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ABSTRACT. Nonresonance Raman spectroscopy has been used to investigate the-fiestieiimteractions

of the oxidized and anionic semiquinone states of the electron-transfer flavoprotein from the methylotrophic
bacteria W3A1 (WETF) in solution. Several unique features of oxidized wETF were revealed from the
Raman data. The unusually high frequency of the Raman band for the=O(df the flavin suggests that
hydrogen-bonding interactions with the C(4)O are very weak or nonexistent in WETF. In contrast, hydrogen
bonding with the C(2rO is one of the strongest among the flavoproteins investigated thus far. According

to the crystal structure, the side-chain hydroxyl group8€r254 serves as a hydrogen bond donor to the
N(5) atom in the oxidized flavin cofactor in WETF. The replacement8ker254 by cysteine by site-
directed mutagenesis resulted in shifts in N(5)-relevant Raman bands in both the oxidized and anionic
semiquinone states of the protein. These results confirm the presence of the hydrogen-bonding interaction
at N(5) that is evident in the crystal structure of the oxidized protein and that it persists in the one-
electron reduced state. The data suggest that these bands can serve as useful Raman markers for the N(5)
interactions in both oxidation states of flavoproteins. The wETF displays unusually low frequencies of
flavin ring | (o-xylene ring) relevant bands, which suggests a ring | microenvironment different from
most of the other flavoproteins. As indicated by Raman datay8254C mutation changed the environment

of ring I, perhaps as the consequence of changes in the mobility of the FAD domain of wETF. These
unusual flavir-protein interactions may be associated with the unique redox properties of wETF.

Electron-transfer flavoproteins (ETFs) are a family of synthesized only under certain growth conditions and receive
flavoproteins that mediate the transfer of electrons from a electrons from the oxidation of specific substrates. As a
variety of degradative dehydrogenases to membrane-boundypical example of this group, the more extensively studied
electron acceptors in mitochondria and bactetip With ETF from the methylotrophic bacteria W3A1 (WETF) serves
the exception of the ETF frorivlegasphera elsdeniwhich as the physiological electron acceptor for trimethylamine
contains 2 equiv of FAD(2), all other ETFs contain 1 equiv  dehydrogenase5). WETF has several unique properties
of noncovalently bound FAD as their redox cofactor. Under including a midpoint potential for the first couple that is the
physiological conditions, the FAD cycles between the highest among all the flavoprotein§)( The SQ is also
oxidized (OX) and the anionic semiquinone (SQ) states. unusually stable in this protein, being resistant to air
Further reduction of the ETF by dehydrogenases appears noteoxidation, but more so to further reduction to the hydro-
to be kinetically significant ¥). Sequence comparisons quinone (HQ) state).

among all ETFs and ETF-like proteins reveal the existence  knowledge of the structural basis of these properties is
?f two d'St'”,gU'“Shab'e subfamilieS). Group lincludes the  cyitical in our understanding of the electron-transfer mech-
housekeeping” ETFs that link degradative dehydrogenase apism of this family as well as generally how flavoproteins
rea_ctlons with the resplrato.ry electron transport chain, such qqulate the physical and chemical properties of the flavin
as in the fatty acid degradation pathway. Human ETF (NETF) qfactor to facilitate their biological functions. The specific
and other mammalian ETFs belong to this group. The defectsfjayin—protein interactions in WETF can be deduced from
in hETF or its electron acceptor result in glutaric acidemia s crystal structure). However, such structural information
type Il (GAll), an often fatal genetic metabolic disease may reflect only the conformational state of the protein in
resulting from the failure to catabolize various fatty acyl- the crystal. ETF proteins seem to demonstrate a high level
CoAs (). Group Il contains ETF-like proteins that are of conformational flexibility in solution ). In addition, the
SQ state of flavins, a crucial intermediate in redox and

* To whom Co”eSpO”de”.‘l?e should be address%d-Te'i 614-292-9428.gectron-transfer reactions of most flavoproteins, is often
Fai(éigtﬁ;,zs?fs'egéz};}]ma' + swenson.1@osu.edu. technically difficult to study because of its intrinsic instabil-

$ Department of Biochemistry. _ ity. Thus, various types of spectroscopy can provide a more

;Akggwaltlotns tFAD,ffIaf\I/m adeplnefdlnucle&tltliet; WE'TFB hltET_F. direct and convenient way to evaluate such interactions under
andp , electron-transter flavoprotein rrom metnylotropnic bacterium H HY H H
W3A1, human, andParacoccus denitrificansrespectively; OX, SQ, Som{;'.o.n Condglons r?_]Ohre Comg.araﬁle t.O tlhg ph);]smlo%lcal
and HQ, the oxidized, semiquinone, and hydroquinone states of the CONAItIONS under which most biochemical data have been
flavin cofactor. obtained. NMR has been applied to study the flaypnotein
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interactions in the oxidized or fully reduced HQ states in
various flavoproteins, including hETB), However, the SQ
state, a paramagnetic species, is still inaccessible using NMR
approaches.

