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Crystal Structure of the Carbon Monoxide—Substrate-Cytochrome P-450c,m
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ABSTRACT: The crystal structure of the ternary complex formed between carbon monoxide (CO), camphor,
and ferrous cytochrome P-450c,p has been refined to an R value of 17.9% at 1.9-A resolution. To ac-
commodate the CO molecule, the substrate, camphor, moves about 0.8 A while at the same time remaining
in nonbonded contact with CO. The average temperature factor of the camphor atoms is about 50% higher
in the CO complex, suggesting that the camphor is more loosely bound in this ternary complex. The Fe-C-O
angle is about 166°, and thus, CO appears to be bent from the heme normal, as it is in various CO-globin
complexes, due to steric interactions with active site groups. The oxygen atom of the CO molecule is nestled
into a groove formed by an unusual helical hydrogen bond in the distal helix between the highly conserved
Thr 252 and Gly 248 residues. In the transition from the ferric camphor-bound binary complex to the ferrous
CO-camphor-bound ternary complex, the heme iron atom moves into the plane defined by the pyrrole
nitrogens by about 0.41 A. Although the axial Cys ligand also moves toward the heme, the S—-Fe bond
stretches from about 2.20 A in the absence of CO to about 2.41 A once CO has bound.

Cytochromes P-450 are a group of b-type heme proteins that
catalyze the hydroxylation of aromatic and aliphatic substrates
in a variety of metabolic processes. The most extensively
studied P-450 is the camphor hydroxylase from Pseudomonas

*Supported in part by NIH Grant GM 33688,

{The atomic coordinates of the CO-camphor-P-450¢,y structure
have been deposited in the Brookhaven Protein Data Bank.

* To whom correspondence should be addressed.
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putida, or P-450¢c4y (Wagner & Gunsalus, 1982; Gunsalus
et al., 1974; Debrunner et al., 1978; Gunsalus & Sligar, 1978).
P-450,,y is @ 45 000-dalton polypeptide containing a single
ferric protoporphyrin IX. This enzyme converts camphor to
5-exo-hydroxycamphor as the first step in the oxidative as-
similation of camphor as a carbon source.

The most characteristic feature of all P-450s is the unusual
450-nm Soret band of the ferrous CO complex which is con-
siderably red shifted relative to that of most other ferrous CO

© 1989 American Chemical Society
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heme proteins (Garfinkel, 1958; Klingenberg, 1958). In
contrast, the oxy-P-450 spectrum closely resembles those of
oxyglobins [Dawson and Eble (1986) and references cited
therein]. The unusual 450-nm band of the CO complex has
been attributed to the proximal Cys heme ligand in P-450;
globins and peroxidases contain an axial His ligand (Stern &
Peisach, 1974; Collman & Sorrell, 1975; Chang & Dolphin,
1975, 1976). A more detailed analysis of the CO complex
attributes the 450-nm band to a charge-transfer interaction
between the anionic mercaptide Cys ligand and the heme
(Debrunner et al., 1978; Hanson et al., 1976).

In addition to the spectroscopic and electronic differences
of CO- and O,-heme protein complexes, these complexes are
also somewhat different geometrically. In structurally un-
hindered model heme complexes, CO binds along the normal
to the porphyrin plane, forming a linear group with the Fe
atom (Peng & Ibers, 1976). The Fe—~O-O group, in contrast,
is bent in model heme complexes (Collman et al., 1974).
However, when bound to hemoglobin, CO and O, are found
to lie off of the heme normal, apparently due to steric inter-
actions with surrounding protein groups (Baldwin, 1980;
Shaanan, 1983). In contrast to the Fe—O-O group which is
considerably nonlinear, it is believed that the Fe-C—O group
tends to remain linear even when displaced from the heme
normal; thus, the Fe~C—O group is “tilted” more than “bent”
(Collman et al., 1976; Peng & Ibers, 1976) although in model
heme complexes in which the CO binding site is quite crowded
the Fe~C-O unit is able to bend (Busch et al., 1981).

