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Abstract Flavocytochrome P450 BM 3, an FMN-defi-
cient mutant (G570D), the component reductase and an
FAD-containing domain were studied using surface en-
hanced resonance Raman scattering (SERRS). They were
compared to spectra obtained from the free flavins FAD
and FMN. For the hol oenzymeand reductasedomain, FMN
isdisplaced during SERRS analysis. However, studieswith
the G570D mutant indicate that FAD isretained in its ac-
tive site. Analysis of SERRS frequencies and intensities
provides information on the nature of the flavin binding
site and the planarity of the ring, and enables an interpre-
tation of the hydrogen bonding environment around ring
[11 of theisoall oxazine moiety. Hydrogen bonding isstrong
at N;—H, C,=0 and C,=0, but weak at Ns. Structural al-
teration of the FAD domain of P450 BM 3 is caused by re-
moval of the FMN-binding domain. Further, the hydrogen
bond at N;—H islost and that at C,=0 is weakened and
the isoalloxazine ring system in the FAD domain appears
to adopt a more planar arrangement. Alterationsin the en-
vironment of the FAD in itsisolated domain are likely to
relateto changesintheredox propertiesand suggest aclose
structural interplay of FAD with the FMN-binding domain
in intact flavocytochrome P450 BM 3.

Key words Raman - Surface enhanced resonance Raman
scattering spectroscopy - Flavins - Flavocytochrome
P450 BM 3

Introduction

Flavins [usually flavin adenine dinucleotide (FAD) or fla-
vin mononucleotide (FMN)] are vital cofactorsin numer-
ous enzyme systems. Flavin-containing proteins perform
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amyriad of functionsin all organisms, including rolesin
the mammalian immune system (the microbicidal NADPH
oxidase; Wallach and Segal 1996), drug detoxification (cy-
tochrome P450 reductase; Strobel et al. 1989) and in the
microbial synthesis of aromatic amino acids (chorismate
synthase; Bornemann et al. 1995). The isoalloxazine ring
of flavoproteins (Fig. 1) playsan essential rolein the elec-
tron transfer processes catalysed by most flavoproteins
(Morris and Bienstock 1986). Several spectroscopic tech-
niques have been applied to studying the molecular prop-
erties of these proteins in order to understand more fully
their functional basis as efficient electron donors/accep-
tors. Ultraviolet-visible absorption (Harbury et al. 1959),
fluorescence (Platenkamp et al. 1980), infrared absorption
(Holt and Cotton 1989), resonance Raman scattering (RR)
(Mdller et al. 1969) and surface enhanced resonance Ra-
man scattering (SERRS) (Benecky et al. 1979) spectros-
copies have all been employed to probe the intrinsic elec-
tronic and vibrational properties of flavins within many
systems.

A flavoprotein class of particular interest are the
NADPH-cytochrome P450 reductases (CPRS), which con-
taintwo flavins (one FAD and one FMN) and transfer el ec-
trons from NAD (P)H to the classll cytochromes P450
(P450s). The superfamily of P450 haemoproteins catalyse
the monooxygenation of an enormous number of different
substrate molecules and are found throughout nature. With
one well-characterised exception [flavocytochrome P450
BM 3 from Bacillus megaterium (Miles et al. 1992)], both

Fig. 1 Thechemical structure of the isoalloxazine motif of flavins.
The conventional ring numbering system used throughout associat-
ed literature (see Morrisand Bienstock 1986) is noted in the diagram
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the class || P450s and the CPRs with which they inter-
act are eukaryotic and membrane-bound. The membra-
nous nature of these flavoenzymes has proved proble-
matical asregardstheir overexpression, purification and
spectroscopic characterisation. Despite a large pool of
biochemical data within the literature, relatively little
structural information has been collected about the fla-
vin active sites of these proteins, an intrinsic factor in
mediating the redox chemistry. However, the recent so-
[ution of the atomic structure of atrypsin-treated rat liver
CPR has been a major breakthrough (Wang et al. 1997).
This structure supports the hypothesis, based on primary
sequence comparisons (Porter 1991), that CPRsare com-
posed of two major domains: an NADP*-ferredoxin re-
ductase-likedomain [containing FAD and responsiblefor
removal of a pair of electrons (as a hydride ion) from
NAD (P)H] and a flavodoxin-like domain (containing
FMN and responsible for shuttling electrons from the
FAD to the P450 haem). The atomic structure also indi-
cates that the isoalloxazine rings of both flavins are
closely spaced without intervening amino acid side-
chains (Wang et al. 1997).

In flavocytochrome P450 BM 3, the soluble fatty acid
hydroxylase P450 is linked to its soluble P450 reductase
in asingle polypeptide (Narhi and Fulco 1986). The facts
that both the P450 and reductase “ domains’ of the enzyme
show strong amino acid similarity totheir eukaryotic coun-
terparts, that the atomic structure of the P450 domain has
been solved and that intact P450 BM 3 and its domains can
be overexpressed to high levels and purified to homoge-
neity make P450 BM 3 a highly attractive model system
for spectroscopic studies.