Raman spectroscopy, which provides vibrational informa-
tion for chemical bonds, is particularly sensitive to the
changes in the chemical environment of relevant atoms. The
assignments of the various Raman bands of oxidized flavins »
have been established by theoretical calculatiorslé) and
experimental isotopic substitutions of flavinklj. Raman
spectroscopy has been successfully applied to evaluat
important flavin-protein interactions in various oxidized
flavoproteins {2—15). The Raman spectra for the anionic
SQ form (SQ) of bound or free flavins have also been
reported previously16—20). However, this approach has
rarely been applied to study the interactions of the &m
of the flavin with apoprotein in flavoproteins. The intrinsic
instability of the flavin SQ is one of the obstacles for
obtaining high-quality Raman spectra. In some published
Raman studies on this redox state, the flavin$@d to be
stabilized by adding high concentrations of substrate ana-
logues under anaerobic conditionss( 19) or technically
difficult time-resolved techniques were requirek¥,(18). FiGURe 1: Raman spectra of FAD (A), wild-type wETF (B), and

; ETF a.S254C mutant (C). The sample concentrations were 200
In this work, enhanced nonresonance Raman spectroscop)zt"M in 50 mM phosphate buffer, pH 7.2, 26. Data were collected

(14, 21) was effectively utilized to investigate several Specific 5t 750 nm at 1.1 W of laser excitation with 10 min binning as
flavin—protein interactions in both the OX and the Sfates previously describedld, 23).

of the flavin cofactor within the same flavoprotein, in this
case WETF, which displays unusual redox and electron- Table 1: Frequencies (crf) of Raman Bands of Oxidized Free
transferring properties. This approach has the advantage oveFAD, WETF-WT, and wETFaS254C Mutant
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more frequently used resonance Raman spectroscopy in  band FAD WETF-WT WETFaS254C
substantially reducing the high fluorescence background, ™ ~;—g 1708 1731 1728
overheating, and laser-induced photodegradation of flavopro- c2=0 1676 1658 1653
tein samples. The exceptional stability of the SI@rm of I 1629 1608 1622
WETF permitted the acquisition of high-quality nonresonance ! 1582 1578 1574
Raman spectra of the flavin SGtate. With the aid of the ! 1547 1548 1543
) , : e v 1500 1497 1494
crystallographic structural information and site-directed mu- v 1464 1450 1462
tagenesis, Raman spectral changes associated with alterations VI 1408 1406 1404
in the N(5) hydrogen-bonding interaction in the OX andSQ Vil 1352 1348 1346
states were evaluated in this study as reference markers of X ggg’ ggg ggg
this interactions in other flavoproteins. The Raman data also 1181 1179 1181
provided evidence for protein dynamics that alter the Xl 1161 1162 1161
environment of the>-xylene portion of the flavin. Confor- aBand numbering according to Bowman and SpBh (

mational changes have been implicated in the electron-

transfer mechanism of the protein). . . . - .
P ){ acquired under identical conditions using nonresonance

MATERIALS AND METHODS infrared laser excitation at 752 nm as previously described

Protein Sample Preparatiorthe recombinant wild-type (14, 21).

WETF protein and itaxS254C mutant were prepared and RESULTS AND DISCUSSION

expressed inEscherichia colicells (strain JM105) and

purified as described previously24). Apoprotein was Raman Spectra of Oxidized wETF Wild-Type aig254C

prepared by extensive dialysis of the holoprotein against 50 Mutant. The Raman spectra in the high-frequency region for

mM potassium phosphate buffer, pH 7.2, containing 0.3 mM oxidized FAD in solution and when bound to the wild-type

EDTA and 2.0 M KBr, followed by dialysis against the wETF and itsaS254C mutant (Figure 1) reveal a set of

phosphate EDTA buffer to remove the KBr. Samples of typical flavin Raman bands that are consistent with published

the wETF in the anionic SQ state were prepared just prior spectra of oxidized flavinsld, 21, 23). The Raman shifts

to spectroscopic analysis by the addition of sodium dithionite for each sample are summarized in Table 1 using the flavin

solution to a final concentration of 2 mM. Samples remained Raman band numbering system of Bowman and Sgjo (

reduced throughout the Raman data acquisition as confirmedand in Figure 2, which shows the differences between the

postanalysis by UVvisible spectroscopy. band frequencies of free and bound FAD in the wild-type
Raman Spectroscopgach Raman spectrum for the bound and the mutant wETF. Significant frequency shifts were