On the basis of the ferric camphor—P-450¢,y crystal
structure, we had previously modeled a diatomic ligand to the
heme iron and found that a linear Fe-ligand bond was unlikely
as a result of crowding in the active site (Poulos et al., 1987).
Moreover, there appears to be insufficient room for both the
substrate, camphor, and a CO or O, molecule unless the
substrate moves in the ternary complex. Finally, we have
postulated that a distortion and widening of the groove between
Gly 248 and Thr 252 in the distal helix provides a binding site
for O, that is conserved in all P-450s (Poulos et al., 1987).
Eventually, we hope to determine the crystal structure of the
0O,—camphor-P-450¢,y ternary complex to test directly our
hypotheses. However, stabilization of this complex will require
cryogenic techniques, which we are currently implementing
in our laboratory. In the meantime, we have chosen to in-
vestigate the considerably more stable CO—camphor-P-450caym
complex as a model for the O,—camphor~P-450¢,y complex.
On the basis of the similarities between the CO- and O,—
hemoglobin structures mentioned above (Baldwin, 1980;
Shaanan, 1983), and since CO and O, are both diatomic
molecules, we believe that such a comparison is warranted and
may yield further insight into the mechanism of action of the
P-450 enzymes.

MATERIALS AND METHODS

P-450cam Was crystallized according to our earlier procedure
(Poulos et al., 1982). Crystals first were converted to the
camphor-bound complex by soaking in an artificial mother
liquor consisting of 40% saturated ammonium sulfate, 0.05
M potassium phosphate, and 0.25 M KCI adjusted to pH 7.0
and saturated with camphor. CO gas was bubbled through
10 mL of the same mother liquor for several minutes prior to
the addition of 174 mg of dithionite to give approximately 0.1
M dithionite. While bubbling with CO was continued, the
pH was adjusted to 7 with S N KOH. Crystals then were
soaked in the dithionite~CO mixture under CO gas for about
1 h. After the crystal was mounted in an X-ray capillary, the
capillary was flushed with CO and sealed with CO-saturated
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Table I: Summary of Data Collection

maximum resolution (A) 1.90
total observations 73981
Ryt 0.072
% data collected to
344 A 97
273 A 89
2394 77
2174 70
201 A 66
1.90 A 43
I/e(l) at
217 A 3.05
201 A 1.72
1.90 A 0.97

® Rym = LI, = {I)|/ L1, where I; = intensity of the ith observation
and (I;) = mean intensity.

Table II: Summary of Crystallographic Refinement

resolution range (&) 10.0-1.9
refections measured 24228
reflections used, I > 20(1) 18785
number of atoms/asu® 3534
number of solvent atoms/asu 238
number of variable occupancy factors/asu 240

R factor? 0.179
rms deviation of bond distances (A) 0.018
rms deviation of bond angles (A) 0.030
rms deviation of dihedral angles (A) 0.033

4asu, asymmetric unit. *R = Y |F, - F.|/LF,.

mother liquor followed by a plug of mineral oil.

To ensure that the above treatment leads to the formation
of the expected CO adduct and not conversion to the inactive
form of the enzyme known as P-420 (Yu & Gunsalus, 1974),
the following control experiment was carried out. Several
crystals too small for X-ray studies were converted to the
CO—camphor—P-450¢, ) ternary complex as described above.
These crystals were dissolved in a dithionite-free, CO-saturated
buffer consisting of 0.05 M potassium phosphate, 0.25 M KCl,
and 0.8 mM camphor, and the visible absorption spectrum was
recorded. The characteristic 446-nm band of P-450 was
present. There was no indication of P-420.

X-ray intensity data were collected from a single crystal on
a Nicolet area detector with a Rigaku rotating anode. Data
were relatively complete to about 2.2 A, as can be seen from
Table 1.

