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Guanine deaminase (GDA; cypin) is an important metalloenzyme that processes the first step in purine
catabolism, converting guanine to xanthine by hydrolytic deamination. In higher eukaryotes, GDA also
plays an important role in the development of neuronal morphology by regulating dendritic arborization.
In addition to its role in the maturing brain, GDA is thought to be involved in proper liver function since
increased levels of GDA activity have been correlated with liver disease and transplant rejection.
Although mammalian GDA is an attractive and potential drug target for treatment of both liver diseases
and cognitive disorders, prospective novel inhibitors and/or activators of this enzyme have not been
actively pursued. In this study, we employed the combination of protein structure analysis and experi-
mental kinetic studies to seek novel potential ligands for human guanine deaminase. Using virtual
screening and biochemical analysis, we identified common small molecule compounds that demonstrate
a higher binding affinity to GDA than does guanine. In vitro analysis demonstrates that these compounds
inhibit guanine deamination, and more surprisingly, affect GDA (cypin)-mediated microtubule assembly.
The results in this study provide evidence that an in silico drug discovery strategy coupled with in vitro
validation assays can be successfully implemented to discover compounds that may possess therapeutic
value for the treatment of diseases and disorders where GDA activity is abnormal.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last four decades, guanine deaminase (GDA) has been
studied as a critical enzyme in the purine salvage pathway in both
prokaryotes and eukaryotes. GDA is a metalloenzyme that cata-
lyzes the first step in purine catabolism by converting guanine to
xanthine by hydrolytic deamination. GDA also regulates the total
cellular purine-derived nucleotide pool by converting adenylic
derivatives to guanine.1,2 Since GDA activity is involved in guanine
metabolism, this enzyme is essential for the regulation of intracel-
lular levels of guanylic derivatives.2 Furthermore, in higher eukary-
otes, GDA (also known as cypin) plays an important role in the
development of neuronal morphology.3–5 Promotion of dendrite
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branch formation by GDA is dependent on breakdown of guanine
as substrate.3–6

In addition, abnormally high levels of GDA activity occur in ser-
um from patients suffering from liver diseases when compared to
levels in healthy adults.7 A strong correlation is observed between
high GDA activity and patients with chronic hepatitis, biliary
obstruction, and liver cirrhosis. In fact, GDA activity measurements
are still currently used as a sensitive index for the diagnosis of
acute liver diseases and liver transplant rejection.8–10

Although GDA serves as an attractive drug target for the pro-
spective treatment of purine metabolism deficiency, liver diseases,
and cognitive disorders, novel ligands, which may act as clinically
significant inhibitors and/or activators of the enzyme, have not
been intensely investigated. A small number of guanine analogues
have been studied in the past, and these analogues were selected
primarily due to their structural similarity to guanine.11–13 In addi-
tion, azepinomycin, an antibiotic and antitumor agent derived
from the culture filtrate of Streptomyces sp. MF718,14 acts as a
GDA inhibitor by inhibiting the binding of guanine to GDA in a
competitive manner.15–17 Although azepinomycin analogues are
potential inhibitors of GDA, all experimentally tested analogues

http://dx.doi.org/10.1016/j.bmc.2010.07.054
mailto:firestein@biology.rutgers.edu
http://dx.doi.org/10.1016/j.bmc.2010.07.054
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc


J. R. Fernández et al. / Bioorg. Med. Chem. 18 (2010) 6748–6755 6749
show lower binding affinity to GDA than does guanine.17 Conse-
quently, there is significant interest in discovering novel GDA li-
gands that may lead to potential therapeutics for the treatment
of liver disease and cognitive disorders.

Here, we report the discovery of novel ligands for human GDA
using iterative methods in rational (computer-aided) drug design
and in vitro biochemical evaluation. The availability of a high-res-
olution X-ray crystal structure of human GDA enabled us to em-
ploy methods in structure-based drug design (SBDD) and target-
based virtual screening of potential ligands. Structural refinement
using energy minimization and molecular dynamics simulations
was performed to assess the structural integrity and plasticity of
the GDA-guanine binding site in an aqueous environment. To cal-
ibrate the computational predictions and experimental measure-
ments, a series of known competitive ligands were docked and
scored for comparison with their known biochemically measured
inhibitory activity. In addition, using rabbit GDA as a model mam-
malian enzyme, we performed kinetic experiments using untested
GDA ligands and obtained a series of compounds for which the
binding affinity for GDA was higher than guanine. Surprisingly,
we also found that these compounds can inhibit GDA (cypin)-med-
iated microtubule polymerization, suggesting that they might
modulate cellular microtubule assembly and dendrite develop-
ment. The results of this study provide evidence that through the
use of computational drug discovery approaches coupled with bio-
logical evaluation, small molecule ligands of GDA can be identified
that modify GDA enzymatic activity, and hence, may be used for
treating disorders with abnormal dendrite morphology or aberrant
purine metabolism.

