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Guanosine deaminase (GSDA) is an important deaminase that converts guanosine to xanthosine, a key inter-
mediate in nitrogen recycling in plants. We previously solved complex structures of Arabidopsis thaliana GSDA
bound by various ligands and examined its catalytic mechanism. Here, we report cocrystal structures of AtGSDA
bound by inactive guanosine derivatives, which bind relatively weakly to the enzyme and mostly have poor
binding geometries. The two protomers display unequal binding performances, and molecular dynamics simu-

lation identified diverse conformations during the enzyme-ligand interactions. Moreover, intersubunit, tripartite
salt bridges show conformational differences between the two protomers, possibly acting as “gating” systems for
substrate binding and product release. Our structural and biochemical studies provide a comprehensive un-
derstanding of the enzymatic behavior of this intriguing enzyme.

1. Introduction

Guanine-based purines (GBPs) are endogenous cellular molecules
containing the guanine (G) moiety, which include the guanosine nu-
cleotides (GTP/GDP/GMP, etc.), the guanosine nucleoside and the
guanine nucleobase [1]. The fates of GBPs are very similar to those of
their close relative adenine-based purines (ABPs) [2,3]. They are
released by many cell types and interconverted by several enzymatic
steps: guanosine (Gua) is initially converted to guanine by purine
nucleoside phosphorylase, followed by deamination to xanthine by
guanine deaminase (GDA) [4-6]. Complete catabolism ultimately pro-
duces uric acid. Due to their participation in important biological pro-
cesses, including the purine salvage pathway, GBPs and relevant
enzymes have been implicated in various diseases. For example, the
roles of GBPs as neuromodulators have been well characterized [7].
Under oxidative stress, excessive xanthine appears to promote DNA

damage [8]. Moreover, there is a correlation between GBPs and cancers
due to their roles in maintaining nucleotide pools. Gua, G and guanosine
monophosphate (GMP) have been shown to exert anti-proliferative ef-
fects in glioblastoma cells, prostate cancer cells, lung adenocarcinoma
cells and myeloid leukemia cells [7,9,10].

The GDA enzyme (EC: 3.5.4.3) catalyzes the hydrolysis of substrates
bearing amide, halogen, ester and other functional groups. Many of
these substrates are catabolites of purines and pyrimidines. GDA belongs
to two superfamilies: the amidohydrolase (AHS) and cytidine-deaminase
like (CDA) superfamilies. GDAs from most eukaryotes belong to the AHS
superfamily and display the typical (f/a)g-barrel fold, while bacterial
GDAs have the apa sandwich fold unique to the CDA superfamily [6].
The first GDA structure was from Bacillus subtilis and was reported in
2004 (PDB 1WKQ) [11]. GDAs are distinguished by the conserved motifs
of H(C)XE and PCXXC and employ a dual proton shuttle mechanism with
two critical glutamates for zinc-dependent deamination. In 2013, Bitra
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et al. systematically studied the binding modes and substrate specificity
of GDA from Nitrosomonas europaea (NE0047) [12]. In addition to the
conserved Glu79, NE0047 also contains Glul43, which plays pivotal
roles in deamination. Follow-up hybrid quantum mechanics/molecular
mechanics (QM/MM) calculations indicated that the first Zn-bound
proton transfer to guanine is mediated by Glu79, while the second is
mediated by Glul43. Asn66 plays a key role in substrate anchoring and
participates in catalysis. The study also revealed the importance of the
C-terminal loop (N181-C189) closure and maintenance of the hydro-
phobic core by capping residues Phel41 and Phe48 (Supplementary
Fig. S1) [13,14].

The main product of purine nucleotide catabolism is xanthosine
(Xan), not hypoxanthine or inosine (Ins). Dahncke et al. discovered that
xanthosine is exclusively generated from guanosine by a guanosine
deaminase (GSDA, EC: 3.5.4.15) in Arabidopsis [15]. Phylogenetic ana-
lyses indicate that GSDA is predominantly found in plants [15,16].
Mutants of gsda have been reported to show phenotypes of impaired
growth, delayed germination, reduced recovery after dark treatments,
yellowing, etc. [17,18]. Previously, we reported crystal structures of
GSDA from Arabidopsis thaliana (AtGSDA) in apo- and
substate/product-bound forms and proposed a catalytic model. During
deamination, both the enzyme and the substrate undergo conforma-
tional changes. Interestingly, in both complexes, the essential C-terminal
loops of the enzyme of both protomers become fully ordered, forming
the key Tyr185/0H-N7 hydrogen bond and enclosing the active sites.
We refer to this conformational state as “in/in”. We further reported
structures of AtGSDA bound by various ligands, including substrates and
inhibitors [19,20]. Most of these ligands are bound in a conserved mode
exhibited by the genuine substrate (Gua) or the corresponding product
(Xan). These cocrystal structures demonstrated that the C-terminal loops
between the two different protomers exhibit structural discrepancies,
depending upon the nature of the bound ligands (Supplementary
Fig. S2). These findings suggested that the C-termini are subjected to
constant conformational changes, and the structural differences are
functionally important.

