REVIEW
Seqguence-structure analysis of FAD-containing proteins

ORLY DYM anp DAVID EISENBERG

University of California, Los Angeles-DOE Laboratory of Structural Biology and Molecular Medicine, University of
California, Los Angeles, Los Angeles, California 90095-1570, USA

(Receivep April 4, 2001; BENnaAL Revision June 21, 2001; AcepTepJune 21, 2001)

Abstract

We have analyzed structure-sequence relationships in 32 families of flavin adenine dinucleotide (FAD)-
binding proteins, to prepare for genomic-scale analyses of this family. Four different FAD-family folds were
identified, each containing at least two or more protein families. Three of these families, exemplified by
glutathione reductase (GR), ferredoxin reductase (FR), morksol methylhydroxylase (PCMH) were
previously defined, and a family represented by pyruvate oxidase (PO) is newly defined. For each of the
families, several conserved sequence motifs have been characterized. Several newly recognized sequence
motifs are reported here for the PO, GR, and PCMH families. Each FAD fold can be uniquely identified by
the presence of distinctive conserved sequence motifs. We also analyzed cofactor properties, some of which
are conserved within a family fold while others display variability. Among the conserved properties is
cofactor directionality: in some FAD-structural families, the adenine ring of the FAD points toward the
FAD-binding domain, whereas in others the isoalloxazine ring points toward this domain. In contrast, the
FAD conformation and orientation are conserved in some families while in others it displays some vari-
ability. Nevertheless, there are clear correlations among the FAD-family fold, the shape of the pocket, and
the FAD conformation. Our general findings are as follows: (a) no single protein ‘pharmacophore’ exists for
binding FAD; (b) in every FAD-binding family, the pyrophosphate moiety binds to the most strongly
conserved sequence motif, suggesting that pyrophosphate binding is a significant component of molecular
recognition; and (c) sequence motifs can identify proteins that bind phosphate-containing ligands.

It is generally accepted that the three-dimensional structurstructure (Doolittle 1986). Alternatively, when proteins are
of a polypeptide chain is determined by its amino acid seknown to have similar structure but divergent sequences,
guence. Nevertheless, similar folds can have very differentonsensus sequence motifs can be used to assess the func-
sequences. One of the ultimate goals in sequence analysistien of unassigned sequences. These consensus motifs usu-
to predict the structure and function of a protein basedlly correspond to residues interacting with cofactors, sub-
solely on its sequence. In cases where the protein of interestrate, or other proteins.
shares at least 30% amino acid identity with another protein, The increasing number of three-dimensional structures of
the two proteins generally exhibit similar three-dimensionalproteins in the Protein Data Bank, complexed with appro-
priate ligands, provides an important tool for understanding
the mechanisms of molecular recognition. In this study, we
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sequence motifs at positions crucial for binding, althoughstanding of principles of molecular recognition. On the ba-
the remaining sequence can vary greatly. One of the firssis of sequence-structure comparison and the interaction of
folds was identified by Rossmann (Rossmann et al. 1974¢ofactor atoms with the different protein residues, we iden-
who discovered the correlation between the fold of dehydified several conserved motifs for each structural family.
drogenases that bind the cofactor NADH and conserve@ome of these were previously characterized by others
sequence motifs. The basic structure consists of six parall€5chulz and Schirmer 1974; Schulz et al. 1982; Wierenga et
B-strands interspersed hby-helices that appear on both al. 1983; Schulz 1992; Correll et al. 1993; Lu et al. 1994;
sides of the six-strandef sheet. This symmetricak/ Ingelman et al. 1997; Fraaije et al. 1998) and some are
structure is built from two halvesB,a,B,0,83 and  newly derived. These conserved sequence motifs are called
BsxaBsasBs, With @ crossover-helix (xg) connectingB;  “most conserved” when they are present in all family mem-
andp, (Fig. 1). Each of these folds is known as the classicabers, and “partially conserved” when present in some but
mononucleotide-binding fold or the Rossmann fold. not all family members. In addition to the sequence-struc-

A variation of the fold observed for dehydrogenases isture analysis, we investigated a more complete set of vari-
found in FAD-containing proteins. This fold consists of one ables, including cofactor conformation, characteristics of
B,a1Bo0B5 Rossmann fold, and a variation of both the the protein pocket wherein the cofactor is bound, cofactor
second Rossmann fold and the crossowehelix. This  directionality, and correlation of cofactor moieties (adenine,
variation includes a three-stranded antipargledheet con- pyrophosphate isoalloxazine, etc.) interacting with con-
nectingB; andp,, instead of the crossoverhelix observed served sequence motifs in the different family folds. Such
in dehydrogenases. Moreover the sixth strand, from the sedundamental discriminators may improve our understanding
ond Rossmann fold, is missing whereas the fifth strand i®f protein evolution, in particular for FAD-binding proteins
retained but is close to the end of the sequence. Differenivhere many tertiary structures, often distantly related, are
variations in which structural elements are added or deleteknown. Furthermore, the presence of a variety of conserved
were found in proteins containing other mono- and/or di-sequence motifs in FAD families, specifically those that are
nucleotides such as flavin mononucleotide (FMN) (Rao angyrophosphate-binding, can be used as a tool for molecular
Rossmann 1973), and nicotinamide adenine dinucleotidezcognition of phosphate analog-binding proteins.
phosphate (NADPH) (Schulz and Schirmer 1974). Most of
these proteins show a series of conserved amino acid resi-
dues at positions interacting with the mono/dinucleotideResults
molecule.

We selected a nonredundant set of 32 protein-FAD comgAD cofactor
plex structures from the Protein Data Base (PDB) for struc-
ture-sequence analysis with the goal of deepened undefhe dinucleotide FAD consists of adenosine monophos-
phate (AMP) linked to flavin mononucleotide (FMN) by a
pyrophosphate bond (Fig. 2A). The AMP moiety is com-
posed of the adenine ring bonded to a ribose that is linked
to a phosphate group. The FMN moiety, also known as the
riboflavin moiety, is composed of the isoalloxazine-flavin,
linked to a sugar, ribitol, which is coupled to a phosphate
group. The catalytic function of the FAD is concentrated in
the isoalloxazine ring, whereas the ribityl phosphate and the
AMP moiety mainly stabilize cofactor binding to protein
residues. The flavin functions mainly in a redox capacity,
being able to take up two electrons from one substrate and
release them two at a time to a substrate or coenzyme, or
one at a time to an electron acceptor. The surrounding pro-
tein controls many of the catalytic properties of the flavin
ring, such as the rate of accepting electrons, the pathway of
Fig. 1. Topology diagram of dehydrogenases that bind NADH. This sym- €lectron flow within the flavin ring, and the flavin’s oxida-
metrical o/B structure is composed of two halveg,a,B,,8; and  tion-reduction potential (Mathews 1991). This control is
BacaBsasPe, With a crossoven-helix (ag) connecting strandB; andB,.  asserted in part by the cofactor conformation, which adapts
Each of these motifs is known as the classical mor‘1onucleotide-bindinq0 the protein as either an elongated or bent butterfly con-
motif or the Rossmann fold. Cylinders represenhelices and arrows . . .
denoteB-strands. Dashed lines indicate elements of secondary structurgormatlon (Flg. 2A an,d Bj reSpeCtlver)' In the bent °°”f9r‘
below the plane of the fold. The overall pseudo two-fold rotation symmetrymation, the AMP portion is folded back, placing the adenine
between the tw@aBap motifs is shown by an arrow. and isoalloxazine rings in close proximity, whereas in the
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Fig. 2. The FAD cofactor conformationsAf An elongated conformation where the adenine ring is distal from the isoalloxazine ring.
The division between the component parts FMN and AMP composing the FAD is shown. The AMP is composed of an adenine ring
connected to a ribose that is connected to a phosphate group. The FMN moiety is composed of the isoalloxazine-flavin ring linked to
a ribitol, which is connected to a phosphate gro).Bent conformation where the AMP portion is folded back, placing the adenine

and isoalloxazine rings in close proximity. Variation in the proximity of the two rings determines the degree of cofactor flexibility. All
atoms composing the FAD cofactor are labeled.

elongated conformation the adenine ring is distal from the Of the 15 GR family members listed in Table 1, two
isoalloxazine ring. separate subfamilies were identified using @ program
for comparing a polypeptide chain to each chain in the PDB
(Shindyalov and Bourne 1998). One subfamily, GBon-
The glutathione reductase (GR) structural family tains the first seven proteins listed in Table 1; the last eight
proteins belong to the second subfamily, SRach of the
two subfamilies is obtained when any of the proteins be-
longing to it is used as a query in the sequence-structure
One of the most thoroughly studied FAD-containing search. Whereas proteins from the GRbfamily align well
families is represented by the enzyme glutathione reductagerough the entire FAD-binding domain, those belonging to
(GR). The protein members of this populous family catalyzethe GR, subfamily align well only in their N-terminall30
diverse reactions (Karplus and Schulz 1987; Chen et akesidues). Nevertheless, all GR family members share a
1994; Mande et al. 1996; Mizutani et al. 1996; Yeh et al.similar overall three-dimensional structure in their FAD-
1996; Enroth et al. 1998; Eppink et al. 1998; Binda et al.binding domain as well as at least one conserved sequence
1999; Bond et al. 1999; Lennon et al. 1999; Leys et al. 1999motif (Table 1). Terminal additions as well as various in-
Trickey et al. 1999; Wohlfahrt et al. 1999; Yue et al. 1999; sertions within the fold are present in the members of,GR
Ziegler et al. 1999) (Table 1). All family members adopt the however. Specifically, insertions of several secondary struc-
Rossmann fold {,a;8,0,85 in Fig. 3A). The topology of tures are observed in the connections betwgeto o, and
the GR family consists of a central five-stranded parallelo, to B of the Rossmann fold (Fig. 3A). This is in agree-
B-sheet B4, B, Bs, B+, @andBg) surrounded bw-helices ¢;  ment with the observation that these proteins align well only
anda,) and an additional crossover connection composedh their N-terminal residues comprisiy, a4, andp,. No-
of a three-stranded antiparallgtsheet g,_o (Fig. 3A). tably, proteins from GR with the exception of sulfide de-
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Table 1. Cofactors and conserved sequence motifs in the nonredundant FAD-containing protein structures retrieved from the Protein
Data Bank and used in our sequence-structure analysis