FAD was obtained by subtraction of the Raman spectrum observed in the region above 1500 ¢inEspecially note-

of apoETF from that of holoETF, both of which were worthy were the relatively large frequency shifts observed
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Ficure 2: Frequency changes of flavin Raman bands for wild-
type wETF and wETFR.S254C mutant relative to free FAD. Inset:
Frequency differences between wild-type wETF and wieB254C
mutant.

for the C(4¥=0 and C(250 bands and bands | and V, which
shift by up to 20 cm? in wild-type andaS254C mutant
proteins when compared with the unbound FAD and by
3—14 cnt! when the mutant is compared to the wild-type
protein (Figure 2 inset).

Environments of the Flain C(4)O and C(2)O Groups in

Yang and Swenson

for the'3C(4) of 161.2 ppm can be calculated for WETF based
on the observed Raman frequency of 1731 tnThese
represent the highest chemical shift values for &it(4)
atom observed in all the flavins or flavoproteins investigated
thus far. Riboflavin binding protein also displays a Raman
band for the C(450 that is quite high (1723 cm) (25).
H-bonding interactions with the C#JO of riboflavin are
not apparent in the crystal structure of this protein, with the
closest protein atoms to the C(4)O being 4.82%)( Thus,
our Raman results suggest that the &®@)of the FAD may
not be hydrogen bonded to the wETF and hETF proteins in
the oxidized state.

The stretching mode for the CE also contributes to a
carbonyl Raman band at a frequency around 1665'cm
Because of its weak intensity, the C&) Raman band of
flavin has not been studied experimentally in detail. The
frequency of the C(2rO band in WETF is substantially
lower than for free FAD in solution (1658 versus 1676 ém
respectively) and is also lower than most of G{£)
frequencies observed thus far in flavoproteins. Similarly, the
NMR chemical shift value of 161.0 ppm reported for the
13C(2) in hETF is one of the highest in investigated
flavoproteins, second only to that of flavocytochrome b2
(161.5 ppm) 28). By these criteria, the hydrogen-bonding
interactions at the C(2)O in wETF and hETF may be among
the strongest within flavoproteins. An extensive hydrogen-

WETF. According to previous assignments established by bonding network to the C(2)O is noted in these proteins.

isotopic substitutions and theoretical calculatiohs14, 24,
25), the flavin Raman band around 1710 ¢nis associated
nearly exclusively with the carbonyl stretching mode of the
C(4=0. The frequency of this band correlates linearly with
the chemical shift of the carbonyl carbog4], the bond

For wETF, this network involves the Nof aHis275 (2.9
A), the backbone amide group afArg237 (2.9 A), and the
O' (4) of ribityl side chain of the FAD itself (3.2 A) (PDB
code, 1097)7) (Figure 3B). A similar network is found in
hETF (PDB code, 1EFV)29), although somewhat longer

length, and the enthalpy of the H-bond on carbonyl oxygen apparent donor/acceptor distances are noted (Figure 3A).

(26), all of which are reflective of changes in the electron
density of the carbonyl group. The lower frequency of this

These H-bond network and short don@cceptor distances
also imply that the C(2)O is involved in strong hydrogen-

band correlates with a strong hydrogen-bonding interaction bonding interactions in both proteins.

with the carbonyl moietyX(1, 24, 25). In the wild-type wETF,
the observed frequency of 1731 chrepresents the highest
value thus far observed for the C&Q stretching mode in
oxidized flavins. The C(45O group points toward the center

The role of the hydrogen-bonding interactions with the
carbonyl groups of flavin cofactor in establishing the
properties of flavoproteins has rarely been studied systemati-
cally. For glycolate oxidase8) and old yellow enzyme3(Q),

of a reverse turn in the wETF protein. Several heteroatoms changes in the hydrogen bonding at C(4)O induced by site-

are within 3.5 A of the C(4)0, including the backbone amide
NH groups ofaSer254 (3.0 A) andGIn253 (3.2 A) as well
as the hydroxyl group ofSer254 (3.3 A) and possibly the
side-chain carbonyl group @fGIn250 (2.9 A) (PDB code,
1097) (7). The high frequency of the C#)O suggests that

directed amino acid replacements can significantly influence
the redox potential, the stability of SQ state, and other
catalytic properties of the protein-bound flavins. Thus far,
there lacks experimental study on the effects of C(2)O
hydrogen-bonding interactions on the properties of the flavin

