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Abstract: Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) catalyzes the oxidative phospho-

rylation of D-glyceraldehyde 3-phosphate (G3P) into 1,3-diphosphoglycerate (BGP) in the presence

of the NAD cofactor. GAPDH is an important drug target because of its central role in glycolysis,
and nonglycolytic processes such as nuclear RNA transport, DNA replication/repair, membrane

fusion and cellular apoptosis. Recent studies found that GAPDH participates in the development

of diabetic retinopathy and its progression after the cessation of hyperglycemia. Here, we report
two structures for native bovine photoreceptor GAPDH as a homotetramer with differing occu-

pancy by NAD, bGAPDH(NAD)4, and bGAPDH(NAD)3. The bGAPDH(NAD)4 was solved at 1.52 Å,

the highest resolution for GAPDH. Structural comparison of the bGAPDH(NAD)4 and bGAPDH(-
NAD)3 models revealed novel details of conformational changes induced by cofactor binding,

including a loop region (residues 54–56). Structure analysis of bGAPDH confirmed the importance

of Phe34 in NAD binding, and demonstrated that Phe34 was stabilized in the presence of NAD but
displayed greater mobility in its absence. The oxidative state of the active site Cys149 residue is

regulated by NAD binding, because this residue was found oxidized in the absence of dinucleo-

tide. The distance between Cys149 and His176 decreased upon NAD binding and Cys149
remained in a reduced state when NAD was bound. These findings provide an important struc-

tural step for understanding the mechanism of GAPDH activity in vision and its pathological role

in retinopathies.

Abbreviations: APS, advanced photon source; BGP, 1,3-diphosphoglycerate; bGAPDH, bovine GAPDH; BNL, Brookhaven
National Laboratory; G3P, glyceraldehyde-3-phosphate; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; bGAPDH(NAD)3
and bGAPDH(NAD)4, bovine GAPDH with NAD bound in three or four subunits; HEPES, 2-[4-(2-hydroxyethyl)piperazin-1-yl]etha-
nesulfonic acid; MS, mass spectroscopy; NAD, nicotinamide adenine dinucleotide; NO, nitric oxide; NSLS, National Synchro-
tron Light Source; PDE6, phosphodiesterase 6; PEG, polyethylene glycol; RMSD, root-mean-square-deviation(s); ROS, rod
outer segment(s); SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; SEC, size-exclusion chromatography.
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Introduction

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH),

a classic glycolytic enzyme, catalyzes the conversion

of glyceraldehyde-3-phosphate (G3P) to 1,3-bisphos-

phoglycerate (BGP), and requires the co-factor

NAD.1 In addition to its well-known glycolytic func-

tions, new studies have shown that mammalian

GAPDH is a multifunctional protein with diverse

activities2 that play fundamental roles in a variety

of pathologies, including diabetes, age-related neuro-

degenerative disorders, and malaria.3 GAPDH is

physiologically nitrosylated at its active Cys149 resi-

dues.4,5 Upon S-nitrosylation, GAPDH serves as a

NO-transferase, for example, it can bind to nuclear

proteins and co-translocate to the nucleus and facili-

tate the degradation of nuclear proteins.3,6,7 In the

eye, the NO level is upregulated by light and

decreases in the dark.8 In cone photoreceptors, S-

nitrosylation regulates the activity of L-type voltage-

gated Ca21 channels during light adaptation.9

GAPDH is also required for heme transfer into

inducible nitric oxide synthase.10 GAPDH binding to

heme is reversible and sensitive to cellular redox

levels.11 This property expands the role of GAPDH

into a potential heme-sensitive chaperone in cells.

In rod outer segments (ROS) of the eye’s photo-

receptors, GAPDH is one of most abundant pro-

teins, existing at levels higher than PDE6 subunits,

but slightly lower than arrestin, but much higher

than any other glycolytic enzyme by an order of

magnitude.12 GAPDH also participates in the devel-

opment and progression of diabetic retinopathy, one

of the most severe ocular complications of diabetes.

