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ABSTRACT 

GAPDH (D-Glyceraldehyde-3-phosphate dehydrogenase) is a multifunctional 

protein that is a target for the design of antitrypanosomatid and anti-apoptosis drugs. 

Here, the first high-resolution (1.75 Å) structure of a human GAPDH is reported. The 

structure shows that the intersubunit selectivity cleft that has been leveraged in the design 

of antitrypanosomatid compounds is closed in human GAPDH. Modeling of an anti-

trypanosomatid GAPDH inhibitor in the human GAPDH active site provides insights into 

the basis for the observed selectivity of this class of inhibitor. Moreover, the high-

resolution data revealed a new feature of the cleft: water-mediated intersubunit hydrogen 

bonds that assist closure of the cleft in the human enzyme. The structure was used in a 

computational ligand docking study of the drug CGP-3466, which inhibits apoptosis by 

preventing nuclear accumulation of GAPDH. Plausible binding sites were discovered in 

the adenosine pocket of the NAD+-binding site and in a hydrophobic channel located in 

the center of the tetramer near the intersection of the three molecular twofold axes. The 

structure is also used to build a qualitative model of the complex between GAPDH and 

the E3 ubiquitin ligase Siah1. The model suggests that the convex surface near GAPDH 

Lys227 interacts with a large shallow groove of the Siah1 dimer. These results are 

discussed in the context of the recently discovered NO–S-nitrosylation–GAPDH–Siah1 

apoptosis cascade. 
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INTRODUCTION 

  GAPDH is an NAD+-dependent glycolytic enzyme that catalyzes the formation 

of 1,3-bisphosphoglycerate from glyceraldehyde-3-phosphate and inorganic phosphate. 

The enzyme is ubiquitous in nature and cellularly abundant, which has led to widespread 

study of its function, structure, and roles in human health and disease. For example, 

GAPDH is an attractive target for the design of drugs to combat protozoan parasites 

whose bloodstream forms depend solely on glycolysis for energy production (1-13). 

Enzymes that have been targeted for drug design include GAPDHs from trypanosomatid 

species Leishmania mexicana, Trypanosoma cruzi and Trypanosoma brucei, which are 

responsible for the debilitating illnesses leishmaniasis, Chagas disease and African 

sleeping sickness, respectively (2, 4, 5, 9, 11, 13, 14). Also, inhibitors of GAPDH from 

Plasmodium falciparum have been proposed in the fight against malaria (15). As part of 

this effort, crystal structures of GAPDHs from L. mexicana (7, 12, 13), T. cruzi (3, 16), T. 

brucei (17) and P. falciparum (PDB 1ZYA) have been determined to aid structure-based 

drug design.  

Although once thought to play a role solely in glycolysis, GAPDH is now 

considered to be a classic example of a moonlighting protein (18). Mammalian GAPDH 

has been implicated in many cellular activities, including apoptosis, nuclear RNA 

transport, DNA replication, DNA repair, RNase activity, microtubule bundling and 

membrane fusion (19-21). Consistent with its many functions, GAPDH is thought to play 

roles in many diseases, including Parkinson’s Disease (PD), Alzheimer’s Disease, 

Huntington’s Disease, dentatorubropallidoluysian atrophy and prostate cancer (19-26).  
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The involvement of GAPDH in apoptosis is particularly intriguing because 

apoptosis is one mechanism of neuronal cell death that is thought to contribute to 

neurodegenerative diseases such as PD (22-25, 27-32). The recent discovery of the NO-

S-nitrosylation-GAPDH-Siah1 cascade answers two major outstanding questions about 

the role of GAPDH in apoptosis (27). First, nuclear accumulation of GAPDH had long 

been observed in cells stimulated to undergo apoptosis, however; the mechanism of 

nuclear translocation was unknown since GAPDH lacks a nuclear localization signal. 

Hara et al. showed that GAPDH enters the nucleus following S-nitrosylation of the active 

site Cys by nitric oxide (NO) and binding to the E3 ubiquitin ligase Siah1, which does 

contain a nuclear localization signal (27).  Thus, GAPDH gains entry into the nucleus by 

virtue of Siah1’s nuclear localization signal.  The second major question about GAPDH 

and apoptosis concerns the role of nuclear GAPDH in apoptosis.  The work of Hara and 

coworkers (27) suggests that GAPDH stabilizes the otherwise short-lived Siah1, which 

leads to increased degradation of nuclear targets and promotion of apoptosis. 

Small molecule compounds that interfere with the proapoptotic activity of 

GAPDH by disrupting the NO-S-nitrosylation-GAPDH-Siah1 cascade are potential drug 

candidates for the treatment of PD and other neurodegenerative disease. For example, the 

small molecule compound CGP-3466 (dibenzo-[b,f]oxepin-10-ylmethyl-methyl-prop-2-

ynyl-amine) reduces apoptosis by preventing nuclear localization of GAPDH (22, 25, 

33); however, the molecular-level mechanism of CGP-3466 is poorly understood.  

Knowledge of the three-dimensional structure of human GAPDH at high 

resolution would facilitate the development of specific inhibitors of GAPDHs from 

parasites as well as new antiapoptosis drugs for the treatment of neurodegenerative 
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diseases. Crystals of human liver GAPDH have been reported (34) and a moderate 

resolution (2.5 Å) structure of the human liver enzyme has been deposited in the Protein 

Data Bank (PDB code 1ZNQ (35)).  

Here, we report the 1.75 Å structure of recombinant human placental GAPDH 

(HsGAPDH). The structure provides an updated view of the NAD
+
-binding site, which is 

the target of GAPDH inhibitors designed to combat parasitic diseases. The structure also 

provides a foundation for investigating the interactions between CGP3466 and human 

GAPDH. Computational docking studies performed with our structure suggest plausible 

binding sites for CGP-3466 in the adenosine pocket of the NAD
+
-binding site and a 

hydrophobic channel located at the intersection of the molecular twofold axes. We 

propose that binding of CGP-3466 in these sites may cause tertiary and quaternary 

structural changes in GAPDH that decrease affinity for the E3 ubiquitin ligase Siah1, 

which would result in inhibition of the NO-GAPDH-Siah1 apoptosis cascade (27). 

Finally, a qualitative model for the complex between GAPDH and Siah1 is proposed. 
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EXPERIMENTAL PROCEDURES 

Cloning, Expression, and Purification  

The pChug 20.2 construct (36) was used to engineer a His-tagged HsGAPDH.  

PCR was used to amplify the HsGAPDH coding sequence of pChug 20.2 and to 

introduce Nde I and BamH I restriction sites.  The resulting fragment was subcloned into 

a pET14b vector (Novagen) carrying an N-terminal hexahistidine tag (His6).  This His6-

HsGAPDH construct was introduced into the E. coli. expression strain BL21(DE3) 

pLysS.  Protein was expressed by induction with isopropyl-β-D-thiogalactopyranoside 

(IPTG) when the culture, which had been grown in LB broth containing carbenicillin and 

chloramphenicol, reached an OD of approximately 0.8.  Induction with IPTG lasted for 4 

h at 310 K.  

Pelleted E. coli. cells were frozen overnight and resuspended the next day in lysis 

buffer (50 mM sodium phosphate pH 8.0 containing 10 mM imidazole, 1 mM 

phenylmethanesulfonyl fluoride, and 0.3 M NaCl).  The resuspended cells were disrupted 

by sonication in an ice-chilled container, and Benzonase Nuclease (Novagen) was added 

to cleave any DNA/RNA released as a result of sonication.  The resulting cellular debris 

was removed by centrifugation at 10 000 rev min-1 for 25 min at 277 K followed by 

vacuum filtration through a 0.45 µm filter.  Approximately 28 ml of Ni-NTA resin 

(Qiagen) was added to the cleared supernatant, and the mixture was stirred at 277 K for 4 

hours.  The suspension was allowed to settle, the supernatant was decanted, and the 

remaining slurry was poured into a gravity filtration column.  Four column volumes of 

wash buffer (50 mM sodium phosphate pH 8.0, 20 mM imidazole, 0.3 M NaCl) were 
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applied to the packed column, and the protein was eluted with 50 mM sodium phosphate 

pH 8.0, 250 mM imidazole, 0.3 M NaCl.   

 All fractions containing protein were analyzed by denaturing SDS-PAGE gels, 

and those fractions containing His6-HsGAPDH were combined and dialyzed overnight 

into 20 mM Tris pH 8.0. The protein was loaded onto a HiTrap Blue column (Amersham 

Pharmacia) that had been equilibrated with 20 mM Tris pH 8.0. The column was washed 

with the start buffer, and HsGAPDH was eluted with the addition of 0.5 M NaCl in 20 

mM Tris pH 8.0. The eluted fractions were pooled and dialyzed into the precrystallization 

buffer (2.5 mM Tris pH 7.7, 0.1 M NaCl, 1 mM β-mercaptoethanol, and 1 mM disodium 

EDTA) supplemented with 10 mM NAD+. To remove the His-tag from the purified His6-

HsGAPDH, the protein was incubated with Biotinylated Thrombin (Novagen) for 12 h at 

310 K. Streptavidin agarose and spin filters (Novagen) were used to remove the 

thrombin. The protein was batch purified as before with Ni-NTA and the fractions from 

the packing and wash steps containing the desired HsGAPDH were pooled.  HsGAPDH 

was dialyzed into the precrystallization buffer and concentrated to 19.5 mg ml-1 using 

centrifugal filters and tubes (Millipore).   The protein concentration was measured using 

the Bradford assay (Pierce). 

 

Gel filtration  

Determinations of the apparent oligomeric state of HsGAPDH (9 mg ml-1) in the 

aforementioned precrystallization buffer were carried out using a Superdex 200 and 

Sephacryl S-200 gel filtration columns (GE Biosciences) connected to an AKTA FPLC.  

To investigate the effects of the deprenyl-like compounds, R-(−)-deprenyl (DEP) and (−)-
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desmethyldeprenyl (DES), on the oligomeric state of HsGAPDH they were incubated 

with HsGAPDH, the enzyme was incubated with DES or DEP at various concentrations 

for 30 or 60 minutes prior to gel filtration analysis.  

 

Crystallization and X-ray diffraction data collection   

All crystallization experiments were performed at 295 K using the sitting-drop 

method of vapor diffusion.  Initial crystallization conditions were obtained with Wizard, 

Hampton, and Index crystal screen kits.  Several crystal forms were obtained for His6-

HsGAPDH.   The most promising condition was 50% PEG 4000, 0.1 M Hepes buffer, 

and 10% isopropanol.  Large, blemish-free crystals diffracted to only 3.4 Å resolution, 

therefore; the His6-tag was cleaved and the tag-free protein was input to crystal screens.  

Screening of the tag-free protein was very successful.  For example, crystals 

appeared in approximately 36 of the 96 conditions of the Index Screen.  Many of the 

screen conditions that produced crystals with His6-HsGAPDH also gave crystals with 

tag-free HsGAPDH.  The crystals used for structure determination grew directly from 

Index Screen condition 89 (0.1 M succinic acid pH 7.0 and 15 % PEG 3350) in 4 days. 

These crystals were cryoprotected with the addition of reservoir solution supplemented 

with 15 % glycerol.  The cryoprotected crystals were frozen in liquid nitrogen. 

Diffraction to 2.1 Å was observed using a Cu rotating anode system, and 

diffraction to 1.75 Å was obtained at beamline 19-ID of the Structural Biology Center at 

the Advanced Photon Source (APS).  The space group is P212121 with unit cell 

dimensions a = 85 Å, b = 126 Å, c = 132 Å.  There is one tetramer in the asymmetric unit 

and the solvent content is 44.8 (37). 
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We note that attempts to crystallize His6-HsGAPDH using the succinic acid/PEG 

3350 recipe failed.  Thus, removal of the affinity tag was critically important for 

obtaining high quality crystals.  

 

Data Collection and Processing   

Molecular replacement and initial model building studies were based on a 2.15 Å 

resolution data set collected using an in-house Cu rotating anode system.  The data 

collection consisted of 235 frames with a crystal-to-detector distance of 175 mm, an 

oscillation angle of 0.5° and an exposure time of 10 minutes per frame.  The final data set 

consists of 309 453 observations of 77 527 unique reflections and is 99 % complete to 

2.15 Å resolution. The overall Rmerge on I is 6.3 %, with an average І/σ of 20. 

Subsequently, a 1.75 Å resolution data set was collected at APS beamline 19-ID.  

The data were processed with HKL and HKL2000 (38).  The data collection consisted of 

930 frames obtained with a crystal-to-detector distance of 150 mm, an oscillation angle of 

0.2°, and an exposure time of 5 s per frame.  The data set had excellent redundancy (6.6), 

completeness (99.6), and signal-to-noise ratio (I/σ =4 in the high resolution bin).  

Processing statistics for the APS data set are listed in Table 1.1. 
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Table 1.1. Data collection and refinement statistics 

PDB entry 1U8F 

Wavelength (Å) 0.97857 

Space group  P212121

Unit cell dimensions (Å) a = 84.95, b = 125.65, c = 132.33 

Diffraction resolution (Å) 100–1.75 (1.81-1.75)a

No. of observations 934 983 

No. of unique reflections 141 888 

Redundancy 6.6 (6.1) 

Completeness (%) 99.6 (99.6) 

Average I/σ 23.0 (4.1) 

Rmerge(I)  0.071 (0.436) 

No. of protein atoms 10 133 

No. of ligands 3 

No. of water molecules 911 

Rcryst 19.1 

Rfree
b 21.7 

RMSDc  

     Bond lengths (Å) 0.0047 

     Bond angles (deg.) 1.388 

     Dihedral angles (deg.) 24.32 

     Improper dihedrals (deg.) 0.719 

Ramachandran plotd  

     Favored (%) 89.7 

     Allowed (%) 9.7 
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     Generous (%) 0.3 

     Disallowed (%) 0.3 

Average B-factors (Å2)  

     Protein 15.42 

     Solvent 23.15 
 

aValues for the outer resolution shell of data are given in parenthesis. 

b10% Rfree test set. 

cCompared to the Engh and Huber force field. (39) 

dThe Ramachandran plot was generated with PROCHECK. (40) 
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Structure Determination and Refinement 

Molecular replacement calculations (in-house data set, 10-4 Å) were performed 

with the program AMoRe (41) using the Thermus aquaticus GAPDH tetramer (pdb code 

1cer, (42)) as the search model. The T. aquaticus and HsGAPDH proteins share 

approximately 44% sequence identity.  Molecular replacement calculations were carried 

out for all possible primitive orthorhombic space groups (Table 1.2). Space group P212121 

gave the best solution, as indicated by a correlation coefficient of 42.6 and an Rfactor of 

49.9.  Rigid-body refinement in CNS (43)) lowered the Rfactor to 48.3.  

The phases from rigid body refinement were input to ARP/wARP (44) for 

automated model building.  Side-chains were docked to the ARP/wARP model using the 

guiSIDE module of CCP4i (45).  One complete subunit of the tetramer was built using O 

(46), and non-crystallographic symmetry was used to generate the full tetramer.  The 

NCS can be described by 3 transformations that relate the O subunit to the P, Q and R 

subunits.  The O subunit is related to the P subunit by a rotation in spherical polar 

coordinates of (ψ = 80.3, φ = 72.0, κ = 178.9) followed by a translation of (x = 71.7, y = 

76.8, z = 37.1). The O subunit is related to the Q subunit by a rotation in spherical polar 

coordinates of (ψ = 170.1, φ = 67.0, κ = 179.8) followed by a translation of (x = 69.6, y = 

-3.1, z = 48.8).   The O subunit is related to the R subunit by a rotation in spherical polar 

coordinates of (ψ = 90.3, φ = 162.0, κ = 179.9) followed by a translation of (x = -12.1, y = 

71.5, z = 38.8). The model was completed with several rounds of model building using O 

followed by refinement against the 1.75 Å resolution data using CNS (43).  Non-

crystallographic symmetry was not used during refinement. See Table 1.1 for refinement 

statistics.   
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The programs CNS, O, CCP4i, and Pymol (47) were used for structural analysis 

of HsGAPDH. Superimpositions of structures and RMSD calculations were done using 

CNS and the websites for CE (48), Mass (49), and COMPARER (50). For the purposes 

of RMSD calculations, the NAD binding domain was defined as residues 1-151 and 315-

335 and the catalytic domain was defined as residues 152-314. 
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Table 1.2. Molecular replacement results

Space Group     α         β            γ          x           y         z Corr_F Rfac Corr_I
P2(1)2(1)2(1) 93.16   80.03  159.38  0.3783  0.2857  0.2299 42.6 49.9 46.9

85.59   80.47  195.93  0.3783  0.2144  0.2704 42.5 50 46.8

P222 93.31   80.07  159.24  0.4264  0.1071  0.4318 27.8 55.2 28.6
85.58   80.42  196.04  0.4274  0.3924  0.0693 28 55.2 28.8

P222(1) c 93.17   79.96  159.43  0.1288  0.2854  0.0004 31 54 31.6
85.50   80.43  195.83  0.1276  0.2146  0.4418 31.5 54 33.3

P2(1)2(1)2 c 93.11   80.25  159.34  0.0204  0.2854  0.2296 32.6 53.4 34.2
85.69   80.76  195.75  0.0219  0.2145  0.2706 32.6 53.5 34.1

P2(1)2(1)2 b 162.12   10.32  357.60  0.0203  0.0487  0.0357 33.1 53.4 34.8
25.52   10.39  350.11  0.0206  0.4511  0.4642 33 53.5 34.9

P222(1) b 163.09   10.49  356.75  0.0202  0.1219  0.4227 32 53.5 33.2
24.01   10.58  351.78  0.0200  0.3789  0.4137 32 53.6 33.1

P2(1)2(1)2 a 9.70   85.54  105.16  0.4640  0.1845  0.1289 31.7 53.7 33.1
169.93   86.66  249.94  0.4641  0.3165  0.3711 31.5 53.7 33.1

