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A Steric Mechanism for
Inhibition of CO Binding to
Heme Proteins

Galina S. Kachalova, Alexander N. Popov,* Hans D. Bartunikf

The crystal structures of myoglobin in the deoxy- and carbon monoxide-ligated
states at a resolution of 1.15 angstroms show that carbon monoxide binding
at ambient temperatures requires concerted motions of the heme, the iron, and
helices E and F for relief of steric inhibition. These steps constitute the main
mechanism by which heme proteins lower the affinity of the heme group for

the toxic ligand carbon monoxide.

The structural basis of the discrimination be-
tween O, and the toxic ligand CO by heme
proteins has been the subject of many exper-
imental and theoretical investigations (/).
Aside from their role in respiration, CO li-
gands may act as regulators of cell and organ
function (2). In addition to environmental
sources, CO is produced endogenously in the
breakdown of heme. The binding affinity of
CO to heme proteins is much lower in com-
parison to that of porphyrin complexes. The
textbook explanation of this difference is cen-
tered on the Fe-C-O binding geometry.
Whereas this geometry is approximately lin-
ear in CO porphyrin complexes (3, 4), previ-
ously reported x-ray and neutron crystal
structures of CO-ligated myoglobin (MbCO)
show bent binding geometries with substan-
tial deviations from linearity (5). In attempts
to interpret these structural data and many
infrared (IR) measurements, a number of
models have been suggested in which bend-
ing of the Fe-CO unit is explained in terms of
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short-range interactions between the ligand
and the distal His of the protein matrix. It was
proposed that steric repulsion (6), electrostat-
ic interactions between the distal His side
chain and the ligand involving strong back-
bonding in the Fe-CO unit (7, §), or a non-
equilibrium orientation of the proximal His
(9) may prevent the CO from binding in a
linear conformation. However, recent results
from IR polarization (/0—12), Fourier trans-
form IR spectroscopy (/3), and a joint anal-
ysis of nuclear magnetic resonance, Fe®’
Mossbauer, and IR spectroscopic data (/4)
suggested a nearly linear geometry as the
most likely conformation. These results and
the large variability in the three-dimensional
(3D) structural models raised severe doubts
as to the accuracy of the previous crystal
structure analyses.

We report the results of x-ray crystallo-
graphic studies of native sperm-whale myoglo-
bin at ultrahigh resolution. Essentially unre-
strained refinement (Table 1) at a resolution of
1.15 A of the P2, crystal structures of deoxy
myoglobin (deoxyMb), MbCO, and aquo-met
myoglobin (metMb) at pH 6 provided a very
high accuracy (average error of 0.03 A in the
positions of main-chain atoms). The structural
models differ substantially from the previous
crystal structures, in particular with respect to
the ligand binding geometry and to the interac-
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tions between the ligand and residues inside the
distal pocket. Some of these structural differ-
ences can be explained by heterogeneities in the
ligation states that were not identified in previ-
ous crystal structures because of the lower res-
olution. A comparison of our MbCO and de-
oxyMb structures provided the basis for analyz-
ing the structural mechanism of CO inhibition.
The diffraction studies have been undertaken at
room temperature in order to approach physio-
logical conditions as closely as possible.

The MbCO crystal structure shows the in-
dividual atoms of the bound CO with full oc-
cupancy in a well-resolved electron density
(Fig. 1). The ligand adopts a single conforma-
tion. The Fe-C-O binding geometry is nearly
linear (Fig. 1 and Table 2); the angular devia-
tion 6 of the Fe-CO unit from linearity is 7.4°
(1.9°) (numbers in parentheses are standard er-
rors of the last digit or digits). The Fe-C bond is
tilted by an angle T = 4.7° (0.9°) with respect to
the normal to the nitrogen plane that is formed
by the four pyrrole N ligands that surround the
heme Fe in a nearly perfect square planar sym-
metry. Our results confirm theoretical estimates
by Ray et al. (8) and remove the controversy
between spectroscopy and previous crystal
structures, which were interpreted in terms of
more strongly inclined binding geometries and
disordered CO sites (5). The angular geometry
of the Fe-CO unit in the crystal structure is in
close agreement with recent spectroscopic data
for MbCO in solution (/0—12, 14) and in the
P2, and P2,2,2, crystal forms (/0—12). When
comparing the structures of MbCO and unen-
cumbered porphyrin complexes, we found that
the deviation of the Fe-CO unit from linearity
(Table 2) is slightly stronger, by a few degrees,
in MbCO. This additional distortion involves
energies that are too small to explain the re-
duced binding affinity of CO to Mb (10-12).
The Fe-C and the C-O bond lengths agree
within the experimental errors (Table 2).