this environment may not favor the formation strong H-bonds cofactor in flavoproteins. The strong C(2)O hydrogen-
with the C(4)0O in this protein. It is also possible that the bonding interactions in wETF, as indicated by our Raman
frequency of the carbonyl may be influenced by unfavorable data, could thermodynamically stabilize S@tate of the
dipolar interactions. In fact, the substitutionadber254 with FAD because the negative charge of this redox state is
a cysteine residue, which has both a weaker hydrogen-localized in the N(1)}-C(2)=0O region of the flavin 81). In
bonding potential and a lower dipole moment than the addition, this interaction could substantially affect the overall
hydroxyl group of serine, decreased slightly the frequency dipole moment of the flavin isoalloxazine ring because the
of C(4=0 band relative to wild type (see Figures 1 and 2). two carbonyl groups contribute substantially to its polarity
A similar environment for the C(430 is apparent in the  (32). Thus, interactions with the carbonyl groups of the flavin
crystal structure of hETF. Although Raman data are not may very well be one of the structural determinants for the

available for hETF, a C(450 stretching frequency of 1724
cm™! can be estimated from the NMRC chemical shift
value of 162.3 ppm for thé&*C(4) in this protein 8) using
the empirical linear relationship of Hazekawa et al. for this
carbonyl moiety, whered (ppm) = 429.48 — 0.155 x
(Raman shift) (cm?) (24). Conversely, a chemical shift value

extraordinarily high midpoint potential for the OX/SQ couple
and the remarkable stability of the S®tate of this protein.
Establishing a Raman Marker for N(5) Hydrogen-Bonding
Interaction in the Oxidized State of wETIRaman spectros-
copy also provides a potential method for evaluating
hydrogen-bonding interactions at the N(5) position of the
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Ficure 3: Apparent H-bond network on the C(2)O of the FAD in hETF and wETF. A: hETF (PDB code, 1EFV). B: (WETF) (PDB code,
1097). Both (A) and (B) are shown with similar view angles. Color code: gray, carbon; red, oxygen; blue, nitrogen. Note that only a
portion of the FAD cofactor and the relevant amino acid residues are shown for greater clarity.

isoalloxazine ring, an interaction that plays a crucial role in
the control of the properties of the flaviB3, 34). However, 1505 4 031
the assignments of N(5) relevant Raman bands are not as
exclusive and specific as for the carbonyl bands. Based ong
isotopic substitution studies and theoretical calculati®ns (
14), the stretching modes for N&)C(4a) and N(13C(10a)

are often coupled and make dominant contributions to Raman
bands Il and Il ©—11). Band Il shifts to higher frequencies
when hydrogen-bonding potential is added to N(5) during
the calculation 11). Various theoretical vibration mode
analyses suggest that band Il also contains minor contribu-
tions from N(10)-C(10a) or N(10)-C(9a) stretching vibra- 1575 1
tions, while band Ill does not contain any N(10) relevant . , , , .
information @, 10, 14). More recent density functional theory 1535 1540 1545 1550 1665 1560
calculations suggest that band Il contains contributions from Band Il Raman Shift (cm™)

N(1)=C(10a) in addition to €-C stretching modes in ring  Fgure 4: Correlations between band Il and band 11l of oxidized
| (12—14). Band IV may be linked to both the NE&)C(4a)/ flavoproteins.@, flavoproteins with planar flavin conformation;
N(1)=C(10a) and ring | €C stretching modesl@—14). O, flavoproteins with nonplanar flavin conformation; WETF data.

; ; - ; ; ; Data points 1, 2, 4, 7, 8, 12, #46, 19, 20, 22, 24, and 3(B2
Yet, isotopic substitution studies involving the N(5) atom were taken from the survey of Tegoni et @9) with the others as

only mdyced significant shifts in bands Il and 11%). By . indicated. The numbered points correspond to data for the following
comparing the Raman data and crystal structures, Tegoni esamples: 1, cytochrome P450 reductase; 2, glutathione reductase;
al. (19) found a correlation between the higher frequencies 3, the complex ob-amino acid oxidase with o-aminobenzoz2d)(

for both bands Il and Il and stronger hydrogen-bonding 4. fatty acyl-CoA dehydrogenase; Besulfaibrio vulgaris fla-