PDB C, B,
Code Family Protein (Reference) Cofactors NC® EP Sequence motifs
ljoa GR Glutathione reductase (Karplus and SchulZ=AD, NADH NC E GxGxxG(x)-E, hhhxGXxGxxAXE, T(x3TxxGD,
1987) D(x)sGxxP
1fcd Sulfide dehydrogenase (Chen et al. 1994) FAD C E  GXGxxGE)hhhxPXPxXPXE, S(¥HxxGD,
D(x)gPXxxA
lebd Dihydrolipoamide dehydrogenase (MandeFAD, NADH NC E  GXGxxG(x)-E, hhhxGXGxxGXE, T(aFXxXGD,D(X);GxxP
et al. 1996)
1bzl Trypanothione reductase (Bond et al. 1999) FAD, NADPH NC E GxGxx@X)hhhxGvxxxSxE, T(QYXxxGD,D(x)sGxxP
3grs NADH peroxidase (Yue et al. 1999) FAD, NADPH NC E GxGxxGgE) hhhxGxGxxGXE, T(QFxxGD,
D(x)sGxxP
1cjc Adrenodoxin reductase (Ziegler et al. 1999) FAD, NADPH NC E GXGxxGE)hhhxGxGxxAxD, V(xX}YXXGW,
GXGxxG(X),, FXxGD,
1cl0 Thioredoxin reductase (Lennon et al. 1999) FAD, NADPH NC E [BxxP
1foh GR, Phenol hydroxylase (Enroth et al. 1998) FAD, NADPH NC E GXGxx@R) S(XxFxxGD
1bf3 p-Hydroxybenzoate hydroxylase (Eppink etFAD, NADPH NC E GxGxxG(x)/E, FxxGD
al. 1998)
1cf3 Glucose oxidase (Wohlfahrt et al. 1999) FAD NC E GxGxxGfK)
1b37 Polyamine oxidase (Binda et al. 1999) FAD, NC E GxGxxGE) T(X)sFxxGD
1d4c Fumarate reductase (Leys et al. 1999) FAD C E  GxGxxGHx)
1b4v Cholesterol oxidase (Yue et al. 1999) FAD NC E GxAxxG
laa8 D-Amino acid oxidase (Mizutani et al. FAD NC E GXGxxG(x)sD
1996)
1b3m Sarcosine oxidase (Trickey et al. 1999) FAD C E GXGxxGIX)
1fdr FR Flavodoxin reductase (Ingelman et al. FAD, NADPH NC B RXYS, GxxSxxL(x3G(x)sAXG, MxxxGTAIxP
1997)
1a8p Ferredoxin reductase (Sridhar Prasad et afAD, NADPH NC B RXYS, GxXTxxL(x}G(X)sPxG, MxxxGTGIxP
1998)
1ndh NADH-Cytochrome breductase (Nishida FAD, NADH NC E RXYT, GxxSxxL(X)xG(x);PXG, MxxxGTGIxP
et al. 1995)
2cnd Nitrate reductase (Lu et al. 1994) FAD, NADH NC E RXxYT, GxxTxxlG{x),PXG, MxxxGSGIxP
lamo NADPH-P450 reductase (Wang et al. FAD, NADPH NC E RXYS, GXxTxxL(x}G, MxxxGTGIxP
1997)
lcgx Flavohemoglobin (Ermler et al. 1995) FAD, NADH NC E RXYS, GxxSxxkG(x),PxG
1glt PCMH p-Cresol methylhydroxylase (Cunane et al.FAD C E  PX)EGxN, G(x),GY, K(X)6E(X),YXXVxxG(X)gY, R, GxxL
2000)
1dii Vanillyl-alcohol oxidase (Fraaije et al. FAD C E  PX)ZGxXN, G(X),GY, R(X)sE(X),YXxVxxG(x)gY, R, GxxL
2000)
2mbr Uridine diphospho-N-acetylenol- FAD, NADPH NC E P(x}GxN, G(x)AY, K(X) cE(X),YXxVxxG(x)gY, R, GxxL
pyruvylglucosamine reductase (Benson et
al. 1997)
1qgj2 Carbon monoxide dehydrogenase (DobbelEAD NC E PXJRGxXN, G(X)AY, R(X)sD(X)sYXxAXXXG(X), R
et al. 1999)
1f0x D-Lactate dehydrogenase (Dym et al. FAD NC E A(X)/AxN, G(x),GS, R
2000)
lpow PO Pyruvate Oxidase (Muller et al. 1994) FAD NC E RBBJG, VGxN, K(x)IxxDP(x)gD(x),ADxxK,
KXLXXLXXXL(X) T (X)sGXV
lefv Electron transfer (Roberts et al. 1996) FAD NC E KG)G, K(x),VGXS, IxxDP(x)D(x),ADxxK,
KXLXXLXXXL(X) 6S(X)sCGXV
livh  SM° Acyl-CoA dehydrogenase (Tiffany et al. FAD NC E
1997)
1dnp DNA Photolyase (Park et al. 1995) FAD NC B
1b5t Methylenetetrahydrofolate reductase FAD, NADPH NC E
(Guenther et al. 1999)
1qr2 Quinone oxidoreductase (Foster et al. FAD, NADPH NC E
1999)

2FAD bond type: C, covalent; NC, noncovalent.
b Conformation: B, bent; E, elongated.
¢ SM signifies the four single-membered families.

www.proteinscience.org 1715



Dym and Eisenberg

I.o’
¢
RxYS(T)

D K(x)-bexDP(x),D(x), ADxxK

P(X).G(AXN

KxLXXLxaL(x),S(TXx).GxV

Fig. 3. Topological diagram of FAD-binding domain of the four FAD-family fold8) Rossmann fold,o,B,x,35) adopted by the
glutathione reductase (GR) family members. For a full description of this fold, it must be noted that there are two subfamilies, GR
and GR (see text), and that there are exceptions to the generalizations described here. For example, D-amino acid oxidasg of the GR
subfamily is an exception to the rule that the FAD-binding fold in the GR family contains a 3-ftrameander connectin@3 and

B4; instead, it has a crossowethelix. (B) Ferredoxin reductase (FR) family fold adopting a cylindripadomain organized into two
orthogonal sheet,B,Bs andB3B.B¢ (C) The p-cresol methylhydroxylase (PCMH) family fold consists of tewa 3 subdomains;

one is composed of three paralfistrands 8,_5) and the second contains five antiparapestrands 8,_g surrounded by-helices.

(D) The pyruvate oxidase (PO) family fold consists of five pargliedtrands B,_o) interspersed bw-helices similar to the double
Rossmann fold found in dehydrogenases. Cylinders represkelices and arrows denofestrands. The location, indicated in dashed

lines, of the conserved sequence motifs in each of the FAD-family folds is listed in Table 1.

hydrogenase (Van Driessche et al. 1996), compriseélegree of extension of the cofactor can vary considerably. In
NAD(P)H-binding domains (betwedd, andBgin Fig. 3A),  addition, the cofactor may be either covalently or noncova-
adopting the Rossmann fold (Rossmann et al. 1974), ihently bound to the protein, and there is no apparent corre-
addition to the FAD-binding domain. Phenol hydroxylaselation of cofactor conformation with any of the conserved
(Enroth et al. 1998) ang-hydroxybenzoate hydroxylase sequence motifs (Table 1). In contrast, the direction of the
(Eppink et al. 1998) are the only proteins from the second=AD cofactor is conserved among all GR family members:
subfamily known to bind NADPH. However, both lack the the adenine ring of the cofactor points toward the FAD-
Rossmann-type NADPH-binding fold. binding domain, while the isoalloxazine ring points away
from it (Fig. 4A).
FAD binding and conformation

The FAD cofactor in the GR family members adopt elon-  CONServed sequence motifs

gated conformations with the adenine and isoalloxazine The GR family members show several conserved amino
moieties distal from each other (Table 1 and Fig. 4A). Theacid residues at a few crucial positions, and the rest of the
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Fig. 4. Ribbon representation of the FAD-binding domain of the four FAD-family folds complexed with FADR¢ssmann fold

adopted by the glutathione reductase (GR) family members. The blue shading indicates the crossover connection composed of a
three-stranded antiparalltsheet; the red shading indicates the central five-stranded p@-alledet surrounded by twehelices. The

