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ABSTRACT The x-ray structure of carbon monoxide (CO)-
ligated myoglobin illuminated during data collection by a laser
diode at the wavelength A = 690 nm has been determined to a
resolution of 1.7 A at T = 36 K. For comparison, we also
measured data sets of deoxymyoglobin and CO-ligated myoglo-
bin. In the photon-induced structure the electron density asso-
ciated with the CO ligand can be described by a tube extending
from the iron into the heme pocket over more than 4 A. This
density can be interpreted by two discrete positions of the CO
molecule. One is close to the heme iron and can be identified to
be bound CO. In the second, the CO is dissociated from the heme
iron and lies on top of pyrrole ring C. At our experimental
conditions the overall structure of myoglobin in the metastable
state is close to the structure of a CO-ligated molecule. However,
the iron has essentially relaxed into the position of deoxymyo-
globin. We compare our results with those of Schlichting et al.
[Schlichting, L., Berendzen, J., Phillips, G. N., Jr., & Sweet, R. M.
(1994) Nature 317, 808—812], who worked with the myoglobin
mutant (D122N) that crystallizes in the space group P6 and Teng
etal. [Teng, T.Y., Srajer, V. & Moffat, K. (1994) Nat. Struct. Biol.
1, 701-705], who used native myoglobin crystals of the space
group P2,. Possible reasons for the structural differences are
discussed.

Enzymes and proteins that transport small molecules normally
exist in two conformations: the ligated conformation and the
unligated conformation. In general, x-ray structure analysis is
able to distinguish the structural differences. However, for
many years it has been impossible to obtain direct structural
information on intermediate states occupied during confor-
mational transitions. The existence of such states is well known
from spectroscopic techniques. Several groups have concen-
trated their investigations on myoglobin. Fundamental exper-
iments have been performed on carbon monoxide (CO)-
ligated myoglobin (MbCO) (1-3). After flash photolysis the
CO cannot escape from the heme pocket at temperatures
below 180 K. The rebinding kinetics of the CO reveals
intermediate states, denoted Mb*CO. The power law kinetics
show that the Mb"CO molecules have slightly different barriers
for the rebinding of the CO to the heme iron and represent,
therfore, a multiplicity of conformations, often called confor-
mational substates. This picture is supported by IR spectros-
" copy (4) and Mdssbauer spectroscopy (5).

The first attempts to obtain direct structural information on
these intermediate states have been performed by the tech-
nique of dispersive x-ray absorption (6-10). Recently, two
groups have reported x-ray structure determination of Mb*CO
at 20 K (11) and 40 K (12). At these low temperatures,
recombination after photodissociation is very slow, so that
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continuous illumination of the crystal with visible light during
x-ray exposure leads to.an efficient conversion of MbCO to the
photoproduct Mb*CO. Schlichting and collaborators (11) used
crystals of a myoglobin mutant (D122N) at pH 9 in the P6
space group, whereas Teng et al. (12) employed standard
monoclinic crystals of native MbCO at pH 6.0. The two
structures are surprisingly different in the relevant structural
details. Here we present a third, independent x-ray structure
analysis where MbCO and Mb"CO are present in the same
sample, compare the results, and discuss possible reasons for
the discrepancies between the structures.

