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A comparison between molecular dynamics and
X-ray results for dissociated CO in myoglobin

Dennis Vitkup'-24, Gregory A. Petsko!3 and Martin Karplus4>

The distribution of carbon monoxide after photodissociation in the myoglobin haem pocket has been
investigated using molecular dynamics simulations at 300 K. The results show that both intermediates (one
close to the haem iron and one further away) observed in recent low temperature X-ray studies of
photodissociated CO have a high probability of occurrence, even at ambient temperatures. The fact that the O
of CO is oriented toward the haem iron in the closer intermediate provides an explanation for the slow rate of
CO geminate rebinding. A refinement against X-ray data generated from the molecular dynamics simulations
indicates that the CO has a broader distribution in the haem pocket than is apparent from the experimental
electron density. This effect is likely to be general for systems containing highly mobile groups.

The dynamics of ligand binding to myoglobin and haemoglobin
is a fundamental problem in structural biology!. The ability of
these proteins to discriminate between binding of O, and CO is
of great biological importance%; while a CO molecule binds
about 1000 times more strongly to a free haem than the natural
ligand O,, the protein is able to reduce that ratio to about
30:123, Such high selectivity enables myoglobin and haemoglo-
bin to serve as oxygen carriers without being inactivated by CO.
Apart from its biological importance, the behaviour of both the
ligand and the protein is of interest as a paradigm of protein
dynamics. Experimental and theoretical studies have demon-
strated the inherent complexity of this apparently simple ligand
binding reaction®°. A number of simulations of photodissociat-
ed ligands primarily concerned with ligand relaxation®, or with
ligand recombination and escape from the haem pocket”?, have
been published.

In spite of considerable attention given to the reaction, the
initial stages of the ligand motion after photodissociation are
still not well understood. New information about the early
events after photodissociation has been provided by recent low
temperature X-ray structures reported by Schlichting er al.1?,
Teng et al.!! and Hartmann et al.'%, as well as by the femtosec-
ond infra-red measurements of Lim et al.!>14, Two different
positions for the photodissociated CO in the haem pocket were
observed by Schlichting et al.19 and by Teng et al.}! Hartmann et
al.12 observed both CO positions.

The present paper describes results of molecular dynamics
simulations of photodissociated myoglobin at room tempeta-

ture that aid in the interpretation of the X-ray results. Multiple
dissociation trajectories of a CO molecule in myoglobin were
used to obtain positional and angular distributions for the CO
in the haem pocket. Although the distributions are rather broad,
there are two high probability sites for unbound CO in the
pocket that correspond approximately with the X-ray results.
Electron densities calculated from the simulations suggest that
the X-ray results for the CO positions after photodissociation
are more confined than the CO is in reality. This type of effect is
expected also for short time (nanosecond) X-ray measurements
on mobile systems. The present study demonstrates the impor-
tance of molecular dynamics simulations as a complement to
experimental measurements of time-dependent events in com-
plex biological systems (detailed descriptions of the simulation
methodology and the results will be published elsewhere).

CO distribution in the haem pocket after dissociation
Twenty-eight independent trajectories were calculated at 300 K
for photodissociated CO in myoglobin with a solvent shell of
492 water molecules. Each dissociation reaction was started at a
different point on an equilibrated MbCO trajectory and contin-
ued for 10 ps after dissociation. Data from all trajectories were
combined to construct the probability distribution for the CO
molecule in the haem pocket. There is considerable heterogene-
ity among the trajectories, but the present report focuses on the
average results.

An analysis of the time dependence of the CO distribution
function shows that it becomes independent of time in less than
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Fig. 1 Space-filling model of haem pocket with unbound CO molecule based on two low temper-
ature X-ray studies by Schlichting et al.'% and Teng et al.'". a, Structure obtained by at Schlichting
et al.1% at 20 K. b, Structure obtained by Teng et al.!1 at 40 K. Different grey scales are used for
different pocket forming residues and the haem. The same orientation of the pocket is used in (a)
and (b). On the left hand side of both panels the view is from distal side of the pocket down to
the haem; the haem group is in the plane of the figure. All residues forming the haem pocket are
shown except Leu 29 because it would obscure the CO molecule. On the right hand side of the
panels the view from the side of the pocket is shown; two residues, Phe 43 and Phe 33, are not
shown. The CO molecule is shown on both pictures with it oxygen atom closer to the iron.

