Finally, it is interesting to note that, in
fluid solvents, the earliest spectroscopic
changes observed in Mb at room tempera-
ture occur within a few picoseconds of pho-
todissociation (13). Because this time scale
is comparable to the shear relaxation time
of the aqueous solvent, the solvent response
to the fastest conformational changes is ex-
pected to resemble that of an elastic solid.
Picosecond-resolved optical studies of our
system may therefore show that the fastest
conformational changes of a protein appear
similar in water and in a glass.
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Binding of CO to Myoglobin from a Heme Pocket
Docking Site to Form Nearly Linear Fe-C-O

Manho Lim, Timothy A. Jackson, Philip A. Anfinrud*

The relative orientations of carbon monoxide (CO) bound to and photodissociated from
myoglobin in solution have been determined with time-resolved infrared polarization
spectroscopy. The bound CO is oriented =7 degrees from the heme normal, corre-
sponding to nearly linear Fe-C-O. Upon dissociation from the Fe, CO becomes trapped
in a docking site that orientationally constrains it to lie approximately in the plane of the
heme. Because the bound and ‘“‘docked’” CO are oriented in nearly orthogonal directions,
CO binding from the docking site is suppressed. These solution results help to establish
how myoglobin discriminates against CO, a controversial issue dominated by the mis-

conception that Fe-C-O is bent.

To understand how the structure of a pro-
tein affects its function, it is crucial to know
the structures of intermediates in the reac-
tion pathway. Myoglobin (Mb), a protein
that reversibly binds small ligands such as
O, and CO, has long served as a model
system for probing protein control of ligand
binding and discrimination (1). The active
binding site in Mb consists of an iron(II)-
containing porphyrin, known as a heme,
embedded within the hydrophobic interior
of the globular protein. It is well known
that the protein environment modulates
the activity and selectivity of the heme: CO
binds to free heme about 10 to 10* times as
strongly as O, (2) but binds to the heme in
Mb only 30 times as strongly as O, (3).
Because CO is produced endogenously by
the metabolism of heme (4), discrimination
against this toxic ligand is thought to be
biologically important.

A structural basis for discrimination
against CO was implicated by the crystal
structures of liganded Mb and model heme
compounds: it was found that CO binds to
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Mb in a bent Fe-C-O geometry (5) but
binds to model hemes in a linear geometry
(6). It was presumed that the protein forces
CO to bind in a bent geometry, thereby
reducing the affinity of the heme for CO (2,
7). Because O, binds to Mb (8) and model
hemes (9) in a similar bent configuration,
the steric hindrance imposed by the protein
on bound O, was presumed to be negligible.
This mechanism for reducing the binding
affinity of Mb for CO seems compelling.
Indeed, it has become a classic example of
the relation between structure and function
in proteins (10). However, the premise that
Fe—C-O is bent in MbCO(1 1,‘ 12) and the
assumption that bending is functionally im-
portant (13) remain contrevapsial.

The angle of CO relative to the heme
plane normal of MbCO has been deter-
mined by a variety of techniques, some of
which are detailed in Table 1. The x-ray
and neutron diffraction crystal structures
provide the strongest evidence for a bent
Fe-C-O, with the CO orientation ranging
from 19° to 60°. The discrepancies between
P2, and P6 crystal structures might result
from differences in crystal packing: P6 crys-
tals contain more water and therefore might
be a better model for MbCO in solution
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Table 1. Orientation of CO relative to heme plane normal (8,,) in MbCO and Mb*CO determined in