Crystallographic refinement was carried out with the re-
strained parameters—least-squares package of programs
(Hendrickson & Konnert, 1980). Briefly, initial 2F, — F,! and
F, - F,_difference Fourier maps were based on structure factor
calculations using coordinates from the refined camphor-P-
450¢ap structure (Poulos et al., 1987) and diffraction data
obtained from the CO—camphor—P-450¢,y complex. Cam-
phor coordinates were omitted from the initial phase calcu-
lation. F,- F, maps were contoured at £3¢ and 2F, - F, maps
were contoured at +0.5¢ and +10 (o is the standard deviation
calculated over an entire asymmetric unit of the difference
electron density map). The final refined 2F, - F, difference
map is shown in the top panel of Figure 1, and a summary
of the refinement is provided in Table 1I.

Both 2F, — F, and F, — F, difference electron density maps
showed the presence of a sixth ligand, presumably a CO
molecule, bound to the iron atom. In addition, difference maps

! Abbreviations: EXAFS, extended X-ray absorption fine structure
spectroscopy; F,, observed structure factors; F,, calculated structure
factors; PCN, 16a-cyanopregnenolone; rms, root mean square.
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FIGURE 1: (Top) Stereoscopic view of final 2F, - F_ map, contoured at +1¢, with final refined (restrained) coordinates of the CO—camphor—P-450¢am
complex superimposed. Although camphor and CO coordinates were included in the phase calculation for this map, the map calculated from
phases generated from a model without camphor and CO is virtually identical with the one shown. (Middle) Stereoscopic view of refined coordinates
of the CO-camphor-P-450¢, complex (blue) superimposed on the refined coordinates of the camphor—P-450¢,) complex (red). Note the
CO molecule bent from the heme normal in the CO—camphor—P-450¢4y complex toward the distal helix and the heme vinyl group which has
flipped, resulting in movement of Val 119. (Bottom) van der Waals surfaces of CO ligand (blue), distal helix (red, right side of CQO), and
camphor (red, left side of CO). CO forms nonbonded contacts with both camphor and the distal helix, primarily with Thr 252 and Gly 248.
Note that the distal helix, CO, and camphor are all on the same (distal) side of the heme plane and are shown here projecting toward the

viewer.

indicated that the camphor molecule should be repositioned
away from the CO molecule and heme and toward Phe 87.
However, even when contoured at 0.50, the density of the
oxygen atom of CO was rather weak, possibly indicating that
the CO ligand either has some freedom to precess about the
heme normal, that it can adopt a number of discrete confor-
mations, or that it is not bound at full occupancy. Refinement
was continued with both the CO and camphor molecules in-
cluded in the model, both initially with full occupancy.

It also was not clear whether to include the CO ligand in
the refinement as covalently bound to the heme iron atom or

as a free molecule. Thus, both approaches were taken. When
the CO molecule was considered covalently attached to the
heme, the Fe-C bond length was restrained toward 1.8 A
[Baldwin, 1980; p 959 of Wells (1986)]. In both cases the
C-O bond length was restrained toward 1.15 A [Steigemann
& Weber, 1979; p 959 of Wells (1986)]. With CO included
as part of the heme, nonbonded contacts between the CO
carbon atom and pyrrole nitrogen atoms forced the Fe—C bond
to lie along the heme normal. Following refinement against
such a model, F, — F, maps clearly indicated that the CO group
should be tilted away from the heme normal. Furthermore,
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Table 111: Comparison between EXAFS, Model Heme Complexes, and the Present Study of Various Bond Distances in the Ferric

Camphor-P-450c,y and Ferrous CO-Camphor—P-450c,y Complexes?

Fe to pyrrole Fe to pyrrole

S-Fe?t,
plane S-Fe3* CO complex
protein, X-ray 2.20 (2.19) 2.41 (2.35, 2.36)
EXAFS 2.24° 2.34%
model hemes, X-ray 2.32° 23524

Fe?*-C, N plane, Fe** N, Fe?*
CO complex pentacoordinate CO complex
2.04 (1.76, 1.61) 0.43 (0.44) 0.02 (0.02, 0.09)
1.72¢
1.784 0.43° 0.02¢4

2 All distances are in angstroms, and those in parentheses are from unrestrained refinements. ®Hahn et al. (1982). “Koch et al. (1975). 4Caron

et al. (1979).

camphor and CO refined to a closest approach distance of 2.2
A, an unacceptably short distance. Thus, we chose not to
include CO as part of the heme during subsequent refinement.
Furthermore, modeling of CO-heme adducts as two inde-
pendent groups is not without precedent (Steigemann &
Weber, 1979).