Pre-resonance SERRS is used in this study to examine
thenatureof theflavinsitesinflavocytochrome P450BM 3
and initsindependently expressed reductase and FAD do-
mains (Mileset al. 1992; Govindaraj and Poulos 1997). In
addition, an FMN-free site-directed mutant of the flavocy-
tochrome (G570D) (Klein and Fulco 1993) is examined.
While resonance Raman is a good technique for the struc-
tural characterisation of chromophores such as haems, the
concentration range suitable for study is limited and a
strong fluorescence background reduces its utility for the
study of many flavoproteins. Thelatter difficulty is partic-
ularly true when aweakly bound flavin isreleased into so-
lution or is partially exposed. This represents a particular
problem with P450 BM 3, owing to the weak binding of
FMN to this protein (Munro et al. 1996). SERRS has sig-
nificant advantages over RR in providing very high qual-
ity vibrational data from flavins at low protein concentra-
tions and in quenching fluorescence upon adsorption to a
colloid surface so that the nature of the flavin can be es-
tablished.

In this paper, forms of P450 BM 3 with the flavin intact
in the protein are established, evidence of distortion from
planarity of FAD within its native site is provided and an
altered H-bonding network around this moiety caused by
the removal of the FMN domain is reported. Implications
for electrochemical oxidation/reduction potentials and
electron transfer are discussed.

Materials and methods
Colloid preparation

The preparation of the Lee and Meisel citrate-reduced sil-
ver colloidisdescribedinaprevious publication (Macdon-
ald and Smith 1996). All pH readings were made using a
Mettler 320 pH meter.

Enzyme preparation and storage

The method for expression and purification of intact fla-
vocytochrome P450 BM 3 has been presented in a previ-
ous publication (Miles et al. 1992). The FMN-deficient
mutant holoenzyme G570D (Klein and Fulco 1993), the
reductase domain (Miles et al. 1992) and the FAD domain
(Govindargj and Poulos 1997) of wild-type P450 BM 3
were al purified by the same method as that used for the
holoenzyme. Purified enzymeswere concentrated by ultra-
filtration to a volume of less than 2 ml and were dialysed
at 4°Cinto a2000 x volume of storage buffer [50 mm Tris-
HCI (pH 7.5),1 mm EDTA, 2 mm 3-mercaptoethanol, 50%
v/iv glycerol]. Pure enzyme preparations were stored at
—70°C until use. No evidence for protein degradation
(SDS-PAGE) or inactivation (loss of ferricyanide reduc-
tase activity or haem P420 formation by absorption spec-
troscopy) was observed for samples on thawing. Fina
concentrations of protein stocks were typically between
200 pm and 1 mm.

Materials

All chemicals used were of the highest purity available
(>99%) and were purchased from Sigma, Fisons or Al-
drich.

Sampl e preparations
Flavocytochrome P450 BM 3 hol oenzyme

A stock solution of 812 um was diluted to 40.6 um by the
addition of 100 mm sodium phosphate (Fisons, Anaar
grade) buffer, pH 7.5 (buffer A). Five pl of this solution
were added to 200 pl of 200 mm sodium phosphate buffer
(pH 5.8), together with 15 pl of freshly prepared 1% w/v
L-ascorbic acid (Sigma). This mixture was incubated on
ice for 15 min to equilibrate and then added to 2 ml of
cooled Ag colloid, immediately initiating aggregation of
the colloidal suspension.

P450 BM 3 reductase domain

A 6.15 pm protein solution wasprepared by dilution of stock
sample (615 pm) by the addition of buffer A. Fifteen pl of



this solution was incubated on ice with 75 pl of 100 mm
phosphate buffer (pH 5.8) and 40 pl of freshly prepared
1% wl/v L-ascorbic acid for 15 min. This solution was
added to 400 pl of precooled Ag colloid, initiating aggre-
gation of the colloidal suspension.

FMN-deficient P450 BM 3 mutant G570D

A 42 um solution of G570D was prepared by addition of
buffer A tothe 420 um stock solution. Fifteen pl of thisso-
[ution was added to 90 pl of 100 mm sodium phosphate
buffer (pH 5.8) and 5 pl of freshly prepared 1% w/v L-as-
corbic acid. The solution was incubated on ice for 15 min
and added to 300 pl of cooled Ag colloid. This promoted
aggregation, and the suspension was left to equilibrate for
10 min.