The internal structure of the heme is rather
insensitive to the binding of CO. The tilt angles
between the individual pyrrole rings and the
nitrogen plane are nearly the same in MbCO
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as in Fe(TPP)(CO)py (TPP, 5,10,15,20-tetra-
phenylporphyrin dianion; py, pyridine) (Table
3), except for a stronger out-of-plane inclination
of the C pyrrole ring in MbCO. The tilt angles
between the nitrogen plane and each of the
pyrrole rings increase by 2°. In addition, the
square formed by the four pyrrole N ligands of
the Fe slightly contracts (from 4.07 to 4.00 A,
measured along the diagonals). The changes are
due to a movement of the heme Fe from its
location on the proximal side in deoxyMb (dis-
tance A, = 0.290 A from the nitrogen plane)
into the nitrogen plane of MbCO (Aypco =
0.015 A on the distal side). This displacement
of the Fe is substantially smaller than that pre-
viously described (5, 15). The covalent bond
length between Fe and the Ne, of the proximal
His, His?* (also residue 8 of helix F, or F8),
shortens slightly (from 2.15 to 2.12 A) upon
binding of CO. The orientation of the imidazole
ring, which is stabilized by the H-bonding in-
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teraction between N3, and Leu® O, remains
essentially unchanged. There is no evidence for
a nonequilibrium orientation of the proximal
His.

The orientation of the CO ligand in
MbCO is defined by repulsive interactions of
the CO oxygen with two highly conserved
distal residues, His®* (E7) and Val®® (E11)
(Fig. 1 and Table 2). The Val®® Cy, atom is
at a rather short distance (3.13 A) from the
CO oxygen; this finding explains why muta-
tions at E11 to residues with more bulky side
chains were found (/) to cause steric hin-
drance to the binding of CO to Mb. Val%®
hinders the access of the CO to the sixth
coordination site of the heme Fe as long as
the conformation of the protein matrix and
the orientation of the heme remain as in
deoxyMb. This conclusion is derived from an
alignment of the 3D structures of deoxyMb
and MbCO on a common rigid domain that

\ ;Hisga

Wao4 T’h—*{-‘
®-.290A NDf / i

ey 'l Va\escee‘f..'-“"

S

Fig. 1. CO binding site and environment in MbCO. (A) Side view. The 2|F,| — |F_| map is
contoured at 2.40 (blue) and 4.0c (red) (o, standard deviation). (B) Stereoview from the distal side.
Contours are at 2.80 (blue) and 5.00 (red). (C) Polar angles ¢ and o (= 6 + T) describing the Fe-C
and C-O orientations in MbCO. The azimuthal angles &, = 33.4° and ¢, = 24.3° were
measured from the NA-NC axis. The estimate of the errors in the tilt angle 1 = 4.7° = 0.9° and
the bending angle 6 = 7.4° * 1.9° is based on the uncertainties at a 1o level in the refined atomic
coordinates. (A) and (B) were prepared with TURBO FRODO (32).