P222(1) a  9.53   85.61  105.19  0.4638  0.2711  0.3462 32 53.8 34.2
170.01   86.79  249.86  0.4646  0.2294  0.0768 32.3 53.3 33.9
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CGP 3466 docking to HsGAPDH  

1.1. CGP-3466 docking calculations  

 AutoDock 3.0.5 (51) was used to identify plausible binding sites for CGP-3466 

(dibenzo-[b,f]oxepin-10-ylmethyl-methyl-prop-2-ynyl-amine).  In preparation for these 

studies, solvent and NAD+ were removed from the final refined HsGAPDH model and 

polar hydrogen atoms were added with AutoDockTools (ADT).  A model for CGP-3466 

(hydrogen atoms included) was built using the PRODRG server (52).  Partial charges for 

each atom of the protein and ligand were calculated with ADT.  A global search for 

potential binding sites was performed using a 230 x 230 x 230 point grid (0.375 Å grid 

spacing) that covered the entire HsGAPDH tetramer.  Promising sites identified by the 

global docking search were explored further using smaller grids (36 x 36 x 36) focused 

on the sites of interest.  Default parameters for the genetic algorithm-local search method 

of AutoDock were used for both the global and focused calculations with the following 

exceptions: translation step = 0.2 Å, quaternion step = 4.0°, torsion step = 4.0°, maximum 

number of energy evaluations = 1 x 107, number of generations = 2.7 x 104, number of 

survivors =5.0, and number of runs = 100.  The results were analyzed using the default 

cluster analysis in ADT.  The LPC server was used to analyze interactions formed by the 

docked ligands and to calculate surface area buried in ligand-protein interfaces (53).  The 

top CGP-3466 poses from focused docking runs have been deposited in the PDB (PDB 

code 2feh).  
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GAPDH-Siah1 docking calculations  

The web server for PatchDock was used to build qualitative models for the 

complex between HsGAPDH and the E3 ubiquitin ligase Siah1 in order to predict which 

protein surfaces might interact. The receptor for docking calculations was the HsGAPDH 

QR dimer, corresponding to two subunits related by the P molecular twofold axis. The 

ligand was the homodimer of murine Siah1a obtained from PDB entry 1K2F (54).  We 

note that 1K2F contains Siah1a residues 93–282, which includes the region that is 

essential for GAPDH–Siah1 complex formation (27). Site-directed mutagenesis results 

from Hara and coworkers show that GAPDH residue Lys227 is essential for GAPDH–

Siah1 association (27); therefore, the docking calculations were constrained to return only 

complexes having Lys227 in the binding site. The top solution from PatchDock had a 

score of 10 388, which was 16% higher than the score for solution 2 (8992). For 

reference, solutions 3–5 had scores of 8854, 8206 and 8156. 
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RESULTS  

Quality of the Model and Overall Fold 

The structure reported here is one of the highest resolution GAPDH structures to 

date, exceeded only by the 1.7 Å structure of Alcaligenes Xylosoxidans GAPDH (1OBF, 

(55)). Our structure is the highest resolution structure of a mammalian GAPDH. For 

comparison, structures of GAPDH from human liver (PDB code 1ZNQ) and rabbit 

muscle (PDB code 1J0X, (56)) have been determined at 2.5 Å and 2.4 Å, respectively.  A 

sequence alignment of the available mammalian GAPDH structures and that of P. 

falciparum is included (Figure 1.1)    

  The refined model consists of one tetramer with subunits labeled O, P, Q and R, 

containing 10133 atoms, 1332 amino acid residues, 911 water molecules and 3 NAD+ 

molecules (Table 1.1). Dual side-chain conformations have been modeled for Glu93 (O, 

P, Q), MetQ103 and CysO152. Disorder was found only in the two N-terminal residues 

and in the side-chains of LysO219 and LysQ84.  

  The refinement statistics are consistent with a well-refined and accurate crystal 

structure.  For example, the R-factor is 0.19 with Rfree = 0.22 for all reflections to 1.75 

Å. The average protein B-factors for individual subunits are 17.1 Å2 (O), 15.0 Å2 (P), 

14.3 Å2 (Q) and 15.3 Å2 (R). The root mean square deviations of bonds (0.0047 Å) and 

angles (1.4°) indicated excellent geometry and the stereochemistry meets or exceeds all 

the main chain and side chain tests of the PROCHECK package (40). Only Ala150 (O, P, 

R) and Val240 (all four subunits) occupy the generously allowed or disallowed regions of 

the Ramachandran plot.  These residues appear in loops and they adopt similar 

conformations in other GAPDH structures (7, 13, 56-60).  
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Figure 1.1.  Sequence alignment of mammalian and P. falciparum GAPDHs of known 

structure.  (PDB code 1ZYA).  1U8F (HsGAPDH) has pairwise identities of 100% with 

1ZYA, 95% with 1J0X, 89% with 3GPD (Human muscle) and 64% with 1ZYA.  

Secondary structure was assigned by DSSP from 1U8F. Identical residues are denoted by 

white type on a black background. Conserved residues are colored red.  This alignment 

was generated by the program ESPript. 
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  The secondary, tertiary, and quaternary structures of HsGAPDH are very similar 

to those of other GAPDH structures, as expected (Figure 1.2). The tetramer displays 

approximate 222 symmetry, with each subunit consisting of an NAD+-binding domain 

(residues 1-151, 315-335) and a catalytic domain (residues 152-314). The NAD+-binding 

domain features the well-known Rossmann dinucleotide-binding fold (61), in which 

NAD+ binds in an extended conformation (Figure 1.3A) at the C-terminal edge of a 

parallel β-sheet that is flanked by helices on either side. The catalytic domain consists of 

a mixed, twisted β-sheet flanked by three helices on one side. The other side of the β-

sheet forms extensive intersubunit contacts with the β-sheet of the catalytic domain of an 

adjacent subunit. This so-called “P interface” is largest of the three intersubunit interfaces 

of the tetramer and it buries 7814 Å2 of surface area in our structure. The Q and R 

interfaces bury 1824 Å2 and 5652 Å2 of surface area, respectively. 

 The individual subunits of HsGAPDH are very similar to each other, as indicated 

by RMSD values of 0.50 - 0.66 Å for Cα atoms. The catalytic domains superimpose with 

RMSD values of 0.35 - 0.55 Å and the corresponding values for the NAD+-binding 

domains are 0.55 - 0.67 Å.  

  The closest structural homologue to our enzyme is human liver GAPDH (1ZNQ, 

100 % amino acid sequence identity to HsGAPDH) based on a search of the PDB using 

SSM (62). The RMSDs between the subunits of our structure and those of 1ZNQ are in 

the range 0.26 Å – 34 Å.  The next closest homologue identified by SSM was another 

mammalian GAPDH, rabbit GAPDH (1J0X, 95 % amino acid sequence identity to 

HsGAPDH). Subunits of 1J0X superimpose onto HsGAPDH with RMSD values of 0.28 

– 0.68 Å. For reference, the RMSD values between HsGAPDH subunits and those of T. 
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Figure 1.2. Ribbon drawing of the HsGAPDH tetramer viewed down the P-axis. Subunits 

are colored as follows: O, yellow; P, red; Q, green; R, blue. Lines indicate locations of 

the Q and R molecular 2-fold axes. The NAD+ cofactors are drawn in CPK format. 
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Figure 1.3. NAD+ conformation and interactions.  A, NAD+ and selected surrounding 

water molecules from the P subunit. The map is a simulated annealing σA-weighted 

mFo-DFc electron density map contoured at 3σ. The simulated annealing calculation was 

started from the final model with NAD+ and surrounding residues/water within 3.9 Å of 

NAD+ omitted.  B, schematic diagram of cofactor-protein interactions in the P subunit. 

The dotted lines indicate electrostatic interactions within 3.2 Å. The thick solid lines 

denote nonpolar contacts within 3.9 Å. 
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aquaticus GAPDH, which was used for molecular replacement calculations, are 0.90 – 

1.1 Å.   

 

 Active Site  

The active site of each subunit is located in a large cleft between the NAD+-

binding and catalytic domains. The Cys nucleophile (Cys152) resides at the N-terminus 

of the first helix of the catalytic domain. Electron density maps clearly indicated the 

presence of NAD+ bound with high occupancy in subunits P, Q and R (Figure 1.3A). The 

average B-factors for NAD+ were 17 Å2 (P), 22 Å2 (Q) and 27 Å2 (R). On the other hand, 

electron density for the cofactor in the O chain was very weak. Density representing the 

pyrophosphate was observed, but density features corresponding to the nicotinamide and 

adenosine groups were almost completely absent. Thus, NAD+ was not modeled in the O 

subunit.  Differential cofactor binding to GAPDH subunits has been observed previously, 

and it is presumably a consequence of the cooperativity of the enzyme (63-65). For 

example, three NAD+ molecules are bound to the tetramer of Trypanosoma cruzi (PDB 

code 1ML3, (16)), and only two cofactor molecules are bound to the rabbit muscle 

GAPDH tetramer (1J0X, (56)). 

 Dual side chain conformations were observed for CysO152, which is presumably due to 

the absence of NAD+ in the O subunit. One conformation (Figure 1.4A) matches that 

found in the other subunits (χ1 = 52°, occupancy = 0.7), and the other conformation 

(Figure 1.4B) corresponds to a relative rotation of 105° to χ1 = -53° (occupancy = 0.3). 

Note that the χ1 = -53° conformation for the nucleophilic Cys was also observed in the 

structure of Palinurus versicolor GAPDH (PDB code 1IHX, (66)), which contains a 
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bound NAD+ analogue with disordered thionicotinamide ring. The authors suggested that 

movement of the catalytic Cys disrupted the highly conserved salt-bridge triad Arg13-

Asp50-Glu317 (HsGAPDH numbering). We note that the triad is formed in all four 

subunits of our structure. 
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Figure 1.4.   Effect of NAD+ binding on conformation of catalytic Cys152.  A, active site 

of P subunit, which has bound NAD+.   B, active site of O subunit which does not have 

bound NAD+.  Note the dual conformations of Cys152.   
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The NAD+-binding sites of GAPDHs from pathogenic trypanosomatids are drug 

design targets (9-13, 67). Knowledge of protein-NAD+ interactions in human GAPDH is 

useful as a guide for developing highly specific anti-trypanosomatid drugs that do not 

inhibit human GAPDH. A schematic diagram of the interactions formed by NAD+ in our 

structure is provided (Figure 1.3B). NAD+ forms several noncovalent interactions that are 

also observed in other GAPDH structures. For example, the nicotinamide carbonyl forms 

a hydrogen bond with Asn316, while the nicotinamide amine forms an intramolecular 

hydrogen bond with the pyrophosphate. As expected, the pyrophosphate binds in the 

glycine-rich loop of the Rossmann fold, which allows the pyrophosphate to hydrogen 

bond to the backbone amine groups of the N terminal residues of the first helix of the 

Rossmann fold. The adenosine ribose forms two hydrogen bonds with highly conserved 

Asp35 while the pyrophosphate forms hydrogen bonds with the backbone amine groups 

of highly conserved Arg13 and Ile14. Nonpolar interactions with the cofactor aromatic 

rings are also observed. The nicotinamide ring contacts Ile14 and Tyr320, while the 

adenine contacts Pro36, Phe37, Thr99 and Phe102. 

  The exceptional quality of our electron density maps allowed detailed modeling 

of solvent (Figure 1.3A). For example, over a dozen water molecules interact with the 

cofactor (3.2 Å cutoff).  Most of these water molecules mediate hydrogen bonds between 

NAD+ and the protein (Figure 1.3B). In contrast, the 2.5 Å human liver GAPDH structure 

has only three water molecules bound to NAD+, which are equivalent to HOH15, HOH19 

and HOH429 of our structure. 

 The highly conserved water molecule of the Rossmann fold, which was described 

in detail by Bottoms et al. (68), is present in all four subunits of our structure (HOH425, 
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HOH429, HOH227, HOH211). This water molecule is important because it bridges the 

pyrophosphate and the glycine-rich loop. The average B-factor of the conserved water 

molecule is 17 Å2, which is significantly lower than the average solvent B-factor of 23 

Å2. Note that the conserved water molecule is present in the O chain, which does not 

contain a bound NAD+. This result emphasizes that the conserved water molecule is an 

inherent structural feature of the Rossmann fold itself, as discussed previously (68, 69). 

 

Selectivity Cleft 

One strategy for designing potent and selective inhibitors of trypanosomatid 

GAPDHs is to elaborate an adenosine framework with functional groups that bind in a 

narrow intersubunit “selectivity cleft” that has been observed in the NAD+-binding sites 

of GAPDHs from T. brucei, T. cruzi and L. mexicana (9-13, 67). It has been proposed 

that the selectivity cleft is closed in human GAPDH and thus inhibitors that fill the cleft 

of trypanosomatid GAPDHs could bind tightly to the desired target enzyme without 

inhibiting the human enzyme. This strategy has been realized, for example, in the 

disubstituted adenosine derivative NMDBA (N6-(1-naphthalenemethyl)-2’-deoxy-2’-

(3,5-dimethoxybenzamido) adenosine (10-12)). In our structure, Phe37, Ile38 and Asp39 

form one side of the cleft, and Pro191, Ser192 and Gly193 from an adjacent subunit form 

the other side (Figure 1.5). The cleft is only 4 – 5 Å wide, compared to 7 – 8 Å wide in 

the structure of L. mexicana GAPDH complexed with NMDBA. We superimposed 

NMDBA onto the adenine moiety of NAD+ in our structure in order to examine steric 

clashes that might prevent binding of the inhibitor to the human enzyme (Figure 1.5). The 

O-2’ substituent of NMDBA is predicted to form steric clashes (contact distances = 1.1 – 
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2.7 Å) with cleft residues Phe37, Ile38, and Pro191 (Figure 1.5). We also predict steric 

clash of the inhibitor naphthalene group with Arg80.  Although our modeling does not 

consider the possibility of induced fit binding, the severity of the predicted clashes 

suggests that the selectivity cleft is effectively closed in HsGAPDH, which supports the 

strategy of leveraging this cleft in inhibitor design.  

Interestingly, our structure shows a large conformational difference with the 2.5 Å 

human liver GAPDH structure (PDB entry 1ZNQ) in the cleft region. Residues 192 – 194 

differ by 1.1 – 6.5 Å in the two structures, with the largest difference occurring at the 

carbonyl of Gly193 (Figure 1.5).  In fact, this section of the polypeptide chain represents 

the largest backbone difference between the two structures. This difference is significant 

because Gly193 in our structure forms intersubunit interactions that help keep the cleft 

closed. For example, Gly193 links to the other side of the cleft via intersubunit water-

mediated hydrogen bonds to the carbonyl of Phe37 and to the main chain and side chain 

of Asp39 (Figure 1.5).  These interactions cannot be formed in 1ZNQ because the 

distance across the cleft at position 193 is too large.
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Figure 1.5.  Model of inhibitor NMDBA in the HsGAPDH active site (stereoview). The 

1.75 Å HsGAPDH structure is shown in white. NMDBA is shown in yellow. Residues 

191 - 193 of the 2.5 Å human liver GAPDH structure are shown in cyan. The dashed 

lines indicate intersubunit water-mediate hydrogen bonds present in HsGAPDH. The 

solid red lines indicate predicted steric interference between the inhibitor and HsGAPDH 

(contact distance ≤ 2.7 Å). 
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Gel Filtration Studies 

CGP-3466 is a deprenyl-related compound (Figure 1.6A) that inhibits the 

proapoptotic activity of GAPDH (22, 24, 25). However, the mechanism of inhibition and 

molecular-level details of GAPDH/CGP-3466 interaction are not known.  It has been 

suggested that binding of CGP-3466 or (−)-desmethyldeprenyl (DES) (metabolized form 

of deprenyl) may change the oligomeric state of GAPDH from a tetramer to a dimer or 

monomer thus halting its proapoptotic activity (24).  To investigate this behavior we used 

gel filtration which indicates that HsGAPDH is found as a tetramer in the 

precrystallization buffer (Figure 1.7) in the absence of DES or DEP.  Using DEP (Figure 

1.6B) or DES (Figure 1.6C)  at a ratio of compound/HsGAPDH dimer of  ≥ 6 we 

incubated each sample and put it across the precrystallization buffer equilibrated column.  

Figure 1.8A shows a gel filtration chromatogram of HsGAPDH incubated with 10 mM 

DES.  The resultant large peak at 12.8 ml corresponds to the tetrameric form of 

HsGAPDH.  This result was also found when we incubated the protein with 0.4 mM 

DEP.   We then added 0.4 mM DEP to the running buffer to insure that the protein was 

saturated with the compound throughout the column.  The resultant chromatogram 

(Figure 1.8B) has a peak at 12.93 ml which is not a significant change from the 12.8 for 

the HsGAPDH tetramer.  

 

Co-crystallization and Soaking Studies 

Co-crystallization of HsGAPDH with DEP was attempted using concentrations of 

DEP at 10 mM and 2 mM.  Also, native crystals were soaked with 15 mM DEP.  

Diffraction was poor for all crystals grown or soaked with DEP and the unit cell 
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dimensions were different from our crystals as they appeared to be F orthorhombic and 

not P orthorhombic.  
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Figure 1.6. Chemical structures of CGP-3466 (A), DEP (B), and DES (C). 
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Figure 1.7. Gel filtration of HsGAPDH in precrystallization buffer.  A. Chromatogram of 

HsGAPDH using a S-200 column at 298 K. The first peak, 125.67 ml, represents the 

HsGAPDH tetramer the second peak is mostly NAD+.    B. Chromatogram of HsGAPDH 

using a Superdex 200 column at 277 K. The large peak at 12.83 ml represents the 

HsGAPDH tetramer.  For reference Alcohol dehydrogenase, a tetramer of 150 000 kDa, 

elutes at 13.00 ml on the Superdex 200 column. 
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Figure 1.8.  Gel filtration of HsGAPDH in the presence of DEP and DES.  A. HsGAPDH 

incubated with 10 mM DES for 60 min at 276 K.  B. HsGAPDH incubated with 0.4 mM 

DEP for 30 min at 276 K with an elution buffer of the precrystallization buffer 

supplemented with 0.4 mM DEP.  
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Docking Studies of CGP-3466. 

