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A B S T R A C T   

Guanine deaminases (GDs) are essential enzymes that regulate the overall nucleobase pool. Since the deami-
nation of guanine to xanthine results in the production of a mutagenic base, these enzymes have evolved to be 
very specific in nature. Surprisingly, they accept structurally distinct triazine ammeline, an intermediate in the 
melamine pathway, as one of the moonlighting substrates. Here, by employing NE0047 (a GD from Nitrosomonas 
europaea), we delineate the nuance in the catalytic mechanism that allows these two distinct substrates to be 
catalyzed. A combination of enzyme kinetics, X-ray crystallographic, and calorimetric studies reveal that GDs 
operate via a dual proton shuttle mechanism with two glutamates, E79 and E143, crucial for deamination. 
Additionally, N66 appears to be central for substrate anchoring and participates in catalysis. The study highlights 
the importance of closure of the catalytic loop and of maintenance of the hydrophobic core by capping residues 
like F141 and F48 for the creation of an apt environment for activation of the zinc-assisted catalysis. This study 
also analyzes evolutionarily distinct GDs and asserts that GDs incorporate subtle variations in the active site 
architectures while keeping the most critical active site determinants conserved.   

1. Introduction 

Guanine deaminases (GDs) are essential enzymes of the nucleotide 
metabolic pathway that catalyze the hydrolytic deamination of guanine, 
producing xanthine and ammonia (Nygaard et al., 2000; Yuan et al., 
1999). GD reaction facilitates guanine to enter the purine degradative 
pathway through xanthine and helps regulate the total cellular guany-
late pool (Bitra et al., 2013a; Chang et al., 2004; Gaded and Anand, 
2018; Maynes et al., 2000). They are expressed in all kingdoms of life, 
and their expression is tightly regulated (Kumar et al., 1967; Kuzmits 
et al., 1980). This is mainly because GDs catalyze guanine to produce the 
mutagenic base xanthine, which can potentially get incorporated into 
the genetic material, causing aberrations (Pang et al., 2012). Clinical 
studies show that GDs’ expression is highly tissue-specific in mammals, 
with GDs’ activity being completely absent in lymphoid tissues, whereas 
a high level of expression is observed in portions of the brain, liver, and 
kidney (Gupta and Glantz, 1985; Ito et al., 1982; Kubo et al., 2006; 

Miyamoto et al., 1982; Rossi et al., 1978; Sannomiya et al., 2006). This 
selective expression of GDs has made them clinically significant and led 
to these being used as a diagnostic marker for several diseases 
(Fernández et al., 2009; Kumar et al., 1967; Kuzmits et al., 1980; Sef-
fernick et al., 2010). GDs belong to two superfamilies - amidohydrolase 
(AHS) and cytidine-deaminase like (CDA) superfamilies (Gaded and 
Anand, 2018). Most eukaryotes, especially mammalian GDs belong to 
the AHS superfamily, display the typical (β/α)8-barrel fold while several 
bacterial and pathogenic strains possess the α/β/α sandwich fold, unique 
to the CDA superfamily (Gaded and Anand, 2018; Holm and Sander, 
1997; Seffernick et al., 2010; Shek et al., 2019). This fold diversity 
among bacterial and human species makes them apt candidates for 
potential drug development (Gaded and Anand, 2018). 

Most of the CDA family GDs undergo a zinc-dependent deamination 
reaction and are functional dimers that can be evolutionary separated 
into two distinct groups (Bitra et al., 2013b; Frances and Cordelier, 
2020; Liaw et al., 2004). The Bacillus subtilis GD (bGD) group harbor an 

Abbreviations: GD, Guanine deaminase. 
* Corresponding author. 

E-mail address: ruchi@chem.iitb.ac.in (R. Anand).   
1 All the authors have contributed equally.  
2 ORCiD ID: 0000-0003-3970-7938.  
3 ORCiD ID: 0000-0002-2936-476X.  
4 ORCiD ID: 0000-0002-2045-3758. 