FAD cofactor adopts an elongated conformation with the adenosine moiety (gray circles) pointing toward the FAD-binding domain.
(B) Ferredoxin reductase (FR) family. The two antiparallel three-strafdslieets are shown in red and blue. The FAD in its bent
conformation is shown with the isoalloxazine ring (black circles) pointing toward the FAD-binding doi@aifh¢« + 8 fold adopted

by thep-cresol methylhydroxylase (PCMH) family members. In red are three pafaiélands surrounded hy-helices, and in blue

are five antiparallep-strands surrounded hy-helices. The FAD molecule adopts an elongated conformation and is located in between
the two subdomains with the adenine ring pointing toward thdd). Rossmann fold adopted by pyruvate oxidase (PO) family
members, shown in red. The cofactor adopts an elongated conformation and lies perpendicul@rdahds. The stick drawing of

the cofactor is depicted with gray circles for atoms in the adenine and sugar rings, with red circles for phosphate and oxygen atoms,
and black circles for atoms for the isoalloxazine ring. Figure createM®ySCRIPT(Kraulis 1991) andRASTER3D(Bacon and
Anderson 1988; Merritt and Murphy 1994).

sequence varies. We conducted a sequence-structure alige-the only conserved sequence motif present in all GR
ment of the two GR subfamily members using the progranfamily members (Table 1). This is in agreement with the
CE Conserved sequence motifs found in each of the GRbservation that while members of GRlign well through-
family members are listed in Table 1. Specifically, four out the entire FAD-binding domain, GRnembers align
conserved motifs for FAD binding are found in GRiem-  well mainly at the N-terminus. This consensus is known as
bers (depicted in colored boxes in Fig. 5), two of which arethe dinucleotide-binding motif (DBM) (Wierenga et al.
present in the GRsubfamily as well (Table 1). 1983) or the phosphate-binding sequence signature (Moller
The most conserved and well-studied sequence motif iand Amons 1985) and is a common motif among FAD- and
part of the Rossmann fold, xhxhGxGxxGxxxhxxhfhE(D)  NAD(P)H-dependent oxidoreductases. The central part of
(Fig. 5, blue box), where x is any residue and h is a hydrothis consensus motif, GXGxxG, is part of the loop connect-
phobic residue (Schulz and Schirmer 1974; Schulz et aling the firstB-strand andx-helix in the Baa Rossmann
1982; Wierenga et al. 1983; Schulz 1992). This motif isfold with the N-terminal end of helix, pointing toward the
found at the N-terminal part of the sequence, and in fact ipyrophosphate moiety for charge compensation (Fig. 3A).

www.proteinscience.org 1717



Dym and Eisenberg

LJOA: 1/2 MEVIVLEGSSI AVEELLNLHPDAETQ! ~G-DF-==-~--=- IS----FLSXGMQL
1FCD:A 3/4 R CGETGEATAAKY IKLADPSIEVTLIEP-N-TD--~ -~ -~~~ ¥----YTCYLSNE

1EBD:A 5/12 -ETLVVEAGPGEYVAARIRAA-QL~-GQKVTI BN e LGGVCLNVGCIPSK
1BZL:A 6/8 -DLVVIGAGSGELEAAWNAATLY - KKRVAVIDV-Q-MVHGPPFFSALGGTCVNVGCVEKK
3GRS: 22/23 -DYLVIGGGSGGLASARRAA -EL-GARAA e - e ) LGGTCVNVGCVPEK
1CJC:A 7/8 PQI 'GSGPAG ‘AQHLLKHHSRAHVDI mQ LV v nie e PFGL--VRFGVAFD
1CLO:A 6/7 SKLLILGSGP? AAVYAAR - -ANLOPVLITGME-KG-~---~--~~ GQ----LTTTTEVE
1J0A: _ 47/48 e 8 e L GEVKDV-NSV- -~~~ RYMTGEKM
1FCD:A  48/49 e € GDRK-L-ESI----- K-HGYDGL
1EBD:A 51/58 -=-=--ALISASHRYEQAKHSEEMGIKAENVTIDFAK- -VQEWKA - SVVKK- - -LTGGVEGL
1BZL:A 62/64 -=---LMVTGAQYMEHLRESAGFGWEFDRTTLRAEWKNLIAVKD - EAVLN- - - INKSYDEM
3GRS:_ 68/89 - - --VMWNTAVHSEFMHDHADYGFPSCEGKFNWRV - - IKEKRD-AYVSR - - -LNATYQONN
1CJC:A 55/56 S b o T B e I 8 T R 7 e . PEVENVINTFTQTA
1CLO:A 51/52 NWPGD === s e m s e e e e mc e e PNDLTGPLL-~-~~~ MERMHEHA
1J0A: 67/68 ESRG--VNVFSNTEITAIQ--F=--=--KEHQVTVED----- LVSGEER--VE--NYDKLII
1FCD:A 66/67 RAHG--IQVVH-DSATGID- -P----DKKLVKTA-~--~---~-~~ GGA--EF--GYDRCVV
1EED:A 101/108 LKGNK-VEIVK-GEAYFVD--A------ NTVRVVNG---~---- DSAQ--TY--TFKMAII
1BZL:A 114/116 FRDTEGLEFFL-GWGSLES=- -K===-=-== NVVNVRESADPAS- -AVKE - -RL--ETEHILL
3GRS:_ 118/119  LTKSH-IEITR-GHAAFTSDPK------ PTIEV------=----~ SGK--KY--TAPHILI
1cJc:A  70/71 RSDR- - CAFYGNVEVG- -~ - - === =====-==--=-—--—--- RDVTVQELQDAYHAVVL
1CLO:A 73/74 TKFE--TEII--FDHINKV- -DLONRPFRLNGD-----~-=--~~ NG--EY--TCDALII
1J0A:_ 110/111  SPGAV-PFELD---IPGK---DL---DNIYLM-RGROWAIKLK-------- QKTVDPEV-
1FCD:A 103/104 APGIE-LIYDK---IEGYSEEAA---AKLPHAWKAGEQTAILR-------- KQLEDMADG
1EBD:A 140/147  ATGSR-PIELP---N--F---KFSNR--ILDS-T--GALNL-------=--- GEV-~=-~P-
1BZL:A 159/161  ASGSW-PHMPN---IPGI---EH----- CISS-N--EAFYL-========= PEP-~==-=P~
3GRS:_ 155/156  ATGGM-PSTPHESQIPGA---SL----- GITS-D--GFFQL---=-=-=-- EEL----P-
1CJC:A 101/102  SYGAEDHQALD---IPGE---EL---PGVFSA-R--AFVGWYNGLPENRELAP--DLSC-
1CLO:A 111/112 ATGAS-ARYL======= G==~LP~-~-8EEAF--~====== KGR~ = m = wimmom e wm—

1JOA:  150/151
1FCD:A 148/149
1EBD:A 171/178
1BZL:A 189/191
3GRS:__ 188/189
1CJC:A 146/147
1CLO:A 131/132

1J0A:  236/237 |[D--LVVVAVGVREN--TA---WLKG---TLELHPNGLIKTD-E-------YMRT-SE--P
1FCD:A 24B/249 [D--VINLIP RéGI(IhQ---IRG ------ LTNDAGWCPVDIK------- TFESSIH--K
1EBD:A 260/267 | D--YVL RPN--TD---ELGLEQIGIKMTNRGLIEVD-Q------- QCRT-S5V--P

1BZL:A 279/281  D--LVMMAI SﬁRr-TK---DLQLQNAGVMIKNG-GVQVD-E ------- YSRT-NV--8

3GRS:_ 283/284  D--CLLWAIGRVEN--TK---DLSLNKLGIQTDDKGHIIVD-E------- FQNT-NV--K
1cJC:A  323/324 | @--LVLSSIGYKSR--PIDPSVPF------- DPKLGVVENM-- - - - -~ - - EGR-VVDVP
1CLO:A 235/236  DVAGLFVAIGHSEN--TA----IFE---GOLELENGYIKVQ-SGTHGNATQTST ===~ )
1J0A:_ 275/276  DVFAVGDATLIKYNPADTEVNIALA- - TNARKQGRFAVKNL-- - -- E-EPV-KPFPGVQG
1FCD:A 288/289 GIHVIGDASIA------- NPMPKSG- - YSANSQGKVAAAAVVVLLKG- EEP-GTPSYL-N
1EBD:A 302/309 NIFAIGDIVP---------- GPALA- -HKASYEGKVAAEAT - - - - - A-GHP-SAVDYVAI
1BZL:A 320/322 NIYAIGDVIN---------- RVMLT - - PVAINEARALVDTV-- - - - FGTTP-RKTDHTRV
3GRS:_ 325/326 GIYAVGDVCG---------- KALLT- - PVAIAAGRKLAHRL - - - - - PEYKEDSKLDYNNI
1CJC:R 361/362  GLYCSGWVKR--------- GPTGVI - - TTTMTDSFLTGQIL- - - -~ o S ——
1CLO:A 280/281  GVEAAGDVMD----------~ HIYRQAITSAGTGCMAALDAE- - - - - THGT, [
1J0A:_  326/327  SSGLAVF-DYKFASTGINEVMAQKLGKET-------- KAVTVVEDYLMDFNPDKQ- - - - -
1FCD:A 336/337 TCYSILAPAYGISVAR--=-==cemm-eemeccmadammsammsanamnnmnnnsess=ss
1EBD:A 343/350 PAVVFSD--PECASVGYFEQ------ QAKDEGIDV -~ IAAKFPF -~~~ =~~~ AANGRA
1BZL:A 362/364  ASAVFSI--PPIGTCGLIEE------ VASKRYEVV - -AVYLSSF---------- PN
3GRS:_ 368/369  PTVVFSH--PPIGTVGLTED------ EATHKYGIENVKTYSTSF---=-===-= Ponmes
A0 s e e N e S e
e e e
1TON: 3727373 Ke-votiziosoio AWFKLVYDPETTQILGAQLMSKADLTANINAISLATQAKMTIEDLAY
F o - U
1EBD:A 383/390 LALNDTD------ GFLKLVVRKEDGVIIGAQI IGP-NASDMIAELGLAIEAGMTAEDIAL