Once the restrained CO-camphor-P-450,y model had
refined to our satisfaction, albeit with a bent Fe-C-O group
(see below), several final refinement cycles were carried out
during which all temperature factors of CO, camphor, and
solvent atoms and occupancies of CO and solvent atoms al-
ternately were allowed to refine. Temperature factors did not
change much. Temperature factors for the CO carbon and
oxygen atoms increased from 20.8 and 23.3 A2 to 21.2 and
23.4 A2, respectively. However, the occupancy of the carbon
atom of CO remained at 1.00, whereas that of the oxygen atom
dropped to 0.88. While it is not physically reasonable for
atoms of the same molecule to have different occupancies,
these results indicate that the oxygen atom of CO is indeed
more mobile or disordered than the carbon atom.

With the CO and heme modeled as two separate groups,
van der Waals contacts between the CO carbon atom and
heme iron atom tended to push the CO farther from the heme
than it really was, as suggested by the Fe—C distances found
for model heme complexes (Peng & Ibers, 1976; Busch et al.,
1981). To clarify the stereochemistry of the Fe—C—O linkage
in P-450c,y, refinement was carried out without restraints
on bond distances, angles, or nonbonded contacts. Following
such unrestrained refinement, the Fe—C distance was consid-
erably shorter than it was in the restrained model (Table III).
Refinement of the heme and CO as two groups also resulted
in another problem: the Fe—C—O angle did not remain linear.
As mentioned in the introduction, transition metal—carbonyl
complexes are expected to be linear (Peng & Ibers, 1976).
Thus, a different kind of unrestrained refinement was carried
out. To keep the Fe—~C—-O complex linear as well as to allow
it to tilt away from the heme normal, the Fe—~C-O unit was
modeled as a single group and the porphyrin without iron as
a separate group.

RESULTS AND DISCUSSION

In the middle panel of Figure 1, the refined ferrous CO-
camphor ternary complex is shown superimposed on the ferric
camphor-bound binary complex (Poulos et al., 1985, 1987).
In Table III we list relevant bond distances.

Refinement and Errors. A major problem for crystallo-
graphic analyses at less than atomic resolution is the assign-
ment of errors to distances such as those listed in Table III.
In order to help estimate such errors, the least-squares re-
finement was repeated with no restraints on bond angles,
distances, and nonbonded contacts. Differences between at-
omic positions as determined by restrained and by unrestrained
refinements provide simple error estimates of atomic positions.
Distances obtained from unrestrained refinements are listed
in parentheses in Table III.

Interestingly enough, atoms did not always refine to the
same positions when unrestrained refinements were carried
out from slightly different initial conditions. For example, the
Fe-S distance was set from its value of 2.41 A (the result of
the restrained refinement) to 2.30 A either by torsionally
rotating the sulfur atom of the axial Cys ligand or by moving
the Fe atom toward the proximal ligand. No other changes
were made in the model. Following identical unrestrained
refinements, both Fe—S distances converged to about 2.35 A.
However, as a result of the first unrestrained refinement, the
Fe~C and C-O bond lengths had become 1.76 and 1.24 A,
respectively, whereas the second unrestrained refinement had
changed these values to 1.61 and 1.40 A, respectively.
Moreover, the Fe—~C-O angles refined to 157° and 168° in
the two different unrestrained refinements. In both cases of
unrestrained refinement, the CO ligand approached more
closely to the Fe atom than it did following restrained re-
finement.

On the basis of the rms difference in the position of the CO
molecule in the restrained and unrestrained refinements, we
estimate that the error in positioning the CO molecule is about
0.11 A. Therefore, much of the variation in the Fe~C bond
length is due to inaccuracy in locating the CO molecule and
not the iron atom, the position of which did not vary greatly
as a result of unrestrained refinement.

