and CO Binding to Myoglobin and R-State Human Hemoglobin
Mutants at pH 7.0, 20 °C

protein E'co (uM1s7) keo (870 Kco (uM) ko, (uM1s) ko, (571 Ko, (@M Kco/Ko,
A. Wild-Type
Mb(SW) 0.51 0.019 27 17 14 1.1 25
a(Human) 2.9 0.0046 630 28 12 2.3 270
B(Human) 71 0.0072 990 110 22 4.5 220
B. HisE7 Mutants
Mb(E7Gln) 1.0 0.012 82 24 130 0.180 460
a(E7GlIn) 6.5 0.0044 1500 41 53 0.8 1900
B(E7GIn) 7.1 0.010 710 91 31 2.9 240
Mb(E7Gly) 5.8 0.038 150 140 1 600 0.090 1700
a(E7Gly) 19 0.0067 2 800 220 620 0.40 7 000
B(E7Gly) 5.0 0.013 380 100 37 2.7 140
Mb(E7Phe) 4.5 0.054 83 75 10 000 0.007 11 000
GB(E7Phe) 5.9 0.014 420 85 43 2.0 210
C. Val(E1l) Mutants
Mb(E11Ala) 1.2 0.021 56 22 18 1.2 47
a(E11Ala) 32 0.0038 8 400 210 67 3.1 2700
B(E11Ala) 7.0 0.012 580 180 27 6.7 87
Mb(E11Leu) 0.53 0.011 48 23 6.8 3.4 14
a(EllLeu) 2.5 0.0030 830 24 4.0 6.0 140
B(El11Leu) 6.6 0.011 600 120 20 6.0 100
Mb(E11Ile) 0.050 0.024 2.1 3.2 14 0.22 9.5
a(Elllle) 0.9 0.0045 200 16 6.8 2.4 83
B(E11lle) 0.30 0.012 25 12 28 0.43 58
Mb(E11Thr-pig) 0.60 0.080 7.5 2.8 39 0.07 110
B(E11Thr) 7.8 0.016 490 42 18 2.3 210

@ Rate and equilibrium constants for all the hemoglobin subunits except 8 ThrE11 were taken from Mathews et al.?® The rates for
8 ThrE11 were taken from Fronticelii et al.}%? The ligand binding parameters for the sperm whale myoglobin proteins and references

are given in Table 1.

nism; however, the relevance of this mechanism to heme
proteins is not yet clear.

The hydrogen bond provided by the neutral imidazole
side chain of HisE7 plays the most crucial role in the
inhibition of myoglobin heme iron autooxidation. This
interaction prevents both dissociation of bound oxygen
and its protonation. Replacement of HisE7 with apolar
residues results in 100-800-fold increases in the rate of
autooxidation due to the loss of this hydrogen bonding
interaction (Table 1). In addition, the dependence of
koxon [Os] for these rapidly oxidizing mutants indicates
that the superoxide dissociation pathway is dominant
under all conditions. The same relative pH dependence
of k., was observed for native and selected mutant
proteins, including some with substitutions at the distal
histidine position. This result suggests that protonation
of the Fe-O, complex accounts for most of the pH
dependence observed at or above pH 7.0. Further
evidence supporting this idea was obtained using
mutations at positions CD3 and E10. Introduction of
a negative charge at these positions dramatically
increases the rate of autooxidation while introduction
of a positive charge inhibits autooxidation.®® Decreasing
the volume of the distal pocket by replacing small amino
acids with larger aliphatic or aromatic residues at
positions E11 and B10 inhibits autooxidation markedly
by decreasing the accessibility of the distal pocket to
solvent water molecules, which inhibits protonation of
the Fe-O; complex (Table 1).

The close mechanistic relationship between auto-
oxidation and oxygen affinity points out the difficulty
of constructing stable heme proteins with low oxygen
affinities. The hydrogen bond in native myoglobin
decreases the rate of autooxidation while raising oxygen
affinity. In order to raise the Py of myoglobin, either
the hydrogen-bonding interaction should be weakened

or steric hindrance of the bound ligand should be
enhanced. In single mutants, both these effects cause
substantial increases in k., (i.e. HisE7GIn and ValE111le
myoglobins). Thus, current attempts to engineer
hemoglobin-based blood substitutes with lower affini-
ties for oxygen must take into account the resulting
detrimental effects on stability to autooxidation.

VI. Comparison with Hemoglobin

Kinetic parameters are presented in Table 2 for
oxygen and carbon monoxide binding to the « and 8
subunits of R-state human hemoglobin. These con-
stants are defined in terms of the last step in ligand
binding to tetramers i.e. Hb; X3 + X = Hb,X,. Rate
and equilibrium constants for the corresponding myo-
globin mutants are included for comparison purposes.
More complete discussions of the effects of mutagenesis
in hemoglobin have been presented.®8-1% A brief
summary is given below.

It appears that the ligand binding site in R-state 8
subunits can accommodate a variety of nonconservative
mutations with little effect on CO and O, binding. The
HisE7Gly, ValE11Ala, and ValE11Thr mutations result
in <2-fold changes in the kinetic and equilibrium
parameters for either oxygen or carbon monoxide
binding. Thus, the high affinity for Os in this subunit
must be conferred by some mechanism other than
hydrogen bonding to the E7 side chain.?® Only in the
case of the ValElllle mutation is a large (10-fold)
decrease in O, affinity observed, due presumably to
direct steric hindrance provided by the 8 chain E111le
side chain.