 Not having access to CGP-3466, which has a greater antiapoptotic activity than 

DEP or DES (24), for gel filtration or crystallization studies we instead performed virtual 

docking calculations using our high resolution HsGAPDH structure and a flexible model 

of CGP-3466 in order to generate hypotheses regarding plausible binding sites. 

Using the entire GAPDH tetramer as the protein target, AutoDock identified 16 

multimember conformational clusters (MMCCs), which had docking scores in the range -

10.96 kcal/mol to -8.12 kcal/mol. Two regions of the protein clearly stood out as 

potential CGP-3466 binding sites: the adenosine pocket (ADE) of the NAD+-binding site 

and the central channel (CC) located near the intersection of the three molecular twofold 

axes (Figure. 1.9). Five of the 16 MMCCs, corresponding to 24 of the 100 docking runs, 

were located in the adenosine pocket of an NAD+-binding site. These docked poses had 

scores in the range -9.49 to -8.95. Another 5 MMCCs, which represented 18 of the 100 

docking runs, were located in the central channel. The central channel poses 

corresponded to the top 10 docking scores (-10.96 to -9.57 kcal/mol). Thus, the adenosine 

pocket and central channel together accounted for almost two-thirds of the 16 MMCCs 

and nearly half of the 100 docking runs. No other region of the protein was implicated 

with a higher frequency or better docking score by our initial docking calculation. 

To complement and validate the global docking results, we used CASTP (70) to 

survey the surface topography of the tetramer to identify pockets large enough to serve as 

ligand-binding sites. CASTP found 157 pockets in the GAPDH tetramer. These pockets 

had surface areas in the range 1 – 3514 Å2, with an average of 120 Å2. The pocket 

volumes were in the range 3 – 7814 Å3, with an average volume of 191 Å3 (Figure 1.10).  

 42



Figure 1.9.  HsGAPDH tetramer with space fill molecules representing the seven 

preferred clustering sites of CGP 3466.  This is a ribbon structure of HsGAPDH showing 

the most popular clustering sites of CGP 3466 the sites: Central channel (yellow), NAD+ 

adenine (light green), NAD+ nicotinamide (cyan), NAD+ grove (purple), Intersubunit 

(rust), and NES (blue and gold). 
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Figure 1.10.  CASTP analysis of HsGAPDH pockets. The plot shows the volumes of the 

30 largest pockets found by CASTP. Locations of pockets with significant volume are 

indicated. 
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Note that the two largest pockets each correspond to two NAD binding sites, which 

explains their large CASTP volumes (>7500 Å3).  Only three pockets identified by 

CASTP are large enough to accommodate CGP-3466, which has a molecular volume of 

255 Å3: stood out in terms of surface area and volume: central channel, NAD+-binding 

site and a surface indentation located near the 274 – 277 β-strand (Figure 1.11). 

The 270s-strand pocket identified by CASTP is a shallow bowl-shaped 

indentation near a region of the protein that contains a novel CRM1-mediated nuclear 

export signal (71). The β-strand consisting of Leu274, Gly275, Tyr276 and Thr277 forms 

the bottom of the bowl.  The rim of the bowl is formed by Lys263, Glu267, Lys271, 

Glu278, His279, Phe286, His291, and Thr294 of one subunit, and Tyr49 and Lys55 from 

an NCS-related (Q-axis) subunit (Figure 1.12).  In our global docking calculation, this 

site corresponded to two MMCCs, representing 5 out of 100 docking runs with docking 

scores in the range -8.71 to -8.29 kcal/mol. Focused docking calculations on this region 

revealed two prevalent conformations with a combined 85 of the 100 docking runs 

(Figure 1.12B).  Although this site is large enough to accommodate CGP-3466, it is quite 

hydrophilic due to the many charged and polar residues of the rim, which seems 

incompatible with binding a very hydrophobic molecule like CGP-3466. Since the 

adenosine pocket and central channel were implicated by both the global docking 

calculation and by CASTP, and these sites are appropriately hydrophobic, they were 

explored further using focused docking calculations. The focused calculations each 

consisted of 100 docking runs and employed smaller grids centered on the regions of 

interest. Results of these calculations are summarized in Table 1.3. 
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Figure 1.11.  Surface view of the top seven CASTP predicted pockets for HsGAPDH.  

The subunits in ribbon form are colored as follows: O, yellow; P, red; Q, green; R, blue.  

A, a view down the R axis of the two central channel pockets, one of which includes the 

fourth 270s pocket.   B, detailed view of the NAD sites as viewed down the P axis. C, the 

three 270s pockets as viewed down the R axis. 
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Figure 1.12.  Predicted binding sites for CGP-3466 in 270s binding pocket.  A, docked 

CGP-3466 conformation NES89.  Residues shown in grey are within 3.9 Å.  B, surface 

view of the 270s pocket.  Bound in the pocket are the two highest scoring MMCCs 

NES89 (60 individuals) and NES81 (25 individuals) from our 270s strand-pocket focused 

docking run.
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 A docking calculation focused on the adenosine pocket revealed three major 

clusters of poses, which had energies in the range -9.42 to -8.92 kcal/mol (Table 1.3). The 

docked ligands are 76 – 82 % buried and the CGP-3466 ring system occupies the same 

location as the adenine ring system of NAD+ (Figure 1.13A). The overlap between 

adenine and the CGP-3466 ring system is particularly good for the two lowest energy 

conformations, ADE79 and ADE69 (Figure 1.13A). Residues forming major contacts 

with all three docked ligands, based on hydrophobic ligand-protein contact surface area 

calculated with LPC (50), include Pro36, Phe37, Thr99, Val101 and Phe102. Note that 

residues 36, 37, 99 and 102 also form hydrophobic contacts with the NAD+ adenine 

(Figure 1.3B). 

The docking calculation focused on the central channel produced the top docking 

scores of our study. This calculation revealed two major poses, which together accounted 

for 90 of the 100 docking runs (Table 1.3, CCH46 and CCH60). The docked ligands are 

almost completely buried (94 %) and contact several residues (Table 1.3, Figure 1.13B). 

The binding site exhibits symmetry due to its location near the intersection of the 

molecular 2-fold axes and thus all four chains contribute to the site. The major contact 

residues for CC46 are Leu203 (P, R), Gln204 (P, R), Thr237 (O, Q), Asn239 (O) and 

Ala238 (O) (Figure 1.13B). Major contact residues for CCH60 are Leu203 (P, R), 

Gln204 (P, R), Ala238 (O, Q), Asn239 (O, Q) and Thr52 (Q) (Figure 1.13B). In addition, 

the heteroatom oxygen atoms of CCH46 and CCH60 are predicted to form hydrogen 

bonds with Ala238 and Gln204, respectively (Figure 1.13B).  

Note that three additional, equivalent central channel binding sites are related by 

2-fold rotations around the P, Q and R axes of the tetramer. In fact, the CASTP analysis 
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Table 1.3. Summary of CGP-3466 docking results. 

Ligand pose Location Docking 
Score 

(kcal/mol) 

Cluster 
Size

a
Buried 
Surface 

Area (%)
b

Contact Residues 

CCH46c Central channel -10.96 80 94 L203, Q204, P236, 
T237, A238

d
, N239, 

S283, S284, N287 
CCH60 Central channel -10.34 10 94 S51, T52, L203, 

Q204
d
, P236, T237, 

A238, N239, N287 
ADE79c Adenosine pocket -9.42 38 82 N9, G10, G12, N34, 

D35, P36, F37, 
P191, R80, T99, 

V101, F102 
ADE69 Adenosine pocket -9.21 25 76 N9, G10, G12, N34, 

D35, P36, F37, 
R80, T99, V101, 

F102 
ADE42 Adenosine pocket -8.92 15 80 N9, G10, G12, N34, 

D35, P36, F37, T99, 
V101, F102 

 

a
Refers to a 100-run docking calculation focused on the indicated location. 

b
Expressed as a percentage of the solvent accessible surface area of the uncomplexed ligand. 

c
Denotes lowest energy conformation of a 100-run docking calculation focused on the indicated 

location. 

d
Forms hydrogen bond with docked ligand.
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Figure 1.13.  Predicted binding sites for CGP-3466.  A, adenosine pocket. Docked CGP-

3466 poses ADE79 and ADE69 are shown in white and magenta, respectively. For 

reference, NAD+ is included in yellow. B, detailed view of the predicted CGP-3466 

binding site in the central channel. GAPDH subunits are colored as follows: O, yellow; P, 

pink; Q, green; R, blue. Docked CGP-3466 poses CC46 and CC60 are shown in white 

and magenta, respectively. C, empty central channel viewed through the P/R entrance 

(down the Q axis). GAPDH subunits are colored as follows: O, yellow; P, red; Q, green; 

R, blue. 
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revealed that the central channel actually consists of two distinct, symmetry-related 

chambers having separate entrances located at opposite ends of the Q-axis (Figures 1.10 

and 1.11A). Division of the central channel into two chambers is caused by a constriction 

of the channel at the center of the tetramer (Figure 1.13C). 

 

Structural insights into GAPDH-Siah1 interaction 

Truncation mutagenesis data suggest that GAPDH residues 222 - 240 and Siah1 

residues 270 - 282 are essential for GAPDH-Siah1 association (27).  Moreover, 

mutagenesis of GAPDH Lys227 abrogates GAPDH-Siah1 complex formation (27), 

which suggests that Lys227 directly interacts with Siah1 in the interface between the two 

proteins. 

GAPDH residues 222 - 240 begin with a solvent-exposed loop (residues 222 - 

227) and continue through a β-strand (228 - 234) that travels toward the central channel, 

finishing in a loop (residues 235 - 240) inside the channel (Figure 1.14A).  This β-strand 

is part of the mixed, twisted β-sheet of the catalytic domain that forms the extensive P 

interface and thus it makes critical intersubunit interactions.  Note that Lys227 is located 

on a solvent-exposed loop (Figure 1.14A), which is consistent with its predicted 

involvement in complex formation.  On the other hand, the β-strand (residues 228 - 234) 

and the central channel would be inaccessible to Siah1; assuming GAPDH retains the 

tetrameric form that we observe in the crystal structure. 

Siah1 residues 270 - 282 form the last β-strand (β8) of a curved, anti-parallel 4-

stranded β-sheet located in the C-terminus of the protein (Figure 1.14B and (54)).  This β-

sheet joins with the analogous sheet from the opposite subunit of the Siah1 dimer to form 
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an intermolecular β-sheet, which results in a large (30 Å wide), shallow groove (Figure 

1.14C).  

We used the protein-protein docking program PatchDock to build a qualitative 

model of the GAPDH-Siah1 complex, subject to the constraint that GAPDH Lys277 is in 

the binding interface.  Interestingly, the complex having the top score from PatchDock 

featured the large, shallow groove of Siah1 contacting the convex surface of GAPDH 

near Lys227 (Figure 1.15A).  In this model, GAPDH Lys227 interacts with Siah1 β8 via 

a hydrogen bond with the hydroxyl of Siah1 Ser280 (Figure 1.15B).  Thus, our model is 

consistent with the experimental data of Hara et al., which implicates GAPDH Lys227 

and Siah1 β8 as being essential for GAPDH-Siah1 association.  Moreover, the model is 

consistent with the assertion of Polekhina et al. that the large, shallow groove of Siah1 

plays a role in recognizing and interacting with other proteins (54).     

We expanded the GAPDH-Siah1 model using the symmetry of the GAPDH 

tetramer and found that no steric clashes were introduced (Figures 1.15B, C).  The 

expanded model contains one GAPDH tetramer interacting with 4 Siah1 dimers.  Note 

that our model implies a binding stoichiometry of 1:2 (GAPDH: Siah1), which could be 

tested experimentally. 
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Figure 1.14. Structures of GAPDH and Siah1 highlighting regions that are important for 

GAPDH-Siah1 association.  A, HsGAPDH tetramer viewed down the R-axis. Subunits 

are colored as follows: O, yellow; P, red; Q, green; R, blue. Residues that are essential for 

complex formation with Siah1 are colored gray (residues 222 - 240) and atoms of Lys227 

are drawn as spheres. B, homodimer of Siah1 from PDB entry 1K2F (51). The two 

subunits of Siah1 are colored cyan and violet. Residues that are essential for interaction 

with GAPDH are colored yellow (residues 270- 282). C, homodimer of Siah1 rotated 90° 

from orientation in panel B. The coloring scheme of panel B is used. 
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Figure 1.15.  Model of GAPDH-Siah1 complex. A, docked complex having the top score 

from PatchDock. A GAPDH subunit is shown in green and the Siah1 dimer is shown in 

cyan/violet. Only one subunit of the GAPDH dimer used for docking is shown for clarity. 

GAPDH residues 222 – 240 are colored gray. Siah1 residues 270 – 282 are colored 

yellow. GAPDH Lys227 and Siah1 Ser280 are drawn as spheres. B, model of a GAPDH 

tetramer interacting with four Siah1 dimers. This model was generated from the model in 

panel A using the symmetry of the GAPDH tetramer. The view is looking down the 

GAPDH R axis. GAPDH subunits are colored as follows: O, yellow; P, red; Q, green; R, 

blue. Siah1 dimers are colored cyan/violet and salmon/slate. C, surface representation of 

the model shown in panel B. 
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DISCUSSION  

Our main motivation for engineering a recombinant HsGAPDH and determining a 

high resolution crystal structure was to provide a better structural foundation for drug 

design and biophysical studies related to GAPDH’s moonlighting functions. When we 

started this work, the only human GAPDH structure in the PDB was Watson’s 3.5 Å 

structure determined from twinned crystals (72). Since then, a 2.5 Å structure of human 

liver GAPDH has been deposited in the PDB (35).  However, the crystallographic 

resolution of 1ZNQ is only 2.5 Å and the structure was determined from a data set with 

modest completeness (82 % overall, 58 % in the high resolution bin). Thus, our structure 

is the highest resolution structure of a human (or mammalian) GAPDH to date and 

represents a significant improvement over the previously available models.  

 

Selectivity Cleft  

Our structure provides the first high resolution view of a human GAPDH cofactor 

binding site, which is relevant to design of inhibitors that specifically target 

trypanosomatid GAPDHs. In particular, we examined the proposed “selectivity cleft” 

near the adenosine binding site and found it to be 3 – 4 Å narrower than that of L. 

mexicana GAPDH, that is, effectively closed.  

Moreover, our structure revealed a new feature of the cleft: water-mediated 

intersubunit hydrogen bonds. These interactions appear to help maintain the cleft in the 

closed orientation and thus they represent a structural determinant of selectively of 

NMDBA and similar drugs toward trypanosomatid GAPDHs. These interactions are not 

present in the human liver GAPDH structure due to large conformational differences at 
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residues 192 -195 (Figure 1.5). We note that the conformation of residues 192 – 195 of 

rabbit GAPDH (1J0X) matches that of our structure, although the intricate water-

mediated hydrogen bond network was not observed in 1J0X due, perhaps, to its moderate 

crystallographic resolution of 2.4 Å.  

The underlying reason for the large conformational difference between the two 

human GAPDH structures is unclear. Neither structure is compromised by strong crystal 

contacts in this particular region. Perhaps the difference may reflect an inherent 

flexibility in this region of the protein. It remains to be seen whether such flexibility 

might allow certain anti-trypanosomatid GAPDH inhibitors to bind to the human enzyme. 

 

Docking Studies of CGP-3466  

CGP-3466 inhibits the proapoptotic activity of GAPDH by preventing its nuclear 

localization by an unknown mechanism. Since the molecular mechanism of this 

compound is poorly understood, we performed in silico docking studies to gain 

hypotheses about potential binding sites.  

Our calculations predicted the adenosine pocket as a possible binding site, which 

is consistent with the observation that binding of rabbit GAPDH to immobilized CGP-

3466 is inhibited by NAD+ as measured by surface plasmon resonance (25).  Also, 

Cowan-Jacob et al. (56) reported crystallographic evidence for binding of CGP-3466 to 

the adenosine pocket of rabbit GAPDH, however, the electron density representing the 

inhibitor was extremely weak and consequently CGP-3466 was not included in PDB 

entry 1J0X.  Interestingly, one of the ligand orientations identified by our study (ADE69) 
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is very similar to that reported by Cowan-Jacob et al. (56), which provides additional 

support for the adenosine pocket as a potential binding site for CGP-3466.  Site-directed 

mutagenesis of Pro36, Phe37, Thr99, Val101 and Phe102 could be used to test the 

importance of this proposed binding site. 

Our docking calculations also suggested the central channel as a plausible binding 

site for CGP-3466.  In fact, this site produced the best docking scores.  This prediction is 

consistent with the experimental work of Carlile et al., which showed that an antibody 

raised against residues that block the channel entrance prevent binding of BODIPY-

labeled CGP-3466 (24).  Primary candidates for site-directed mutagenesis studies to test 

the importance of this binding site include Leu203 and Gln204. 

 

NO-S-nitrosylation-GAPDH-Siah1 Cascade 

Hara and coworkers showed that nitrosylation of the GAPDH active site Cys (-

SNO) enhances GAPDH-Siah1 association (27).  Hydrolysis of S-nitrosylated GAPDH 

produces various oxidized forms such as the sulfenic (-SOH), sulfinic (-SO2H) and 

sulfonic (-SO3H) acids.  The latter form of GAPDH was isolated from apoptotic HEK293 

cells and identified by mass spectrometry (27).  Presumably, modification of the active 

site Cys causes conformational changes in GAPDH that enhance GAPDH-Siah1 

interaction.  However, it is unlikely that this rather small chemical modification produces 

large conformational changes in GAPDH.  In fact, the sulfonic acid form of the active 

site Cys is present in the crystal structure of A. xylosoxidans GAPDH (55).  This protein 

displays the classic GAPDH tetrameric form with no significant global structural changes 
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(55).  Thus, it is not clear why S-nitrosylation and subsequent oxidation of GAPDH 

promotes association with Siah1.   

