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Abstract: The Gfo/Idh/MocA protein family contains a number of different proteins, which almost

exclusively consist of NAD(P)-dependent oxidoreductases that have a diverse set of substrates,

typically pyranoses. In this study, to clarify common structural features that would contribute to
their function, the available crystal structures of the members of this family have been analyzed.

Despite a very low sequence identity, the central features of the three-dimensional structures of

the proteins are surprisingly similar. The members of the protein family have a two-domain struc-
ture consisting of a N-terminal nucleotide-binding domain and a C-terminal a/b-domain. The

C-terminal domain contributes to the substrate binding and catalysis, and contains a ba-motif with

a central a-helix carrying common essential amino acid residues. The b-sheet of the a/b-domain
contributes to the oligomerization in most of the proteins in the family.
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Introduction

Recently, there have been a number of publications

describing crystal structures of NAD(P)-dependent

oxidoreductases (or dehydrogenases) belonging to

the Gfo/Idh/MocA protein family. The abbreviations

Gfo, Idh, and MocA refer to glucose-fructose oxidore-

ductase, inositol 2-dehydrogenase, and the rhizopine

catabolism protein MocA, which could catalyze

Abbreviations: AAOR, aldose-aldose oxidoreductase; AFR, 1,5-anhydro-d-fructose reductase; A-zyme, a-N-acetylgalactosidase;
BVR, biliverdin reductase; DD, dihydrodiol dehydrogenase; G6PD, glucose-6-phosphate dehydrogenase; Gal80p, transcriptional
inhibitor Gal80p; Gfo, GFOR, glucose-fructose oxido-reductase; GFOR, glucose-fructose oxidoreductase; IDH, inositol dehydro-
genase; KijD10, C-3”-ketoreductase; MocA, rhizopine catabolism protein MocA; PDB, protein data bank; RMSD, root-mean-
square deviation; WlbA, uridine-5’-phosphate-2,3-diacetamido-2,3-dideoxy-d-mannuronic acid dehydrogenase.

Statement of Importance: Proteins in the Gfo/Idh/MocA family are typically oxidoreductases of diverse substrates and in this
study their structural and functional features were investigated. The Gfo/Idh/MocA family proteins have two domains: an NAD(P)
binding domain and a C-terminal a/b domain. In spite of the low sequence identity, structural features of both domains are similar in
all of the proteins. The a/b-domain has a central b-sheet that plays a role in the quaternary structure formation, and a ba-motif that
carries the catalytic residues.
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dehydrogenase reaction involved in rhizopine catabo-

lism. In 1994, the first protein structure of the Gfo/

Idh/MocA family was described when Rowland et al.

solved the structure of glucose-6-phosphate dehydro-

genase (G6PD).1 The earliest mention of Gfo/Idh/

MocA family we discovered dates back to 2001 in a

publication describing the sequencing of the whole

genome of a virulent isolate of Streptococcus pneu-

monia.2 A typical protein structure in this family

consists of two main domains: a N-terminal dinucle-

otide-binding domain containing a typical Rossmann

fold3 and a C-terminal a/b-domain participating in

substrate binding and oligomerization.

This structural family contains enzymes that

catalyze various different chemical reactions such as

oxidation and reduction of carbohydrates,4–9 oxida-

tion of trans-dihydrodiols,10 reduction of biliverdin,11

and hydrolyzation of glycosidic bonds.12 All the

enzymes in this family utilize NAD(P) as a hydride

donor or acceptor. Moreover, structurally, the tran-

scriptional repressor Gal80p is a member of the

family, although it does not have enzymatic activ-

ity.13 It is quite intriguing that even though the

sequence identity between most of the proteins in

the Gfo/Idh/MocA family seems very low (under

20%) and the extent of different functions is large,

the overall three-dimensional folds are similar. We

analyzed the structural and functional features of

the proteins in the Gfo/Idh/MocA family to get an

insight about the central features of this two-domain

protein scaffold, which is utilized in the catalysis of

a diverse set of different substrates.