2. Materials and methods

All calculations were conducted on 3.2 GHz RedHat Linux work-
stations. Development of the computer-aided inhibitor analysis on
the guanine deaminase (GDA; cypin) structure proceeded in three
steps: (1) sequence analysis, (2) energy minimization (EM) and
molecular dynamics (MD) simulations, and (3) inhibitor docking
and scoring.

2.1. Sequence analysis

All sequence data were obtained from the National Center for
Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/),
while structural data were obtained from the Research Collabora-
tory for Structural Bioinformatics-Protein Data Bank (RCSB-PDB).
Evaluation of the primary sequence in the X-ray crystal structure
of human guanine deaminase (hGDA; cypin; PDB ID = 2UZ9)20

was conducted using the hGDA protein sequence (Accession No.
NP_004284). Pairwise sequence alignment between NP_004284
and hGDA was conducted using the ClustalW1.83 routine with de-
fault parameters.31,32 This alignment revealed a 22-residue
(MHHHHHHSSGVDLGTENLYFQS) insertion in the N-terminus of
the hGDA structure. In order to reproduce the Reference Sequence
(RefSeq) from the NCBI human protein sequence database, the in-
serted peptide was manually extracted from the hGDA structure
using SYBYL v7.2 (http://www.tripos.com).33

2.2. Energy minimization (EM) and molecular dynamics (MD)
simulations

EM and MD calculations were performed to refine the hGDA
structure using the AMBER9 force field (http://amber.scripps.edu/
).21 To study the preservation and integrity of the three-dimen-
sional structure of hGDA, MD simulations were first run on the
modified hGDA crystal structure (2UZ9). The structure was
checked for missing atoms using residue templates. The AMBER9
package added 3531 unresolved hydrogen atoms, and 6 extra
atoms were manually extracted (LPD1 and LPD2 from Met1 and
Met6; LPG1 and LPG2 from Cys2) from the raw structure using SYB-

YL v7.2 to pass the AMBER9 parameters to neutralize the unit struc-
ture 16 Na+ ions in the AMBER9 package. The xanthine molecule,
Zn2+ ion, and water molecules associated with the retrieved struc-
ture were extracted, and the unit was solvated by a 9 Å radius shell
of TIP3 water molecules.34 Subsequently, the solvated system was
energy-minimized in two phases: first, the atoms in the protein
structure were restrained using a 500 kcal/mol/rad force for 1000
iterations of constrained steepest descent (SD), and the water mol-
ecules and ions were free to move in order to eliminate bad con-
tacts; second, the entire system was energy-minimized for 1000
iterations of SD followed by 2500 iterations of conjugate gradient
(CG). Finally, MD simulations were run on the system for electro-
static and van der Waals (vdW) interactions, using the standard
force-field parameter set parm99 in AMBER9 with dielectric con-
stant e = 1 and cutoff distance = 12.0 Å. During the MD simulations,
the solvated system was coupled to a Berendsen bath at 300 K by
using a coupling constant sT = 2 ps,35 and the temperature was
gradually increased from 0 to 300 K over 10 fs of simulation time
with the volume held constant (ensemble NVT). The hGDA struc-
tures derived from the final 300 ps MD simulation were averaged
and energy-minimized using 1000 iterations of SD and 4000 itera-
tions of CG. The average structure was used for further molecular
docking experiments.