In this study, we determined AtGSDA structures complexed with
other ligands (1-methylguanosine, 7-methylguanosine, 6-O-methyl-
guanosine, and 7-deazaguanosine) and revealed new binding features of
AtGSDA. Specifically, the two protomers of the dimeric enzyme exhibit
binding asymmetry and may adopt the unequal “in/out” conformation
combination in the presence of specific ligands. That is, the C-terminus
of one chain contacts the solvent instead of the ligand. Last, we found
that the structural rearrangements appear to be regulated by a cross-
subunit ligand gating system.

2. Materials and methods
2.1. Cloning, expression and protein purification

The expression and protein purification protocols were described
previously [19]. The gene encoding AtGSDA (At5828050, accession
number NM_122688.4) was cloned from the cDNA of Arabidopsis thali-
ana (Col-0) using restriction sites for Ndel and Xhol, digested, and ligated
into a pET-21b (+) vector. For crystallization, the Ser29-Tyr185 frag-
ment (the SF form) was subcloned and inserted into an engineered
pET-28a (+) vector (MerckMillipore). The cloned gene fragment was
sequenced to verify the fidelity of the PCR amplification. All mutations
were generated using the QuikChange method (Stratagene). The vector
was overexpressed in BL21(DE3) cells (Novagen) and purified by affinity
chromatography using a HisTrap column and anion-exchange chroma-
tography Hitrap Q HP column (GE Healthcare). Additional information
is as previously reported [19].

2.2. Crystallization and structure determination

For the cocrystallization of the complexes, AtGSDA-SF variants were
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mixed with ligands at different molar ratios, and finally obtained better
quality crystals at diffenet molar ratios, with the final concentration of
the protein at 8.0 mg/mL. It was found that the ratio of 1:10 gave the
best crystals. All of the cocrystals were obtained in a condition of 1.5 M
Na-citrate and 0.1 M HEPES (pH 7.5) at 4 °C. Crystals typically appeared
after 1 week, and reached the maximum size after 2 weeks. Crystals were
cryoprotected by a brief washing (~10 s) in a reservoir solution sup-
plemented with 10% glycerol. Then they were immediately flash-cooled
in liquid nitrogen. Data were collected at — 173.1 °C on a CMOS hybrid
pixel detector (Pilatus3 6 M) at the Beamline 19U1 (BL19U1) of the
Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, P.R. China)
[21]. The data reduction step was performed by the HKL3000 package
[22]. The structures were solved using the molecular replacement (MR)
method, phased with the structure of apo-GSDA (PDB 7DBF) as the
search model. The structure refinement and manual model building
were carried our using the program Phenix and Coot [23,24], respec-
tively. The final model was validated by SFCHECK [25]. All the data
collection and structure refinement statistics were summarized in Sup-
plementary Table S1. The structural figures were produced with PyMOL
(www.pymol.org).

2.3. Thermal shift analysis

A 20-pl assay mixture containing 1.0 mg/mL GSDA (the full-length
form), 1 x SYPRO orange fluorescence dye (Sigma-Aldrich) and 2 mM
ligand was mixed in 96-well PCR plates. The Tm is measured using a
real-time PCR system (Life Technologies) and the parameters used in the
thermal cycler program were described previously [19]. The fluores-
cence signals of the dye at 490/530 nm wavelengths (for excitation and
emission, respectively) during the thermal denaturation were recorded
every 30 s. The melting curves of the mutants were fitted by a Boltzmann
model with Origin 8.0 software (OriginLab) to derive the melting tem-
perature. The assays were conducted in triplicates for all the mutants
and the control samples.