Discovery of the NO-GAPDH-Siah1 cascade forces rethinking of the mechanisms 

of antiapoptosis compounds such as CGP-3466.  Experimental work and molecular 

modeling, including our docking study, predict CGP-3466 binding sites in the adenosine 

pocket and central channel.  There are at least two plausible mechanisms by which CGP-

3466 binding in the cofactor site could disrupt the NO-GAPDH-Siah1 cascade.  Firstly, 

CGP-3466 could protect the active site Cys from reaction with NO.  Second, binding of 

CGP-3466 in the cofactor site could cause a change in the tertiary and/or quaternary 

structure of GAPDH that reduces GAPDH-Siah1 affinity.  This scenario is plausible 

because binding of NAD+ is known to cause tertiary and quaternary structural changes 

that underlie cooperativity (63, 73). 

Considering the proposed central channel binding site for CGP-3466, the channel 

itself is too narrow for Siah1 to enter and thus it is unlikely that CGP-3466 competes with 

Siah1 for a central channel binding site.  Given that the central channel is located within 

intersubunit interfaces, it seems more likely that binding of CGP-3466 in the central 

channel causes quaternary structural adjustments that decrease GAPDH-Siah1 affinity.  

We note that our model of GAPDH-Siah1 shows Siah1 dimers packed closely together 

on the surface of GAPDH (Figures 1.15B, C).  Thus, subtle changes in GAPDH 

quaternary structure could cause steric interference between the bound Siah1 dimers.  

Ultimately, biophysical and structural studies will be needed to understand the details of 

GAPDH-Siah1 association and to design drugs that intersect the NO-GAPDH-Siah1 

cascade. 
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CHAPTER 2 

 

HIGH RESOLUTION STRUCTURES OF THERMUS AQUATICUS 

GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE: 

CONFORMATIONAL CHANGES INDUCED BY PHOSPHATE 

BINDING 
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Abbreviations: GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; BPGA, 1,3-

bisphosphoglycerate; GAP, glyceraldehyde-3-phosphate; NAD+, nicotinamide adenine 

dinucleotide; Pi, inorganic phosphate; Ps, substrate phosphate; Pi-binding loop, 

phosphate-binding loop; BsGAPDH, Bacillus stearothermophilus GAPDH; LmGAPDH, 

Leishmania mexicana; EcGAPDH, E. coli GAPDH; TaGAPDH, Thermus aquaticus 

GAPDH; TcGAPDH, Trypanosoma cruzi GAPDH; TbGAPDH, Trypanosoma brucei 

GAPDH; RMSD, root mean square difference; PDB, Protein Data Bank; TBD, to be 

determined
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INTRODUCTION 

Glyceraldehyde-3-phosphate dehydrogenase (1) is a glycolytic enzyme that 

catalyzes the formation of 1,3-bisphosphoglycerate (BPGA) from glyceraldehyde-3-

phosphate (GAP). This reversible reaction requires the presence of nicotinamide adenine 

dinucleotide (NAD+) and inorganic phosphate (Pi).  GAPDH is a tetrameric protein made 

up of identical 37 kDa subunits.  The enzyme appears to be ubiquitous in nature, 

cellularly abundant, and is relatively easy to purify, which has led to its widespread use 

as a model enzyme for the study/comparison of gene expression.    

 The generally accepted mechanism of GAPDH activity (Figure 2.1) is the initial 

formation of a covalent hemithioacetal intermediate between GAP and an essential 

cysteine.  The hemithioacetal is then oxidized to a thioester, with simultaneous reduction 

of NAD+ to NADH.  BPGA is then released after phosphorolytic attack on the thioester 

(2).   

Although intensely studied for decades, some aspects of catalysis remain 

unresolved.  For example, questions about the locations of the substrate and inorganic 

phosphate groups during catalysis have not been definitively answered.  And the role of 

dynamics of the 220s phosphate-binding loop (Pi-binding loop) in promoting catalysis is 

still an open question.   

Two models for phosphate binding have been proposed.  The two models differ in their 

placement of the substrate phosphate during the reaction. The first model asserts that two 

sites exist where the GAP phosphoryl (substrate phosphate) and inorganic phosphate 

could reside (3). The site for the substrate phosphate is proposed to be near the active site 

Cys149 and His176, where it could take place in the formation of a hemithioacetal 
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intermediate.  This site is known as the classical Ps-site.   The second site is farther away 

from the catalytic Cys149 but close to the nicotinamide ring, making it a good choice for 

the inorganic phosphate-binding site (Pi-site). This model was proposed based on crystals 

grown in high concentrations of sulfate, and thus sulfate ions were modeled into the two 

sites (4) . 
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Figure 2.1.  The postulated catalytic mechanism for GAPDH.  This schematic and 

description are from Didierjean et al. 2003 (5).  In the acylation step, interaction of 

Cys149 with His176 (a) decreases the pKapp of Cys149, thus facilitating the thiolate 

attack toward the C1 of GAP.  The role of His176 is also to stabilize the binding of the 

substrate in the Michaelis complex GAPDH-NAD-D-GAP (b), the thiohemiacetal 

intermediate (c), and the thioacylenzyme intermediate (d). His176 also plays a role as a 

base catalyst, facilitating the hydride transfer from the thiohemiacetal to the nicotinamide 

of NAD (c). In the phosphorylation step, the binding of inorganic phosphate to the 

thioacylenzyme is followed by its nucleophilic attack on the thioacyl intermediate (d), 

which leads via an sp3-phosphorylated intermediate (e) to the formation and release of 

BPGA (f).  His176 is postulated to stabilize the tetrahedral intermediate (e) and to 

facilitate, as an acid (d) or base (e) catalyst, BPGA formation. The cofactor exchange step 

(d and e), which consists of NADH release prior to NAD and inorganic phosphate 

binding, remains controversial.  R’ represents the adenine-ribose-phosphate-phosphate-

ribose part of the cofactor, NAD.  R represents the CH(OH)COPO3 part of the substrate, 

D-G3P.  
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  An alternative model maintains that the substrate phosphate and inorganic 

phosphate bind to the same site at different stages of the reaction (1).  This so-called 

“flip-flop model”, which was based in part on the 1.8 Å structure (1GD1) of Bacillus 

stearothermophilus GAPDH (BsGAPDH) (6), proposes that the C3 phosphate of GAP 

occupies both phosphate sites at different times (Figure 2.2).   The Pi-site is occupied first 

by the C3 phosphate of GAP before the formation of the acyl-enzyme intermediate, and 

then, upon coenzyme exchange, a conformational change would lead to the C3 phosphate 

of GAP flipping to the Ps site. This model still allows for the Pi-site to be occupied by 

inorganic phosphate during the phosphorylation step. The flip-flop model was likewise 

based on structures grown under high sulfate conditions.  

The issue of phosphate binding was complicated by the discovery of a new 

conformation of a strand-loop-helix region, which results in a new Pi-site in some 

GAPDH structures.  Kim et al. determined a structure of Leishmania mexicana GAPDH 

(1GYP, LmGAPDH) that displayed a new conformation of the Pi-binding loop, making 

relocation of the classical Pi-site necessary (4).  The authors suggested that this new Pi-

site was the result of the Pi-binding loop constricting the active site, thereby blocking 

binding to the classical Pi-site.  The overall effect is that the residues that make up the 

new Pi-site are now closer to the catalytic Cys149.  The crystals were grown in the 

presence of 200 mM phosphate, which was thought to be the cause of this loop 

movement.   
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Figure 2.2.  Cartoon representation of the flip-flop model.  Glyceraldehyde-3-phosphate 

(GAP) is covalently attached to the catalytic cysteine (thiohemiacetal intermediate) with 

the arrows marking the flipping of the C3 phosphate from the inorganic site (Pi) to the 

substrate site (Ps). This cartoon is from Castilho et al. 2003 (7). 
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A second LmGAPDH structure (1A7K) was determined from crystals grown in 

100 mM phosphate and it displayed the same loop movement (8).  Other structures that 

also display the new Pi-site include GAPDHs from Thermatoga maritima (1HDG), (9) 

and Chinese lobster (1CRW )(10).  These structures were determined from crystals 

grown in ammonium sulfate, rather than phosphate.   

The 2.5 Å resolution structure of a hemiacetal intermediate of E. coli GAPDH 

(EcGAPDH, 1DC4) provides additional evidence supporting the flip-flop model (11). 

This structure shows the C3 phosphate of D-GAP binding to the new Pi-site during 

formation of the hemiacetal intermediate, and the model does appear to show that GAP 

can occupy both sites. However, the crystals were grown in the absence of phosphate, 

sulfate, or NAD+, leading the authors to question whether they were actually observing 

the true binding site of GAP.  

The structures of two BsGAPDH ternary complexes (GAPDH/NAD+/GAP) 

showed the substrate phosphate bound to the Ps-site (1NQA and 1NQO).  Interestingly, a 

rotation around the C1-C2 bond would move the phosphate to the “new Pi-site” (5), 

which supports an updated flip-flop model in which the new Pi-site holds the inorganic 

phosphate. 

To study the role of conformational changes in the Pi-binding loop induced by 

phosphate binding, we report three new crystal structures of Thermus aquaticus GAPDH 

(TaGAPDH) corresponding to phosphate concentrations of 0, 50, and 100 mM.  The 

structure of the 50 mM crystal form is particularly relevant because the physiological 

concentration of phosphate found in cells is 50 mM (12).  The 1.65 Å phosphate-free 

structure reveals a single conformation for the main chain of the Pi-binding loop but 
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alternative conformations for Ps-site side-chains.  In the 50 mM and 100 mM structures, 

the binding of phosphate resulted in multiple conformations of the Pi-binding loop and 

the Pi phosphate.   Our structures show that the dynamic Pi-binding loop plays a more 

important role than previously thought in delivering GAPDH substrates to their 

appropriate binding sites for catalysis.   Our structures and the structures of others (5,7) 

clearly show that in the presence of high and low phosphate concentrations, the fully 

formed Ps-site (NAD+ bound) represents the first choice for phosphoryl binding.        
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EXPERIMENTAL PROCEDURES 

Purification and Crystallization 

Recombinant TaGAPDH protein was expressed and purified as reported by 

Tanner et al., 1994 (12).  Briefly the Thermus aquaticus GAPDH gene was isolated from 

the YT1 genomic library and cloned into the E. coli W3CG strain (GAPDH null mutant) 

for overnight expression in M9 minimal media.  Purification involved heating the cell 

lysate to 363K for 30 minutes to remove thermolabile proteins, followed by 

chromatofocusing chromatography with polybuffer exchanger 94 (Pharmacia).  All 

fractions containing significant amounts of protein were analyzed by denaturing SDS-

PAGE gels, and those fractions containing TaGAPDH were combined and dialyzed 

overnight into 4 M ammonium sulfate. The precipitated protein was resuspended with the 

pre-crystallization buffer (2.5 mM Tris, 100 mM NaCl, 1mM βME, 1mM EDTA, pH 

7.7), and dialyzed overnight into the same buffer. The protein was concentrated to 25 mg 

ml-1 using centrifugal filters & tubes (Millipore) after which NAD+ was added to a 

concentration of 2 mM.  Protein concentration was estimated using Coomassie Plus® 

protein assay (Pierce). 

All crystallization experiments were performed at 295 K using the sitting-drop 

method of vapor diffusion.  Crystallization trials were initiated from conditions used 

previously to determine the structure of TaGAPDH at 2.5 Å resolution (13).  The best 

crystals were grown using a reservoir solution of 23% PEG 3000, 0.1 M Hepes buffer at 

pH 8.3, 15% isopropanol and 5% glycerol.  

Two crystal forms of TaGAPDH with bound phosphate were obtained.  The 50 

mM phosphate form was obtained by soaking crystals in 50 mM sodium phosphate 
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buffer.  The 100 mM phosphate form was obtained by co-crystallization using a reservoir 

of 21% PEG 3000, 0.1 M Hepes buffer at pH 7.6, 10% isopropanol, 100 mM phosphate 

buffer and 5% glycerol.  All crystals were brick shaped, and cryoprotection was achieved 

by soaking crystals in the harvest buffer supplemented with 10% glycerol.  

 

Data Collection, Model Building, and Refinement 

 X-ray diffraction data sets for the phosphate-free and 50 mM phosphate forms 

were obtained at beamline X8C of the National Synchrotron Light Source (NSLS) at 

Brookhaven National Laboratory (BNL) using an ADSC Quantum 4R detector.  

Diffraction data for the 100 mM phosphate form were obtained with an in-house Rigaku 

Cu rotating anode system equipped with an R-AXIS IV detector, Osmic optics, and X-

stream low-temperature system. The HKL suite of programs (14) was used to process the 

data. The high-resolution limit for processing each data set was chosen such that more 

than half of the reflections in the highest resolution shell of data have І/σ(І) > 2 (15).  

Refer to Table 2.1 for data collection statistics.  

All three crystal forms belong to space group P212121 with two tetramers per 

asymmetric unit.  There are four NAD+ molecules bound to each tetramer of all three 

structures.  The unit cell dimensions are in the ranges a = 141-142 Å, b = 147-148 Å, c = 

148 Å.  Thus, neither soaking crystals with phosphate nor co-crystallization with 

phosphate caused significant unit cell changes.   

Structure refinement was done with CNS (16) and REFMAC5 (17) via the 

program CCP4i (18).  Model building was done with O (19).  Refinement of the 1.65 Å 

phosphate-free structure was initiated from the coordinates of the previously determined 
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2.5 Å resolution TaGAPDH structure (1CER), (20).  The refined 1.65 Å phosphate-free 

structure (without solvent) served as the starting model for refinement of the two 

phosphate-bound structures.  Electron density maps clearly indicated that the active site 

Cys149 was oxidized in all three structures.  The oxidized Cys149 was modeled as 

cysteine-s-dioxide (sulfinic acid) using the CSW entry from the HIC-Up database (21).  

See Table 2.1 for refinement statistics.  

The programs CNS, O, and Pymol (22) were used for structural analysis. 

Superimpositions of structures and RMSD calculations were done using the websites of 

Mass (23), CE (24), and COMPARER (25).  
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Table 2.1. Data collection and refinement statisticsa 

 
[Phosphate] (mM)  0 50 100 

PDB accession code 2G82 TBD TBD 
Wavelength (Å) 0.97900 0.97900 1.542 
Space group P212121 P212121 P212121

Unit cell dimensions (Å) a = 141.5 
b = 147.4 
c = 147.6 

a = 141.1 
b = 147.4 
c = 147.6 

a = 142.3 
b = 147.9 
c = 148.2 

Resolution (Å) 99-1.65 99-1.85 100 - 2.23 
Total observations 2 736 709 1 810 736 524 069 
Unique reflections 390 958 259 119 144 853 
Redundancy 7.0 7.0 3.6 
Completeness (%) 98 (85) 99 (98) 95(90) 

Average I/σ(I) 18.3 (3.9) 23.9 (3.3) 16.8 (3.0) 

Rmerge 0.098 (0.397) 0.080 (0.463) 0.057 (0.322) 
No. of protein atoms 22023 22460 21185 
No. of NAD+ molecules 8 8 8 
No. of water molecules 1586 1581 450 
Rcryst 15.8 15.9 18.8  
Rfree

 b 17.2 18.4 22.6   
RMSD bond lengths (Å)c 0.011 0.010 0.018 

RMSD bond angles (deg.) 1.24 1.28 1.65 
Ramachandran plotd    
  Favored (no. residues) 2528 2532 2522 
  Allowed (no. residues) 72 66 79 
  Outlier (no. residues) 0 1 1 
Average B-factors (Å2)    
   Protein 13.8 12.8 23.9 
   NAD+ 10.9 12.6 26.8 
   Water 29.4 29.1 31.3 
 

aValues for the outer resolution shell of data are given in parenthesis. 
 

b5% Rfree test sets.  
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cCompared to the Engh and Huber force field.  
 

dThe Ramachandran plot was generated with RAMPAGE. 
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RESULTS AND DISCUSSION 

Quality of all Models 

 The asymmetric unit consists of two tetramers, OPQR and ABCD, and eight 

NAD+ molecules (Figure 2.3).  The tetramers display the expected approximate 222 

symmetry described by 3 mutually perpendicular 2-fold axes (Figure 2.4).  Each subunit 

consists of an NAD+-binding domain (residues 1-147, 314-331) exhibiting the classical 

Rossmann dinucleotide-binding fold (26) and a catalytic domain (residues 148-313) 

consisting of the dihydrodipicolinate reductase domain 2 fold (27).  The subunits were 

labeled as in the previously solved 1CER structure. The structures with resolutions 2.23 - 

1.65 Å have Rfactor = 0.188 - 0.158 and Rfree = 0.226 – 0.172 for all reflections (Table 2.1).  

The 1.65 Å phosphate-free structure is the highest resolution GAPDH structure deposited 

in the PDB (28) to date, and contains 1586 water molecules, which represents a 

significant improvement from the 1CER structure that was built without water.  The 1.85 

Å (50 mM phosphate) structure shares many of these water molecules but also has unique 

waters.  In the 2.23 Å (100 mM phosphate) model, only the strongest waters were built 

due to its lower resolution.  The phosphate-free and the 50 mM structures each include 

one polyethylene glycol (PEG) fragment located, between Pro C52 and the symmetry 

related Pro Q52.  The PEG fragment interacts with a Na+ ion, which in turn interacts with 

3 water molecules (Figure 2.5).  As a result, the Na+ ion has octahedral coordination.  The 

100 mM and 50 mM structures both have 23 and 24 phosphate molecules (PO4), 

respectively, and their relative positions in the active site will be discussed below. 
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Figure 2.3. Cartoon representation of the two tetramers found in the asymmetric unit of 

the 1.65 Å resolution TAGAPDH structure.  Each subunit contains one NAD+ molecule 

(grey).  Subunits are colored as follows: O, blue; P, red; Q, orange; R, cyan; A, yellow; 

B, purple; C, salmon; D, green.  
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Figure 2.4. Ribbon drawing of a TaGAPDH tetramer viewed down the Q-axis. Subunits 

are colored as follows: O, blue; P, red; Q, orange; R, cyan. Lines indicate locations of the 

P and R molecular 2-fold axes. The NAD+ cofactors are drawn in stick mode. 
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Figure 2.5.  A view of the interactions between PEG and a Na+ ion with the surrounding 

solvent. The C subunit Pro 52 is colored green with H2O in red.  Symmetry related Q 

Pro52 is gray as are the symmetry related waters.  The dashed lines represent interaction 

distances  ≤ 3.0 Å.   