FAD domain

A solution of 6.94 um was prepared from astock (347 um)
in buffer A. Seventy five pl of 100 mm phosphate buffer
(pH 5.5), 25 pl of freshly prepared 1% w/v L-ascorbic acid
and 15 pl of protein solution were incubated onice for 15
min. This mixture was added to a sample of 400 pl cooled
Ag colloid, pre-acidified with 15 pl of 1% w/v L-ascorbic
acid.

FMN and FAD

Stock solutions of FMN (5.11 mg/ml) and FAD (8.13 mg/
ml) were prepared. Two pl of these stock solutions were
made up to 1000 pl with distilled water. Ten ul of each so-
lution was added to 1 ml of Ag colloid, followed by addi-
tion of 10 pl of 10% orthophosphoric acid, initiating ag-
gregation. Thecolloidal suspensionswereallowed to equi-
librate for 15 min.

Raman instrumentation and data collection

SERRS spectra of cytochrome P450 BM 3 holoenzyme
were recorded from a 1 cm pathlength quartz fluorimeter
cell using 457.9 nm and 514.5 nm excitation on an Anas-
pec-modified Cary 81 system with photon counting detec-
tion as described previously (Macdonald and Smith 1996).
An Argonion laser (Spectra Physics 2020/2045) was used
to provide excitation. All other spectrawererecorded from
microtitre plate wells with a Renishaw Ramascope 2000,
with excitation from a 25 mW 514.5 nm laser (Omni-
chrome). This system uses a CCD detector and collects
backscattered light through an Olympus BH2-UMA mi-
croscope. SERRS spectrafor the P450 BM 3 holoenzyme
recorded on the Cary instrument were collected 30 min af -
ter aggregation and all SERRS spectrarecorded on the Re-
nishaw system were collected after 10 min. This time dif-
ference was chosen to take account of the larger sample
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Fig. 2 SERRS of free flavins [FAD (dotted line) and FMN (solid
line)] with 514.5 nm excitation. Flavin samples(FAD=1.92x10~" M;
FMN=2.09x10"" M) were prepared as described in Materials and
methods. Data acquisition was as described in the caption to Table 1.
Positions of assigned bands (Table 1) areindicated onthefigure. The
wavenumbers of these bands (in units of cm™) are as follows for
FMN (FAD): | 1629 (1629), Il 1571 (1571), IV 1501 (1501), V 1459
(1459), VI 1405 (1405), VII 1350 (1350), VII1 1314 (1313), 1X 1288
(1288), X1 1182 (1183), XI11 1158 (1159)

volumes used with the Cary system (ca. 2.2 ml) compared
to the Renishaw system (400 ul) and ensure thermal equi-
libration in each case. In tests of sample stability, no sig-
nificant time-dependent changes in the SERRS spectra of
any of the proteins analysed were observed when measure-
mentswere made up to 4 h after sample aggregation, or af -
ter prolonged periods of sample irradiation.

Results
FAD and FMN

SERRSof FMN and FAD with514.5 nmexcitationarepre-
sented in Fig. 2. Oxidised flavins and flavoproteins absorb
at approximately 445-460 nm (Morris and Bienstock
1986). Using 514.5 nm excitation (some 55—70 nm from
the flavin absorption peak), the scattering is pre-resonant
rather than resonant, reducing the overall enhancement.
This also affects relative intensities but has the advantage
that electromagnetic surface selection rules can be em-
ployed in an approximate manner (Weitz et al. 1986;
Creighton 1988; Otto et al. 1992), giving more informa-
tion on the interaction with the surface. Comparison of
SERRS freguencies for flavins with solution state vibra-
tional frequencies (Table 1) indicate that the SERRS band
positions are similar in many cases and correlate well with
previously reported RR of flavins. Thevibrational nomen-
claturefor flavin bandsisadopted from Bowman and Spiro
(1981). Band positionsare mostly 1—-3 cm~ lower thanthe
cited literature study in Table 1, but these variations are
within the range of published Raman values for flavins
from other studies (Morris and Bienstock 1986). A poly-
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Table1 Vibrational frequencies from RR and SERRS studies of
FMN and FAD

Band RR of FMN RR of FAD SERRS SERRS
assign- (cm™) (cm™) of FMN of FAD
ment? pH 8.5P pH 8.5 (em™° (cm™)¢
| 1628 1629 1629 1629

1 1581 1582 1571 1571
Y 1501 - 1501 1501
Vv 1462 1461 1459 1459
Vi 1407 1408 1405 1405
VIl 1353 1353 1350 1350
VIl - - 1314 1313
IX 1278 1280 1288 1288

X 1256 1255 - -

XI 1228 1228 1230 1231
X1l 1183 1183 1182 1183
X1 1158 1160 1158 1159

- - - 1088 1090

- - - 839 841

- - - 805 805

- - - 744 745

- - - 631 636

- - - 555 555

& Nomenclature adopted from Abe and Kyogoku (1987) and Bow-
man and Spiro (1981)

b See Duttaet al. (1978)

¢ Results from this study with 514.5 nm excitation (25 mW), using
1 scan of 5 sduration. Sample concentrations: 1.92x10~" M (FMN)
and 2.09x10~" M (FAD)

meric citratelayer coatsthe colloid surfacein Leeand Mei-
sel colloid (Munro et al. 1995), producing a negative sur-
face to which the flavins will adsorb. It should be noted
that the larger frequency variations for flavin bands 11 and
X1 (ring 111 motions) are associated with interactions with
the citrate surface, as discussed later.