The pathogenesis of diabetic retinopathy involves

multiple effector pathways13 with GAPDH consid-

ered a potential link between hyperglycemia-

induced oxidative stress and major pathways impli-

cated in the pathogenesis of diabetic complica-

tions.14 High levels of glucose in retinas can

inactivate GAPDH.15 MS analysis indicated that

the active site Cys149 was covalently modified in

GAPDH from the muscle of diabetic animals.16

Inactivation of GAPDH could result from increased

mitochondrial superoxide production that in turn

nitrosylates the enzyme.17 Inactive GAPDH would

divert the upstream glycolytic intermediates to

alternative pathways, potentially leading to forma-

tion of advanced glycation end products that partic-

ipate in the development of diabetic microvascular

complications.1,14,18

Structures of GAPDH have been extensively

studied in bacteria, archaea, and eukarya, providing

detailed information on the folding, catalysis and

regulation of this enzyme. The overall structure of

GAPDH consists of identical subunits conserved

among different species. GAPDH enzymatic activity

requires the binding of NAD but the enzyme shows

different binding characteristics depending on the

tissue source.19–23 Here, we present two high resolu-

tion crystal structures of GAPDH from ROS with

different occupancies of NAD. These GAPDH struc-

tures provide an updated view of their NAD-binding

sites, and their conformational changes induced by

NAD binding.

Results

Preparation of bovine retinal GAPDH
Bovine GAPDH is loosely associated with ROS mem-

branes.24 In a typical preparation, we obtained

about 0.2 mg of purified bGAPDH from isotonic

extraction of ROS from 100 bovine retinas using

NAD-agarose affinity chromatography. The purity of

bGAPDH was assessed by SDS-PAGE wherein the

protein exhibited a molecular weight of �36 kDa

under denaturing conditions [Fig. 1(A)]. But size

exclusion chromatography analysis demonstrated

that bGAPDH had a molecular weight of about 150

kDa [Fig. 1(B)]. Like other GAPDHs from various

sources, bGAPDH appeared to be a tetrameric pro-

tein in solution. The catalytic activity of bGAPDH as

determined for protein isolated from ROS by NAD-

affinity chromatography evidenced a Km value of

153 6 19 mM for its G3P substrate, and a Km value

of 255 6 23 mM for the NAD cofactor [Fig. 1(C)].

The overall structure of bGAPDH

bGAPDH readily formed crystals under several con-

ditions (Supporting Information Fig. S1). Crystals of

purified bGAPDH had NAD bound in all four subu-

nits (bGAPDH(NAD)4). Alternatively, bGAPDH

could be crystallized directly from isotonic extracts

of ROS (Supporting Information Fig. S1B). This

extraction of native bGAPDH yielded crystals dif-

fracting to 1.93 Å with a structure containing three

subunits with NAD-bound and one subunit free of

NAD (bGAPDH(NAD)3). The presence of NAD fur-

ther tightened the crystal packing and improved the

resolution to 1.52 Å in the bGAPDH(NAD)4 struc-

ture, the highest resolution for a GAPDH structure

to date. Final models of bGAPDH contained 1328

protein residues (both), 304 water molecules in

bGAPDH(NAD)3, and 582 water molecules in

bGAPDH(NAD)4 (Table I). These structural models

of bGAPDH showed good stereochemistry, with only

Val237 appearing in disallowed regions of all four

subunits.25 However, this residue had a clear elec-

tron density in all four subunits of both bGAPDH
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structures. The abnormal dihedral angles of this res-

idue were also observed in other reported GAPDH

structures, for example, PDB entries, 1J0X, 1U8F,

and 1ZNQ. The overall folding of bGAPDH was simi-

lar to that of other previously determined eukaryotic

GAPDH structures. The refined model was com-

posed of one tetramer with four subunits shown in

the typical nomenclature of GAPDH subunits’ colors

of green (Q), red (P), blue (R), and yellow (O) (Fig.

