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ABSTRACT Surface-enhanced resonance Raman scattering (SERRS) of substrate-free and substrate-bound forms of the
P450 domain of cytochrome P450 BM3 are reported and assigned. Substrate-free P450 yields mixed spin heme species in
which the pentacoordinate high-spin arrangement is dominant. The addition of laurate or palmitate leads to an increase in
high spin content and to an allosteric activation of heme mode �29, which is sensitive to peripheral heme/protein interactions.
Differences between laurate and palmitate binding are observed in the relative intensities of a number of bands and the
splitting of the heme vinyl modes. Laurate binding to P450 results in different protein environments being experienced by each
vinyl mode, whereas palmitate binding produces a smaller difference. The results demonstrate the ability of SERRS to probe
substrate/prosthetic group interactions within an active site, at low protein concentrations.

INTRODUCTION

The cytochrome P450 monooxygenase (P450) superfamily
of hemoprotein enzymes catalyzes the oxidation of a wide
variety of organic molecules in both prokaryotic and eu-
karyotic organisms (Porter and Coon, 1991; Ortiz de Mon-
tellano, 1986). P450s have numerous physiological roles,
including the metabolism of steroids and fatty acids (Ortiz
de Montellano, 1986). Cytochrome P450 BM3 (CYP102)
from Bacillus megaterium holds a unique position in the
P450 superfamily. It is the only known prokaryote or eu-
karyote P450 system that is catalytically self-sufficient,
possessing the heme-containing P450 domain (isolated cy-
tochrome P450-linked monooxygenase domain of P450
BM3) (N-terminal) fused to the flavin-containing reductase
domain (C-terminal) in a single 119-kDa polypeptide (Narhi
and Fulco, 1986). It is also the only known bacterial P450
that utilizes a single NADPH-dependent reductase system
similar to microsomal systems.
The cyp102 gene and its subgenes encoding the separate

domains have been cloned, sequenced (Narhi and Fulco,
1986, 1987), and overexpressed in Escherichia coli (Narhi
and Fulco, 1987; Miles et al., 1992). All proteins have been
purified to homogeneity. The high primary structure homol-
ogy with mammalian P450 fatty acid hydroxlases and the
availability of the crystal structure of the P450 domain
(Ravichandran et al., 1993) make P450 BM3 the most

appropriate model for eukaryotic microsomal P450 systems
(Ravichandran et al., 1993; Hasemann et al., 1995).
The heme is ligated on the proximal face by a cysteine

(Cys400) and on the distal face by a weakly bound water
molecule (Ravichandran et al., 1993; Hasemann et al.,
1995), creating a low-spin hexacoordinated ferric center.
Distal face access can only occur along a long hydrophobic
channel that has been shown to be the substrate binding site
(Ravichandran et al., 1993). Recent NMR studies on the
binding of lauric acid to the P450 domain of P450 BM3
indicate that the substrate is located at an unusually long
distance from the heme iron (Modi et al., 1995). NMR of
reduced P450 suggests that substrates are positioned 6 Å
closer to the ring than oxidized P450 and indicates that
substantial structural change occurs upon heme reduction to
move the substrate closer to the heme iron (Modi et al.,
1996).
The ability to isolate the heme-containing P450 domain

of P450 BM3 in high purity opens the way for detailed
analysis of the active site. In this paper we have utilized
surface-enhanced resonance Raman scattering (SERRS) to
analyze the interaction of fatty acid substrates within the
heme domain of P450 BM3. SERRS retains the molecular
specificity of resonance Raman and increases the scattering
efficiency by coupling the oscillating electric field of inci-
dent and scattered light with surface waves of electrons on
roughened metal (e.g., Au, Ag, or Cu) surfaces (Creighton,
1988; Weitz et al., 1986; Otto et al., 1992). Experimentally
observed enhancement factors as large as 104 over reso-
nance Raman have been obtained from chromophores ad-
sorbed on silver colloids or electrodes (Hildebrandt and
Stockburger, 1986, 1989), enabling more dilute solutions to
be probed.
The interpretation of the SERRS data has been aided by

normal coordinate analyses of porphyrin model compounds
(Abe et al., 1978), labeling studies of heme proteins (Hu et
al., 1993), and comparative resonance Raman data from
mammalian (Hildebrandt, 1991; Hildebrandt et al., 1989)
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and bacterial cytochromes-P450 (Hildebrandt and Stock-
burger, 1986; Wells et al., 1992; Uno et al., 1985). In
addition to information on the oxidation, spin, and ligation
state of the heme, SERRS indicates subtle structural distor-
tion of the heme on substrate binding. These effects have
not been detected by circular dichroism or UV/visible spec-
troscopy (Macdonald et al., 1996).

MATERIALS AND METHODS

Cytochrome P450 BM3 (P450 domain)
preparation

Plasmid construction, gene expression, and protein purification have been
extensively described in a previous publication (Miles et al., 1992). Bac-
terial transformations and other molecular techniques used standard meth-
ods that are outlined in other publications (Narhi and Fulco, 1986, 1987;
Miles et al., 1992).