; ; : vodoxin @5); 6, Brewer’s yeast old yellow enzymg4); 7, chicken
interactions at N(1), N(5), or both, suggesting that both bamdsegg white riboflavin binding protein; &-amino acid oxidase; 9,

contain similar vibration components, the stretching modes o complex of isovalery acyl-CoA dehydrogenase with acetoacetyl-
relevant to N(1)/N(5). However, they suggest that the CoA (24) and also FAD (unbound) (this work) (overlapping data);
sensitivity of band Il to hydrogen bonding at N(1)/N(5) 10, C. beijerinkciiflavodoxin @5); 11, Baker's yeast old yellow
depends also on the conformation of the flavin isoalloxazine €nzyme 45); 12, old yellow enzyme; 13, chicken egg white

. . L . riboflavin bindin rotein ; 14, medium-chain acyl-CoA
ring. This conclusion is based on an apparent linear Correla'dehydrogenase; ngF,) ribofla\?i?\), flavin mononucleotide, )IQAD; 16,

tion between bands Il and ll, but only for the flavin ring  pytyryl CoA dehydrogenase; 17, chicken riboflavin binding protein
displaying planar ring conformationsl®) and Figure 4). (45); 18, short-chain acyl-CoA dehydrogenagd)( 19, fatty acyl-
For those flavoproteins with nonplanar flavin conformation, COA oxidase; 204 -lactate monooxygenase ; 21, medium-chain
the deviation from the linear correlation may reveal the fact 2cY-CoA dehydrogenas@4); 22, luciferase; 23Aspergillus niger

. . . glucose oxidase?d); 24, flavocytochrome b2; 25, choline oxidase
that the band Il also contains N(10) relevant information (see (45); 26, glucose oxidasel§); 27, monomeric sarcosine oxidase

diSCUSSiOU below). _ (45); 28, phenol hydroxylase4b); 29, cholesterol oxidaset§);
The unique structural features of WETF make it a good 30, flavodoxin; 31,p-hydroxybenzoate hydroxylase; 38, niger

system for evaluating the specific effects on the relevant glucose oxidase.

Raman bands of changes in the interactions at N(5).

According to the crystal structure of WETF, the N(5) appears ETF family for which crystal structures are available, i.e.,
to be H-bonded only with the side-chain hydroxyl group of hETF 9, 35) and pETF 86). The structurally conservative
aSer254. In contrast, the N(1) has no hydrogen-bonding replacement ofaSer254 by a cysteine residue should
interaction with the protein but, instead, makes an unusual introduce a weaker H-bond on N(5) due to the less polarized
intramolecular hydrogen-bonding interaction with the(Q SH group and provide a more direct means of evaluating
hydroxyl group of ribityl side chain of the FAD cofactor hydrogen-bonding strength on the Raman spectrum. Because
(7). These interactions are conserved in other members ofof their location on a surface loop, mutations involving

1590 -

1585

032
1580 A

Band Il Raman Shift (cl

029
A 0S254C
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oThr266 of hETF 87) and aThr244 of pETF 88), the
homologues otiSer254 in wETF, are known not to induce
any significant global structural changes on the proteins. The
aSer254 to cysteine replacement had no apparent effect or
the interactions at N(3) of the flavin, because significant
differences were not observed for Raman bands X and Xl
in the 11006-1300 cn1? region, which contain contributions
from the N(3)-H vibration (11, 14). Thus, the direct effects
of the amino acid replacement on the flavin ring that are
described below can be confidently localized to N(5)
interactions.

The replacement aiSer254 with cysteine resulted in the
shifting of bands Il, 11I, and IV to lower frequencies, by-3
cm! relative to that of the wild-type wETF (Table 1). Our
results are consistent with the previous survey of experi-
mental observationsl@) and theoretical calculation®-¢ 1700 1600 1500 1400
11, 14) that these bands contain contributions from N(5)/ Raman Shift (cm™)
N(1) stretching vibrations. When the frequencies obtained FiGure 5. Raman spectra of the anionic SO state of wild-type
for bands Il and IIl for wETF in this study were included : ; )
with the published data for other flavoproteins in Figure 4, \évET7F2(A2)§1r(1§I thexS254C mutant ([gin 50 mM phosphate bufer,
the Raman data for both the wild-type an8254C mutant
of WETF clearly deviate from this linear relationship. If the
conclusions of Tegoni et all9) hold true, this observation
suggests that the isoalloxazine ring is nonplanar in these
proteins. Yet, the crystal structures of the wild-type wETF
and hETF holoproteins indicate that the FAD ring is in a
planar configuration in both cases. However, at the high
resolution of the WETF structure (PDB 1097; resolution, 1.60
A), it is apparent that the N(16)C' (1) bond protrudes out

from the plane of the isoalloxazine ring in the direction of unusual stability of the SQform of the WETF, good-quality

the si-face with a torsion angle o£30°. A similar situation : : :
. : Raman spectra were acquired for the S@m of this protein
is observed in the crystal structure of the hETF (PDB, 1EFV) yiuh ot the addition of stabilizing ligands or unusual solution

although the resolution of this structure is somewhat lower conditions. Also, these spectra could be obtained under
(2.10 A). The N(10) should have a high level of*sp qngitions similar to those used for the acquisition of
hybridization in this configuration. In fact, the chemical shift raman data for the oxidized state. which aids in the
value for theN(10) for hETF is among the lowest of all  ¢omparison of the two redox states within the same protein.
other flavoproteins investigated, a characteristic of a high 1 resulting Raman band frequencies are in general

sp’ hybridization level and a decreased planarity of the bond qjitative agreement with the previously reported resonance

