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Abstract: Resonance Raman spectroscopy is applied to the cyanide adducts of cytochrome P450cam and its
T252A and D251N site-directed mutants, both in their substrate-free and camphor-bound forms, to probe
active-site heme structure and, in particular, interactions of the FeCN fragment with potential active-site H-bond
donors. In contrast to the ferrous CO and ferric NO adducts, which form only essentially linear (slightly distorted)
FeXY fragments, the spectra of the ferric Clddducts provide clear evidence the for the existence of an
additional, rather highly bent, conformer; that is, the cyanide complexes form both linear and bent conformers
in both the substrate-free and substrate-bound forms. Formation of this bent conformer is most reasonably
attributed to the presence of off-axis H-bond donors, which induce distortion on the FeCN fragment but not
the FeCO and FeNO fragments, which are poorer H-bond acceptors. For all three proteins, the substrate-free
form exhibits a complex spectral pattern which arises because one of the modes associated with the FeCN
fragment is coupled with two heme macrocycle deformation modes. Significantly, no evidence for such coupling
is observed in the spectra of the camphor-bound forms. While various unknown factors may possibly give rise
to selective activation of such coupling in the substrate-free derivative, given the known facts about the active-
site architecture of this enzyme, a plausible explanation is that the bent conformer is oriented toward the
water-filled substrate-binding site in the substrate-free form, but oppositely, toward the proposed proton delivery
shuttle, in the substrate-bound form. Sensitivity of the FeCN modes@4O exchange in the two camphor-

bound mutants, which is apparently absent for the camphor-bound native protein, is most reasonably attributed

to the known presence of extra water in the active sites of these mutants.

Introduction

class of enzymes, mechanistic details of certain steps of the
catalytic cycle remain somewhat obscure and continue to attract

The monooxygenases of cytochrome P450 superfamily play 5 great deal of attentioir®12

important and diverse functional roles in a wide range of
biological system&? For more than 30 years cytochrome

P450cam, which catalyzes the hydroxylation of camphor in the

bacteriumPseudomonas putidhas been the most extensively

studied member of this class, owing to its ready availability,
aqueous solubility, and relative ease of isolation and purifi-
cation®5 Indeed, the X-ray crystal structures of several forms

of P450cam, including those of various substrate-bound deriva-

tives and site-directed mutants, are now availdbl Despite
the accumulation of an impressive body of knowledge on this
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The early stages of the cycle are reasonably well-understood
and documented. The binding of substrate displaces an active-
site cluster of water molecules, one of which serves as an axial
ligand to the ferric heme prosthetic group, inducing a spin state
change of the heme from low- to high-spin which lowers its
redox potential, thereby facilitating reduction to a high-spin
ferrous species which is capable of binding molecular oxygen.
The resulting quasi-stable oxygenated species is the last
intermediate in the catalytic cycle to be observed and spectro-
scopically characterized. 16 Cleavage of the ©O bond in this
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system, eventually generating a powerful oxidizing species electronic interactions which could destabilize the inherently
presumably analogous to the compound | intermediate of preferred linear geometry of the FEN~ fragment, only the
hydroperoxidases, apparently occurs by one-electron reductionFe—C stretching mode is Raman active, and indeed, only this
and protonation of this speciés. mode is observed in the RR spectra of the cyanide complexes
In recent years, much attention has been focused on possiblef simple, protein-free, hemés.However, within the varied
mechanisms for the required proton delivery to the active site. distal pocket environments of heme proteins, there exist steric
On the basis of extensive spectroscopic and kinetic studies offorces or off-axis H-bonding interactions which are apparently
the native enzyme and several site-directed mufgrifs22 it sufficient to distort the FeCN linkage so that both modes are
has been suggested that the Asp251 and Thr252 residues ar@ctive. For some proteins, such as the oxygen transport proteins,
important in constituting a controlled proton delivery pathway myoglobin and hemoglobin, only slight distortions are encoun-
involving solvent water and providing an active-site H-bond tered, giving rise to a so-called “essentially linear” conformer.

donor, which may be a trapped water molecule rather than This conformer possesses igFe—C) stretching frequency
Thr25211.21 to stabilize the dioxygen adduct. Acquisition of
direct experimental evidence for the presence of this active-
site H-bond donor is clearly an important objective.