Molecular docking of inhibitors—guanine and a list of 188 guan-
ine analogues, including previously studied GDA inhibitors15,17,18

and novel compounds, were docked to the hGDA structure using
GOLD (genetic optimization of ligand docking).23 The IUPAC names
and chemical properties of all of the compounds tested are de-
scribed in the Supplementary data. The majority of the small mol-
ecules were retrieved from the NCBI PubChem Compound
database, and others were built with SYBYL v7.2 (http://www.tri-
pos.com).33 All molecules were optimized with the MMFF94 force
field and Gasteiger–Hückel atomic charges. The number of poses
for each compound was set to 10, and the default algorithm speed
was selected during the docking procedure. The hGDA residues
within a 10-Å radius of the centroid of the guanine/xanthine bind-
ing site were designated as the hGDA substrate/ligand pocket. Dur-
ing molecular docking, early termination was allowed if the RMSD
of the top five bound conformations of the ligand were within
1.5 Å. If the compound was previously assigned an experimental
inhibition constant, the top-ranked conformation of this com-
pound was selected and the corresponding GOLD score was then
correlated with the known inhibition constant. The binding confor-
mations of inhibitors in the ATP-binding site were displayed using
the UCSF Chimera package from the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San
Francisco (supported by NIH P41 RR-01081).34

2.3. Kinetic assay for GDA inhibition

GDA kinetic assays were performed as previously de-
scribed.15,17,36 Briefly, purified guanine deaminase from rabbit liver
(purchased from MP Biomedicals) was used for biochemical stud-
ies. Commercially available purine and guanine analogues were
used in our assays. With the exception of N2-acetylguanine (Toron-
to Research Chemicals, Ontario, Canada), all tested compounds
were purchased from Sigma–Aldrich. The colorimetric assays were
performed at 25 �C and pH 7.4 in Tris buffered saline buffer (TBS;
25 mM Tris–HCl, 137 mM NaCl, 2.7 mM KCl; Fisher Scientific).
Guanine hydrolysis rates were measured by optical density
changes at 245 nm. An enzyme unit was defined as the amount
of enzyme that deaminates 1.0 lmol of guanine to xanthine per
minute at pH 7.4 and 25 �C. In the assay, a fixed concentration of
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8 � 10�3 U guanine deaminase was incubated with seven guanine
concentrations ([S] = 2, 5, 7, 10, 12, 15, 17, and 20 lM) and each
inhibitor concentration (8 or 20 lM). Lineweaver–Burk plots (1/V
vs 1/S) were used to calculate kinetic constants.

2.4. Guanine deaminase assay

To measure GDA enzyme activity, COS-7 cells were transfected
with the indicated plasmids using Lipofectamine 2000 (Invitrogen)
and 2.5 lg of DNA per 100 mm culture dish of pEGFP-C1 vector
alone, containing the Rattus norvegicus wild-type full length, or
containing mutant sequences of cypin. After 48 h of expression,
cells were washed twice with phosphate-buffered saline (PBS)
and scraped into GDA lysis buffer (150 mM NaCl, 25 mM Tris–
HCl, pH 7.4 and 1 mM PMSF). Lysates were homogenized by pass-
ing them through a 25-gauge needle five times and centrifuged at
9500g at 4 �C for 10 min. Concentration of cytosolic proteins in the
supernatant was measured using the Bradford Assay. Protein sam-
ples were resolved by SDS–PAGE for equal cypin expression verifi-
cation (data not shown). Fifty micrograms of lysate was then used
for each guanine deaminase sample assay in GDA lysis buffer con-
taining 0.025 U/ml xanthine oxidase (Sigma–Aldrich), 0.002 U/ml
peroxidase (Sigma–Aldrich), Amplex Red reagent (Molecular
Probes, Eugene, OR), and 125 mM guanine (Sigma–Aldrich, St.
Louis, MO). Negative controls were performed using protein lysates
in assay solution with no guanine added. Negative controls and
samples were incubated at 37 �C, and absorbance at 571 nm using
a single beam Genesys 10 UV/vis Spectrophotometer (Spectronic,
Garforth, UK) was measured during the indicated time intervals
after samples were centrifuged at 9500g for 1 min to remove insol-
uble guanine. Experiments were performed in triplicate, and re-
sults were normalized by subtracting nonspecific background
absorbance from the negative controls.