CO Ligand Geometry. Despite this uncertainty in CO
position, the CO ligand always refined to a position off of the
heme normal, tilted away from the camphor molecule, and
directed toward the distal helix near Thr 252. Such an ori-
entation of the CO molecule was confirmed by electron-density
maps based on both restrained and unrestrained models and
“unbiased” electron-density maps where the model used for
the structure factor calculation did not contain the CO mol-
ecule. Furthermore, as mentioned under Materials and
Methods, when the CO ligand was constrained to be perpen-
dicular to the heme plane, F, — F, difference electron-density
maps contoured at £3¢ indicated that the ligand should be
tilted away from the heme normal. Finally, when the iron
atom and CO molecule were modeled as a single unit with a
linear Fe—~C-O angle and the porphyrin as another unit, un-
restrained refinements not only tilted the CO off of the heme
normal but gave a Fe-C—O bond angle of about 171°. Taken
together, these results suggest that steric constraints force the
CO molecule both to bend and to tilt away from the heme
normal.

In myoglobin (Norvell et al., 1975) and hemoglobin (He-
idner et al., 1976; Steigemann & Weber, 1979), the Fe—C-O
unit also is bent from the heme normal, with an Fe—C—O angle
of about 135° in myoglobin. Similar bending was expected
in camphor-bound P-450 on the basis of infrared (O’Keefe et
al., 1978) and resonance Raman studies (Uno et al., 1985).
In the present study the Fe~C—O bond angle is much closer
to being linear, about 166°, suggesting that the steric restraints
in forming a nearly linear Fe-C—O bond are less severe in
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P-450 than they are in the globins. In P-450c,y the substrate
provides the primary steric constraint while in the globins the
distal His ligand and neighboring Val and Phe residues crowd
the O,-binding pocket.

Changes in Heme Geometry. Beyond the presence of the
CO ligand located off of the heme normal, there are two
significant differences between the camphor—P-450¢,) and
the CO—camphor-P-450c,m structures. One difference is in
the position of the iron with respect to the porphyrin core and
associated changes in heme geometry, and the second is in the
positions of the camphor molecule and various protein groups.
First, we consider changes in the heme and iron-ligand dis-
tances. In the ferric camphor-bound state the iron atom is
displaced from the heme porphyrin core toward the proximal
Cys ligand by about 0.43 A, but in the ferrous CO complex
this displacement is only 0.02 A in the restrained model and
0.02-0.09 A in the unrestrained models. Thus, upon reduction
and binding of CO, the heme iron atom moves into the plane
defined by the pyrrole nitrogens of the heme by about 0.41
A. The data in Table III also show that the S-Fe bond
stretches from 2.20 to 2.41 A (restrained model) in the ferric
camphor to ferrous CO—camphor transition.

The crystallographically determined S—Fe bond lengths of
2.20 and 2.35-2.41 A for the ferric camphor-P-450c,0 and
ferrous CO—camphor-P-450¢,y complexes, respectively, are
to be compared with bond lengths of 2.24 A (ferric) and 2.33
A (ferrous CO), as determined by EXAFS studies (Hahn et
al., 1982; Kau et al., 1986). The S—Fe distance is 2.352 A
in the crystalline model thiolate~heme—-CO complex, [C,H;s-
SFeTTP(CO)]™ (Caron et al., 1979). EXAFS studies on
model heme complexes also indicate that, with a neutral thiol
rather than an anionic thiolate ligand, the S—Fe bond length
is 2.40 A or greater (Kau et al., 1986). Regarding the question
of Cys ligand protonation, iterative extended Hiickel calcu-
lations (Hanson et al., 1976) support the experimental findings
with model systems (Collman & Sorell, 1975; Stern & Peisach,
1974) that a neutral thiol ligand would generate a band near
420 nm while an anionic thiolate ligand would give the 450-nm
band characteristic of P-450. Judging by the long S-Fe bond
(2.41 A) in our restrained model, we were concerned that we
may have generated the inactive P-420 species with a thiol
rather than a thiolate ligand to iron. However, as noted under
Materials and Methods, the spectrum of the CO-camphor~
P-450can crystals dissolved in buffer gave the 446-nm band
expected for P-450. Moreover, single-crystal polarization
spectra of P-450c,y orthorhombic I crystals also exhibit the
446-nm band (Debrunner et al.,, 1978). Although ortho-
rhombic I crystals belong to a different space group (P2,2,2)
than those we are currently using (P2,2,2,), both crystal types
are prepared under similar conditions from ammonium sulfate.
Taken together, these data indicate that the crystalline CO-
camphor-P-450c4Mm complex prepared for this study is P-450
and not P-420. The difference between the S—Fe bond distance
found in the EXAFS and the present study (about 0.02-0.08
A) is attributable to experimental error and not to fundamental
differences in the electronic properties of the species used to
obtain the data.