Spectrophotometric protein and enzyme assays

The UV/visible spectra were obtained on a Shimadzu 2101 spectropho-
tometer (Shimadzu Corporation, Kyoto, Japan). Protein concentrations
were determined using the methods of Bradford (1976) and by the BCA
technique (Smith et al., 1985), with bovine serum albumin as standard.
Cytochrome P450 concentrations were estimated by the method of Omura
and Sato (1964), using � � 91 mM�1 cm�1 at 450 nm for the ferrous/CO
heme adduct.

Colloid preparation

Colloidal silver was prepared according to a modified Lee and Meisel
method (Lee and Meisel, 1982). The procedure has been extensively
described in a recent publication (Macdonald and Smith, 1996). The
prepared suspensions of small colloidal particles (typical diameter 30–35
nm) were stable for a minimum of 3 months.

Sample protocol

Fresh samples of the P450 domain of CYP102 were prepared in 100 �l of
100 mM sodium phosphate (Fisons, Analar grade) buffer (pH 7.5), giving
a protein concentration of 20–40 �M. Ten to twenty microliters of freshly
prepared protein solution was then added to 290–280 �l of ice-cold 100
mM phosphate buffer (pH 5.8), and the solution left was on ice for 15 min.
This solution was added to 2 ml of cooled silver colloid and incubated on
ice. Thirty-five microliters of a fresh 1% w/v L-ascorbic acid (�99%;
Sigma) solution was added, initiating aggregation of the colloid. The final
sample concentration of P450 domain was maintained at �1.7 � 10�7 M.
Insertion into a compartment with circulating coolant (iced water) main-
tained the sample temperature at 2–6°C throughout the Raman measure-
ment process.

Sample: fatty acid preparation

Cytochrome P450 BM3 substrates palmitic acid (�99%; Sigma) and
sodium laurate (�99%; Sigma) were routinely prepared as 75 mM and 150
mM methanolic solutions. Substrate addition was performed by two dif-
ferent methods. One was simple addition of cooled methanolic (substrate)
solution to the aggregated protein sample, prepared as described above.
The other procedure involved the addition of 15 �l of the fatty acid
solutions to protein dissolved in 300 �l of mixed 100 mM phosphate
buffers (see above). This solution was added to 2 ml of cooled Ag colloid
and aggregated with 45 �l of 1% w/v L-ascorbic acid.

Raman collection

Spectra-Physics argon ion (2020/2045) continuous-wave lasers provided
50 mW or 40 mW of 457.9-nm and 514.5-nm excitation. Data acquisition
and analysis equipment have been described elsewhere (Macdonald and
Smith, 1996). A scanning rate of 1 cm�1 s�1 was used, and slit widths of
5 cm�1 (457.9 nm) and 3.6 cm�1 (514.5 nm), leading to a resolution of 2
cm�1, were set unless indicated otherwise. Unless stated otherwise,
SERRS spectra were recorded 30 min after initial aggregation.

RESULTS

Substrate-free P450 domain

SERRS of the substrate-free P450 domain were recorded
using 457.9-nm (Fig. 1 A) and 514.5-nm (Fig. 1 B) excita-
tion. Assignments and peak positions for the frequency
region 1300–1700 cm�1 are presented in Table 1. Spin state
marker bands (�10, �3, �2, �11) indicate the presence of
mixed spin species for the heme protein on the colloidal
surface. A band at 1493 cm�1 (Fig. 1 A) assigned to �3 is
consistent with a five-coordinate, high-spin (5chs) species.
The breadth of the peak and the high energy shoulder at
1502 cm�1 indicate the presence of some six-coordinate,
low-spin (6cls) species, but the dominant surface species is
pentacoordinate. This is confirmed by the relatively low
energy recorded for the �2 mode at 1572 cm�1. The ferric
nature of the porphyrin macrocycle is confirmed by �4 at
1372 cm�1. With Q-band excitation (514.5 nm), apprecia-
ble SERRS enhancement of nontotally symmetrical modes
occurs. The appearance of a B2g mode, �29 at 1400 cm�1

(Hildebrandt and Stockburger, 1986), is a notable feature
(see Table 1).

Substrate-bound P450 domain

The addition of laurate or palmitate to the P450 domain
adsorbed on the surface was followed by measuring the
�29/�4 ratio with time. There was gradual change over a
period of 2 h. The results are presented for 514.5-nm exci-
tation in Table 2. The SERRS intensity of �29 increased
relative to �4 with 514.5-nm excitation until the �29 band
intensity eventually obtains an intensity similar to that of �4.
An equilibrium was achieved after �2 h. Thereafter, the
ratio remains constant. Photoinduced decomposition is
ruled out, as the sample was removed after each scan (514.5
nm; 40 mW), and similar results were obtained with differ-
ent illumination times. The frequencies of other bands for
this time-dependent study supported further conversion to
5chs, consistent with substrate binding within the channel.
SERRS spectra were recorded 30 min and 60 min after
initial aggregation following the addition of substrate to the
P450 domain in solution, and adsorption of the P450/sub-
strate complex on the surface. They were found to be
identical and similar to the final results from the previous
experiment. This indicates that the kinetics are slow on the
surface, but the final effect of adsorbed laurate and palmi-
tate is to alter the �29/�4 ratio. Because a much faster
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equilibrium occurs when the P450/substrate complex is
preformed in solution and then added to the surface, all
other spectra were taken by this approach (Figs. 2 and 3).
They were recorded 30 min after aggregation to ensure that
the aggregation process was stable. The spectra represent
the final equilibrium state for the P450/substrate complex.
SERRS for laurate- and palmitate-bound P450 complexes

