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REVIEW 

Sequence-structure analysis of FAD-containing proteins 

ORLY DYM AND DA YID EISENBERG 
University of California, Los Angeles-DOE Laboratory of Structural Biology and Molecular Medicine, Univers ity of 
California, Los Angeles. Los Angeles, California 90095-1570, USA 

(RECEIVED April 4, 2001: FINAL REV ISION June 21, 200 1; ACCEPTED June 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), and p-cresol 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 structure 
of a polypeptide chain is determined by its amino acid se­
quence. Nevertheless, similar folds can have very different 
sequences. One of the ultimate goals in sequence analysis is 
to predict the structure and function of a protein based 
solely on its sequence. In cases where the protein of interest 
shares at least 30% amino acid identity with another protein, 
the two proteins generally exhibit similar three-dimensional 

Reprint requests to: David Eisenberg. UCLA-DOE Laboratory of Struc­
tural Biology and Molecular Medicine, UCLA, Box 951570, Los Angeles, 
CA 90095-1570, USA; e-mail: david@ mbi.ucla.edu; fax: 310-206-3914. 

Abbreviations: FAD, flavin adenine dinucleotide; FMN, tlavin mono­
nucleotide; ATP, adenosine triphosphate: NADH, nicotinamide adenine 
dinucleotide; NADPH, nicotinamide adenine dinucleotide phosphate; GR, 
glutathione reductase; FR, ferredoxin reductase: PO, pyruvate oxidase; 
PCMH, p-cresol methylhydroxylase. 

Article and publication are at http://www.proteinscience.org/cgi/doi/ 
I 0.11 Ol/ps.12801. 

structure (Doolittle 1986). Alternatively, when proteins are 
known to have similar structure but divergent sequences, 
consensus sequence motifs can be used to assess the func­
tion of unassigned sequences. These consensus motifs usu­
ally correspond to residues interacting with cofactors, sub­
strate, or other proteins. 

The increasing number of three-dimensional structures of 
proteins 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 
focussed on flavin adenine dinucleotide (FAD) because it 
and its related cofactors, nicotinarnide adenine dinucleotide 
(NADH) and adenosine triphosphate (ATP), appear in many 
biological processes. 

Previous comparative structural studies of mononucleo­
tide- and dinucleotide-binding proteins reveal that some ex­
hibit a similar three-dimensional structure with conserved 

1712 Protein Science (200 I), I 0: 17 12-1 728. Published by Cold Spring Harbor Laboratory Press. Copyright © 200 I The Protein Society 



sequence motifs at positions crucial for binding, although 
the remaining sequence can vary greatly. One of the first 
folds was identified by Rossmann (Rossmann et al. 1974) 
who discovered the correlation between the fold of dehy­
drogenases that bind the cofactor NADH and conserved 
sequence motifs. The basic structure consists of six parallel 
f3-strands interspersed by a-helices that appear on both 
sides of the six-stranded f3 sheet. This symmetrical a/f3 
structure is built from two halves, f3 1 a I f,2a 2 f3 3 and 
f,4a 4 f35a 5f36 , with a crossover a-helix (a3) connecting f33 

and f34 (Fig. l ). Each of these folds is known as the classical 
mononucleotide-binding fold or the Rossmann fold. 

A variation of the fold observed for dehydrogenases is 
found in FAD-containing proteins. This fold consists of one 
f3 1a 1f3 2a 2 f33 Rossmann fold, and a variation of both the 
second Rossmann fold and the crossover a-helix. This 
variation includes a three-stranded antiparallel f3-sheet con­
necting f33 and f34 , instead of the crossover a-helix observed 
in dehydrogenases. Moreover the sixth strand, from the sec­
ond Rossmann fold, is missing whereas the fifth strand is 
retained but is close to the end of the sequence. Different 
variations in which structural elements are added or deleted 
were found in proteins containing other mono- and/or di­
nucleotides such as flavin mononucleotide (FMN) (Rao and 
Rossmann 1973), and nicotinamide adenine dinucleotide 
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/dinucleotide 
molecule. 

We selected a nonredundant set of 32 protein-FAD com­
plex structures from the Protein Data Base (PDB) for struc­
ture-sequence analysis with the goal of deepened under-

Fig. 1. Topology diagram of dehydrogenases that bind NADH. This sym­
metrical a/!3 structure is composed of two halves, i3 1a 1i32a.2 i33 and 
i3

4

a
4

i3
5

a
5

i3
6

, with a crossover a-helix (a
3

) connecting strands 13
3 

and !3
4

. 

Each of these motifs is known as the classical mononucleotide-binding 
motif or the Rossmann fold. Cylinders represent a-helices and arrows 
denote 13-strands. Dashed lines indicate elements of secondary structure 
below the plane of the fold. The overall pseudo two-fold rotation symmetry 
between the two i3ai3ai3 motifs is shown by an arrow. 

Sequence-structure analysis of FAD-containing proteins 

standing of principles of molecular recognition. On the ba­
sis of sequence-structure comparison and the interaction of 
cofactor atoms with the different protein residues, we iden­
tified several conserved motifs for each structural family. 
Some of these were previously characterized by others 
(Schulz and Schirmer 1974; Schulz et al. 1982; Wierenga et 
al. 1983; Schulz 1992; Correll et al. 1993; Lu et al. 1994; 
Ingelman et al. 1997; Fraaije et al. 1998) and some are 
newly derived. These conserved sequence motifs are called 
"most conserved" when they are present in all family mem­
bers, and "partially conserved" when present in some but 
not all family members. In addition to the sequence-struc­
ture analysis, we investigated a more complete set of vari­
ables, including cofactor conformation, characteristics of 
the protein pocket wherein the cofactor is bound, cofactor 
directionality, and correlation of cofactor moieties (adenine, 
pyrophosphate isoalloxazine, etc.) interacting with con­
served sequence motifs in the different family folds . Such 
fundamental discriminators may improve our understanding 
of protein evolution, in particular for FAD-binding proteins 
where many tertiary structures, often distantly related, are 
known. Furthermore, the presence of a variety of conserved 
sequence motifs in FAD families, specifically those that are 
pyrophosphate-binding, can be used as a tool for molecular 
recognition of phosphate analog-binding proteins. 

Results 

FAD cofactor 

The 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 electrnns, the pathway of 
electron flow within the flavin ring, and the flavin's oxida­
tion-reduction potential (Mathews 1991). This control is 
asserted in part by the cofactor conformation, which adapts 
to the protein as either an elongated or bent butterfly con­
formation (Fig. 2A and B, respectively). In the bent confor­
mation, the AMP portion is folded back, placing the adenine 
and isoalloxazine rings in close proximity, whereas in the 

www.proteinscience.org 1713 
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A 
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AC'~ "N7 denme 
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B 

Ribose 

Adenosine 

monophosphatc 

(AMP) 
Pyrophosphate 

Ribitol 

lsoalloxazine 

Flavin 
mononucleotidc 
(FMN) 

ANG 

Fig. 2. The FAD cofactor conformations. (A) 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 compo. ed 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 group. (8) 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 
isoalloxazine ring. 

The glutathione reductase (GR) structural family 

Structural conservation 

One of the most thoroughly studied FAD-containing 
families is represented by the enzyme glutathione reductase 
(GR). The protein members of this populous family catalyze 
diverse reactions (Karplus and Schulz 1987; Chen et al. 
1994; Mande et al. 1996; Mizutani et al. 1996; Yeh et al. 
1996; Enroth et al. 1998; Eppink et al. 1998; Binda et al. 
1999; Bond et al. 1999; Lennon et al. 1999; Leys et al. 1999; 
Trickey et al. 1999; Wohlfahrt et al. 1999; Yue et al. 1999; 
Ziegler et al. 1999) (Table 1). All family members adopt the 
Rossmann fold (13ta 1l32a 2 l33 in Fig. 3A). The topology of 
the GR family consists of a central five-stranded parallel 
13-sheet (13 1, 132, 133, 137 , and 138) surrounded by a-helices ( a 1 
and a 2) and an additional crossover connection composed 
of a three-stranded antiparallel 13-sheet (l34-6) (Fig. 3A). 
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Of the 15 GR family members listed in Table I, two 
separate subfamilies were identified using the CE program 
for comparing a polypeptide chain to each chain in the PDB 
(Shindyalov and Bourne 1998). One subfamily, GR 1, con­
tains the first seven proteins listed in Table 1; the last eight 
proteins belong to the second subfamily, GR2 . Each of the 
two subfamilies is obtained when any of the proteins be­
longing to it is used as a query in the sequence-structure 
search. Whereas proteins from the GR 1 subfamily align well 
through the entire FAD-binding domain, those belonging to 
the GR2 subfamily align well only in their N-terminal (-30 
residues). Nevertheless, all GR family members share a 
similar overall three-dimensional structure in their FAD­
binding domain as well as at least one conserved sequence 
motif (Table 1). Terminal additions as well as various in­
sertions within the fold are present in the members of GR2, 

however. Specifically, insertions of several secondary struc­
tures are observed in the connections between 132 to a 2 and 
a 2 to 133 of the Rossmann fold (Fig. 3A). This is in agree­
ment with the observation that these proteins align well only 
in their N-terminal residues comprising 13 1, a 1, and 132 . No­
tably, proteins from GR1, with the exception of sulfide de-



Sequence-structure analysis of FAD-containing proteins 

Table 1. Cofactors and consen ,ed sequence motifs in the nonredundant FAD-containing protein structures retrieved from the Protein 