Materials and Methods

Sperm whale metmyoglobin (Mbmet) crystals were grown in the
space group P2; at pH 6.2 according to the method of Kendrew
and Parrish (13). To obtain the deoxymyoglobin form (Mb) the
crystals were soaked in an ammonium sulfate solution. Small
crystals (0.3 X 0.4 X 0.5 mm?) were mounted in glass capillaries
and sealed. The preparation of the MbCO crystals was done in
the same way, but in CO gas with CO saturated ammonium
sulfate solution. Mb or MbCO crystals were dissolved in degassed
buffer at pH 6.2 and optical spectra were measured. No indiction
of Mbmet was found. For the low temperature experiments the
crystals were shock frozen in liquid propane (14) and loaded into
a cryostat modified for liquid helium operation (15). The cryostat
was mounted on a two-axis goniometer. The Mb"CO data set was
recorded with a Marresearch imaging plate detector at the
beamline X11 of the European Molecular Biology Laboratory
outstation at Deutsches Elektronen Synchrotron using an x-ray
wavelength of 0.9 A. During the whole data collection the crystal
was illuminated with a red laser diode (Toshiba, 20 mW, 690 nm)
focused to a spot of 1 mm in diameter at the position of the crystal
to photodissociate the CO from the heme iron. According to
Biicher and Kaspers (16) the quantum efficiency for dissociation
should be close to one even at A = 690 nm. The calculated
photolysis rate should then be between 1 and 10 s™!. Passing the
crystal the light intensity is reduced to about 0.5 of the incoming
intensity. A complete photolysis is expected under those condi-
tions. Measurements were started after about 5 min of illumina-
tion. After about 2 hr of data collection with continuous illumi-
nation corresponding to a rotation of about 20 degrees, the laser
was switched off_for about 2 min to check if the crystal was still
correctly aligned with respect to the x-ray beam. Then the
measurement started again for 2 hr. The data were reduced with
DENZO (17). All other data sets were collected with a multiwire
proportional counter (18) using MoK, radiation from either a
conventional x-ray source or a rotating anode generator and
reduced with the program FILME (19). The refinement was done
using the program PROLSQ (20). The Mbmet structure at 300 K

Abbreviations: Mb, deoxymyoglobin; MbCO, CO-ligated myoglobin;
Mbmet, metmyoglobm
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(21) was used as a starting model in the refinement of the MbCO
and the Mb structures at 300 K. The MbCO at 300 K was then
used as the initial coordinate set for the refinement of MbCO at
90 K, which in turn served as input for the refinement of the
Mb"CO structure at 36 K. In the model for Mb at 300 K we
included two x-ray visible sulfate anions. For the refinement of
the CO structures, additional water positions generated by a
Monte Carlo method were used (22). These waters have a B-value
of about 50 A? and are, therefore, crystallographically invisible.
It was shown that this more realistic model for the solvent region
also improves the quality of maps in the protein part. Because in
refs. 11 and 12 no Monte Carlo waters were used, we also refined
our data without these waters. This way we proved that the
conclusions drawn in the following discussion do not depend on
the different refinements. The total number of solvent molecules,
including the two located sulfate groups, was about 400 per Mb
molecule. Coordinates and individual B-values were refined for
all atoms, occupancies only for the solvent atoms and for the two
positions of the CO in the Mb"CO structure. Occupancies and
B-values are, of course, strongly correlated. Nevertheless, this
treatment gives an optimal average electron density between the
protein molecules. It would not be suitable for a discussion of the
coordinates of water molecules. The positions of the CO in
MbCO and the distal water molecule in Mbmet were initially not
restrained to the iron or any other part of the protein, neither by
bonded nor by nonbonded interactions. This means that, in
contrast to the common practice, they were allowed to move
freely in the electron density. Because we obtained remarkable
deviations from published values for the position of the bound
CO in MbCO (23), we repeated the calculations with the distance
Fe—C of 1.8 A and a restraint o = 0.02 A. With the restraints,
we obtained practically the same Fe—CO distance as in ref. 23.
However, we found no indications for different CO binding
angles at our resolution. At several stages of the refinement
difference and omit maps were calculated to localize solvent
molecules and to correct manually misplaced side chains, espe-
cially in the refinement of the deoxy structure. Table 1 summa-
rized some technical details of the structure determinations.

Structural Changes in the Photoproduct

The most pronounced change that we observe upon illumina-
tion of the MbCO crystal is associated with the electron density

Table 1. Parameters of the evaluation and the refinement

MbCO MbCO Mb*CO Mb
(300 K) (90 K) (36 K) (300 K)
Data evaluation
Nobs 13,000 11,398 11,908 11,341
Resol. [A] 1.7 1.7 1.7 1.7
Compl. (%) 87.5 76.8 80.1 76.3
Rumerge 8.1 10.5 6.9 74
Refinement
Nret 12,370 10,646 11,264 11,329
Reryst 17.7 15.1 15.5 15.5
Resrer [A] 14.8-1.7 15.6-1.7 8.4-1.7 10.2-1.7
rms err [A] 0.19 0.17 0.16 0.17
Structural
geometry
Bond lengths
dist. o [A] 0.020 0.015 0.015 0.020
dist. A [A] 0.021 0.016 0.018 0.018
Bond angles
angl. ow [A] 0.040 0.060 0.060 0.040
angl. A [A] 0.054 0.083 0.072 0.048