between 410 and 450 cry which shifts to lower frequency in
a monotonic fashion as the total mass of the"Gsbtopomer
is increased® The corresponding(FeCN) bending mode of

Resonance Raman spectroscopy is well established as athis conformer is observed at slightly lower frequencies, its shift

especially effective probe of the active-site structure of heme
proteins, the spectra providing detailed structural information
for the heme moiety and spectral signatures diagnostic of axia
ligand dispositiorf324For the particular enzyme of interest here,

the physiologically relevant oxygenated intermediate is generally

quite reactive, though it can be stabilized under certain
conditions’®~16 Given this situation, attention was naturally
turned to alternative diatomic ligands which form more stable
adducts (e.g., CO, NO, and CNand many RR studies of these
have been reported (229). Of specific interest here is the
use of RR spectroscopy to detect H-bonding interactions

upon isotopic substitution of the CNigand depending on the
position of substitution, with significant frequency decreases

joccurring only for the!3C isotopomers (i.e.;*C*N~ and

13C1I5N 7). Such behavior (referred to as a so-called “zigzag”
shift pattern, because the frequencies of the various isotopomers
are usually listed in the ordéfC*N-, 13C14N-, 12C15N~ and
13C15N ) is predicted for the bending mode of a (linear or near
linear) geometry of the FeCNragment, wherein the iron-bound
carbon atom experiences the largest displaceniénts.

In a few cases, such as the mammalian myeloperoxitlase
and lactoperoxidas¥, active-site perturbations are apparently

between the bound axial ligand and potential distal pocket proton ©f sufficient strength and appropriate orientation to induce a

donors and, as has been argued previotishdducts of the

substantial degree of distortion, the resultant geometry of the

negatively charged cyanide ligand, which possesses superiof€CN™ fragment being most accurately described as a bent

ability as an proton acceptor relative to CO and NO, offer an
important advantage.

Many RR studies of various types of heme proteins have now
been reported’~37 In the absence of any steric or off-axis
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conformation with vibrational behavior quite distinct from that
of the essentially linear conformer. The distortion induces
kinematic mixing of the stretching and bending coordinates and
leads to a larger separation between the two modes of mixed
character. This bent conformation is characterized by a mode
appearing between about 420 and 450~ &mexhibiting a
“zigzag” shift pattern, and a lower frequency mode near 350
cm™1, having a nearly monotonic shift pattern.

For many heme proteir#3,25-37 including P450can! the
active-site architecture is such that both the essentially linear
and the bent conformers have been identified using RR
spectroscopy. In the earlier work on P450c¢&inoth conformers
were observed in the substrate-bound, as well as the substrate-
free adducts, the latter being known from X-ray crystallography
to possess an active-site cluster of water molecules. On the basis
of observed sensitivity to $#0/D,O exchange of two modes
ascribable to the FeCN fragment, both conformers of the
substrate-free derivative were suggested to be involved in
H-bonding interactions with different regions of the water
cluster. In contrast, no convincing evidence oGO
sensitivity was obtained for either of the two conformers present
in the substrate-bound derivative, though it must be emphasized
that the lack of an observable shift does not exclude the
possibility of such interactions (vide infra).

Evidence from intensive spectroscopic, crystallographic and
kinetic studies of the two site-directed mutants of P450cam
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designed to perturb the proposed H-bonding network, which
includes the two key residues (i.e., Thr252Ala and Asp251Asn),
suggests that such alterations affect the proton delivery mech-

anism and may perturb H-bonding interactions which stabilize

the bound dioxygen of the oxygenated intermediaté? 222

In the present work, the cyanide adducts of these two proteins

are studied by RR spectroscopy in an attempt to document any
changes in the disposition of the FeCN fragment induced by D25IN
these mutations. In contrast to the case of the wild-type prétein,
clear evidence is obtained for the presence of H-bonding
interactions in the substrate-bound forms of these mutant
proteins.

484 -v(Fe"-CO)

561 -8(Fe"-CO)

Experimental Procedures

Materials and Methods. The P450cam mutants, T252A and D251N,
were expressed irEscherichia coliand purified using previously
published proceduré8?! For the preparation of the camphor-free  pas2a
mutant P450cam, the camphor-bound P450cam was passed successively
over a G-25 column equilibrated with 50 mM MOPS buffer atGl
(pH 7.4). The substrate-free protein was exchanged with 20 mM
potassium phosphate (pH 7.4) containing 100 mM KCI, using an
appropriately equilibrated G-25 column.