(14). It has been suggested that the estimat-
ed uncertainty for the 1.5 A x-ray and the
1.8 A neutron diffraction structures might
be as great as +24° and *27°, respectively
(11). Consequently, these crystallographic
methods determine the CO orientation
rather coarsely. In contrast, polarized infra-
red (IR) measurements, which are capable
of much higher precision, suggested that the
CO is oriented <10° from the heme plane
normal (15). Consistent with this result,
recent analysis of heme-CO vibrational
spectra disfavored any significant Fe-C-O
bending in MbCO (11). A recent ab initio
study of the heme prosthetic unit suggested
that the CO orientation is largely deter-
mined by the proximal histidine: When the
proximal histidine was constrained to x-ray
coordinates, the CO orientation was 46° or
35°, depending on whether or not the distal
histidine was included in the optimization;
when the proximal histidine was allowed to
relax, the CO orientation was along the
heme normal (16). Molecular dynamics
simulations of MbCO revealed a CO orien-
tation of 3° (17), or between 2.1° to 6.5°,
depending on the protonation state of the
distal histidine (18). Clearly, the orienta-
tion of CO bound to Mb is controversial.
While an understanding of ligand dis-
crimination requires accurate knowledge of
the orientation of bound CO, it is crucial
also to know the orientation of unbound
CO in Mb*CO, the putative transient in-
termediate in the binding pathway. Two
recent structures of Mb*CO, obtained by
photolyzing MbCO crystals at cryogenic
temperatures, provide some insight into this
state (Table 1). Upon dissociation from the
heme iron, CO becomes trapped in the
heme pocket with the nearest atom less than
19 A from the bound carbon position;

=

Fig. 1. The heme-CO coordinate system: 6 is the
angle between C-O and the heme plane normal.
For a range of wavelengths, including our photol-
ysis wavelength of 527 nm, the heme is well de-
scribed as a circular absorber, that is, the spec-
troscopic transition is in the plane of the heme with
equal contribution from the two orthogonal com-
ponents (47). The vibrational transition of CO is
assumed to be along the CO bond axis, an excel-
lent assumption for dissociated CO as well as for
bound CO when 6 is small.

crystals and in liquid solution.

Resolution

Sample Method A 0, (degrees) Reference
MbCO
P2, crystal (260 K) X-ray 1.5 39 (78%)-60 (22%)t 5)
P2, crystal (40 K) X-ray 1.7 39 (79)
P2, crystal Neutron 1.8 47 (58%)-44 (42%)t 42)
P6 crystal}(277 K) X-ray 2.0 19 (14)
P6 crystali (85 K) X-ray 1.9 32 (20)

P2, and P2,2,2, crystals  Polarized IR — <10 (15)
Solution (283 K) Photoselection — =7 This work
Mb*CO

P6 crystalt (20 K) X-ray 1.5 90 (+20) 20
P2, crystal (40 K) X-ray 1.7 66 (43)
Solution (283 K) Photoselection — 67 to 90§ This work

+Two orientations of CO with differing occupancies were resolved.
remote from the heme, facilitates the growth of P6 crystals.

$Asp'22— Asn mutant of MbCO; this mutation,
§The equilibrium orientation depends on the orienta-

tional probability distribution function for unbound CO. With an experimentally estimated distribution function, the
orientation is calculated to be 90°; a delta function distribution yields 67°.

whether the C or O is closer is not deter-
mined (19, 20). The unbound CO orienta-
tions reported for the P2, and P6 structures
differ by 24°. Even if the structures were in
complete agreement, it is not clear if the
structures of Mb*CO at cryogenic tempera-
tures are transferable to liquid solution at
physiological temperatures. Because the ef-
fects of crystal packing and cryogenic tem-
peratures are not yet fully understood, one
should be careful when interpreting subtle
details obtained from such crystal structures.

The need for accurate structural data
determined under physiologically relevant
conditions is evident. Photoselection spec-
troscopy (21, 22) is ideally suited for this
problem. Using this technique, we have
been able to study in liquid solution the
orientation of CO in both MbCO and
Mb*CO. We have observed a nearly linear
Fe-C-O conformation for bound CO and
have discovered a heme pocket docking site
in which unbound CO is constrained to lie
approximately parallel to the plane of the
heme.