2.5. Tubulin polymerization and competition assay

The tubulin polymerization assay kit was purchased from Cyto-
skeleton (Denver, CO). Purified tubulin (>97% pure) was mixed
with general tubulin buffer (GTB, 80 mM PIPES pH 6.9, 2 mM
MgCl2, 0.5 mM EGTA, and 1 mM GTP) in a 96-well plate at 37 �C.
Absorbances at 340 nm were measured every 1 min for 70 min
by a VICTOR X3 Multilabel Plate Reader with Wallac 1420 v.3.0
software (Perkin–Elmer, Waltham, MA). GST or GST-cypin
(0.1 nmol) was incubated with or without guanine analogues
(0.1 mM). Tubulin (3–4 mg/mL) was added in GTB buffer at 37 �C
for 5 min. The analysis was performed with GraphPad Prism soft-
ware (La Jolla, CA).

3. Results

3.1. Characterization of structure-binding of guanine
deaminase/cypin

The X-ray crystal structures of the Bacillus subtilis and human
GDA proteins have been recently solved with a bound Zn2+ ion at
1.17-Å and 2.30-Å resolutions, respectively.18–20 Although zinc
binding is conserved from bacteria to higher eukaryotes, the spe-
cific ion coordination diverges between these homologs. An imid-
azole environment with three histidines and an aspartate residue
dominates the Zn2+ ion coordination in human GDA.6 In contrast,
the Zn2+ ion coordination in the bacterial protein of B. subtilis is
maintained by two cysteines, one histidine, and a water molecule
for conservation of the tetrahedral coordination. Since the sub-
strate-binding site of the enzyme is directly adjacent to the Zn2+

ion, and the ion itself has been proposed to play a role during
the mechanism of deamination,18,19 this coordination difference
influences the stability of substrate binding and product release
in the enzymatic reaction.

The hGDA X-ray crystal structure was solved with a xanthine
molecule bound to the specific substrate-binding site.20 To develop
new substrates that show high affinity and specificity for hGDA, we
performed a detailed characterization of the substrate-binding site.
Analysis of the intramolecular interactions between the substrate
or product molecules and the residues in hGDA within this site re-
vealed that hydrophobic and van der Waals forces control the het-
erocyclic aromatic ring interactions in the guanine (Fig. 1A) and
xanthine molecule (Fig. 1B). The carbonyl groups in the purine ring
form hydrogen bonds with two nitrogen atoms in residues Arg213
and Gln87. Moreover, the amine group in the guanine molecule
forms two hydrogen bonds with the imidazole ring in His279
and the carboxylic acid side chain in Glu243. These essential inter-
actions between the substrate (guanine) and residues in hGDA
must be considered during substrate modification so as to increase
enzyme-compound specificity.

3.2. Energy minimization and molecular dynamics simulations

To refine the X-ray crystal structure coordinates and analyze
the structure stability in a realistic water solvated system, we per-
formed energy minimization (EM) to diminish possible interatomic
clashes during molecular ligand docking experiments. We used the
AMBER9 package and force field21 to assess if the experimentally
retrieved structure parameters preserve the three-dimensional
structure of hGDA. As shown in Figure 2A, we compared EM results
from a high-energy unstable structure to a low-energy structure.
Molecular dynamics (MD) simulations on the hGDA structure
raised confidence in structure stabilization, as evidenced by the ra-
pid convergence of the root mean square deviation (RMSD) of the
a-carbon backbone in the structure inside of the water solvated
system (Fig. 2B).

Eukaryotic GDA has been implicated in diverse cellular signal-
ing pathways, including the regulation of protein trafficking to
the postsynaptic density (PSD) of excitatory neurons.3,22 GDA binds
to the first and second PDZ domains of PSD-95, a scaffolding pro-
tein, via its PDZ-binding tail, consisting of the last four amino acids
at the carboxyl terminus (-SSSV).22 To investigate the dynamics of
these four carboxyl terminal residues, we determined the Debye–
Waller factor (DWF) or B-factor of the hGDA crystal structure
against the residue position in the primary sequence of the protein
after the MD simulation. As shown in Figure 3C, only the first and
last amino acids demonstrated a fluctuation in atom-angle diver-
gence about their average positions, suggesting that these residues
are very dynamic compared to the other residue positions in the
protein.