Data Bank and 1tsed in our seq1tence-structure analysis 

PDB C, B, 

Code Family Protein (Reference) Cofactors NC" Eb Sequence motifs 

ljoa GR , Glutathione reductase (Karplus and Schulz FAD,NADH NC E GxGxxG(x)17E, hhhxGxGxxAxE, T(x)5TxxGD, 

1987) D(x)6GxxP 

!fed Sulfide dehydrogenase (Chen et al. I 994) FAD C E GxGxxG(x) ,9E, hhhxPxPxxPxE, S(x)6 HxxGD, 
D(xJ6PxxA 

lebd Dihydrolipoamide dehydrogenase (Mande FAD, NADH NC E GxGxxG(x)17E, hhhxGxGxxGxE. T(x)5FxxGD,D(x)6GxxP 

et al. 1996) 
lbzl Trypanothione reductase (Bond et al. 1999) FAD, NADPH NC E GxGxxG(x)18 D, hhhxGvxxxSxE, T(x)5 YxxGD.D(x)6GxxP 

3grs NADH peroxidase (Yue et al. 1999) FAD, NADPH NC E GxGxxG(x) 19E, hhhxGxGxxGxE, T(x)sFxxGD, 
D(x)6 GxxP 

lcjc Adrenodoxin reductase (Ziegler et al. 1999) FAD, NADPH NC E GxGxxG(xJ19E, hhhxGxGxxAxD, V(x)6 YxxGW. 
GxGxxG(xh, , FxxGD, 

lcl0 Thioredoxin reductase (Lennon et al. 1999) FAD,NADPH NC E D(X)gGXXP 

l foh GR2 Phenol hydroxy lase (Enroth et al. I 998) FAD,NADPH NC E GxGxxG(x) 16D, S(x)5 FxxGD 

lbtJ p-Hydroxybenzoate hydroxylase (Eppink et FAD,NADPH NC E GxGxxG(x)17E. FxxGD 

al. 1998) 
lcf3 Glucose oxidase (Wohlfahrt et al. 1999) FAD NC E GxGxxG(x)18E 

lb37 Polyamine oxidase (Binda et al. 1999) FAD, NC E GxGxxG(x)18E, T(x)5FxxGD 

lcl4c Fumarate reductase (Leys et al. 1999) FAD C E GxGxxG(x) 17 E 

lb4v Cholesterol oxidase (Yue et al. 1999) FAD NC E GxAxxG 

laa8 D-Amino acid oxiclase (Mizutani et al. FAD NC E GxGxxG(x) 19D 

1996) 
lb3m Sarcosine oxiclase (Trickey et al. 1999) FAD C E GxGxxG(x) 17D 

lfdr FR Flavodoxin recluctase (Ingelman et al. FAD, NADPH NC B RxYS, GxxSxxL(x)5G(x)8 AxG, MxxxGTAixP 

1997) 
la8p Fen-edoxin reductase (Sriclhar Prasad et al. FAD, NADPH NC B RxYS, GxxTxxL(x)5G(x)8PxG, MxxxGTGixP 

1998) 
l ndh NADH-Cytochrome b5 reductase (Nishida FAD, NADH NC E RxYT, GxxSxxL(x)5G(xhPxG. MxxxGTGixP 

et al. 1995) 
2cnd Nitrate reductase (Lu et al. 1994) FAD,NADH NC E RxYT, GxxTxxL(x)5G(x)7PxG, MxxxGSGlxP 

lamo NADPH-P450 recluctase (Wang et al. FAD, NADPH NC E RxYS, GxxTxxL(x)6G, MxxxGTGixP 

1997) 
l cqx Flavohemoglobin (Erm I er et al. I 995) FAD, NADH NC E RxYS, GxxSxxL(x)6G(x)7 PxG 

lqlt PCMH p-Cresol methylhyclroxylase (Cunane et al. FAD C E P(x)6GxN, G(x)7GY, K(x)6E(x)2 YxxVx:xG(x)8 Y, R, GxxL 

2000) 
ldii Vanillyl-alcohol oxidase (Fraaije et al. FAD C E P(x)6GxN, G(xh GY, R(x)6E(xhYxxYxxG(x)8Y. R, GxxL 

2000) 
2mbr Uridine diphospho-N-acetylenol- FAD.NADPH NC E P(x)6GxN, G(x)8AY, K(xJ6E(x)4 YxxVxxG(x)8 Y, R. GxxL 

pyruvylglucosamine reductase (Benson et 
al. 1997) 

lqj2 Carbon monoxide dehydrogenase (Dobbek FAD NC E P(x)8GxN, G(x)3A Y, R(x)5D(x)5 Yx:xAxxxG(x), R 

et al. 1999) 
lfOx D-Lactate clehydrogenase (Dym et al. FAD NC E A(x)7AxN. G(xhGS. R 

2000) 
lpow PO Pyruvate Oxidase (Muller et al. 1994) FAD NC E R(x)5GxG, YGxN, K(xh ixxDP(x)9D(x).,ADxxK. 

KxLxxLxxxL(x)6 T(x)4Gx V 

lefv Electron transfer (Roberts et al. l 996) FAD NC E K(x)5GxG, K(xh VGxS, lxxDP(x)sD(x)4 ADxxK, 
KxLxxLxxxL(x)6S(x)6 Gx V 

livh SMC Acyl-CoA dehydrogenase (Tiffany et al. FAD NC E 
1997) 

ldnp DNA Photolyase (Park et al. 1995) FAD NC B 

lb5t Methylenetetrahydrofolate reductase FAD. NADPH NC E 

(Guenther et al. 1999) 
lqr2 Quinone oxidorecluctase (Foster et al. FAD,NADPH NC E 

1999) 

° FAD bond type: C, covalent; NC, noncovalent. 
b Conformation: B, bent; E, elongated. 
c SM signifies the four single-membered fami lies. 
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Fig. 3. Topological diagram or FAD-binding domain of the four FAD-family folds. (A) Rossmann fold (l3,a ,l32a 2 l31) adopted by the 
glutathionc rccluctasc (GR) family members. For a full de cription of this fold. it mu t be noted that there are two subfamilies. GR 1 

and GR2 ( ee text). and that there are exception to the generalization · described here. For example. D-amino acid oxicla e of the GR2 

subfamily is an exception to the rule that the FAD-binding fold in the GR fami ly contain a 3- trancl 13-meancler connecting 133 and 
134: instead, it has a crossover a-helix. (8) Fcrrecloxin recluctase (FR) family fold adopting a cy lindrical 13-cl main organized into two 
orthogonal heets, 13,132135 and 133 134 136 . (C) The p-cresol methylhyclroxy la e (PCMH) family fold consi t of two a + 13 subclornain.: 
one i compo eel of three parallel 13- trands (13 1 3) and the. econcl contain five antiparallel 13-strands (13"-8) urrounclecl by a-helices. 
(D) The pyruvate oxiclase (PO) fami ly fold consi ts of fi ve parallel 13-strands (!3 1_ 5) interspersed by a-helices similar to the double 
Rossmann fold found in dehydrogenases. Cylinders represent a-helices and arrows denote 13-strands. The location. indicated in dashed 
line . of the con erved sequence motif in each of the FAD-family fold is listed in Table I. 

hydrogena e (Van Driessche et al. 1996), comprise 
AD(P)H-binding domains (between [37 and [3 in Fig. 3A), 

adopting the Rossmann fold (Rossmann et al. 1974), in 
addition to the FAD-binding domain. Phenol hydroxylase 
(Enroth et al. 1998) and p-hydroxybenzoate hydroxyla e 
(Eppink et al. 1998) are the only protein from the second 
subfamily known to bind NADPH. However, both lack the 
Rossmann-type ADPH-binding fold. 

FAD binding and conformation 

The FAD cofactor in the GR family member adopt elon­
gated conformations with the adenine and i oalloxazine 
moieties distal from each other (Table I and Fig. 4A). The 
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degree of extension of the cofactor can vary considerably . In 
addition, the cofactor may be either covalently or noncova­
lently bound to the protein, and there is no apparent corre­
lation of cofactor conformation w ith any of the con erved 
sequence motifs (Table I). In contrast, the direction of the 
FAD cofactor is con erved among all GR fami ly members: 
the adenine ring of the cofactor points toward the FAD­
binding domain, while the isoalloxazine ring points away 
from it (Fig. 4A). 

Conserved sequence motif~ 

The GR family members show several conserved amino 
acid residues at a few crucial positions, and the rest of the 
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A B 

C D 

Fig. 4. Ribbon repre emation of the FAD-binding domain of the four FAD-family fold complexed with FAD. (A) Rossmann fold 

adopted by the glutathione reducta e (GR) fami ly members. The blue . hading indicates the crossover connection composed of a 

three-stranded antiparallcl i3-shec1: the red shading indicates the central five-stranded parallel 13-sheet urrounded by two a -helices. The 

FAD cofactor adopt an elongated conformation with the adcnosine moiety (gray circles) pointing toward the FAD-binding domain. 