Contents lists available at ScienceDirect 

Journal of Structural Biology 

journal homepage: www.elsevier.com/locate/yjsbi 

https://doi.org/10.1016/j.jsb.2021.107747 
Received 17 February 2021; Received in revised form 5 May 2021; Accepted 13 May 2021   

mailto:ruchi@chem.iitb.ac.in
www.sciencedirect.com/science/journal/10478477
https://www.elsevier.com/locate/yjsbi
https://doi.org/10.1016/j.jsb.2021.107747
https://doi.org/10.1016/j.jsb.2021.107747
https://doi.org/10.1016/j.jsb.2021.107747
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsb.2021.107747&domain=pdf


Journal of Structural Biology 213 (2021) 107747

2

active site that is constituted by amino acids from both subunits (Chang 
et al., 2004; Liaw et al., 2004). In contrast, in the Nitrosomonas europaea 
GD (NE0047) group, the complete active site is formed from residues 
participating from a single subunit (Fig. 1) (Bitra et al., 2013b). Exten-
sive functional studies on the NE0047 class reveal that shielding of the 
active site from the solvent is very important for the progress of the 
reaction (Bitra et al., 2013b). The mechanism of shielding is diverse in 
both groups; NE0047 has nine amino acids that form a lid that closes and 
opens during the course of the reaction (Fig. 1A, B), while bGD has 
helices that cross over from both monomers and shield the active site 
(Fig. 1C, D) (Bitra et al., 2013b; Liaw et al., 2004). bGD also possesses a 
conserved C-terminal tyrosine/aromatic residue that is shown to be 
essential for activity and is proposed to help in correctly anchoring of 
guanine (Fig. 1D) (Bitra et al., 2013b). This residue caps the active site 
from the neighboring subunit and is part of the domain-swapped region 
that intertwines the dimeric assembly in bGD (Chang et al., 2004; Liaw 

et al., 2004). Despite these active site differences, both enzymes catalyze 
the same substrates and have similar essential amino acids such as the 
zinc coordinating residues and the attacking glutamic acid (E79 in 
NE0047, E55 in bGD (Bitra et al., 2013b; Liaw et al., 2004) (Fig. 1E) 
therefore, we believe they operate via a common mechanism. A series of 
crystal structures of NE0047 in complex with substrate and various 
nucleobase and nucleoside analogues along with activity assay studies 
have helped to establish the structural basis of substrate specificity 
(Bitra et al., 2013b; Liaw et al., 2004). Corroborating ITC binding data 
has further shown that though NE0047 active site although accommo-
dates other bases, it accepts only guanine as the primary substrate (Bitra 
et al., 2013b, 2013a). Even minor modifications like a methyl group 
addition, such as in 9-methylguanine are not acceptable. This is mainly 
because the active site was found to be extremely snug, and any modi-
fications that increase the size of the primary scaffold result in rotation 
of the guanine moiety in the active site (Bitra et al., 2013a, 2013b). It 

Fig. 1. Structural overview of two characterized 
GDs from CDA superfamily (A) Cartoon represen-
tation of NE0047 dimer (PDB ID − 4HRQ). Carbon 
atoms of the bound ligand (8-azaguanine) are shown 
in magenta (B) Close-up view of the active sites of 
NE0047. (C) Cartoon representation of bGD (PDB ID 
– 1WKQ). Carbon atoms of the bound ligand (imid-
azole) are shown in golden. (D) Close-up view of the 
active sites of bGD. (E) Active site superposition of 
NE0047-8-azaguanine and bGD-imidazole complex 
showing active site correspondence (F) Stacking 
interaction of 8-azaguanine with H77 which is 
tetrahedrally coordinated with zinc along with C112, 
C115 and a water molecule. Carbon atoms of the 
ligand binding residues of NE0047 are shown in 
green while that of bGD in cyan. Zinc and zinc-bound 
water are shown as orange and red sphere 
respectively.   
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was also shown that nucleosides such as guanosine and cytidine do not 
get deaminated as the closure of the C-terminal loop is impeded due to 
steric clashes with their ribose moiety (Bitra et al., 2013a). Surprisingly, 
ammeline, a triazine, is accepted by GDs as one of the moonlighting 
substrates. Ammeline is an intermediate in the melamine pathway, and 
the enzyme that deaminates it remains unknown. Reports show that 
even AHS superfamily enzymes, human GDs, that do not belong to the 
CDA superfamily and harbor completely different active site geometry, 
catalyze the deamination of ammeline (Seffernick et al., 2010). There-
fore, it is likely not a random side substrate, and we hypothesize that 
GDs might serve as the primary enzyme in multiple pathways (Bitra 
et al., 2013b; Seffernick et al., 2010). 