2).26 The molecular axes were defined as P, Q, and

R, and O subunits were related by 222 symmetry.

The choice of the first monomer O in bGAPDH(-

NAD)3 was the subunit free of NAD. Each subunit

was composed of a catalytic domain (residues 148–

311) and a NAD-binding domain (residues 1–147

and 312–332). In the bGAPDH(NAD)4 model, Ser22-

Gly23-Lys24 of the Q subunit, and residues Gly190-

Lys191 of the O subunit were found disordered. In

the bGAPDH(NAD)3 model, Gly23 (Q, R, O), Lys24

(Q, O) and Lys191 (P, Q, O) were disordered. Dual

side-chain conformations were observed in Ser207 in

subunits of O, Q, and R of the bGAPDH(NAD)3

model and in Ser207 of all four subunits in the

bGAPDH(NAD)4 model.

bGAPDH:NAD binding

NAD was bound to bGAPDH inside a typical Ross-

mann-fold27 composed of six parallel b-strands linked

to two pairs of a-helices [Fig. 3(A)]. In bGAPDH(-

NAD)4, the presence of NAD in each subunit was

clearly evidenced by a strong electron density map in

the binding pocket. The averaged B-factors (Å)2 for

NAD were 12.8 (O), 12.7 (P), 12.1 (R), and 14.4 (Q).

In bGAPDH(NAD)3, the electron density map indi-

cated the presence of NAD at high occupancy in sub-

units P, Q, and R. But no electron density was

observed for NAD in subunit of O. Therefore, NAD

was not modeled in the O subunit of bGAPDH(-

NAD)3. The averaged B-factors (Å)2 for NAD in

bGAPDH(NAD)3 were 30.2 (P), 22.4 (Q), and 26.5

(R). Differential NAD binding to subunits of GAPDH

was previously reported. For example, two NAD mol-

ecules are bound to the rabbit muscle GAPDH tet-

ramer (PDB code: 1J0X22), whereas three NAD

Figure 1. Characterization of bovine GAPDH. A. SDS-PAGE analysis of bGAPDH purified from bovine ROS. B. Size exclusion

profile of purified bGAPDH. The column (Superdex 200, 10/300 GL, GE Healthcare) was calibrated with protein standards

(Insert). C. Enzyme activity. Purified bGAPDH (0.5 mg/100 mL) was incubated with 0.2 mM NAD and increasing concentrations

of G3P (top panel), or with 1 mM G3P and increasing concentrations of NAD (middle panel). After 30 min of incubation, GAPDH

activity was monitored by measuring NADH production at 340 nm. Kinetic measurements were then done over a 45 min time

course in the presence of 1 mM NAD and 1 mM G3P (bottom panel).

Baker et al. PROTEIN SCIENCE VOL 23:1629—1639 1631



molecules are bound to human placental GAPDH tet-

ramer (PDB code: 1U8F21). Differential binding of

NAD in GAPDH could be the basis of the cooperativity

shown by this enzyme.28–30 A diagram of the interac-

tions between NAD and bGAPDH is shown in Figure

3(B). Details of interactions between NAD and the pro-

tein are summarized in Supporting Information Table

SI.

The high quality of electron density map of

bGAPDH allowed detailed modeling of solvent in its

structure. Nearly a dozen water molecules were

identified that interacted with NAD with a 3.2 Å

cutoff inside the binding pocket (Supporting Infor-

mation Fig. S2). As summarized in Supporting Infor-

mation Table SII, some of these waters formed

direct hydrogen bonds to NAD whereas others medi-

ated hydrogen bonds between NAD and the protein.

For example, the backbone oxygen of Glu94 formed

a water-mediated (W106) interaction with the O3D

of NAD. Through water-4, the O2N of NAD inter-

acted with the backbone nitrogen groups of Gly9,

Gly12 and the oxygen group of Ser95. NH1 from the

side chain of Arg13 formed a water-mediated (W62)

interaction with the O3B of NAD. And the ND2 side

chain of Asn6 formed a water-mediated (W182)

interaction with N1A of NAD.