Determination of the CO orientation by
photoselection spectroscopy is possible be-
cause spectroscopic transitions for both
heme and CO are polarized along specific

Fig. 2. The theoretical ratio of perpendicular and
parallel polarized absorbance, AA+/AAl, plotted
versus the angle between C-O and the heme
plane normal, 8. The ratio is 2 when C-O is orient-
ed along the heme normal and 0.75 when orthog-
onal to the heme normal. Consequently, the ratio
of perpendicular and parallel polarized absor-
bance is a sharp indicator of CO orientation. (In-
set) The polarized IR absorption ellipsoids for CO
when 6 = 0°, 54.74°, and 90°, assuming random-
ly oriented circular heme absorbers are photo-
lyzed with horizontally polarized light. For exam-
ple, the major and minor dimensions of the 8 = 0°

directions in the molecular frame (Fig. 1).
When a solution of MbCO is illuminated
with linearly polarized light, hemes oriented
along the polarization direction absorb light
preferentially. The ligands bound to these
“photoselected” hemes are dissociated with
high quantum efficiency, leading to a loss of
bound CO and the production of meta-
stable Mb*CQ, that is, CO located near but
not bound to the heme iron. If the CO is
oriented at a particular angle 6 relative to
the heme plane normal, the ratio of its IR
absorbance polarized perpendicular and par-
allel to the photolysis polarization, AA*/
AAl, is a simple analytic function of 8 (21)
(Fig. 2)

AA*_4—ﬂM9
AAl T 2 + 2sin’0

(1)

In low-temperature glasses, where the pro-
tein orientation is frozen and ligand rebind-
ing is slow, the polarized IR spectra can be
measured with conventional IR spectrome-
ters (23). In solution, where rotational tum-
bling of the protein randomizes the orien-
tation of the photoselected hemes, the mea-
surement must be made on a time scale that
is short compared to the rotational diffusion

(€6

0=0° 6=54.7° 6 =90°

2.00
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ellipsoid are proportional to the absorption measured when the probe is polarized perpendicular and
parallel to the photolyzing polarization, respectively. The absorption anisotropy disappears (the ellipsoid
becomes spherical) when 8 = 54.74°, the so-called ‘magic angle.”
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time, which is 8 ns for Mb in H,O at 288 K
(24). Consequently, this structural determi-
nation requires picosecond time resolution
(25).

The time-resolved polarized absorbance
spectra of photolyzed MbCO are shown in
Fig. 3. The features are labeled A and B
states, following Alben et al. (26). The neg-
ative-going A states retrace the equilibrium
IR spectrum of MbCO and correspond to
the photolysis-induced depletion of bound
CO. The positive-going B states correspond
to CO dissociated from the heme iron but
trapped within the protein. The integrated
absorbance of unbound CO is significantly
less than that of bound CO, accounting for
the poorer signal-to-noise ratio of the B
state spectra.

The A state spectra reveal two promi-
nent features, denoted A; and A;, with A,
blue-shifted relative to A;. The ratio AA*L/
AAl is nearly constant (1.931 = 0.02)
across these features, demonstrating that
the two A states are oriented at a similar
angle. According to the theoretical curve of
Fig. 2, the ratio 1.931 = 0.02 corresponds to
6 = 9.7° ¥ 1.5°. To generate that curve,
the following assumptions were made: the
orientational distribution of CO is a delta
function in 0; the orientation of the heme
in the laboratory frame is static on the
100-ps time scale; and the heme of MbCO
is a perfectly flat circular absorber at the
photolysis wavelength. Should any of these
idealities not be realized, the equilibrium
orientation of bound CO consistent with
the measured ratio AAL/AAl must be re-
vised to a smaller angle. For example, ther-
mal motion of CO and its surroundings at
283 K ensure that the CO orientation is
distributed about some equilibrium angle
B¢y and is therefore not a delta function in
8. From the estimated orientational distri-
bution of bound CO (27), the equilibrium
orientation consistent with the measured
ratio AA*/AA! was calculated to be 8, =

Fig. 3. Polarized IR absorption spectra and their
ratio measured 100 ps after photolysis of Mb'3CO
in D,O. The left axis corresponds to the photoly-
sis-induced absorbance changes AA* (thick
lines) and AAl (thin lines); the right axis corre-
sponds to their ratio AA+-/AAIl (open circles). The
ratio is plotted where the absorbance exceeds
~25% of its maximum and has been corrected for
fractional photolysis (33). The dashed lines corre-
spond to the average A and B state ratios. The A
and B state spectra were collected at 10.8% and
20% photolysis of Mb'3CO, respectively. The
background and hot band contributions to the B
state spectra have been removed (29). The bound
13C0 spectra represent the result of >10° laser