1 ps (D.V,, G.A.P. and M.K,, unpublished results). This is in
agreement with the results of femtosecond infra-red measure-
ments!®!4, which indicate that unbound metastable states are
formed within 300-500 fs after dissociation. Since the spectrum
of unbound CO in the pocket does not change for hundreds of
nanoseconds!3, the CO distribution appears to remain
unchanged for a time much longer than the simulations.

The ligand is found to be constrained in its motion to a thin
slab parallel to the haem at a distance of 3.2+0.3 A from the
haem plane. The allowed region in the direction perpendicular
to the haem is determined by the haem on one side and mainly
by residue Leu 29 on the other side (Fig. 1). The average distance
from the haem plane seen in this study agrees with the value of
Schlichting et al.'® who found 3.1 A; Teng et al.l! observe tilted
CO molecules so one atom is 2.8 A from the plane and the other
is at 3.0 A. The study of Hartmann et al.!? observed both posi-
tions.

The CO molecule has considerably more freedom in the plane
parallel to the haem (see Fig. 2). It occupies an L-shaped area
about 2.5-3 A in length mainly over the NC pyrrole haem ring.
There are two high probability regions marked 1 and 2 on Fig. 2,
which correspond approximately to the centroids of the posi-
tions observed by Schlichting et al.1% and by Teng et al.ll. The
projections of the CO coordinates from the X-ray structures are
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shown in Fig. 2; the length of the CO mol-
ecule projection from the Teng et alll
structure is slightly less than that of
Schlichting et al.10 because the CO in the
former is tilted somewhat relative to the
haem. The CO molecule can move closer
to the iron atom along a direction half
way between the NC and NB haem rings;
the NB ring is situated below the x-axis in
Fig. 2. The pocket-forming residues Leu
32, Phe 33, Phe 43, His 64, Val 68, Ile 107
are the main determinants of the CO dis-
tribution in the plane parallel to the haem
(Fig. 1). In position 1 (closer to the haem
iron) the CO is in van der Waals contact
with His 64, Val 68, Leu 29, Phe 43 and
the haem; in position 2 (further from the
iron) the CO is in contact with Phe 43, Ile
107, Leu 29 and the haem. The impor-
tance of these residues in forming the
haem pocket and mediating ligand
rebinding has been discussed in earlier
work®7-9, The fact that the two positions
observed by Schlichting et al.!% and Teng
et al.l) for the dissociated ligand have high
probability in the simulations suggests
that they have observed two different CO
binding sites in the haem pocket, while
Hartmann et al.!? observed both sites.
Further, it indicates that the low tempera-
ture and room temperature data can be
compared, in accord with the interpreta-
tion of spectroscopic measurements®13-17.
One possible explanation of the difference
in position found in the three experiments
is that they were done at different temper-
atures. It has been observed that in the
temperature range between 10 and 20 K
there are large variations in the relative
population of photodissociated states with only small changes in
temperature!”. Other differences in the experimental protocols
used to obtain the dissociated states!®-'2 could contribute to the
shift in the populations between the two major sites.

Fig. 3 shows the distribution of the angle of the CO molecule
relative to the haem normal versus the distance to the centre of
CO molecule from a line perpendicular to the haem, with its
origin at the iron atom. There are two preferred angular orienta-
tions of the CO molecule with respect to the haem normal. Peak
2, which is 1.9-2.3 A from the haem normal, corresponds to a
CO molecule oriented at an angle of about 90°~100°. This posi-
tion is similar to that found by Schlichting et al.10. In their struc-
ture, the angle is close to 90° and the distance of the CO
geometric centre from the haem normal is about 1.9 A. The
other peak, marked 1, corresponds to a CO molecule oriented at
an angle of about 130° to the haem normal at a distance of
1.1-1.5 A. This peak is similar to the one found by Teng et al.'l;
they reported a 114° tilt (or 180°-114°=66° depending on CO
orientation, see Fig. 3) and a separation of about 1.2 A from the
haem normal.