Structural comparison of NAD-free and

NAD-bound bGAPDH

The overall structures of fully NAD-bound

(bGAPDH(NAD)4) and partially NAD-bound

(bGAPDH(NAD)3) were similar. The RMSD of Ca

between the two tetramers was 0.24 Å, indicating

that NAD binding did not cause conformational

changes in the overall folding of bGAPDH.

To study the conformational changes induced by

NAD binding in bGAPDH, we performed a detailed

structural comparison of the NAD-free and NAD-

bound subunits. Thus the NAD-free subunit (O) from

bGAPDH(NAD)3, and the corresponding subunit O in

bGAPDH(NAD)4 (with NAD-bound) were superim-

posed for comparison. In addition, the NAD-free sub-

unit (O) was superimposed with NAD-bound subunit

(P) from the same bGAPDH(NAD)3 tetramer struc-

ture. As controls, single NAD-binding subunits such

as subunits P from bGAPDH(NAD)3 and bGAPDH(-

NAD)4, and subunits O and P from bGAPDH(NAD)4,

were superimposed and compared. Atomic distances

were measured for each of the paired residues. The

RMSD of the Ca atoms for each residue was plotted

along with the residue number [Fig. 4(A)].

As illustrated in the plot, the catalytic domain

(residues 148–311) with the exception of Gly190

Table I. Data Collection, Processing and Refinement Statistics for bGAPDH with Three or Four Bound Molecules
of NAD

Data collection
Average/outer shell
bGAPDH(NAD)3 (Å)

Average/outer shell
bGAPDH(NAD)4 (Å)

Wavelength (Å) 0.9792 0.9792
Space group P21 P21

Unit-cell parameters (Å) a 5 79.8, b 5 126.5, c 5 83.8, a 5 90�,
b 5 118o, c 5 90�

a 5 79.7, b 5 125.3, c 5 83.6,
a 5 90�, b 5 118�, c 5 90�

Diffraction resolutions (Å) 50–2.0 (4.16–1.93) 50–1.52 (3.27–1.52)
No. of observations 439,689 740,361
No. of unique reflections 108,672 220,468
Redundancy 4.1 (3.9) 3.1 (3.4)
Completeness (%) 99.3 (98.4) 98.5 (96.8)
Average I/r (I) 20.3 (2.8) 10.6 (0.9)
Rmerge (I) 0.088 (0.56) 0.094 (0.97)
Mosaicity 0.20–0.90 0.19–0.34

Refinement
No. of protein residues 1328 1328
No. of NAD molecules 3 4
No. of water molecules 304 582
Rfact 0.19 0.18
Rfree 0.24 0.21
RMSD 0.018 0.02

Bond lengths (Å) 1.92 2.06
Bond angles (�) 0.12 0.12
Improper dihedrals (�)
Average B factors (Å2) 26.1 17.7
Protein 26.3 13.0
NAD1 24.5 22.5
Water
Ramachandran plot 95.9 96.3
(Non-Pro and Gly residues) 99.6 99.5
Favored (%) 0.36 0.45
Allowed (%)
Disallowed (%) (Val237/O,P,Q, and R)
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showed only minor fluctuations, indicating that only

minor conformational changes occurred in this

region. In contrast, significant peaks appeared in

the NAD-binding domain. These peaks were located

around residues involved in direct hydrogen bond

interactions with NAD, such as Arg10, Ile11, and

Asp32. Together with their neighboring residues,

these regions showed substantial conformational

changes upon NAD binding.

The overall RMSD value was 0.397 Å for the O sub-

units between bGAPDH(NAD)3 and bGAPDH(NAD)4.

Some residues had much higher RMSD values than the

averaged overall values. Based on the plot, the regions

showing the greatest fluctuation upon NAD binding

were located in the overall structure [Fig. 3(A)]. The

RMSD values at Ca of the residues from these regions

are presented in Supporting Information Table SIII.