prepared in solution and the complex adsorbed on the sur-
face are presented in Fig. 2. For laurate-bound protein (Fig.
2 A), the absence of a high-energy shoulder for �3 and the
disappearance of the 1637 cm�1 (�10) band confirm a fur-
ther shift in the 6cls-5chs equilibrium toward the high-spin
species upon laurate binding. The oxidation state marker
band �4 remains at 1372 cm�1. Poorly resolved vinyl scis-
soring (1410 and 1433 cm�1) and stretching modes (1620–
1630 cm�1) are apparent, as is a formally Raman forbidden
(Eu) mode, with �38 present as a shoulder at �1592 cm�1

(Abe et al., 1978).
The palmitate-bound P450 domain (Fig. 2 B) gave

SERRS that were similar but not identical to those of the
laurate-bound form. All of the major in-plane bands (�3, �2,
�10) have frequencies identical to that of laurate and are
illustrative of a 5chs heme species. The frequency of �4
remains unaltered at 1372 cm�1.

Analysis of the 1000–1300 cm�1 region

SERRS was recorded for the substrate-free (Fig. 3 A),
laurate-bound (Fig. 3 B), and palmitate-bound (Fig. 3 C)
P450 domain in the frequency region 1000–1300 cm�1.
Two bands at 1170 cm�1 (�30) and 1132 cm�1 (�22) were
observed for adsorbed substrate-free P450. In addition to
these two modes, SERRS of laurate-bound P450 gives
bands at 1064 cm�1 (a ring methyl mode), 1087 cm�1

(vinyl rocking deformation), and a split vinyl deformation
or “cis” CH wag (1010 cm�1; 1020 cm�1). Palmitate-bound
protein gives the “cis” CH wag vinyl mode at 1008 cm�1

and the methyl mode at 1065 cm�1. Assigned bands are
tabulated in Table 1.

UV/visible spectroscopy

Spectra of substrate-free and palmitate-bound P450 domain
are presented in Fig. 4. The native protein has a large Soret
absorbance band at 419 nm and �Q bands at 570 nm (Q0)
and 535 nm (Q1). Upon substrate binding, the Soret band
shifts to 390 nm, characteristic of a high-spin protein, and
the Q bands merge, creating a single band at �550 nm. A
dissociation constant of �1 �M has been reported for this
fatty acid (Miles et al., 1992).

DISCUSSION

The surface-enhanced Raman scattering (SERS)-active sub-
strate has to be carefully prepared to maintain protein in-
tegrity (Rospendowski et al., 1991). The colloid surface is

FIGURE 1 SERRS of P450 domain. (A) Recorded using 457.9-nm ex-
citation (50 mW) at a final protein concentration of 3.12 � 10�7 M. (B)
Recorded using 514.5-nm excitation (50 mW) at 3.05 � 10�7 M. Both
were recorded 30 min after ascorbic acid-induced aggregation.
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coated with a polymeric citrate layer, leaving residual un-
complexed carboxylate groups that provide a negatively
charged surface for protein adsorption (Munro et al., 1995).
Computer modeling of the protein based upon the crystal
structure coordinates indicates two positively charged sur-
face areas at physiological pH. The region most likely to be
involved in surface binding from an electrostatic viewpoint
has nine lysine and histidine residues. These are His38,
Lys59, Lys94, Lys97, His100, Lys113, His236, Lys306, and
His408. The other region, which appears less favorable,
involves Lys9, Glu13, Lys15, Lys24, Lys41, Glu43, Lys76,

Arg79, Asp80, and Lys187. However, if the latter area were
adsorbed, some residues on the surface of the protein at the
opening of the substrate binding pocket would be involved
in the adsorption to the colloid, preventing substrate bind-
ing. The fact that substrates do bind to the adsorbed protein
supports the modeling predictions and suggests that the
former region is bound to the surface. It should be noted
that, as a degree of protein unfolding occurred at submono-
layer coverage for cytochrome c (Macdonald and Smith,
1996), the protein/surface coverage of the P450 was main-
tained at or above monolayer coverage. Under these condi-
tions, van der Waals forces from protein/surface and pro-
tein/protein contacts will also be important in determining
the structure of the assembly of adsorbed proteins and the
kinetics of substrate binding.