1BZL:A 397/399  PLMHKVSGSKYKTFVAKIITNHSDGTVLGVHLLGD-NAPEIIQGIGICLKLNAKISDFYN
3GRS:_  405/406  PMYHAVTKRKTK-CVMKMVCANKEEKVVGIHMQOGL-GCDEMLQGFAVAVKMGATKADFDN
{61 o4O g o
o S S

Fig. 5. Structure-based amino acid alignment for proteins belonging to thef&@®ly of proteins as obtained with the progra®i
(Shindyalov and Bourne 1998) (first seven proteins listed in Table 1). The first column gives the PDB accession code, and the second
column gives two numbers that each specify the sequence position that follows. The left-hand number corresponds to the sequence and
the right-hand to the PDB. The conserved sequence motifs are depicted in boxes: GXGxxGxx¢hxkit(D) in blue, VVV-
V(I)GXGxxGXE in red, T(S)xxxxxF(Y)hhGD(E) in pink, and D@EGxxP in green. In yellow are all conserved residues not directly
involved in binding FAD. Proteins: 1JOA, NADH peroxidase frdinterococcus faecalis FCD, flavocytochrome C sulfide dehy-
drogenase fronChromatium vinosumlEBD, dihydrolipoamide dehydrogenase fr@acillus stearothermophilyslBZL, trypano-

thione reductase fromirypanosoma cruziBGRS, glutathione reductase fradomo sapiens1CJC, adrenodoxin reductase fr@ns

taurus 1CLO, thioredoxin reductase froischerichia coli



Sequence-structure analysis of FAD-containing proteins

The importance of the Gly residues in the conserved centralhe ferredoxin reductase (FR) structural family
GxGxxG is well understood (Wierenga et al. 1986): the
first strictly conserved Gly allows for a tight turn of the  Structural conservation
main chain, which is important for positioning the second Another well-studied FAD-family fold, represented by
Gly. The second Gly, because of its missing side chainthe enzyme ferredoxin reductase (FR) (Karplus et al. 1991),
permits close contact of the main chain to the pyro-consists of six proteins listed in Table 1 (Lu et al. 1994;
phosphate of FAD, specifically oxygen atoms,,Oor  Ermleretal. 1995; Nishida et al. 1995; Ingelman et al. 1997;
Op The third Gly allows close packing of the helix with Wang et al. 1997; Sridhar Prasad et al. 1998). All family
the B-sheet. The hydrophobic residues provide hydro-members were identified using the progr@ (Shindyalov
phobic interactions of thex-helix with the B-sheet. The and Bourne 1998). In addition to the FAD-binding domain,
conserved negatively charged terminal residue, Glu oall of the FR family members have the NAD(P)H-binding
Asp, hydrogen bonds to the riboseldroxyl of the adeno- domain (Table 1), adopting the Rossmann fold found in the
sine moiety. A variation of this glycine-rich sequence dehydrogenases (Fig. 1; Rossmann et al. 1974). However,
motif is hhhxGxGxxGxE (Fig. 5, red box), in which the the number of strands in the NAD(P)H-binding domain
central GXxGxxG is common (Wierenga et al. 1986). It isdiffers among the various family members. The FAD-bind-
part of theBa Rossmann NAD(P)H-binding motif and is ing fold characteristic of the FR family is a cylindrical
present only in GR subfamily members containing the B-domain with a flattened six-stranded antiparalf@l
NAD(P)H-binding domain in addition to the FAD-binding barrel organized into two orthogonal sheefs,85 and
domain (first seven proteins in Table 1). Sulfide dehydro-B,B5B¢) Separated by one-helix, and is distinguished
genase belongs to the GRubfamily; however, it lacks the from the BaBaf Rossmann fold (Fig. 3B). The cylinder
NAD(P)H-binding domain, consistent with the observationis open between strands, and Bs. This opening of the
that glycines are replaced by prolines in this conserved moeylinder makes space for the isoalloxazine and ribityl moi-
tif (Fig. 5, red box). Two enzymes of GRp-hydroxyben- eties of the FAD, to which hydrogen bonds are formed
zoate (Eppink et al. 1998) and phenol hydroxylase (Enrotdrom the open edges of the strands (Fig. 4B). One end of the
et al. 1998), are exceptional: they bind NADPH (Table 1)cylinder is covered by the only helix of the domain, which
but lack a Rossmann-type NADPH-binding domain andis essential for the binding of the pyrophosphate groups of
therefore lack the conserved hhhxGxGxxGXE sequence mdhe FAD. The structural differences in the FAD-binding
tif typical of the NAD(P)H-binding domain (Wierenga et al. domain are manifested mainly as loops of different length
1983). and extra extending structural elements, which may be
Another highly conserved FAD-binding sequenceimportant for interactions with their redox partners. The
motif was first identified from studies of rubredoxin re- structural core of all FR family members is highly con-
ductase (Eggink et al. 1990), and is an 11 amino aciderved.
segment, T(S)xxxxxF(Y)hhGD(E) (Fig. 5, pink box). This
motif is present in all members of GRand in some of  FAD binding and conformation
GR, (Table 1). The hydrophobic residues belong to the The binding pocket for the FAD cofactor is located be-
seventh B-stand of the FAD-binding domain, found tween the FAD- and NAD(P)H-binding domains, whose
near the C-terminus of the protein (Fig. 3A). The initial relative orientations vary among the different family mem-
Thr residue participates in the formation of the ‘greekbers. As a result, the FAD cofactor can adopt either an
key’ motif found just before the seventh strand, and theelongated or bent conformation (Table 1). In contrast to this
invariant Gly and the terminal Asp residues are part ofvariability of the general cofactor conformation, the confor-
the loop connecting thp-strand to thex-helix, and hydro- mation of the FMN part of the FAD molecule is nearly
gen bonded to the Q or Oy, atoms of the pyrophosphate identical in all family members. In particular, the isoalloxa-
group. zine ring is always inserted into the protein at the FAD- and
There are some partially conserved sequence motifs iNAD(P)H-domain boundaries, whereas the adenine and ri-
the GR family. Vallon (2000) has reported short GG andbose moieties are mostly exposed (Fig. 4B). As a result, the
ATG maotifs, present in only a few of the protein members.binding of the isoalloxazine, ribityl, and pyrophosphate
We found another partially conserved sequence motifmoieties are well preserved in the FR family, whereas the
D(x)sGxxP (Fig. 5, green box). This motif is situated at the adenosine displays large conformational differences and a
interface between the NAD(P)H- and FAD-binding do- small number of contacts with protein residues. This obser-
mains and one of the x residues, located between the Glyation implies that the adenine and ribose moieties are more
and Pro, often an Arg residue, making a polar contact witHlexible, contributing to the variability in cofactor flexibility
the isoalloxazine ring. This newly derived sequence motif isobserved in the FR family. Furthermore, the loop between
absent in GR family members lacking NAD(P)H-binding B5 and thea-helix involved in the adenine binding differs
domain (GR proteins in Table 1). among the various family members. Its length varies, and in
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some family members it is altogether missing. This varia-charged Arg residue forms hydrogen bonds to the negative
tion in loop length possibly contributes to the varied cofac-pyrophosphate oxygen atom gpor Op,) in all family

tor conformations. members (Ingelman et al. 1997). Another side chain in-
) volved in cofactor binding is Tyr, which makes extensive
Conserved sequence motifs van der Waals contacts with the flavin and hydrogen bonds

Despite their significant structural similarities, the FR to the ribityl 4 hydroxyl (O,*). An additional highly con-
sequences vary greatly, showing conserved residues at ondgrved sequence motif is GxxS(T)xxL{G(x),PxG (Fig. 6,
a few crucial positions (Correll et al. 1993; Lu et al. 1994; green box), which is part o&,Bg and is known as the
Ingelman et al. 1997) (Fig. 6 and Table 1). One of the mosphosphate-binding motif (Fig. 3B) (Sridhar Prasad et al.
conserved sequence motifs is RXYS(T) (Fig. 6, red box),1998). In all family members, the Ser or Thr residues are
which is part of3, (Fig. 3B), where the invariant positively part of the loop connectinfis to «;, and are within hydro-