2.4. Simulated systems and conventional molecular dynamics (cMD)
simulations

Crystal structures for simulated systems include apo-WT, WT-Xan,
WT—m7G, WT-Ins, WT-7dzG, Y185F-Gua, and E82Q-Gua complexes
(PDBs 7DBF, 7DCA, 7DOX, 7DCB, 7DOW, 7DQN and 7DC9). cMD sim-
ulations were carried out for apo-WT, WT-Xan, WT-m’G, WT-Ins, WT-
7dzG, Y185F-Gua, E82Q-Gua, Y185F-Gua2 and WT Cout by the
Amber20 package [26]. Each system was built in the tleap module using
the ff19SB force field for protein [27,28]. The parameters of ligands
were obtained by GAFF [29]. Zinc ions were modeled by the cationic
dummy atom (CADA) method [30]. The structures were immersed into a
truncated octahedral box that extended 10 A away from the solute
border, using the OPC water model and periodic boundary conditions
[31,32]. More computational details including box dimension, water
molecules, number of ions and total atoms were list in Supplementary
Table S2. The water molecules and ions were initially minimized for
2000 steps using the steepest descent method for the first 1000 steps and
then the conjugate gradient algorithm for the last 1000 steps, with the
position of protein and ligands fixed (force constant was 500 kcal mol™
A™). In the second energy minimization stage, the restraints on the
protein and ligands were removed. This stage was conducted for 2500
steps, using the steepest descent method in the first 1000 steps and then
the conjugate gradient algorithm for the last 1500 steps. After that, a
heat-up MD was run at a constant volume. The system was heated from
0 to 300 K for 100 ps with a weak restraint of 10 kcal mol! A2 on the
solute. Then, free MD simulations were carried out under the 300 K in
isothermal-isobaric (NPT) condition. The temperature was regulated
using the Langevin dynamics with a collision frequency of 1.0 ps'l [33,
34]. Pressure was controlled with isotropic position scaling at 1 bar with
a relaxation time of 2.0 ps. All of the bonds involving hydrogen atoms
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were constrained using the SHAKE algorithm [35]. A 2-fs integration
step was used. The long-range electrostatic interactions were calculated
using PME method with a 10 A cutoff for the range-limited non-bonded
interactions [36]. 1 ps cMD simulation was performed for each system.
The MD simulations were performed utilizing the GPU accelerated
pmemd.cuda code under 4352 CUDA cores (NVIDIA GeForce RTX 2080
Ti). The operating systems is linux version 3.10.0-1160.el7.x86_64 (Red
Hat 4.8.5-44). The value of RAM available to the working station is 376
G.

3. Results
3.1. Inhibitors that loosely bind to AtGSDA

AtGSDA displays high specificity toward a limited number of sub-
strates, including guanosine, 2-O-methylguanosine (2'-O-mG) and N2-
methylguanosine (N>mG) [20]. To explain the enzyme’s narrow
selectivity, we previously crystallized AtGSDA bound by various ligands,
including substrates and inhibitors, in conserved modes, as we observed
in the initial binding or postreaction complexes [19,20]. Most ligands
were bound with high occupancies and displayed well-defined densities.
Additionally, the enzyme made extensive contacts with the base and
sugar rings. The structures of the two protomers of the dimeric enzyme,
along with their bound ligands, were symmetrical, and were structurally
and functionally equivalent. We discovered that guanosine derivatives
such as inosine (Ins), adenosine (Ado), and isoguanosine (isoG) failed to
activate AtGSDA due to their lack of a 2-amino group [20]. However, it
remained difficult to explain why methylated guanosines such as
6-O-methylguanosine (6-O-mG) cannot be converted by AtGSDA.
Additionally, on a few occasions, one of the protomers displayed an
alternative conformation at its C-terminus or their bound ligands
showed relatively large differences in temperature factors compared to
their counterparts from the other protomer (PDBs 7DCB, 7W1Q and
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7DQN). Notably, the Y185F-Gua complex contained only a singly bound
ligand molecule, implying that the other ligand molecule had been
released or was yet to be bound (PDB 7DQN). To further investigate the
binding modes of AtGSDA, we solved additional AtGSDA structures
complexed with several more ligands: 6-O-mG, 1-methylguanosine
(ran), 7-methylguanosine (m7G), and 7-deazaguanosine (7dzG). These
ligands typically possess extra methyl groups at various positions on the
purine ring, among which m'G and m’G allegedly play epigenetic roles
[37-40]. These cocrystal structures revealed additional important
binding features of AtGSDA, as described below.