To examine the possibility that, rather than adsorbed
flavin, an Ag/flavin complex isformed onthecolloidal sur-
face, such a complex was prepared. The SERRS (data not
shown) gave astrong broad band at 1322 cm™. Broad fea-
tureswereal so apparent inthe 1500—1600 cm™ regionand
bands in the 1200—1300 cm™ region were of low inten-
sity. None of these spectral characteristics were apparent
in the SERRS spectra of FAD or FMN, nor any of the fla-
vin-containing proteins examined subsequently, indicating
that no complex isformed under the conditionsused in this
study.

Flavocytochrome P450 BM 3

The Soret band of the haem is located at ~418 nm with
a- and $-bands at about 570 nm and 535 nm, respec-
tively. Flavin absorbance maxima are at 385 nm and 456
nm and appear as shoulders on the Soret band. SERRS of
P450 BM 3 wasobtained with 514.5 nm and 457.9 nm ex-
citation (Fig. 3) and the vibrational dataare shownin Ta-
ble 2. Theflavin bandsfrom P450 BM 3 occur at frequen-
cies consistent with previous studies of SERRS of
FMN/FAD and solution state RR of flavins. Thisand the
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Fig. 3 SERRS of flavocytochrome P450 BM 3 holoenzyme (9.14 x
1078 M) with excitation at 457.9 nm (a) and 514.5 nm (b). Samples
were prepared as detailed in Materials and methods. Data were ac-
quired as described the caption to Table 2. Positions of assigned
bands (Table 2) are indicated on the figures. The wavenumbers of
these bands (in units of cm‘l) are as follows: a |l 1630, |1 1575, 111
1531, IV 1503, V 1461, VI 1406, v4 1372, VIl 1347, |X 1284, XI
1230, XI11 1159; b | 1629, 11 1574, 111 1530, IV 1503, V 1460, VI
1406, v4 (shoulder) 1372, VII 1347, X 1282, XI 1229, XIII 1157

SERRS of the silver complex eliminate the possibility of
formation of silver-flavin complexes. An additional band
appearsat 1372 cm™, which hasbeen assigned to v, from
the haem chromophore and is quite strong with 457.9 nm
excitation (Table 2). v, isthe most intense haem band for
SERRS and RR studies at 457.9 nm and 514.5 nm for
other P450s (Rospendowski et al. 1991; Miles et al.
1992). The fact that only the strongest haem band (v,) is
observed in this study, and even this band is only seen
very weakly with 514.5 nm excitation, indicates that
other haem bands do not contribute significantly to the
flavin-dominated SERRS spectra of P450 BM 3. Vibra-
tional frequencies for modes sensitive to bonding inter-
actions (bands |1, VI, IX and XI) are different from those
of adsorbed FMN/FAD, indicating an altered local envi-
ronment for the flavins.



Table2 SERRSof flavocytochromeP450 BM 3 excited with457.9 nm
(100 mwW) and 514.5 nm (50 mW) radiation. P450 BM 3 concentra-
tion for both studieswas 9.14x 10 M. Each spectrum was obtained
with 1 scan. Reductase domain concentration was 1.74x 10~ M and
was excited with 514.5 nm radiation (25 mW), using 1 scan of 20 s
duration. For the reductase domain, aweak signal from band X islo-
cated at 1253 cm™

Vibrational CYP102 CYP102 SERRS of

nomenclature?® SERRS at SERRS at reductase
457.9 nm 514.5 nm domain at
(cm™) (cm™) 514.5 nm

(cm™)

| 1630 1629 1629

1 1575 1574 1574

1 1531 1530 1531

AV 1503 1503 1502

\Y 1461 1460 1461

VI 1406 1406 1404

v, 1372 1372 -

VIl 1347 1347 1347

VIl 1310 1309 -

IX 1284 1282 1281

Xl 1230 1229 1229

XI1 - - -

X111 1159 1157 1158

- 1087 1083 1085

- 836 838

- 804 806

- 745 743

- 627 623

- 556 552 552

@ see Abe and Kyogoku (1987) and Bowman and Spiro (1981)

Reductase domain

The SERRS spectrum wasrecorded at 514.5 nm excitation
(Table 2, Fig. 4). Thevibrational frequencies of the flavin
modes and the relative intensities are very similar to those
from P450 BM 3.