To further understand the requirements of catalysis and delineate 
how GDs catalyze the two distinct substrates guanine and ammeline, in 
this study, we have made significant efforts to gain insights into the basis 
of molecular recognition and in unraveling determinants important for 
deamination. To establish the role of different amino acids in the cata-
lytic pocket, we have employed structure-guided mutagenesis, enzyme 
kinetics, X-ray structural, and calorimetric studies. We have solved a 
subset of crystal structures of NE0047 mutants in complex with 8-aza-
guanine (a guanine analogue) and explored the importance of key 
active site residues that aid in catalysis and in maintaining a hydro-
phobic environment during the progress of the reaction. To understand 
the origins of specificity, attempts to make a guanine-specific GD that 
does not catalyze ammeline and vice versa were also undertaken. 
Overall, this work helps in developing an in-depth analysis of the choice 
of amino acids for a particular active site cohort and provides direction 
towards understanding active site design in related enzyme systems. 

2. Materials and methods 

Mutagenesis of active site residues and enzymatic studies with 
mutants. The catalytic residues of NE0047 were targeted for muta-
genesis, and various mutants (E79A, E143A, E143Q, E143L, F48A, 
F141A, N66A, N66Q, E143D, and E110A) were made by site-directed 
mutagenesis (Kapa Biosystems). All these mutants were expressed as 
six-His tag fusion proteins to facilitate purification by the standard 
nickel affinity chromatography method. All the procedures for protein 
expression and purification were the same as those described previously 
(Bitra et al., 2013b). The protein was concentrated to ~12 mg/mL in the 
sample buffer (20 mM HEPES, pH 7.5; 100 mM NaCl). The activity assay 

for determining the liberation of ammonia by NE0047 mutants was 
performed using the Berthelot reaction as described earlier (Bitra et al., 
2013b; Bonner and Cantey, 1966). The concentration of enzymes and 
substrates (guanine and ammeline) were maintained at 5 µM and 330 
µM, respectively for activity assay. Kinetics were performed for mutants 
with guanine substrate concentration ranging from 30 to 200 µM as 
described earlier (Bitra et al., 2013b; Bonner and Cantey, 1966). The 
kinetic constants are listed in Table 1. 

Ligand Binding experiments. NE0047 mutants were tested for af-
finity with 8-azaguanine and ammeline using MicroCal iTC200 (GE 
Healthcare, WI, USA). Samples were prepared in buffer containing 50 
mM HEPES and 100 mM NaCl, pH 7.5. ITC experiments for E143D 
mutant were done using 20 µM protein against 0.5 mM 8-azaguanine. 
For F48A mutant, 30 µM protein and 1 mM 8-azaguanine were used, 
while 44 µM protein and 0.9 mM 8-azaguanine were used for F141A 
mutant. For N66A mutant, 40 µM protein was used against 4.5 mM 8- 
azaguanine substrate concentration. A total of 19 injections were per-
formed for each experiment with a spacing of 180 sec between each 
successive injection and at a constant stirring rate of 1000 rpm. ITC 
experiment of E143D with ammeline was performed by adding 0.9 mM 
of ammeline to 100 μM of the mutant protein. The temperature was 
maintained at 25 ◦C for all the ITC experiments. To nullify the effect of 
heat of dilution, all the ligands were titrated against the above- 
mentioned buffer and subtracted from the raw data prior to model 
fitting. The computed data is listed in Table 2. 