©
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T T T
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Raman Spectroscopy of the Anionic SQ Form of wETF
and the Spectral Effects of the N(5) Hydrogen-Bonding
Interaction. The SQ form of the flavin often serves as a
crucial intermediate in flavoprotein-catalyzed redox reactions,
yet structural issues involving this redox state are difficult
to study by NMR spectroscopy or X-ray crystallography
because of its paramagnetic properties, reactivity with
oxygen, and intrinsic instability. However, by coupling the
advantages of the nonresonance Raman approach with the

orbital on this atom &). As a result, the diminished
participation of the lone electron pair on the N(10) in the
m-system of the flavin isoalloxazine ring should affect the
vibrational frequency of N(16)C(10a) and N(1G)C(9a)
stretching modes. In this way, the frequency of band Il is
sensitive to the hybridization state of N(10) as well as
hydrogen bonding at N(1) or N(5) while band Il is sensitive
only to the hydrogen bonding. Therefore, within a relatively
fixed structural framework, our results provide evidence that
the origin of the deviation from linear relationship between
the frequencies of bands Il and Il is more a function of the
sp’ character of the N(10) of the flavin rather than exclusively
an indication of the nonplanarity of the whole isoalloxazine
ring. Because of its sensitivity to conformation and the
mixture of N(5) and N(1) stretching modes, caution must
be exercised in the use of frequency shifts for band Il in the

Raman spectra for the free or bound flavins in their- SQ
state (6—20) (Figure 5). However, the Raman spectra
obtained in this study reveal a more comprehensive band
set (Table 2). The Raman band frequencies and intensities
observed here for the flavin SCare clearly distinguishable
from those of the oxidized flavin (Figure 1). The intensity
of the strongest band for the flavin S@1326 cnT!) was
approximately one-third that of the most intense band for
the oxidized flavin (at 1352 cm) when normalized for
concentration.

As was the case for the oxidized state, the generation of
the aS254C mutant of WETF provided an opportunity to
observe the spectral effects associated with changes in the
hydrogen-bonding interaction at the N(5) position of the
flavin SQ . The binding energy for the SQform of FAD
to the aS254C mutant, as estimated from the dissociation

comparison of presence and strength of hydrogen-bondingconstant for the OX state together with the midpoint potential

interactions at the N(5) position in different flavins or
flavoproteins. However, band Il may serve as a useful
marker in applications utilizing site-directed mutagenesis to

of the ox/sq couple, was reduced 20 kJ/mol relative to
wild type (39), which is consistent with a weaker hydrogen-
bonding interaction at the N(5) of the S@Gorm in the

introduce conservative amino acid replacements within a mutant. TheaSer254 to cysteine replacement resulted in

protein as demonstrated here for th®254C mutant of the
WETF.

frequency shifts of=4 cm? in the bands at 1553, 1428,
1326, and 1295 cnt (Figure 5B and Table 2).
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Table 2: Observed Frequencies (¢jnof Raman Bands of the SQ aS254C MUtat'on_'IndU(_:ed Emonmental C_hanges near
Forms of Seven Various Bound and Free Flavimsd the wETF the FAD lIsoalloxazine Ring in wETF Implied by Raman
Wild-Type andaS254C Mutarit Data. One of the most significant differences between the
WETF Raman spectra of the wild-type wETF and unbound FAD is
wild the large increase in the frequencies of bands | and V, which

DAO MAO GO RF FMN FCB LMO type mutant shift shift from 1629 and 1464 cm for FAD to 1608 and 1450
1623 1650 1650 0 cm ! for wETF, respectively. Band | is assigned to the
1602 1589 1578 1610 1609 1603 1607 1593 1593 o Stretching vibrations in ring | (the-xylene ring) while band
1555 1549 1553 1558 1562 1558 1563 1553 1546-7 V is primarily associated with €C stretching in ring | as
1516 1518 1514 1498 1523 1527 1506 1511 1509-2 well as the deformation of two methyl groug®14). As a