One final change in heme geometry is rotation of one of the
heme vinyl groups by about 140° such that it points “up” in
the ferric camphor complex and “down” in the ferrous CO~
camphor complex (Figure 1, middle panel). This rotation may
be the result of changes in the electronic properties of the heme
following reduction and/or CO binding rather than a strictly
conformational effect of CO binding, since the overall
movement of the distal helix, which would apparently be in-
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volved in this “push” of the vinyl, appears to be too small to
initiate such a rotation. One conformational consequence of
the vinyl group rotation is that Val 119, and to a smaller extent
helix C in which it is located, must move away from the heme
to make room for the vinyl group in its new position.

Changes in the Substrate. In order to avoid unfavorable
contacts with the CO molecule, camphor in the CO-cam-
phor-P-450c,m complex must move away from the CO
molecule by about 0.8 A (Figure 1, middle panel). The need
to avoid clashing with camphor also appears to be the primary
reason why the CO molecule does not lie along the heme
normal in this complex. Despite movement of the substrate,
the camphor carbonyl oxygen-Tyr 96 OH hydrogen bond
remains intact, and the camphor forms nonbonded contacts
with the CO molecule. Furthermore, the average temperature
factor for camphor atoms increases from 16.2 to 24.8 A2 in
the transition from the ferric camphor-P-450c,) binary
complex to the ferrous CO—camphor—P-450c,p ternary com-
plex, indicating that the camphor is not as firmly held in place
in the CO complex. In addition, the temperature factors of
protein atoms in the region around Thr 185 are slightly higher
in the CO-bound than in the CO-free structure. This region
is part of the postulated substrate access channel (Poulos et
al., 1986) and is also slightly expanded in the CO-bound
structure. The sensitivity of the Thr 185 region of P-450capm
to changes in the active site is further evidenced by increases
in thermal parameters in this region in the substrate-free
enzyme (Poulos et al., 1986) and in complexes formed with
various inhibitors of P-450c4m (Poulos & Howard, 1987). The
binding of CO by camphor—P-450.4y thus appears to involve
a compromise between optimal enzyme—substrate interactions
and the preference of CO to form a linear complex with the
iron atom. The CO molecule, which has its highest affinity
when bound along the heme normal (Collman et al., 1976),
is forced to bend away from its optimal position by the sub-
strate while at the same time camphor—protein interactions
decrease somewhat to allow CO to bind.

Changes in the Protein. In the bottom panel of Figure 1
are shown van der Waals contacts between CO, camphor, and
protein in the restrained structure. The camphor molecule
forces the CO molecule toward the distal helix where the CO
oxygen atom fits into an opening in this helix formed by a
hydrogen bond between the peptide carbonyl oxygen atom of
Gly 248 and the side-chain hydroxyl group of Thr 252. This
Gly 248-Thr 252 hydrogen bond disrupts the normal helical
hydrogen-bonding pattern in the distal helix and generates a
groove slightly larger than those found in helixes with “normal”
hydrogen-bonding patterns. Moreover, due to slight move-
ments in the side chain of Thr 252 and the backbone of Gly
248, this opening is somewhat larger in the presence than in
the absence of CO. As we have argued elsewhere (Poulos et
al., 1987), we suspect that this helical distortion is a structural
feature found in all P-450s and is important in forming the
O, binding site. With the exception of rat liver P-450pcy, Thr
252 is conserved in all P-450s for which sequence data are
available (Nelson & Strobel, 1988). Rat liver P-450pcy,
however, contains a Pro instead of a Thr, which is expected
to cause the same local disruption in the helix.