The CO adducts of P450cam mutants were prepared by addition of
a 40-fold excess of dithionite, followed by gentle bubbling with CO
for several minutes. The UWvis spectrum has been taken to confirm
the absence of denatured product (P420). The final concentration of
proteins in the solutions used for RR measurements was 0.1 mM. W. T

The cyanide adducts of both the camphor-free and camphor-bound
P450cam mutants were prepared by addition of a 0.1 M KCN buffered
solution (final KCN concentration of 50 mM) to 0.1 mM protein
solution. Both the KCN and protein solutions were buffered in 200mM
phosphate solution with 100 mM KCI, p& 7.4. The isotopomeric
cyanide adducts were prepared in the same way and measured under T T
identical instrumental conditions. The 99.9% isotopically labeled 400 600
potassium cyanide samples &N, KC®N, and KSCHN) were . _
obtained from Isotech Inc. (Miamiburg, OH). Raman Shift/cm-1

H,O/D,0 buffer exchange was carried out in a microconcentrator Figure 1. RR spectra of CO adduct of camphor-bound ferrous D251N,
(Centricon-10) at £C. About 0.5 mL of protein solution was diluted ~ T252A, and wild-type P450cam. All spectra were obtained with 442
to 2 mL with D,O buffer containing 1 mM camphor and transferred to nm excitation line with a laser power less than 15 mW at the sample.
the concentrator. The volume of the solution was reduced to about 0.2
mL by centrifugation. This procedure was repeated five times, the total
exchange time being-24 h.

Spectroscopic MeasurementsThe resonance Raman spectra were )
acquired with a Spex 1269 spectrometer equipped with a ICCD Uy- __FOr the cyanide adducts of both camphor-bound D25IN and T252A,
enhanced detector (Princeton Instrument) using the 442 nm excitationd'ﬁerence spectra (#® — D0) are gene_rated, and the _S|mulat|0n IS
line from a Liconix model 2420NB He-Cd laser. The Rayleigh scattered conducted in th‘e same manner dgscnbed aboye, using the spgctral
line was removed using a 442 nm notch filter (Kaiser Optical). The parameters derived from the previous simulations of various iso-
power at the sampling point was 15 mW. The samples were kept in topomers.
sealed NMR tubes, and the tubes were spun during the measurement
to avoid local heating effects on the protein. The spectra were typically R€SUlS

accumulated for 50006000 s and calibrated by using the spectrum of 1. CO Adducts of Ferrous T252A and D251N P450cam.
fef:]chon. UV~vis spectra of each sample were colllectedlbefore and Shown in Figure 1 are the RR spectra of the CO adducts of the
after every RR measurement to ensure integrity of sample. L

Compui/er Simulation Method. Owing togth}e/ overleual)3 with of camphor-bou_nd derlvatlv_es of the ferrous f(_)rms of the twp
several heme vibrational modes in the low-frequency region, the modesml'Itant proteins, along W'th, Fhose C,)f the ”at'Ye e”ZYme-_” IS
of the Fe-CN fragment are not easily discerned in the absolute spectra Noted that there are no significant differences in the vibrational
of cyanide adducts of P450cam. Ideally, the difference spectra, Properties of the FeCO fragments among these three proteins.
generated by subtraction of various isotope labeled cyanide adducts, 2. Cyanide Adducts of Ferric T252A P450cam. a. Substrate-
should reveal only those modes associated with the FeCN fragment,Free T252A P450camThe absolute RR spectra of the cyanide
because the heme modes are expected to cancel in the subtraction. Tedducts, in both the substrate-free and camphor-bound forms
obtain a more reliable estimate of the actual vibrational parameters of of || three proteins are given in Figure 2. From comparison of
individual modes of the FeCN fragment, the six experimental difference the spectra, it is obvious that substrate-binding induces changes
Spec?;a ng:h can bef. gedneratz_ed flromd tg_?f four isotopically "'."belehd in the low f’requency modes. Elucidation of these changes for
cyanide adducts are fitted to simulated difference spectra using the ) .