6-O-mG is well covered by electron density (the chemical structure of
the ligand is shown on the side, PDB 7DOY, Fig. 1A and Supplementary
Fig. S3). The attachment of the extra methyl group disrupts the original
hydrogen bond between 06 and the main chain nitrogen of Ala81, thus
nudging the ligand out of the optimal binding site and reducing its
binding capability. Compared to the genuine substrate guanosine bound
by E82Q (PDB 7DC9, Fig. 1B and Supplementary Fig. S3), the ligand
purine ring (indicated by the red arrow) rotates slightly, which probably
accounts for the undefined density of the methyl group as well as its
inconvertibility to the product (Fig. 1C and Supplementary Fig. S3). The
key hydrogen bond between Tyr185 and N7 and the catalytic water
remains, but the latter shifts slightly in position. On the other hand,
Asn69 no longer forms a hydrogen bond with O6.

m’G carries a positive charge at N7 of guanosine due to the presence
of an extra methyl group, which is delocalized across the purine ring,
and the N7 atom without the methyl group originally forms the key
hydrogen bond with Tyr185 to seal the active site (PDB 7DOX, Fig. 1D
and Supplementary Fig. $3). The methyl group of m’G breaks this
hydrogen bond, increasing the distance between the N7 and OH atoms
from the 2.99 A observed in the E82Q-Gua complex structure (PDB
7DC9) to 3.65 A [19]. The contact between the nucleoside and Asn69 is
also lost. Similar to m’G, m'G also carries a positive charge. Because the
substrate-binding pocket is relatively hydrophobic and primarily

Tyr185
Asp140Nc“‘3 o ’ 0
Asp140(N,.C)Y \
Tyr185 N ) NfLNH
</ | I
~ lil ) N)\NHQ
' R
Hisso&dd + | Cyst1oN)

]
jﬂuaz

7-methylguanosine, m’G
(PDB 7DOX)
Tyr185

Asp140(N,C) Asp140(N,C)
! ’

Phe53 o /5
N

cys110(N)©
Glus2

7-deazaguanosine, 7dzG
(PDB 7DOW)

Fig. 1. The binding modes of various ligands. (A) The superimposition of different ligands after reactions with the WT enzyme or E82Q. The coloring scheme is
shown in the inset. (B-F) Omit electron density maps showing the interactions of the ligands guanosine (bound by E82Q (B)), 6-O-methylguanosine (C), 7-methyl-
guanosine (D), 1-methylguanosine (E), and 7-deazaguanosine (F) with the enzyme. The hydrogen bonds are indicated by the red dashed lines. PDBs: 7DC9, 7DOY,
7DOX, 7DLC and 7DOW. The maps are contoured at 2¢, and only the more tightly bound ligands (with more defined density) in the dimeric enzyme are shown. The
chemical structures of the ligands are drawn, with their unique parts colored in red. R: ribose. The red arrows in Figs. 1D and 1E indicate the movement of the residue
(moving far away), whereas the cyan line in Fig. 1D indicates the loss of the hydrogen bond between Tyr185 and N7.
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composed of aromatic residues, including Phe53, Phel39, Phel42,
Leull9, and Tyr185 (PDB 7DLC, Fig. 1E and Supplementary Fig. S3), the
charged substrates are not expected to bind as strongly as the genuine
substrate. This is further supported by the poorer electron density
covering this ligand. The superposition of the two protomers showed
that the C-termini of the two protomers, as well as their ligands (m'G or
m’G), did not align well, implying that the ligands were bound in
different poses at their active sites.

7dzG is interesting due to the absence of N7. In the cocrystal struc-
ture with 7dzG, the binding orientation and angle are nearly identical to
those of guanosine (Fig. 1A). Interestingly, the C-terminus of one chain
does not loop back but points to the solvent instead (referred to herein as
the “out” conformation), reminding us of the minor conformation
observed in the WT-Ins or Y185F-Gua complexes (PDBs 7DCB and
7DQN) [20]. The absence of N7 in this ligand inhibitor results in the
simultaneous loss of two key hydrogen bonds with Tyr185 and Asn69
(PDB 7DOW, Fig. 1F and Supplementary Fig. S3). 7dzG is inert to
AtGSDA, even though it is bound by both protomers in perfect geome-
tries. The loss of two key interactions may contribute to the release of the
C-tail and the opening of the active site in one of the protomers, which
explains the inactivity of AtGSDA. Nevertheless, this protomer still binds
a 7dzG molecule, even though it shows weaker density than that bound
by the other protomer. This result also suggests that both active sites
need to be sequestered (i.e., the “in” conformation) for the enzyme to be
reasonably active.

In summary, these methylated forms of guanosine bind in a similar
but nonoptimal mode at the active sites of the enzyme. This is consistent
with their generally poorer density in one of the protomers compared to
the other (in Fig. 1, only the ligand with the better density is shown).
Moreover, the catalytic water molecules are retained, although they may
move slightly away from their original positions due to the structural
perturbation caused by the bound ligands. Although we observed small-
angle rotations (20-30 degrees) of the purine rings in some ligands
compared to that of guanosine in complex with E82Q (Fig. 1A), the
densities of these ligands were not well defined. Please note that these
cocrystal structures only show averaged results of multiple deamination
reactions and may not accurately represent the individual states of each
enzyme molecule. Additionally, we failed to detect their corresponding
products through kinetic studies or mass spectrometry (data not shown),
indicating their nonreactivity.