 
91



 

 
92



The phosphate-free structure also includes two isopropyl alcohol molecules, IPA1 

and IPA2, (Figure 2.6). Both are within 2.9 Å of H2O 1511 which is positioned between 

the two tetramers near subunits C, D, Q, and R.  Only IPA1 could be modeled in the 50 

mM structure where there is no water equivalent to H2O 1511, however, IPA1 in the 50 

mM structure does form one hydrogen bond to H2O 390 as in the 1.65 Å structure. There 

are also three glycerol molecules (GOL) in the 1.65 Å structure and all three are found 

within hydrogen bonding distance of Glu276 and Arg193 from neighboring subunits and 

Thr206 of the Pi-binding loop (Figure 2.7). Density reminiscent of GOL was found in the 

same position in six of the 8 subunits but only these three could be modeled with 

confidence in the 1.65 Å structure.  The 1.85 Å structure shares only one of the three 

GOLs.   The stereochemistry for each model meets or exceeds all the main chain and side 

chain tests of the PROCHECK package (29).  Only two residues, Ala210 subunit D and 

Ile80 subunit B in the 50 mM and 100 mM structures, respectively, are found in the 

outlier region of the Ramachandran plot (30).  Ala210 is part of the Pi-binding loop (8) 

and is modeled in dual conformations in subunit D and other subunits.  Residue Ile80 in 

subunit B is found in a region with poor density but the residue adopts similar 

conformations in all subunits in the structures. 

 The electron density maps were of sufficient quality to allow for clear modeling 

of protein, NAD+, and solvent in all but a few regions. The three structures together have 

some 53 missing side chain residues, due to poor density.  The average B-factor for all 

protein atoms is 13.8 Å2, 12.8 Å2, and 23.9 Å2 for the phosphate-free, 50 mM, and the 

100 mM structures respectively.  
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Figure 2.6.  Ligplot of the two isopropanol molecules (IPA) found in the 1.65 Å structure.  
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Figure 2.7.  View of one of the three glycerol molecules (GOL) of the 1.65 Å structure.  

Residues from subunits D and C are colored grey and salmon, respectively. The glycerol 

molecule is shown in green. Residue D Thr206 has been modeled in two conformations. 

Distances are listed in Angstroms.
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 Superposition of the TaGAPDH tetramers (Figure 2.8) in the three structures 

returns RMSD values of 0.20–0.29 Å for the Cα atoms (Table 2.2A). The individual 

subunits from each structure were also superimposed and display RMSD values of 0.12–

0.35 Å, 0.13–0.31 Å, and 0.20–0.33 Å for the phosphate-free, 50 mM, and 100 mM 

respectively (Table 2.2B).  Taken together, the superpositions show that the TaGAPDH 

subunits are structurally very similar to each other. The closest solved structural 

homologue of TaGAPDH is Thermus thermophilus GAPDH (PDB code 1VC2), which 

has 90% sequence identity to TaGAPDH and 96% structural similarity as indicated by 

SSM (31).  The RMSD values between the subunits from the TaGAPDH structures and 

the A subunit of 1VC2 are 0.39–0.5 Å.  

 
Structural comparison of the 1.65 Å structure with 1CER.    
 

The 1.65 Å structure represents a significant improvement in resolution over the 

previously deposited 2.5 Å 1CER.  The two structures share missing side chains Met1, 

Glu25, Lys75, and Lys78.  The missing side chains Lys104 and Arg330 from 1CER are 

present in the 1.65 Å structure in at least three of the eight subunits. Val333 was 

successfully built in several subunits of the 50 mM and 100 mM structures.  There are 4 

residues (Asp181, Arg194, Thr206, and Arg230) that have been modeled into two 

conformations in each of the 1.65 Å subunits.  In the previous structure, it was noted that 

that there was a bad contact between Asp138 in subunit P and the symmetry related 

Glu253 in subunit A, which was attributed to the use of strict NCS symmetry restraints 

during refinement. This bad contact is not present in any of the three new TaGAPDH 

structures, most likely due to our removal of NCS symmetry restraints during the late 

stages of refinement. 
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Figure 2.8.  Ribbon drawing of the 3 TaGAPDH OPQR tetramers superimposed and 

viewed down the P-axis. Subunits are colored as follows: phosphate-free, orange; 50 mM, 

green; 100 mM, blue.  
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Table 2.2. Cα Superposition statistics. 
 
(a) Superposition of tetramers 

 
Tetramer 

Phosphate-
free 

(OPQR) 

50 mM 
(OPQR) 

100 mM  
(OPQR) 

Phosphate-
free  

(ABCD) 

50 mM  
(ABCD) 

100 mM   
(ABCD) 

Phosphate-
free (OPQR) 

 0.20 0.26 0.31 0.29 0.44 

50 mM  
(OPQR) 

  0.24 0.39 0.27 0.39 

Phosphate-
free (ABCD) 

    0.20 0.29 

50 mM 
(ABCD) 

     0.24 

 
(b) Superposition of subunits 
Phosphate-

free 
O P Q R A B C D 

O  0.33 0.17 0.16 0.13 0.17 0.20 0.17 
P   0.27 0.28 0.32 0.29 0.35 0.31 
Q    0.16 0.21 0.19 0.22 0.20 
R     0.13 0.12 0.20 0.12 
A      0.14 0.19 0.14 
B       0.19 0.11 
C        0.16 

 
50 mM O P Q R A B C D 

O  0.30 0.17 0.16 0.13 0.17 0.20 0.17 
P   0.28 0.26 0.29 0.28 0.31 0.28 
Q    0.17 0.23 0.21 0.20 0.19 
R     0.16 0.13 0.18 0.11 
A      0.19 0.19 0.17 
B       0.18 0.13 
C        0.15 

 
100 mM O P Q R A B C D 

O  0.31 0.29 0.21 0.20 0.26 0.25 0.24 
P   0.26 0.26 0.32 0.33 0.30 0.28 
Q    0.23 0.31 0.30 0.22 0.24 
R     0.22 0.24 0.21 0.19 
A      0.28 0.24 0.20 
B       0.28 0.23 
C        0.23 
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Substrate Phosphate binding site and movement of Asp181, Arg194, and Arg230. 

Typically GAPDH crystals grown in the presence of sulfate or phosphate have 

two sulfate/phosphate ions per subunit occupying the aforementioned inorganic 

phosphate (Pi) site and substrate phosphate (Ps) site.  The previously solved TaGAPDH 

structure (1CER) was crystallized in PEG and isopropanol and did not display any 

movement of the Pi-binding loop but did show small rearrangements of Asp181, Arg194, 

Arg230 residues near the Ps-site.  In the phosphate-free structure, these three residues are 

all modeled in dual conformations (Figure 2.9). Conformation A is very similar to that 

found in the 1CER structure. In conformation A (Table 2.3), Asp181 forms hydrogen 

bonds with Arg194 (2.2–3.0 Å), Arg230 (2.85–3.2 Å), and Thr179 (2.0-2.4 Å).  The 

major difference from 1CER is that interaction distances between Arg230 and Thr179 

have increased to 3.5–3.7 Å.  

In conformation B (Table 2.3), Asp181 is torsioned ~5.8 Å away from the OG1 of 

Thr179 and now Asp181 is capable of forming a weak hydrogen bond (3.3–3.5 Å) with 

His189 in half of the subunits.  Asp181 is still capable of hydrogen bonding (2.6–3.0 Å) 

to Arg194 but not Arg230.  Also, the interaction distance between Arg230 and Thr179 

has now decreased to 2.7–2.9 Å.  Asp 181, Arg194 and Arg230 adopt conformation B in 

the 50 mM and 100mM phosphate-bound structures. The only difference from 

conformation B of the phosphate-free structure is that the hydrogen-bonding distance 

between Asp181 and His189 is shorter (3.0–3.1 Å) in the phosphate-bound structures.  
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Figure 2.9.  The two conformations modeled in the phosphate-free Ps-site.  The black 

dashed lines indicate electrostatic interactions found in conformation A between with 

Arg230, Arg194, Thr1791 and His189.  The green dashed lines indicate electrostatic 

interactions found in conformation B. 
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Table 2.3 Hydrogen bonding interactions found in the phosphate-free Ps-site residues.  

 
Conformation A 
Interactions O P Q R A B C D 
Thr179-
Asp181 

2.01 2.26 2.15 2.13 2.24 2.36 2.09 2.01 

Thr179-
Arg230 

3.69 3.62 3.60 3.61 3.47 3.67 3.72 3.60 

Asp181-
Arg194 

3.06 2.19 3.03 2.73 2.51 2.99 2.95 2.83 

Asp181-
Arg230 

2.70 2.85 2.87 2.92 2.93 2.93 3.11 3.09 

 
 
Conformation B 
Interactions O P Q R A B C D 
Thr179-
Asp181 

5.79 5.69 5.71 5.78 5.72 5.71 5.76 5.89 

Thr179-
Arg230 

2.79 2.94 2.85 2.76 2.73 2.82 2.76 2.77 

Asp181-
Arg194 

2.74 2.82 2.70 2.70 2.96 2.75 2.72 2.59 

Asp181-
Arg230 

6.06 5.93 6.01 5.99 5.97 5.92 5.97 6.08 

Asp181-
His189 

3.29 3.29 3.43 3.46 3.59 3.52 3.45 3.53 
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In the phosphate containing LmGAPDH structures, Arg249, Thr199, and Thr197 

are structurally equivalent to residues Arg230, Asp181 and Thr179.  In fact, residues 

Thr179 and Arg230 are found in all deposited eukaryote and bacterial GAPDH structures 

(5).  In the phosphate-containing LmGAPDH structures, only conformation B is 

observed. 

Conformation A and B are thought to represent the phosphate-free and phosphate-

bound states, respectively. This raises the question of why both conformations are seen in 

our high-resolution phosphate-free structure.  It is possible that we are seeing two 

conformations of these residues in the zero phosphate structure due to partial occupancy 

of the Ps-site by sulfate.  There is unmodeled density in the Ps-site of some of the subunits 

due perhaps from the failure to completely remove sulfate after an early ammonium 

sulfate precipitation step, despite extensive dialysis afterwards.  In the structures 1NPT 

and 1NQ5, they had a similar result when they tried to grow crystals of BsGAPDH with 

an empty Ps-site (5).   

In the 50 mM and 100 mM structures, Ps interacts (Table 2.4) with Thr179, 

Arg194, Arg230 and the O2´ of the nicotinamide ribose (Figure 2.10).   These 

interactions are found in other GAPDH structures with phosphate/sulfate bound in the Ps-

site, such as the above mentioned 1NPT and 1NQ5 (5).  In the 50 mM model, there are at 

least two water molecules interacting with the bound PO4 in each subunit (Table 2.4) and 

some water-mediated interactions with the Pi-site (Figure 2.10). 

Comparison of our 50 mM and 100 mM phosphate structures with 1A7K, 1ML3, 

1QXS (32), 1NQA, and 1NQO (ternary complexes (GAPDH/NAD+/GAP))  reveals little 

new information about the well characterized Ps-site.  In fact, the Ps sites of different 
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GAPDH phosphate/sulfate-bound structures superimpose almost perfectly.  Didierjean 

and colleagues offer the explanation that the Ps-site has a higher positive charge than the 

Pi-site according to their unpublished GAPDH monomer electrostatic potential 

calculations (5). That is why the ternary BsGAPDH structures have GAP occupying the 

Ps-site only, rather than the Pi site as proposed in the flip-flop model.  Also, in structure 

1DC4 (11), with GAP covalently bound to Cys149 forming the hemiacetal intermediate, 

the GAP phosphoryl group binds the new Pi-site only because the empty NAD+ binding 

site forms a less attractive Ps-site. 
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Figure 2.10.  A view of the 50 mM Q subunit Ps-site interactions.  All of the TaGAPDH 

phosphate subunits share the conserved interactions (green dashed lines) with Arg230, 

Arg194, Thr1791 and NAD+.  The subunits in 50 mM phosphate structure have 

additional hydrogen bonds with solvent (black dashed lines) and water-mediated 

interactions with the Pi-site phosphates, NAD+, and side chains. The dashed lines indicate 

hydrogen bonds ≤ 3.3 Å. 
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Table 2.4 Interactions between the substrate phosphate group and active site residues in 

the 50 and 100 mM phosphate structures. 

 
50 MM  O P Q R A B C D 
Thr179 2.70 2.68 2.71 2.69 2.75 2.68 2.71 2.80 
Arg194 2.95 2.93 3.00 2.91 2.82 2.86 2.93 2.96 
Arg230 2.97 2.95 2.96 2.91 2.98 2.95 2.96 2.93 
NAD-
NO´2 

2.93 2.67 2.80 2.90 297 3.07 2.74 2.82 

H2O(#) 1460 
791 

1246 
370 

349 
1233 
732 

666 
499 

1059 
846 

399 
981 

1091 
1352 
765 

635 
423 

100 mM O P Q R A B C D 
Thr179 2.84 2.54 2.90 2.66 2.58 2.80 2.55 2.80 
Arg194 2.83 3.10 2.95 3.17 3.35 2.95 3.28 2.95 
Arg230 2.90 3.30 2.78 2.91 2.91 3.09 3.08 3.06 
NAD-
NO´2 

3.48 2.59 2.82 2.99 3.10 2.81 2.80 2.84 

H2O(#) NA 99 156 
183 

218 299 319 374 435 

 
Distances are in Å. 
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Movement of the inorganic phosphate binding loop.   

A strand-loop-helix substructure is critical for binding phosphate ion in the Pi-site 

in all GAPDHs. This region corresponds to residues 205-213 of TaGAPDH (Figures 

2.11, 2.12).  As described above, there are generally two conformations for the Pi-site, 

classical and new, and the same terms can be used to describe the location of the Pi-

binding loop whose residues interact with phosphate helping orient it into the Pi-site.   In 

the majority of the NAD+-specific GAPDH structures, the Pi-binding loop is found in the 

classical conformation, which places the highly conserved Gly208 ~10 Å from the 

catalytic cysteine.  The new conformation of the Pi-binding loop, now ~3 Å closer to the 

active site cysteine, pushes the Pi-site ~3.0 Å closer to the catalytic cysteine (4,8).  This 

new conformation, found in few GAPDH structures, does not always correlate with the 

phosphate or sulfate ion concentration of the crystals.   

We thought it would be of interest to see if we could induce movement of the Pi-

binding loop by addition of phosphate buffer. We chose 50 mM phosphate because it 

represents the cellular phosphate concentration and 100 mM phosphate because it has 

been shown to induce loop movement in LmGAPDH (8).  

Surprisingly, electron density maps for the phosphate-bound structures showed 

evidence for both the classic and new conformations of the Pi-binding loop.  The 50 mM 

and 100 mM structures presented here are the first structures to have two conformations 

of the Pi-binding loop (residues 205-213) and phosphate modeled into both the classical 

and new Pi-site in the same subunit.  The electron-density maps (Figure 2.13) were of 

sufficient quality to build alternative conformations for residues in the Pi-binding loop in 

all of the 16 subunits in the two structures.  Met227 also adopts two conformations in the 
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phosphate-bound structures, and thus movement of the Pi-binding loop seems to induce 

movement of Met227.   
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Figure 2.11.  Sequence alignment of GAPDH structures that show movement of the Pi-

binding loop.  TaGAPDH (185) has pairwise identities of 48% with 1A7K, 63% with 

1HDG, 50% with 1CRW (Chinese lobster) and 49% with 1DC4.  Secondary structure 

was assigned by DSSP from 2G82.  Identical residues are denoted by white type on a 

black background. Black stars denote the flexible strand-loop-helix substructure that 

binds Pi (8).  This alignment was generated by the program ESPript. 
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Figure 2.12.  Cartoon of the Pi-binding loop (red) in TaGAPDH.  The catalytic cysteine 

is shown in spheres and NAD+ as sticks.
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Figure 2.13.  The Pi-binding loop in 50 mM phosphate structure.  The maps were made 

by omitting the new Pi-binding loop conformation (205-213), new Pi phosphate, and 

surrounding water molecules and running refinement with only the classic loop at full 

occupancy.  The 2Fo-Fc electron density map (blue) is contoured at 1σ and the negative 

(red) and the positive (green) Fo-Fc maps are contoured at -2.5σ and 2.5σ.  
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In each subunit of the phosphate-bound structures, the Pi-binding loop adopts the 

classic conformation plus one of two other conformations, which we refer to as new1 and 

new2.  Conformation new1 (Figure 2.14A) is equivalent to the previously described 

conformation found in 1a7k and includes movement of the whole loop 205-213.  In 

new1, the loop moves as much as 3.8 Å from the classical location toward the active site, 

and the Pi phosphate is repositioned by ~4.1 Å towards Cys149.  Conformation new2 

(Figure 2.14B) displays movement of only residues 205-209.   As with conformation 

new1, the new2 conformation is shifted toward the active site relative to the classic 

conformation. 
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Figure 2.14.  Conformations of the Pi-binding loops.   The classic conformation of the Pi-

binding loop is colored green and grey in A, and B, respectively.  A, New1 conformation 

of the new Pi-binding loop displayed by the 50 mM Q subunit. The new1 conformation is 

shown in grey.  Water molecules, colored red and grey, correspond to classic and new1 

conformations, respectively.  B, The new2 conformation displayed by the D subunit. The 

new2 loop is colored cyan, and residues 205-213 and the phosphates are labeled.  
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  Comparing conformation new1 found in our phosphate-bound structures to other 

available GAPDH structures shows that it superimposes well (Figure 2.15) with 1A7K 

and 1GYP that have an overall RMSD of 1.2 Å for all the Cα atoms. The phosphates 

occupying the new Pi-site and the Ps-site superimpose within 0.4-1.2 Å when compared 

to those of the 1A7K with the 100 mM structure showing the best fit, as is expected since 

1A7K was grown in 100 mM sodium phosphate (8).  Due to the resolution of our 

structures, we made no attempt to refine occupancies for the two Pi-sites from that of 

50/50, but it is possible that they exist at a different ratio in some of the subunits.  There 

might be a preference for one site over the other when comparing the maps between the 

50 and 100 mM phosphate structures, with the new Pi-site phosphate having stronger 

density, but due to the 2.23 Å resolution, we cannot say this definitively. 