Mutant G570D

The SERRS spectrum of FMN-deficient P450 BM 3 mu-
tant G570D was recorded at 514.5 nm. Vibrationa fre-
guencies and assignments are presented in Table 3 to-
gether with RR values from other flavoproteins. The most
intense bands in the spectrum are V1 (1403 cm™2) and V11
(1347 cm™). Theresultsfor FMN-deficient protein exhibit
the vibrational motifs of flavins uncomplexed with metal
ions. Altered frequencies (comparison of bands I, IX and
X1 in Tables 1 and 2) indicate a distinct environment for
FAD within G570D. Significant relative intensity differ-
ences from solution state RR flavin, SERRS of free FMN/
FAD and SERRS of wild-type P450 BM 3 including the
FMN and FAD domainindicatethat FAD isretained within
the protein, as discussed later.

FAD domain

SERRS of the FAD domain of P450 BM 3 recorded with
514.5 nm excitation (Table 3, Fig. 4) gives certain flavin

441

Fo--e-- FAD domain vil .
| ————- Reductase domain 1404 m 1629

i

Relative SERRS Intensity
L

Fig. 4 SERRS of the reductase (1.74x10~ M) and FAD (1.96x
10~" M) domains of flavocytochrome P450 BM3 with excitation at
514.5 nm. Samples were prepared as described in Materials and me-
thods. Data were acquired as stated in the caption to Tables 2 and 3.
Positions of assigned bands are indicated in Tables 2 and 3

Table3 SERRS and RR band freguencies and assignments of fla-
voproteins

Vibrational SERRS of RR RR SERRS

assignment®  G570D of of of FAD
mutant GR MCAD domain
(cm™)® (em™° (em™¢ (em™)©

vC,=0 1664 - - 1667

| 1632 1627 1624 1628

1 1572 1580 1583 1575

\% 1460 - — 1461

\ 1403 1407 1407 1403

ViI 1347 1353 1352 1347

IX 1284 1281 - 1281

X - 1246 1254 —

Xl 1231 1224 1231 1230

Xl - 1180 1182 -

X1 1161 - 1162 1157

& See Abe and Kyogoku (1987) and Bowman and Spiro (1981)

P Results from the present study for the FMN-deficient mutant of
P450 BM 3, G570D, recorded with 514.5 nm excitation (25 mWw),
usi r%g 10 scans each of 60 sduration. Protein concentration is 1.55x
10 M

¢ Glutathione reductase (GR)

4 Medium chain fatty acyl coA-dehydrogenase (MCAD). GR and
MCAD RR values obtained from Strobel et a. (1996)

¢ Results from the present study for the FAD-containing domain
from P450 BM 3. Sample concentration was 1.96x10~" M and the
sample was excited with 514.5 nm radiation (25 mW) using 1 scan
of 30 s duration. For mutant G570D and the FAD domain, weak
signalsfromband X arelocated at 1256 cm™ and 1246 cm™%, respec-
tively

frequencies which are similar to those for G570D [i.e.
bandsV|1 (1403 cm™) and X1 (1230 cm™2)]. However, other
modes give frequencies significantly different from those
observed previously. These include bands Il (1575 cm™)
and IX (1281 cm™) and are representative of adistinct lo-
cal environment around the flavin.

In agreement with these findings, the visible region CD
spectrum of the FAD domain showspositiveellipticity over



442

the region from 320 nm to 400 nm, whereas the reductase
has negative ellipticity over the entire range from 300 nm
to 500 nm. This suggests that the local environment of the
FAD is altered significantly in the absence of the FMN-
containing domain.

Discussion
SERRS of free FMN and FAD

Theoretical predictions of flavin vibrational frequencies
from three independent research groups have been com-
pared withisotopiclabelling studies (Kitagawaet al. 1979;
Bowman and Spiro 1981; Spiro et al. 1982; Abe and Kyo-
goku 1987; Lively and McFarland 1990) and, in general,
consensus has been reached on the nature of inplane fla-
vin. Lively and McFarland (1990) incorporated H-bond-
ing effectsinto their theoretical program with good agree-
ment between experimental and theoretically predicted Ra-
man frequenciesfor flavin species. Qualitative application
of their interpretations to our studies can provide informa-
tion on the H-bonding environment experienced by each
flavin species within its native site.