7°. Because we do not know the magnitude
of heme libration on the 100-ps time scale
nor the degree to which the heme deviates
from a petfectly flat circular absorber (28),
it is difficult to account quantitatively for
their effects on the orientation measure-
ment. Consequently, we cannot exclude
the possibility that 0, is as small as 0°. We
conclude therefore that CO bound to Mb is
oriented =<7° from the heme plane normal.
Because the Fe-C-O bending motion at
283 K spans *=4.5° (the estimated standard
deviation of the orientational distribution
function) (27), a range larger than our ab-
solute uncertainty in the CO orientation, it
is probably pointless to ascribe any func-
tional significance to the small degree of
Fe-C-O bending that may or may not oc-
cur in MbCO.

The B state spectra reveal two features,
denoted B; and B,, with B, blue-shifted
relative to B,. We suggested previously that
these two features correspond to CO orient-
ed oppositely within a heme pocket docking
site (29). Recently, using 100-fs photolysis
pulses, we found that the B state spectrum
appears in ~0.5 ps, demonstrating that the
docking site must be located within a few
angstroms of the heme iron. Moreover, we
also found that the B state spectrum persists
for hundreds of nanoseconds, a time quite
long compared with that required for CO to
become trapped, thereby justifying use of
the term “docking” site.

According to Fig. 3, the polarized absor-
bance ratio AAL/AA! for “docked” CO is
much closer to 0.75 than it is to 2, demon-
strating that CO rotates substantially upon
dissociation from the heme iron. Unlike the
polarized absorbance ratio measured for the
A states, the ratio for the B states is vibra-
tion-frequency dependent, yielding infor-
mation about both the equilibrium orienta-
tion of “docked” CO and the trajectories
for CO motion within the docking site.

If the orientation of “docked” CO was a

0.03 2.00
-~ Sad-»
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0.01
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1256 «
-0.01
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pulses, each one providing a measure of the sample absorbance at a particular wavelength and
polarization. The sample cell was rotated to a new position between laser pulses. Because the unbound
13CO signal is much weaker, >107 laser pulses were required to attain the level of sensitivity shown. We
used D,0 and "3CO to shift the vibrational frequency of unbound CO into a region of greater solvent
transparency, thereby enhancing the sensitivity of the measurements, which were made at 283 K.
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delta function in 0, that angle could be
determined directly from the polarized ab-
sorbance ratio measured in the vicinity of
the peaks of the two B states. According to
Fig. 3, the two B states reveal a similar ratio,
AA+/AA! = 0.856 = 0.03, which corre-
sponds to 6 = 67° F 3°. Of course, at
physiological temperatures, the orientation
of “docked” CO is not static but undergoes
significant angular motion. Indeed, it un-
dergoes end-to-end rotation on a picosec-
ond time scale at 283 K (29). Consequent-
ly, the orientation of CO must be described
by an orientational probability distribution
function. Where this distribution function
peaks, corresponding to the equilibrium ori-
entation of “docked” CO (Geq), depends on
the width and shape of the distribution
function. For example, using the orienta-
tional distribution function estimated from
integrated B state absorbance measure-
ments (29), we recover 6, = 90° for both B
states, in agreement witqh the suggestion
that they are oriented oppositely (30).
Therefore, we conclude that “docked” CO
lies approximately in the plane of the heme.

The vibration-frequency dependence of
the polarized absorbance ratio provides in-
sight into the trajectories for CO motion
within the docking site. Because the dock-
ing site is anisotropic, the center frequency
of CO shifts from one B state to the other as
it undergoes end-to-end rotation. Conse-
quently, one might expect the frequency of
CO at the transition state for end-to-end
rotation to be centered between the peaks
of the two B states. At the midpoint, the
ratio AAL/AA! exhibits a maximum of ~1,
demonstrating that the trajectory for end-
to-end rotation passes through™a transition
state that has a component out of the plane
of the heme. If this trajectory were to lie on
a plane, that plane would be inclined from
the heme plane by ~35° and the transition
state would be oriented at least 55° from the
heme plane normal (31). Such a trajectory
would maintain a ligand orientation far
from that for bound CO, even at the tran-
sition state, thereby inhibiting CO binding
while permitting end-to-end rotation. The
constraints imposed by the B state polarized
absorbance ratio on ligand orientation and
trajectories can provide stringent tests for
molecular dynamics simulations of ligand
motion in proteins.