Nobs, number of observed unique reflections; Resol.,, measured
resolution; Compl., completeness of measurement; Rymerge = 2 | [ —
(I) |2(I). Nres, number of reflections used for the refinement; Rerysr =
2| Fo — Fc |/ZFo; Resyef, resolution range used for the strength of the
restraint; rms err., upper limit for rms coordinate error estimated from
Luzzati plots (24). A, rms deviation from the standard values.
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of the CO ligand. In Mb'CO at 36 K this feature can be
described by a tube that extends from the heme iron more than
4 A into the heme pocket (Fig. 1). This density distribution is
incompatible with a single position of the CO, but can be fitted
perfectly with two discrete CO positions. Unconstrained re-
finement resulted in occuparicies of 0.45 for position 1 near the
heme iron, and 0.62 for the ‘position 2 on top of pyrrole ring
C. The two numbers do not add up to 1 because no restraints
were applied between the two positions. Normalization yields
42% occupation for position 1 and 58% occupation for posi-
tion 2. Difference maps show no other features in the heme
pocket above the noise level. Therefore, other significantly.
populated positions of the CO in the heme pocket at 36 K are
unlikely. Our electron density map does not allow us to
distinguish whether the carbon or the oxygen atom of the CO
is closer to the heme iron. Isotope effects of the rebinding of
CO by molecular tunneling at low temperatures suggest that
the C atom is closer-to the iron (25). For our structure and the
data compiled in Table 2 we assume the C atom to be always
closer to the heme iron.

For position 1 in Mb"CO, we obtain an Fe—C distance of
2.27 A. From a comparison with small model compounds (e.g.,

FiG. 1. Electron density obtained by a Fourier transformation of
F (MbCO) — F¢ (MbCO-CO). FO are the structure factors of the
MbCO structure with observed intensities and calculated phases. F¢ is
calculated from the MbCO structure omitting the CO molecule. The
density is contoured at a level of 6s. Coordinates from the restrained
refinements are used: () MbCO at 90 K. (b) Mb"CO at 36 K. The heme
group and the distal and proximal histidine are drawn for orientation.
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Table 2. Comparison of x-ray structures of MbCO, Mb*CO, and Mb determined by different groups

This work Ref. 11 Ref. 12 Ref. 28* Ref. 27*
MbCO Mb*CO Mb MbCO Mb*CO Mb Mb*CO MbCO MbCO
T=300K T=3K T=300K T=8K T=20K T=8K T=40K T=200K T=295K
Fe-PPIX 0.08 0.23 0.37 0.05 0.27 0.32 0.04 0.12
[A] (0.07) (0.22) 0.40*T '
Fe-CO 2.24 Pos 1: 2.27 — 1.85 2.60% 1.92 2.12
[A] (1.90) (1.87)
Pos 2: 371 — 3.60
Fe..OC 3.03 Pos 1: 3.08 — 2.93 2.93/2.73 3.19/3.08
[A] (2.80) —
Pos 2: 4.72 4.14
B 120 Pos 1: 123 — 160 129 141/120 146/135
() (141) (139)
“bend” Pos 2: 144 111
(C] 13 Pos 1: 12 — 3 14
el (10) @
“tilt” Pos 2: 30 39

Fe-PPIX: Fe out of plane distance, the hemeplane PPIX is defined as the least-squares plane through the 20 central C atoms of the heme; FeCO,
Fe. . .OC: distances of the C and the O atom of CO to the iron, respectively; bend angle B: the angle of Fe—C—O; tilt angle ®: between Fe—C
and the heme normal. In this paper the Fe—CO distance was calculated without restraint and with a restrained Fe—C distance of 1.8 A and o

= 0.02 A. The results obtained with this restraint are given in brackets.