essentially consists of helices A, B, D, and H
[root-mean-square deviation (rmsd) of 0.09 A
of the main-chain atoms]. When a CO mole-
cule is inserted in the structural model of
deoxyMb so that its position and orientation
relative to the nitrogen plane of the heme is
the same as in MbCO, the CO oxygen is only
2.7 A from Cy, of Val®®. The steric hin-
drance is removed by correlated motions that
the heme and part of the protein matrix un-
dergo with respect to the rigid domain of the
globin. Upon ligand binding, the E and F
helices, which hold the heme like a pair of
tweezers, undergo rigid-body movements. In
a plane that contains F and is roughly perpen-
dicular to the nitrogen plane of the heme, the
“V” formed by both helices translates and
rotates as a rigid unit. The translation by 0.12
A occurs in the direction from pyrroles B to
D along the interface between the EF corner
of the heme pocket and helix H in the rigid
domain of the globin, without substantially
affecting the H-bond His®*? (EF5) Ne,—
Asp'! (H18) 03,. The “V” rotates by an
angle 8 = 0.9° around a pivot point that is
located near Lys” in the EF corner. The
displacement of the Fe in this projection can
be described with the same rotation and trans-
lation parameters; that is, the Fe and the two
helices keep their relative orientations. The
rotations of E and F displace the backbone
segments near the distal and proximal histi-
dines by amplitudes (~0.3 to 0.4 A) that are
small but highly significant; they exceed the
average error in the atomic coordinates by
more than one order of magnitude. In a dif-
ferent projection that is approximately paral-
lel to the nitrogen plane, helix F and the
heme, together with the Fe, undergo a joint
rotation (by & = 0.9°) around the same pivot
in the EF corner, whereas helix E rotates by
about the same angle (e) in the opposite
direction. Thus, E and F exhibit a scissorlike
motion in this projection, with an angular
amplitude of 1.7° in relation to each other.
The movements of the E and F helices in
relation to the neighboring helices cause a
reorientation of the hydrophobic lining of the
heme pocket. Whereas Val®® (E11) and Leu®®
(F4) near pyrrole ring A move in the same
direction as the heme Fe, the residues Ile®®
(FGS5), Leu'®* (GS), and Ile'®7 (G8), which -
form a hydrophobic clamp around pyrrole
ring C, move in the opposite direction be-
cause of a change in the conformation of the
FG corner. The orientations of other hydro-
phobic residues, including Phe!3® (H15) and
Phe*® (CD1), that interact with the heme near
pyrrole B or D are not affected. The motions
in the hydrophobic environment of the heme
are associated with a tilt of the nitrogen plane
by 4.0° around NB-ND and a translation by
0.19 A in the direction from NA to NC. The
combined shift and tilt of the heme can be
described by a single rotational movement
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around an axis that is parallel to NB-ND and
runs through the proximal His side chain. The
tilt of the heme and the motions of helices E
and F cooperate in the formation of the active
binding site of the CO in MbCO (Fig. 2).

The high flexibility of the His®* side chain
in Mb suggests a different structural role of
this residue. The repulsive interaction with
the bound CO ligand causes the imidazole to
swing away from the active binding site in a
direction that is parallel to the NC-NA axis.
The amplitude of this swinging motion is
substantially greater in MbCO than in de-
oxyMb or in metMb; the imidazole remains,
however, inside the heme pocket in all three
structures at pH 6 (/6). His®* in MbCO is
well ordered; its side chain adopts a single
conformation with full occupancy in which
Ne, of the imidazole points toward the CO
oxygen. There is no or only a very weak H
bond between the Ne, and the CO oxygen
(distance of 3.23 A). This finding contradicts
a previous assumption, based on molecular
dynamics (MD) calculations, that Ne, is en-
gaged in a long-lived H-bonding interaction
with the CO (17). The short C-O bond length
(1.12 A) in the MbCO structure is consistent
with a formal bond order of three (/8) and
indicates that the back donation of Fe d_
electrons to the m* orbitals of CO is inhibited,
which can be expected when the lone pair of
Ne, points to the CO oxygen (§). In de-
oxyMb, the His®* side chain occupies two
alternate locations, exhibiting comparable
populations, which differ in their distance
from the sixth coordination site of the heme
Fe. The tilt of the heme and the reorienta-
tional motions in the protein matrix accom-
panying ligation with CO enhance these dis-
tances. However, different from the case of
Val®®, an additional displacement of the im-
idazole (by 0.9 and 1.4 A for the two con-
formers, respectively) away from the CO li-
gand is needed in order to reach a similar
orientation as in MbCO. The direction and
amplitude of this displacement suggest that it
may be related to a translocation of the ligand
from a docking site to the active binding site.
Two possible CO docking sites in MbCO
have been located above NC at 20 to 40 K
(19-21). An alignment of the low-tempera-
ture x-ray structure of photodissociated Mb
by Schlichting et al. (19) on the present de-
oxyMb structure shows that this possible
docking site, which is nearly identical to the
location of the “deoxy water” (W378), is
~1.6 A from the active binding site. The
corresponding distance for the docking site,
reported by Teng et al. (20), is ~1.0 A. The
results of spectroscopic studies (22) and MD
calculations (23) suggest a close similarity in
the proposed CO docking sites at low and at
ambient temperatures.