Residues 54–56 evidenced large peaks in the

plot [Fig. 4(A), insert]. These residues were found in

the loop region shown in red in Figure 3(A). This

loop is located at the surface of the tetramer struc-

ture, and is not adjacent to the NAD-binding cavity.

Figure 3. NAD conformation and interactions in bGAPDH. A. Ribbon presentation of NAD binding to bGAPDH(NAD)4 (P subunit)

in a typical Rossmann fold.27 The fluctuation regions, residues 9–11 (the Gly-rich loop), 32–34 (gate for NAD entry), 54–56

(a remote loop region), and 96 are shown in red ribbons. The view of NAD binding (shown in green) and Phe34 (shown in red) in

the P subunit of bGAPDH(NAD)4 is also portrayed. B. Diagram of NAD–protein interactions in the P subunit of bGAPDH(NAD).

Green dotted lines indicate hydrogen bonds formed between NAD and residues from the protein. An interactive view is available

in the electronic version of the article.

Figure 2. Carbon trace representations of bovine GAPDH tetramer structures. A. Structural model of bGAPDH(NAD)3. The

NAD-free subunit named as “O” is shown in yellow. B. Structural model of bGAPDH(NAD)4. This view is down the P axis. Lines

show the location of the Q and R twofold molecular axes. NAD cofactors are displayed in spheres. Subunit nomenclature and

coloring is as described in Ref. (26). An interactive view is available in the electronic version of the article.

This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.

This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.
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Flexibility of this loop may be required for adapting

conformational changes upon NAD binding/release.

Furthermore, we compared the B-factor values

of residues in each subunit of bGAPDH(NAD)3 and

bGAPDH(NAD)4. The B-factor values reflect the

relative flexibility of parts of a structure. Residues

with low B-factors indicate a well-ordered structure,

whereas residues with large B-factors indicate a

flexible structure. The averaged B-factor values of

Ca atoms for residues in each subunit were plotted

Figure 4. Structural comparison of the NAD-free and NAD-bound subunits. (A). The RMSD of Ca atoms in paired residues from

apo- and holo-subunits of bGAPDH. The subunit of O (NAD-free) from bGAPDH(NAD)3 and subunit O (NAD-bound) from

bGAPDH(NAD)4 were superimposed (solid red line, labeled as 3_4_O). Subunits of O (NAD-free) and P (NAD-bound) from

bGAPDH(NAD)3 were superimposed (dotted red line, labeled as 3_O_P). Subunits of P from bGAPDH(NAD)3 and bGAPDH(NAD)4
were superimposed as one control (solid black line, labeled as 3_4_P) and subunits of O and P from fully bGAPDH(NAD)4 were

superimposed as another control (dotted gray line, labeled as 4_O_P). Insert shows the plotted region comprised residues 40–80.

B. Comparison of B-factors of residues in the main chains of apo- and holo-subunits of bGAPDH. The averaged B-factor values

of the residue from main chain atoms from the four subunits of bGAPDH(NAD)3 were plotted along with the residue number

(upper panel, solid lines, labeled as 3_O (NAD_free), 3_P, 3_Q, and 3_R). Insert shows the plot region from residues 30 to 100.

The averaged B-factor values of the residue from main chain atoms from the four subunits of bGAPDH(NAD)4 were plotted along

with the residue number (lower panel, solid lines, labeled as 4_O, 4_P, 4_Q, and 4_R). Each subunit was presented as a solid line

colored as in Figure 2.
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against the residues numbers [Fig. 4(B)]. In bGAPDH

(NAD)4, the four subunits showed only minor fluctua-

tions in the NAD binding domain (residues 1–147), and

almost identical values at the catalytic domain (residues

148–311) [Fig. 4(B), lower panel].