Substrate-free P450 domain

The relatively low frequencies of spin-state-sensitive modes
such as �2 (1572 cm�1) and �3 (1493 cm�1) are typical of
tetrapyrrole expansion (Partharasathi et al., 1987) and are
consistent with the pattern of a dominant high-spin penta-
coordinate heme adsorbed on the surface. UV/visible ab-
sorption studies (see Fig. 4) indicate a 6cls configuration for
the protein in solution (Miles et al., 1992). Thus surface
adsorption of the protein has altered the 6cls-5chs equilib-
rium compared to that of the protein in suspension in buffer.
This change is easily effected in this protein, which exists in
solution as a spin equilibrium in any case, and it does not

TABLE 1 Vibrational assignments between 1000 and 1700 cm�1 for the substrate-free P450 domain, with 514.5-nm and 457.9-
nm excitation (50 mW), and the laurate-bound and palmitate-bound P450 domain with 457.9-nm excitation (50 mW)

Vibrational nomenclature*

514.5-nm excitation 457.9-nm excitation

Substrate-free P450
domain/cm�1

Palmitate-bound
P450 domain/cm�1

Laurate-bound P450
domain/cm�1

�10 1638 [6cls] 1637 [6cls]
�CAC

# 1622; 1628sh 1628; 1621sh 1628; 1621 1628; 1621sh
�37 1597 1591 1592
�19 1581 [6cls]; 1572sh [5chs]
�2 1572 [5chs] 1570 [5chs] 1570 [5chs]
�11 1565 [6cls]
�38 1534
�3 1502 [6cls]; 1493 [5chs] 1493 [5chs] 1493 [5chs]

1465
�ACH2 1434; 1410sh 1433; 1410 1435
�29/(�20)§ 1400 1400 1400
�4 1372 1372 1372 1372
�21 1307
�13 1230 — —
�30 1170 1171 1170
�22 1132 1129 1129
�asACH2; �CH3 �1090 1089 1087
�CH3 — 1065 1064
�23 — 1038 —
�asACH2 — 1008 1020; 1010

5chs, Five-coordinate, high-spin hemoprotein; 6cls, Six-coordinate, low-spin hemoprotein.
* Adopted from Abe et al. (1978).
#5chs contribution of �10 expected at �1625 cm�1 hidden under vinyl stretching region.
§ Band at 514.5 nm is attributed to �29.

TABLE 2 Monitoring substrate-induced relative
enhancement of �29 with respect to �4 over time, using 3.12 �
10�7M P450, which was preadsorbed before substrate
addition to the silver surface

Time (min)
�29/�4 SERRS
Intensity ratio

30* 0.43
60# 0.62
90§ 0.68
120¶ 0.97

* With no substrate 30 min after aggregation.
# With addition of palmitic acid (1.44 � 10�3M final concentration) 30
min thereafter.
§ After a further 30 min.
¶ Two hours after aggregation.
Exciting line 514.5 nm; 40 mW. The signal was stable after �2 h, and
spectra were virtually identical to those obtained from P450/substrate
complexes preaggregated in solution.
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imply any extensive denaturation. The change is probably
attributable to the influence of packing and the electrical
double layer.
Confirmation of the presence of undenatured P450 from

UV/visible absorption spectroscopy of the protein adsorbed
to colloid cannot be obtained because the high extinction
coefficient of the small metal particles (Mulvaney, 1996)
dominates the spectrum, even for multiple layers of ad-
sorbed protein. However, the SERRS evidence is strong.
The broad band at 349 cm�1, assigned to the thioether Fe-S
stretch (Champion et al., 1982) and �8, indicates that liga-
tion of the distal face by cysteine (Cys400) is maintained
upon surface adsorption of the protein. The band is weak
because with 457.9-nm or 514.5-nm excitation, it is pre-
resonant with a charge transfer transition rather than with
the porphyrin ring transitions. The presence of the Fe-
Cys400 stretch effectively rules out extraction of the heme
from the protein matrix. The possibility of formation of the
inactive mode of P450 (P420) is ruled out by the alteration
of the frequency of �3 upon substrate or inhibitor binding.

Furthermore, the 6cls-to-5chs conversion induced by fatty
acid binding noted for the P450 domain of P450 BM3 is
consistent with native and active P450. Champion and co-
workers (see Hildebrandt, 1991) found that the spin-state-
sensitive marker bands �2 and �3 of P420 CAM, as opposed
to active P450 CAM, were unaltered upon substrate bind-
ing. A 6cls form of the P450 domain has recently been
reported for the binding of metyrapone (an inhibitor) in the
absence or presence of palmitate (Macdonald et al., 1996).
Further SERRS studies have shown the sensitivity of the
broad proximal Fe-Cys400 �8 stretch to the electron donating
properties of different inhibitors and a large downshift in the
frequency of �4 for reduced protein (unpublished results).
This is indicative of reduced P450, not reduced P420 ad-
sorbed on the colloidal substrate (Hildebrandt et al., 1988).
All of the above evidence supports the presence of native
P450 domain adsorbed on the colloidal surface, ruling out
major distortion of the substrate binding pocket containing
the active site.
Evidence for two structurally different vinyl groups for

substrate-free P450 is indicated by the splitting patterns for

FIGURE 2 SERRS spectra of substrate P450 domain. The complex was
formed before adsorption on the surface. (A) 2.99 � 10�7 M P450 in the
presence of 9.71� 10�4 M sodium laurate. (B) 1.19� 10�7 M P450 in the
presence of 4.04� 10�4 M palmitic acid. SERRS spectra were recorded 30
min after aggregation. 457.9-nm excitation (50 mW).