 When comparing our phosphate containing structures to structures in complex 

with GAP or GAP analogues (1NQA, 1ML3, and 1QXS), the structures support the flip-

flop model of phosphate binding.  1NQA, 1NQO, 1ML3, and 1QXS have substrates with 

their phosphate moiety bound in the Ps-site (Figure 2.16).  Interestingly, none of the 

structures have an occupied new or classic Pi-site, and the authors of each paper offer 

different interpretations as to why.  As explained above, the Ps-site appears to be the 

higher affinity phosphate site, so GAP in 1NQA binds but does not induce movement of 

the Pi-binding loop (Figure 2.16A).  However, the binary (GAPDH/NAD+) BsGAPDH 

structures (1NPT, 1NQ5) show slight movement, 0.2–1.1 Å, of the loop 206-210 

(TTTGA), even though only the Ps-site contains sulfate.  The EcGAPDH (11), 

LmGAPDH, trypanosomatid, Palinurus versicolor (33), and plasmodium (34) GAPDH 

structures all have either an Ala or Gly at the residue 194 instead of the more 
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Figure 2.15.  Superimposed conformations of the Pi-binding loops from different 

GAPDHs.  1A7K new Pi-binding loop (salmon) superposed onto the 50 mM B subunit, 

with the classic and the new Pi-binding loops colored cyan and grey, respectively.
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Figure 2.16.  Stereoview of superimposed conformations of the Pi-binding loops from 

different GAPDHs.  These cartoons show the flexibility of the Pi-site and the rigidity of 

the Ps-site and the lack of movement in the Pi-binding loop when the Ps-site is occupied 

in these structures.  A, the BsGAPDH ternary complex superposed onto 50 mM B subunit 

displays the location of the GAP phosphoryl in the Ps-site and the Pi-binding loop.  

1NQA is colored purple, with the classic and new Pi-binding loop colored green and 

grey, respectively.  Water molecules colored red and purple are conserved between the 

two structures and interact with the active site residues and phosphates.  B, 1QXS 

superposed onto 50 mM Q subunit displays the location of the two HOP (S70) 

phosphoryl groups.  Subunit Q is colored as in A, and 1QXS is colored yellow, with one 

phosphoryl group in the Ps-site and the other positioned between the classic and new Pi 

sites. The superimposition shows there is no movement of the 1QXS Pi-binding loop 

toward the active site.  C, 1ML3 superposed onto 50 mM B subunit displays the location 

of the two covalently bound CYX phosphoryl groups.  1ML3 is colored green with the 50 

mM classic and new Pi-binding loop colored cyan and grey respectively. One CYX 

compound has its phosphoryl group squarely in the Ps whereas the other has it positioned 

≥3 Å away from the classic and new Pi sites. 1ML3 displays no Pi-binding loop 

movement toward the active site when compared the classic Pi-binding loop of the 

TaGAPDH phosphate bound structures.  
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prevalent Arg, thus removing a residue capable of further stabilizing the Ps phosphate 

(Figure 2.10) and reducing the positive charge. 

Based on the above information, the parasitic GAPDHs would be more likely to 

bind GAP or a GAP analogue in the Pi-site and possibly induce loop movement.  

However, this is not the case, as the TcGAPDH structure 1QXS has the [3(R)-hydroxy-2-

oxo-4-phosphonoxybutyl]phosphonic acid (HOP) phosphoryl bound in the Ps-site (32).   

The structure (Figure 2.16B) clearly shows that one of the two phosphoryl groups of 

HOP, a structural analogue of BPGA (IC50 = 2.0 mM), binds to the Ps-site, and the other 

binds ≥ 4.0 Å from the classic and ≥ 2.0 Å from the new Pi-sites found in our 50 mM 

phosphate structure.  

The GAP analogue 3-(p-nitrophenoxycarboxyl)-3-ethylene propyl 

dihydroxyphosphonate (CYX) covalently attached to the catalytic cysteine (thioester) in 

1ML3 superposes to very similar positions (Figure 2.16C) (7).  In both subunits B and C, 

there is a covalently bound Cys166 and CYX with dual conformations at half occupancy. 

Each subunit also has NAD+ at half occupancy.  In the D subunit of 1ML3, the NAD+ is 

at full occupancy and the CYX phosphoryl moiety is found only at the Ps-site, whereas 

subunit A does not have an inhibitor bound, likely due to its lack of NAD+ which results 

in low affinity Ps-site (7).  Inspection of the 2Fo-Fc maps for 1ML3 reveals poor density 

for the majority of the half-occupancy NAD+ and the dual CYX ligands in subunit B and 

C.  Neither structure, when compared to TaGAPDHs phosphate structures, shows much 

movement in the Pi-binding loop.  The RMSD for all the Cα atoms was 1.2 Å.  We saw 

similar poor density for NAD+ in the structure of human placental GAPDH (1U8F) and 

chose not to include NAD+ in the O subunit (35).  Castilho et al., questionable refinement 
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of the occupancy for both NAD+ and CYX at 2.5 Å resolution and the poor electron 

density suggests that the sites should have been left empty, leaving a structure with one 

NAD+ molecule and one CYX molecule with the phosphoryl group in the Ps-site only.  

The CYX ligand also lacks a hydroxyl group at the C2 position that others (5,11) 

have found important for binding of D-GAP in the R configuration and for interactions 

with Cys149, Thr179, NAD+, and solvent in the active.  The GAPDH-hemithioacetal 

structure 1DC4, 1NQO, and 1NQA clearly show the importance of the hydroxyl for 

stabilizing each GAP conformation.  It can be clearly seen that GAP in the 1DC4 

structure has its phosphoryl group in the Pi-site, and that the Pi-binding loop is in it new 

position (Figure 2.17). The structure 1DC4 was solved from crystals of the apo-

EcGAPDH soaked in GAP (11).  Thus, NAD+ was not present in the structure, and with 

no positively charged Arg230-like residue there is a weaker Ps-site than that of 

BsGAPDH, possibly leading to the phosphoryl binding to the Pi-site.  

Overall, the 1NQA, 1NQO, 1DC4, 1ML3, and 1QXS structures support the flip-

flop model that states that the C3 phosphate of GAP occupies both phosphate sites at 

different times during the reaction.  However, according to the trypanosomatid structures 

(7,32,36), the rotation occurs between the Cys149 S-C1 bond of GAP and not the C1-C2 

bond, as generally accepted (1,5,11,37). The remaining question is when does this flip-

flopping occur during the catalytic cycle?  According to Castilho et al. (7), the 

trypanosomatid structures show flip-flopping is related to the cofactor exchange process, 

whereas Yun et al. (11) suggest it  occurs before hydride exchange.   However, if the 

questionable 1QXS B and C subunits displaying a covalently bound GAP analog 

phosphoryl group in the Ps-site are disregarded.   
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Figure 2.17.  A view of the active site of 50 mM structure superposed on to the GAPDH 

hemiacetal structure.  The 50 mM phosphate B subunit superposed onto EcGAPDH 

hemiacetal complex (1DC4) displays the location of the covalently bound GAP 

phosphoryl in the Pi-site and the movement Pi-binding loop.  50 mM phosphate B subunit 

(grey) superposed onto 1DC4 (cyan).  
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The BsGAPDH ternary structures clearly advocate the initial binding of the GAP 

phosphoryl to the Ps-site before formation of a covalent bond with cysteine.  The 

EcGAPDH 1DC4 structure demonstrates that the GAP phosphoryl can bind to the new 

Pi-site after the formation of the hemiacetal.  We therefore propose a revised flip-flop 

model consisting of the following steps: 

(a) GAP initially binds to GAPDH with the phosphoryl group in the Ps-site (5,7).  

Formation of the covalent bond between GAP and the catalytic cysteine (hemithioacetal) 

causes the phosphoryl group to flip to the new Pi-site where it is stabilized by interactions 

with His176 (11), the Pi-binding loop, the conserved residues Thr150, and Ser148.  

(b) After cofactor exchange, the thioester phosphoryl group flips to the Ps-site 

allowing the Pi-site to be occupied by inorganic phosphate during the phosphorylation 

step.  The new NAD+ is stabilized by hydrogen bonding between the O2′ of the 

nicotinamide ribose and the thioester phosphoryl, and the NAD+ in turn enhances (4) the 

phosphorolysis of the thioester.  

We propose renaming the Pi-sites given that all the characterized GAP and GAP 

analogue structures to date have failed to show an occupied classic Pi-site.  The “new Pi-

site” should be called the “high-affinity Pi-site” and the “classic Pi-site” renamed to “low 

affinity Pi-site” as it seems to represent a weak binding site that is occupied only at high 

phosphate/sulfate concentrations.   
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CONCLUSION 

In conclusion, we have determined three TaGAPDH crystal structures, 

corresponding to phosphate concentrations zero, 50 mM, and 100 mM.  Our structures 

show that the Pi-binding loop is quite flexible as illustrated by multiple conformations of 

residues 205-213 in 50 mM and 100 mM structures.  The structures presented herein and 

the structures of others (5,7) clearly show that, at high and low phosphate concentrations, 

the fully formed Ps-site (NAD+ bound) represents the first choice for phosphoryl binding.   

The Pi-sites, which we propose have lower affinity than the Ps-site, are occupied in 

subsequent steps during the catalytic cycle.  The determination of more GAPDH 

structures having NAD+ and covalent reaction intermediates bound to Cys149 might help 

further our understanding of the GAPDH reaction.  They would also be helpful in the 

structure-based design of inhibitors to trypanosomatid and plasmodium GAPDHs. 
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ABSTRACT 

 PutA (Proline Utilization A) from Escherichia coli is a 1320 amino acid residue 

protein that functions as both a bifunctional proline catabolic enzyme and transcriptional 

regulator of put genes.  As a regulatory protein, E. coli PutA functions as an autogenous 

transcriptional repressor by virtue of a DNA-binding domain located in the N-terminus of 

the protein.  Here we report the first crystal structure of a PutA DNA-binding domain.   

Crystals were grown using a polypeptide corresponding to residues 1-52 of E. coli PutA 

(PutA52).  The structure of native PutA52 was determined to 1.9 Å resolution and the 

structure of PutA52 mutant Lys9Met was solved at 2.1 Å resolution.  Residues 3-46 form 

a ribbon-helix-helix (RHH) substructure, which establishes PutA as the largest example 

of a RHH protein to date.  The PutA RHH domain forms the intertwined dimer that is 

characteristic of the RHH family.  Comparison of PutA52K9M to other RHH proteins 

reveals structural features unique to the PutA RHH subfamily.  These subfamily-defining 

features include a glycine (Gly7 in PutA) in a critical position of the β-sheet, arginine on 

the surface of the first helix (Arg15 in PutA), absence of Gly in the inter-helix turn 

(Asp26 in PutA), a proline (Pro29) at the N-terminus of the second helix, and a solvent 

exposed tryptophan (Trp31) in the second helix. Homology models of the PutA RHH 

domain complexed with DNA predict that Lys9 and Thr5 contact DNA bases through the 

major groove, while Arg15, Thr28 and His30 interact with the phosphate backbone.  We 

demonstrate that mutation of Lys9 to Met in full-length E. coli PutA eliminates binding 

to put control intergenic DNA, which shows that Lys9 is essential for specific DNA 

binding.  These results provide new insights into the structural basis of PutA dimerization 

and DNA recognition. 
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INTRODUCTION 

Proline utilization A (PutA) is a large, membrane-associated bi-functional enzyme 

that catalyzes the sequential two-step oxidation of proline to glutamate (1-6). In the first 

step, proline is oxidized to ∆1-pyrroline-5-carboxylate (P5C) by the FAD-dependent PutA 

proline dehydrogenase (PRODH) domain.  P5C is hydrolyzed nonenzymatically to 

glutamic semialdehyde, and the semialdehyde is oxidized to glutamate by the NAD+-

dependent PutA P5C dehydrogenase (P5CDH) domain. PutAs typically contain 1000-

1300 amino acid residues, with the PRODH domain located in the N-terminal half of the 

polypeptide chain and the P5CDH domain located in the C-terminal half.   PutA is almost 

exclusively found in gram-negative bacteria.  In contrast, PRODH and P5CDH appear as 

separate enzymes encoded by distinct genes in most gram-positive bacteria (7) and 

eukaryotes (8).   

In addition to their dual catalytic functions, some PutAs are responsible for 

transcriptional regulation of the proline utilization genes, putA and putP (encodes the 

high affinity Na+-proline transporter) (9-14).  Examples of this PutA subfamily include 

PutA from Escherichia coli, Salmonella typhimurium and Pseudomonas putida.  These 

“trifunctional” PutAs repress expression of the put genes, which are transcribed in 

opposite directions, by binding to the put intergenic DNA region.  PutA switches from a 

transcriptional repressor to a membrane bound enzyme by translocating from the 

cytoplasm to a peripheral position on the membrane, where proline is efficiently 

converted to glutamate.  Reduction of the PutA FAD cofactor by the substrate proline 

triggers PutA to associate with the membrane, thus disrupting PutA-DNA association and 

activating transcription of the put genes (2, 6, 14, 15).    
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E. coli PutA is a polypeptide of 1320 amino acids and purifies mainly as a dimer 

with a molecular mass of ~293 kDa (10).  We have previously determined crystal 

structures of the PRODH domain bound to various inhibitors using a truncated protein 

corresponding to residues 86-669 of E. coli PutA (16, 17).  The structures showed that the 

core of the PRODH domain is a unique β8α8 barrel (residues 263 - 561) with α8, which 

contains essential catalytic residues Arg555 and Arg556, located above the carboxyl face 

of the barrel rather than alongside the barrel.  Prior to the work described below, the 

PRODH domain was the only PutA domain to be structurally characterized. 

We recently showed that the DNA-binding domain of E. coli PutA is contained in 

residues 1 – 47, based on a combination of molecular dissection experiments and amino 

acid sequence similarity analysis (18).  The former approach established that a 

polypeptide corresponding to PutA residues 1 – 47 (PutA1-47) exhibited in vivo 

transcriptional repressor activity and bound specifically to put intergenic DNA in vitro 

with Kd = 15 nM.  The latter approach suggested that PutA belongs to the ribbon-helix-

helix (RHH) family of transcription factors.    

As part of our ongoing studies of PutA structure and function, we report the first 

crystal structures of a PutA DNA-binding domain.  Crystals of this domain were obtained 

from a polypeptide corresponding to E. coli PutA residues 1-52 (PutA52). The PutA52 

structures show that PutA belongs to the RHH family, which establishes PutA as the 

largest RHH family member.  The PutA RHH domain forms the tight, intertwined dimer 

that is characteristic of the RHH family.  Based on analysis of the structure and 

comparison to other RHH proteins, we propose several residues that may be important for 

dimerization and DNA recognition.  We tested one of these predictions by mutating Lys9 
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to Met in full-length PutA, which abrogated binding to put intergenic DNA.   These 

structures provide key information for understanding structure-function relationships in 

PutA and new insights into the functional domain arrangement of PutA. 
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EXPERIMENTAL PROCEDURES 

Materials.   

Unless stated otherwise, all chemicals and buffers were purchased from Fisher 

Scientific and Sigma-Aldrich, Inc.  Restriction endonucleases and T4 DNA ligase were 

purchased from Fermentas and Promega, respectively.  BCA reagents used for protein 

quantitation were obtained from Pierce.  All experiments used 18 MΩ water.  E. coli 

strains XL-Blue and BL21 (DE3) pLysS were purchased from Novagen.  The put 

intergenic DNA (419 base pairs) used for DNA binding assays was prepared as described 

previously using genomic DNA from E. coli strain JT31 (18). 

 

Subcloning and Site-directed Mutagenesis of PutA and PutA52.  

The region of the putA gene that codes for the N-terminal 52 amino acids of E. 

coli PutA was PCR-amplified using the construct PutA-pET23b (19) as a template.  The 

T7 promoter primer and the primer 5'-GCGATACTCTGCTCGAGCTACCTGCGC-3', 

which introduced a XhoI site, were used for the PCR reaction. The PCR-amplified 

putA52 gene product was subsequently subcloned into pET23b using NdeI and XhoI to 

produce the plasmid PutA52-pET23b.  The encoded protein includes residues 1-52 and a 

noncleavable C-terminal His6 tag.  

A PutA52 construct containing a cleavable N-terminal His8 tag was generated by 

mutagenesis of the plasmid PutA-pKA8H.  Using QuickChange, the codon for Leu53 

was mutated to an ochre (UAA) stop codon using the following oligonucleotide and its 

complement: 5’- GCGATACTCTGCCGGAGTAACCTGCGCTG CTTTCTG-3’.  The 
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encoded protein includes a His8 tag, followed by a tobacco etch virus protease (TEVP) 

cleavage site and PutA residues 1-52.    

Plasmids coding for E. coli PutA mutant Lys9Met (PutAK9M) and PutA52 

mutant Lys9Met (PutA52K9M) were prepared using the QuikChange (Stratagene) site-

directed mutagenesis kit with PutA-pET23b and PutA52-pET23b serving as the 

templates.  The following oligonucleotide and its complement were used for Lys9Met 

mutagenesis: 5'- ACCATGGGGGTTATGCTGGACGACGCG-3'.  The clones and site-

directed mutants were confirmed by nucleic acid sequencing. 

 

Preparation of PutA Proteins for DNA-binding Studies. 