Members of the Gfo/Idh/MocA Protein Family

We found 89 coordinate entries for structures

belonging to the Gfo/Idh/MocA family using the liter-

ature, structure, and sequence searches within

the worldwide Protein Data Bank (PDB)14 as well

as DALI-server.15 The searches were performed

using the sequences of aldose-aldose oxidoreductase

(AAOR) and glucose-fructose oxidoreductase

(GFOR), and also the protein family name as search

Figure 1. The cartoon representation of monomers of the proteins used in the comparison: (A) AAOR, (B) AFR, (C) A-zyme,

(D) BVR, (E) DD, (F) G6DP, (G) Gal80p, (H) IDH, (I) GFOR, (J) WlbA, (K) KijD10. The N-terminal nucleotide-binding domains are

in green and the C-terminal domains in red.
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items. The number of studied proteins was reduced

by excluding similar enzymes from different sources

and structures without a defined function (no publi-

cation available). The final analysis contained 11

different proteins: 1) G6PD from Leuconostoc mesen-

teroides,1 2) GFOR from Zymomonas mobilis,5,16,17

3) biliverdin reductase (BVR) from Rattus nor-

wegicus,11,18 4) 1,5-anhydro-D-fructose reductase

(AFR) from Sinorhizobium meliloti,6 5) a-N-

acetylgalactosidase (A-zyme) from Elizabethkingia

meningosepticum,12 6) transcriptional inhibitor

Gal80p from Kluyveromyces lactis,13 7) dihydrodiol

dehydrogenase (DD) from Macaca fascicularis,10,19

8) uridine-5’-phosphate-2,3-diacetamido-2,3-dideoxy-

D-mannuronic acid dehydrogenase (WlbA) from

Thermus thermophiles,7 9) myo-inositol dehydrogen-

ase (IDH) from Bacillus subtilis,8,20 10) C-3”-

ketoreductase (KijD10) from Actinomadura kija-

niata,9 and 11) the novel AAOR from Caulobacter

crescentus.4 The structures are listed in Table I with

their PDB IDs, EC numbers (concluded from the cat-

alyzed reaction or published in the article related to

the structure), catalytic activity, number of amino

acid residues, quaternary structures, utilized cofac-

tors, and the calculated root-mean square deviations

(RMSD) superimposing the secondary structures to

Cc AAOR. The sequence identities between the pro-

teins were generally low, under 20%, in spite of

many common structural features, such as a

NAD(P) binding site. The higher sequence identities

existed between AAOR and GFOR (49%), AAOR and

AFR (26%), and AFR and Kijd10 (24%).

Topological Conservation
Monomers from every structure were compared by

superimposing them according to their secondary

structure elements in PyMOL.21 All the structures

had two main domains: the N-terminal domain con-

taining the classical nucleotide-binding Rossmann fold

and the C-terminal a/b-domain that participates in

substrate binding and frequently also in oligomeriza-

tion. The different monomers have been presented in

Figure 1. Rossmann fold is already extensively charac-

terized.3,22 The C-terminal domain consisted of a two-

layer a/b-sandwich, in which the b-sheet was predom-

inantly antiparallel, having six to nine b-strands.

Both faces of the b-sheet were usually hydrophobic.

One face participated in the homodimer formation by

packing against a similar face of a b-sheet from the

second polypeptide chain around a two-fold symmetry

axis. The other face of the b-sheet packed against a-

helices of the a/b-sandwich. These helices were in the

N- and C-terminal regions of the a/b-domain and in

the polypeptide chain after the first b-strand of the b-

sheet of the a/b-domain. The a-helices were mainly

located between the b-sheet and the N-terminal dinu-

cleotide-binding domain. The orientation of the two

domains against each other between the proteins

belonging to the family was very similar even though

the sequence identities are very low.