We previously investigated the binding affinities of the enzyme to-
ward the substrates and inhibitor compounds using a thermal shift assay
(TSA) [20]. To understand the specific catalytic efficiency of AtGSDA
toward different compounds, we measured the binding affinities of the
enzyme toward the abovementioned methylated guanosine derivatives.
As shown in Fig. 2A, all of these molecules enhanced the stabilities of the
resulting enzyme-compound complexes, as evidenced by increases in
their Tm values compared to the apo-form (Fig. 2B). Most compounds
showed reasonable binding behaviors, with Gua, Xan and 2-O-mG
generating the largest shifts of ~1.5 °C or above in Tm values, while the
compounds N2—mG, Ado and isoG had the smallest shifts [20]. The
commonality among these three compounds is that their respective
substituents affect the original hydrogen bond with N2 of guanosine.
From TSA, we also learned that G would not be converted to its deam-
inated form due to its poor binding to the enzyme (no shift), which
suggested that the interactions on the ribose ring are also important for
catalysis (Fig. 2B) [20].

3.2. Molecular dynamics (MD) simulation studies

To further explore the enzyme dynamics, 1-ys MD simulations were
conducted on seven representative structures (Supplementary Movie
S1). Here, we selected a few representative crystal structures for study:
apo-WT, WT-Xan (xanthosine), WT-Ins (inosine), WT-m’G (7-methyl-
guanosine), WT-7dzG (7-deazaguanosine), E82Q-Gua (guanosine), and
Y185F-Gua (guanosine) complexes (PDBs 7DBF, 7DCA, 7DCB, 7DOX,
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Fig. 2. The thermal shift analysis melting curves of various ligands to AtGSDA.
(A) The melting curves of the enzyme in complex with various ligands. The
horizontal axis indicates temperature, while the vertical axis indicates fluo-
rescence emission with respect to temperatures (-d(RFU)/dT). (B) Comparison
of the stabilizing effects of the ligands. ATm represents the changes in Tm
values between the complexes and the WT apo-enzyme. Error bars are standard
deviation (s.d.) (n = 3 biological replicates). Statistical evaluation with two-
way ANOVA was followed by the two-tailed unpaired Student’s test. Proba-
bility values for pairwise comparisons to apo are shown at the respective bars.
*:p<0.05 ** p<0.01, * **: p < 0.001, ns: not significant. The chemical
structures of the ligands are drawn with their unique parts shown in red. m'G:
1-methylguanosine; m’G: 7-methylguanosine; 6-O-mG: 6-O-methylguanosine;
7dzG: 7-deazaguanosine; Gua: guanosine; Xan: xanthosine; 2’-O-mG: 2-O-
methylguanosine; N>mG: N2-methylguanosine; Ado: adenosine; Ins: inosine;
isoG: isoguanosine; G: guanine; R: ribose.

7DOW, 7DQN and 7DC9, respectively). The selection rationale is as
follows: the WT-Xan, Y185F-Gua and E82Q-Gua systems are the three
systems in which the ligands are the natural product or substrate,
respectively. However, the latter two involve partially and completely
inactive enzymes [19,20]. On the other hand, the WT-Ins complex
represents a system with an alternative conformation of the enzyme,
whereas the WT-m’G and WT-7dzG systems employed ligands that bind
with poor geometries (see methods for details). During the simulation,
we maintained the stability of Zn?>* by applying the cationic dummy
atom (CADA) model, which stabilizes the interactions between 7Zn%* and
its coordinating ligands, ensuring that it remains fixed in position. The
RMSF curves for the two chains in these structures are fairly similar
(Fig. 3A). The tails of both the WT-Xan and E82Q-Gua complexes are
located near the active site in their respective structures and behave
similarly. However, the average N7-OH distance of the E82Q-Gua
complex is larger (~5.3 f\, compared to 3.5 A for WT) (Fig. 3B,
Table 2). Specifically, ~60-70% of conformers from both chains of the
WT (out of a total of 1000 during the 1 ps-scale simulation) maintain the
important hydrogen bond with Xan if its cutoff distance is set to 3.5 A, or
~100% of conformers if the cutoff is 4.0 A, but this relationship is
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Fig. 3. The protein structural flexibility and ligand perturbability of the representative structures. (A) The MD simulation results of the AtGSDA apo- and ligand-
bound structures. The simulation was conducted for 1 s on seven representative structures, and the evolution of RMSF values (units in A) for the two chains
(colored green and yellow, respectively) is shown. The sequences for the chains normally range from Ser29 to Tyr185, although the resolved residues may vary
slightly in different structures. (B) The protein structural flexibility and ligand perturbability of the representative structures. The distance of guanosine/N7-Tyr185/
OH during the 1-ps MD simulation. Note that C7 replaces N7 in the 7dzG-WT complex structure, and the Y185F-Gua complex contains only one ligand molecule with

the tyrosine residue mutated (thus not monitored). Chains A and B are colored green and yellow, respectively. Xan: xanthosine; Ins: inosine; m’G: 7-methylguanosine;
7dzG: 7-deazaguanosine; Gua: guanosine.