each of the mutants are dealt with below. The RR spectra of

method and program described previoluSljs in the previous work, . . . S
the simulated spectra shown here represent the best fit obtained by! 292A P450cam ligated with the various cyanide isotopomers

simultaneous fitting of all six experimental difference spectra. The aré shown in Figure 3. Owing to overlap with the relatively
digital subtraction of the absolute spectra was performed using strongly enhanced heme deformation modes which occur in this
SpectraCalc software. The subtraction was performed in such a wayregion, difference spectra are needed to reveal the isotope

2]
-]
A

562

484

962

that the intense isolated heme modes (e.9.were confirmed to be
completely canceled.
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Figure 2. RR spectra of cyanide adduct of ferric D251N, T252A, and
wild-type P450cam. Substrate-free forms are shown on left panel, and
camphor-bound forms are shown on right. BCUN
sensitive modes associated with the FeCN fragment. The six - -

separate difference spectra which can be generated by subtrac- Reman Shift/em~1

tion of various combinations of the four absolute spectra are Figure 3. Low-frequency RR spectra of substrate-free T252A P450cam
shown in Figure 4, together with the simulated spectra. All the ligated with various cyanide isotopic forms.
derived frequencies of the isotopic sensitive modes are listed
in the Table 1. As can be seen by inspection of Figure 4, the Thus, while six isotope-sensitive modes (including two heme
experimental difference spectra are fairly well-reproduced by core modes) are required to obtain an adequate fit for the
the set of derived parameters listed in Table 1. As was reportedsubstrate-free species, only four modes are required for the
previously for the case of wild-type P450c&hthe inclusion camphor-bound species.
of six modes is needed in order to adequately simulate the In an attempt to probe potential H-bonding interactions within
experimental data. The four modes associated with the FeCNthe active site, spectra were acquired for the camphor-bound
fragments of the two expected FeCN conformers (the so-called derivative in both HO and QO buffers. As shown in the inset
“linear” and “bent” forms) exhibit relatively large isotopic shifts, in Figure 5, the spectra inJ® and RO indicate a shift of the
while the two heme macrocycle modes located at 329 and 354420 cnm! mode to 424 cm! in D2O. The actual shift is about
cm~1 (in the12C14N isotopomer) exhibit rather small shifts. On 2 cnr* (420 to 422 cm*) based on the derived parameters from
the basis of the isotope shift patterns and the previous studiesstimulated spectra (not shown). As can be seen in the experi-
mentioned earlier, a monotonically shifting mode (414 #m  mental difference pattern, the change tgODalso causes an
is assigned as the stretching mode of the “essentially linear” apparent decrease in the intensity of the mode near 358.cm
conformer, and a “zigzag” shifting mode (388 chis assigned 3. Cyanide Adducts of Ferric D251N. a. Substrate-Free
to the bending mode of this conformer. The vibrational D251N.The RR spectra of the various isotopic cyanide adducts
frequencies and isotopic shifts of the “linear” conformer of the of substrate-free D251N (not shown) give rise to the experi-
T252A cyanide adduct are quite similar to those obtained for mental and simulated difference patterns shown in Figure 6.
the wild-type cyanide adduct (413, 387 chy indicating a Though it is apparent that the S/N ratios in these spectra are
similar disposition of the “linear” conformers of both adducts. inferior to those obtained for the T252A and wild-type
The “bent” conformer exhibits a monotonically shifting mode proteins?” it is noted that analyses for two separate data sets
at 347 cn! and a “zigzag” shifting mode at a higher frequency obtained with different samples yield the same set of derived
(~433 cntl) (Table 2). vibrational parameters (both sets being listed in Table 1). As
b. The Camphor-bound T252A. The RR spectra of the can be seen in Table 1, the derived frequencies for both modes
various isotopic cyanide complexes of camphor-bound T252A of both conformers are quite similar to those previously derived
(not shown) give rise to the experimental and simulated for the wild-type proteirf’ As in the cases of the substrate-free
difference spectra shown in Figure 5. The set of derived absolutecomplexes of wild-type and T252A proteins, it was necessary
frequencies, bandwidths, and relative intensities which yield to include two heme core modes in the simulation in order to
these difference spectra are listed in Table 1. It is noted that, adequately fit the experimental difference patterns.
just as in the case of the wild-type enzyffea distinctly b. Camphor-Bound D251N.The RR spectra of the various
different spectral pattern is obtained upon binding of substrate. isotopic cyanide adducts of camphor-bound D251N give rise
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Figure 4. Experimental difference spectra for substrate-free T252A P450cam cyanide adduct, generated from Figure 2, and the simulated difference
spectra.