1500 1487 1486 -1 _— o ; PP

1448 1457 1451 1460 1461 1462 1462 1457 1457 0 result,_b_and V is highly sen_smve to chemlgal modifications
1422 1425 1419 1420 1428 1433 5 at positions 7 and 8 of the isoalloxazine rirgD(41). The
1361 1360 1375 1379 1378 1379 1 frequencies for bands | and V for wild-type wETF are also
1331 1335 1328 1334 1348 1345 1326 1322-4 much lower than most free or bound flavins investigated thus
1292 1288 1288 1292 1295 1301 1295 128015  far Only the nonfluorescent flavoprotein froRhotobacte-

1267 1270 1279 1255 1253 —2 . . : . :

1242 rium leiognathj a homologue of bacterial luciferasé?y,
1217 1211 1235 1221 1220 —1 displays comparable values (1603 and 1449 %mespec-
1188 1181 1194 1194 0 tively) (23), which may be the result of the unique covalent

1165 1166 1 . ; ; ; ;
1125 1128 0 modification of C(6) on ring | with the fatty acid myristate

1102 1103 1 (42). However, the shifts cannot be accounted for in this
way for the FAD bound to wETF. Furthermore, the frequen-

aFrom: p-amino acid oxidase (DAO)16), monoamine oxidase

(MAO) (20), glucose oxidase (GOR(), riboflavin (RF) (18), FMN cies of bands | f';md \% were also observed to shift from 1608
(17), flavocytochrome b2 (FCBYQ), L-lactate monooxyenase (LMO) ~ and 1450 cm' in the wild-type wETF to 1622 and 1462
(19). b This work. cm 1, respectively, in response to tleSer254 to cysteine

replacement, values similar to those of unbound FAD and

The band at 1553 cm shifts downward by 7 crt in the most other flavoproteins (Figure 2 inset). Because these

0S254C mutant. The assignment of this band is not as firmly bands do not contain contributions from N(5)-relevant normal
established. The corresponding band in the  S@m of modes, the observed shifts for tleS254C mutant were

p-amino acid oxidase (DAO)~1555 cnt!) has been  unexpected. What are these observations signaling about the
reported to be relatively insensitive to isotopic substitutions environment of the FAD in wETF?
at N(5) or any atoms in rings Il and Ill, but this band shifts Using Raman spectroscopy to monitor the substrate-
upward by 4 cm?® during H/D exchangel@). The only induced environmental changes to the flavin cofactor in
exchangeable proton in the S@ the N(3)H. Time-resolved  p-hydroxybenzoate hydroxylase, Zheng et d4)( have
resonance Raman studies of the anionic and neutral SQ form®bserved that both bands | and V are highly sensitive to the
of riboflavin indicate that the frequency of this band shifts environment of ring | and shift to higher frequencies in a
to lower frequencies by as much as 16 émpon protonation high dielectric environment. Thus, the significant changes
of the N(5) (from 1558 to 1542 cm), which has been in these bands in WETF may be reflecting a change in the
attributed to a contribution of C(4a&)C(10a) stretching to  environment of ring | in response to this amino acid
this band 18). So, while this band shifts significantly in  replacement. While the exact nature of this change is not
response to the mutation, it may contain several coupledknown, we offer the following possibility based on the
modes. As a result, it may serve as a less reliable markercomparisons of the crystal structures of wETH, (hETF
for changes in N(5) interactions. (29), and pETF 86) and the current dynamic model of
The apparent shift in the band at 1428 é¢mrmay not be conformational sampling by ETR8). The ETF proteins are
of significance due to the broadness of the band. The bandsheterodimeric and are folded into three distinct domains with
at 1295 and 1326 cmd in wETF are shifted to lower theo subunit making up domains | and Il and {hesubunit
frequencies (by 15 and 4 cth respectively) in theS254C comprising domain lll. The two methyl groups of ring | are
mutant. Their counterparts in the spectra for DAO (1292 and found at the interface between the FAD domain (domain I1)
1331 cm?, respectively), were both affected substantially and domain Ill. The former is attached to the rest of the
by isotopic substitutions for the C(4a) or N(5) atom$)( protein (domains | and IIl) by two flexible loops that seem
Tegoni et al. {9) have compared the Raman spectra of the to serve as a “hinge7( 44). Thus, the FAD domain displays
SQ state of DAO, glucose oxidase, andactate monooxy-  an apparent high degree of mobility relative to the rest of
genase and the crystal structures of these proteins in thethe structure. This mobility may be essential for efficient
oxidized state. A correlation was apparent between the electron transfer from trimethylamine dehydrogenase to
hydrogen bonding at the N(5) and N(1) positions and the wWETF (7). Based on structural comparisons of the hETF and
frequencies of the Raman bands at about 1285 and 1330WETF, Toogood et al. have recently proposed that uncom-
cm L. These results provide strong support for the interpreta- plexed ETF exists in solution as two interconverting con-
tion that both bands contain significant contributions from formational statesone represented by the crystal structure
N(5)—C(4a) stretching modes. Our results are consistent with of hETF (designated conformational state I) and the other
these observations and indicate that these two bands can bédesignated state Il) as represented by the crystal structure
used effectively as reference markers for monitoring the of WETF with the FAD domain rotated by40° relative to
strength of the hydrogen-bonding interactions at the N(5) in state | @3). This apparent movement of the FAD domain
SQ form of flavoproteins. between these two states can result in significant changes in
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Ficure 6: Interactions involvingaSer254 and associated local
interdomain electrostatic interactions in wETF (PDB code, 1097).
The side chain oftSer254 is within hydrogen-bonding distance of
the N(5) atom of the FAD cofactor and also wittArg237 and
BGlul63 (center-to-center distances are shown in angstroms).
Interactions between the guanidium group@irg237 and the side
chains ofaSer254 andaAsp241 may assist in maintaining the
interdomain electrostatic interaction wiGlu163. Atom color
codes: light gray, carbon; blue, nitrogen; red, oxygen.