*Values calculated from the corresponding Brookhaven PDP entries. Fe-PPIX and ® depend somewhat on the definition of the mean hemplane

(with or without the four nitrogen atoms).
tValue taken from ref. 26.

#Estimated from the Fe—CO distance at 300 K and the shift of the CO given in ref. 12.

Fe—C = 1.77 A in ref. 27) one may come to the conclusion
that the CO is unbound in position 1 but close to the heme iron.
However, in our MbCO structure at T = 300 K refined without
a restraint on the ligand position, we obtain a Fe—C distance
of 2.24 A, which is nearly the same as in Mb"CO. If we restrain
the CO, the Fe—C distance is 1.87 A in the photoproduct
structure and 1.90 A in MbCO. Because the bound CO and the
CO in position 1 behave so similarly, it is likely that we are
dealing with a fraction of bound ligand in the photoproduct
structure. Visual inspection shows that the models obtained
with unrestrained refinements fit the observed electron den-
sities clearly better. Rather large Fe—C distances have been
reported previously in a neutron structure of MbCO (Fe—C =
2.12 A) (28) and in an x-ray structure of CO ligated chironomus
hemoglobin (Fe—C = 2.4 A) (26). Kuriyan et al. (23) also
mentioned that the Fe—C distance increased from 1.92 to 2.27
A in a few cycles of unrestrained refinement. In position 2, the
Fe—C distance is 3.71 A, and therefore, the covalent protein—
ligand bond is clearly broken. It should be mentioned that in
Mb a water molecule occupies a position just between the
flashed off and the bound CO in Mb*CO.

Another pronounced difference between the photoproduct
and the bound-state structure is the iron displacement from the
mean heme plane by 0.23 A. If we assume a superposition of 42%
MbCO and 58% Mb’CO, we can use the value of 0.08 A for the
iron displacement in MbCO to calculate the heme iron out-of-
place distance of the pure Mb“CO species as 0.34 A. This shows
that the iron is substantially displaced from the mean heme plane
in Mb*CO, but has probably not reached the Mb position, which
is at least 0.37 A out of plane. However, the limited accuracy of
the data does not allow an unambiguous conclusion.

Except for the heme region, the overall structure of Mb*CO
is very close to that of MbCO. Since Schlichting ez al. (11)
reported a displacement of the distal histidine (H64) imidazole
side chain away from the ligand binding site upon photolysis,
we carefully inspected the position of the distal histidine in our
structure. We were not able to detect any changes in the
position of the imidazole ring; either from the refined coor-
dinates or from difference or omit maps.

Comparison with Previous Structure Determinations

The previous structure determinations by Schlichting ez al. (11)
and Teng et al. (12) clearly disagree with each other in the

structural changes that were obtained upon photolysis. Schlich-
ting et al. worked under continuous illumination at 20 K and
found a single CO position with a Fe—C distance of 3.6 A that
agrees with our position 2. They also reported a substantial
displacement of the heme iron by 0.27 A, which amounts to
80% of the deoxy value. By contrast, Teng et al. report an
increase of the Fe—C distance by only 0.7 A at 40 K. If we use
our Fe—C distance of 1.90 A of MbCO, which agrees well with
the value 1.85 A reported by Schlichting et al. (11), to calculate
a Fe—C distance, we arrive at 2.60 A, which is just 0.33 A more
than the Fe—C distance 2.27 A of our position 1.

Could it be possible that there are indeed different locations
of the photodissociated CO that depend on photolysis proto-
col, temperature, or even crystal packing differences? Infrared
spectroscopy gives strong indication against this possibility. In
glycerol water solutions at pH 9, one stretch band of the
photodissociated CO at 2131 cm™! in the heme pocket dom-
inates above 20 K (29). The same is true for crystalline
preparations of both D122N mutant MbCO in hexagonal
crystals and native MbCO in monoclinic crystals (G.U.N.,
unpublished results), suggesting that the heme pocket at low
temperature is very similar in crystals and solutions. In recent
years it has become clear that CO is a sensitive gauge of
electrostatic fields in the heme pocket (30), which should be
markedly different for the different positions. Indeed, below
20 K transitions of the CO between 2118 and 2131 cm™! have
been observed and interpreted as movements of the CO in the
heme pocket (29). However, near 40 K the infrared data do
support the presence of only one dominant location of the
photodissociated CO in the heme pocket.