to the experimental difference and the simulated spectra given390 cn1?, the former showing slight shifts to higher frequency
in Figure 7. Again, only four modes are needed to adequately upon substrate binding. The bent conformer of the substrate-
fit the experimental difference patterns and the derived param- bound form gives rise to a characteristic vibrational pattern with
eters are listed in Table 1. a monotonically shifting mode near about 350 ¢rand a weak

As shown in the inset in Figure 7, the;®/D,O difference mode near about 435 crhwhich exhibits a “zigzag” isotopic
spectrum acquired for camphor-bound D251N cyanide complex shift pattern. The most notable observation for all three proteins
provides clear evidence for sensitivity to H/D exchange, with (the native enzyme and both mutants) is the complicated
two features exhibiting distinct shifts to higher frequency; that vibrational pattern near 350 crh which arises only for the
is, one near 411 cmt and one near 353 cm. The parameter  substrate-free forms. Thus, as was pointed out in the previous
derived from the stimulated difference spectrum (not shown) section, to obtain satisfactory fits for the substrate-free deriva-
shows a 4 cni® upshift; that is, from 414 cri in H,0 to 418 tives it is necessary to include two heme modes (near 330 and

cmtin D,O. 355 cnt!) which apparently couple with the lower frequency
_ _ internal mode of the bent FeCN conformer.

Discussion Evidence for coupling of internal FeCN modes (and for FeXY
1. Origins and Relative Orientations of the Bent Con- fragments, in general) with low-frequency heme deformation

formers. The RR spectra acquired here and in the previous modes has been reported for several heme protein adducts with
work?? for the cyanide adducts of P450cam and its mutants diatomic exogenous ligand? “* with the most thoroughly
document the presence of both linear and bent conformations (38 Rajani, C.; Kincaid, J. RJ. Am. Chem. Sod998 120, 7278~

of the FeCN fragment in both the substrate-free and substrate-7285. ' _ '

bound derivatives. The essentially linear conformer (in both the - 839gh';'sr°té‘h§;ﬂ%%%r%%? hinzawarltoh, K.; Yoshikawa, S.; Kitagawa,
substrate-free and -bound cases) exhibits a monotonically " (40) Takahashi, S.; Ishikawa, K.; Takeuchi, N.; Ikeda-Saito, M.; Yoshida,

shifting mode near 415 cnd and a “zigzag” shifting mode near  T.; Rousseau, D. LJ. Am. Chem. Sod.995 117, 6002-6006.
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Table 1. Derived Frequencies for Isotope Sensitive Modes from Computer Simulation

D251N 12C14N 329(328) 345(344) 354(354) 392(390) 413(414) 434(435)
P450cam CN  3C¥N  327(326) 340(339) 353(352) 374(376) 410(411) 429(429)
substrate-free  12CI5N  328(327) 342(340) 353(352) 392(390) 410(410) 434(435)
13CIN 326(326) 337(338) 352(351) 372(372) 407(406) 428(429)
fwhm? 16 16 16 16 12
RIb 3.7(4.4) 1.6(2.0) 3.5(5.0) 1.4(1.6) 2.2(2.2) 1.0(1.0)
T252A 13CUN 329 347 356 388 414 433
P450cam CN 13CuN 328 340 352 375 410 428
substrate-free  2CSN 328 340 352 386 409 434
13C15N 327 338 351 373 407 427
fwhm 16 16 16 16 16 12
RI 6.3 2.3 4.2 1 3 1.3
D251N 12CN 355 392 414 433
P450cam CN 13CUN 351 375 409 417
substrate-bound 12CSN 354 389 408 423
13CI5N 350 374 405 415
whm 12 16 18 15
RI 1.2 3.1 3.7 1
T252A 13CIUN 360 393 420 436
P450cam CN 13CUN 357 378 413 420
substrate-bound 2C™N 358 392 417 432
13CI5N 354 376 410 416
afwhm 12 16 18 14
RI 2.6 4.5 4.5 1

a Full width at half maxima® Relative intensities® Numbers in parentheses are derived from second sample.