the environment of the ring | of the FAD. The amino acid
residueaArg249 (corresponding toArg237 in WETF) in
the FAD domain of hETF appears to play a critical role in
this conformational transition. In statedArg249 is close

to fLeul85 (hETF numbering). However, in state Il, the side
chain of this arginine forms an interdomain ion pair with an
acidic residue in domain I4GIu165 in hETF o3Glu163

in wETF). In wETF, theoArg237 would seem to be
restricted to its functional location by the opposing interac-
tions of the guanidine group ofArg237 with the side chains
of aSer254 (H-bond) andD241 (electrostatic interaction)
(Figure 6). WhernSer254 is replaced by a cysteine residue,
the weaker H-bond witlwArg237 may cause a change in
its location, resulting in the destabilization of state Il. As a
result, the large shifts in bands | and V in response to the
aS254C mutation may be signaling a role of this residue in
the dynamics of the FAD domain movement. The relocation
of oArg237 induced by theoS254C mutation is also
supported by the observation that the &) band in the
aS254C mutant was significantly shifted relative to that of
wild type. (Recall that the C(2)O is within hydrogen-bonding
distance to the backbone amide group@frg237.) There-
fore, bothaArg237 andoSer254, residues that are conserved
among the ETF family, appear to be playing crucial inter-
related roles in the electron-transfer mechanism of these
proteins.

ConclusionsNonresonance Raman spectroscopy has been

used to investigate several protefitavin interactions in both
the oxidized and the SQstates of the flavin cofactor within

Yang and Swenson

the same flavoprotein. Through site-directed mutagenesis,
the spectral changes associated with alterations in the
hydrogen-bonding interactions at the N(5) of the FAD in
both oxidation states have been established. Several unique
structural features of WETF were established from the Raman
data of the oxidized protein. In contrast to what is suggested
by the crystal structure, the hydrogen-bonding interactions
at C(4)O in wETF appear to be very weak or nonexistent.
However, by the criteria established by the Raman data, the
C(2)0O is strongly H-bonded to the protein, which should
affect the chemical characteristics of the cofactor. The Raman
data support the observation from the crystal structure that
the N(10) of flavin in wETF has a high level of %p
hybridization, which seldom occurs in oxidized flavins. The
aS254C mutation induced shifts in specific N(5)-relevant
Raman bands in both redox states of the wETF, demonstrat-
ing their sensitivity to N(5) H-bond and establishing specific
Raman markers for this interaction. Band Ill, which has a
frequency of~1548 cnt? in the oxidized flavin, appears to

be a more reliable marker than band Il to monitor this
interaction. Bands at about 1295 and 1326~ &mould
appear to be useful Raman markers for the N(5) interactions
in the flavin SQ form. Finally, the ring I-relevant bands in
WETF display unusually low frequencies, which suggests that
this ring is found in a microenvironment different from that
of other flavoproteins. TheS254C mutation affected these
bands suggesting that the environment of ring | is altered,
perhaps as the consequence of changes in the mobility of
the FAD domain of wETF. While our Raman data indicate
that the WETF shares some of the structural properties similar
to those of the hETF, quantitative differences may be
associated with differences in the observed biochemical
properties exhibited by these two proteins, such as their redox
potentials and redox behaviors.
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