Crystallization and structure determination of NE0047 mutants 
in complex with substrates. 8-azaguanine (analogue of guanine), 
which is also a substrate of NE0047, was used for crystallography owing 
to its solubility in water (Bitra et al., 2013b). Co-crystals of NE0047 
(mutant)-substrate (8-azaguanine) complex were obtained in the crys-
tallization condition consisting of 0.25 M MgCl2, 25% PEG 3350, and 
0.1 M Bis-Tris (pH 5.5). The obtained thin plate-like crystals were cryo- 
protected with a solution composed of mother liquor along with 5% 
glycerol, 5% sucrose, and 5% ethylene glycol and flash-cooled in liquid 
nitrogen. The X-ray diffraction data for all the complexes were collected 
at BM-14 beamline, European synchrotron radiation facility (ESRF), 
using 1◦ oscillation and 10 sec exposure time. The intensities were 
indexed and integrated using iMOSFLM (Battye et al., 2011). Subse-
quently, the intensities were scaled using the program SCALA (Project, 
1994). The protein space group and unit cell parameters were similar to 
the earlier reported value (Bitra et al., 2013b). The structure was solved 
using phases from the deposited PDB entry 2G84 and further subjected 
to rounds of refinement using REFMAC (Murshudov et al., 1997). The 
crystal structure of N66A mutant clearly showed the presence of electron 
density (Fo- Fc map) for 8-azaguanine at a contour level of 3σ in both the 
subunits. In the crystal structure of E143D mutation, the Fo- Fc map for 
8-azaguanine was visualized at a contour level of 3σ in subunit B. 
However, after fitting the ligand, residual positive difference peaks in 
the vicinity of ligand were observed, which we believe could be attrib-
uted to partial product formation as E143D enzyme mutant exhibits 
activity with 8-azaguanine. In subunit A (open form), ligand could not 
be fitted because of noise in the map. In the co-crystal structure for the 
N66Q mutant version of the enzyme, 8-azaguanine was present in both 
the subunits. The data and refinement statistics are listed in Table 3. All 
the figures were prepared using PyMOL (DeLano, 2020). The tilt angle of 

Table 1 
Kinetic parameters for various active site mutants of NE0047 towards the 
deamination of guanine. For E79A and E143A mutants, activity was negli-
gible. Hence, kinetic parameters could not be computed.  

NE0047 mutants Km (mM) kcat (s− 1) kcat/Km (M− 1 s− 1) 

Native 0.12 ± 0.01 15 ± 3 (1.2 ± 0.3) × 105 

F48A 0.43 ± 0.09 0.4 ± 0.04 (9.1 ± 0.7) × 102 

N66A 0.42 ± 0.05 0.3 ± 0.04 (7.1 ± 0.3) × 102 

E79A – – – 
F141A 1.89 ± 0.02 0.06 ± 0.02 (3.5 ± 0.4) × 101 

E143A – – – 
E143D 0.35 ± 0.07 0.4 ± 0.08 (1.1 ± 0.5) × 103  

Table 2 
ITC data for binding of 8-azaguanine to various active site mutants of NE0047.  

NE0047 mutants K1 (M− 1) ΔG1 (kcal/mol) K2 (M− 1) ΔG2 (kcal/mol) 

Native 1.4 ± 0.3 × 105 − 2.8 ± 0.5 6.1 ± 0.9 × 103 − 4.7 ± 0.7 
E143D 1.1 ± 0.5 × 105 − 2.3 ± 0.5 1.9 ± 0.6 × 103 − 18.7 ± 0.8 
F141A 2.3 ± 0.2 × 104 − 5.5 ± 0.4 4.4 ± 0.4 × 103 − 6.6 ± 1.1 
F48A 8.1 ± 0.9 × 104 − 1.9 ± 0.1 1.1 ± 0.1 × 103 − 19.9 ± 0.3 
N66A 3.4 ± 0.4 × 104 − 1.3 ± 0.3 1.1 ± 0.1 × 103 − 3.2 ± 0.3  
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8-azaguanine in the mutant (PDB ID:7C3S) versus the native NE0047 
(PDB ID: 4HRQ) was measured by superimposing the crystal structures 
in the COOT software (Emsley and Cowtan, 2004) and then comparing 
the slant between both the structures. 