Table 2. Frequencies of FeCN in Wild Type and Mutants of the separation between the frequencies of the two modes of a
Cytochrome P450cam bent conformer increases for more highly bent configurations.
“essentially linear” Fe-CN “bent” Fe~CN It is true that the separation between these modes is apparently
protein v(Fe~C) O(Fe—C—N) »(Fe~C) O(Fe—C—N) slightly greater for the substrate-free derivatives. For example,
w.tab 13 387 342 134 the T252A mutant yields a difference of 86 cnfor the
camphor-bound wi. 416 393 359 424 substrate-free form (i.e., 433847) while the corresponding
%g“;gcatonone'bound w.t ﬁi gg; gi; jg; difference for the cam_phor-bound form is 76 _Iﬂmii.e., 436~
camphor-bound T252A 420 393 360 436 360). The corresponding numbers for the native enzyme are 91
D251N 413 391 345 434 and 65 cmt, while the D251N mutant shows differences of 89
camphor-bound D251N 414 392 355 432 and 78 cm®. However, the adamantanone-bound derivative of
aw.t.: Wild Type.® Reference 27¢ This work. the native enzyme exhibits a difference of 807¢rfi.e., a value

within 6 cnm! of that shown by the substrate-free T252A

studied cases being those of Chldductd’-34-37 and the oxygen mutant), yet shows no evidence of this coupling interaction,
adducts of heme Oxygendgand P450car® In the case of Suggesting it is unreasonable to ascribe the activation of this
the heme oxygenase adduct, effective arguments are made t&oupling solely to differences in the extent of bending of the
suggest that such coupling of théFeO0) bending mode with ~ FeCN fragment.

out-of-plane heme deformation modes occurs as a consequence Although systematic experimental studies of structurally well-
of a highly bent conformation of the FeOO fragment; that is, defined model systems, employing isotopically labeled hemes
the FeOO angle is estimated to be about’120d the terminal  to solidify macrocycle mode assignments, supported by rela-
oxygen atom is suggested to be in close contact with a particulartively high-level electronic structure calculations, would be
methine bridge carbon atoff.Such coupling of FeCN vibra- ~ nhecessary to elucidate the precise molecular mechanisms
tional modes with out-of-plane heme modes was also observedresponsible for activation of these types of coupling interac-
for the cyanide adduct of lactoperoxidase, where an out-of-planetions;®#"#%one factor which could be important is the orienta-
heme mode exhibits a small but distinct isotopic sensitivity; tion of the bent conformer relative to the heme macrocycle.
that is, 311 cm! for 12C14N and 309 cm for 13CI5N.34 Thus, while an essentially linear conformer obviously is nearly
Additionally, in the cyanide adduct of ferrous LPO this mode aligned with the normal to the plane of the heme macrocycle,
shows a similar isotopic shift. Such isotopic sensitivity of the it is important to consider the possibility that the bent conformers
heme out-of-plane mode is suggested to be the result ofin the substrate-free and substrate-bound enzymes may adopt

kinematic coupling with(FeCN) of a highly bent FeCN  quite different relative orientations; that is, the lack of coupling
fragment in cyanide adducts of LF®. of the substrate-bound form may result because the orientation

Signiﬁcanﬂy, though the inclusion of two heme modes is of the bent FeCN conformer in the substrate-bound form is

necessary to explain the RR spectra observed for the substratedifferent from that of the substrate-free form. In fact, given the

free derivatives of the three P450CN adducts studied here andexisting knowledg®’ of the active-site architectures of these

previously?” such coupling is evidently absent for the corre- Proteins, this suggestion is plausible. Thus, the active-site water

sponding substrate-bound derivatives. cluster present in the substrate-free form occupies the substrate
One obvious explanation for this difference is that the bent binding pocket on the side of the heme opposite to the Asp251

conformer of the substrate-free form is more highly bent than and Thr252 residues of the postulated proton delivery shtitté!

that of the substrate-bound derivative. As was mentioned earlier, (41) Harris, D.; Loew, GJ. Am. Chem. Sod996 18, 6377-6387.
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Figure 5. Experimental difference spectra for camphor-bound T252A P450cam cyanide adduct and the simulated difference spectra. The absolute
spectra in HO and DO and the difference spectrum 4Bl — D,0O) are shown in the insert.