almost totally disrupted in E82Q (~ only 4% retaining interaction). m’G
binding enhances the conformational imbalance by differentially loos-
ening the C-termini of both chains, and they swing out to the solvent on
many occasions. Eleven percent of the conformers in chain A adopt the

in” conformation if the N7-OH distance is restricted to ~3.5 f\, while all
B molecules lose this interaction (with distances ranging from
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~12.5-17.0 i\, Panel 3). Furthermore, in other structures, even with the
“in/in” conformations (7dzG, Ins or E82Q-Gua), one chain constantly
switches between the two conformations, while the other chain
completely adopts the “out” conformation, as does the apo-enzyme
(Supplementary Movie S1). The largest distance between C7 (equiva-
lent to N7)-OH in 7dzG and Tyr185 would exceed 25.0 A. Additionally,
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Table 1
The differential states of the two protomers of AtGSDA bound by various ligands in cocrystal structures.
Cocrystals Temperature factors (A% Chain Conformation Space group Reference
R R R Combination
Protein chains Ligands (A/B)
(A, B) inA, B
apo-WT (7DBF) 34.6, 36.5 NA Disordered/Out P6, [21]
WT-Xan (7DCA) 21.4,19.7 16.5, 15.9 In/In P6, [21]
E82Q-Gua (7DC9) 31.0, 31.8 26.6, 30.3 In/In P6, [21]
WT-2’-0-mG (7DGC) 37.3, 36.0 42.7,41.3 In/In P6,; [20]
WT-N?mG (7DH1) 33.7,31.4 31.1, 31.9 In/In P6; [20]
WT-isoG (7DM6) 20.9, 18.5 19.3,18.3 In/In P6, [20]
WT-Ado (7DCW) 23.2,22.4 19.1, 21.9 In/In P6, [20]
WT-Ins (7DCB) 32.5, 35.3 30.0, 38.6 In/In, double conformations for B P6, [20]
WT-m’G (7DOX) 18.1, 18.5 26.1,27.0 In/In P6, This work
WT-6-O-mG (7DOY) 35.4,35.2 43.0, 46.0 In/In P6, This work
WT-m'G (7DLC) 27.9, 28.7 40.8, 40.3 In/In P6, This work
WT-7dzG (7DOW) 27.5, 28.5 22.6, 30.1 In/Out P6, This work
Y185F-Gua (7DQN) 30.4, 24.8 31.5 (only one ligand) In/Out, F185 in chain B invisible P6, [20]
E82Q-2-0-mG (7W1Q) 26.8, 28.9 30.3,41.4 In/Out P6,; [20]

Tyrl85 barely closes the active sites during the simulation. This expo-
sure of the active sites partially explains the low reactivity of AtGSDA.

Last, we simulated the Y185F-Gua (guanosine) complex, which is
unique because only one chain contained the substrate. We wondered
how it would behave if it were a balanced dimer. We therefore modeled
a second guanosine molecule in the empty chain and looped its C-ter-
minus back into the active site (Y185F-Gua2, Supplementary Movie S1).
Both C-termini of the hypothetical dimer remain longer in the active site
than in the singly guanosine-bound case, but they eventually break free
and return to the solvent. A total of 98% and 64% conformations of the
two chains are "out", respectively. Therefore, the “out” conformation
suggests that the enzyme waits for its C-terminus to close to start/
resume the reaction because the reaction is still incomplete, or the
enzyme is preparing to release the ligands because it has trouble con-
verting the ligands into products due to improper closing. Similarly, we
made an artificially equivalent full-length apo-enzyme with the “out/
out” conformations (i.e., both chains have intact C-termini that contact
solvent) to investigate the state of the free enzyme (WT_Cout, Supple-
mentary Movie S1), and we found that the tails stay outside the active
sites most of the time. However, we occasionally sampled some con-
formers even when no ligands were present. This result indicates that the
apo-enzyme preferentially adopts the “out” conformation to maximize
the degrees of freedom.