 E. coli PutA, PutAK9M, and PutA52 were expressed as C-terminal His6 tag 

fusion proteins from pET23b in E. coli strain BL21(DE3) pLysS using protocols similar 

to those used previously for PutA proteins (16, 18), except that expression of PutA52 was 

induced with IPTG at 25° C for 6 h.  After purification, PutAK9M was dialyzed into 70 

mM Tris (pH 8.1) containing 2 mM EDTA, whereas PutA52 was dialyzed into 50 mM 

potassium phosphate buffer (pH 7.5) containing 0.2 M NaCl.  The C-terminal His6 tags 

were retained after purification.  The purity of each protein was greater than 95% as 

judged by SDS-PAGE analysis.  Protein concentration was determined using the BCA 

method (Pierce) with bovine serum albumin as the standard and spectrophotometrically 

using a molar extinction coefficient of 12,700 M-1 cm-1 (λ = 451 nm) for PutA and 

PutAK9M, and an extinction coefficient of 6970 M-1 cm-1 (λ = 280 nm) for PutA52 (4).   
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DNA Binding Assays.   

Nondenaturing gel electrophoretic mobility shift assays were used to test the 

binding of C-terminally His-tagged PutA proteins (PutA, PutAK9M, PutA52) to put 

control intergenic DNA as described previously (18).  Fluorescently labeled put 

intergenic DNA was used in the binding reactions.  This reagent was prepared by PCR 

amplification of the put intergenic DNA using a synthetic oligonucleotide labeled at the 

5' end with IRdye-700 (LI-COR, Inc.).  The PutA-DNA complexes were separated using 

a polyacrylamide (4%) nondenaturing gel at 4° C as previously described (18).  Calf 

thymus competitor DNA (100 µg/ml) was added to the binding mixtures to prevent 

nonspecific PutA-DNA interactions.  The gels were visualized using a LI-COR Odyssey 

Imager. Measurement of the dissociation constant for binding of PutA52 to put intergenic 

DNA gave a value of 10.3 ± 2.4 nM (data not shown), which is similar to previously 

determined values for PutA (Kd = 45 nM) and PutA47 (Kd = 15 nM) (4, 18).  

 

Preparation of Selenomethionyl PutA52K9M.   

The selenomethionyl (Se-Met) derivative of PutA52K9M was expressed as C-

terminal His6 tag fusion protein from pET23b in E. coli strain BL21(DE3)pLysS using 

the metabolic inhibition method (20).  The cells were grown in 1.0-L of M9 media at 37 

°C and 250 rpm until the optical density (λ = 600 nm) reached 0.8.  An amino acid 

mixture containing selenomethionine (20) was added to the cultures and incubation 

continued at 37 °C and 250 rpm for an additional 30 min.  The cultures were induced by 

addition of 0.5 mM IPTG and incubation was continued for 8 h at 22 °C and 200 rpm. 
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Pelleted E. coli cells were resuspended on ice in binding buffer (20 mM Tris, 5 

mM imidazole, 0.5 M NaCl, pH 7.9) supplemented with Benzonase nuclease (2.5 U/mL), 

1 mM dithiothreitol and five protease inhibitors (0.1 mM TPCK, 0.05 mM AEBSF, 0.1 

µM Pepstatin, 0.01 mM Leupeptin, 5 µM E-64).  The resuspended cells were disrupted 

with two passes through a French pressure cell at 110 MPa and placed on ice.  The 

disrupted cells were centrifuged at 35,000 x g and 4 °C for 45 min.  The supernatant 

fraction was collected, placed on ice, and subsequently added to a Ni-NTA affinity 

column equilibrated with binding buffer.  Contaminating proteins were removed from the 

column by successive washes with the binding buffer followed by the binding buffer 

supplemented with 20 mM imidazole.   PutA52K9M was eluted with the binding buffer 

supplemented with 500 mM imidazole.  The purified protein sample was dialyzed 

overnight against 2.0 L of 70 mM Tris pH 8.1 buffer containing 2 mM EDTA, 5 mM 

dithiothreitol, and 5% glycerol.   The protein was concentrated to 18 mg/mL using a 

centrifugal concentrator.  Protein concentration was determined using the Bradford 

method (Pierce Coomassie Plus).  SDS-PAGE analysis using a Coomassie protein stain 

method demonstrated that the protein preparations were purified to greater than 95 % 

homogeneity.  The C-terminal hexahistidine affinity tag was not removed.  Mass spectral 

analysis of PutA52K9M and Se-Met PutA52K9M indicated molecular masses of 6662.9 

Da and 6754.42 Da, respectively, suggesting an average incorporation of 2 Se per 

polypeptide chain. 

 

Preparation of PutA52 for Crystallization Trials. 
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PutA52 for crystallization trials was expressed as an N-terminal His8 tag fusion 

protein in E. coli strain BL21(DE3)pLysS.  Cells were grown in 4.0-L of LB media at 37 

°C with rotation rate of 250 rpm until the optical density reached A600 = 0.5.  The 

temperature and rotation rate were reduced to 25 °C and 220 rpm, respectively, and IPTG 

was added to a final concentration of 0.5 mM.  After 4 hours of induction, the cells were 

harvested and disrupted as described above for PutA52K9M. 

The protein was purified using Ni-affinity chromatography as described above for 

PutA52K9M.  The His8 tag was removed by incubating the purified protein with His-

tagged TEVP for 2 h at 30° C followed by dialysis overnight into 50 mM Tris-HCl pH 

8.0 and 300 mM NaCl.  The mixture was loaded onto the Ni-affinity column and the 

flow-through was collected.  Tag-free PutA52 was then dialyzed into the pre-

crystallization buffer (20 mM Tris pH 8.0, 125 mM NaCl, and 5 mM Imidazole) and 

concentrated using a centrifugal concentrator to 25 mg/ml.  Protein concentration was 

measured using the BCA method (Pierce). 

 

Crystallization of PutA52 and Se-Met PutA52K9M. 

Crystallization trials for both proteins were performed at 22 °C using the hanging 

drop method of vapor diffusion with drops formed by mixing equal volumes of the 

reservoir and protein solutions.  Commercially available crystal screen kits (Hampton 

Research and Decode Genetics) were used to identify initial crystallization conditions. 

Rod-shaped crystals of PutA52 grew in Index condition 57 (50 mM ammonium 

sulfate, 50 mM Bis-Tris pH 6.5, 35% pentaerythritol ethoxylate (15/4 EO/OH)).  The 

mother liquor provided cryoprotection, so the crystals were simply picked up with 
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Hampton mounting loops and plunged into liquid nitrogen. These crystals belong to the 

space group P41212 and have unit cell dimensions of a = 55.73 Å, c = 125.02 Å.  There 

are 4 PutA52 chains per asymmetric unit, with 39 % solvent and Matthews coefficient of 

2.0 Å3/Da (21).  

A monoclinic crystal form of Se-Met PutA52K9M was obtained from Index 

reagent 7.  After optimization, crystals were grown over reservoir solutions of 1.7 - 3.0 M 

NaCl, 0.1 M Na citrate pH 3.0 - 5.5 and 5 mM dithiothreitol.  In preparation for low 

temperature data collection, the crystals were equilibrated in a solution of 3.2 M NaCl, 

0.1 M Na citrate pH 3.0, 5 mM dithiothreitol and 30 % glycerol.  The crystals have space 

group C2 with unit cell dimensions of a = 72.1, b = 91.5, c = 69.6, β = 119.2°.  There are 

6 PutA52K9M chains per asymmetric unit, with 50 % solvent and Matthews coefficient 

of 2.5 Å3/Da.  

 

Structure Determination of PutA52K9M.   

The structure of PutA52K9M was solved using multiwavelength anomalous 

dispersion (MAD) phasing from data collected at Advanced Light Source beamline 4.2.2.  

Following acquisition of an absorption spectrum from one crystal, three data sets were 

collected from a second crystal at wavelengths corresponding to the peak of absorption 

for Se, ascending inflection point and a remote low energy.   Each data set consisted of 

360 frames collected with oscillation angle of 1 degree per frame, exposure time of 1 s 

per frame and detector distance of 125 mm.  The data frames were accumulated by 

iterating through the three collection energies in 2° wedges in order to minimize errors 

due to radiation damage.  Integration and scaling were performed using d*trek (22).  I+ 
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and I- were treated as equivalent reflections during scaling. Data collection and 

processing statistics are listed in Table 3.1.  

SOLVE (23) was used to determine the Se substructure and RESOLVE (24) was 

used for density modification and automated electron density map interpretation.  

SOLVE found all 12 of the expected Se sites in the asymmetric unit and the resulting 

MAD phases had figure of merit = 0.48 for 20 - 2.2 Å data.  After density modification, 

the figure of merit increased to 0.54 for all reflections.  The backbone tracing from 

RESOLVE consisted of 6 chains having a total of 256 residues with the sequence 

assigned to 229 residues.  The model was improved with several rounds of model 

building in COOT (25) followed by refinement with REFMAC5 (26) against the remote 

energy data set.  Six chloride ions were modeled at the locations of strong spherical 

electron density features that appeared in Fo-Fc maps at levels of 11 – 16 σ.  When water 

molecules were modeled at these sites, Fo-Fc density was observed at levels of 6.5 – 8.0 

σ.  Each chloride ion binds between two PutA52K9M protomers and interacts with the 

guanidinium of Arg27, indole N-H of Trp31 and backbone amine of Met9.  Refinement 

statistics for the final model are listed in Table 3.1. Coordinates and structure factors have 

been deposited in the Protein Data Bank (PDB, (27)) under accession code 2AY0.  

  

Structure Determination of PutA52.  

A data set consisting of 180 frames was collected at ALS beamline 4.2.2 with 

oscillation angle of 1° per frame, exposure time of 5 s per frame, and detector distance of 

110 mm.  Integration and scaling calculations were performed with d*trek.  Data 

collection and processing statistics are listed in Table 3.1.  
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The structure of PutA52 was solved with molecular replacement using a 

PutA52K9M monomer as a search model.  Phaser (28) was used for molecular 

replacement calculation using data in the range 51 - 2.5 Å resolution.  The best solution 

was found for group P41212 as indicated by an absence of steric clashes, log-likelihood 

gain value of 1133.63, and Z-score of 25.  The model from molecular replacement was 

improved with rigid-body refinement followed by several alternating rounds of model 

building with COOT and restrained refinement with REFMAC5 (with TLS).  A strong 

electron density feature consistent with a small planar molecular was present in all four 

chains near Gln35.  The pre-crystallization buffer contained 5 mM imidazole, which lead 

us to build one imidazole molecule into each location.  Each bound imidazole molecule is 

sandwiched between the aromatic rings of Trp31 and Phe38 and forms a hydrogen bond 

with the side chain of Gln35.  After refinement, the imidazole molecules had an average 

B-factor of 39 Å2.  Coordinates and structure factors have been deposited in the PDB and 

assigned the accession code 2GPE.  See Table 3.1 for refinement statistics.   

The programs CNS, CCP4i, and Pymol (29) were used for structural analysis. 

Superimposition of structures and root mean square difference (RMSD) calculations were 

done using SSM (30) and CE (31).  

 

Modeling of PutA52/DNA Complex.  

 Qualitative models of PutA52 complexed with DNA were built using structures 

of Arc/DNA (PDB code 1BDT,(32)), MetJ/DNA (PDB code MJ2, (33)) and CopG/DNA 

(PDB code 1B01, (34)) as templates.  For each template, a PutA52 dimer, was 

superimposed onto the template structure by fitting the backbone of PutA52 β1 residues 
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5-9 (both subunits) to the equivalent residues of the template using CNS (35) (residues 9 

- 13 of Arc, residues 23 - 27 of MetJ, residues 4 - 8 of CopG).  Missing atoms of Lys9 

were added with COOT.  The resulting models of PutA52 were combined with the DNA 

coordinates from the respective template and input to energy minimization to relieve 

steric conflicts.  The minimization protocol consisted of 200 steps of conjugate gradient 

energy minimization in CNS using polar hydrogen atoms, 13 Å nonbonded cutoff and 

continuum solvent model (dielectric constant = 80).  
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Table 3.1. Data Collection and Refinement Statisticsa

 Se-Met PutA52K9M PutA52 

 Remote Inflection Peak  

Space group C2 C2 C2 P41212  

Wavelength (Å) 0.987121 0.979553 0.979144 1.2398 

Diffraction resolution 
(Å) 

36.5 - 2.1 (2.17 - 
2.10) 

36.5 - 2.1 (2.17 - 
2.10) 

36.5 - 2.1 (2.17 - 
2.10) 

50.9 - 1.9 (1.97 
-  1.90) 

No. of observations 171983 172046 172042 211825 

No. of unique 
reflections 

23035 23020 23013 16253 

Redundancy 7.47 (7.43) 7.47 (7.46) 7.48 (7.49) 13.03 (8.29) 

Completeness (%) 99.9 (99.9) 99.9 (99.9) 99.9 (99.9) 100 (98.0) 

Rmerge  0.045 (0.335) 0.051 (0.367) 0.075 (0.398) 0.043 (0.317) 

Average I/σ 21.4 (5.6) 18.4 (5.0) 13.8 (4.6) 25.5 (5.7) 

Wilson B-factor (Å2) 41 41 40 32.3 

PDB accession code 2AY0   2GPE 

No. of protein chains 6   4 

No. of protein residues 261   183 

No. of protein atoms 2072   1493 

No. of water molecules 67   68 

No. of chloride ions 6    

No. of imidazole 
molecules 

   4 

Rcryst 0.204 (0.234)   0.203 (0.257) 

Rfree
b 0.242 (0.295)   0.249 (0.364) 

RMSDc     

     Bond lengths (Å) 0.011   0.009 

 149



     Bond angles (deg.) 1.1   1.09 

Ramachandran plotd     

     Favored (%) 97.5   99.4 

     Allowed (%) 2.5   0.6 

     Generous (%) 0.0   0.0 

     Disallowed (%) 0.0   0.0 

Average B-factors (Å2)     

     Protein 41   36 

     Water 38   41 

     Chloride ions 35    

     Imidazole    39 
 

aValues for the outer resolution shell of data are given in parenthesis.  
 

b5% Rfree test set. 
 

cCompared to the Engh and Huber force field (36). 
 

dThe Ramachandran plot was generated with PROCHECK (37). 
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RESULTS 

Overall Fold.  

The asymmetric of monoclinic PutA52K9M contains 6 protein chains, which are 

labeled A-F, 6 chloride ions and 67 water molecules (Table 3.1).  The density modified, 

experimental electron density map was of very high quality (Figure 3.1A) and allowed 

unambiguous modeling of residues 3-44 of all 6 chains.  After a few rounds of model 

building and refinement, 2Fo-Fc maps revealed the locations of residue 2 of chains C and 

E, residue 45 of chains A, C, E and F, and residues 45-47 of chain D.  The remaining 

residues of PutA52K9M are presumed to be disordered. The 6 chains have pairwise root 

mean square differences (RMSDs) of 0.22 - 0.49 Å for Cα atoms, which indicates that the 

6 chains have, essentially, identical overall conformations. 

The tetrameric crystal form contains four PutA52 chains (labeled A-D), 68 water 

molecules and 4 imidazole molecules.  Initial electron density maps were of sufficient 

quality to allow for modeling of residues 2-47 in all chains.  After a several rounds of 

model building and refinement, chain A was extended to include residue 48 and chain D 

was extended to residue 49.  Alternative side chain conformations were modeled for 

Ser39 and Val8 (C and D chains).  The 4 chains have pairwise RMSDs of 0.22 - 0.53 Å 

for Cα atoms.  RMSDs between PutA52 and PutA52K9M chains are in the range 0.39 - 

0.69 Å, which indicates, essentially, identical conformations.     
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Figure 3.1. Structure of the PutA RHH domain.  (A) Stereo view of one PutA52K9M 

chain, covered by a figure of merit weighted electron density map (1 σ) calculated using 

amplitudes from the remote energy data set and density-modified MAD phases from 

RESOLVE.  This map was used to build the initial model of PutA52K9M.  The model 

shown is the final, refined structure of the D chain.  (B) Ribbon drawing of the PutA 

RHH dimer.  The two subunits are colored red and green.  Secondary structure elements 

are labeled β1, αA and αB for the green subunit. The blue patches indicate locations of 

Gly7, Lys9 (Met9), Asp26 and Pro29.  This figure, and others, were prepared with PyMol 

(29).  
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Each PutA52 chain exhibits the RHH fold (Figure 3.1B), consisting of a β-strand 

formed by residues 3-11 (β1) followed by two α-helices formed by residues 12-25 (αA) 

and 29-46 (αB).  The RHH subunits assemble into dimers.  Each dimer features an 

intermolecular antiparallel 2-stranded β-sheet (Figure 3.1B).  There are 8 - 9 main chain 

hydrogen bonds within the sheet.  The two subunits of the dimer intertwine such that αB 

of one subunit packs against all three secondary structural elements of the other subunit 

(Figure 3.1B). As a result, both subunits contribute nonpolar side chains to the 

hydrophobic core of the dimer.  The following residues are the largest contributors of 

intersubunit nonpolar buried surface area: Met6, Val8, Ile37, Tyr40, Leu41.  These side 

chains each bury 66 - 84 Å2 of surface area and all 5 residues are highly conserved in 

PutAs.  The intertwined subunits, intermolecular β-sheet and tightly packed hydrophobic 

intersubunit interface are all commonly found in other RHH proteins, which shows that 

PutA exhibits the classic RHH dimer structure. 
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Conserved RHH Sequence-Structure Relationships Present in PutA.   

Although the pairwise amino acid sequence identities between members of 

different RHH subfamilies are only 10-15 % (38), there are a few sequence motifs that 

are almost universally shared by RHH proteins.   

For example, there is usually a basic residue (Arg/Lys) in β1 that interacts directly 

with DNA bases through the major groove (Figure 3.2A).    RHH proteins have been 

classified according to whether this positively charged residue occurs at the beginning 

(type I) or at the end (type II) of β1 (39).    PutA52 has only one basic residue in β1 

(Lys9).  Lys9 is located at the end of β1 (Figure 3.1B), which indicates that PutA has a 

type II RHH fold.  For reference, the Arc repressor is another example of a type II RHH 

protein (32, 40).  Lys9 is highly solvent exposed, which is consistent with it playing a 

direct role in binding DNA.  Interestingly, electron density for Lys9 in PutA52 was rather 

weak and this side chain is disordered in 3 of the 4 chains.  Thus, DNA-binding induces 

structural ordering of Lys9. 