(8) Ferredoxin reductase (FR) family. The two antiparallel three- tranded !3-sheet are shown in red and blue. The FAD in its bent 

conformation is hown with the i oalloxazinc ring (black circle ) poiming toward the FAD-binding domain. (C) The a+ i3 fold adopted 

by the p-crcsol methylhydroxyla e (PCMH) family members. In red are three parallel 13-strands surrounded by a-helices, and in blue 

are live antiparallel 13-strands surrounded by a-helice . The FAD molecule adopts an elongated conformation and is located in between 

the two subclomains with the adenine ring pointing toward them. (D) Rossmann fold adopted by pyruvate oxidase (PO) family 

members. shown in reel. The cofactor adopt. an elongated conformation and lie perpendicular to the !3-strands. The stick drawing of 

the cofactor i depicted with gray circles for atoms in the adenine and sugar ring . with red circle for phosphate and oxygen atoms, 

and black circles for atom for the isoalloxazine ring. Figure created by M0LSCRI PT (Kraulis 199 I) and RASTER3 D (Bacon and 

Anderson 19 ; Merritt and Murphy 1994). 

sequence varie . We conducted a equence-structure align­

ment of the two GR ubfamily members using the program 

CE. Con erved sequence motifs found in each of the GR 
family members are listed in Table 1. Specifically, four 

conserved motifs for FAD binding are found in GR 1 mem­
bers (depicted in colored boxes in Fig. 5), two of which are 
present in the GR2 subfamily as well (Table 1 ). 

The mo t conserved and well- tudied sequence motif i 

part of the Rossmann fold, xhxhGxGxxGxxxhxxh(x)8hxhE(D) 

(Fig. 5, blue box), where x is any residue and h is a hydro­

phobic re idue (Schulz and Schirmer 1974; Schulz et al. 

1982; Wierenga et al. 1983: Schulz 1992). This motif is 
found at the N-tcrminal part of the sequence, and in fact it 

is the only conserved sequence motif present in all GR 

family members (Table 1). This is in agreement with the 

observation that while members of GR 1 align well through­

out the entire FAD-binding domain, GR2 members align 

well mainly at the N-terminus. This consensus is known as 
the dinucleotide-binding motif (DBM) (Wierenga et al. 

1983) or the phosphate-binding sequence signature (Moller 

and Amons 1985) and i a common motif among FAD- and 

NAD(P)H-dependent oxidoreductases. The central part of 

this consensus motif, GxGxxG, is part of the loop connect­

ing the first 13-strand and a-helix in the l3al3al3 Ro mann 

fold with the N-terminal end of helix a I pointing toward the 
pyrophosphate moiety for charge compensation (Fig. 3A). 
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lJOA: 
l FCD:A 
lEBO:A 
l BZL:A 
3GRS: 
lCJC:A 
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lJOA: 
lFCD:A 
l EBD:A 
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lCJC:A 
l CL0: A 

l J OA: 
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lJOA: 
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lCL0:A 

lJOA: 
lFCD:A 
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lBZL:A 
3GRS : 
lCJC:A 
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lJOA : 
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lCL0 :A 

lJOA: 
lFCD:A 
lEBD:A 
lBZL:A 
3GRS: 
lCJC:A 
lCL0 : A 

lJOA: 
lFCD:A 
lEBD:A 
lBZL:A 
3GRS: 
lCJC:A 
l CL0:A 

1 / 2 
3 / 4 
5 / 12 
6 / 8 

22 /23 
7 / 8 
6 / 7 

47 / 48 
48/49 
51/58 
62/64 
68/69 
55/56 
51 / 52 

67 / 68 
66 / 67 

101/108 
114/116 
118/119 

70 / 71 
73 / 74 

110/111 
103/104 
140/147 
159/161 
155/156 
101/102 
111/112 

150/151 
148/149 
171/178 
189/191 
188/189 
146/147 
131/132 

236/237 
248/249 
260/267 
279/281 
283/284 
323/324 
235/236 

275 / 276 
288/289 
302/309 
320/322 
325/326 
361/362 
280/281 

326/327 
336/337 
343/350 
362/364 
368/369 

372/373 

383/390 
397/399 
405 / 4 06 

EAVEELLNLHPDAEIQ -G- DF - --- ----IS ----FLSXGMQL 
TAAKYIKLADPSI EVTLI - N-TD-- - -- - -- - Y-- --YTCYLSNE 

~:tll.l:n><:;11YVAA.IRAA- QL- GQKVTI -GN---- --- - --LGGVCLNVGCIPSK 
LEAAWNAATLY- KKRVAVI V- Q- MVHGPPFFSALGGTCVNVGCVPKK 

SARRAA-EL- GARAA - HK---- ---- --LGGTCVNVGCVPKK 
:v'i'IJSl]PAGFYTAQHLLKHHSRAHVDI - Q- LV------- - PFGL--VRFGVAPD 

.1..1,;~ ~ ~~y TAAVYAAR--ANLQPVLI TGME - KG--- -- ---GQ----LTTTTEVE 

- - --YLE- - - -- --- - ----- -- -- -- - -- - - --- - -GKVKDV- NSV----- RYMTGEKM 
----VIG- ---- - --- ---- - - --------- --- - --GDRK-L- ESI-----K-HGYDGL 
- ---ALISASHRYEQAKHSEEMGIKAENVTI DFAK--VQEWKA- SVVKK---LTGGVEGL 
-- - - LMVTGAQYMEHLRESAGFGWEFDRTTLRAEWKNLIAVKD- EAVLN--- INKSYDEM 
----VMWNTAVHSEFMHDHADYGFPSCEGKFNWRV--IKEKRD- AYVSR---LNAIYQNN 
--- -H- --- - ----- ------ - - - --- -- - - ----------- - ---PEVKNVINTFTQTA 
NWPGD- -------- - - - ------------ - -------- PNDLTGPLL-----MERMHEHA 

ESRG--VNVFSNTEI TAI Q--P----KEHQVTVKD----- LVSGEER--VE--NYDKLII 
RAHG- - I QVVH- DSATGID--P----DKKLVKTA--- - - -----GGA-- EF - - GYDRCVV 
LKGNK- VEIVK- GEAYFVD--A------NTVRVVNG-------DSAQ--TY--TFKNAII 
FRDTEGLEFFL-GWGSLES-- K------NVVNVRESADPAS--AVKE--RL--ETEHILL 
LTKSH- IEIIR- GHAAFTSDPK------ PTI EV------ ---- - SGK--KY- - TAPHILI 
RSDR-- CAFYGNVEVG---------------------------RDVTVQELQDAYHAVVL 
TKFE--TEII -- FDHI NKV--DLQNRPFRLNGD------------NG--EY--TCDALII 

SPGAV- PFELO--- IPGK---DL---DNIYLM- RGRQWAIKLK--------QKTVDPEV­
APGIE- LIYDK--- IEGYSEEAA---AKLPHAWKAGEQTAILR--------KQLEDMADG 
ATGSR-PIELP- - - N-- F---KFSNR-- ILDS - T--GALNL- ---------GEV----P­
ASGSW - PHMPN- - - IPGI--- EH-----CISS- N--EAFYL--- -------PEP----P­
ATGGM- PSTPHESQIPGA---SL-----GITS - O--GFFQL- ---------EEL----P­
SYGAEDHQALD--- IPGE--- EL---PGVFSA- R--AFVGWYNGLPENRELAP--OLSC­
ATGAS-ARYL------ -G---LP---SEEAF------ - --KGR-----------------

1
-- -- - - IYI IIJ: EAFAKA-- ---------- - - - ------G--- - - - KKVT 

G AAPFRCPPGP SQVAYY - - ------ -- - ----- -----LKAHKPMSKVI 
----- - rl r TAYANF------------- ---- ----G------TKVT 
----- - IS FAGIFNAY---------------------KPKD---GQVT 

G ------ I GILSAL-- - - ----- - - ---- ------G----- - SKTS 
- - ---- ARILLTPPDHLEKTDITEAALGALRQSRV------ KTVW 

--GVSA---------- CDGFFYRN-----------------------------QKVA 

D- - LVVVA VRPN--TA---WLKG---TLELHPNGLIKTD- E-------YMRT-SE--P 
D- - VINLIPPQRAGKIAQ- -- IAG------LTNDAGWCPVDIK-------TFESSIH--K 
D- -YVLVTVG)ffi~N--TD- --ELGLEQIGIKMTNRGLIEVD-Q- - ---- -QCRT-SV--P 
D--LVMMAIGRSPR--TK---DLQLQNAGVMI KNG- GVQVD- E-------YSRT-NV- S 
D--CLLWAI GRVPN--TK- --DLSLNKLGIQTDDKGHI IVD- E- - -----FQNT-NV--K 
G--LVLSSIGYKSR- -PIDPSVPF- - -----DPKLGVVPNM-- - - - - ----EGR-VVDVP 
DVAGLFVAIGHSPN--TA---- IFE---GQLELENGYIKVQ - SGIHGNATQTSI- ----P 

DVFAVGDATLIKYNPADTEVNIALA--TNARKQGRFAVKNL-----E-EPV-KPFPGVQG 
GIHVIGDASIA-------NPMPKSG--YSANSQGKVAAAAVVVLLKG- EEP-GTPSYL-N 
NIFAIGDIVP- --- - -----GPALA--HKASYEGKVAAEAI -- -- -A- GHP-SAVDYVAI 
NIYAIGDVTN------ --- -RVMLT--PVAINEAAALVDTV-----FGTTP- RKTDHTRV 
GIYAVGDVCG----------KALLT--PVAIAAGRKLAHRL-----FEYKEDSKLDYNNI 
GLYCSGWVKR---------GPTGVI - -TTTMTDSFLTGQIL-----L-Q--- - - -----­
GVFAAGDVMD--- ------ -HIYRQAI TSAGTGCMAALDAE-----R- YL- --- - -- -- -

SSGLAVF-DYKFASTGINEVMAQKLGKET------- - KAVTVVEDYLMDFNPDKQ-- --­
TCYSILAPAYGISVAA-- ----- -- -- ---- --- - - ---- - -- -- ----- ---- - ----­
PAWFSD--PECASVGYFEQ------QAKDEGIDV--IAAKFPF----------AANGRA 
ASAVFSI--PPIGTCGLIEE------VASKRYEW--AVYLSSF----------T- ---­
PTWFSH- - PPIGTVGLTED- --- - -EAIHKYGIENVKTYSTSF------ - ---T- ----