1FDR:_  2/3 ADWYTGKVTKVONW- - T~ - - -DALFSLTVHAP- - ~ -V~ L-~- PFTAGQFTKLGLEIDGE-
1A8P:_  3/4 ~NLNVERVLSVHHW- -N--- ~DTLF SFKTTRN- -~ - PS-L-~RFENGQFVMIGLEVDGR-
INDH: _  11/12 DIKYPLRLIDKEVV--N----HDTRRFRFALPSPEHT - - L--GLPVGQHIYLSARIDGN-
1CNF:_  11/12 -GRIHCRLVAKKEL--S-—---RDVRLFRFSLPSPDQV--L--GLPIGKHIFVCATIEGK-
1B2R:A 21/21 PFIGKVISNEPLVKEGG----IGIVQHIKFDL----TG-GNLKYIEGQSIGI TPPGVDKN
1AMO:A 216/280  KNPFLAAVTANRKL--NQGTERHLMHLELDIS----DSKI--RYESGDHVAVYPANDSAL
.. 000 e e
1A8P: . e e e e e e e e e e e e e e e e e e
INDH: . = e e e e i 0 e o
ICNF: . s e e e e e e e
1B2R:A  72/72  GRPmmm e e e e e e e e e e
1AMO:A 268/332  VNQIGEILGADIDVIMSLNNLDEESNKKHPFPCPTTYRTALTYYLDITNPPRTNVLYELA
BFDRG., 0 e S S e ST
LABP: . e
INDH: = e e e e e e e e e e e e e e e e e e e e e e e
ICNF: . e e e
IBIRIA e
1AMO:A 328/392  QVASEPSEQEHLHKMASSSGEGKELYLSWVVEARRHILATLQDYPSLRPPIDHLCELLPR
1IFDR:_  47/48 RV SP--DNP--D-—-——- LEFYLVTV- === PSS s
1A8P:_  48/49 P IASPN--YEE-—H-—--- LEFFSIKV-—-————-- Q-———m—— S
INDH: _  60/61 LVI PVSSD--DDKGFV----- DLVIKVYFKDTHPKFP-A--------- Gm==mmmm
1CNF:_  59/60 L PTSMV--DEIGH------ FDLLVKVYFKNEHPKFPN- - -~~~ Gmrmmm
1B2R:A  75/75 TASTR--HGD-~DVDDKTISLCVRQL -~ ~~~~=~~ E-mmmm YKHPESGE
1AMO:A 388/452 LQARYMEBIASSSKVHPN--S-—-—-VHICAVAV-————-——- EYEAKSGRVNK-—-—-—-——
1FDR: _ 73/74 FVLD----=-========m EVPHCETL
1a8P: . 74/75 o e e DLLPGKHL
INDH: _ 86/97 LVYQGKGKFATRPDKKSSPVIKTVKSV
1CNF: _ 95/96 YTGRGSFVINGKQ----RNA--RRL
1B2R:A 113/113 BEML Lo e PDDPEANV
1AMO:A 425/489 : NGGRALVPMFVRKSQFRLP-——-——==—==—==—- FESTTEV
1FDR: _ 110/111 EEAGRY,STLRL-=-G=======———- KD-L~----DRFENLVLVHAARYA-ADLS
lagp:_ 111/112 GT FMSLIQD==P=—ememe—ea- EV-Y----ERFEKVVLIHGVRQV-NELA
INDH: _ 147/148 e EMLOVIRAIMEK -~~~ ~=—===—~ DP-D----DHT-VCHLLFANQTE-KDIL
1CNF:_  140/141 AMICGESGITEMYQITIQAVLR------—---- DQPE----DHT-EMHLVYANRTE-DDIL
1B2R:A 152/152 TYLWR--MFKDAERARNPEYQ-F----K~--GFSWLVFGVPTT-FNIL
1AMO:A 466/530 EFMGFIQE-=R==========- AW-LREQGKEVGETLLYYGCRRSDEDYL
1FDR:_ 151/152 YLPLMQELEK--==-~~ RYEGKLRIQTVVSRET----ARGSL----TGRIPALIESGELE
1a8P:_ 152/153 YOOFITEHLPQSEYFGEAVKEKLIYYPTVTRES—---FH--N----QGRLTDLMRSGKLF
INDH: _ 1892/190 LRPELEELRN---=-==-= EHSARFELWYTVDRAPE---AWDYS----0GFVN---EEMIRD
1CNF:_ 183/184 LRDELDRWAA—------— EYPDRLEVWYVIDQVERPEEGWKYS----VGFVT---EAVLRE
1B2R:Aa 202/202 YKEELEEIQQ------— KYPDNFRLTYAISREQ----K---NPQGGRMYIQDRV--AEHA
1AaMO:A 512/576 YREELARFHE--==-== DGA-LTQLNVAFSREQ----A---H----KVYVQHLL--KRDR

Fig. 6. Sequence alignment of all FAD-containing proteins resembling the ferredoxin reductase structure based on structure-sequence
alignment as obtained using ti@&E program (Shindyalov and Bourne 1998). Conserved sequence motifs are depicted in boxes:
RxYS(T) in red, GxxS(T)xXL(QG(X),PXG in green, and MxxxGT(S)G(A)IXP in blue. In yellow are conserved residues not interacting

with the cofactor. The data bank accession code and position numbers according to the sequence and according to the PDB are given.
Proteins: 1FDR, flavodoxin reductase frdascherichia coli 1A8P, ferredoxin oxidoreductase froAzotobacter vinelandiilNDH,
cytochrome Breductase fronsus scrofa2CND, nitrate reductase fro@ea mays1AMO, NADPH-cytochrome P450 reductase from

Rattus norvegicyslCQX, flavohemoprotein fromhicaligenes eutrophus
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Sequence-structure analysis of FAD-containing proteins

gen bonding distance to one of the pyrophosphate oxygeRAD is conserved, it may be either covalently or noncova-
atoms (@, or Op,). The absence of side chain at the first lently bound to the protein (Table 1).
Gly allows a close approach of the main chain to the pyro- )
phosphate moiety. The remaining conserved residues clus- Conserved sequence motifs
ter in the helix and3 of the FAD-binding domain. Although the sequence conservation of the PCMH family
Another conserved sequence motif, MxxxGT(S)G(A)IxP along the entire alignment is very small, members share
(Fig. 6, blue box), is part of the NAD(P)H-binding domain some conserved residues in the N-terminal and C-terminal
and comprises thBaf structure motif. The conserved Gly regions comprising the FAD-binding domain. Sequence-
residue is located near the N-terminus of the sequence irstructure alignment is shown in Figure 7, and conserved
volved in pyrophosphate binding of the NAD(P)H cofactor, Sequence motifs are listed in Table 1. One of the most
and is known as the phosphate-binding loop (Karplus et alconserved and well studied residues is an Arg residue situ-
1991). In addition, the Thr residue interacts with the isoal-ated at the C terminus which is within hydrogen bonding
loxazine ring of the FAD cofactor in selected family mem- distance of both the Oatom of the isoalloxazine ring and
bers, and in the other family members it is in the vicinity of Os* of the ribitol, to provide charge compensation (Fig. 7,
the cofactor. The remaining residues cluster in the interfac@ink box). An additional most conserved sequence motif is
between the NAD(P)H- and FAD-binding domains andP(X)sG(A)xN (Fig. 7, blue box) in which the middle x resi-
around the NAD(P)H binding site. There is similarity be- due is within hydrogen bonding distance of {&r O5, and
tween the GxGxxG motif observed in dehydrogenases antPrms a coil segment connectir@, to «; (Fraaije et al.
the central part of the phosphate-binding motif, GT(S)-1998) (Fig. 3C). This loop binds to the adenine ring and
G(A)IXP, present in the NAD(P)H-binding domain of FR compensates for the negative charge of the FAD molecule
members. Both of these motifs are rich in Gly, but thethrough the formation of hydrogen bonds between backbone
specific residues interacting with the NAD(P)H cofactor arenitrogen atoms of Gly and some other residues belonging to
different in the two types of domains (Ingelman et al. 1997).the sequence motif. Another well-studied conserved se-
qguence is GOgGY (Fig. 6, green box) in which the x resi-
dues are part ofi, and are within hydrogen bonding dis-
The p-cresol methylhydroxylase (PCMH) tance of the pyrophosphate and the isoalloxazine moieties
structural family (Fraaije et al. 1998) (Fig. 3c). Similar to the FR and PO
family members, the negatively charged pyrophosphate
group of the FAD is compensated by a hydrogen bond to a
The third structural family of FAD-binding proteins is positive residue (Arg if it is present) or by the backbone to
exemplified by p-cresol methylhydroxylase (PCMH); all an amide group (in this sequence motif, a Gly residue). In
family members are listed in Table 1 (Benson et al. 1997contrast to some other flavoproteins (e.g., Mande et al.
Dobbek et al. 1999; Cunane et al. 2000; Dym et al. 20001996; Mizutani et al. 1996; Sridhar Prasad et al. 1998; Yue
Fraaije et al. 2000). These enzymes catalyze diverse redat al. 1999) however, there is no helix dipole oriented to-
reactions. The FAD-binding domain consists of twe-8  ward the pyrophosphate moiety to help compensate for the
subdomains: one is composed of three pardilarands negative charge.
(B;_2 surrounded byx-helices, and is packed against the Based on our sequence-structure analysis, we identified
second subdomain containing five antiparaleistrands two partially conserved sequence motifs. The first is GxxL,
(B4_g surrounded bya-helices (Fig. 4C). A schematic part ofBg, which interacts with the adenine ring (Fig. 7, orange
diagram of the topological arrangement of the secondaryox). The second motif we found is REEXXYXXVXXG(X)gY
structure of a PCMH family representative is shown in Fig-(Fig. 7, red box), part op, and g with the Glu, Tyr, and

Structural conservation

ure 3C. Gly residues conserved. The central part of this motif,
o _ VxXG, is located near the adenine ring and is in close prox-
FAD binding and conformation imity to the GxxL and P(x)G(A)XN sequence motifs.