In contrast, the NAD-free subunit (3_O_NAD_-

free) in bGAPDH(NAD)3 had the greatest flexibility

increase in the NAD binding domain, including resi-

dues 9, 34, 54, and 97. One NAD-bound subunit

(3_R) had a mild flexibility increase and two NAD-

bound subunits (3_P and 3_Q) had similar levels of

flexibility [Fig. 4(B), upper panel and insert]. Never-

theless, the flexibility of the catalytic domain (resi-

dues 148–311) in bGAPDH(NAD)3 remained at

similar levels for all four subunits.

Residues Pro33 and Phe34 formed a bottleneck

for NAD binding. Both residues showed extremely

large peaks in the RMSD plot. Phe34 was located

at the entry of NAD-binding pocket [Fig. 3(A)] close

to the adenine group of NAD. Substitution of Phe34

with smaller side chain (e.g., Gly or Leu), or polar

residue (e.g., Thr) could abolish the NAD binding

affinity, or reduce the protein’s catalytic efficiency.31

This residue was suggested to be important in sta-

bilizing NAD binding.31 In the full NAD-bound

bGAPDH structure, an electron density for the side

chain of Phe34 was observed in all four subunits

[Fig. 5(A), shown with P subunit]. In the partially

NAD-bound bGAPDH structure, the electron den-

sity for the side chain of Phe34 was observed from

those subunits with NAD-bound [Fig. 5(B), shown

with P subunit]. In the absence of NAD, only a

minor electron density was observed for the side

chain of Phe34 [Fig. 5(C), shown with O subunit],

indicating that this residue adopted a flexible con-

formation in the absence of NAD. Furthermore,

Phe34 evidenced greater B-factor values in the

NAD-free bGAPDH structure, as compared to much

smaller B-factor values in the NAD-bound bGAPDH

structure (Table II). In the NAD-bound state, the

Phe34 conformation was stabilized by an interac-

tion with NAD. In the absence of NAD, the side

chain of Phe34 exhibited much greater flexibility.

The dynamic character of Phe34 explains its incom-

plete electron density in the partial NAD bound

structure, and suggests an important role for Phe34

in stabilizing NAD binding in bovine photoreceptor

GAPDH.

bGAPDH:NAD binding and active site

In GAPDH, the active site Cys residue can be oxi-

dized in response to changing environmental redox

states. In the partially NAD-bound structure, the

active Cys149 exhibited an oxidative state in all four

subunits. The electron density clearly reinforced the

positive peaks from Fo–Fc map around the thiol

group of active Cys149 (R subunit) [Fig. 6(A)]. The

active site Cys149 residues in the partially NAD-

bound structure could be modeled as sulfenic acid.

In contrast, the active Cys149 was in the reduced

state in all four subunits of the fully NAD-bound

structure [Fig. 6(B)]. No positive peak was observed

from their Fo–Fc electron density maps.

Figure 5. 2Fo–Fc maps of Phe34 in bGAPDH NAD-binding

sites. The electron density was sufficient to cover the Phe34

residue and NAD molecule in the P subunit of both

bGAPDH(NAD)4 (A) and bGAPDH(NAD)3 (B). But the electron

density only weakly covered the main chain of Phe34 in the

NAD-free structure, namely the O subunit of bGAPDH(NAD)3
(C). 2Fo–Fc maps of Phe34 and NAD were contoured at 1.0r
and presented as gray meshes. Figures were prepared with

PyMol software.

Baker et al. PROTEIN SCIENCE VOL 23:1629—1639 1635



Cys149 and His176 had been identified as two

important residues for the mechanism of GAPDH

action. The adjacent His residue can lower the pKa

value of the active site Cys residue and make it

more reactive.32 To estimate the effect of NAD bind-

ing on the interaction between the active Cys149

and His176 [Fig. 6(C)], we measured the distance

between the thiol group of active-site Cys149 and

the NE2 atom of His176. The resulting values then

were compared between NAD-free and NAD-bound

subunits. As shown in Table III, the distance was

reduced in NAD-bound subunits of two bGAPDH

structures by 0.04–0.16 Å (not significant), and by

0.33 Å compared within O subunits which were

NAD-free in bGAPDH(NAD)3 and NAD-bound in

bGAPDH(NAD)4. Thus the residue pairs of Cys149

and His176 were brought closer together upon NAD

binding. This shortened distance between Cys149

and His176 could facilitate hydride transfer from

activated Cys149 towards NAD through His176.