K----- - ------AWFKLVYDPETTQILGAQLMSKADLTANINAISLAIQAKMTIEDLAY 

LALNDTD------GFLKLWRKEDGVI GAQIIGP-NASDMIAELGLAIEAGMTAEDIAL 
PLMHKVSGSKYKTFVAKIITNHSDGTVI:GVHLLGD-NAPEIIQGIGICLKLNAKISDFYN 
PMYHAVTKRKTK-CVMKMVCANKEEKWGIHMQGL -GCDEMLQGFAVAVKMGATKADFDN 

Fig. 5. Structure-ba ed amino acid alignment for proteins belonging to the GR, fami ly of proteins as obtained with the program CE 
(Shindyalov and Bourne 1998) (fir t seven protein Ii ted in Table I ). The first column gives the PDB acce sion code, and the second 
column give two numbers that each specify the sequence position that follows. The left-hand number corre ponds to the sequence and 
the right-hand to the PDB. The conserved equence motifs are depicted in boxes: GxGxxGxxxhxxh(x)shxhE(D) in blue. VVV­
V(I)GxGxxGxE in red, T(S)xxxxxF(Y)hhGD(E) in pink. and D(x)6GxxP in green. In yellow are all con erved residues not directly 
involved in binding FAD. Protein : ! JOA. NADH peroxidase from E11terococcus Jaeca/is; I FCD. flavocytochrome C sulfide dehy­
clrogenase from Chromatiwn vinoswn; I EBD. dihydrolipoamide dehyclrogena ·e from Bacillus stearothen11ophi/11s: I BZL. trypano­
thione reducta e from Trypa11osoma cr11zi: 3GRS, glutathione recluctase from Homo sapiens: ICJC. adrenodoxin reducta e from Bos 
1a11r11s; I CLO, thioredoxin reductase from Escherichia coli. 



The importance of the Gly residues in the conserved central 
GxGxxG is well understood (Wierenga et al. 1986): the 
first strictly conserved Gly allows for a tight turn of the 
main chain, which is important for positioning the second 
Gly. The second Gly, because of its missing side chain, 
permits close contact of the main chain to the pyro­
phosphate of FAD, specifically oxygen atoms Op1 or 
OP2. The third Gly allows close packing of the helix with 
the 13-sheet. The hydrophobic residues provide hydro­
phobic interactions of the a-helix with the 13-sheet. The 
conserved negatively charged tenninal residue, Glu or 
Asp, hydrogen bonds to the ribose 2' hydroxyl of the adeno­
sine moiety. A variation of this glycine-rich sequence 
motif is hhhxGxGxxGxE (Fig. 5, red box), in which the 
central GxGxxG is common (Wierenga et al. 1986). It is 
part of the l3al3 Rossmann NAD(P)H-binding motif and is 
present only in GR 1 subfamily members containing the 
NAD(P)H-binding domain in addition to the FAD-binding 
domain (first seven proteins in Table 1). Sulfide dehydro­
genase belongs to the GR 1 subfamily; however, it lacks the 
NAD(P)H-binding domain, consistent with the observation 
that glycines are replaced by pralines in this conserved mo­
tif (Fig. 5, red box). Two enzymes of GR2 , p-hydroxyben­
zoate (Eppink et al. 1998) and phenol hydroxylase (Enroth 
et al. 1998), are exceptional: they bind NADPH (Table 1) 
but lack a Rossmann-type NADPH-binding domain and 
therefore lack the conserved hhhxGxGxxGxE sequence mo­
tif typical of the NAD(P)H-binding domain (Wierenga et al. 
1983 ). 

Another highly conserved FAD-binding sequence 
motif was first identified from studies of rubredoxin re­
ductase (Eggink et al. 1990), and is an 11 amino acid 
segment, T(S)xxxxxF(Y)hhGD(E) (Fig. 5, pink box). This 
motif is present in all members of GR1 and in some of 
GR2 (Table 1). The hydrophobic residues belong to the 
seventh 13-stand of the FAD-binding domain, found 
near the C-terminus of the protein (Fig. 3A). The initial 
Thr residue participates in the formation of the 'greek 
key' motif found just before the seventh strand, and the 
invariant Gly and the terminal Asp residues are part of 
the loop connecting the 13-strand to the a-helix, and hydro­
gen bonded to the Op1 or OP2 atoms of the pyrophosphate 
group. 

There are some partially conserved sequence motifs in 
the GR family. Vallon (2000) has reported short GG and 
ATG motifs, present in only a few of the protein members. 
We found another partially conserved sequence motif, 
D(x)6GxxP (Fig. 5, green box). This motif is situated at the 
interface between the NAD(P)H- and FAD-binding do­
mains and one of the x residues, located between the Gly 
and Pro, often an Arg residue, making a polar contact with 
the isoalloxazine ring. This newly derived sequence motif is 
absent in GR family members lacking NAD(P)H-binding 
domain (GR2 proteins in Table 1). 

Sequence-structure analysis of FAD-containing proteins 

The ferredoxin reductase (FR) structural family 

Structural conservation 

Another well-studied FAD-family fold, represented by 
the enzyme ferredoxin reductase (FR) (Karplus et al. 1991), 
consists of six proteins listed in Table 1 (Lu et al. 1994; 
Ermler et al. 1995; Nishida et al. 1995; Ingelman et al. 1997; 
Wang et al. 1997; Sridhar Prasad et al. 1998). All fami ly 
members were identified using the program CE (Shindyalov 
and Bourne 1998). In addition to the FAD-binding domain, 
all of the FR family members have the NAD(P)H-binding 
domain (Table 1), adopting the Rossmann fold found in the 
dehydrogenases (Fig. I; Rossmann et al. 1974). However, 
the number of strands in the NAD(P)H-binding domain 
differs among the various family members. The FAD-bind­
ing fold characteristic of the FR family is a cylindrical 
13-domain with a flattened six-stranded antiparallel 13-
barrel organized into two orthogonal sheets (/3 1132 /35 and 
/34133136) separated by one a-helix, and is distinguished 
from the l3al3aj3 Rossmann fold (Fig. 3B). The cylinder 
is open between strands 134 and !35 . This opening of the 
cylinder makes space for the isoalloxazine and ribityl moi­
eties of the FAD, to which hydrogen bonds are formed 
from the open edges of the strands (Fig. 4B). One end of the 
cylinder is covered by the only helix of the domain, which 
is essential for the binding of the pyrophosphate groups of 
the FAD. The structural differences in the FAD-binding 
domain are manifested mainly as loops of different length 
and extra extending structural elements, which may be 
important for interactions with their redox partners. The 
structural core of all FR family members is highly con­
served. 

FAD binding and conformation 

The binding pocket for the FAD cofactor is located be­
tween the FAD- and NAD(P)H-binding domains, whose 
relative orientations vary among the different family mem­
bers. As a result, the FAD cofactor can adopt either an 
elongated or bent conformation (Table 1). In contrast to this 
variability of the general cofactor conformation, the confor­
mation of the FMN part of the FAD molecule is nearly 
identical in all family members. In particular, the isoalloxa­
zine ring is always inserted into the protein at the FAD- and 
NAD(P)H-domain boundaries, whereas the adenine and ri­
bose moieties are mostly exposed (Fig. 4B). As a result, the 
binding of the isoalloxazine, ribityl, and pyrophosphate 
moieties are well preserved in the FR family, whereas the 
adenosine displays large conformational differences and a 
small number of contacts with protein residues. This obser­
vation implies that the adenine and ribose moieties are more 
flexible, contributing to the variability in cofactor flexibility 
observed in the FR family. Furthermore, the loop between 
135 and the a-helix involved in the adenine-binding differs 
among the various family members. Its length varies, and in 
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ome fami ly member it i altogether mi ing. Thi aria­
tion in loop length po ibly contribute to the varied cofac­
tor conf rmation . 

charged Arg re idue form hydrogen bond to the negati e 
pyropho phate oxygen atom (Op 1 or 0p2) in all family 
member (lngelman et al. 1997). Another ide chain in-