How can we then understand the observed multiple posi-
tions of the CO resulting from the x-ray data? An obvious
explanation is that the positions close to the heme iron are due
to bound and not photodissociated CO in the heme pocket.
This scenario would imply €ither insufficient illumination, so
that part of the crystal was never photolyzed, or that recom-
bination was too fast to keep the CO off the heme iron. Our
estimations given before indicate that there should be com-
plete dissociation. However, they are by no means very accu-
rate. One should also be aware that the photolysis light source
can significantly heat up the crystal. The temperature of the
crystal under illumination is certainly higher than the quoted
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temperatures of the environment. Rebinding is a thermally
activated process, and sample heating will lead to a significant
increase of the rebinding rates. Schlichting et al. (11) worked
at the lowest temperature of the three structure determinations,
namely ~20 K, so that the smallest problems with incomplete
photolysis should be expected. Indeed, these authors find no
evidence for a position of the CO near the heme iron.

An additional problem arises from the fact that MbCO has
three different A substates (31), which have different enthalpy
barrier distributions and, therefore, rebind with different kinetics
(32). The relative populations of the Ag and A, substates depend
on pH, with A; dominating at high pH. In P6 and P2, crystals, Ag
is characterized by an enthalpy barrier distribution peaking at
about 6 kJ/mol, whereas A; peaks around 10 kJ/mol (G.U.N,,
unpublished results). Consequently, Ao rebinds much faster.
Schlichting et al. (11) used crystals at pH 9, which minimizes the
Ag substate population. Teng et al. (12) used crystals grown at pH
6.0, whereas ours were grown at pH 6.2. They contain already
between 10 and 20% of the faster A state. If the preparation is
not performed completely anaerobically, the reaction of dithio-
nite with oxygen does not only lead to incomplete reduction, but
also lowers the pH and yields an even larger fraction of Ag. The
similar structural properties of the CO in MbCO and position 1
in Mb"CO in our data suggests the presence of bound CO in our
structure. We consider it likely that the data presented by Teng
et al. (12) can also be explained by assuming only a small fraction
of photoproduct, leading to a smaller iron displacement and the
inability to refine the position of the CO in the photoproduct, so
that the only effect on the CO position is a small shift away from
the bound position. Teng et al. performed the x-ray data collec-
tion in the dark immediately after the light flash. This gives also
a higher fraction of rebonded CO molecules in comparison to
permanent illumination experiments.

Extended x-ray absorption fine structure experiments have
yielded CO displacements between 0.05 and 0.07 A in the
photoproduct (6, 8-10). They are thus in disagreement with
the distant position of the CO in the photoproduct and in
support of a closer position. A critical discussion of the
problems of the extended x-ray absorption fine structure
method to obtain the photoproduct structure has been given
earlier by Fiamingo and Alben (33).

Our work shows that the discrepancies in the position of the
photodissociated CO between the two earlier structure deter-
minations of Mb"CO are not due to crystal packing effects
because our position 2 of the CO in monoclinic crystals is
identical to the location of the CO in P6 crystals. We also find
a substantial out-of-plane displacement of the heme iron.
However, from our data set we were not able to detect any
changes in the position of the distal histidine imidazole side
chain. Schlichting et al. (11) reported a shift of 1.7 A for their
P6 structure, which we should have easily detected. A possible
explanation involves either the slightly altered structure be-
cause of the mutation or different crystal packing forces.

Recently it has been shown that extended illumination of
MbCO at low temperature leads to a light-induced relaxation (7,
34, 35) that is similar to the thermally induced relaxation above
200 K (34, 35). Because the structure of Mb*CO is very close to
MbCO we do not believe that such effects influence our results.
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