Table II. B-Factor Values (Å2)a of Phe34 in Two bGAPDH Structures

Subunits bGAPDH(NAD)3 (Å2) bGAPDH(NAD)4 (Å2) Difference (Å2)

O 45.1 (NAD free) 13.3 (18.4) 223.4
P 36.5 16.3 (18.4) 211.8
Q 28.6 16.6 (18.4) 23.6
R 33.0 14.6 (18.4) 210
Average for

whole protein
26.1 17.7 28.4

a The difference in overall average B-factor value was 8.4 between the two structures. To compare the B-factor values of
Phe34 from the two structures, a constant value of 8.4 was added to the B-factor value for Phe34 in bGAPDH(NAD)3 that
had the lower B-factor value.

Figure 6. The active site Cys149 in bGAPDH and its interaction with His176. A. Electron density of Cys149 in subunit R of

bGAPDH(NAD)3. The 2Fo–Fc electron density map is presented as grey meshes contoured at 1.0r. The green meshes repre-

sent a Fo–Fc electron density map contoured at 3.0r. The presence of a positive density next to the SG atom of Cys149

strongly suggests an oxidative state for this residue. B. Electron density of Cys149 in subunit R of bGAPDH (NAD)4. None of

the four subunits exhibited a positive density next to the SG atom of Cys149 in the Fo–Fc map. Figures were prepared with

PyMol software. C. Interaction between Cys149 and His176 in subunits of bGAPDH. The distance between the SG group

(shown in yellow) of Cys149 and the NE2 group (shown in blue) of His176 is indicated by a dotted green line. The adjacent

NAD molecule is shown in blue ball-and-sticks.
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Discussion

The overall folding of GAPDH consisting of four iden-

tical subunits that form a homotetramer is conserved

among different species. GAPDH enzymatic activity

requires the binding of NAD but the enzyme shows

different binding characteristics depending on the tis-

sue source. Mammalian GAPDH structures display a

variety of cofactor binding. In human liver (PDB

entry: 1ZNQ19) and rat sperm (PDB entry: 2VYN20),

the structures were fully occupied by NAD (one in

each subunit). In human placenta (PDB entry:

1U8F21), the structure had three NADs with one sub-

unit free of cofactor. In rabbit muscle (PDB entry:

1J0X22), the structure had two NADs with a single

NAD molecule per dimer of the tetrameric enzyme.

Whether this diversity of NAD binding resulted from

the crystallization conditions is unknown. Studies of

E. coli GAPDH23 indicated that NAD bound to the

subunits of GAPDH tetramer with different affinities,

with two NAD molecules binding with a higher affin-

ity than the remaining two.

Structures of bovine photoreceptor GAPDH retinas

were determined as homotetramers with NAD partially

and fully bound. The structure of bGAPDH(NAD)4 in

this report represents the highest resolution (1.52 Å)

structure for any known GAPDH. The high quality

these structural models allowed a detailed view of NAD

binding in bGAPDH. Key residues and waters involv-

ing NAD binding were identified. Structural compari-

sons of NAD-free and NAD-bound bGAPDH models

revealed regions with conformational changes upon

NAD binding, including a remote loop region (residues

54–56). Structure analyses confirmed the importance of

Phe34 in NAD binding in bGAPDH. Furthermore,

binding of NAD in bGAPDH affected the oxidative state

of the active site Cys149. With partial NAD binding,

Cys149 was environmentally sensitive and found to be

oxidized. With full NAD binding, the Cys149 residues

were more stable and remained in a reduced state.

These results indicate that NAD binding in bGAPDH

plays not only a cooperative role, but also a regulatory

role in catalytic activity. Together, these findings pro-

vide a structural basis for understanding the mecha-

nism of GAPDH activity in vision and its pathological

role in retinal disorders.