Conserved sequence motifs 

Despite their igni ficant tructural imi laritie , the FR 

ol ed in cofactor binding i Tyr, which make exten ive 
an der Waal contact w ith the navin and hydrogen bond 

to the ribityl 4' hydroxyl (0 /'). An additional highly con-
equence vary greatly, howing con erved re idue at on ly 

a few crucial po ition (Correll et al. 1993; Lu et al. 1994; 
l ngelman et al. 1997) (Fig. 6 and Table I ). One of the mo t 
conserved equence moti f i R Y (T ) (Fig. 6, red box), 
which i part of [34 (Fig. 3B), where the in ariant po iti ely 

er ed equence moti f i GxxS(T)xxL(x)sG(xhPxG (Fig. 6, 
green box), which i part of a 1 [36 and i • known a the 
pho phate-binding moti f (Fig. 3B) (Sridhar Pra ad et al. 
199 ). In all family member , the er or Thr re idue are 
part of the loop connecting [35 to et 1• and are within hydro-

lFDR: 
1A8P : 
lNDH : 
lCNF : 
1B2R :A 
l AMO: A 

lFDR : 
1A8P: 
lNDH: 
lCNF: 
1B2R: A 
lAMO : A 

l FDR: 
1A8P : 
lNDH : 
lCNF : 
1B2R :A 
l AMO: A 

l FDR: 
1A8P: 
lNDH: 
l CNF: 
1B2R: A 
lAMO:A 

lFDR: 
1A8P: 
l NDH: 
lCNF: 
1B2R :A 
lAMO:A 

lFDR : 
1A8P: 
l NDH: 
lCNF: 
1B2R: A 
lAMO:A 

lFDR: 
1A8P: 
lNDH: 
lCNF: 
1B2R: A 
lAMO : A 

2/3 
3/4 

11/12 
11/12 
21/21 

216/280 

72/72 
268/332 

328/392 

47/4 8 
48/ 49 
60/61 
59 /60 
75/75 

388/ 452 

73/74 
74/75 
96/97 
95 / 96 

113/113 
425/489 

110 / 111 
111 / 112 
147/148 
140 /141 
152/152 
466/530 

151/152 
152/153 
189 / 190 
183/184 
202/202 
512/576 

ADWVTGKVTKVQNW--T----DALFSLTVHAP----V--L--PFTAGQFTKLGLEIOOE­
-NLNVERVLSVHHW--N----DTLFSFKTTRN----PS-L--RFENGQFVMIGLEVOOR­
DIKYPLRLIDKEW--N----HDTRRFRFALPSPEHI--L--GLPVGQHIYLSARIDGN­
-GRIHCRLVAKKEL--S----RDVRLFRFSLPSPDQV--L--GLPIGKHIFVCATIEGK­
PFIGKVISNEPLVKEGG----IGIVQHIKFDL----TG-GNLKYIEGQSIGIIPPGVDKN 
KNPFLAAVTANRKL--NQGTERHLMHLELDIS----DSKI--RYESGDHVAVYPANDSAL 

GKP---------------------------------------------------------
VNQIGEILGADLDVIMSLNNLDEESNKKHPFPCPTTYRTALTYYLDITNPPRTNVLYELA 

QYASEPSEQEHLHKMASSSGEGKELYLSWVVEARRHILAILQDYPSLRPPIDHLCELLPR 

SP--DNP- - D- ----LEFYLVTV---- - ----P---------D------­
IASPN--YEE--H---- -LEFFSIKV----- - ---Q---------N------­
PVSSD- -DDKGFV-----DLVIKVYFKDTHPKFP- A---------G------­
PTSMV--DEI GH------FDLLVKVYFKNEHPKFPN-- - ------G------ ­
I ASTR--HGD- - DVDDKTISLCVRQL-- - - - - ---E----- - ---YKHPESGE 
I ASSSKVHPN--S-----VHICAVAV----- - --- EYEAKSGRVNK-------

FVLD---------------EVPHCETL 
RKfa'l'GTLVTS - - - ---- ------- -DLLPGKHL 

LVYQGKGKFAIRPDKKSSPVIKTVKSV 
YTGRGSFVINGKQ--- - RNA--RRL 

EMLL-------- - - --- --PDDPEANV 

win.ATGTAIGPYLSILRL--G-----------KD-L- - --DRFKNLVLVHAARYA-ADLS 
YMLSTGTG FMSLIQD- - P---- -------EV- Y----ERFEKVVLIHGVRQV- NELA 
~ I AGGTGITBMLQVIRAIMK- -- - ----- --DP- D----DHT-VCHLLFANQTE-KDIL 
l\:MI CGGSGITPMYQIIQAVLR-----------DQPE---- DHT-EMHLVYANRTE-DDIL 

TGTGIAPMRTYLWR- - MFKDAERAANPEYQ-F----K--GFSWLVFGVPTT-PNIL 
GPGTGIA:PFMGFIQE--R-------- - --AW-LREQGKEVGETLL'YYGCRRSDEDYL 

YLPLMQELEK--- ----RYEGKLRIQTVVSRET--- - AAGSL- ---TGRI PALIESGELE 
YQQFITEHLPQSEYFGEAVKEKLIYYPTVTRES----FH--N--- -QGRLTDLMRSGKLF 
LRPELEELRN--- ----EHSARFKLWYTVDRAPE---AWDYS----QGFVN---EEMIRD 
LRDELDRWAA-------EYPDRLKVWYVI DQVKRPEEGWKYS--- - VGFVT---EAVLRE 
YKEELEEIQQ-- - ----KYPDNFRLTYAISREQ----K---NPQGGRMYIQDRV- - AEHA 
YREELARFHK-------DGA- LTQLNVAFSREQ-- - -A---H--- - KVYVQHLL- -KRDR 

Fig. 6. Sequence alignment of all FAD-containing proteins resembling the ferredoxin reductase structure based on tructure-sequence 
alignment as obtained using the CE program (Shindyalov and Bourne 1998). Conserved sequence motifs are depicted in boxes: 
RxYS(T) in red, GxxS(T)xxL(x)5G(xh PxG in green, and MxxxGT(S)G(A)lxP 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. 
Protein : I FDR, flavodoxin reductase from Escherichia coli: I A8P, ferredoxin oxidoreductase from A:otobacter vi11ela11dii: I 1DH. 
cytochrome b

5 
reductase from Sus scrofa; 2CND. nitrate reductase from Zea mays; I AMO. NADPH-cytochrome P450 reductase from 

Rattus norvegicus; I CQX, flavohemoprotein from Alcaligenes eutrophus. 
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gen bonding distance to one of the pyrophosphate oxygen 
atoms (Op1 or Op2). The absence of side chain at the first 
Gly allows a close approach of the main chain to the pyro­
phosphate moiety. The remaining conserved residues clus­
ter in the helix and (36 of the FAD-binding domain. 

Another conserved sequence motif, MxxxGT(S)G(A)IxP 
(Fig. 6, blue box), is part of the NAD(P)H-binding domain 
and comprises the f3uf3 structure motif. The conserved Gly 
residue is located near the N-terminus of the sequence in­
volved in pyrophosphate binding of the NAD(P)H cofactor, 
and is known as the phosphate-binding loop (Karplus et al. 
1991). In addition, the Thr residue interacts with the isoal­
loxazine ring of the FAD cofactor in selected family mem­
bers, and in the other family members it is in the vicinity of 
the cofactor. The remaining residues cluster in the interface 
between the NAD(P)H- and FAD-binding domains and 
around the NAD(P)H binding site. There is similarity be­
tween the GxGxxG motif observed in dehydrogenases and 
the central part of the phosphate-binding motif, GT(S)­
G(A)IxP, present in the NAD(P)H-binding domain of FR 
members. Both of these motifs are rich in Gly, but the 
specific residues interacting with the NAD(P)H cofactor are 
different in the two types of domains (Ingelman et al. 1997). 

The p-cresol methylhydroxylase (PCMH) 
structural family 

Structural conservation 

The third structural family of FAD-binding proteins is 
exemplified by p-cresol methylhydroxylase (PCMH); all 
family members are listed in Table 1 (Benson et al. 1997; 
Dobbek et al. 1999; Cunane et al. 2000; Dym et al. 2000; 
Fraaije et al. 2000). These enzymes catalyze diverse redox 
reactions. The FAD-binding domain consists of two a + f3 
subdomains: one is composed of three parallel (3-strands 
((31_3 ) surrounded by a-helices, and is packed against the 
second subdomain containing five antiparallel (3-strands 
((34-8) surrounded by a -helices (Fig. 4C). A schematic 
diagram of the topological arrangement of the secondary 
structure of a PCMH family representative is shown in Fig­
ure 3C. 

FAD binding and conformation 

The binding pocket for the FAD cofactor is essentially 
identical for all family members. The two subdomains ac­
commodate the FAD cofactor between them (Fig. 4C). They 
envelope most of the FAD cofactor and interact with it by 
hydrogen bonds and van der Waals contacts. In fact, the 
extended opening between the two subdomains in PCMH 
family members allows the FAD to penetrate in between 
them and adopt an elongated conformation (Table 1). In all 
family members, the adenine ring points towards the FAD­
binding domain (Fig. 4C). Although the conformation of 

Sequence-structure analysis of FAD-containing proteins 

FAD is conserved, it may be either covalently or noncova­
lently bound to the protein (Table 1). 

Conserved sequence motifs 

Although the sequence conservation of the PCMH family 
along the entire alignment is very small, members share 
some conserved residues in the N-terminal and C-terminal 
regions comprising the FAD-binding domain. Sequence­
structure alignment is shown in Figure 7, and conserved 
sequence motifs are listed in Table 1. One of the most 
conserved and well studied residues is an Arg residue situ­
ated at the C terminus which is within hydrogen bonding 
distance of both the 0 2 atom of the isoalloxazine ring and 
0 3* of the ribitol, to provide charge compensation (Fig. 7, 
pink box). An additional most conserved sequence motif is 
P(x)6G(A)xN (Fig. 7, blue box) in which the middle x resi­
due is within hydrogen bonding distance of Op1 or OP2 and 
forms a coil segment connecting (32 to ex 1 (Fraaije et al. 
1998) (Fig. 3C). This loop binds to the adenine ring and 
compensates for the negative charge of the FAD molecule 
through the formation of hydrogen bonds between backbone 
nitrogen atoms of Gly and some other residues belonging to 
the sequence motif. Another well-studied conserved se­
quence is G(x)8GY (Fig. 6, green box) in which the x resi­
dues are part of a 2 and are within hydrogen bonding dis­
tance of the pyrophosphate and the isoalloxazine moieties 
(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 
positive residue (Arg if it is present) or by the backbone to 
an amide group (in this sequence motif, a Gly residue). In 
contrast to some other flavoproteins (e.g., Mande et al. 
1996; Mizutani et al. 1996; Sridhar Prasad et al. 1998; Yue 
et al. 1999) however, there is no helix dipole 01iented to­
ward the pyrophosphate moiety to help compensate for the 
negative charge. 