Based on the sensitivity toJ@/D,0 exchange observed in the fragment of the cyanide adduct may also adopt a bent
RR spectra of the substrate-free derivatives, it is reasonable toconformation; that is, some force present in the active site, not
suggest that both conformers are involved in H-bonding operative for the former two adducts, can give rise to a second,
interactions with (presumably different) regions of this water more highly distorted FeCN conformer.
cluster and that the resultant orientation of the bent conformer  Given the greater tendency of the bound dNjand, relative
is apparently favorably disposed to induce coupling with to CO and NO, to participate in H-bonding interactigig>42
particular out-of-plane heme deformation modes. it is most reasonable to suggest that an off-axis proton donor
Upon binding of substrate, the cluster is disrupted and water serves this function and the most attractive candidate for such
is apparently eliminated from this region of the active site, which @ donor is the active-site terminus of the proposed proton
is now occupied by camphor (or another substrate analdgfe). delivery pathway involving the Thr252 and Asp251 residues,
The elimination of the active-site water cluster clearly obliterates Or possibly a trapped water molecule near this position which
the H-bonding interactions which had given rise to the bent is not detected in the X-ray structu¥eThis suggestion can
conformer and had caused the slight distortion of the essentially account for the lack of coupling of this bent conformer with
linear conformer. Yet, both types of distortion persist in the out-of-plane heme modes, given the fact that this potential donor
substrate-bound form and it is necessary to consider what active-Site is positioned on the opposite side of the heme from the
site structural features of the substrate-bound derivative could substrate binding site (the site occupied by the water cluster in
account for the existence of these two conformations. the substrate-free derivative). That is, the above considerations
The presence of the substrate provides sufficient steric argue that the bent form of the substrate-free derivative is
pressure to cause slight distortion of inherently linear Fexy Positioned toward one side of the heme (where it couples with
fragments, such as the ferrous CO (Figure 1) and ferric NO Certain out-of-plane heme deformation modes), but toward the
adducts, to the extent that the inacti@eXY) bending modes ~ OPPOsite side of the heme in the substrate-bound form, appar-
are activated and the(FeXY) stretching modes are observed ©€ntly adopting an orientation wherein such coupling is not
to shift2528The essentially linear conformer of the Clddduct activated. _ _ _
behaves similarly, with its stretching mode shifting slightly, the 2. Effects of Mutation on Active-Site Structure. a. Sub-
magnitude of the shift depending on substrate 2iz¢owever, strate-Free Derivatives. The derived vibrational frequencies
in contrast to the CO and ferric NO adducts, which adopt only ™ (42) Evangelista-Kirkup, R.; Smulevich, G.; Spiro, T. Biochemistry
a slightly distorted, essentially linear conformation, the FECN 1986 25, 4420-4425.
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Figure 6. Experimental difference spectra for substrate-free D251N P450cam cyanide adduct and the simulated different spectra.

(Table 1) for both of the substrate-free mutants studied here the three proteins. However, consideration of the observed
are not substantially different from those observed previously sensitivity to HO/D,O exchange of the vibrational modes of
for the substrate-free form of the wild-type protéinThis the FeCN fragments in these three proteins reveals a rather
observation is not surprising, given the fact that the residues dramatic difference in both of the mutant proteins, relative to
replaced in the mutant proteins are located on the opposite sidenative P450cam. Thus, in contrast to the camphor-bound and
of the heme from the water cluster present in the substrate-freeadamantanone-bound native enzyme, for which no evidence of
active site; that is, little perturbation of the active-site cluster is H/D sensitivity could be detected poth of the camphor-bound
expected. mutants exhibit clear evidence for shifts of the modes of the
b. Camphor-bound derivatives.As can be seen by inspec- FeCN fragment in RO solution (Figures 6 and 7).
tion of Table 1, the vibrational parameters of the camphor-bound It is important to consider the possible origins of®D,0O
forms of both of the mutated proteins also are not dramatically sensitivity in the substrate-bound forms, because the mutant
different from those of the camphor-bound native enzyme, proteins were specifically designed to perturb the proposed
though, in general, the differences are greater than those seet-bonding network comprising the proton delivery pathwait
for the substrate-free derivatives. The largest variations occur In the native enzyme the H-bond donor to the bound dioxygen
for the weak, high-frequency mode of the bent conformer, which is suggested to be Thr252 or an associatgd hholecule, held
occurs about 10 cr higher (433 and 436 cm) for the mutants in place by H-bonding interactions with Thr252 and Asp251;
than for the camphor-bound derivative of the native enzyme although no such water molecule was detected in the X-ray
(424 cn?), although it is noted that the adamantanone-bound structure of the camphor-bound native enzyme, its presence in
native protein also exhibits this mode at 437¢nFor both of solution cannot be ruled ottlt is not surprising that the modes
the mutant proteins, the other three modes all occur within 4 of the essentially linear conformer of this derivative are not
cm~1 of their positions in the native enzyme. Though experi- sensitive to RO exchange because, being directed along the
mentally significant, such shifts, taken alone, would seem to normal to the heme plane, it is not properly oriented to interact
suggest only subtle differences in active-site architecture amongwith this off-axis donor. However, to the extent that the bent
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Figure 7. Experimental difference spectra for camphor-bound P450cam cyanide adduct and the simulated difference spectra. The absolute spectra
in H,O and DO and the difference spectrum 4Bl — D,O) are shown in the insert.