When the CO is far from the iron (as in position 2 on Figs 2
and 3), it rotates relatively freely in the plane parallel to the
haem. The tilt of the CO with respect to the haem normal
increases as it approaches a position over the iron. The repulsive
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steric interaction with His 64, Leu 29 and the haem (Fig. 1) are
primarily responsible for the tilting of the ligand. After dissocia-
tion, because of the favourable interactions with the free CO lig-
and, the distal histidine moves slightly into the pocket. The
difference in the average value of %! dihedral angle for His 64
during dissociated dynamics and heat for the CO bound struc-
ture!® is about 10°. When the ligand is close to the iron (position
1 on Figs 2 and 3) it makes an angle of about 130° with respect
to the haem plane, which corresponds to an orientation with the
carbon atom pointing away from the iron. The orientational
preference arises from a combination of nonbonded electrostatic
and van der Waals interactions of the CO with the haem and the
distal histidine; electrostatic interactions of CO with the proxi-
mal histidine also contribute to the stability of CO orientation
with the oxygen atom close to the iron. Thus,

X axis, A

Teng et al.”’

Fig. 2 Probability distribution of CO molecule

Number of events in the XY (haem) plane. Geometric centre of
=;0°05E? c;éE1AZE3 the mc_:lecule was used to identify CO position.
= 750 - 900 The .dlf‘fell'ence in grey scale of various (xy)
B 600 - 750 positions in the picture represents the relative
B 450 - 600 probability of CO molecule having this position
0 300 - 450 during all dissociation trajectories. The graph
B 150 - 300 was not normalized and the colour depth rep-
0-150 resents actual number of ‘events’ (number of

CO molecule observations at that position). The
projection of the haem NC pyrrole ring and the
CO positions from low temperature structures
of Schlichting et al.'® and Teng et al'' are
shown. The haem iron projection is at (0,0).

EXAFS!9%20 and to infrared studies!®!4,
the molecular dynamics simulations pro-
vide information not available directly
from experiment.

The CO orientation with the oxygen
atom close to the haem iron could explain
the anomalous dependence of the rate of
molecular tunnelling on the CO isotopic
4 mass found by Alben et al.?1. In that study
it was observed that !3C160 rebinds more
slowly at 20 K than the slightly heavier
12C18Q, in disagreement with a simple
tunnelling model for the rebinding, in
which only the total mass of the molecule is considered in deter-
mining the rate. Alben et al.?! suggested that the observed iso-
tope dependence could be explained if a rotational motion
around an axis perpendicular to the CO vector were involved. If
the CO molecule is preferentially oriented with the oxygen atom
toward the iron, rebinding would require a rotation of the lig-
and. The unfavourable orientation alse could contribute to
slowing the CO geminate rebinding!42? relative to physiological
ligand O,,.

Analysis of electron density

To obtain a better understanding of the significance of the X-ray
results for a mobile ligand like dissociated CO in the haem pock-
et, we have generated crystallographic X-ray reflections from the

Number of events
I 17563 - 2E3
I 1563 - 1.75E3
I 1 25E3 - 1.563
I 1E3 - 1.25E3
[ 750 - 1E3

1‘10

Schlichting et a

on photodissociation the CO may rotate so @

that the O is closer to the haem iron. This S 180
could explain why the CO molecule at only 1 a k) |
A from its bound position, as found by Teng  § = 160 4
et al.10 and Hartmann et al.12, rebinds slowly £ E ]
enough to be observed at low temperaturs. & 2 140
Teng et al!l suggested this as a possibility, 2 z |
although they were unable to determine £ 2 {50
which atom (C or Q) is closer to the iron. % ]
Since the same limitation applies to 100 -
Fig. 3 Probability distribution of the angle CO mole- 80—-
cule makes with respect to the haem normal versus

distance from the CO geometric centre to the haem

normal, with it origin at the haem iron atom. The 60 -
angle is defined as the angle between vector point- |
ing from carbon to the oxygen atom and the haem

normal. By this definition if the angle is between 0° 40
and 90° the carbon atom of CO is closer to the haem J
iron, and if the angle is between 90° and 180° the 20 -
oxygen atom is closer to the iron. Points correspond-

ing to Schlichting et al'® and Teng et al." X-ray -
structures are shown an the figure. The probability 0
density maxima marked 1 and 2 on the picture corre- 0

spond directly to maxima 1 and 2 in Fig. 2. Grey scale
in the figure has the same meaning as in the Fig. 2.
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molecular dynamic trajectories and
refined the myoglobin structure against
the calculated reflections by standard
methods. The undissociated X-ray struc-
ture?2 was used as the initial model (see
Methods). The accuracy of the refinement
can be tested by comparing the results
with those calculated directly from the
MD simulation used to generate the X-ray
reflections. As has been pointed out by
Kuriyan et al?® this self-consistent
approach is free from experimental errors
and avoids problems due to errors in the
simulation results.