4. Discussion

Guanosine deaminase is a plant-specific enzyme that catalyzes the
deamination of guanosine. It is a part of purine metabolism and is crit-
ical for various physiological processes in cells, but the enzyme’s high
selectivity and dynamics remain unclear. In the previous structures, we
observed that the two protomers of the dimeric enzyme function inde-
pendently and bind equally well toward their substrates (Gua, 2-O-mG
and N2-mG) or inhibitors (Ado, Ins and isoG) [19,20]. However, close
examination of the cocrystal structures in this study revealed that the
two protomers of AtGSDA exhibit different behaviors under several
circumstances. Specifically, they appear to be asymmetric in action,
with one protomer contributing more to ligand binding than the other,
especially when nonoptimal ligands or enzyme mutants are involved
(PDBs 7DOY, 7DOX, 7DLC and 7DOW). These structures typically
exhibit the following characteristics:

First, the structure of the apo-enzyme is asymmetric in that one
protomer displays a disordered C-terminus, while the other forms a loop
and makes contacts with the solvent (PDB 7DBF) [19]. That is, in the
absence of a ligand, the C-termini of the apo-enzyme are conforma-
tionally diverse (its electron density in one chain is averaged out while
the other is solvent-accessible). Additionally, the solvent-accessible but
ordered C-terminus in the other chain should not be interpreted as an
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artifact of crystal packing. Rather, it should be regarded as a biologically
relevant event because the free tails loop back into the active sites once
the genuine substrates bind. The engagement of the ligands compensates
for the losses of conformational entropies of both the enzyme and sub-
strate. Y185F is only partially active (its kca/km is only 17.9% of WT
[19]), and the Y185F-Gua complex containing a singly bound ligand
(PDB 7DQN) provides additional evidence that the unequal binding is
not a result of crystal packing.

Second, the C-terminus of one protomer frequently exhibits double
or alternative conformations or poorer electron density and may even
adopt the “out” conformation (Table 1). This imbalance becomes more
pronounced in the presence of loosely bound ligands investigated in this
study, such as methylated guanosine. In contrast, the other protomer
always displays the “in” conformation. Furthermore, in these loosely
bound complexes, one ligand sometimes displays a higher temperature
factor than the other, or they do not bind at exactly equivalent sites in
their respective binding pockets. Additionally, the temperature factors
of both ligands are higher than those of their protein chains (Table 1).

Third, the two protomers undergo reactions differentially, especially
in challenging deamination cases (due to enzyme mutations). For
example, E82Q complexed with 2-O-mG (PDB 7W1Q) shows modest to
large differences in temperature factors of the ligands and exhibits “in/
out” conformations (Table 1) [20]. Although the partially active Y185F
reacts with guanosine (PDB 7DQN), we observed that one protomer had
already released the ligand, while the other ligand remained bound in
the cocrystal structure. In the WT-7dzG case, although each protomer of
AtGSDA was bound by a 7dzG molecule, the C-terminus of one chain had
been released into the solvent (Supplementary Fig. S4). The structural
asymmetry is more evident in the MD simulation.

Last, we observed the asymmetric pattern of a cross-subunit salt
bridge immediately above the active sites (Fig. 4A). Namely, two salt
bridges are formed between Asp140/Chain A, Argl21/Chain B and
Tyr185/Chain A, in which the carboxylate group of the terminal residue
Tyrl85 is involved. This tripartite salt bridge (named TSB-A) centers
around the key residue Argl21, whose orientation is subjected to a
“tilting” action, depending on the extent of the deamination reaction.
We found that TSB-A always existed, while its counterpart Asp140/B-
Argl121/A-Tyr185/B (TSB-B) was usually disrupted due to the orienta-
tional differences in the side chains of Asp140 and Arg121 between the
two protomers. Additionally, the more stable TSB-A is correlated with
the more defined electron density of the ligands in chain A. We found
that the lockup of such “gating” systems (or the formation of the TSBs) is
typically observed in chains whose tails are directed toward the active
sites. This indicates that the active sites are sealed and that the ligands
are bound more tightly (resulting in good occupancies, Fig. 4B). In
contrast, “in/out” conformations correspond to the unlocking of TSB-B
and are mainly associated with poor density of the bound ligands in
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Table 2
The flexibilities of the C-terminal tails of the protein chains and their bound ligands.
Systems Chain WT-Xan WT-m’G WT-Ins WT-7dzG E82Q-Gua Y185F-Gua
Conformer percentages forming the N7-OH interaction A 58.0% (96.2%)* 11.0% 3.0% 1.0% 4.0% NA
B 67.0% (98.5%)* 0 0 0 1.0% NA

" the percentages using 4.0 A as the cutoff distance; NA: not applicable.