3.3. Molecular docking of guanine analogues

To identify ligand candidates for the human GDA enzyme, an in
silico molecular docking approach was conducted to assess the
suitability of the hGDA structure for structure-based drug design
and structure–activity relationship (SAR) studies. We used the
docking and scoring algorithm implemented in the genetic algo-
rithm for protein–ligand in GOLD.23 Our system consisted of the
water solvated and stable protein structure and a list of 188 guan-
ine analogues, including previously studied GDA inhibitors15,17,18

and novel compounds. The chemical properties and docking scores
of all of the compounds tested are described in the Supplementary
data. A total of 30 compounds (16%) show better fitness scores
than the normal substrate (guanine). Among these compounds,
we observed that five of them contain different alkane group num-
bers at the same position. When we compared the (CH3)n group
number against their GOLD Score in hGDA, there was a strong lin-



Figure 1. Protein–ligand interactions in the substrate-binding site of human GDA. (A) Guanine–hGDA interactions. (B) Xanthine–hGDA interactions. Two-dimensional
representation of ligand–protein interactions were analyzed using Ligplot.37 Hydrogen bonds formed between protein residues and ligands are indicated by dashed green
lines and the corresponding distance (Å) and residues engaged in hydrophobic interactions are represented in red.

Figure 2. Energy minimization and molecular dynamics studies of human GDA. (A) Total structure energy plot against the minimization cycle number. (B) The a-carbon
backbone RMSD of hGDA determined from its starting conformation obtained from a 300 ps simulation. (C) B-Factor plot against the primary sequence in hGDA.

Figure 3. Alkane group substitutions in the guanine catalytic amine group increase
binding affinity to hGDA. Molecular docking results using the GOLD score are
plotted against number of alkane groups added to the R1 position in the guanine
molecule (inset). A linear correlation is noted (r2 = 0.78).
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ear correlation within the homologous series of alkane side chains
(r2 = 0.78), suggesting that extension of the alkane group can in-
crease the binding affinity of the ligand, possibly by increasing
hydrophobic interactions with hGDA (Fig. 3).
3.4. Kinetic analysis of guanine analogues

To determine whether the ligands identified can modify the
enzymatic activity of mammalian GDA, we performed competitive
kinetic experiments using purified GDA enzyme with commer-
cially available compounds, and determined their experimental
binding affinity constants. Lineweaver–Burk plots were used to
calculate inhibition constants (Ki) as shown in Figure 4, and results
are tabulated in Table 1. Our biochemical results demonstrate that
guanine has a Km of 11.21 ± 0.11 lM. Interestingly, most of the
tested compounds significantly and competitively inhibited guan-
ine binding to GDA, with higher Ki values than the guanine Km,
with the exception of caffeine, which has a lower Ki value than
guanine. These results suggest that the compounds tested may
be competitive inhibitors of the mammalian GDA and may bind
in vivo with high affinity to alter normal GDA activities in guanine
metabolism.

3.5. Guanine deaminase activity is disrupted by substrate
analogues

Competitive binding of ligands to the active site of GDA during
deamination may affect enzymatic activity. Thus, we tested the
identified small molecules in a GDA assay using GFP-tagged rat



Figure 4. Kinetics of novel guanine deaminase substrates. Lineweaver–Burk plots
were used to calculate kinetic constants and substrate type analysis using a
competitive substrate assay with guanine. Seven guanine concentrations in the
micromolar (lM) range were combined with 0 (no compound) or 8 lM of each
inhibitor. Representative plots of (A) xanthine and (B), 5-amino-4-imidazole
carboxamide are shown.
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GDA-cypin and purified rabbit guanine deaminase. COS-7 cells
overexpressing GFP and GFP-tagged GDA (cypin) were lysed, and
the lysates were subjected to a colorimetric GDA activity assay as
previously described.3,6 Purified rabbit GDA was also used to test
guanine analogues. Compounds that resemble the chemical struc-
ture of guanine and contain an amine group caused an attenuation
of GDA activity measured over time (Fig. 5). We were unable to test
6-thioguanine since the compound affected absorbance. Among
the tested compounds, we found that 2,6-diaminopurine signifi-
cantly attenuated GDA activity, suggesting that chemical substitu-
tions in the 2- and 6-position in the guanine molecule can inhibit
enzymatic activity. In contrast, 2-dimethylamino-6-hydroxypurine
promoted GDA activity when guanine was added. The basis of this
response may possibly due to a hydrolysis, resulting in the release
of a dimethylamine molecule. These results indicate that only sub-
strates that contain an amino group can compete with guanine for
the GDA active site or that compounds with substitutions in the 2-
position of the purine ring may enhance deamination.