conformer of the camphor-bound native enzyme arises from, fragment. However, it is not unreasonable to suggest that the
and is thus oriented toward, this potential H-bond donor, it is presence of the negatively charged axial cyanide ligand may
expected that the modes of this conformer might, but not attract this additional active-site water molecule such that it
necessarily? be sensitive to H/D exchange. The side chain of assumes a position sufficiently close to H-bond to the FeCN
the Thr252 is expected to be a weaker H-bond donor than waterfragment, thereby accounting for the H/D sensitivity observed
and, in the absence of definitive evidence for the presence of afor the linear form.

water molecule in the active site of the camphor-bound native

enzyme, the lack of an H/D shift suggests that the bent Conclusions

conformer interacts with the off-axis Thr252.

In contrast to the native enzyme, the camphor-bound deriva-
tives of both mutant proteins exhibit shifts for both conformers
in D2O. In the case of the D251N mutant, the observe®H
D,O sensitivity of the modes of both conformers is quite
reasonable to expect, given the fact that this particular replace-
ment apparently leads to the inclusion of a larger number of
water molecules in the active site of the camphor-bound férm;
that is, the active site apparently contains a sufficient number
of waters to account for interaction with both conformers. In
the case of the T252A mutant, the crystal structure shows that
two water molecules have direct access to the active site (W720
and W687 in ref 10). While the former molecule is apparently
held in a position disposed to interact with a bent FeCN
conformer (by association with Thr252), the latter lies at a
distance too far removed to interact directly with a linear FeCN

The resonance Raman spectral data for the cyanide adducts
cytochrome P450 cam and its T252A and D251N site-directed
mutants reveal the presence of two structurally distinct species
in both the substrate-free and camphor bound forms; one
contains an essentially linear FeCN fragment, while the other
exhibits a vibrational pattern characteristic of a highly bent
configuration. Careful analysis of the difference patterns
obtained upon subtraction of the spectra acquired for the adducts
of various cyanide isotopomers demonstrates that, for the
substrate-free adducts, the lower frequency internal mode of the
FeCN fragment of the bent conformer is vibrationally coupled
with internal modes of the heme macrocycle, while no such
coupling is evidenced for the camphor-bound adducts. A
plausible explanation for this behavior is the expected difference
in the orientation of the FeCN fragment of the bent conformers
in the two cases; that is, the FeCN fragment is oriented toward

(43) Jayarajah, S.; Proniewicz, L. M.; Bronder, H.; Kincaid, JJ FBiol. the Threonine-252 residue in the camphor-bound forms, but
Chem 1994 269, 31047-31050. toward the opposite side of the heme in the substrate-free
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adducts. While the site mutations have only small effects on interpreted to reflect the known increase in active-site water
the vibrational parameters of the FeCN fragments, in agreementmolecules in the mutants, relative to the native protein.

with corresponding data obtained for the ferrous CO adducts,
such mutations do affect the .8/ D,O sensitivity of the . .
vibrational modes of the FeCN fragments in the camphor-bound gz:;g;glsgntsct)ltgtzoé I;Iealth (DK35153 to J.R K. and GM33775,
forms; that is, HO/ D,O shifts are observed for the mutants, e

but not for the native protein. Such shifts are most reasonably JA001517D
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