In contrast, R-state a subunits resemble myoglobin
on the basis of the effects of mutagenesis. In these
subunits, bound Oz appears to be stabilized by hydrogen
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bonding since the HisE7Gly mutation resultsin an ~5-
fold reduction in Ko, This interaction was predicted
by the close proximity of the e-amino nitrogen of HisE7
to the O(2) oxygen atom (2.6 A in Mb and 2.8 A in «
subunits versus 3.5 A in 8 subunits®), and this orienta-
tion of the bound ligand appears to be fixed by the
position of the isopropyl side chain of ValE1l. As a
result, the favorable hydrogen-bonding interaction is
achieved at the expense of increased steric crowding in
the distal pocket, limiting access to the ligand binding
site. This restriction is manifested as lower association
rate constants for all ligands and substantial increases
in these kinetic parameters when smaller residues are
substituted for HisE7 and ValE11 in R-state a subunits.

Theresultsin Table 2 also show that both hemoglobin
subunits discriminate less efficiently against CO binding
than myoglobin as manifested by the 10-fold larger M
values. The structural origin of this difference is not
completely clear. The 8-subunit distal pocket appears
to be apolar and is little affected by replacing the distal
histidine or by replacing ValE11 with threonine. The
higher M value for 8 subunits supports the view that
polar interactions play a key role in reducing CO affinity.
However, a similar M value is observed for « subunits
which do contain a distal pocket water molecule in the
deoxy state. In addition, water is coordinated to the
ferric iron atoms in both subunits of methemoglobin.

The effects of mutagenesis on T-state ligand-binding
parameters are even less well-understood. Only mea-
surements of CO association rate constants, k’rco,
and K; or Kp values for O; binding have been
attempted.?3100-102 The results indicate that steric and
polar interactions in the a-subunit distal pocket are
not significantly altered by the R to T quaternary
conformational change. This implies that the change
in affinity and reactivity of this subunit is due
exclusively to changes in proximal HisF8-iron coor-
dination geometry. Incontrast, profound changesoccur
in the 8-chain active site as predicted by the crystal
structure differences first described by Perutz.?® The
HisE7Gly and HisE11Ala replacements result in 30-
and 10-fold increases in k’'rco, whereas the same
mutations cause little change in the corresponding
R-staterate parameters. Thisresultimplies thatsteric
hindrance plays a significant role in reducing ligand
affinity in the T state of 8 subunits. However, more
work is needed to evaluate and test these conclusions.

VII. Conclusions

Replacement of highly conserved ligand binding
pocket residues by site-directed mutagenesis permits
the most direct method of understanding the role of
specificamino acids. Comparison of specific amino acid
changes from myoglobins and hemoglobins from other
species is inevitably complicated by the presence of
additional amino acid changes whose influence on the
residue of interest is not readily apparent. The
correlation between site-specific changes found in
naturally occurring mutations, which often give rise to
various disease states, has provided relevant informa-
tion concerning the importance of certain amino acids
to protein function and structure.’®® However, in vivo,
thestrong selective pressure against highly detrimental
structural or functional mutations typically precludes
the ability to isolate and characterize desired amino
acid replacements.

Springer et al.

As presented in this review, the ability to couple site-
directed mutagenesis with structural and biophysical
characterizations has permitted the mechanism of
ligand binding discrimination in hemoglobin and myo-
globin to be redefined. Although it appears thatligand
binding site polarity, water displacement from the E7
residue, and steric constraints are all involved in CO
binding, at present it is not possible to quantitate
unequivocally the relative contributions of each. It is
quite clear, however, that the primary role for the distal
histidine in hemoglobin and myoglobin is to provide a
stabilizing hydrogen bond to bound oxygen which
greatly facilitates the preferential binding of O, over
CO, and serves to inhibit heme iron autooxidation.

Displacement of water bound to the HisE7 N, appears
to provide a larger barrier to CO binding than does
direct steric hindrance by the imidazole side chain. This
water-displacement barrier affects both CO and O,
binding, but the adverse effects on O, binding are
compensated by the very favorable hydrogen bond
provided by the distal histidine. Despite previous
claims, the off-axis orientation of CO bound to ferrous
myoglobin and hemoglobin is not due to the presence
of the distal histidine. Fe-C-O angles =~ 160° have
been confirmed independently by X-ray crystallography
and low temperature FTIR techniques for most the E7
mutants. It is not yet possible to distinguish between
the linear, tilted geometry for the Fe—~C-O complex
versus the bent geometry, but, again it is apparent that
the off-axis orientation is not due to steric hindrance
from distal pocketresidues. An alternative explanation
for the unexpected Fe-C-0 geometry might be proximal
effects on ligand binding which are more difficult to
characterize, or nonplanarity of the iron porphyrin ring
in the protein. Precise NMR structures of cyano—met
complexes show that some distal pocket mutants exert
little effect on the Fe—~C-N angle relative to the heme
normal, but do markedly reorient and bound ligand in
the azimuthal direction.1941% Further investigations
in this area are clearly required.

The design of heme protein-based blood substitutes
is an obvious extension of these studies on the mecha-
nism of ligand binding and inhibition of autooxidation.
A number of systems have been developed to produce
large quantities of heme-containing protein in heter-
ologous hosts35106.107 and efforts in this area are
ongoing.1981% A sperm whale myoglobin mutant has
been engineered with a 10-fold increased O, affinity
and 10-fold decreased autooxidation rate compared to
the native protein.?® Although this mutant would
probably not dissociate O, readily enough to be useful
in vertebrate tissue, it is clearly a step in the right
direction toward the development of a stable extra-
cellular oxygen binding protein capable of substituting
for human hemoglobin or serving as a biosensor to
monitor O levels. Finally, owing tothe diverse chemical
reactivities of transition metals, the possibility of
rational conversion of myoglobin into an efficient
enzyme also has enormous potential in the field of
bioremediation.
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