3.6. GDA (cypin)-mediated microtubule assembly is regulated
by substrate analogues

Conformational changes during substrate binding to GDA (cy-
pin) may also affect microtubule assembly. Thus, we tested the
possible regulation of cypin-promoted microtubule assembly by
guanine analogues. We used a cell-free system, which permits
the assessment of direct regulation by GDA substrates.3 Purified
tubulin was polymerized into microtubules in the presence of puri-
fied GST-tagged cypin with or without compounds dissolved in
DMSO. The polymerization reaction path was monitored by
changes in optical density over time (Fig. 6). As established previ-
ously,3 we found that GST-cypin significantly increased the maxi-
mum velocity of microtubule polymerization compared to the
GST control, suggesting that cypin promotes microtubule assembly
in vitro. Among the tested compounds, we found that guanine and
7-methylguanine significantly inhibited cypin-promoted microtu-
bule assembly. Xanthine and 2,6-diaminopurine had no effect,
which is not inconsistent since microtubule assembly promoted
by cypin is thought to be independent of guanine deamination.
We were unable to test 6-thioguanine since the compound affected
absorbance. Furthermore, none of the compounds shown in Figure
6 affected microtubule polymerization on their own (i.e., in the
presence of GST). Together with the results shown in Figure 5,
these results suggest that the substrate analogues can have differ-
ing effects on GDA activity and cypin-promoted microtubule
assembly.

4. Discussion

Guanine deaminase plays an essential role in diverse cellular
signaling pathways. Mammalian GDA is a potential drug target
for treatment of purine metabolism deficiency and cognitive disor-
ders by virtue of the fact that its enzymatic activity is necessary for
normal purine salvage and brain development and function.3–5

Previous kinetic studies using purified rabbit GDA were performed
using guanine analogues selected simply for their structural simi-
larity to guanine.11–13 Although potential substrates can be re-
vealed using this deductive method, more efficient and effective
strategies are available to accelerate and streamline the process
of finding potential inhibitors. The current availability of a high-
resolution human GDA X-ray crystal structure affords the use of
methods in rational (computer-aided) structure-based drug design
for identifying effective inhibitors and/or activators of the mam-
malian GDA. In this study, we employed rational drug design ap-
proaches with the GDA X-ray crystal structure to study the ion
and substrate coordination in human GDA. A major finding of our
current work is that we identified residues involved in substrate
binding to hGDA. Consequently, the identification of specific resi-
dues that play a major role in the deamination mechanism allowed
us to implement rational drug design approaches using the de-
scribed pharmacophore, rather than using substrate structural
similarity selection, to obtain novel ligands candidates for the
enzyme.

GDA orthologues are found in prokaryotes and lower eukary-
otes, suggesting that purine metabolism is a critical cellular pro-
cess. Although these orthologues share the same enzymatic
activity, the mammalian GDA proteins acquired an additional task
in neuronal development during evolution. A four-residue PDZ
binding motif at the C-terminus is responsible for the interaction
of and regulation of protein levels by GDA at the postsynaptic den-
sity.3–22 These multi-functional activities of the mammalian GDA
appear to be conferred by the specific three-dimensional amino
acid arrangements of the internal ion and substrate-binding sites.

Although a direct conclusive link between purine metabolism
and cognitive function remains elusive, several studies revealed
that neurobehavioral and cognitive impairment syndromes,
including Lesch–Nyhan disease, are linked to changes in purine
homeostasis resulting from purine salvage failure.24,25 Abnormally
high levels of guanine and derivatives have been shown to accu-
mulate in media from Lesch–Nyhan disease cell line models.26 A
specific reduction in guanine to adenine nucleotides levels was
also found in these cell lines.26 In addition, other studies revealed
that serum levels of uric acid, another guanine metabolite, are di-
rectly related to cerebral ischemia in adults.27 These results sug-
gest that enzymes involved in purine metabolism, like guanine
deaminase, may play an essential role in regulating proper neuro-
nal activity and communication.