The binding pocket for the FAD cofactor is essentially
identical for all family members. The two subdomains ac-The pyruvate oxidase (PO) structural family
commodate the FAD cofactor between them (Fig. 4C). They
envelope most of the FAD cofactor and interact with it by ~ Structural conservation
hydrogen bonds and van der Waals contacts. In fact, the Pyruvate oxidase (PO) was previously considered a
extended opening between the two subdomains in PCMRingle-member family (Muller et al. 1994). We found that
family members allows the FAD to penetrate in betweenelectron transfer flavoprotein (Roberts et al. 1996) has a
them and adopt an elongated conformation (Table 1). In alsimilar fold and shares several conserved sequence motifs
family members, the adenine ring points towards the FAD-with PO (Table 1). In both proteins, the FAD-binding do-
binding domain (Fig. 4C). Although the conformation of main fold is similar to the Rossmann fold of the dehydro-
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1QLT:A 10/11 LTLPPKLSLSDFNEFIQDIIRIVGSENVEV----ISSKDQIVDGSYMKPTHTHDPHHVMD
1DII:A 7/8 AVLPEGVTQGEFNKAVQKFRALLGDDNVLVESDQL-—============ VPYNKIMMPVE
TMBR:_ )T e e e e KPWNTFGI----

1Q0LT:A 66/67 QDYFLASAIVAPRNVADVQSIVGLANKFSFELWPISIG

1DIT:A 53/54 NAAHAPSAAVTATTVEQVOGVVKICNEHKIPIWTIS
2MBR:_ 12/15 --DHNAQHIVCAEDEQQLLNAWQYATAE 'VLILGE

1QLT:A 126/127 - DL EANNLRDELWLDVPDLG-GGSVLGNAVE
1DIT:A 112/113 IIKID - FGOQ! IQENNL-~-PVMLSFSAPSAIAG
2MBR:_ 64/67 -RIBGIET DA RL LQE-——GMPGLENLALI—PGCVQSSPIQ

10LT:A 183/184 RG&PYGDHWM}E{SG}EVVLANGELLRTGMGALPDPKRPETHGLKPEDQPWSKIM{LF

NSGYGGAAPRVSGSVVLDMGK
GYGSAAPVQRGQVILDLK-
===VLFLEDYRGTVIIN--

1DII:A 168/169 RG PYGEHFMMQCGMEVVLANGDVYRTGMGGVPG-—--———-—-——---— SNTWQIF

2MBR:_  119/122 NI --VELQRVCAYVDSVELATGKQVRL-—-======—==— == ———— T
1QLT:A 243/244  PYGFGPYID----- GLFSQ--SNMGIVTKI PNPGGYQSYLITLPKDGDLKQAVDI
1DIT:A 212/213  KWGYGPTLD----- GMFTQ-~ANYGICT KPPVFKPFEVIFEDEADIVETVDA
2MBR:_ 149/152  AK----ECRFGYRDSIFKHEYQDRFAIVA KEWQP--——==——====——m ==

1QLT:A 296/297 IRPLRLGMALONVPTIRHILLDAAVL-GDKRSYSSRTEPLSDEELDKIAKQLNLGRWNEY
1DII:A 265/266 LRPLEMSNTIPNSVVIASTLWEAGSAHLTRAQYTTEPGHTFDSVIKOMOKDTGMGAWNLY
2MBR:_ 185/188 ———-—————v R s L A S O SRS GD

10LT:A 355/356 GA-LYGPEPIRRVLWETIKDAFSAIPGVKFYFPEDTPENSVLRVRD----KTMQGIPTYD
1DII:A 325/326 AA-LYGTQEQVDVNWKIVTDVFKELGKGRIVTQEEAGDTQPFKYRA-—--QLMSGVPNLQ

2MBR:_ 191/194  LTRLDPTT====== === mm s m e bl VTPQQVFNAVCHMRT
1QLT:A 410/411  ELKWI--DWLPNGAA--LFFSPIAKVSGEDAMMQ----- YAVTKKRCQEAGLDFIGTFTV
ADII:A 380/381 EFGLY--NWRGGGGS--MWFAPVSEARGSECKKQ--—-- AAMAKRVLHKYGLDYVAEF IV
2MBR:_ 214/217  TKLPDPKV----NGNAGSFFKNPVVSAETAKALLSQFPTA-============——=m PNY
1QLT:A 461/462 GMR---EMHHIV--===-====m========m——= CIVFNKKD----LIQKRKVQWLMRT
1DIT:A 431/432  APR---DMHHVI--===========m—e==————- DVLYDRTN-- - -PEETKRADACFNE
2MBR:_ 253/256  PQADGSVKLAAGWLIDQOCOLKGMQIGGAAVHRQQALVIITNEDNAKSED--VVOLAHHVRQ
1QLT:A 491/492  LID---DCAANGWGEYRTHLA------ FMDQIMETYNWNNSSFLRFNEVLKNAVDPNGIT
1DII:A 461/462  LLD---EFEKEGYAVYRVNTR--—-—- FQDRVAQSYG---PVKRKLEHATKRAVDPNNIL

2MBR:_ 311/314  KVGEKFNVW----LEPEVRFIGASGEVSAVET--=-==========—==-m——e oo

10LT:A 542/543 APGKSGVWP
1DII:A 508/510 APGRSGIDL
2MBER:. = mmemeeeee

Fig. 7. The sequence alignment of FAD-containing proteins resemblgs-¢hesol methylhydroxylase structure. Conserved sequence
motifs are depicted in boxes: REEXXYxxVxxG(x)gY in red, P(xXyG(A)xN in blue, GxxL in orange, R in pink, and GgGY in green.

The data bank accession code and position numbers according to the sequence and according to the PDB are given. Proteins: 1DII,
p-cresol methylhydroxylase frorRseudomonas putigld QLT, vanillyl-alcohol oxidase fronPenicillium simplicissimum2MBR,

uridine diphospho-N-acetylenolpyruvylglucosamine reductase fesoherichia coli

genases that binds NADH (Rossmann et al. 1974) (Fig. 30nvolves internal hydrogen bonding in the FAD molecule
and Fig. 1, respectively). The basic structure consists of fivdoetween the ribityl 4hydroxyl group and N of the isoal-
instead of six parallgb-strands @,_g) interspersed bw-he-  loxazine ring (Roberts et al. 1999).
lices that lie on both sides of the five-strandédheet.

Conserved sequence

FAD binding and conformation motifs Although the determination of the consensus sequence
The FAD cofactor adopts an elongated conformation ananotif must await the identification of the structures of
lies roughly perpendicular to the cofestrands (Fig. 4D, similar proteins, possible conserved motifs, based on the
Table 1). In contrast to NADH in dehydrogenases, the FADsequence-structure alignment, are proposed in Figure 8
cofactor in the PO structural family is bound in the oppositeand Table 1. The more conserved sequence motif

direction with the adenosine moiety at the sec@e®Ba3 KXLXXLXXXL(X) ¢S(T)(X)sGXV (Fig. 7, red box), is located
unit rather than at the first such unit. In addition, the con-in o, and,, which are part of th@apBaf Rossmann fold
served motif GXxGxxG found in both the FAD-binding (Fig. 3D). The Thr or Ser are within hydrogen bonding
domain in the GR family and in NADH-binding protein distance of the @, or Op, atoms of the pyrophosphate
in dehydrogenases is absent in the PO family. A charactemoiety. An additional conserved sequence motif is
istic of the FAD-binding site in the PO family members RxxxxxGxG (Fig. 8, blue box), in which the backbone ni-
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1POW:A 206/215 PLI I --AGHEBEQHESK IPLMSEYPAK--BI RYPAYLGSANRVAQKP
1EFV:A 198/217 S LKSGENFKL, VGASRAA mee e DMOVGOT ===
1POW:A 262/271 ANEALAQADVVLF PF--AEVSKAFEKNTRYFLOIDIDPAKLGKRHKTDIAVLADAQ
1EFV:A 249/268 GK--IVAPELYI ISGAIQHL---AGMEDSKTIVAINKDPEAPIFQV-ADYGIVADLF
1POW:A 320/329 KTLAAILAQVS
1lEFV:A 303/322 KVVPEMTEILK