FIGURE 3 SERRS spectra (1000–1300 cm�1) of P450 domain (A)
substrate free (3.12 � 10�7 M), (B) with sodium laurate (2.99 � 10�7 M
protein: 9.71 � 10�4 M laurate), and (C) with palmitic acid (1.19 � 10�7

M P450: 4.04� 10�4 M substrate). All spectra were recorded 30 min after
aggregation. 457.9-nm excitation (50 mW).
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vinyl modes (Fig. 1). The vinyl in-plane symmetrical CH
deformation or scissoring motion (Choi et al., 1982a,b) is a
doublet at 1433 cm�1 and 1410 cm�1, and the poorly
resolved vinyl stretching 1620–1630 cm�1 region may also
suggest the presence of two bands, arising from one vinyl
substituent coplanar with the heme ring (1621 cm�1) and
one tilted with respect to the ring (1628 cm�1). The reso-
lution is poor, but this spectrum has been obtained on a
number of occasions, and the features are reproducible.

Substrate-bound P450 domain

Enhancement of the �29/�20 band

An increase in the relative SERRS intensity of the 1400
cm�1 band assigned to �29/�20 modes was observed for both
laurate-bound and palmitate-bound P450 (Fig. 2 B). This is
attributed to substrate-induced effects on the porphyrin and
not to the symmetrical carboxylate stretch of the fatty acid
substrates at 1401 cm�1. There are two reasons for our
assignment. A previous publication has analyzed SERS data
from palmitic acid (Suh, 1992). Only after employing harsh
chemical conditions was the author able to achieve partial
adsorption of palmitate to bare and unprotected (Creighton)
silver colloid (Suh, 1992). For the colloid used in our study,
it has been shown that a negatively charged polymeric
matrix of citrate moieties coats the silver surface (Munro et
al., 1995). This adsorbed polymeric layer is stable and is not
likely to be replaced by a negatively charged long-chain
fatty acid anion, nor is such an anion likely to bind. No
SERS of palmitic acid was observed when palmitic acid was
added in the absence of protein, under otherwise identical
experimental conditions. In addition, palmitic acid adsorbed
to bare silver has additional bands, including strong bands at
928 cm�1 and 288 cm�1, attributable to a C-COO� stretch
and an “accordion mode” overtone of the hydrophobic
chain, respectively, which are not observed. The selection

rules for SERS (Creighton, 1988; Weitz et al., 1986) indi-
cate that, as well as the 1401 cm�1 mode, at least some of
these modes must have SERS intensity, irrespective of the
orientation of palmitic acid. None was observed in this case.
Moreover, the enhancement due to SERRS is much greater
than that due to SERS, with the result that none of the
groups on the protein surface that adsorb to the silver give
any appreciable SERS activity. The sensitivity of this mode
to changes in the environment has been observed previously
for cytochrome c in the absence of substrate (Macdonald et
al., 1996). Thus it is very likely that the assignment made is
correct, and the band at 1400 cm�1 is attributable to the
heme vibrations and is not due to SERS from silver surface
bound substrate. Both �29 and �20 involve displacements of
peripheral methylene substituents as well as Fe-pyrrolic
nitrogens, and are therefore particularly sensitive to alter-
ations of the periphery of the heme ring close to the vinyl
environment (Choi et al., 1982b). Highly homologous
P450s (97% sequence homology) exhibit markedly different
intensities for the 1400 cm�1 band (Wolf et al., 1988). This
effect was attributed to slightly different protein alignments
inducing a subtle change in the electronic structure of the
heme. Fatty acid substrates for the P450 domain of P450
BM3 are positioned against the rigid �-sheet and stabilized
by favorable van der Waals forces from hydrophobic resi-
dues (Li and Poulos, 1997). An allosteric mechanism in-
volving protein structural realignments relative to the heme
periphery upon substrate binding seems the most likely
reason for the enhancement of the 1400 cm�1 band. This is
is supported by the recently published crystal structure of
substrate (palmitoleate)-bound P450 domain (Li and Pou-
los, 1997). This indicates movement of the amino acid
residues in the I helix near the heme to accommodate a
proposed oxygen-binding site. Thus, because the 5chs con-
figuration of the heme ring predominates in the substrate-
free protein adsorbed to the colloidal surface, the enhance-
ment of the 1400 cm�1 mode is an excellent marker band
for protein structure changes that influence the heme in the
binding pocket.
After addition of the substrate to a suspension of colloid

coated with adsorbed protein, the �29/�4 ratio obtained from
SERRS with 514.5-nm excitation (see Table 2) changed
slowly over time. Thus substrate binding to P450 pre-
absorbed on the surface occurs releatively slowly. This is
consistent with reduced substrate accessibility to the sub-
strate binding channel, because of packing and binding to
the silver. However, the same final time-stable intensity
ratio is obtained either from substrate addition to adsorbed
protein, or from substrate addition to protein solution fol-
lowed by surface adsorption. The effect is similar in mag-
nitude for both palmitate- and laurate-bound protein.
The broadening in the �2 region on laurate addition to the

P450 domain is consistent with water expulsion from the
active site upon substrate binding. The width of the band at
1570 cm�1 assigned as �2 is increased by �45% after the
addition of the substrate. An explanation for broadening

FIGURE 4 UV/visible absorption spectra after the addition of sodium
palmitate (0–20 �M) to the heme domain of cytochrome P450 BM3 (1
�M).
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based on this type of behavior has been detailed in a
previous publication (Hildebrandt et al., 1989).