Elevated GDA activity has been correlated with several liver dis-
eases including hepatitis and liver transplantation rejection.9,28,29

As such, liver and serum GDA activities are currently used as
molecular markers for liver disease diagnosis. Anomalous purine
metabolism is reflected in clinical problems associated with nucle-
otide salvage during cellular and DNA repair, ranging from mild to
severe and fatal disorders. Regulation of purine metabolism con-
trols the cellular nucleotide pool, and the nucleotide levels avail-
able, directly affect DNA synthesis during cellular proliferation
and differentiation. However, the major clinical manifestations of
atypical purine catabolism arise from uric acid insolubility and
its degradation, leading to inflammatory diseases like gout.30 Small



Table 1
Properties of experimentally tested compounds for mammalian guanine deaminase activity

Structure Name Docking score Km or Ki
a (lM)

Guanineb 61 11.21 ± 0.11

N

N N

N

O

O

Caffeinec 47 10.20 ± 0.16

N

N
H

NH2

O

NH2

5-Amino-4-imidazole carboxamidec 51 4.44 ± 0.09

N

N
H

N

H
N
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H

O
N-2-Acetylguaninec 54 3.44 ± 0.18

N

N
H

N

H
N

O

N

2-Dimethylamino-6-hydroxypurined 71 1.09 ± 0.11

N

N N

N

NH2

H2N

2,6-Diaminopurinec 50 1.88 ± 0.13

HN

N
H

N

H
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O

Xanthinec 48 1.96 ± 0.07

N

N
H

N

N

O

H2N

7-Methylguaninec 60 5.55 ± 0.14

HN

N
H

N
H

H
N

O

O

O
Uric acidc 49 4.34 ± 0.21

a Inhibition constants were derived from Lineweaver–Burk plots against guanine as substrate.
b Guanine deaminase substrate.
c Guanine deaminase inhibitor.
d Enhances guanine deamination.
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molecules, which can act as GDA inhibitors, could potentially
attenuate uncontrolled purine metabolism. In addition, modula-
tors of cypin (GDA)-promoted microtubule polymerization could
impact neuronal development and morphology.3 For example,



Figure 5. Guanine deaminase activity is disrupted by substrate analogues. (A) Lysates (50 lg) from COS-7 cells expressing GFP and GFP-cypin with guanine analogues
(10 lM) in DMSO were examined using the Amplex Red dye in a colorimetric GDA assay (n = 3). Lysates from cells expressing GFP do not contain GDA activity and were used
as a negative control. (B) Purified rabbit GDA (8 � 10�4 U) with guanine analogues (10 lM) in DMSO was subjected to a GDA assay as in (A). Standard error is shown for each
data point. Note that some standard error values are smaller than the data symbols.

Figure 6. Cypin-mediated microtubule polymerization is affected by substrate analogues. A microtubule polymerization assay was performed using tubulin (>97% pure;
3 mg/mL) in a 96-well plate at 37 �C. Absorbances at 340 nm were measured every 1 min for 70 min. GST or GST-cypin (0.1 nmol) were incubated with or without guanine
analogues (0.1 mM).
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attenuated cypin (GDA)-promoted microtubule polymerization
may lead to too few dendrites and increased polymerization may
lead to too many dendrites, thereby altering communication be-
tween neurons. Since anti-metabolic compounds have been used
to treat purine metabolism-related diseases, our findings include
a new array of molecules, which may inhibit overactivity of guan-
ine catabolism seen in disease states. Similarly, our analysis has
identified new GDA inhibitors with significantly lower binding
constants (Ki) than those of previously described compounds,
including azepinomycin, suggesting potential antimicrobial activ-
ity for these compounds.

Our current results show that the use of virtual screening is
effective in narrowing down potential candidate molecules for
drug targets. This screen is inexpensive and relatively quick. Since
guanine deaminase and microtubule assembly assays are quite
costly, choosing the top compounds (8 of 188 screened in silico)
to use in these assays is efficient. Although the focus of this current
study is to show the effectiveness of this screening, future experi-
ments would focus on a more detailed analysis of Ki and IC50 values
for compounds identified by the screen. Our work represents the
first step in a general screening paradigm for analogues that alter
guanine deaminase activity.
5. Conclusions

We have used a combination of computer-aided protein struc-
ture analysis and experimental kinetic studies to discover com-
pounds as potential substrates or inhibitors of the human GDA
for use in treating patients with purine metabolic disorders, liver
disease, and/or cognitive dysfunction. Thus, our future studies will
focus on identifying the specific activity of these newly identified
compounds in models of neuronal and liver disease in order to
screen candidates for therapies for these diseases.
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