Fig. 8. Structure-sequence alignment for the two members of the PO family fold as derived from the p@ig{&hindyalov and
Bourne 1998). Potential conserved sequence motifs are shown in boxes: KxLxxLx&@M}X)sGxV in red, RxxxxxGxG in blue,
VGxS(N) in green, and K(XJXXDP(x)4D(X),AD(X) K in pink. The data bank accession code and position numbers according to the
sequence (starting from one) and according to the PDB are given. Proteins: 1POW, pyruvate oxiddsefobacillus plantarum
1EFV, electron transfer flavoprotein frohtomo sapiens

trogen atom from the last x residue, Arg in the case of In DNA photolyase, the FAD-binding domain is com-
electron transfer flavoprotein and lle in pyruvate oxidaseposed of 14a-helices grouped into two clusters with the
interacts with the pyrophosphate moiety for charge compenFAD-binding site in between (Park et al. 1995). Cluster |
sation. These two conserved sequence motifs are potentialgomprisesx, to a;; and contains all residues that interact
phosphate-binding motifs in the PO protein family. Anotherwith the phosphate oxygen of the FAD. Cluster Il consists
conserved motif is VGXS(N) (Fig. 8, green box), which is of a4, to o, and residues within this bundle have polar
part of thepB; of the second Rossmann fold, where Ser ininteractions with the riboflavin part of the FAD. The cata-
electron transfer flavoprotein and Asn in pyruvate oxidasdytic cofactor FAD is bound to photolyase in a U-shaped
interact with the pyrophosphate group (Fig. 3D). It is note-conformation with the isoalloxazine and adenine rings in
worthy that although the residue hydrogen bonded g O close proximity.

or O, atoms is different in the two proteins, they both  The topology of the FAD-binding domain in quinone
align well in the sequence-structure alignment (Fig. 8).oxidoreductase is composed of a twisted central parallel
Moreover, residues in the electron transfer flavoprotein3-sheet surrounded on both sides by connecting helices
family are highly conserved (Roberts et al. 1999). ThesgFoster et al. 1999). Although at first glance it seems that
include Gly 223 and Gly 225, part of RxxxxxGxG; Ser 249, this fold is reminiscent of the dehydrogenase fold or the PO
part of KXLxXLxxXL(x)sS(T)(X)sGxV; and Ser 282, part of family fold, the exact topology differs. The most prominent
VGxS(N). An additional conserved motif, KMxxDP(x),  difference is the absence of the conserved FAD-binding
D(x),AD(x),K (Fig. 8, pink box), is part ofas3, of the  sequence motifs identified in dehydrogenases and in the PO
second Rossmann fold, in which the first Asp residue infamily (Smith et al. 1977).

teracts with the adenine ring (Fig. 3D).

Identifying phosphate-binding sites

Single-member FAD folds . :
In attempts to detect phosphate analog-binding sites, we

There are four FAD-containing proteins (the last four pro-used conserved phosphate-binding sequence motifs identi-
teins listed in Table 1) with different folds, all distinct from fied in the FAD-family folds as a query in searching the
the above four family folds. Our amino acid sequence analyProtein Data Bank. This search was carried on using the
sis revealed that none of them contains the conserved FADaption FINDPATTERNSIn the GCG server (Williams
binding sequence motifs identified in the FAD families. and Gibbs 1990). Specifically, there are nine frequently
The FAD-binding domain fold of Acyl coenzyme A de- occurring conserved phosphate-binding sequence motifs:
hydrogenase (MCAD) is composed of three domains. DoGxGxxG(x),,_1E(D) and T(S)(xdF(Y)hhGD(E) from the
mains 1 and 3 are mostly-helical and are closely associ- GR protein family, RxYS(T) and GxxS(T)xxL(x% found
ated. Domain 2 consists of a four-stranded pardllsheet in the FR family, P(QG(A)xN and R(X}ExxYxxV from
sandwich between three-stranded antipar@lisheets (Tif- the PCMH family, and K(R)xLxxLxxxL, R(QGxG, and
fany et al. 1997). The FAD in the enzyme has an elongate&(R)(x),IXxDP(x)sD from the PO family.
conformation. Forty nonFAD-containing protein structures were identi-
The structure of methylenetetrahydrofolate reductase is ied from the above query sequence motifs, each contain-
Bgag-barrel, which resembles the structure of flavin mono-ing a phosphate-containing ligand. Approximately half of
nucleotide (FMN)-binding proteins rather than FAD-bind- these protein structures contain a ligand closely related
ing proteins. However, the FAD cofactor binds to a differentto the FAD cofactor (e.g., NAD(P)H, ATP, and FMN), and
part of the FAD-binding domain compared to the barrelsmost sequences contain the dinucleotide-binding motif
that bind FMN (Guenther et al. 1999). GXGxxG(x),7_1£ of the GR family, known to bind these
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cofactors (Schulz 1992). Interestingly, two of these strucfolds, GR, FR, and PCMH, were previously defined, while
tures were solved in the presence of NAD(P)H and contairPO is newly derived. Among all of the conserved sequence
one of our newly derived phosphate-binding sequencenotifs listed in Table 1, DOgGxxP in the GR family,
motifs from the new PO family, adopting a fold similar to R(X)sEXXYXxVxXG(x)gY and GxxL in the PCMH family,
the Rossmann fold of dehydrogenases that bind NAD(P)Hand all four in the PO family are newly derived. In addition,
(Table 2). The structures of the remaining hdl2Q) of there are four proteins that exhibit FAD-binding domains
the phosphate-containing proteins were solved in the preswith folds different from the ones displayed by the four
ence of ligands distantly related to FAD cofactor. Never-FAD families. Conserved sequence motifs identified in the
theless, in only half of them is the phosphate-con-FAD families are absent in these proteins.
taining ligand within hydrogen bonding or van der Waals The FAD-binding domain folds adopted by the FAD
distance of the phosphate-binding sequence motif (Table 2jamilies vary. The largest family is represented by GR en-
In all examples, the pyrophosphate moiety of the cofactorymes, and all family members adopt tigeBaB fold
forms hydrogen bonds to residues from the phosphate-bindenown as the Rossmann fold. A related fold is found in the
ing motifs. In addition, in phospholipase A2 and basicnewly derived PO family members, adopting a fold similar
fibroblast growth factor, the phosphate-binding motif to the double§aBap andBapBaf) Rossmann fold found in
interacts with more than one phosphate-containing ligandlehydrogenases. Nevertheless, sequence-structure homol-
(Table 2). ogy revealed that their sequences diverge greatly and in fact
share no conserved sequence motifs. This could potentially
be explained by the finding that in contrast to NADH in

Discussion dehydrogenases, the FAD cofactor in the PO structural fam-
ily is bound in the opposite direction with the adenosine
FAD-family folds moiety at the secon@apaf unit rather than at the first.

Although NADH and FAD share moieties, they are not
Protein motif identification has become an essential part ofdentical and would therefore be expected to interact with
sequence analysis in general and genome research in palifferent parts of the polypeptide chain. Therefore, despite
ticular. FAD-containing proteins offer a useful case study,the topological and functional similarities of FAD-binding
as the three-dimensional structures of 32 different flavoprodomains found in PO family members to NAD(P)H-binding
teins are known to atomic resolution and their folding pat-domains found in dehydrogenases, a divergent evolutionary
tern appears much more similar than would be suggested bylationship between these structures cannot be assumed.
comparison of their sequences. Our comparative sequenc&he FAD-binding fold adopted by the FR and PCMH fam-
structure study of these proteins revealed four differenily members is composed of a cylindriggéldomain and two
FAD-folds as well as various conserved sequence motifs + 3 subdomains respectively. Both folds are distinct from
distinguished from one fold to another. Three of the familythe Rossmann fold.

Table 2. Results of a search of the Protein Data Bank for phosphate containing ligands binding to proteins, with known
three-dimensional structures, containing one of the pyrophosphate-binding consensus motifs identified in the FAD-family folds
of Table 1