Palmitate-bound P450 domain

For palmitate-bound P450, notable differences from laurate-
bound protein are seen in the sharpening of bands and in the
changes in relative intensity. The sharp and intense �3 band
indicates the presence of only the high-spin form, and
because this band has significant displacements on the outer
heme ring, the sharpness suggests a relatively strain-free
environment. The intensity ratio of the bands at 1400 cm�1

and 1372 cm�1 lies between those of the substrate-free and
laurate-bound forms, indicating a different, less strained
configuration compared to laurate. Other relative intensity
differences between palmitate and either substrate-free or
laurate-bound P450, including Eu modes (Abe et al., 1978),
occur throughout the 1000–1700 cm�1 region. For exam-
ple, there are clear changes in �3 relative intensity and in the
bands in the 1600 cm�1 region. These reflect subtle struc-
tural alteration to the heme pocket, causing a change in the
heme scattering through the allosteric effect and/or slight
orientational realignment of the protein on the surface.

Analysis of 1000–1300 cm�1 region

Most of the bands in the 1000–1300 cm�1 region originate
from porphyrin modes and include large contributions from
substituent groups (Choi et al., 1982a,b; Abe et al., 1978;
Hu et al., 1993). Indeed, previous studies have suggested
that this region may provide a “fingerprint” for specific
heme-protein interactions (Hildebrandt, 1991; Wolf et al.,
1988; Rospendowski et al., 1991). The vibrational frequen-
cies and relative intensities of vinyl in-plane and out-of-
plane deformations (Choi et al., 1982a,b; Abe et al., 1978;
Hu et al., 1993) are particularly sensitive to subtle structural
distortion of the heme environment, mirroring substrate-
induced protein interactions within the hydrophobic chan-
nel. In the presence of substrate, marked changes occur in
this region of the SERRS spectrum.
For laurate-bound P450 (Fig. 3 B), the “cis” CH wag is

broad and has two poorly resolved maxima (1010 cm�1,
1020 cm�1), suggesting two structurally different protein
environments for vinyl substituents. The substrate forms
van der Waals contacts with hydrophobic residues in the
channel (e.g., Leu437, Met185), inducing an allosteric mech-
anism to affect the immediate protein environment around
each vinyl group. The palmitate-bound P450 (Fig. 3 C)
1000–1300 cm�1 region shows a sharper vinyl band at 1008
cm�1. This indicates that the two vinyl groups experience a
similar environment. These and previous observations indi-
cate greater vinyl asymmetry of the laurate-bound P450
domain than in the case for the palmitate-bound domain.
The differing effects of the vinyl environments in the

presence of laurate or palmitate may be related to their
differing binding affinities within the pocket. Palmitate has

a much lower Kd than laurate (�1–2 �M compared to�100
�M). Palmitate and laurate are tethered via their carboxylate
groups to the amino acid residue Arg47 within the binding
channel (Ravichandran et al., 1993). If it is assumed that the
hydrophobic tail of palmitate has a binding position similar
to that identified for laurate by NMR studies (Modi et al.,
1995), the remaining four terminal methylene groups for
palmitate would adopt a position closer to the heme ring.
NMR data have positioned the terminal carbon on the
laurate chain 0.76 nm above the ring (Modi et al., 1995).
The effect of the additional methylene groups would be to
alter the immediate protein environment around the vinyl
groups on pyrrole rings B and C. This results in the vinyl
group on ring B having a microscopic environment similar
to that of the vinyl mode on ring C, yielding sharp SERRS
bands. Structural realignment around the vinyl regions is
supported by the recently published crystal structure of the
substrate-bound P450 domain (Li and Poulos, 1997). Amino
acid realignment in helix I in relation to the substrate-free
case alters the environment around the heme and creates a
postulated oxygen binding site. Fig. 5 gives a diagrammati-
cal representation of the protein environment around the
vinyl-containing pyrrole rings B and C. Some amino acids
proximal to each vinyl group have been omitted from the
illustration to aid clarity. The vinyl group on ring C is

FIGURE 5 Illustration of amino acid environments around each vinyl
substituent on the heme macrocycle of P450 domain BM3.
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influenced by amino acids such as Phe107 and Ile153. The
vinyl substituent on ring B has a local environment influ-
enced by proximal amino acids such as Thr268.

CONCLUSIONS

The addition of laurate or palmitate to the heme domain of
cytochrome P450 BM3 leads to an allosteric activation of
the heme band at 1400 cm�1, which is mostly attributable to
�29, and which is sensitive to peripheral contacts of heme/
protein within the substrate binding pocket. Surface-ad-
sorbed substrate-free P450 BM3 is predominantly a five-
coordinate heme species with some six-coordinate protein
present. Further heme conversion to a pentacoordinate spe-
cies upon substrate addition coupled with band narrowing
confirms the presence of substrate within the binding pocket
and the removal of water from the active site. Specific
differences between the nature of laurate and palmitate
binding have been observed in the splitting patterns of the
ring substituent vinyl modes. Laurate binding gives differ-
ent protein environments for each vinyl group, leading to
the observation of vinyl mode doublets. However, palmitate
binding to P450 creates similar protein environments for the
vinyl groups, which is reflected in a single signal observed
for the vinyl vibration at 1008 cm�1. These differences
result from the binding characteristics of each fatty acid
hydrophobic tail within the substrate binding pocket. These
differences have not been observed with circular dichroism
or UV/visible spectroscopies (Macdonald et al., 1996), nor
have they been reported by researchers using other tech-
niques. This indicates the validity of using SERRS to probe
substrate/heme interactions within an active site at low
protein concentrations. Vinyl splitting patterns may provide
a useful probe for the “neatness of fit” of substrates within
the active site of P450 BM3.