Although the crystal structures of
MbCO vyield CO orientations quite differ-
ent from that in solution, x-ray structures of
Mb*CO at cryogenic temperatures (19, 20)
appear to be consistent with our solution
results: (i) The vibrational spectra of
“docked” CO produced by photolysis of
MbCO at 5.5 K (26) and 283 K (29) are
nearly the same, suggesting that the CO in
Mb*CO becomes trapped in the same site
at both cryogenic and ambient tempera-



tures; (ii) according to the two crystal struc-
tures, the nearest atom of unbound CO is

=1.9 A from the bound carbon position,
consistent with the subpicosecond appear-
ance of the B state spectrum in solution;
and (iii) the equilibrium orientations of CO
reported for the two crystal structures of
Mb*CO differ by 24° but are, within exper-
imental uncertainty, the same as that esti-
mated for “docked” CO in solution.

The orientations for bound and
“docked” CO found in this study differ from
those of earlier polarized IR measurements.
The notion of a bent Fe—C—0O geometry
was supported by low-temperature (23) as
well as ambient-temperature (21) measure-
ments, with the different A states reported
to be bent at different angles ranging from
15° to 35°. The orientation of “docked”
CO was unsettled, with one report arguing
for isotropically oriented CO (23) and an-
other for a temperature-dependent orienta-
tion (~31° at 300 K and ~80° at 150 K)
(32). Although the underlying theory for
determining angles with the photoselection
technique is rigorous, there are a number of
experimental pitfalls. For example, eatlier
determinations either neglected fractional
photolysis effects or corrected for them in-
completely (33), they did not account for
the orientational distribution of CO, and
they may have been compromised by sys-
tematic errors (34). Furthermore, if the
photolyzing beam was not measurably larger
than the probe beam, spatial nonuniformity
of photolysis would have compromised the
angle measurement further. In general, such
experimental or analytical error would have
the effect of reducing the difference be-
tween the equilibrium angles of bound and
“docked” CO. Because the difference re-
ported here is the largest measured, we con-
clude that the bound and “docked” CO
orientations determined in this work are
the most definitive to date.

From this work emerges the following
picture. Carbon monoxide binds to Mb to
form nearly linear Fe—C-O. Upon dissoci-
ation from the heme iron, CO becomes
trapped in a docking site located within a
few angstroms from the heme iron. The
docking site constrains CO to lie approx-
imately parallel to the plane of the heme,
an orientation approximately orthogonal
to that of bound CO. The orientational
and spatial constraints imposed on CO by
the docking site have the effect of slowing
dramatically the rate of CO rebinding.
Indeed, we have found recently that CO
rebinds to Mb more than three orders of
magnitude more slowly than to microper-
oxidase (35) or protoporphyrin, model sys-
tems that have no such docking site. The
Mb docking site therefore facilitates effi-
cient expulsion of this toxic ligand from
the protein: we find that <2% of CO

rebinds geminately at 32°C.

Presumably, the heme pocket docking
site traps O, as well. If the orientational
distribution of O, within the docking site is
similar to that of CO, it would have signif-
icant overlap with the orientation of bound
O,: according to a 1.6 A crystal structure of
MbO, (8), O, is oriented 60° from the
heme plane normal and points toward the
site. where CO becomes trapped. Conse-
quently, the docking site would not be ex-
pected to inhibit O, binding nearly to the
extent that it inhibits CO binding. Indeed,
the rate of O, binding from the heme pock-
et docking site (36) is more than two orders
of magnitude faster than what we measure
for CO (37). Because the orientation of CO
obtained from the crystal structure of
MbCO differs from that in solution, might
the structure of MbO, differ as well? Our
solution measurements are in agreement
with the crystal structures of model heme-
CO compounds. Because model heme-O,
compounds reveal a range of orientations
(9) that agree, within experimental uncer-
tainty, with that for MbO, (8), it seems
likely that the orientation of O, remains
significantly bent in solution.

Evidently, it is the overlap between the
bound and docked ligand orientations that
plays a significant role in modulating the
relative rates of binding CO and O, from
the heme pocket. To that end, the highly
conserved residues circumscribing the heme
pocket of Mb fashion a docking site that
orientationally constrains the dissociated li-
gand and thereby influences the rates and
pathways for ligand binding and escape.
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Boron Nitride Nanotubes

Nasreen G. Chopra, R. J. Luyken, K. Cherrey, Vincent H. Crespi,
Marvin L. Cohen, Steven G. Louie, A. Zettl*

The successful synthesis of pure boron nitride (BN) nanotubes is reported here. Multi-
walled tubes with inner diameters on the order of 1 to 3 nanometers and with lengths up
to 200 nanometers were produced in a carbon-free plasma discharge between a BN-
packed tungsten rod and a cooled copper electrode. Electron energy-loss spectroscopy
on individual tubes yielded B:N ratios of approximately 1, which is consistent with the-
oretical predictions of stable BN tube structures.

The discovery of carbon nanotubes in
1991 (1) has generated intense experimen-
tal and theoretical interest in such struc-
tures. Theoretical studies of carbon tubes
suggest that their electrical properties will
range from metallic to semiconducting, de-
pending on the tube diameter and chirality
(2, 3). This leads to a diverse spectrum of
properties, but it is also highly complex
from an applications point of view, as the
tube chirality and diameter are impossible
to control with the use of present synthesis
methods. Most carbon nanotubes observed
are composed of multiple coaxial tubes,
with the spacing between tube walls being
approximately the graphite interplanar dis-
tance. The properties of a multiwalled car-
bon nanotube are expected to be even more
complex, because they will depend sensi-
tively on the detailed geometry of each
constituent tube.

Authors of a recent tight-binding calcu-
lation have proposed that nanotubes might
also be formed from hexagonal boron nitride
(BN) (4). Local density approximation and
quasi-particle calculations indicate that BN
tubes are semiconducting with a gap of
roughly 5.5 eV [versus 5.8 eV (5) for bulk
hexagonal BN] and that the gap is nearly
independent of tube diameter, chirality, and
the number of tube walls (6). The calculated
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uniform electronic properties of BN tubes
contrast sharply with the heterogeneity of
carbon tubes [and other carbon-containing
tubes such as those formed from BC,N (7)
and BC, (8)] and suggest that BN tubes may
have significant advantages for applications.
Although previous studies have demonstrat-
ed the existence of BN filaments with diam-
eters on the order of 100 nm (9), as well as
carbon-containing nanotubes with the stoi-
chiometry of BC,N (10, 11) and BC; (10),
pure BN nanotubes have not been reported.
We describe here the synthesis and stoichio-
metric characterization of multiwalled BN
nanotubes.

Boron nitride nanotubes were synthe-
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sized in a plasma arc discharge apparatus
similar to that used for carbon fullerene
production (12). To avoid the possibility of
carbon contamination, no graphite compo-
nents were used in the synthesis. The insu-
lating nature of bulk BN prevents the use of
a pure BN electrode. Instead, a pressed rod
of hexagonal BN 3.17 mm in diameter was
inserted into a hollow tungsten electrode
with an outer diameter of 6.3 mm, forming
a compound anode. The cathode consisted
of a rapidly cooled pure copper electrode.
During discharge, the environmental heli-
um gas was maintained at 650 torr and the
dc current was ramped from 50 to 140 A to
maintain a constant potential drop of 30 V
between the electrodes. A dark gray soot
deposited on the copper cathode, in con-
trast to the case of carbon tube growth, in
which typically a more cohesive cylindrical
deposit with a hard crustlike shell forms on
the cathode. After the arcing was complete,
pieces of solidified tungsten were found
spattered inside the chamber, indicating
that the temperature at the anode during
synthesis exceeded 3700 K, the melting
point of tungsten.

Characterization of the cathodic depos-
it was accomplished with transmission
electron microscopy (TEM) with the use
of a JEOL JEM 200CX electron micro-

Fig. 1. TEM image of a BN
soot sample on an amor-
phous support grid. Dark ar-
rows point out one long BN
multiwalled nanotube. The
light arrow identifies another
nanotube.