RHH proteins also have hydrophobic residues conserved at specific positions in 

β1, αA and αB (34), as indicated in Figure 3.2A.   All six positions are occupied by 

hydrophobic residues in PutA (Met6, Val8, Leu10, Ile18, Ile33, Ile37).  The side chains 

of these residues are directed toward the interior of the protein where they contact other 

hydrophobic side chains, thus forming a tightly packed core.  Note that these residues are 

highly conserved among PutAs (Figure 3.2B), which suggests all PutA RHH domains 

have the tightly packed hydrophobic core that is widely conserved in the RHH family.  
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Figure 3.2.  Amino acid sequence alignments of RHH and PutA proteins.  (A) Structure-

based sequence alignment of the E. coli PutA DNA-binding domain (PutA52) with other 

RHH domains.  The numbers above the alignment correspond to E. coli PutA.  The 

numbers on the left indicate the starting residue for each protein sequence.  Boxes 

indicate conserved basic residues of β1, conserved glycine in the turn between αA and 

αB and the Ncap of αB.  Stars below the alignment denote residues of β1 that typically 

interact with DNA.  Ovals below the alignment denote conserved hydrophobic residues 

of the RHH family. Triangles above the alignment indicate residues that we hypothesize 

are unique to the PutA RHH subfamily.  PDB accession codes for the sequences shown in 

this alignment are as follows: Arc (1BDT), Omega (1IRQ), ParG (1P94), NikR (1Q5V), 

MetJ (1CMC) and CopG (2CPG).  (B) Sequence alignment of 9 PutA DNA-binding 

domains.  Residues identically conserved in all 9 sequences are indicated in black.  Stars 

below the alignment denote residues of β1 that typically interact with DNA.  Ovals below 

the alignment denote conserved hydrophobic residues of the RHH family.  
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Figure 3.3. Comparison of the αA-αB loop regions of PutA52 and Arc.  PutA52 is 

colored magenta and Arc is colored white.  Residues are labeled as PutA52/Arc. 
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RHH proteins typically have a small, usually polar, residue at the Ncap position of 

αB (Figure 3.2A).  The role of this residue in the Arc repressor (Ser32) has been 

extensively studied using mutagenesis (41).  Only small, uncharged residues at this 

position (Ser, Cys, Ala, Thr, Pro, Asn) preserve both stability and strong operator 

binding, which suggests that such side chains strike a balance between the 

thermodynamic requirements of protein stability and DNA recognition (41).   As in Arc, 

the Ncap of αB in PutA is a small polar residue (Thr28, Figure 3.2B).  The hydroxyl of 

Thr28 forms a hydrogen bond with the backbone amine of Trp31 (Figure 3.3).  This 

interaction is analogous to the hydrogen bond between Ser32 and the amine of Ser35 in 

Arc (Figure 3.3).  In fact, the hydroxyl of PutA52 Thr28 perfectly overlaps the hydroxyl 

of Arc Ser32 after superposition of the two loops (Figure 3.3).  .  This type of Ncap 

interaction is also observed in NikR (Asn27) (42), Streptococcus pyogenes omega protein 

(Asn50) (43) and CopG (Ser27) (34), among others.  Note that Thr28 is identically 

conserved in PutAs, thus the corresponding Ncap hydrogen bond is likely to be conserved 

as well. 

 

Sequence-Structure Relationships Unique to the PutA RHH Subfamily.   

Amino acid sequence alignments suggest that PutA RHH domain sequences have 

several conserved residues that are not typically found in other RHH proteins:  Gly7, 

Arg15, Asp26, Pro29, and Trp31 (see Figure 3.2A, residues indicated by triangles).  

These PutA-specific residues could have important roles that enable the RHH domain to 

function within the unique context of the PutA polypeptide chain.  Accordingly, these 
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residues may be considered as defining features of the PutA RHH subfamily.  We 

analyzed the PutA52 structures to gain insights into the roles that these residues might 

play in PutA structure and function.     

PutA RHH domains have Gly as the middle residue (Gly7) in the triad of residues 

in β1 that typically form hydrogen bonds to DNA bases (Figures 3.1B, 3.2A).  Gly is an 

unusual choice for this position since it does not have a side chain capable of forming 

hydrogen bonds.  Gly9 is highly conserved in PutAs (Figure 3.2B), but it is not restricted 

to PutAs since some NikR sequences also contain Gly at the analogous location (44).    

More typically, NikR contains Ser or Thr at this position.   

Arg15 is conserved in PutAs, whereas hydrophobic residues typically occupy this 

position in other RHHs.  In Arc, for example, the analogous residue is Leu19.  The side 

chain of Arc Leu19 packs against the β-strand of the opposite subunit and contributes to 

the hydrophobic core.   Arg15 of PutA adopts different conformations in the two crystal 

forms.  In native PutA52, the density for Arg15 is rather weak but indicates that the side 

chain points out into solvent.  In Se-Met PutA52K9M, Arg15 is more ordered and forms 

an intersubunit hydrogen bond with the side chain of Thr4.  We note that intersubunit 

hydrogen bonding to this position on the β-sheet is not unprecedented in RHH domains.  

For example, NikR Gln2 forms analogous intersubunit hydrogen bonds to Asp 10 and 

Arg28.  As discussed in the next section, Arg15 may play a role in binding the DNA 

backbone. 

RHH proteins typically have a Gly in the turn that connects αA and αB (Figure 

3.2A).  This residue occupies the left-handed α-helix region of the Ramachandran plot 

(φ = ψ = 60°) and its unique backbone conformation is presumably important for 
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establishing the orientation of αB relative to that of αA.  In PutA, Asp26 replaces the 

conserved glycine (Figure 3.2A).  The carboxyl of Asp26 is directed toward solvent and 

does not interact with the protein (Figure 3.3).   As can be seen from the superimposition 

of PutA52 and Arc (Figure 3.3), the αA-αB loop conformation of PutA52 is nearly 

identical to that of Arc, despite substitution of Asp for Gly.   

Accommodation of Asp26 in the αA-αB is likely due to the fact the left-handed 

α-helix region is allowed for Asp (45).  In fact, only Gly and Asn are found more 

frequently than Asp in this region of the Ramachandran plot (45).  The complexity of the 

Ramachandran plot for Asp is due to its role as a helix terminator (45), which is a role 

that Asp26 plays in PutA (Figure 3.3).  We find that Asp26 in our structures occupies the 

left-handed α-helix region of the Ramachandran plot, thus Asp26 fulfills the structural 

role that is more commonly played by the conserved Gly in RHH proteins.  

Another unique aspect of PutA RHH domain sequences is that they have a 

conserved Pro at position 29 (Figure 3.2B).  This residue occupies the N-terminal 

position of αB (Figures 3.1B, 3.3).  Although Pro is sometimes known as a helix breaker, 

it has, in fact, a high propensity for occurring at the α-helix N-terminus (Ncap +1 position) 

as first discovered by Richardson and Richardson in 1988 (46) and later described in 

more detail by Kim and Kang (47).  Pro29 does not disrupt the i to i+4 hydrogen bonding 

of the αB; the carbonyl of Pro29 forms a hydrogen bond to the amine of Ile33 (3.0 Å).  

Note that the main chain of Pro29 overlaps perfectly with that of Arc33 (Figure 3.3), 

showing that proline is accommodated at this position of the RHH fold.  Thus, whereas 

the occurrence of Pro at the N-terminus of αB is unusual among RHH proteins, Pro is 

well suited for this location in the RHH fold. 
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Finally, PutA RHH sequences are unique in that Trp appears at position 31.  This 

residue is typically polar or charged in other RHH proteins (Figure 3.2A).  For example, 

Ser35 of Arc forms a water-mediated hydrogen bond to the DNA backbone (reference 

1BDT paper).  It is possible that the indole nitrogen of PutA Trp31 plays a similar role, 

although this N atom does not superimpose well with the hydroxyl of Arc Ser35 (Figure 

3.3).  Alternatively, Trp31 could play a PutA-specific role.  For example, since Trp31 is 

solvent exposed in PutA52, is possible that the aromatic ring of Trp31 mediates inter-

domain interactions by packing against a hydrophobic patch of another PutA domain.  

 

Residues Involved In Binding DNA.   

Crystal structures of Arc (32), MetJ (33) and CopG (34) complexed with DNA 

show that the β-sheet mediates the majority of protein/DNA interactions.  The RHH β-

sheet inserts into the major groove of DNA and typically 2-3 residues from each strand 

form hydrogen bonds with DNA bases and in some cases, the phosphate backbone.  

These important residues are Gln9, Asn11, Arg13 in Arc, Lys23, Thr25, Ser27 in MetJ 

and Arg4, Thr6, Thr8 in CopG (Figure 3.2A).  The analogous PutA residues are Thr5, 

Gly7 and Lys9.   The side chains of Thr5 and Lys9 are directed toward the solvent in our 

structure (Figure 3.5), which is consistent with their putative role in binding DNA.  The 

role of Gly7 is unclear at this time. 

To test the importance of Lys9 for DNA recognition, we engineered and 

characterized the Lys9Met mutant of full-length E. coli PutA (PutAK9M).  The 

biochemical properties of PutAK9M, such as enzyme activity, FAD absorbance spectrum 

and dimeric structure, were consistent with wild type PutA.  However, the DNA binding 
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activity of PutAK9M was significantly disrupted.  Gel-mobility shift assays failed to 

show binding of PutAK9M to put control DNA (5 nM) even at 800-fold excess of 

PutAK9M to DNA (Figure 3.4).  These results clearly show that Lys9 is essential for 

DNA-binding in PutA.   
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Figure 3.4. Gel mobility shift assay of wild type PutA and PutA mutant K9M. Wild type 

PutA (0.3 µM dimer) and PutAK9M (0.2-4 µM dimer) were incubated with IRdye-700 

labeled put control DNA (5 nM) for 20 min at 20° C in 50 mM Tris (pH 8.0) containing 

10 % glycerol and 100 µg/ml of nonspecific calf thymus DNA.  Protein-DNA complexes 

were separated using a nondenaturing polyacrylamide gel (4 %). 
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Figure 3.5. Model of the PutA RHH domain interacting with DNA. Subunits of the 

PutA52 dimer are shown in green and yellow.  Side chains are drawn for Thr4, Thr5, 

Lys9, Arg15, Thr28 and His30.  DNA is shown in CPK mode.  This model was built 

based on homology to the Arc repressor as described in Experimental Procedures. 
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Our homology models of PutA52/DNA show the ammonium group of Lys9 

within 3.8 Å of polar atoms of DNA bases (Figure 3.5).  In addition, the model based on 

the CopG structure has the hydroxyl of Thr5 within 3.0 Å of polar atoms of DNA bases.  

Thus, we predict that Thr5 and Lys9, which are identically conserved in PutAs, likely 

form direct hydrogen bonds with DNA bases.  

Homology models of PutA52 complexed DNA also suggest that Arg15, Thr28 

and His30 could interact with the phosphate backbone (Figure 3.5).  All of our models 

have the side chain of His30 within 3.5 Å of a DNA phosphate group, while models 

based on Arc and MetJ show the Arg15 guanidinium within 3.4 Å of a phosphate group 

and the models based on Arc have the side chain of Thr28 3.3 Å from a phosphate group 

(Figure 3.5).  

Arg15 was discussed in the previous section as being one of the PutA-specific 

residues.  Thr28 is the Ncap of αB, as discussed above.  This residue is highly conserved 

among PutAs (Figure 3.2B) and it is structurally analogous to both the Arc Ser32 and 

MetJ Thr52.  These residues form both direct (3.4 Å) and water-mediated electrostatic 

interactions with the phosphate backbone in the Arc repressor/operator complex (PDB 

code 1BDT) and the MetJ repressor/DNA complex (PDB code 1CMA).   

His30 is an interesting candidate for making a direct interaction with DNA  

because it forms intersubunit hydrogen bonding interactions with β1.  In the tetragonal 

crystal form (native PutA52), an imidazole N atom of His30 is within hydrogen bonding 

distance (2.9 Å) of the backbone N-H group of Lys9, implying that His30 is uncharged.  

On the other hand, in the monoclinic crystal form (Se-Met PutA52K9M), His30 forms a 

hydrogen bond with the carbonyl of Gly7.   In either case, the hydrogen bond links αB to 
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β1 of the opposite subunit.  This interaction is structurally analogous to the intersubunit 

hydrogen bond in Arc between Asn34 and the carbonyl of Arg13.  We note that 

interaction with the DNA backbone is observed for both conformations of His30 

according to our PutA52/DNA models.
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DISCUSSION 

The PutA RHH Subfamily.  

 Other members of the RHH family that have been structurally characterized 

include MetJ (33), Arc (32), CopG (34), NikR (42), ParG (39), and most recently the 

HP0222 protein from Helicobacter pylori (48).  These proteins are much smaller than 

PutA, ranging from the 45-residue CopG repressor to the 133-residue NikR protein from 

E. coli with variations due to additional N-terminal or C-terminal domains.  The C-

terminal domains of different RHH members have been shown to have regulatory 

functions that enhance DNA-binding.  In MetJ, binding of the co-repressor S-

adenosylmethionine to the C-terminal domain regulates DNA-binding and repression of 

the met operon by MetJ.  NikR is responsive to nickel availability via a C-terminal 

nickel-binding domain.  In response to increasing nickel concentrations, NikR binds to 

promoter regions of the nik operon and represses expression of the nickel ABC 

transporter.  Activation of NikR DNA binding has been proposed to involve nickel-

dependent conformational changes that are propagated from the nickel regulatory domain 

to the RHH domain (42).    PutA adds a unique sensory function to the RHH family with 

an appendage of a flavin redox regulatory domain to the RHH fold.   

Comparison of the PutA52 structure to other RHH proteins shows that PutA 

shares many of the sequence-structure relationships that are commonly found in RHH 

proteins from different subfamilies.  For example, PutA has a basic residue (Lys9) in β1 

that is predicted to interact with DNA bases, PutA displays the conserved pattern of 

hydrophobic residues and there is a small polar residue at the αB Ncap position.   
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PutA also has unique features such as Gly7 serving as one of the residues of β1 

that typically contact DNA bases, Arg15, replacement of the conserved glycine in the αA 

- αB turn by Asp26, a proline (Pro29) at the N-terminus of αB, and Trp31.   These 

unique features help define the PutA RHH subfamily and we suggest that they may play 

important roles in PutA function.   

Gly7 is particularly interesting because polar side chains at this position in other 

RHH proteins typically interact with DNA bases.  In the absence of a PutA/DNA crystal 

structure it is difficult to predict a role for Gly7 in DNA recognition.  It is possible that 

Gly7 allows increased flexibility, which might be involved in the mechanism by which 

PutA switches between enzymatic and regulatory roles in response to cofactor reduction.  

The work presented here provides a foundation for mutagenesis studies that could be 

used to gain new insights into how these PutA-specific residues might be involved in 

proline-linked transcriptional regulation of proline utilization genes. 

 

Structural Basis of PutA Dimerization. 

  PutAs studied to date purify as apparent homodimers, whether they are 

trifunctional repressor/enzymes like E. coli PutA (4) or bifunctional enzymes such as 

Bradyrhizobium japonicum PutA (49).   A truncated form of E. coli PutA that starts at 

residue 86 (PutA∆85) purifies as an apparent monomer, which suggests that the N-

terminal RHH domain is essential for dimerization of full-length E. coli PutA (18).  We 

find that the PutA DNA-binding domain forms a classic RHH dimer and we assume that 

a similar dimeric substructure is formed in full-length E. coli PutA. The structure 
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reported here provides a basis for probing the importance of individual RHH residues in 

stabilizing the dimeric form of E. coli PutA.   

PutA contains PRODH and P5CDH domains in addition to the RHH domain 

studied here.  The structure of E. coli residues 86-669 is a β8α8 barrel and it forms an 

apparent monomer in solution.  PutA constructs containing only the P5CDH domain have 

not yet been successfully studied due to solubility problems (J.J. Tanner and D.F. Becker, 

unpublished results).  However, Thermus thermophilus P5CDH as well as other aldehyde 

dehydrogenases such as sheep liver aldehyde dehydrogenase (PDB entry 1BXS, (50)) and 

retinal dehydrogenase (PDB entry 1BI9, (51)) form dimers mediated by intermolecular β-

sheets.  Thus, it is possible that E. coli PutA dimerization involves both the RHH and 

P5CDH domains.  In bifunctional PutA proteins that lack the RHH domain the dimeric 

structure may be stabilized entirely by the P5CDH domain.  The questions of how the 

RHH domain is integrated into the architecture of trifunctional PutAs and whether E. coli 

PutA contains a second dimerization domain await structure determination of a full-

length trifunctional PutA. 

 

Structural Basis of DNA Recognition. 

  Our models of the PutA RHH domain complexed to DNA suggest that the RHH 

domain spans 5-7 base pairs via major groove binding.  This result is qualitatively 

consistent with the discovery of several PutA binding sites containing the 6 base-pair 

sequence element GTTGCA in the put control DNA (15).  Synthetic oligonucleotides of 

21 base-pairs that contain GTTGCA bind specifically to PutA with an estimated Kd of ≤ 
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200 nM (15), which is only 4-fold higher than the Kd for PutA binding to the entire put 

control DNA (Kd = 45 nM) (4).   

We showed that mutation of Lys9 to Met eliminates binding of PutA to put 

control DNA, and our model predicts that Lys9 and Thr5 contact DNA bases directly.  

The model also predicts roles for Arg15, Thr28 and His30 in binding the DNA backbone 

(Figure 3.5).  The importance of these residues will be tested using mutagenesis.  

Ultimately, the details of PutA/DNA recognition await structure determination of PutA 

proteins complexed with DNA. 
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