Materials and Methods

Data collection and processing

All crystals were soaked in their reservoir solutions

with added 20% glycerol for cryoprotection. Crystals

were frozen in liquid nitrogen before data collection.

High resolution data sets were collected at the

NSLS X29 and APS NE-CAT 24-ID-C beam lines. A

1.93 Å resolution data set was collected for crystals

grown from a crude bovine ROS isotonic extract.

The crystal to detector distance was 400 mm with

12% transmission. A 1.52 Å resolution data set was

collected for crystals grown from purified bGAPDH

in the presence of NAD. The crystal to detector dis-

tance here was 290 mm with 10% transmission.

Both data sets were collected at a wavelength of

0.979 Å with an exposure time of 1 s and an oscilla-

tion range set at 1.0�.

Data were processed and scaled with

HKL2000.33 The space group for both bGAPDH crys-

tals was P21, with a unit-cell dimension of a 5 79.8,

b 5 126.5, and c 5 83.8. Both data sets were virtually

complete (�99%). Statistics for data collection and

processing are summarized in Table I.

Structural determination and refinement
The structures of bGAPDH were solved by molecular

replacement using the program Phaser34 in the

CCP4 suite.35 The coordinates of one monomer of

rabbit-muscle GAPDH (PDB code: 1J0X22) without

ligand and water were used to search the initial

model. Sequence identity between bovine and rabbit

GAPDH is 98%. Model building calculations

employed the diffraction data space group of P21

with components in the crystal asymmetric unit.

The structural model of native bGAPDH indicated

the presence of three NAD moieties with one subu-

nit free of the cofactor. This model form was named

bGAPDH(NAD)3. In contrast, the structural model

of purified bGAPDH displayed one NAD in each sub-

unit. This model was designated as bGAPDH(NAD)4.

Both models were refined with Refmac536 at 10

cycles using automatic weighting with experimental

sigma to obtain the X-ray terms. Protein sequence

fitting and manual model adjustments were per-

formed with Coot.37 Based on electron density maps,

the geometry of backbone and rotamers of residue

side chains were justified, followed by refinement

with Refmac5. The final R-factor and R-free values

for bGAPDH(NAD)3 were 0.19 and 0.23 at 1.93 Å

resolution, and 0.18 and 0.21 for bGAPDH(NAD)4 at

the same resolution, respectively.

These structures were validated with the Mol-

Probity server.38 Refinement statistics (Table I)

reflected a well refined, high quality geometric

Table III. Distance (in Å) Between SG/Cys149 and NE2/His176

Subunits bGAPDH(NAD)3 (Å) bGAPDH(NAD)4 (Å) Difference (Å)

O 3.75 (NAD-free) 3.42 20.33
P 3.38 3.33 20.05
Q 3.5 3.34 20.16
R 3.5 3.36 20.14
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structure with 96.3% of residues located in the most

favored regions of a Ramachandran plot, 99.6% in

generally allowed regions and only 0.4% in disal-

lowed regions. Residues located in disallowed

regions in our structures were found within similar

regions in many other GAPDH structures.19–21

Water molecules were added to the present mod-

els with Coot. The peak contoured at 1.8r in 2Fo–Fc

maps was identified as a water molecule. These

were positioned only when well-defined positive

peaks were evident in both 2Fo–Fc and Fo–Fc elec-

tron density maps and when they could form a

hydrogen bond(s) with either protein atoms or other

water molecules.

Structural analyses
The programs Coot, Chimera,39,40 and PyMol (vision

1.5.0, The PyMol Molecular Graphics System, Schro-

dinger, LLC.) were used for structural analyses.

Structure refinement was performed with Coot.

Superimposition of structures and RMSD calcula-

tions were performed with Chimera. Structural visu-

alization and analyses were performed with

Chimera and PyMol. Unless otherwise specified,

structure figures were prepared using Chimera.
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