A superposition of the experimental
structures of Schlichting ef al.10 and Teng
et al.l! with that obtained from the refine-
ment based on the molecular dynamics
data (Fig. 4) shows that the three struc-
tures are very similar. The overall back-
bone r.m.s.d. between the Teng et al.ll
structure and that obtained from the pre-
sent refinement is 0.86 A; that between the
Schlichting et al.10 structure and the pre-
sent refined structure is 0.73 A., for com-
parison the backbone rm.s.d. between
Schlichting et al.1% and Teng et al.l! is 0.49
A. The refined molecular dynamics struc-
ture is thus a good model for photolysed
myoglobin.

A top view of the haem pocket (Fig. 44),
presents a clear picture of the CO posi-
tions in the three structures. The position
of the CO molecule obtained from the
molecular dynamics-based refinement
(yellow in Fig. 4), the position found by
Teng et al.l! (red) and the position found
by Schlichting et al.!% (blue) are spatially
close. In each case only a single CO was
used in the refinement. The figure con-
firms the fact, already clear from the dis-
tribution plots (Figs 2, 3), that the CO
distribution has high probability in the
region found by the low temperature X-
ray studies.

Fig. 5 shows in red the (2F -F) elec-
tron density map at the 16 level obtained
after the structure refinement based on
the reflections calculated from the simula-
tions. The blue contours in the figure cor-
respond to the density map generated
only by CO molecules. It is shown at the
16 level and is calculated directly from the
dissociation trajectories without refinement (see Methods). The
position of the CO obtained from the refinement (see Fig. 4b) is
also shown. Comparison of the red and blue contours shows
that the density from the refinement substantially underesti-
mates the spatial distribution of the CO in the haem pocket.
Similar results are obtained from the (F~F,) omit map. It is not
possible to enlarge the refined CO distribution by use of lower
contour levels because the maps become too noisy to discern any
features.

That crystallographic refinements underestimate the range of

natira otrintiral hinlnav - wnlima 4 number 3 « march 1997

Fig. 4 a, Superposition of three myoglobin structures. The structure obtained based on the refine-
ment in this paper is yellow; the structure obtained by Schiichting et al.1% in blue; the structure
obtained by Teng et al.’" in red. The structures were superimposed based on the r.m.s. deviation of
the haem pocket forming residue: Leu 29, Leu 32, Phe 33, Phe 43, His 64, Val 68, lle 107 and the
haem. The view on the picture is from the side into the haem pocket. b, The same superimposed
structures as in (a). The view is from the distal side from above the haem into the haem pocket.

positions of mobile protein atoms was noted previously?®24, In
this case the effect is very pronounced because of the extended
distribution of the CO in the haem pocket (Fig. 2). The underes-
timation of the extent of the CO distribution occurs because the
average electron density of the distributed CO is smaller than
that for the majority of protein atoms. Thus, the map at a 16
level includes only part of the region where CO is found; that is,
the part with the highest density. The rest of the density generat-
ed by CO molecules is non-interpretable because it is below the
noise level, The refinement of the experimental X-ray data for
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photodissociated CO'0-12 ig likely to have similar problems so
that the CO positions reported by Schlichting e al.'% and Teng et
al.!! may not fully represent the extended CO distribution func-
tion in the pocket.

The molecular dynamic simulations of the CO molecule in
the myoglobin haem pocket after photodissociation provide an
essential complement to recent low temperature X-ray crystallo-
graphic studies!®-12. The distribution function of CO is broad
with significant coupling between the CO position and its orien-
tation relative to the haem. There are two preferred positions in
the pocket, one of which is significantly closer to the haem iron
than the other. The two observed high probability sites are close
to those found in low temperature X-ray structures. The simula-
tions indicate that both sites have at least a short time stability at
room temperature, in agreement with femtosecond infrared
measurements. In the simulation analysis and the interpretation
by Schlichting et al.!® and by Teng et al.!l, both positions corre-
spond to unliganded CO in the haem pocket. Hartmann et al.!2
have suggested that the closer site observed by Teng et al.ll is
bound (or rebound) CO. This seems unlikely because the
observed distance of the nearest CO atom from the iron is 2.6 A,
as compared with the expected value of about 1.85 A. To justify
their conclusion, Hartmann et al.!2 point out that when the CO
position is refined against data for ligated CO, without restraints
on the Fe~C bond, the CO moves away from the iron to a posi-
tion where the Fe~C distance is about 2.1 A. This results may be
due to the fact that the CO ligand is going toward the nearest
nonbonded local minimum? in the refinement, but is
restrained from reaching it by the X-ray data.