Hydrogen bonding environment, isoalloxazine distortion
and surface orientation

To provide a basis for our interpretations, SERRS studies
were performed on the free flavins FMN and FAD. Bands||
and I11 have significant atomic displacementsfromring 111
of the isoalloxazine moiety. Band Il has alarge mixing of
the five bonds symmetrically positioned on the C,,Cio4
plane (see Fig. 1 for atomic numbering). Band 11l is as-
signed to amode from the diazabuta-1,3-diene group com-
prising v (C4,N5), V(C44N10z) and v (C,y,N4). Thelow fre-
quencies (relative to RR studies) for bands Il and VI for
adsorbed flavins, coupled with the high frequency for band
XI, are consistent with an electrostati c/H-bonding pattern
whichisstrong at C,=0O, C,=0 and N;, and weak at N5.
A strong H-bond at position N3—H isinferred by the high
frequencies for bands I X —XI. The weak nature of the H-
bonding environment around Ns is supported by the low
frequency for band 111 (1525 cm™). Thisisin contrast to
the strong H-bonding at this position for solution state fla-
vins (band 111 at 1547 cm™).

Despite the large body of flavin RR/SERRS datain the
literature, little attention hasbeen directed towardsthe pos-
sibility of distortion arising in this non-aromatic isoall ox-
azine system. Recently, Tegoni et al. (1997) published an
articlewhich addressed this point. They discovered astrict
relationship between the frequencies of bands|l and I11 for
flavoproteins when the isoalloxazine ring is planar. Devi-
ations arose when distortion from planarity occurred. Two
distinct types of out-of-plane distortions were identified.
Oneisa“butterfly” bending along thevirtual N5—N,g axis,
the other is a “propellor” twisting around the long axis

which passes through the three rings of the isoalloxazine
chromophore. This long axis is perpendicular to the vir-
tual Ns—N, axis. Neither the form nor the extent of struc-
tural deformation can be predicted at present. The SERRS
frequenciesfromfree FAD and FMN deviatefrom theband
[1/111 relationship. This suggests that the adsorbed flavins
are structurally distorted.

Supporting evidencefor thisdistortion arisesfrom anal -
ysis of the relative SERRS intensities, which can provide
some information on the orientation of the plane of the
prosthetic group of the chromophore relative to the silver
surface (Macdonald and Smith 1996). SERRS intensities
from adsorbed FMN and FAD are very similar but mark-
edly different from the equivalent RR values. The applica-
tion of electromagnetic selection rules (Weitz et al. 1986;
Creighton 1988; Otto et al. 1992) can be used to indicate
the surface ordering of theflavin chromophores. Inthesim-
plest expression of these rules and ignoring symmetry,
bands from adsorbed molecular species with displace-
ments which coincide with the radial field direction from
small colloidal metal particles will be enhanced with re-
spect to bands with tangential displacements (Weitz et a.
1986). Thus, the approximate orientation of the chromo-
phore with respect to the surface can be obtained by com-
parison of SERRS with RR data.

Compared with RR, there is a marked increase in the
relativeintensity of vibrationsl, I11 and X11, and adecrease
inbandsll, VII, X and X111, in SERRS. It appearsthat fla-
vin bands with significant ring | displacements are selec-
tively enhanced, suggesting that this ring is positioned at
a more vertical position than rings Il or I11. The absence
of band X suggests that surface adsorption isviaring I11,
indicating H-bonding interference in the vibrational mo-
tion of theinternal peptide linkage (HN5—C,O) inring I11.
Theflatter arrangement for rings |1 and I11 probably arises
from favourable H-bonding interactions between the pola-
rised groups (which reside mostly on ring I11) and the col -
loidal surface, mediated by the aqueous environment. The
acidic nature of the colloidal suspension would aid these
interactions.

Thus, strong H-bonding character at atomic positions N,
and C,=0 and an out-of-plane distortion of the isoalloxa-
zine ring are indicated from the SERRS of adsorbed
FMN/FAD. Weak H-bonding isindicated at the N sites. Rel-
ative band intensities suggest adsorption of flavins viaring
[11, which adopts arelatively flat orientation on the surface.

Evidence for flavin displacement in P450 BM3
and its reductase domain

The SERRS spectraobtained from P450 BM 3 are quite dif-
ferent in relative intensity to those of SERRS from free
FMN/FAD. With 514.5 nm excitation, the SERRS inten-
sities are similar to those expected for RR from a flavin.
The strong SERRS from flavin modes rather than haem
modes may suggest that protein adsorption occursin away
which positions the flavin chromophores closer to the sur-
face than the haem. The relationship between SERRS/RR



intensities strongly suggests that flavin is removed from
itsbinding pocket and israndomly positioned either within
the protein matrix or near its surface at the protein/colloid
interface. The differences compared to FAD/FMN for
bands Il (+3 cm™), IX (-5to—7 cm™) and XI (-1 cm™)
and lower frequency modes (see Tables 1 and 2) indicate
a weaker H-bonding environment at atomic positions
C,=0,N;—H and C,=0Othanfor adsorbed FMN/FAD. The
high frequency of band IV suggests the electrostatic/
H-bonding environment around position Ng is stronger
than for adsorbed flavin. Distortion of the plane of therings
isindicated by the observed frequency deviation from the
strict band I1/band I11 relationship which exists for planar
isoalloxazine ring systems. All this evidence supports the
model of randomly distributed flavin displaced from its
binding pocket and adsorbed on the surface with the pro-
tein. The most likely alternative, randomly oriented pro-
tein, is not consistent with the pattern of changes, particu-
larly since chromophores held away from the surface
would give weaker signals.