Based on our sequence-structure analysis, we identified 
two partially conserved sequence motifs. The first is GxxL, 
part of (38, which interacts with the adenine ring (Fig. 7, orange 
box). The second motif we found is R(x)6ExxYxxVxxG(x)8 Y 
(Fig. 7, red box), part of J34 and (35 with the Glu, Tyr, and 
Gly residues conserved. The central part of this motif, 
VxxG, is located near the adenine ring and is in close prox­
imity to the GxxL and P(x)6G(A)xN sequence motifs. 

The pyruvate oxidase (PO) structuralfamily 

Structural conservation 
Pyruvate oxidase (PO) was previously considered a 

single-member family (Muller et al. 1994). We found that 
electron transfer flavoprotein (Roberts et al. 1996) has a 
similar fold and shares several conserved sequence motifs 
with PO (Table 1). In both proteins, the FAD-binding do­
main fold is similar to the Rossmann fold of the dehydro-
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lQLT:A 
lDII :A 
2MBR : 

lQLT : A 
lDII : A 
2MBR : 

lQLT : A 
lDII :A 
2MBR: 

lQLT :A 
lDII :A 
2MBR : 

lQLT : A 
lDII:A 
2MBR : 

lQLT : A 
lDII:A 
2MBR: 

lQLT :A 
lDII:A 
2MBR : 

lQLT :A 
lDII : A 
2MBR : 

lQLT : A 
lDII : A 
2MBR : 

lQLT : A 
lDII : A 
2MBR : 

lQLT : A 
lDII : A 
2MBR: 

10/11 
7/8 
4/7 

66/67 
53/54 
12/15 

126/127 
112/113 

64/67 

183/184 
168/169 
119/122 

243/244 
212/21 3 
149/152 

296/297 
265/266 
185/188 

355/356 
325/326 
191/194 

410/411 
380/381 
214/217 

461/462 
431/432 
253/256 

491/492 
461/462 
311/314 

542/543 
509 /510 

LTLPPKLSLSDFNEFIQDIIRIVGSENVEV----ISSKDQIVDGSYMKPTHTHDPHHVMD 
AVLPKGVTQGEFNKAVQKFRALLGDDNVLVESDQL--------------VPYNKIMMPVE 
---------- - -------------------------------------KPWNTFGI--- -

QDYFLASAIVAPRNVADVQSIVGLANKFSFPLWPISIGRNSGYGGAAPRVSGSVVLDMGK 
NAAHAPSAAVTATTVEQVQGWKICNEHKI IWTISTGRNFGYGSAAPVQRGQVILDLK­
--DHNAQHIVCAEDEQQLLNAWQYATAEGQPVLILGEGSN----VLFLEDYRGTVIIN--

RG 
RG 

VLa -GuiYHDL IIKID -M E FGQMY 
GIEIH DA G NWHRL 

LEANNLRDKLWLDVPDLG-GGSVLGNAVE 
IQENNL- -PVMLSFSAPSAIAGPVGNTMD 
TLQE---GMPGLENLALI-PGCVGSSPIQ 

PYGDHWMMHSGMEVVLANGELLRTGMGALPDPKRPETMGLKPEDQPWSKIAHLF 
PYGEHFMMQCGMEVVLANGDVYRTGMGGVPG-- - -------------SNTWQIF 

G- - VELQRVCAYVDSVELATGKQVRL--- - - - ----------- - -- - ------ -T 

PYGFGPYID----- GLFSQ--SNMGIVTK PNPGGYQSYLITLPKDGDLKQAVDI 
KWGYGPTLD-----GMFTQ- -ANYGICT PKPPVFKPFEVIFEDEADIVEIVDA 
AK--- -ECRFGYRDSIFKHEYQDRFAIVA.vu~~ru~KEWQP----------- - - - - -----

I RPLRLGMALQNVPTIRHILLDAAVL- GDKRSYSSRTEPLSDEELDKIAKQLNLGRWNFY 
LRPLRMSNTIPNSWIASTLWEAGSAHLTRAQYTTEPGHTPDSVIKQMQKDTGMGAWNLY 
----------VLTY--- - - ----- - ----------------------- ----------GD 

GA-LYGPEPIRRVLWETIKDAFSAIPGVKFYFPEDTPENSVLRVRD----KTMQGIPTYD 
AA-LYGTQEQVDVNWKIVTDVFKKLGKGRIVTQEEAGDTQPFKYRA----QLMSGVPNLQ 
LTRLDPTT------------ ----------------- -- - --- --VTPQQVFNAVCHMRT 

ELKWI--DWLPNGAA--LFFSPIAKVSGEDAMMQ-----YAVTKKRCQEAGLDFIGTFTV 
EFGLY--NWRGGGGS--MWFAPVSEARGSECKKQ---- - AAMAKRVLHKYGLDYVAEFIV 
TKLPDPKV----NGNAGSFFKNPWSAETAKALLSQFPTA------------ --- --PNY 

GMR---EMHHIV- ---- ------------------CIVFNKKD----LIQKRKVQWLMRT 
APR---DMHHVI------------ - --- --- --- -DVLYDRTN----PEETKRADACFNE 
PQADGSVKLAAGWLIDQCQLKGMQIGGAAVHRQQALVLINEDNAKSED--WQLAHHVRQ 

LID- --DCAANGWGEYRTHLA------FMDQIMETYNWNNSSFLRFNEVLKNAVDPNGII 
LLD---EFEKEGYAVYRVNTR--- - --FQDRVAQSYG---PVKRKLEHAIKRAVDPNNIL 
KVGEKFNVW- - --LEPEVRFIGASGEVSAVET---- - ----- - -----------------

APGKSGVWP 
APGRSGIDL 

Fig. 7. The sequence alignment or FAD-containing proteins resembles the p-cresol methylhyclroxyla e structure. Con ervccl sequence 
moti fs are depicted in boxes: R(x)6ExxYxxVxxG(x)8 Yin reel. P(x)6G(A)xN in blue. GxxL in orange. R in pink. and G(x)8GY in green. 
The data bank accession code and po ition number according to the sequence and according to the PDB arc given. Proteins: I D11. 
p-cresol methy lhyclroxylase from Pse11do111011as putida: I QL T , vanillyl-alcohol oxiclase from Pe11icilli11111 simplicissi11111111: 2MBR, 
uricl ine cl iphospho-N-acetylenolpyruvylglucosamine recluctase from Escherichia coli. 

genases that binds NADH (Rossmann et al. 1974) (Fig. 3D 
and Fig. I , respectively). The basic structure consists of five 
instead of six parallel [3-strands ( [3 1_ 5 ) interspersed by a-he­
lice that lie on both sides of the five-stranded [3-sheet. 

FAD bin.ding and conformation. motifs 

The FAD cofactor adopts an elongated conformation and 
lies roughly perpendicular to the core [3-strands (Fig. 4D, 
Table I). In contrast to NADH in dehydrogenases, the FAD 
cofactor in the PO structural family is bound in the oppo ite 
direction with the adenosine moiety at the second [3a[3a[3 
unit rather than at the first such unit. In addition, the con­
served motif GxGxxG found in both the FAD-binding 
domain in the GR family and in NADH-binding protein 
in dehydrogena es is absent in the PO family . A character­
istic of the FAD-binding site in the PO family member 
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involves internal hydrogen bonding in the FAD molecule 
between the ribityl 4'-hydroxyl group and N 1 of the isoal­
loxazine ring (Roberts et al. 1999). 

Conserved sequence 

Although the determination of the consensus sequence 
motif must await the identification of the structures of 
similar proteins, possible conserved motifs, based on the 
sequence-structure alignment, are propo ed in Figure 8 
and Table I. The more conserved sequence motif 
KxLxxLxxxL(x)6S(T)(x)6GxV (Fig. 7 , red box), is located 
in a 1 and [32 , which are part of the [3a [3a f3 Ro smann fold 
(Fig. 3D). The Thr or Ser are within hydrogen bonding 
distance of the Op 1 or Op2 atom of the pyrophosphate 
moiety. An additional conserved equence motif is 
RxxxxxGxG (Fig. 8 , blue box), in which the backbone ni-
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lPOW :A 
lEFV :A 

206/215 
198/217 

PLI 'fYII IAru<- - AGIEI ECIISKTII<IPLM~ YPAK- -II IADRYPAYLGSANRVAQKP 
SGIRftLKSGENFI L~J-rAAVGAIRAAVD.AIFIPN-- - - DMQVGQT-----

lPOW :A 262/271 ANEALAQADVVLF 
GK--IVAPELYI 

PF--AEVSKAFi LGKRHK IA IAQ 
EAPIFQV- iYGI ~F lEFV :A 249/268 

lPOW : A 320/329 
lEFV :A 303 / 322 

TLAAILAQVS 
PEMTEILK 

Fig. 8. tructure-sequence alignment f r the two members of the PO fami ly fold as derived from the program CE (Shindyalov and 

Bourne 1998). Potemial conserved equence motif are hown in boxe : KxLxxLxxxL(x)6S(T)(x)6GxY in red. RxxxxxGxG in blue. 