The simulation identifies the atom which is closer to the iron
in the Teng et al.!! structure as an oxygen. This would be expect-
ed to slow the rate of geminate CO rebinding. Such an orienta-

Fig. 5 A close view of the haem pocket. The red electron density represents (2F,—F) map
ohtained by refinement in the present paper. The blue density represents electronic density
generated only by unbound CO molecules in the haem pocket. The densities are drawn at
their respective 1o levels.
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tion of the CO molecule could also explain the anomalous iso-
tope effect observed for CO rebinding in the tunnelling regime

In the electron density map generated from the dissociated
molecular dynamic trajectories, the distribution of CO mole-
cules in the haem pocket is such that it should be possible to
observe localized density for CO at room temperature if the
time-resolution of the X-ray experiment is greater than the char-
acteristic time of CO in the pocket after dissociation and before
diffusion into the solvent. Since this time is estimated from spec-
troscopic studies to be more than a hundred nanoseconds'’,
time resolved X-ray studies of the system should be possible?6-27
(see note added in proof).

The differences between the distribution of CO from the
refinement of X-ray data generated by the simulation and the
actual calculated distribution from the same simulation suggest
certain difficulties in the interpretation of time resolved X-ray
spectra. The refined density was shown to significantly underes-
timate the actual distribution. This effect is expected to occur for
any mobile group for which significant time and spatial averag-
ing occur during the experiment. Such phenomena are intrinsic
to time resolved X-ray crystallography, but may also have to be
considered in the interpretation of the electron density of highly
mobile atoms and molecules (such as some water molecules on
the protein surface?8) obtained by data collection on the usual
time scales.

Methods

Potential function and molecular dynamic parameters. Stan-
dard molecular dynamics methodology was employed and the pro-
gram CHARMM2 was used for the calculations. The all-hydrogen
topology with parameter set 22 was employed. The haem parame-
ters for carboxy and deoxymyoglobin were the same as in Kuczera
et al30 A slightly modified TIP3P modef3! was used to represent
water molecules. A switch function was used to
truncate the van der Waals interactions over
10-12 A and a shift function with a 12 A cutoff
was used to truncate the electrostatic interac-
tions3Z; a dielectric constant of unity was used
to be consistent with the parameter set. The
SHAKE algorithm33 was employed to constrain
hydrogen atoms during the simulation. An inte-
gration time step of 1 fs was used. The distal
histidine (His 64) was kept neutral to refiect the
pH of the low temperature crystal structures.
For the CO molecule the quadrupolar model
developed by Straub et al.6 was used. This
model represents the CO molecule as a system
with two van der Waals spheres and three
charged sites.

Simulation system. The crystal structure by
Kuriyan et al.'8 was used as the starting model
for the simulations. Hydrogen atoms were build
into the structure with the HBUILD34 module in
CHARMM. A shell of 492 water molecules was
used to solvate the system3>. No crystal waters
from the crystal structure of Kuriyan et al.'8
were included. After minimization for 400 steps
with ABNR method, 5 ps heating and 50 ps
equilibration, a molecular dynamic run of 300
ps of MbCO was calculated to generate the ini-
tial configurations for the CO dissociation stud-
ies. The r.m.s. deviation from X-ray structure
during production run stabilized at 0.9 A for
backbone atoms and 1.3 A for all atoms. The
r.m.s. deviation for backbone atoms of pocket
forming residues (Leu 29, Leu 32, Phe 33, Phe
43, His 64, Val 68, lle 107 and the haem stabi-
lized) at 0.7 A.

nature structural biology « volume 4 number 3 » march 1997
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Dissociation protocol. To obtain starting structures for CO disso-
ciation, 28 configurations from the undissociated myoglobin simu-
lation were selected; they were separated from each other by 10 ps.
Photodissociation was simulated by instantaniously changing the
haem parameters to those for unliganded haem and inciuding only
nonbonded interactions between the haem and the CO. For each
dissociated system, simulations 10 ps in length were performed
using the same protocol as that for the undissociated myoglobin
system. The final 9 ps of each dissociation trajectory were used in
generating the results since it was observed that the CO distribu-
tions were independent of time if the first ps was omitted.