The chosen structures were also compared by

inspecting the topology of the proteins. Figure 2

shows the topology diagrams of AAOR and G6PD,

which were the most distantly related family mem-

bers according to the RMS deviations. From the

diagrams we can see that the nucleotide-binding

Figure 2. Topology diagrams of two Gfo/Idh/MocA family

members (A) AAOR and (B) G6PD. The cofactor-binding

domains are presented in cyan and the C-terminal a/b-

domains in purple. The central ba-motifs have been high-

lighted with a darker color, and the amino acid residues at

the key sites in the active sites have been labeled in red. The

topology diagrams were drawn with TopDraw27 from the

CCP4 Program Suite.28

Taberman et al. PROTEIN SCIENCE VOL 25:778—786 781



domains are almost identical. The structural differ-

ences occur mainly at the N-terminal a/b-domain,

which is considerably larger in G6PD than in

AAOR. Nevertheless, the b-sheet of the a/b-domains

could be divided into three sections similarly. There

were two b-hairpin-like motifs consisting of three to

four adjacent mainly antiparallel b-strands at the

both ends of the b-sheet. The first strand of the b-

sheet was located between them. This first strand

was parallel to the first motif and antiparallel to the

second motif. This first b-strand was topologically

important, because the catalytic residues were

located in the conserved helix after this b-strand.

Together these secondary structure elements formed

the ba-motif, a characteristic feature of Gfo/Idh/

MocA protein family (Figs. 2 and 3).

The current CATH-database23 includes half of the

proteins used in this study (GFOR, WlbA, BVR, myo-

IDH, Gal80p, and G6PD). The N-terminal domain

was recognized as a Rossmann fold. The C-terminal

domain was included in a large dihydrodipicolinate

reductase domain superfamily including rather vari-

able structures. The six Gfo/Idh/MocA family proteins

did not form a single structural cluster. Meso-diamino-

pimelate dehydrogenase from Symbiobacterium ther-

mophilum24 was included in the dihydrodipicolinate

reductase domain superfamily and could be consid-

ered as a member of the Gfo/Idh/MocA protein family,

but it had a six-stranded completely antiparallel b-

sheet without the ba-motif described before. Further-

more, aspartate dehydrogenase from Thermotoga

maritima25 could be considered a candidate for the

Gfo/Idh/MocA family, but it did not have the central a-

helix after the first b-strand in the a/b-domain, and

the b-sheet was smaller and only five-stranded.

Nucleotide Binding

All of the enzymes in the Gfo/Idh/MocA family cata-

lyzed reactions using a nucleotide cofactor. In many

of the enzymes, the dissociation of the cofactor was

possible, because there were several structures

solved without the bound cofactor, but, for example,

in AAOR, the cofactor was tightly bound and regen-

erated in a reaction cycle without any observed

cofactor dissociation.26 In every structure where the

NAD(P) was bound to the enzyme, it was bound in

the expected binding-site at the C-terminal edge of

the Rossmann fold in a crevice formed between the

loops from the b-strands in which there was a

change in the direction of the strand order. The

cofactor was a prerequisite for the substrate binding

and was the reason all the complex structures avail-

able in PDB also included the bound cofactor.

Eight crystal structures included the bound

cofactor, and these are presented in Figure 4. Three

enzymes, which had NADP as a cofactor (AAOR,

GFOR, and KijD10), had a very similar cofactor

binding position and conformation in which the ade-

nine group was in the syn-conformation (only the

NADP in AAOR is presented in Fig. 4). Having a

bound NAD cofactor, Myo-IDH, A-zyme and WlbA

had the adenine group of the cofactor in the anti-

conformation (only the NAD in myo-IDH is pre-

sented in Fig. 4). The conformation of NADP in AFR

was different. It has a syn-conformation for the nico-

tinamide ring, and also the orientation of the ade-

nine group was twisted. Furthermore, the

conformation of the NAD bound in BVR was unique

forming a kind of curved molecule, also having the

nicotinamide ring in syn-conformation.