Mechanistic Implications. Movement of camphor upon
binding of CO may have relevance to the catalytic mechanism.
We expect that the O;~camphor—P-450¢4, complex will be
very similar to the CO-camphor—P-450.,\ complex just de-
scribed. However, once the dioxygen bond is cleaved, following
reduction by a second electron to leave a single iron-linked
activated oxygen atom (presumably the hydrogen-abstracting
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species), the camphor molecule probably returns at least part
of the way toward the position it occupies in the binary ferric
camphor—P-450c,) complex. Hydrogen-abstraction and ox-
ygen-addition steps would then follow.

A puzzling problem in understanding the hydroxylation of
campbhor is how to reconcile the observed lack of stereospec-
ificity in abstraction of the C5 hydrogen atom of camphor with
the strict stereospecificity in forming the 5-exo-hydroxy
product. Although 5-exo abstraction is preferred, Gelb et al.
(1982) have found that both 5-exo and 5-endo hydrogen atoms
can be removed while only the 5-exo product is formed. From
the estimated positions of the two camphor C5 hydrogen at-
oms, it appears that the 5-exo hydrogen is about 1.5 A closer
than the 5-endo hydrogen atom to the carbon atom of CO,
the putative location of the iron-linked oxygen atom presumed
responsible for hydrogen abstraction. The camphor 5-carbon
atom, the camphor 5-exo hydrogen atom, and the carbon atom
of CO are also virtually collinear. Moreover, the camphor
5-carbon atom, the camphor 5-exo hydrogen atom, and the
presumed location of an activated oxygen lone-pair orbital are
collinear, providing almost ideal geometry for hydrogen ab-
straction. In contrast, the camphor 5-endo hydrogen atom
points away from the CO molecule to form about a 60° angle
between the camphor 5-carbon atom, the camphor 5-endo
hydrogen atom, and the activated oxygen atom location. We
believe these observations explain the observed preference
toward 5-exo hydrogen abstraction and hydroxylation (Gelb
et al., 1982).

Our present study demonstrates that camphor mobility in-
creases in the CO complex, and presumably, similar substrate
mobility characterizes the O,~camphor—P-450¢, complex.
Thus the fact that 5-endo hydrogen abstraction is found at
all may be because the mobility of camphor could allow oc-
casional presentation of the S-endo hydrogen atom to the
hydrogen-abstracting species. However, if mobility is the
reason that the 5-endo hydrogen atom is occasionally removed,
one might also expect some 5-endo-hydroxylated product, yet
only the 5-exo product is found (Gelb et al., 1982). We would
expect a camphor radical from which a hydrogen had been
abstracted to be as mobile in the active site, if not more so,
as the camphor molecule. Hence, mobility may be more of
a factor in influencing the hydrogen-abstraction step than it
is in the actual hydroxylation step. It would thus appear that
if the iron-linked oxygen atom is involved in both hydrogen-
abstraction and oxygen-addition steps (Groves et al., 1978),
the latter process, addition of the OH* radical to the substrate
radical, may have the more strict geometrical requirements.
The importance of substrate mobility in influencing the
products of the P-450 reaction is further supported by the
findings that the substrate norcamphor is metabolized to at
least three hydroxylated products by P-450c,y (Atkins &
Sligar, 1988) and that from the X-ray structure determination
of the norcamphor—P-450c, complex norcamphor was found
to have significantly higher mobility in the active site than does
camphor (Raag & Poulos, 1989).