X-ray reflection and electron density generating protocol.
Average crystallographic reflections were obtained from the trajec-
tory by the same procedure as used by Kuriyan et al.23 in their
analysis of myoglobin X-ray refinement. For the calculation of the
reflections, the protein crystal was assumed to be monocdlinic and
have the P2, space group. The unit cell parameters were taken
from the myoglobin structure of Kuriyan et al.'8; they are: a=64.1
A; b=30.84 A; c=34.69 A; 0:=90°; B=105.84°; y=90°; The unit cell para-
meters are very close to those found by Teng et al.'!. The crystallo-
graphic refiections were generated in a 10 A-15 A resolution
range. A total of 21149 unique reflections are available in this reso-
lution range for assumed crystal form of myoglobin. 180 coordinate
sets with a separation of 50 fs along the trajectories were taken
from each of the 28 dissociation runs. All unique reflections were
generated from each set using the program X-PLOR3S. The intensi-
ties were averaged over all coordinate sets from the 28 trajectories.
No explicit experimental noise was introduced during generation of
the reflections. Water molecules were excluded in generating the
reflections to decrease noise and simplify analysis of the density.

Structure refinement. The myoglobin structure was refined
against the calculated intensities obtained from the dissociation
trajectories with the Kuriyan et al.'® structure as the initial model
for obtaining phase information. The refinement was done with
program X-PLOR36. The parameter set (CHARMM 22) used in the
molecular dynamic simulations was used in the X-PLOR refine-
ments. All 21149 unique reflections were used in refinement, thus,
the completeness of the reflection data was 100%. No water mole-
cules were added in the refinement as they were excluded in gen-
erating the reflections and thus did not appear in the electron
density map.

The initial R-factor for the structure was 36.7% for the data from
10-1.5 A resolution. First, several cycles of positional refinement
were performed. Then manual rebuilding and corrections were
done on the basis of inspection of the (F;—F.) and (2Fy-F) electron
density map; a few side chains on the protein surface far from the
binding site had to be reoriented. The (2F-F ) and (Fy-F,) electron
maps of the haem pocket were inspected and density was found in
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the place where the CO was likely to be in the molecular dynamic
simulations. The CO molecule was modeled into the density with
the oxygen atom closer to the haem iron (the orientation used by
Schlichting et al.'%) and positional refinement was continued. The
R-factor at the end of the positional refinement decreased to 24%.
Then group and individual B-factor refinement was done. Also the
occupancy for CO molecule was refined. The final R-factor for the
structure was 22.5%. The occupancy for CO molecule was as fol-
lows: for the C atom, 0.54, for the O atom, 0.46. For comparison, in
the low temperature structure of Teng et al.!? the occupancy was:
for the C atom 0.62, for the O atom 0.52; in the structure of
Schlichting et al.10 the occupancy was: for the C atom 1.0, for the O
atom 0.88.

Generation of electron density due to the CO molecules. To
compare with the electron density map obtained by the X-ray
refinement of the simulation data, the density generated by an
ensemble of CO molecules from the dissociation trajectories was
calculated. The density was obtained by taking CO positions from
each trajectory frame (180 frames per trajectory) of all 28 dissocia-
tion trajectories and generating the density from every CO position
on a three-dimensional grid using X-PLOR3S. Individual densities
were than added and averaged at each grid point.

All the calculations were done on Hewlett-Packard 735/125 work-
stations. Figs 2 and 3 were generated using MicroCal Origin 3.0
(MicroCal Software, Inc.). Figs 4 and 5 were generated using Quan-
ta 4.1 (Molecular Simulations, Inc.).

The coordinated of the refinement based on the molecuar
dynamics simulation can be obtained from marci@ammy.
harvard.edu.
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Note added in proof: While this manuscript was under review, a
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agreement with our calulations, the density of the photodissociated
CO was observed and it was in the region predicted by the present
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