Sequence FAD PDB
Motif fold Code Protein name Phosphate-containing ligands

GxGxxG(X);_1& GR lagr  Guanine nucleotide-binding protein  guanosiréiihosphate

GR 1lvip Phospholipase A2 SO
GR 1pbo Phospholipase A2 1-o0-octyl-2-heptylphosphonyl-sn-glycerole-3-3-phosphoethanolamin
GR 1lgia Gial 5'-guanosine-diphosphate monothiophosphate
GR 1lcsn  Casein Kinase-1 ATP, 0
GR 1pgn 6-phosphogluconate dehydrogenase pyrophosphate 2
GR 2cae Catalase S-dioxyneyhionine
RxxxxxGxG PO 1kvr Udp-galactose 4-epimerase uridineliphosphate, NADH
K(X)7IxxD(X) 10D PO 1bfb  Basic Fibroblast Growth Factor N,O6-disulfoglucosamine, 1,4-dideoxy-02-sulfo-glucuronic acid,
1,4-dideoxy-5-dehydro-02-sulfo-glucuronic acid, SO
PO 1gts  Glutaminyl-tRNA synthetase AMP, ATP
PO 1ad3 Aldehyde dehydrogenase NADH
KXLxxLxxxL PO 1tpu  Triosephosphate isomerase Phosphoglycolohydroxamic acid
PO 1cwn Aldehyde reductase NADPH
GxSxxL(x)sG FD 1ajr Aspartate transaminase 2-lysine(3-hydroxy-2-2-methyl-5 phosphonooxymethyl-pyridin-4 ylmethane)
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Atomic interactions of cofactor with proteins One of the most conserved properties of the FAD is the
direction in which it approaches the FAD-binding domain.
For each FAD family we analyzed the correlation be-In all FR family members, the isoalloxazine ring points
tween the fold and various cofactor properties. Althoughtoward the FAD-binding domain, whereas in the rest of the
some of the FAD properties are conserved among proteinBAD-family folds it is the adenosine moiety that does so.
belonging to the same FAD-family fold, others are not. One
of the least conserved properties is the bond type (covalent Cofactor atoms interacting with conserved
versus noncovalent). When there is covalent interaction, sequence motifs
FAD is bound to protein residues through atoms from the Another characteristic of the cofactor is evident from our
isoalloxazine ring. This is in agreement with the observatioranalysis of the correlation between FAD atoms interacting
that the isoalloxazine ring interacts with residues located irwith the conserved sequence motifs identified for each of
the poorly conserved regions along the polypeptide sethe families. These conserved sequence motifs are distinc-
quence. tive in the four FAD families. Nevertheless, residues from
Another less conserved cofactor property is the numbethe most conserved sequence motifs in a specific family fold
of protein residues—cofactor atoms interactions. Whereas athake hydrophobic and/or hydrophilic contacts with cofac-
proteins studied have at least one contact with the pyrophoser atoms. In contrast, residues from partially conserved
phate moiety (@, or O, atoms), the number of contacts sequence motifs are distant (>4.0A) from cofactor atoms
varies from one protein to another and there is no strongnd therefore probably form at best weak interactions with
preference for a particular number of contacts in the differthe cofactor. Residues involved in binding oxygen atoms
ent families. This observation is reinforced by the variety of(Op; and Q.,) of the pyrophosphate moiety are more highly
conserved sequence motifs present in the different familgonserved relative to the alignment as a whole, and in fact
folds. Moreover, some members of a FAD-fold family con- are part of the most conserved sequence motifs. In contrast,
tain all conserved sequence motifs whereas others contanesidues involved in binding the adenine, ribose, ribitol, and
only some. isoalloxazine moieties are part of less conserved regions.
A partially conserved property is the geometry of the Because the pyrophosphate moiety is negatively charged, it
FAD, which is controlled by the surrounding protein asis expected to bind to regions in the protein with positive
either an elongated or bent-butterfly conformation. The cocharges. This can be achieved by interacting with positively
factor conformation in most of the FAD-family folds is charged amino acids, peptide groups,oehelix dipoles.
elongated with slight flexibility that varies from one protein Notably, when there is no helix to stabilize the negative
to another. In the FR family, the cofactor adopts either archarge of the pyrophosphate group, Arg is the most com-
elongated or bent conformation (Table 1). This variationmon residue and is capable of forming multiple hydrogen
can be explained by the observation that although théonds with the pyrophosphate moiety. When, however,
general fold of the individual FAD- and NAD(P)H-binding there is anx-helix dipole, as observed in most of the GR
domains in the FR family is invariant, their relative orien- family members, Gly is the most common amino acid, and
tation differs among the family members. As a result theits main chain is within hydrogen bonding distance of the
FAD, situated at the junction between the two domains, capyrophosphate group.
adopt either an elongated or bent conformation depending In contrast to the conserved pyrophosphate binding, the
on the proximity of the two domains. In contrast, in the residues involved in binding the isoalloxazine and adeno-
PCMH family, the FAD-binding domain is composed of sine moieties are usually part of the partially conserved
two subdomains distant from each other, which accommosequence motifs. This is consistent with the fact that the
date the FAD in between them. In fact the FAD holds thecatalytic function of FAD is restricted to the isoalloxazine
two subdomains together and therefore can adopt only aning, and with the variety of family members involved in
elongated conformation. Similarly in the PO family, the diverse redox reactions. Consequently, diverse residues
FAD molecule is situated on top of the cofestrands from the different proteins are involved in catalytic function
and adopts an elongated conformation for maximal interand contact the isoalloxazine ring. Similarly, the function of
action with the FAD-binding domain. Therefore, it seemsthe adenosine moiety is mainly to stabilize cofactor binding
that the fold of the FAD-binding domain and the cofactorthrough interaction with the protein. This stability can be
conformation are not independent, because the fold deteachieved by interaction with different residues in the differ-
mines the position and shape of the pocket on which thent proteins belonging to the same FAD-family fold.
cofactor conformation depends. This variability in the co- The variety of redox functions may also explain the vari-
factor conformation and shape of cofactor pocket in theability in cofactor conformation observed in the FAD fami-
FAD-binding domain of the different FAD-family folds im- lies. As mentioned above, the flexibility is achieved by
plies that there is no single protein ‘pharmacophore’ formovement of the adenine ring toward or away from the
binding FAD. isoalloxazine ring. As a result, the two rings can interact
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with different parts of the protein, usually in less conservedbond type (covalent versus noncovalent) and cofactor con-
regions. We therefore propose that the pyrophosphate mofermation (elongated versus bent) observed in the FAD-
ety anchors the FAD-binding domain by binding to the mostfamily folds. Nonetheless, in each FAD-family fold there
conserved sequence motif, with less specific binding of theexists a clear correlation between the fold, the shape and
isoalloxazine and adenine rings to less conserved sequenpesition of the pocket, and the cofactor conformation. This
motifs. This is consistent with the observation that some ofs in agreement with the finding that the cofactor exhibits
the most conserved sequence motifs described above adirectionality, which is highly conserved within a family
known to bind ATP, FMN, and GTP as well. They all share fold.
a common pyrophosphate group. This observation further An unexpected outcome of our analysis is that the con-
implies that it is possible to predict the pyrophosphate-bindserved pyrophosphate-binding sequence motifs that were
ing site by identifying the most conserved sequence motif indentified in FAD-dependent proteins may be applied to
a multiple alignment of other prosthetic groups containingdiscover phosphate-binding motifs in sequences of non-
pyrophosphate moieties such as AMP, FMN, and GTP. It is=AD-containing proteins. Where the structures of these pro-
conceivable to assume that inspection of the residues inteteins are known, the identified motifs are found to bind to
acting with the @, or O, atoms can be used as a tool for phosphate- or sulfate-containing ligands. Building on this
identifying the most conserved sequence motif in the FAD~esult, the sequence motifs found to bind to pyrophosphate
containing proteins adopting a unique fold, as for the fourin four single-membered FAD protein families (last four
single-member (SM) protein families of Table 1. entries in Table 1) may serve to identify new members of
These conserved phosphate-binding sequence motifhese families.
have a predictive use: they can be applied to searches for
hosphate analog-containing proteins. In fact, we identifie .
g dofen nonFADg-cont(:liningg groteins that bind phosphatect/Iaterlals and methods
containing ligands as cofactors (Table 2). Each contains on8equences and three-dimensional structures of all flavoproteins
of the phosphate-binding motifs assigned for the FAD fami-were retrieved from the Protein Data Bank (www.rcsb.org/pdb). A
lies. These motifs are within hydrogen bond distance of thdotal of 150 flavoprotein X-ray structures solved in the presence of

. . . AD were available from the October 2000 release, and consist of
phosphate moiety of the phosphate-containing ligand. Intergz nonredundant proteins. Table 1 lists the proteins studied, data

estingly, t.hree of t.he. thSPhate analog ligands were actuallyank accession codes, and references to one of the structural pa-
sulphate ions. This implies that conserved sulfate- and sukers on each protein. Homology searching for identifying three-
phate analog-binding sequence motifs could be consideredimensional similarities in protein structure was performed using

potential binding sites for phosphate ions. the program Combinatorial Extension (CB (http:/icl.
sdsc.edu/ce.html). The program aligns two or more polypeptide

chains using characteristics of their local geometry as defined by
Conclusion vectors between & positions (Shindyalov and Bourne 1998).

Each of the 32 proteins was used as a query in the sequence-
The FAD-dependent enzymes illustrate how similar cofac-structure search, resulting in the identificatic_)n of four FAD-family
tors are utilized by nature in a wide variety of protein fami- folds. Based on this sequence-structure alignment, conserved se-

. S . . quence motifs unique for each of the FAD families were identified
lies. The availability of the three-dimensional structures Of(TabIe 1). Next, protein residues forming van der Waals interac-

a large collection of FAD-containing proteins provides antjons and hydrogen bond contacts with the cofactor were analyzed
attractive opportunity for sequence-function-structureusing the prograntigPlot  (Wallace et al. 1995). We then cor-
analysis. Four different FAD-family folds, each with dis- related these protein residues with residues from the most con-

tinctive conserved sequence motifs were identified. Furtherﬁfggfesd Vs:g‘:g‘;e ansm(;ilj-e Sr‘iﬁ”gv seeicrrc]homﬁecgﬁigf% ;gq‘é‘:::]ie
more, the FAD pocket shape can be distinguished from OBy nonFAD-containing proteins solved in the presence of phos-

fold to another as well, implying that there is no unique phate-containing ligands. This search was aided by the option
‘pharmacophore’ for binding FAD. In contrast to the diver- FINDPATTERNSon the Genetic Computer Group (GCG) server
sity of the FAD fold and its sequence motifs, the pyrophos-(Williams and Gibbs 1990).

phate moiety makes hydrogen bonds with residues from the

most conserved sequence motifs in each fold family. Ther_eAcknowIedgments
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