Although our results are consistent with the widely held view
that a single iron-linked oxo intermediate operates as the
catalytically important species in both the hydrogen-abstraction
and oxygen-addition steps and that variations in stereospec-
ificity of the two steps are controlled by substrate mobility,
there is at least one alternate mechanism. One must also
consider a model in which the “hydrogen-abstracting and
oxygen-adding species are separate and distinct entities” (Gelb
et al., 1982). Candidates for these species include an oxygen
radical which would be released after homolytic fission of the
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0-0 bond or the less likely prospect of a protein-centered
radical.
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Crystal Structure of Guanosine-Free Ribonuclease T, Complexed with
Vanadate(V), Suggests Conformational Change upon Substrate Binding'*
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ABSTRACT: Ribonuclease T; was crystallized in the presence of vanadate(V). The crystal structure was
solved by molecular replacement and refined by least-squares methods using stereochemical restraints. The
refinement was based on data between 10 and 1.8 A and converged at a crystallographic R factor of 0.137.
Except for the substrate-recognition site the three-dimensional structure of ribonuclease T, closely resembles
the structure of the enzyme complexed with guanosine 2’-phosphate and its derivatives. A tetrahedral anion
was found at the catalytic site and identified as H,VO,~. This is the first crystal structure of ribonuclease
T, determined in the absence of bound substrate analogue. Distinct structural differences between gua-
nosine-free and complexed ribonuclease T, are observed at the base-recognition site: The side chains of
Tyr45 and Glu46 and the region around Asn98 changed their conformations, and the peptide bond between
Asnd3 and Asn44 has turned around by 140°. We suggest that the structural differences seen in the crystal
structures of free and complexed ribonuclease T, are related to conformational adjustments associated with

the substrate binding process.

Ribonuclease T, (RNase T}; EC 3.1.27.3) is an endoribo-
nuclease secreted by the fungus Aspergillus oryzae. It cleaves
RNA highly specifically at the 3’-phosphate group of guanylic
acid. The enzyme occurs in two isoforms containing either
Gln or Lys at position 25 (GIn25-RNase T, or Lys25-RNase
T,). Recently, several crystal structures of RNase T;—substrate
analogue complexes have been determined at high resolution:
GIn25-RNase T,*2-GMP! (Sugio et al., 1985a, 1988),
Lys25-RNase T,;*2’-GMP (Arni et al., 1987, 1988), Lys25-
RNase T,*G-(2'-5")-pG (Koepke et al., 1989), and GIn25-
RNase T,*3-GMP (Sugio et al.,, 1985b). However, the
tertiary structure of substrate analogue free RNase T, was
not known so far. Martin et al. (1980) described the crys-
tallization of free RNase T, but a structure analysis was not
reported. We had intended to cocrystallize RNase T, with
guanosine—vanadate as a transition-state analogue but instead
obtained the RNase T,~-vanadate complex, for reasons ex-
plained under Experimental Procedures. We report here the
three-dimensional structure of guanosine-free Lys25-RNase
T, and discuss the conformational differences between sub-

*This work was supported by the German Federal Minister for Re-
search and Technology (BMFT) under Contract 05 313 IA B3, by the
Deutsche Forschungsgemeinschaft through Sonderforschungsbereich 9
(Teilprojekt A7), and by the Fonds der Chemischen Industrie.

Crystal structure coordinates have been submitted to the Brookhaven
Protein Data Bank.
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Table I X-ray Data

space group
lattice constants?

P2,2,2, (No. 19)

a 4882 (3) A
b 46.53 (2) A
c 4120 (2) A
total no. of measured reflections 11536
Roym = ZpZillFn) = F/ TrZiFha 0.029
unique reflections
F,2lo 7134
F, 230 6503
completeness of data set at 1.8-A resolution
(F, = 10)
1.8-A sphere 0.77
2.0-1.8-A shell 0.59

9Numbers in parentheses are standard deviations and refer to the
last digit. ?Based on 1627 measurements in 804 unique reflections.

strate analogue free Lys25-RNase T, and Lys25-RNase T,
complexed with 2’-GMP, designated RNase T,*2’-GMP.

EXPERIMENTAL PROCEDURES

Lys25-RNase T, was isolated by the method of Filling and
Riiterjans (1978). The guanosine~vanadate was prepared by

! Abbreviations: 2’-GMP, guanosine 2’-phosphate; G-(2'-5')-pG,
guanylyl-(2'-5")-guanosine; 3-GMP, guanosine 3’-phosphate; rms, root
mean square; Wat, water; MD, molecular dynamics.

© 1989 American Chemical Society