YGx ( ) in green. and K(Xh lXXDP(x)9D(X)4 AD(X)2K in pink. The data bank acces ion code and position number according to the 

equcnce (starting from one) and according to the PDB are given. Proteins: I POW. pyruvate oxidase from Lac1obaci/l11s planwru111: 

I EFV. electron tran fer flavoprotein from H omo sapiens. 

trogen atom from the la t x res idue, Arg in the case of 

electron transfer navoprotein and Ile in pyruvate oxidase, 

interacts w ith the pyropho phate moiety for charge compen­

sation. The e two con erved equence motif are potentially 

phosphate-binding motif in the PO protein family. Another 

con erved motif i YGxS(N) (Fig. 8, green box), which i 

part of the 133 of the econd Ro mann fold, where Ser in 

electron tran. fer flavoprotein and A n in pyruvate ox ida e 

interact with th pyropho phate group (Fig. 30 ). It i note­

worthy that although the re idue hydrogen bonded to Op1 

or Op2 atoms i. different in the two protein , they both 

align well in the equence- tructure alignment (Fig. 8). 

M oreover, residue in the electron tran fer flavoprotein 

family are highly con erved (Roberts et al. 1999). The e 

include Gly 223 and Gly 225, part of RxxxxxGxG; Ser 249, 

part of KxLxxLxxxL(x)6S(T)(x)6GxV; and Ser 282, part of 

YGxS( ). An additional con erved motif, K(xhl xxDP(x)9 

D (x)4 AD(xhK (Fig. 8, pink box), is part of a 3 134 of the 

second Ro mann fold, in which the fir t Asp residue in­

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

Single-member FAD folds 

There are four FAD -containing proteins (the last four pro­

tein listed in Table I ) with different fold , all distinct from 

the above four family folds. Our amino acid equence analy­

sis revealed that none of them contains the con erved FAD­

binding equence motifs identified in the FAD families. 

The FAD-binding domain fold of Acy! coenzyme A de­

hydrogena e (MCAD) i composed of three domains. Do­

mains I and 3 are mo tly a -helical and are clo ely associ­

ated. Domain 2 consists of a four-stranded parallel 13-sheet 

sandwich between three-stranded antiparallel 13- heets (Tif­

fany et al. 1997). The FAD in the enzyme has an elongated 
conformation. 

The structure of methylenetetrahydrofolate reductase is a 

l38a 8-barrel which resembles the structure of flavin mono­

nucleotide (FMN)-binding proteins rather than FAD-bind­

ing protein . However, the FAD cofactor bind to a different 

pa11 of the FAD-binding domain compared to the barrels 

that bind FMN (Guenther et al. J 999). 

In D A photolya e, the FAD-binding domain is com­

posed of 14 a-helices grouped into two cluster · w ith the 

FAD-binding site in between (Park et al. 1995). Cluster I 

comprises a 7 to a 11 and contains all res idue that interact 

with the pho phate oxygen of the FAD. Cluster TT con ists 

of a 12 to a 20, and re. idue within thi bundle have polar 

interaction with the riboflavin part of the FAD. The cata­

lytic cofactor FAD is bound to photolyase in a U- haped 

conformation w ith the i oalloxazine and adenine ring in 

clo e proximity. 
The topology of the FAD-binding domain in quinone 

oxidoreducta e is composed of a twisted central parallel 

13-sheet urrounded on both side by connecting helice 

(Fo ter et al. 1999). A lthough at fir t glance it seem that 

thi fold is reminiscent of the dehydrogena. e fold or the PO 

fami ly fold the exact topology differs. The most prominent 

difference is the absence of the con erved FAD-binding 

sequence motif identified in dehydrogenases and in the PO 

family (Smith et al. 1977). 

ldentif)1i11g phosphate-binding sites 

In attempts to detect phosphate analog-binding sites, we 

used conserved phosphate-binding sequence motifs identi­

fied in the FAD-family folds as a query in searching the 
Protein Data Bank. This search was caiTied on using the 

option FINDPATTERNS in the GCG erver (William 

and Gibbs 1990). Specifical ly, there are nine frequently 

occurring conserved phosphate-binding sequence motifs: 

GxGxxG(x) 17_ 19E(D) and T (S)(x)5F(Y)hhGD(E) from the 

GR protein family RxYS(T) and GxxS(T)xxL(x)5G found 

in the FR family, P(x)6G(A)xN and R(x)6ExxY xxV from 

the PCMH family, and K (R)xLxxLxxxL, R(x)5GxG, and 

K (R)(xhl xxDP(x)9D from the PO family. 
Forty nonFAD-containing protein structures were identi­

fied from the above query sequence motifs, each contain­

ing a phosphate-containing ligand. Approximately half of 

these protein stTucture contain a ligand closely related 

to the FAD cofactor (e.g., N AD(P)H , ATP, and FMN), and 

most sequences contain the dinucleotide-binding motif 

GxGxxG(x) 17_ 19E of the GR family, known to bind the e 
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cofactors (Schulz I 992). Interestingly, two of these struc­
tures were solved in the presence of NAD(P)H and contain 
one of our newly derived phosphate-binding sequence 
motifs from the new PO family, adopting a fold similar to 
the Rossmann fold of dehydrogenases that bind NAD(P)H 
(Table 2). The structures of the remaining half (-20) of 
the phosphate-containing proteins were solved in the pres­
ence of ligands distantly related to FAD cofactor. Never­
theless, in only half of them is the phosphate-con­
taining ligand within hydrogen bonding or van der Waals 
distance of the phosphate-binding sequence motif (Table 2). 
In all examples, the pyrophosphate moiety of the cofactor 
forms hydrogen bonds to residues from the phosphate-bind­
ing motifs. In addition, in phospholipase A2 and basic 
fibroblast growth factor, the phosphate-binding motif 
interacts with more than one phosphate-containing ligand 
(Table 2). 

Discussion 

FAD-family folds 

Protein motif identification has become an essential part of 
sequence analysis in general and genome research in par­
ticular. FAD-containing proteins offer a useful case study, 
as the three-dimensional structures of 32 different flavopro­
teins are known to atomic resolution and their folding pat­
tern appears much more similar than would be suggested by 
comparison of their sequences. Our comparative sequence­
structure study of these proteins revealed four different 
FAD-folds as well as various conserved sequence motifs 
distinguished from one fold to another. Three of the family 

folds, GR, FR, and PCMH, were previously defined, while 
PO is newly derived. Among all of the conserved sequence 
motifs listed in Table 1, D(x)6GxxP in the GR family, 
R(x)6ExxYxxVxxG(x)8 Y and GxxL in the PCMH family, 
and all four in the PO family are newly derived. In addition, 
there are four proteins that exhibit FAD-binding domains 
with folds different from the ones displayed by the four 
FAD families. Conserved sequence motifs identified in the 
FAD families are absent in these proteins. 

The FAD-binding domain folds adopted by the FAD 
families vary. The largest family is represented by GR en­
zymes, and all family members adopt the [3a[3a[3 fold 
known as the Rossmann fold. A related fold is found in the 
newly derived PO family members, adopting a fold similar 
to the double ([3a[3a[3 and [3a[3a[3) Rossmann fold found in 
dehydrogenases. Nevertheless, sequence-structure homol­
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 
dehydrogenases, the FAD cofactor in the PO structural fam­
ily is bound in the opposite direction with the adenosine 
moiety at the second [3a[3a[3 unit rather than at the first. 
Although NADH and FAD share moieties. they are not 
identical and would therefore be expected to interact with 
different parts of the polypeptide chain. Therefore, despite 
the topological and functional similarities of FAD-binding 
domains found in PO family members to NAD(P)H-binding 
domains found in dehydrogenases, a divergent evolutionary 
relationship between these structures cannot be assumed. 
The FAD-binding fold adopted by the FR and PCMH fam­
ily members is composed of a cylindrical [3-domain and two 
a+ [3 subdomains respectively. Both folds are distinct from 
the 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) 17_ 19E GR lagr Guanine nucleotide-binding protein guanosine-5 ' -di phosphate 
GR I vip Phospholipase A2 S04 

GR lpbo Phospholipase A2 l -o-octyl-2-hepty I phosphony 1-sn-gl ycerol e-3-3-ph os p hoethano Jamin 
GR lgia Gi al 5 '-guanosine-diphosphate monoth.iophosphate 
GR lcsn Casein Kinase- I ATP. S04 

GR lpgn 6-phosphogluconate dehydrogenase pyrophosphate 2 
GR 2cae Catalase S-dioxyneyhionine 

RxxxxxGxG PO lkvr Udp-galactose 4-epimerase uridine-5 '-diphosphate, NADH 
K(xhlxxD(x) ioD PO lbfb Basic Fibroblast Growth Factor N,06-disulfoglucosamine, I ,4-dideoxy-o2-sulfo-glucuronic acid, 

l,4-dideoxy-5-dehydro-o2-sulfo-glucuronic acid, S04 

PO lgts Glutaminyl-tRNA synthetase AMP, ATP 
PO lad3 Aldehyde dehydrogenase NADH 

KxLxxLxxxL PO ltpu Triosephosphate isomerase Phosphoglycolohydroxamic acid 

PO lcwn Aldehyde reductase NADPH 

GxSxxL(x)5G FD lajr Aspartate transaminase 2-lysine(3-hydroxy-2-2-methyl-5 phosphonooxymethyl-pyridin-4 ylmethane) 
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Atomic interactions of cofactor with proteins 

For each FAD family we analyzed the correlation be­
tween the fold and various cofactor properties. Although 
some of the FAD properties are conserved among proteins 
belonging to the same FAD-family fold, others are not. One 
of the least conserved prope1ties is the bond type ( covalent 
versus noncovalent). When there is covalent interaction, 
FAD is bound to protein residues through atoms from the 
isoalloxazine ring. This is in agreement with the observation 
that the isoalloxazine ring interacts with residues located in 
the poorly conserved regions along the polypeptide se­
quence. 