Catalyzed Reactions

The enzymes in the Gfo/Idh/MocA family catalyzed

various reactions. The cofactor NAD(P)(H) had natu-

rally an essential role either in removing a hydride

ion (H-) from the substrate, which is oxidized (dehy-

drogenase reaction), or in adding a hydride ion to

the substrate, which is subsequently reduced

Figure 3. The two-domain structure of AAOR. (A) The N-terminal NADP binding domain is in cyan, and the C-terminal a/b-

domain in grey and pink (the a-helical part in grey and the b-sheet part in pink). The first b-strand and following polypeptide

chain containing the short and the long central a-helices are highlighted in magenta. (B) The simplification of the major struc-

tural elements of the Gfo/Idh/MocA protein fold (as in AAOR). NADP is shown as a stick model. The side chains for the residues

in the five key sites are shown as stick models. Also a glucose ligand (GLU, a substrate for AAOR) is shown.
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(reductase reaction). The sites in the substrates for

the removal or addition of hydrides are shown in

Figure 5. The pyranose-type of carbohydrate is the

most frequently utilized substrate. AAOR, GFOR,

and GP6D act on the C1 carbon of the substrates.

Both AAOR and GFOR are able to oxidize D-glucose

to D-glucono-1,5-lactone but they are also able to

reduce open-chain forms of carbohydrates to sugar

alcohols. Especially AAOR catalyzes also the reac-

tions of a panel of different sugars.4,5 GP6D is more

specific, it catalyses oxidation (dehydrogenation) of

D-glucose-6-phosphate to 6-phospho-D-glucono-1,5-

lactone.1 AFR reduces C2 carbon of 1,5-anhydro-D-

fructose, the central intermediate of the anhydro-

fructose pathway.6 The substrate of myo-IDH is

myo-inositol, but also substituted myo-inositol deriv-

atives can act as substrates. The enzyme catalyzes

the oxidation of C2 carbon, which has an axial

hydroxyl group.20 WlbA and KijD10 remove the

hydride from the C3 carbon of the substrate. WlbA

oxidates UDP-N-acetyl-D-glucosaminuric acid, an

intermediate for the synthesis of bacterial O-anti-

gens.7 KijD10 catalyzes the reduction of dTDP-3,-4-

diketo-2,6-dideoxy-D-glucose, an intermediate of the

biosynthesis of L-digotoxose.9 A-zyme catalyzes the

hydrolytic removal of the terminal a-1,3-linked N-

acetylgalactosamine (GalNac) which determines the

blood group A. Although A-zyme is a glycosidase,

the suggested reaction mechanism includes the

removal from and the addition of the hydride to the

C3 carbon during the catalytic cycle.12 DD catalyzes

the oxidation of trans-dihydrodiols of aromatic

hydrocarbons to their corresponding catechols.10

Although the substrate is not a carbohydrate, the

size of the substrates of DD is similar to the pyra-

nose rings. Only the substrate for BVR is clearly dif-

ferent to the substrates of the other enzymes

belonging to the Gfo/Idh/MocA family. BVR catalyzes

the reduction of the g-methene bridge of biliverdin.11

The Active Sites and the Catalytic Amino Acid

Residues

The active site residues, especially catalytic resi-

dues, could be deduced by using sequence compari-

son and crystal structures in which the enzyme

Figure 5. The positions of the substrate carbons in which a hydride is abstracted (oxidation) or added (reduction) in different

type of enzymes. (A) pyranose ring, (B) trans-dihydrodiol, (C) biliverdin. (D) The representative reaction mechanism for

D-glucose oxidation and D-glucono-1,5-lactone reduction. NADP1 or NADPH is a key catalytic part of the enzyme. Depending

on the enzyme amino acid residues may participate in the deprotonation/protonation step.

Figure 4. The variation of the bound NAD(P) cofactor in the

crystal structures of Gfo/Idh/MocA proteins. Different colors

have been used for different cofactor conformations. NADP

in AAOR is shown as green stick model, NADP in AFR in

cyan, NAD in myo-IDH, in purple, and NAD in RVB in grey.

The C4 in the nicotinamide ring in every cofactor has been

highlighted in spherical atom.

Taberman et al. PROTEIN SCIENCE VOL 25:778—786 783



crystal has been soaked or co-crystallized with the

appropriate ligand. Unfortunately, the available

complex structures were limited for the Gfo/Idh/

MocA family proteins. Therefore, the identification

of the key residues in the active site involved in the

substrate binding and catalysis was restricted. How-

ever, our analysis indicated the positions for five res-

idues in the active site (sites 1-5 in Fig. 2) that were

frequently located near the substrate binding area

(Table II). The first two residue sites were putative

catalytic residues, which could either donate or

accept a proton from the substrate. The third site

was typically occupied by a negatively charged

residue (Asp or Glu), and the fourth site was, in gen-

eral, a positively charged residue (Lys or Arg). The

residues occupying similar positions in the polypep-

tide chain, but which are probably non-functional or

too distant from the active site in the structure, are

in parenthesis. In the table, the fifth residue site

was packed against the reactive nicotinamide ring.

This residue varied considerably having aliphatic,

aromatic or even positively charged side chain.

The catalytic residue at the site one, which was

typically a lysine, was located at the end of a b-

strand (b6 in the topology diagram of AAOR) in the

N-terminal domain. It made a hydrogen bond with

Table II. Key Sites in the Active Site of Different Gfo/Idh/MocA Proteins

Protein Abbreviation

Site1 Site2

Site3 Site4

Site5

Catalytic Catalytic
Nicotinamide

bond

Aldose-aldose oxidoreductase AAOR K104 Y189 D185 R172 Y17
a-N-Acetylgalactosidase A-zyme (V122) H228 Y225 R213 R31
1,5-anhydro-D-fructose reductase AFR K94 H180 D176 – I12
C-3”-Ketoreductase KijD10 K102 Y186 D182 R170 I20
Glucose-fructose oxidoreductase GFOR K181 Y269 D265 R252 Y94
Glucose-6-phosphate dehydrogenase G6PD K148 H240 D235 – L17
myo-inositol dehydrogenase myo-IDH K97 H176 (D172) – I13
Uridine-5’-phosphate-2,3-diacetamido-

2,3-dideoxy-D-mannuronic acid
dehydrogenase

WlbA K102 H188 N184 K172 I13

Figure 6. The quaternary structures of Gfo/Idh/MocA family proteins shown as cartoon models: (A) AAOR dimer, (B) GFOR

tetramer, (C) G6PD dimer, and (D) WlbA tetramer. One monomer is in green, the other units are in grey.
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the O2’ of the ribose next to the nicotinamide ring of

NAD(P) in many crystal structures. Also the residue

at site five was located in the N-terminal domain.

Other sites (2, 3, and 4) were all located in the loop

and the central a-helix following the first b-strand

in the C-terminal a/b-domain.

Quaternary Structure

In general, the crystal structures of the proteins,

belonging to the Gfo/Idh/MocA family, had a quater-

nary structure (Fig. 6). Only BVR was found to be

monomeric. The most common quaternary structure

was a dimeric structure found in AAOR, AFR, A-

zyme, DD, and Gal80p in which the flat face of the

b-sheet of the C-terminal a/b-domain was packed

against a similar b-sheet from the second monomer

[dimer1, Fig. 6(A)]. Similarly, intermolecular b-sheet

packing could also be found in GFOR, KijD10, and

myo-IDH tetramers but, in addition, these b-sheets

were extended to the second monomer forming

together a very extensive b-sheet [tetramer1, Fig.

6(B)]. GFOR contained also a long N-terminal struc-

turally irregular polypeptide, which wrapped around

the adjacent monomer. In G6PD, the b-sheet of the

a/b2domain also participated in the formation of

the monomer-monomer interface, but the packing of

the b-sheets against each other utilized another face

of the b-sheet [dimer2, Fig. 6(C)]. In fact, the C-

terminal polypeptide included a short a-helix that

packed against the flat b-sheet face preventing the

similar packing against the second monomer as in

dimer1. Finally, WlbA tetramer [tetramer2, Fig.

6(D)] represented the arrangement in which the b-

sheet of the a/b domain did not play a role in the

formation of the tetramer. In this WlbA structure,

the monomer-monomer interfaces were predomi-

nantly located in the N-terminal nucleotide-binding

domain. These interfaces were not very extensive

indicating that WlbA formed a transient tetramer,

which could dissociate to a monomer at low protein

concentrations.
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