Mr. Wai-Yan Wan of the Institute of Biological and Life Sciences, Protein
Crystallography section of the Department of Chemistry at the University
of Glasgow, is thanked for aiding in the production of the protein diagram.
We thank Dr. Luca Quaroni for experimental assistance with the SERS of
palmitate.

Gratitude is expressed to the Wellcome Trust for providing a studentship to
IDGM (ref. no. 03879/z/93/z). AWM holds a Royal Society of Edinburgh
Caledonian Fellowship.

REFERENCES

Abe, M., T. Kitagawa, and Y. Kyogoku. 1978. Resonance Raman spectra
of octaethylporphyrinato-Ni(II) and meso-deuterated 15N substituted de-
rivatives. II. A normal coordinate analysis. J. Chem. Phys. 69:
4526–4534.

Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Anal. Biochem. 72:248–254.

Champion, P. M., B. R. Stallard, G. C. Wagner, and I. C. Gunsalus. 1982.
Resonance Raman detection of an Fe-S bond in cytochrome P450cam.
J. Am. Chem. Soc. 104:5469–5472.

Choi, S., T. G. Spiro, K. C. Langry, and K. M. Smith. 1982a. Vinyl
influences on protoheme resonance Raman spectra: nickel (II) protopor-

phyrin IX with deuterated vinyl groups. J. Am. Chem. Soc. 104:
4337–4344.

Choi, S., T. G. Spiro, K. C. Langry, K. M. Smith, D. L. Budd, and G. N.
La Mar. 1982b. Structural correlations and vinyl influences in resonance
Raman spectra of protoheme complexes and protein. J. Am. Chem. Soc.
104:4345–4351.

Creighton, J. A. 1988. The selection rules for surface-enhanced Raman
spectroscopy. In Spectroscopy of Surfaces. R. J. H. Clark, and R. E.
Hester, editors. Wiley, New York. 37–89.

Hasemann, C. A., R. G. Kurumbail, S. S. Boddupalli, C. A. Hasemann,
J. A. Peterson, and J. Deisenhofer. 1995. Structure and function of
cytochromes P-450—a comparative analysis of 3 crystal structures.
Structure. 3:41–62.

Hildebrandt, P. 1991. In Relationships between Structure and Function of
Cytochromes P-450: Experiments, Calculations and Models. K. Ruck-
paul and H. Rein, editors. Academie-Verlag, Berlin. 166–215.

Hildebrandt, P., R. Greinert, A. Stier, M. Stockburger, and H. Taniguichi.
1988. Surface enhanced resonance Raman study of phenobarbital-
induced rabbit liver cytochrome P-450 LM2. FEBS Lett. 227:76–80.

Hildebrandt, P., R. Grienert, A. Stier, and H. Taniguichi. 1989. Resonance
Raman study on the structure of the active sites of microsomal cyto-
chromes P-450 isozymes LM2 and LM4. Eur. J. Biochem. 186:291–302.

Hildebrandt, P., and M. Stockburger. 1986. Surface-enhanced resonance
Raman spectroscopy of cytochrome c at room and low temperatures.
J. Phys. Chem. 90:6017–6024.

Hildebrandt, P., and M. Stockburger. 1989. Cytochrome c at charged
interfaces. 1. Conformational and redox equilibria at the electrode/
electrolyte interface probed by surface-enhanced resonance Raman spec-
troscopy. Biochemistry. 28:6710–6721.

Hu, S., I. K. Morris, J. P. Singh, K. M. Smith, and T. G. Spiro. 1993.
Complete assignment of cytochrome c resonance Raman spectra in
enzymatic reconstitution with isotopically labeled hemes. J. Am. Chem.
Soc. 115:12446–12558.

Lee, P. C., and D. Meisel. 1982. Adsorption and surface-enhanced Raman
of dyes on silver and gold sols. J. Phys. Chem. 86:3391–3395.

Li, H., and T. L. Poulos. 1997. The structure of the cytochrome p450BM-3
haem domain complexed with the fatty acid substrate, palmitoleic acid.
Nature Struct. Biol. 4:140–146.

Macdonald, I. D. G., and W. E. Smith. 1996. The orientation of cytochrome
c adsorbed on a citrate-reduced silver colloid surface. Langmuir. 12:
706–713.

Macdonald, I. D. G., W. E. Smith, and A. W. Munro. 1996. Inhibitor/fatty
acid interactions with cytochrome P-450 BM3. FEBS Lett. 396:
196–200.

Miles, J. S., A. W. Munro, B. N. Rospendowski, W. E. Smith, J. McKnight,
and A. J. Thomson. 1992. Domains of the catalytically self-sufficient
cytochrome P-450 BM3—genetic construction, overexpression, purifi-
cation and spectroscopic characterisation. Biochem. J. 288:503–508.