Thequalitativesimilarity of the SERRSfreguenciesand
relative intensities between P450 BM3 and its reductase
domain, and the high signal-to-noise ratio, indicate the
presence of displaced flavin for adsorbed reductase do-
main. The H-bonding characteristics suggested to occur in
PA50 BM3 are also evident. SERRS signals from glucose
oxidase have previously been assigned to displaced flavin
andinthat casetherepurified enzyme exhibited no SERRS
activity (Leeet al. 1987).

Evidence supporting native-like FAD retention

To investigate whether one or both flavins are displaced
upon adsorption on the surface, the P450 BM3 mutant
G570D was studied. This point mutation prevents incor-
poration of FMN (Kleinand Fulco 1993). G570D doescon-
tain FAD and retains high ferricyanide reductase activity.
SERRS ndicatesthat FAD isretained withinitsactive site
upon surface adsorption. The SERRS intensities provide a
unigue pattern which differs from the previous cases. The
more intense modes have alarge contribution from ring 11
of the isoalloxazine moiety. This is not observed for
SERRS studies of adsorbed FAD/FMN, P450 BM3 or re-
ductase domain and indicates a unique alignment of flavin
in this mutant. A distinct difference in spectral quality is
observed for G570D compared to all the other systemsdis-
cussed previously. The low signal-to-noise ratio observed
despite using concentrations up to >100 times higher than
with the previous systems suggests that the chromophore
is spaced off the surface and is consistent with retention in
the pocket. Further, adsorbed G570D can beirradiated for
prolonged periods of time with no increase in signal
strength or change in relative intensities. Both Lee et al.
(1987) and Holt and Cotton (1987) provided evidence that
prolonged irradiation photodecomposes glucose oxidase.
They reported signal intensity increases with longer illu-
mination times, which were attributed to photoinduced de-
composition releasing FAD from glucose oxidase.
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H-bonding characteristics for mutant G570D

The frequency of band Il (1572 cm™), coupled with the
low frequency for band VI, indicate a stronger electro-
stati c/H-bonding environment around C,=Orelativeto the
other cases discussed. Thisissupported by the observation
of aband, assignedtoaC,=0 stretch, at 1664 cm ™. Strong
H-bonding to adsorbed and solution state flavins is indi-
cated for N3—H based upon the high frequencies for bands
X and XI. The fact that band X isweak islikely as a con-
sequence of limited vibrational capacity — due directly to
the H-bonding properties of the flavin. H-bonding is indi-
cated round C,=0, but it is weaker than that observed for
adsorbed FAD and FMN. H-bonding at N5 isweak. By ap-
plying another of Tegoni’'s relationships (Tegoni et al.
1997), the number of H-bonds (<3.4 A) expected at atomic
positions N;, O,, N5 and O, may be calculated from the
increase in frequency of band X. The frequency for band
X indicates that there are six H-bonds associated with po-
sitionsN4, O,, N5 and O, for the FAD moiety of G570D.

Domain-domain structural effects

To probe the environment surrounding the FAD-binding
site, the FAD/NADPH domain of P450 BM3 was purified
and characterised using SERRS. In the only atomic struc-
ture of a P450 reductase (Wang et al. 1997), the FAD and
FMN are positioned within facile distance for electron
transfer. Although the relative positioning of the flavins
groupsin P450 BM3 may bedlightly different from the mi-
crosomal reductase, it would intuitively be expected that
removal of the FMN domain would significantly alter
structural properties of the FAD-binding site. Visible re-
gion CD studieson the FAD domain indicate an altered en-
vironment relative to the reductase and holoenzyme.
SERRS data suggest a distinct state for the isoalloxazine
ring in the FAD domain. These localised structural effects
do not destabilise the protein, as experimental evidence
from physical and chemical treatments of the FAD domain
indicate comparable flavin stability with P450 BM3 and
the reductase domain (A. W. Munro, unpublished data).

Hydrogen bonding characteristics of FAD domain

SERRSindicatesadistinctiveelectrostati c/H-bonding pat-
tern for the FAD domain. The low frequency of band VI at
1403 cm™ suggests stronger electrostatic/H-bonding at
position C,=0 than for solution state or adsorbed FMN/
FAD. Howeuver, it is weaker than for G570D, as reflected
in the C,=0 upshift to 1667 cm™. A weaker electrostatic
environment surrounds C,=0. Thisis suggested by band
[I'sintermediate frequency. A weak bonding environment
at N;—H issuggested by the low frequency of band X. Ap-
plying Tegoni’s observation on H-bonding character (Te-
goni et al. 1997), atotal number of five H-bonds overall at
positionsN;, O,, N5 and O, is predicted, but the distribu-
tion has changed compared to G570D. For example, it ap-
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pears that the N;—H H-bond is lost upon removal of the
FMN-binding domain.