WT-Xan (PDB 7DCA)

Tyr185 (O)

E82Q-Gua (PDB 7DC9)

Fig. 4. The importance of TSB and their interaction details. (A) The overall structure and the TSB sites. Chains A and B are colored green and yellow, respectively,
and the protomers are shown in surface and ribbon simultaneously. (B) The TSB interaction details in the WT-Xan complexes (PDB 7DCA) and their relationship to
Xan, which adopts the “in/in” conformation combination. The TSB-A and TSB-B residues were superimposed. The arrows indicate the positional and orientational
differences of the TSB residues between the two chains. (C) The same interactions in the E82Q-Gua complex (PDB 7DC9, “in/out” conformations). Note that the side
chain of Argl21 is substantially tilted, which disrupts the original electrostatic interactions. Gua: guanosine; Xan: xanthosine.

chain B. Therefore, we postulate that these TSBs likely act as “gates” and
are essential for the release of products/ligands or enzyme regeneration.
The backward tilt of Arg121/A disrupts the key contacts with Asp140/B
and Tyrl85/B, both of which form hydrogen bonds with the ligands
during the deamination reaction. This tilting action is more obvious in a
nonproductive reaction by a mutant such as E82Q (Fig. 4C).

The above observations suggest the functional importance of the
asymmetric binding phenomenon and the role of TSBs in catalysis. A
possible explanation is that the conformational changes between the
substrate and the product, such as the rotation of the guanine ring after
the deamination reaction, may result in alterations in the binding
strengths with Asp140 and Tyr185 (both are key residues in substrate/
product binding), associated with the release of the product. Indeed, the
R121A/Y185F double mutation would reduce the activity to barely 5%
of WT (25% for the single mutation R121A) [19]. In contrast, the single
mutation Y185F loses the interaction with N7 but retains its free
carboxyl group (as it is the very last residue of the C-terminus), and its
consequence is not as dramatic as that of either deletion mutation K181
or R183 (the four- or two-residue truncation at the C-termini, respec-
tively), supporting our hypothesis regarding the TSB gating system [19].
Under the regulation of TSBs, both chains bind and release the sub-
strate/product in an orderly manner, consistent with the observations of
the differentially bound ligands. These successive steps ensure contin-
uous enzyme turnover.

Currently, we do not have sufficient evidence to determine whether
the two protomers would exhibit different catalytic efficiencies. How-
ever, asymmetric binding is typically associated with loosely bound li-
gands or enzyme mutations, suggesting the possibility of such a
phenomenon. Furthermore, the activity-impaired mutants E82Q and
Y185F also exhibit catalytic asymmetry toward genuine substrates (2'-O-
methylguanosine and guanosine, respectively) [19,20]. Since crystal
structures are only static snapshots of the enzyme, important kinetic
details during catalysis are absent. Hence, we investigated the binding
modes and deamination activities of AtGSDA through molecular dy-
namics simulation, which facilitated the identification and capture of
various dynamic flexible conformers, providing a more detailed under-
standing of the enzyme in action. Although the enzyme binds the ligands
similarly to that of the genuine substrate in static crystal structures, MD
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simulations indicate that the enzyme has difficulty maintaining perfect
ligand-binding geometries constantly due to its flexibility at the
C-termini and the fluctuations of the ligands at the active sites. Other
than the absolute “in” (Tyr185 hydrogen bonds to N7 of guanosine) and
“out” conformations (where the last four residues of GSDA extend to the
solvent), we also observed numerous nonstandard conformations of the
enzyme and poorly aligned ligands at the active centers. The combina-
tion of crystallographic and MD simulation studies captured the unequal
binding behaviors in enzymatic dynamics. This helped us propose a
model in which TSBs play a regulatory role. Further investigations like
single-molecule kinetics or complementary MD studies (such as the
program MDLovoFit) would reveal more details of AtGSDA catalysis
[41].

The homodimeric enzyme fluoroacetate dehalogenase (FAcD) from
Rhodopseudomonas palustris turns over only one substrate molecule at a
time [42,43]. Crystallographic analysis indicates that only one protomer
is poised for substrate binding at any instance, and the asymmetry be-
comes evident upon the binding of the substrate, and conformational
exchange increases greatly when the substrate is locked into the binding
pocket. The behavior of AtGSDA asymmetry does not follow the
“half-of-the-sites” reactivity theory like FAcD because both GSDA pro-
tomers can bind and convert the standard substrates equally, a result of
the deamination occurring too quickly to be captured by crystallo-
graphic studies. Other enzyme examples of asymmetric catalysis include
the SARS 3 C-like proteinase and a-catenin [44,45], which will not be
further detailed here.
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