There is no direct structural evidence for a
possible involvement of the distal His in the
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access of CO to the distal pocket. In particu-
lar, our crystal structures at pH 6 do not show
any evidence for an outward movement of the
His side chain (/6), which has been suggest-
ed to open a channel between the solvent
region and the heme pocket (5). We cannot
exclude the possibility that the His®* imida-
zole infrequently swings out of the heme
pocket to a site with low occupancy (<5%).

In fact, His®* appears to play a role in the
passage of water from the solvent region into
the distal pocket. Whereas MbCO does not
contain any water in the distal pocket, de-
oxyMb has a half-populated water molecule
(W378) near the sixth coordination site of the
Fe. W378 is H bonded to one conformer of
His®* (His®*-I) (distance of 2.77 A between
Ne, and the water oxygen), which has a

Table 1. Data collection and refinement statistics. X-ray diffraction data were measured at room
temperature on the wiggler beamline BW6 at the Deutsches Elektronen-Synchrotron (Hamburg) using
the rotation method and a MAR345 imaging plate scanner. Values in parentheses are for the highest
resolution shell, 1.20 to 1.15 A (for metMb, 1.22 to 1.20 A). The data were processed, merged, and scaled
with DENZO/SCALEPACK (28). The structures were refined with SHELXL-97 (29) using anisotropic
displacement parameters and H atoms at calculated positions. All reflections were included in the
refinement procedure. R _ ... = 3,5, |/, - (D113, where I, is an intensity / for the ith measurement
of a reflection with indices hkl and (/) is the weighted mean of all measurements of /. R ., =
IS, (hkD L = TF (RIS, | Fo(hKI) |, where F_ and F_ are the observed and calculated structure
factors, respectively. Ry, is the crystallographic R value calculated with 5% of the data excluded from
the refinement calculation. The refined model of metMb was used as an initial model for deoxyMb and
MbCO. Estimates of the averaged standard deviations (Esd) were obtained from SHELXL-97 with the
Cruickshank formula (30). The porphyrin atoms were refined with distance restraints only. The positions
of the Fe and of the atoms of the CO ligand were refined without any restraints. The program O (37) was
used for model building. As an independent check of the homogeneity in the ligandation states, the
extent of ligation was studied for each preparation by visible absorption spectroscopy; for this purpose,
we dissolved, under anaerobic conditions, crystals that were prepared simultaneously under identical
conditions and were of a similar size as those used for x-ray data collection. o, standard deviation; deg,
degrees; dashes indicate no data available.

Item deoxyMb MbCO metMb
Data collection

Space group P2, P2, P2,
Unit cell

a (A) 35.15 34.91 34.83

b (A) 31.04 31.04 30.92

c (A) 64.59 64.73 64.57

B (deg) 105.58 105.53 105.50
Resolution (A) 1.15 to 12.0 1.15 to 12.0 1.20 to 12.0
Measured reflections 175,253 202,454 564,343
o (1)) 19.9 (2.7) 23.8 (3.4) 30.4 (6.6)
Unique reflections 41,190 46,002 41,485
Completeness (%) 85.9 (66.1) 96.3 (95.3) 99.4 (100.0)
Renerge (%) 6.2 (36.2) 5.2 (28.2) 4.8 (28.2)

Refinement
Parameters/reflections 14,105/41,190 13,701/46,002 14,814/41,485
Ry for all F, (%) 11.4 124 9.0
Reryst ior Flo(F,) > 4 (%) 10.0 10.1 1??
(] - - .

rmsd of bond lengths (A) 0014 0.015 0.015
rmsd of bond angles (deg) 1.4 1.4 1.4
Esd in coordinates (A)

Main chain atoms 0.03 0.03 0.03

All protein atoms 0.04 0.04 0.04

Table 2. Fe-ligand binding geometries. 0., ,, bending angle; 7, tilt angle; & ~ 6 + 7; deut, deutero-
porphyrin; THF, tetrahydrofuran; dashes indicate data not available. Numbers in parentheses are standard
errors of the last digit or digits.

ebend

Crystal Reference  Method (deg) (;g‘é) « (deg) Fe-C(A) C-O(A)
MbCO - X-ray  7.4(19) 48(0.9) - 1733)  1.12(3)
MbCO (14) IR 7 4 - - h
MbCO (10) IR - - <7 - -
MbCO (17) IR - - <10 - -
MbCO (12) IR - - 6709) - -
Fe(TPP)(CO)py 38  Xray 12 14 - 177)  1.12(2)
Fe(deut)(CO)(THF) (4, 8)  Xray  1.7(14) 25 - 1.706(5)  1.144(5)
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comparable occupancy. The imidazole ring
of the other conformer (His®*-II) is displaced
by 0.58 A in the direction of the protein
surface, where it interacts with a partly occu-
pied water, W303 (at 2.53 A from N3)), in
the solvent region. An alternate water site,
W302 (at 1.7 A from W303), can only be
populated when the His swings to the His®*-1
site. The heterogeneity in the solvent envi-
ronment may explain why the nearby Arg*
(CD3) adopts two alternate side-chain con-
formations in deoxyMb, whereas both Arg*’
and His®* occupy single sites in MbCO. The
displacement of the deoxy water has been
suggested as providing a substantial barrier to
CO binding (24), but the deoxy water may
leave and reenter the heme pocket even in the
absence of CO, which suggests a minor effect
of its displacement on the rate constant for
CO binding.

Our structural studies indicate that CO bind-
ing to Mb is inhibited through a steric hindrance
that arises from the orientation of the heme in
relation to the E and F helices, which form a
topological domain. The ligand may bind only
after reorientational motions of the heme and
the two helices. These conformational changes
represent the most striking structural differenc-
es between Mb and CO porphyrin compounds.
Concerted rigid-body motions of helices E and
F appear to be associated with CO-ligand bind-

Fig. 2. Schematic view
of the motions of the
heme, the Fe, and he-
lices E and F, which
are required for CO
binding to Mb at am-
bient temperature. 9,
joint rotation of E, F,
and the Fe; g, joint
rotation. of F, the
heme, and the Fe; and
&g, rotation of E.

REPORTS

ing to other heme proteins as well. Raman
spectroscopic studies (25) provided evidence
for a scissorlike motion of the E and F helices in
hemoglobin (Hb) after laser-pulse photolysis of
HbCO. The o and B subunits (four total) of Hb
each have closely similar tertiary structures as
Mb; the motions of the helices may transmit a
change in heme ligation to the subunit interface
(25). The ligand-induced motions of the heme
and the dynamical domain of the protein ma-
trix, which occur under physiological condi-
tions in Mb and probably also in Hb subunits,
are highly correlated and interact synergically.
In theory, it should be possible to further study
these motions by time-resolved protein crystal-
lography (26), provided that a very high reso-
lution can be reached. The displacement of the
highly flexible His side chain can only be a
minor part of the steric mechanism inhibiting
CO binding to heme proteins at ambient tem-
peratures. However, the control of the translo-
cation of the ligand between the docking sites
and the active binding site by the swinging
motion of the imidazole is probably the main
mechanism at low temperature, where the long-
range collective movements are suppressed.
The structural basis of the discrimination be-
tween CO and O, under physiological condi-
tions remains uncertain in the absence of an
O,-ligated myoglobin structure at a comparably
high resolution. One contribution to a higher

[J MbCO
B deoxyMb

Table 3. Heme geometries. Dashes indicate data not available.

Parameter MbCO deoxyMb Fe(TPP)(CO)py (3)

rmsd of N, from plane (A) 0.006 0.018 -
Fe -++ N, plane (A)* +0.015 —0.290 -
Average Fe -+ N, (A) 2.005 12057 2.017
Tilt of pyrrole ring (deg)t

A 2.4 5.1 26

B 0.6 5.5 0.6

C 8.9 12.4 4.4

D 35 5.0 3.6

*Positive sign for displacement to the distal side and negative sign for displacement to the proximal side of the N,, plane.

1Tilt angles between the pyrrole rings and the N, plane.

affinity of the protein for O, may be due to a
strong H bond between the O, ligand and His®*
Ne, (7). Our results suggest that a difference in
the Fe-ligand binding geometry may play an
important role. If the Fe-O-O unit in- heme
proteins adopts a similar bent geometry as in
oxy porphyrin compounds (27), the binding of
the O, ligand may be expected to involve sub-
stantially smaller motions of the heme and the
globin than those required for the formation of
the near-to-linear Fe-CO bond.
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