The SERRS results for the FAD domain, however, do
show some similarities to G570D. The relative intensities
of bandsVI/VII, 11/VIand [1/VI] arecomparableto G570D.
This suggests that the flavin in the FAD domain adopts a
similar position to that in G570D. A higher signal-to-noise
ratio isobserved for FAD domain but the results are incon-
sistent with protein-displaced flavin. There are few simi-
larities between the SERRS intensities and frequencies of
P450 BM 3 and the FAD domain. The data also bear little
resemblance to SERRS from free FAD/FMN. The results
suggest that the flavin is positioned close to the surface,
but retained within the protein.

Catalytic relevance of domain-domain interactions

Theredox couplesfor theindividual domainsof PA5S0BM 3
have been determined by electrochemical titrations (Daff
et al. 1997). For the FAD domain, these couples were +23
mV and +35 mV, respectively, relativeto the reductase do-
main. These observations can be explained by changesin
the polarity and/or electrostaticsin the immediate protein-
flavin environment and by an alteration of thethree-dimen-
sional structure of theisoalloxazinering. The SERRS stud-
iesindicate that removal of the FMN-binding domain sig-
nificantly alters the H-bonding characteristics around the
FAD activesite. In addition to altered electrostatics within
the pocket, analysis of the band I1/band 11l SERRS fre-
guencies suggests that the isoalloxazine ring has become
planar inthe absence of the FMN domain. Further evidence
for an altered geometric arrangement for the FAD domain
are the significantly downshifted band | frequency at
~1628 cm™, the loss of aH-bond at N;—H and the 3 cm™
upshift of the C,=0 vibration.

A similar effect was observed on pyruvate binding to
flavocytochromeb, , wheretherewasanincrease of 80 mvV
for the oxidised/semiquinone couple (Tegoni et al. 1997).
No flavin distortion was observed in this case and the ef-
fect was largely attributed to a weakened H-bonding envi-
ronment around the C,=0 position onring |11 of the FAD.
The SERRS data suggest that, on removal of the FMN-
binding domain, aweaker electrostatic/H-bonding regime
arisesat C,=0 and, to alesser extent, at C,=0O. TheNz—H
bond appearsto havelostitsH-bond. Thus, inthetwo cases
cited it appears that the electrochemical redox couple is
very sensitive to electrostatic effects on the C,=0O, N3—H
and C,=0 structural hinge. This is important when one
considers binding of the physiological reductant, NADPH.

Although polarity and structural effectsinduced by the
removal of the FMN-binding domain have been observed,
the relative positioning of the two flavinsis critical for ef-
ficient and controlled delivery of electrons from NADPH
for oxygen activation and stereo-specific oxidation of fatty
acids. FMN-deficient mutant G570D does not function
as a fatty acid oxidase, indicating that the formation of
a ternary structure involving precise positioning of the
FAD, FMN and NADPH reductant is required for cataly-

sis. The easy removal of FMN from the intact P450 BM 3
enzyme precludes the present form of SERRS being used
to elucidate that system and technique improvements are
reguired.

Conclusions

By carefully controlling experimental conditions, SERRS
can be obtained from flavinsretai ned within the native pro-
tein binding pocket. The technique can provide informa-
tion on the chemical environment around the flavin and
qualitative information on the angle of the flavin ring
system to the silver surface. This can be helpful in estab-
lishing the nature of protein/surface contacts. Nanomolar
protein concentrations can be used and fluorescence is
quenched, making the technique more widely applicable
than resonance Raman scattering.

The unique SERRS profile of G570D shows that FAD
isretained within its active site. FMN is the displaced fla-
vin in the holoenzyme and reductase studies. These find-
ings are consistent with previous studies of the relative
strengths of binding of FAD and FMN to the enzyme
(Munro et al. 1996). SERRS data from mutant G570D is
consistent with a H-bonding environment which is strong
at N;—H (2.5 A), C,=0and C,=0, but weak at N5. Re-
moval of the FMN-binding domain leads to structural al-
teration of the FAD moiety in the FAD domain. An appar-
ent loss of the H-bond at N;—H and a planar isoalloxazine
ring system arefeatures of the FAD domain. All other stud-
iesindicate that FAD chromophoreis distorted. The alter-
ation in the FAD structure induced by domain-domain
interactions may explain alterations observed in the redox
couplesof the FAD between the reductase and the FAD do-
main (Daff et al. 1997) and may be important for efficient
communication and control of electrontransfer to thehaem
in the holoenzyme.
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