Another less conserved cofactor property is the number 
of protein residues-cofactor atoms interactions. Whereas all 
proteins studied have at least one contact with the pyrophos­
phate moiety (Op 1 or Op2 atoms), the number of contacts 
varies from one protein to another and there is no strong 
preference for a particular number of contacts in the differ­
ent families. This observation is reinforced by the variety of 
conserved sequence motifs present in the different family 
folds . Moreover, some members of a FAD-fold family con­
tain all conserved sequence motifs whereas others contain 
only some. 

A partially conserved property is the geometry of the 
FAD. which is controlled by the surrounding protein as 
either an elongated or bent-butterfly conformation. The co­
factor conformation in most of the FAD-family folds is 
elongated with slight flexibility that varies from one protein 
to another. In the FR family, the cofactor adopts either an 
elongated or bent conformation (Table 1). This variation 
can be explained by the observation that although the 
general fold of the individual FAD- and NAD(P)H-binding 
domains in the FR family is invariant, their relative orien­
tation differs among the family members. As a result the 
FAD, situated at the junction between the two domains, can 
adopt either an elongated or bent conformation depending 
on the proximity of the two domains. In contrast, in the 
PCMH family, the FAD-binding domain is composed of 
two subdomains distant from each other, which accommo­
date the FAD in between them. In fact the FAD holds the 
two subdomains together and therefore can adopt only an 
elongated conformation. Similarly in the PO family, the 
FAD molecule is situated on top of the core 13-strands 
and adopts an elongated conformation for maximal inter­
action with the FAD-binding domain. Therefore, it seems 
that the fold of the FAD-binding domain and the cofactor 
conformation are not independent, because the fold deter­
mines the position and shape of the pocket on which the 
cofactor conformation depends. This variability in the co­
factor conformation and shape of cofactor pocket in the 
FAD-binding domain of the different FAD-family folds im­
plies that there is no single protein 'phannacophore' for 
binding FAD. 

Sequence-structure analysis of FAD-containing proteins 

One of the most conserved properties of the FAD is the 
direction in which it approaches the FAD-binding domain. 
In all FR family members, the isoalloxazine ring points 
toward the FAD-binding domain, whereas in the rest of the 
FAD-family folds it is the adenosine moiety that does so. 

Cofactor atoms interacting with conserved 
sequence motifs 

Another characteristic of the cofactor is evident from our 
analysis of the correlation between FAD atoms interacting 
with the conserved sequence motifs identified for each of 
the families. These conserved sequence motifs are distinc­
tive in the four FAD families. Nevertheless, residues from 
the most conserved sequence motifs in a specific family fold 
make hydrophobic and/or hydrophilic contacts with cofac­
tor atoms. In contrast, residues from partially conserved 
sequence motifs are distant (>4.0A) from cofactor atoms 
and therefore probably form at best weak interactions with 
the cofactor. Residues involved in binding oxygen atoms 
(Op1 and OP2) of the pyrophosphate moiety are more highly 
conserved relative to the alignment as a whole, and in fact 
are part of the most conserved sequence motifs. In contrast, 
residues involved in binding the adenine, ribose, ribitol, and 
isoalloxazine moieties are part of less conserved regions. 
Because the pyrophosphate moiety is negatively charged, it 
is expected to bind to regions in the protein with positive 
charges. This can be achieved by interacting with positively 
charged amino acids, peptide groups, or a-helix dipoles. 
Notably, when there is no helix to stabilize the negative 
charge of the pyrophosphate group, Arg is the most com­
mon residue and is capable of forming multiple hydrogen 
bonds with the pyrophosphate moiety. When, however, 
there is an a -helix dipole, as observed in most of the GR 
family members, Gly is the most common amino acid, and 
its main chain is within hydrogen bonding distance of the 
pyrophosphate group. 

In contrast to the conserved pyrophosphate binding, the 
residues involved in binding the isoalloxazine and adeno­
sine moieties are usually part of the partially conserved 
sequence motifs. This is consistent with the fact that the 
catalytic function of FAD is restricted to the isoalloxazine 
ring, and with the variety of family members involved in 
diverse redox reactions. Consequently, diverse residues 
from the different proteins are involved in catalytic function 
and contact the isoalloxazine ring. Similarly, the function of 
the adenosine moiety is mainly to stabilize cofactor binding 
through interaction with the protein. This stability can be 
achieved by interaction with different residues in the differ­
ent proteins belonging to the same FAD-family fold. 

The variety of redox functions may also explain the vari­
ability in cofactor conformation observed in the FAD fami­
lies. As mentioned above, the flexibility is achieved by 
movement of the adenine ring toward or away from the 
isoalloxazine ring. As a result, the two rings can interact 
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with different parts of the protein, usually in less conserved 
regions. We therefore propose that the pyrophosphate moi­
ety anchors the FAD-binding domain by binding to the most 
conserved sequence motif, with less specific binding of the 
isoa11oxazine and adenine rings to less conserved sequence 
motifs. This is consistent with the observation that some of 
the most conserved sequence motifs described above are 
known to bind ATP, FMN, and GTP as well. They all share 
a common pyrophosphate group. This observation further 
implies that it is possible to predict the pyrophosphate-bind­
ing site by identifying the most conserved sequence motif in 
a multiple alignment of other prosthetic groups containing 
pyrophosphate moieties such as AMP, FMN, and GTP. It is 
conceivable to assume that inspection of the residues inter­
acting with the Op1 or Op2 atoms can be used as a tool for 
identifying the most conserved sequence motif in the FAD­
containing proteins adopting a unique fold, as for the four 
single-member (SM) protein families of Table I. 

These conserved phosphate-binding sequence motifs 
have a predictive use: they can be applied to searches for 
phosphate analog-containing proteins. In fact, we identified 
a dozen nonFAD-containing proteins that bind phosphate­
containing ligands as cofactors (Table 2). Each contains one 
of the phosphate-binding motifs assigned for the FAD fami­
lies. These motifs are within hydrogen bond distance of the 
phosphate moiety of the phosphate-containing ligand. Inter­
esting! y, three of the phosphate analog ligands were actually 
sulphate ions. This implies that conserved sulfate- and sul­
phate analog-binding sequence motifs could be considered 
potential binding sites for phosphate ions. 

Conclusion 

The FAD-dependent enzymes illustrate how similar cofac­
tors are utilized by nature in a wide variety of protein fami­
lies. The availability of the three-dimensional structures of 
a large collection of FAD-containing proteins provides an 
attractive opportunity for sequence-function-structure 
analysis. Four different FAD-family folds, each with dis­
tinctive conserved sequence motifs were identified. Further­
more, the FAD pocket shape can be distinguished from one 
fold to another as well, implying that there is no unique 
'pharmacophore' for binding FAD. In contrast to the diver­
sity of the FAD fold and its sequence motifs, the pyrophos­
phate moiety makes hydrogen bonds with residues from the 
most conserved sequence motifs in each fold family. There­
fore, we propose that the pyrophosphate moiety is crucial 
for molecular recognition, whereas the isoalloxazine ring is 
involved in catalytic function, and the adenine ring stabi­
lizes cofactor binding, both rings interacting with protein 
residues in partially conserved sequence motifs. As a result, 
the isoalloxazine and adenine rings interact with different 
residues in the different proteins belonging to the same 
FAD-family fold. This is consistent with the variability in 
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bond type (covalent versus noncovalent) and cofactor con­
formation (elongated versus bent) observed in the FAD­
family folds. Nonetheless, in each FAD-family fold there 
exists a clear correlation between the fold, the shape and 
position of the pocket, and the cofactor conformation. This 
is in agreement with the finding that the cofactor exhibits 
directionality, which is highly conserved within a family 
fold. 

An unexpected outcome of our analysis is that the con­
served pyrophosphate-binding sequence motifs that were 
identified in FAD-dependent proteins may be applied to 
discover phosphate-binding motifs in sequences of non­
FAD-containing proteins. Where the structures of these pro­
teins are known, the identified motifs are found to bind to 
phosphate- or sulfate-containing ligands. Building on this 
result, the sequence motifs found to bind to pyrophosphate 
in four single-membered FAD protein families (last four 
entries in Table I) may serve to identify new members of 
these families. 

Materials and methods 

Sequences and three-dimensional structures or all flavoproteins 
were retrieved from the Protein Data Bank (www.n;sb.org/pdb). A 
total of 150 flavoprotein X-ray structures solved in the presence of 
FAD were available from the October 2000 release, and consist of 
32 nonredundant proteins. Table I lists the proteins studied. data 
bank accession codes, and references to one of the structural pa·· 
pers on each protein. Homology searching for identifying three­
dimensional similarities in protein structure was performed using 
the program Combinatorial Extension (CE) (http://cl. 
sdsc.edu/ce.html). The program aligns two or more polypeptide 
chains using characteristics of their local geometry as defined by 
vectors between Ca positions (Shindyalov and Bourne 1998). 
Each of the 32 proteins was used as a query in the sequence­
structure search, resulting in the identification of four FAD-family 
folds. Based on this sequence-strncture alignment, conserved se­
quence motifs unique for each of the FAD families were identified 
(Table 1). Next, protein residues forming van der Waals interac­
tions and hydrogen bond contacts with the cofactor were analyzed 
using the program LigPlot (Wallace et al. 1995). We then cor­
related these protein residues with residues from the most con­
served sequence motif. Finally, each of the conserved sequence 
motifs was used as query in a search of the Protein Data Bank 
for nonFAD-containing proteins solved in the presence of phos­
phate-containing ligands. This search was aided by the option 
FINDPAT'I'ERNS on the Genetic Computer Group (GCG) server 
(Williams and Gibbs 1990). 
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