Modi, S., W. U. Primrose, J. M. B. Boyle, C. F. Gibson, L. Y. Lian, and
G. C. K. Roberts. 1995. NMR studies of substrate binding to cytochrome
P450 BM3: comparisons to cytochrome P450 cam. Biochemistry. 34:
8982–8988.

Modi, S., M. J. Sutcliffe, W. U. Primrose, L. Y. Lian, and G. C. K. Roberts.
1996. The catalytic mechanism of cytochrome P-450 BM3 involves a 6
Å movement of the bound substrate upon reduction. Nature Struct. Biol.
3:414–417.

Mulvaney, P. 1996. Surface plasmon spectroscopy of nanosized metal
particles. Langmuir. 12:788–800.

Munro, C. H., W. E. Smith, M. Garner, J. Clarkson, and P. C. White. 1995.
Characterisation of the surface of a citrate-reduced colloid optimal for
use as a substrate for surface-enhanced resonance Raman scattering.
Langmuir. 11:3712–3720.

Narhi, L. O., and A. J. Fulco. 1986. Characterisation of a catalytically self-
sufficient 119,000 Dalton cytochrome P-450 monooxygenase induced by
barbiturates in Bacillus megaterium. J. Biol. Chem. 261:7160–7169.

Narhi, L. O., and A. J. Fulco. 1987. Identification and characterisation of
two functional domains in cytochrome-P-450BM-3, a catalytically self-
sufficient monooxygenase induced by barbiturates in Bacillus megate-
rium. J. Biol. Chem. 262:6683–6690.

Omura, T., and R. Sato. 1964. The carbon monoxide-binding pigment of
liver microsomes. J. Biol. Chem. 239:2379–2385.

3248 Biophysical Journal Volume 74 June 1998



Ortiz de Montellano, P. R. 1986. Oxygen activation and transfer. In
Cytochrome P-450: Structure, Mechanism and Biochemistry. P. R. Ortiz
de Montellano, editor. Plenum Press, New York. 217–272.

Otto, A., I. Mrozek, H. Grabhorn, and W. Akemann. 1992. Surface en-
hanced Raman scattering. J. Phys. Condensed Matter. 4:1143–1212.

Partharasathi, N., C. Hansen, S. Yamaguichi, and T. G. Spiro. 1987.
Metalloporphyrin core size resonance Raman marker bands revisited:
implications for the interpretation of hemoglobin photoproduct Raman
frequencies. J. Am. Chem. Soc. 109:3865–3871.

Porter, T. D., and M. J. Coon. 1991. Cytochrome P-450—multiplicity of
isoforms, substrates and catalytic and regulatory mechanisms. J. Biol.
Chem. 266:13469–13472.

Ravichandran, K. G., S. S. Boddupalli, C. A. Hasemann, J. A. Peterson,
and J. Deisenhofer. 1993. Crystal-structure of hemoprotein domain of
P-450BM-3, a prototype for microsomal P450s. Science. 261:731–736.

Rospendowski, B. N., K. Kelly, C. R. Wolf, and W. E. Smith. 1991.
Surface-enhanced resonance Raman scattering from cytochromes P-450
adsorbed on citrate-reduced silver sols. J. Am. Chem. Soc. 113:
1217–1225.

Smith, P. K., R. I. Krohn, G. T. Hermanson, A. K. Mallia, F. H. Gartner,
M. D. Provenzano, E. R. Fujimoto, N. M. Gocke, B. J. Olson, and D. C.

Klenk. 1985. Measurement of protein using bicinchoninic acid. Anal.
Biochem. 150:76–85.

Suh, J. S. 1992. Overtones of longitudinal acoustical vibration of palmitic
acid adsorbed on silver. Chem. Phys. Lett. 193:327–330.

Uno, T., Y. Nishimura, R. Makino, T. Iizuka, Y. Ishimura, and M. Tsuboi.
1985. The resonance Raman frequencies of the Fe-CO stretching and
bending modes in the CO complex of cytochrome P-450cam. J. Biol.
Chem. 260:2023–2026.

Weitz, D. A., M. Moskovits, and J. A. Creighton. 1986. Surface-enhanced
Raman spectroscopy with emphasis on liquid-solid interfaces. In Chem-
istry and Structural Interfaces, New Laser and Optical Techniques. R. B.
Hall and A. B. Ellis, editors. VCH, New York. 197–243.

Wells, A. V., P. Li, P. M. Champion, S. A. Martinis, and S. G. Sligar. 1992.
Resonance Raman investigations of Escherichia coli-expressed Pseudo-
monas putida cytochromes P450 and P420. Biochemistry. 31:
4384–4393.

Wolf, C. R., J. S. Miles, S. Seilman, M. D. Burke, B. N. Rospendowski, K.
Kelly, and W. E. Smith. 1988. Evidence that the catalytic differences of
two structurally homologous forms of cytochrome P-450 relate to their
heme environment. Biochemistry. 27:1597–1603.

Macdonald et al. Porphyrin Macrocycle of Cytochrome P450 BM3 3249


	Fatty Acid-Induced Alteration of the Porphyrin Macrocycle of CytochromeP450 BM3
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES

