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INTRODUCTION

The short-chain oxidoreductase (SCOR) superfamily has

members widely distributed across viruses, bacteria, and

eukaryotes.1,2 The Pfam database identifies more than 18,000

members of the SCOR family within Pfam adh_short

(PF00106).3,4 SCOR enzymes are responsible for regulating

many vital processes including the oxidation and/or reduction

of alcohols, aldehydes, and ketones, and they play key roles in

steroid synthesis and metabolism.2 SCOR enzymes are

grouped within the Enzyme Commission (E. C.) class 1.1.1.*,

and analysis of these E.C. numbers indicated that the SCOR

family used more than 300 different substrates.5 Members are

characterized as containing between 250 and 350 amino acids,

binding NAD(H) or NADP(H) cofactors, and exhibiting the

classic a/b Rossmann fold with seven parallel b-strands. De-
spite all SCOR proteins possessing the same overall fold, very

low sequence identity (typically �15%) exists between nonor-

thologous proteins.6 Such low sequence similarity between

members plus the wide species distribution indicates extensive

evolutionary divergence. It has been postulated that the pres-

ence of multiple open reading frames and a severe codon bias

within 20% of the SCOR members is an additional evidence

of their early ancestry.7

Not one amino acid is fully conserved across the entire

SCOR family. However, the SCOR family can be divided into

several subfamilies based on characteristic N-terminal motifs.

The largest SCOR subfamily contains a TGxxxGxG motif near

the N-terminus and a YxxxK motif in its catalytic site, and
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ABSTRACT

We have identified a highly conserved fingerprint of 40

residues in the TGYK subfamily of the short-chain oxi-

doreductase enzymes. The TGYK subfamily is defined

by the presence of an N-terminal TGxxxGxG motif and

a catalytic YxxxK motif. This subfamily contains more

than 12,000 members, with individual members display-

ing unique substrate specificities. The 40 fingerprint res-

idues are critical to catalysis, cofactor binding, protein

folding, and oligomerization but are substrate independ-

ent. Their conservation provides critical insight into

evolution of the folding and function of TGYK enzymes.

Substrate specificity is determined by distinct combina-

tions of residues in three flexible loops that make up

the substrate-binding pocket. Here, we report the struc-

ture determinations of the TGYK enzyme A3DFK9 from

Clostridium thermocellum in its apo form and with

bound NAD1 cofactor. The function of this protein is

unknown, but our analysis of the substrate-binding

loops putatively identifies A3DFK9 as a carbohydrate or

polyalcohol metabolizing enzyme. C. thermocellum has

potential commercial applications because of its ability

to convert biomaterial into ethanol. A3DFK9 contains

31 of the 40 TGYK subfamily fingerprint residues. The

most significant variations are the substitution of a cys-

teine (Cys84) for a highly conserved glycine within a

characteristic VNNAG motif, and the substitution of a

glycine (Gly106) for a highly conserved asparagine resi-

due at a helical kink. Both of these variations occur at

positions typically participating in the formation of a

catalytically important proton transfer network. An

alternate means of stabilizing this proton wire was

observed in the A3DFK9 crystal structures.
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thus will be termed the TGYK subfamily. This subfamily

contains �75% of the entire SCOR family, and 40 highly

conserved residues have been previously identified as

TGYK fingerprint residues.8,9 These 40 amino acids are

implicated in protein folding, cofactor binding, catalysis,

and oligomerization.8,10–13

Clostridium thermocellum is a thermophilic bacterium

that has an optimum growth temperature of 608C.14

This bacterium is of biological and commercial impor-

tance because it is capable of directly converting cellulose

biomass into sugars, which are then fermented into etha-

nol though its cellulosome.14,15 A3DFK9 (UniProt

nomenclature) is a 247-residue SCOR enzyme coded by

the C. thermocellum gene Cthe_1510. It contains 31 of

the 40 highly conserved fingerprint residues of the TGYK

subfamily. Similar to the majority of the SCOR family

members, A3DFK9 has not been biochemically character-

ized. Rather, database annotations for this protein are

inferred and are generic descriptions (e.g., oxidoreductase

activity).

The A3DFK9 sequence contains several variations from

the TGYK subfamily fingerprint not previously observed

in an experimentally determined three-dimensional (3D)

structure of a SCOR enzyme. To evaluate the importance

the fingerprint variations and to predict the substrate

type, we undertook the X-ray crystal structure determi-

nation of A3DFK9 and A3DFK9 with its predicted cofac-

tor, NAD1.

METHODS

Expression and purification

A pET-based maltose-binding protein (MBP) fusion

expression vector (pET-MBP) was constructed containing

the gene Cthe_1510 from C. thermocellum (strain ATCC

27405), and was provided by the SouthEast Collaboratory

For Structural Genomics (SECSG Target ID Cth-1068).

This expression vector contained a N-terminal (His)6-

MBP affinity tag followed by a TEV protease cleavage

site. E. coli (Rosetta(DE3); Novagen) were transformed

with pET-MBP-Cthe_1510, and cells were cultured to an

optical density at 600 nm of �0.6 in LB with ampicillin

(0.1 mg/mL). Expression was induced with isopropyl-b-
D-1-thiogalactopyranoside (0.1 mg/mL) and occurred

overnight at 258C.
Harvested cells were resuspended in cell-lysis buffer

(50 mM Tris pH 8.0, 1 mM DTT, 500 mM NaCl, and 10

mM imidazole) plus protease inhibitor cocktail (Sigma)

added at 1 mL per cell pellet from 1 L of culture. Follow-

ing lysis via microfluidizer (Microfluidics), cell debris

was removed by centrifugation at 35,000g for 1 h at 48C.
The A3DFK9 protein was purified using Ni-NTA Super-

flow chromatography media (Qiagen) and eluted using

imidazole. Separation of the His-MBP tag from the

A3DFK9 protein was accomplished through a TEV prote-

ase cleavage site following the His-MBP affinity tag. TEV

protease was added to a protein:TEV protease molar ra-

tio of 20:1 and incubated overnight at 208C. A second

Ni-NTA column was run to remove MBP and protease

from the protein. Polishing was achieved with a Superdex

200 16/60 gel filtration column (GE Healthcare) in 20

mM Hepes pH 7.0, 100 mM NaCl, 5% glycerol (v/v),

and 1 mM DTT. The fractions that contained A3DFK9

were pooled. SDS-PAGE (BioRad) was used to test sam-

ple purity, and protein concentration was measured by

the Bradford assay with BSA as the standard.16

Crystallization

The protein solution for crystallization had a concen-

tration of 30 mg/mL in gel filtration buffer. Initial crys-

tallization experiments were conducted using the high

throughput crystallization robot at the Hauptman Wood-

ward Institute17 and manual screens. The optimized

condition for growth of diffraction quality crystals by

hanging drop vapor diffusion used a reservoir cocktail

containing 25% (w/v) polyethylene glycol 4000, 100 mM

TAPS pH 9.0, and 50 mM sodium thiosulfate pentahy-

drate and a protein droplet containing a 1:1 reservoir

cocktail to protein ratio to a final volume of 4 lL. Large
crystals (1 mm 3 0.5 mm 3 0.5 mm) grew within 1

week. The crystals were soaked for 5 min in the reservoir

cocktail plus a cryoprotectant of 25% (v/v) 2-methyl-2,4-

pentanediol. NAD1 was introduced into the crystals of

the apo form by soaking the crystals in cryoprotectant

plus 2 mM NAD1 for 5 min.

Data collection and refinement

Diffraction data were collected via remote control on

beam line 11-1 equipped with an ADSC Quantum 315

CCD detector at the Stanford Synchrotron Radiation

Laboratory. Data were collected through the Blu-Ice

interface18 with a strategy calculated in Mosflm.19 The

reflections were indexed in the I centered tetragonal space

group I4122. Intensities were indexed, integrated, and

scaled with HKL2000.20

Initial phases for the apo enzyme crystal were obtained

through molecular replacement (MR) using AMoRe.21

The search structure was a hybrid of the conserved Ross-

mann fold of two SCOR structures 1YDE (29% identity)

and 1VL8 (29% identity). After an initial MR solution

was identified, a simulated annealing refinement step was

preformed using CNS,22 and further refinement contin-

ued with Refmac and PHENIX.19,23 Model building was

performed using Coot.24 Initial phases for the A3DFK9-

NAD1 enzyme complex were calculated using the iso-

morphous apo A3DFK9 model. Following rigid body

refinement, the A3DFK9-NAD1 structure was refined

similarly to the apo structure. TLS refinement was

applied to both structures with each chain treated as a

R. Huether et al.

604 PROTEINS



separate group. The models were validated using MolPro-

bity.25 Data collection and refinement statistics are pre-

sented in Tables I and II.

Images were created with PyMOL.26 Ligplot was used to

generate protein–NAD1 interaction plots.27 Structural

comparison was done with the SSM server (http://www.

ebi.ac.uk/msd-srv/ssm),28 DaliLite (http://ekhidna.biocenter.

helsinki.fi/dali_server),29 and PyMOL. SCOR sequences used

for comparison to A3DFK9 were selected by PROSITE,30

using the search query ‘‘TGxxxGxGx (60,70)NAC-

x(65,75)YxxxK,’’ where the single letters represent

conserved amino acids in the TGYK SCOR subfamily con-

nected by linkers of specified lengths.8 Sequence align-

ments were performed using Muscle.31 Protein Data Bank

accession number: 3GED and 3GEG.

RESULTS AND DISCUSSION

Overall A3DFK9 structure

The crystal structure of apo A3DFK9 was determined

to a resolution of 1.7 Å, whereas that of the A3DFK9-

NAD1 complex was determined to 2.1 Å resolution

(Tables I and II). The asymmetric units of both struc-

tures contained the protein as a homodimer of 247

amino acids per chain [Fig. 1(a)]. A3DFK9 exhibits the

expected Rossmann fold. It contains an alternating a/b
secondary structure topology in the order b3 b2 b1 b4
b5 b6 b7 [Fig. 1(b)].8 For the apo A3DFK9 structure,

electron density was absent for residues Gln182, Asn183,

and Asn184. Similarly, the NAD1 bound A3DFK9 struc-

ture has disordered residues in the b6a7 loop (Gln182,

Asn183, Asn184, and Gln185). The b6a7 loop is associ-

ated with substrate binding and is disordered in many

SCOR crystal structures. The N-and C-terminal residues

were disordered or exhibited high mobility in both struc-

tures. Disordered residues were excluded from the refined

model.

The biological unit of A3DFK9 is a tetramer composed

of the dimer located within the asymmetric unit plus a

second dimer related by a crystallographic twofold rota-

tional axis approximately parallel to the central b-sheet
of each monomer [Fig. 1(c)]. Many SCOR proteins have

been found to be active as tetramers. Superposition of

241 residues of Monomer A from the apo- and NAD1-

bound structures, respectively, yielded a root-mean-

square distance (RMSD) of 0.27 Å. NAD1 binding

imposed localized structural rearrangement to the Ca
backbone only in the vicinity of residues Ala83 to Arg85.

This rearrangement occurred at the location of one of

the TGYK subfamily sequence variations observed within

A3DFK9 (Cys84 in place of a highly conserved glycine

residue).

Bound ligands

NAD1 was predicted to bind to A3DFK9 and serve as

its cofactor by the presence of an aspartate residue

(Asp33) 18 residues downstream from the last glycine in

the TGxxxGxG motif.8,32 The crystal structure of

A3DFK9 soaked in NAD1 confirmed this prediction. The

NAD1 molecule in the coenzyme-binding site has the

conformation commonly observed within other members

of the SCOR family, with the Asp33 side chain interact-

ing with the adenine ribose hydroxyls facilitating selective

NAD1 binding (Fig. 2). There are 16 contacts between

A3DFK9 and the NAD1 molecule, six weak hydrophobic

interactions involving Gly9, Ile34, Asn82, Cys84, Ile131,

Table I
Crystal and Diffraction Data Statistics

Crystal data Apo Holo

Beam line SSRL 11-1 SSRL 11-1
Space group I4122 I4122
Cell dimensions (�)

a 124.3 124.3
b 124.3 124.3
c 162.6 161.2

Data collection
Resolution (�)a 49.69–1.69

(1.74–1.69)
43.90–2.10
(2.16–2.10)

Number of observed reflections 833817 412463
Number of unique reflections 70028 36980
Completeness (%)a 97.9 (97.2) 99.8 (100)
Rmerge

a (%) 6.4 (30.20) 7.8 (31.70)
Redundancya 11.9 (2.5) 11.2 (5.7)
I/r(I)a 18.9 (4.2) 17.3 (5.60)

aNumbers in parentheses are for the high resolution bin.

Table II
Structural Refinement Statistics

Crystal Apo Holo

Structure determination
Resolution (�) 50–1.7 44–2.1
Total unique reflections 68407 36874
Test set reflections 3442 1841
Rcryst (%)a 17.88 16.72
Rfree (%)a 20.79 19.99
Number of protein atoms 3770 3761
Average B-factor (�2) 30.5 28.9

Water molecules 551 293
Average B-factor (�2) 47.9 39.7

NAD1 molecules – 2
Average B-factor (�2) – 54.2

Other ligand moleculesb 7 5
Average B-factor (�2) 64.5 47.5

Root-mean-square deviations
Bond lengths (�) 0.011 0.010
Bond angles (8) 1.327 1.330

Ramachandran plot
Residues in most favored regions (%) 97.3 96.8
Residues in disallowed regions (%) 0.0 0.0

aRcryst 5 S|Fobs 2 Fcalc|/SFobs; Rfree is calculated in the same way but using 5% of

the reflections omitted from the refinement procedure.
bThe other ligand molecules include glycerol, thiosulfate, and sodium ions.
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and Ser133, and 10 hydrogen bond contacts involving

His12, Ile14, Asp33, Asp55, Val56, Tyr146, Lys150,

Pro175, Gly176, and Ile178 [Fig. 2(b)]. The significance

of several of these contacts has been reported previ-

ously.8,13 Duax et al.8 observed that in many SCOR

enzymes the backbone carbonyls of the conserved Pro-

Gly motif present at the N-terminus of the b6 strand

accept C¼¼O..H hydrogen bonds from the nicotinamide

ring. In A3DFK9, the Pro175 and Gly176 carbonyl oxy-

gen atoms are 3.3 and 3.0 Å from the nicotinamide ring

C5 and C4 atoms, respectively, stabilizing the nicotina-

mide ring for the predicted B-face proton transfer. The

carboxamide group on the nicotinamide ring is stabilized

by interactions with the backbone amide and carbonyl of

Ile178. The catalytic Tyr146 and Lys150 form stabilizing

interactions with hydroxyls on the nicotinamide ribose.

Tyr146 Oh is 2.6 Å away from O2 of this ribose, whereas

Lys150 Nf participates in two contacts of 2.7 and 3.0 Å

from the ribose O2 and O3, respectively. These interac-

tion distances are common among the SCOR fam-

ily.32,33 The binding of cofactor to a SCOR protein can

induce a conformation shift from an open to a closed

form of the enzyme.33 However, for A3DFK9 very little

change was observed in the substrate-binding loops fol-

lowing cofactor binding (RMSD comparison of apo- and

cofactor-bound A3DFK9: 0.23 Å over all Ca atoms and

0.17 Å over the 33 Ca atoms present in the loops). The

conformations of these loops were similar to the open

structures of other SCOR family members.

Two glycerol molecules are present in both A3DFK9

structures. One glycerol is present in the active site of

each monomer. In all cases, the glycerol interacts with

residues (Arg135, Gly176, and Trp177) on one monomer

and with residues (Tyr235 and Asp238) of a second crys-

tallographically independent monomer within the

tetramer [Fig. 2(a)]. Three thiosulfate molecules were

identified bound to the apo enzyme structure. One thio-

sulfate molecule is bound in the cofactor-binding site

within each A3DFK9 monomer, interacting with residues

Ile34, Asn82, Ala83, Cys84, and Arg85. The third thiosul-

fate ion is present between two monomers related by

noncrystallographic twofold symmetry, interacting with

the basic side chains of Lys16 and Arg46 contributed

from both monomers. A thiosulfate molecule was

observed in a similar position within the NAD1-ligated

structure, but the bound NAD1 cofactor prevented thio-

Figure 1
Structure of A3DFK9. (a) Cartoon of the asymmetric unit of the apo A3DFK9 crystal structure. (b) Classical schematic representation of a SCOR

protein with secondary structural elements indicated; solid curves: a-helices, arrows: b-sheets, lines: turns. The b-sheets and a-helices are labeled
b1–b7 and a2–a7, respectively, as well as the N and C terminus. Conserved amino acids and variations to the fingerprint positions (A3DFK9

numbering) discussed in the text are underlined. (c) Representation of biological tetramer with symmetry-related monomers.
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sulfate from also occupying the cofactor binding site.

Additionally, two Na1 ions were identified in both the

apo enzyme and the NAD1-bound structures. Glycerol,

thiosulfate, and NaCl were present in the protein sample

solution or the crystallization cocktail.

Unexplained electron density

Unexpected positive electron density was observed

extending from the Cys191 g-sulfur atoms present within

the crystallographic-independent A3DFK9 monomers

within both the apo and NAD1 complex structures (Fig.

3). Attempts at modeling a chemical group into this

strong density failed. The expression vector was rese-

quenced and the presence of a cysteine residue was con-

firmed at this position, and so mutation is unlikely the

cause of the excess density. All known crystallization

cocktail and protein buffer small molecules were placed

into this density. Oxidation of Cys191 was considered

and sulfenic, sulfinic, and sulfonic acid moieties were

modeled. However, in all cases, the results were judged

unsatisfactory because of poor shape complementarily to

the density and/or significant positive difference density

remained following refinement of the modified model.

Thus, no atoms were modeled into this additional elec-

tron density. Although the modification of Cys191 has

not been identified, the crystal structure demonstrated

that the modified side chain does not form close contacts

Figure 2
(a) Stereoview of Fo 2 Fc density map at 3r displaying the bound NAD1 cofactor in Monomer A plus a glycerol (GOL) molecule bound above the

nicotinamide ring in the substrate-binding pocket. (b) Two-dimensional representation of the residues within 3.0 Å surrounding the bound NAD1

molecule.
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(�3.5 Å) with adjacent residues, is not involved in form-

ing oligomer-stabilizing contacts, and is not located in a

position that is likely to participate in substrate binding

or the catalytic mechanism. Additionally, unexplained

electron density was observed extending from the side

chains of both crystallographically independent Cys84

residues in the apo enzyme structure. Although the addi-

tional density about Cys191 appeared to be due to a

covalent side-chain modification, the extra density associ-

ated with Cys84 was not clearly defined and it may rep-

resent a noncovalently bound small molecule. Water was

modeled into this extra density. In the NAD1-bound

structure, no extraneous electron density was observed in

the immediate vicinity of the Cys84 side chains. Cys84

and several neighboring residues underwent significant

conformational changes upon NAD1 binding, and this

structural change is likely the reason for the lack of this

unexplained density in the presence of NAD1.

TGYK subfamily fingerprint variations

Alignments of 426 enzymes from the TGYK subfamily

identified 40 highly conserved residues (>70% identity),

which were termed fingerprint residues.8 Residues dis-

cussed in the text are identified in Figure 1(b). The 40

fingerprint residues are mainly present in loops and have

been shown or implicated to be critical to SCOR protein

folding, cofactor binding, catalysis, or oligomeriza-

tion.8,10–12 A3DFK9 contains the expected residue type

at 31 of the 40 fingerprint positions. Six of the nine var-

iations are present in other TGYK members for which

crystal structures have been reported (Table III and Sup-

porting Information Fig. 2), and the three previously

unobserved fingerprint variations were a significant con-

sideration in choosing A3DFK9 for structural studies.

The variations present in A3DFK9 from the conserved

fingerprint residues do not significantly alter main-chain

geometry compared to structures of other typical TGYK

enzymes possessing the fingerprint residues. However,

several of the variations alter the side-chain size, hydro-

phobicity, or charge at the fingerprint positions. Most of

the fingerprint variations that result in a significant

change in residue properties occur at the protein surface

(Supporting Information Fig. 3). One fingerprint residue

in the TGYK subfamily is an alanine present between the

catalytic tyrosine and lysine resides, to form a YxAxK

motif on helix a6. However, A3DFK9 exhibits an alanine

? serine (Ser148) fingerprint variation at this position.

This variation is located at the dimer interface, where the

presence of a small amino acid is required to maintain a

tight interface. This variation has a minor effect on

hydrophobicity, but serine residues are often interchange-

able with alanine residues in positions that require a

small side chain at interfaces involving helices.34 This is

an example of a fingerprint variation that occurs at a

buried and functionally critical location but does not sig-

nificantly alter the surrounding structure.

A second example of an A3DFK9 fingerprint variation

involves a cofactor-binding residue. Zhou and Tai dem-

onstrated the significance of a fingerprint threonine resi-

due (Thr188) in the SCOR enzyme 15-hydroxyprosta-

glandin dehydrogenase (15-PGDH).13 The mutants

T188A and T188Y were inactive, and the T188S mutant

was active but exhibited a 100-fold higher Km for NAD1.

The crystal structure of human 15-PGDH showed that

the carboxamide group of NAD1 was hydrogen bonded

to the side-chain Og atom of Thr188 (PDB: 2GDZ). This

cofactor-stabilizing interaction is a common feature in

the TGYK subfamily and in SCOR enzymes in general.

In A3DFK9, valine (Val180) replaces this fingerprint thre-

onine (Supporting Information Fig. 2), and this substitu-

tion has not been previously structurally characterized.

This fingerprint variation eliminates this cofactor-stabiliz-

ing contact, as the Val180 side chain cannot participate

in hydrogen bonding. The A3DFK9-NAD1 crystal struc-

ture verified the loss of this important cofactor–enzyme

interaction without replacement by a compensatory inter-

action involving a different residue. However, the rela-

tionship of the nicotinamide ring to the catalytic residues

is similar between the A3DFK9-NAD1 and the 15-PGDH

structures.

A3DFK9’s proton wire

The positions corresponding to residues Cys84 and

Gly106 in A3DFK9 are typically occupied by the finger-

print residues glycine and asparagine, respectively, in the

TGYK subfamily and the larger SCOR family. In

A3DFK9, Cys84 is present in place of the glycine finger-

print residue (89% conserved) within the VNNAG motif

in the b4a5 loop, and Gly106 is present in place of an

asparagine fingerprint residue (94% conserved) that

Figure 3
Unidentified modification of Cys191. (A) Stereoview of positive Fo 2 Fc
electron density contoured at 3r adjacent to Cys191(A), indicating an

unidentified modification of the side chain. Similar density was

observed in Monomer B. No significant negative Fo 2 Fc electron

density was observed in this region.
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occurs at a structurally conserved kink in helix a5. These
two fingerprint residues have been shown to be critical

for cofactor binding and catalysis [Fig. 1(b)].10,12,13,33

SCOR enzyme catalysis involves the transfer of a proton

between substrate and bulk solvent through a buried pro-

ton transfer wire, and these two fingerprint residues also

participate in forming this proton wire.10,33 Thus, the

structural effects of the nonconservative fingerprint varia-

tions Gly ? Cys84 and Asn ? Gly106 in A3DFK9 were

of extreme interest and were first observed in the

A3DFK9 structures.

The asparagine fingerprint residue typically present at

the position corresponding to A3DFK9 residue Gly106

participates in several important structure–function roles.

Helix a5 forms a major dimer interface. This helix exhib-

its a characteristic kink at the fingerprint asparagine,

with the canonical a-helical hydrogen-bonding pattern

interrupted at the asparagine’s main-chain carbonyl. This

carbonyl oxygen cannot participate in a helix-stabilizing

hydrogen bond with the n 1 4 residue’s main-chain

amide nitrogen because the carbonyl bond is directed

roughly normal to the helical axis rather than parallel.

The atypical conformation of the asparagine carbonyl

makes it available for hydrogen bonding to a water mole-

cule that in turn forms a hydrogen bond to the catalytic

lysine’s side-chain amide group. This interaction has

been postulated to both stabilize the position of the cata-

lytic lysine side chain and to position a water molecule

to act as a protein wire component. The asparagine side

chain acts as a lever to introduce the helical kink. The

conformation of this kink-forming asparagine is locked

in place by the presence of hydrogen bonds between its

side-chain Od1 and Nd2 atoms and the main-chain

amide nitrogen and carbonyl oxygen, respectively, of the

residue immediately following the conserved fingerprint

glycine residue present at the C-terminus of the

VNNAG motif in the b4a5 loop. This asparagine was

mutated to a leucine (N111L) in a bacterial 3b/17b-
hydroxysteriod dehydrogenase and shown to completely

inactivate the enzyme.10 A serine or threonine residue

immediately precedes the catalytic lysine in many SCOR

enzymes. The side chain of this serine/threonine has been

observed to hydrogen bond to the fingerprint asparagine

side chain, further stabilizing the asparagine’s lever-like

conformation. Mutation of this serine to a glycine

dramatically decreases the catalytic rate, presumably by

destabilizing the asparagine’s conformation and the

helical kink.10,35

The fingerprint glycine within the VNNAG motif

serves many critical functional roles. It has been postu-

lated that a flexible main chain is required at this posi-

tion in order for the main chain to temporarily accept a

proton via a enolic intermediate as part of the proton

wire.10 Main-chain flexibility at this position may also

be required for protein conformation changes associated

with cofactor binding.33 Additionally, the presence of a

side chain at this position would prevent the side chain

of the fingerprint asparagine present at the helix a5 kink

by forming dual hydrogen bonds to the main chain of

the residue immediately downstream of this fingerprint

glycine (residue n 1 1). A large side chain at this posi-

tion may also intrude into the active site.

The A3DFK9 crystal structures are the first structural

characterization of the TGYK subfamily fingerprint varia-

tions Gly ? Cys84 and Asn ? Gly106. Perhaps most

significantly, helix a5 retains the characteristic and func-

tionally important kink, centered at Gly106. This obser-

vation was unexpected, as glycine is unable to form side-

chain interactions analogous to those that induce the

kink at the fingerprint asparagine residue. A3DFK9’s a5
helical kink is introduced via an arrangement of residues

unique within the SCOR family. In a canonical a-helix,
Gly106’s carbonyl group would hydrogen bond to the

Table III
A3DFK9 Variations from TGYK SCOR Fingerprint Amino Acids

Variant (A3DFK9 #) Function
SCOR structure with same
variation (PDB code)a

1 G74 -> Q Fold (turns) 1SEP
2 G84 -> C Catalysis –
3 N106 -> G Catalysis –
4 A148 -> S Dimer (interface) 1FMC
5 E163 -> S Dimer (interface) 1HXH
6 T180 -> V Catalysis, cofactor –
7 R198 -> K Fold (turns) 1CYD
8 A206 -> S Fold (unknown) 1AE1
9 S215 -> Q Fold (turns) 1SEP

aSequence alignments included as Supporting Information Figure 2.

Figure 4
Stereoview of A3DFK9-NAD1 proton wire generated with conserved

waters H1*-H4. Surrounding the conserved waters are fingerprint

residues. H1* is a water present in the apo structure and likely at least

partially occupied in the A3DFK9-NAD1 complex structure. The

presence of the Pro110 disrupts the hydrogen-bonding pattern in helix

a5 leaving the carbonyl of Gly106 available for hydrogen bonding to

water.
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amide nitrogen of the n 1 4 residue. In A3DFK9, this

residue is a proline (Pro110) and is incapable of partici-

pating in the a-helical hydrogen-bonding scheme (Fig.

4). Furthermore, the steric clash with the Pro110 side

chain forces Gly106’s carbonyl group to be directed

toward the internal solvent tunnel, placing it in a confor-

mation similar to that typically observed for the main-

chain carbonyl of the fingerprint asparagine residue.

Thus, A3DFK9 exhibits an alternate means of forming a

kink in helix a5 to place a main-chain carbonyl group in

the correct position for participating in the catalytically

important proton wire.

Helix a5, including the kink at Gly106, possesses

extremely similar structures in both the apo- and the

cofactor-bound A3DFK9 enzymes, as do the catalytic res-

idues Ser133, Tyr146, and Lys150. The apo enzyme con-

tains water positioned between the Gly106 carbonyl and

Lys150 side-chain amide groups. A similarly positioned

water has been postulated to belong to the proton wire

in other SCOR proteins.10,33 This bridging water was

not considered to be observed in the A3DFK9-NAD1

complex structure. Fo 2 Fc difference density peaks

(2.4r and 2.9r maximum height in Monomer A and B,

respectively) were present at the expected positions of the

bridging water, but both peaks were below the 3.0r cut-

off for the inclusion of waters. The lower resolution data

obtained for the cofactor bound structure may account

for the failure to observe this water.

A3DFK9 residues Asn82-Ala83-Cys84-Arg85 undergo a

significant structural change upon binding of NAD1.

Asn82, Ala83, and Cys84 belong to A3DFK9’s VNNAC

motif, which is a variation of the TYGK subfamily’s con-

served VNNAG motif. The Cys84 side chain extends into

the cofactor binding site in the apo enzyme structure.

This residue rotates �1308 upon NAD1 binding, result-

ing in the side chain being removed from the cofactor-

binding site and redirected toward the catalytic Tyr146

and Lys150. A cysteine side chain is of modest size, and

so it does not intrude upon the active site. This rear-

rangement is necessary to avoid a steric clash with the

cofactor. Residues Asn82 to Arg85 exhibit mobility in

both the apo- and the cofactor-bound structures, based

upon the quality of the electron density and the refined

temperature factors. These residues in the NAD1-bound

structure closely resemble the active conformation

reported in other SCOR structures (e.g., E. coli FabG,

PDB: 1Q7B; human retinal dehydrogenase/reductase 3,

PDB: 1YDE). The Asn ? Gly106 fingerprint variation

removes restraints upon maintaining the fingerprint gly-

cine within the usually conserved VNNAG motif and

allowing it to be replaced by a modestly sized residue: (a)

the dual hydrogen-bond interactions between the side

chain of the fingerprint asparagine usually present at the

helix a5 kink and the main chain of the residue immedi-

ately following the VNNAG glycine are not present in

A3DFK9; (b) the volume that would be occupied by the

fingerprint asparagine side chain is left unoccupied

because of the A3DFK9’s Gly106 fingerprint variation.

Modeling the fingerprint asparagine residue into the

A3DFK9-NAD1 complex structure in place of Gly106

demonstrated that the presence of the Cys84 side chain

would interfere with the formation of the hydrogen

bonds between the fingerprint asparagine’s side chain

and the main chain of the residue immediately down-

stream of Cys84 (i.e., Arg85 in A3DFK9) that stabilize

the kink in helix a5 in the majority of SCOR enzymes. It

is unknown if the presence of the thiol group proximal

to the active site effects the reaction mechanism, as

A3DFK9’s substrate is unknown. The codon correspond-

ing to Cys84 is UGC. This raises the potential that the

Gly ? Cys84 fingerprint variation arose following a sin-

gle base change from the glycine codon GGC. There may

be no functional significance to the presence of Cys84

other than its modest side chain volume does not result

in steric clashes with functionally critical residues.

Proton wire water structure

A3DFK9 possesses a proton wire composed of a com-

bination of protein atoms, ribose hydroxyls, and waters

that is similar to those described for other SCOR

enzymes (Fig. 3).10,33 The unique feature of A3DFK9’s

proton wire is the manner in which the kink in helix a5
is formed (discussed earlier), rather than the wire itself

(Fig. 3). The Tyr146 hydroxyl is hydrogen bonded to the

NAD1 nicotinamide ribose hydroxyl O2D, which in turn

is hydrogen bonded to the side-chain amide of Lys150.

This moiety is hydrogen bonded to a water (observed in

the apo structure and likely present in the cofactor-

bound structure) held in place through an interaction

with the carbonyl group of Gly106. This water is then

connected to the bulk solvent through a linear chain of

three more waters connected by hydrogen bonds. The

second water interacts with the main-chain carbonyls of

Ala83 and Ile131. The third water is stabilized by the

main-chain carbonyls of Ala83 and Val105. In other

SCOR enzyme structures, an interaction analogous to

that with Val105 is absent. Rather, this third water of the

proton wire typically interacts with the hydroxyl group

of a serine, one turn downstream (n 1 4) from the fin-

gerprint asparagine residue at the helical kink. However,

in A3DFK9 this residue is a proline (Pro110), and so

such an interaction is impossible. The fourth water is

hydrogen bonded to the side chains of Thr8 and Asn81.

These water–protein interactions are analogous to the

stabilizing interactions previously observed for analogous

SCOR enzyme proton wires.10,33 Surprisingly, the four

waters of the proton wire remain in place in the apo

A3DFK9 structure, although several water–protein hydro-

gen bonds differ. This situation is unlike E. coli FabG in

which the proton wire is only completely present in the

cofactor-bound structure.33 This observation was unex-
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pected, because of the rearrangement of A3DFK9 residues

Asn82 to Arg85 upon cofactor binding that is similar to

the conformational change described for FabG. A3DFK9

is further evidence that the proton wire is an important

conserved feature of SCOR enzymes. Furthermore, the

number of TGYK subfamily fingerprint residues (Thr8,

Asn81, Ala83, and the Gly ? Cys84 and Asn ? Gly106

variations in A3DFK9) participating in the formation of

the proton wire suggests that the functional definition of

these fingerprint residues may require expansion to

include this role.

Evolutionary significance of fingerprint
variations

No previously reported SCOR crystal structure con-

tains a fingerprint variation analogous to the combined

Gly ? Cys84/Asn ? Gly106 variation present in

A3DFK9. To understand the evolutionary significance of

these fingerprint variations, we performed a PROSITE

pattern search of the key positions in Figure 1(b).30 A

variation analogous to Gly ? Cys84 occurs very infre-

quently across the TGYK subfamily, but this variation is

present in all known TGYK proteins within the Clostrid-

ium genus. The next most frequent substitution at the

fingerprint Gly position is alanine (7.5%), compared

with <1% for the cysteine substitution. The Gly ? Ala

substitution has been observed in porcine carbonyl re-

ductase at Ala91, but this enzyme retains the fingerprint

asparagine (Asn113) residue at the helix a5 kink (PDB:

1N5D).36 The small side chain of Ala91 did not interfere

with the formation of the kink stabilizing hydrogen

bonds between the side chain of Asn113 and the main

chain of the residue immediately downstream of the

Ala91 fingerprint variation (Ile92). As such, this struc-

tural feature of the TGYK subfamily was present, and so

this Gly ? Ala fingerprint variation can be considered a

conservative substitution. A residue larger than alanine

would likely disrupt this important hydrogen-bonding

interaction and/or impinge upon the active site.

The most frequent fingerprint variation to the aspara-

gine residue located at the helix a5 kink is histidine,

which is present in 2.8% of the TGYK subfamily, com-

pared with <1% for the glycine present in A3DFK9. The

Asn ? His fingerprint variation has been observed in

(3R)-hydroxyacyl-CoA dehydrogenase crystal structure

(PDB: 1GZ6).37 This protein’s His123 residue mimics

interactions formed by the fingerprint asparagine residue

normally present at this position. The His123 Ne2 atom

hydrogen bonds to the main-chain carbonyl of Ile102,

which immediately follows the VNNAG motif. The

His123 Nd1 atom hydrogen bonds to the catalytic Lys168

side chain without the need for the bridging water that

usually mediates the interaction between the fingerprint

asparagine and lysine side chains.

Substrate-binding residues

The substrate-binding pockets for both the apo- and

the NAD1-bound A3DFK9 structures contain a bound

glycerol molecule. Glycerol was present in the crystalliza-

tion medium. In both the apo- and NAD1-bound

A3DFK9 structures, glycerol interacts with residues lining

the substrate-binding pocket and is sandwiched between

Arg135 and Trp177. Arg 135 is located in the b5a6 loop

and lies between the catalytic Ser133 and Tyr146. Trp177

is located in loop b6a7, directly adjacent to the PG motif

which serves to position the cofactor’s nicotinamide ring

in the active site. Within each structure, the two crystal-

lographically independent substrate-binding sites exhibit

identical glycerol–protein interactions. However, binding

differences were observed between the A3DFK9 apo and

NAD1 complex structures. In apo A3DFK9, glycerol

forms a hydrophobic contact with Trp177, and a hydro-

gen bond between its O3 hydroxyl to Arg135, with its O2

hydroxyl group facing away from this arginine. In the

A3DFK9-NAD1 structure, the glycerol is stabilized

through a hydrophobic contact with Trp177 and a hydro-

gen bond between its O2 hydroxyl and Arg135.

The residues interacting with the glycerols belong to

loops typically associated with substrate binding within

the SCOR family. For example, the residues in these posi-

tions have been previously seen as key substrate-interact-

ing residues from 17b-hydroxy-steroid dehydrogenase

and 2,3-dihydro2,3-dihydroxybenzoic acid.38,39 Thus,

the bound glycerol molecule likely mimics at least some

aspects of endogenous substrate binding.

Substrate prediction

SCOR proteins contain several fingerprint motifs that

can be used to classified proteins into subfamilies or are

predictive of cofactor usage.8 Sequence analysis, however,

has proven less useful for substrate prediction. The spe-

cific substrate of A3DFK9 is unknown. Simple sequence

similarity searches (e.g., BLAST) failed to identify a

highly homologous protein having a well-established sub-

strate preference. The Cth_1510 gene encoding A3DFK9

is predicted to be present in an operon containing only

one other gene, Cth_1509, which is annotated as encod-

ing a hypothetical protein. Thus, the genetic environment

failed to provide insight into the potential function or

substrate of A3DFK9. The high conservation of the

TYGK subfamily fingerprint residues overwhelms the

subtle sequence differences that impart substrate specific-

ity within this large enzyme subfamily. Another sequence

analysis method, the PRINTS server, uses a motif-scan-

ning database that clusters proteins by small conserved

sequence segments.40 This server classified A3DFK9 as

exhibiting a similarity to the glucose/ribitol dehydrogen-

ase family signature.
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Three-dimensional structure comparison was attempted

as a method to predict the A3DFK9 substrate. SCOR sub-

strate-binding loops are known to be mobile and are often

disordered in crystal structures in the absence of a bound

substrate or substrate analog. The bound glycerol in

A3DFK9 is likely to stabilize the substrate-binding loops

in the ‘‘substrate bound’’ conformation, relaying informa-

tion about the conformation of the loops upon substrate

binding. The higher resolution apo A3DFK9 structure was

compared against the entire PDB (November 2008

release). This search identified many structurally homolo-

gous proteins, but comparisons of the substrate-binding

pockets of these search hits to A3DFK9 revealed confor-

mations and residue identities differed significantly. Thus,

it was concluded that the selected proteins were not likely

substrate orthologs (data not shown). This failure is due

to the overall structural similarity of the conserved SCOR

family fold overwhelming the more localized diversity of

the substrate-binding pockets. For instance, superposition

of A3DFK9 with the top hit (PDB: 2D1Y chain C) had a

RMSD of 1.28 Å over 218 Ca atoms, whereas comparing

just the substrate loops (4 residues in the b4a5 loop, 18

residues in the b5a6 loop, and 10 residues in the b6a7
loop) had a RMSD of 3.4 Å over the Ca atoms.

No improvement in substrate prediction was observed

when the 3D search was limited to the three substrate-

binding loops, with the Rossmann fold excluded. No

SCOR proteins were among the top hits. Furthermore,

visual inspection of the top hits revealed that the protein

fragments best matching the main-chain structure of

A3DFK9’s substrate-binding loops did not belong to

ligand-binding pockets, nor did they possess similar

sequences. None of the SCOR protein structures depos-

ited in the PDB had substrate-binding loop sequences

corresponding to those in A3DFK9. The b6a7 loop

exhibited the greatest structural and sequence differences

from other SCOR proteins. Glycerol in the A3DFK9 sub-

strate-binding site is sandwiched between Arg135 and

Trp177 side chains. Visual examination and manual

searching identified a similar arginine–tryptophan sub-

strate-binding sandwich in the structure of the carbohy-

drate-binding domain of galectin-9 complexed with lac-

tose (PDB: 2EAK) (Supporting Information Fig. 4).

This article described the structure of the SCOR pro-

tein from A3DFK9 C. thermocellum. The protein contains

natural variations from several highly conserved finger-

print residues that have not been previously structurally

characterized. These fingerprint variations include several

residues that participate in the formation of a catalytically

critical proton wire. The crystal structures reported here

reveal how this proton wire is retained despite nonconser-

vative sequence changes. Although the endogenous sub-

strate(s) of A3DFK9 is unknown, the presence of a bound

glycerol in the substrate-binding pocket in combination

with bioinformatic analysis suggests that the substrate

may be a polyalcohol or carbohydrate. Structural and

sequence analysis of A3DFK9’s substrate-binding loops

demonstrated that the substrate-binding pocket is unique

among SCOR structures previously deposited in the PDB.

Further biochemical studies and verification are currently

being carried out to further test the substrate hypotheses

generated from this structure and bioinformatic analysis.

The diversity present within this ancient protein family

emphasizes the need for further research to understand

substrate specificity.
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