Circular Dichroism (CD) studies. CD spectra of the native NE0047 
and its mutants E143Q and E143L were recorded on a Jasco J-815CD 
spectrometer. The protein concentration used were 0.2 mg/mL prepared 
in phosphate buffer (25 mM sodium phosphate pH 7.5, 80 mM NaCl). 
Scans were performed at 20 ◦C using 0.1 cm path length quartz cuvettes 
with 8 sec differential integration time at a scan rate of 50 nm/sec. The 
mean residual ellipticity (MRE) in units of deg.cm2.dmol− 1 was deter-
mined using the formula (Kelly and Price, 2000), 

MRE = (MRW.θ)/10(d.c) (1)  

where θ is the observed ellipticity (degrees), d is the pathlength (cm) and 
c is the concentration (in units of g/ml). The MRW is obtained by 
dividing the molecular mass by N − 1, where N is the number of amino 
acids. 

3. Results and discussion 

Importance of proton shuttles in catalyzing GD reaction. Several 
structures of NE0047 with substrate analogues have provided insights 
into the requirements of catalysis and conformational changes that 
facilitate it (Bitra et al., 2013b; Seffernick et al., 2010). It is established 
that the deaminases undergo metal-assisted deamination (Christianson 
and Cox, 1999; Kunkel and Diaz, 2002; Manta et al., 2014; Seibert and 
Raushel, 2005), with the zinc ion in the case of NE0047 being tetrahe-
drally coordinated via residues C112, C115, H77 and a water molecule 
(Fig. 1F, S1, Scheme 1). Additionally, the role of E79 as an important 
nucleophile assisting zinc has been well established, and this amino acid 
is conserved in all nucleobase deamination reactions, whether it is 
cytosine, cytidine, or adenosine (Cambi et al., 1998; Ko et al., 2003; 
Mohamedali et al., 1996). E79, along with zinc ion, initiates deamina-
tion by activating the zinc coordinated water molecule. Here, stereo 
considerations regarding the optimal geometry and distance of the 

carbon atom adjacent to the amino group to be deaminated from both 
zinc and E79 are of paramount importance. Mutation of E79 to alanine 
residue renders the enzyme completely inactive; this is due to the 
inability of alanine residue to assist in generating the Zn-hydroxide 
nucleophile (Fig. 2A). Besides E79 in GDs, it was proposed that 
another glutamic acid residue E143, also assists the reaction (Gaded and 
Anand, 2017; Ireton et al., 2003; Johansson et al., 2004; Losey et al., 
2006). The presence of two-proton shuttles for deamination is not al-
ways the case, as the well-established cytosine deaminases whose 
mechanism has been studied in detail by experiment, as well as 
computational calculation, require only one proton shuttle (Ko et al., 
2003; Sklenak et al., 2004; Yao et al., 2006, 2005). Therefore, to 
investigate if deamination indeed occurs via a two-proton shuttle 
mechanism, the other proposed proton shuttle, E143, was systematically 
mutated, and the effect on activity gauged (Fig. 2A). Removal of the 
negative charge character by mutating E143 to alanine resulted in 
complete loss of activity of NE0047 with both the substrates. To confirm 
that it was not because of unfavorable conformational changes or inef-
fective shielding of the active site, E143 was mutated to a similar size 
neutral glutamine residue (E143Q). Further to validate the significance 
of the electronic effect over the stereo effect towards the activity of the 
enzyme, leucine (E143L) mutant was also generated. Both these mu-
tants, although folded optimally (Figure S2), were completely inactive 
(Fig. 2A), indicating the significance of negative charge at this position. 

To further gauge the importance of the acidic head group, an E143D 
mutant with the same character but is one carbon length shorter than 
glutamic acid was engineered. Results show that the enzyme is compe-
tent and can deaminate guanine (Fig. 2A), although with a 100-fold 
reduction in catalytic efficiency (Table 1). ITC studies show that the 
ability of the enzyme to bind to the substrate is only marginally affected 
compared to native protein Figure S3 A, B), whereas the turnover is 
compromised by more than 40-fold (Tables 1 and 2). The crystal 
structure of the E143D mutant was solved to understand the structural 
basis of reduction in catalytic efficiency (Fig. 2B, C) as well as to visu-
alize the changes in the active site introduced because of the mutation. 
The visualization shows that in the E143D-8-azaguanine mutant 

Table 3 
Data and refinement statistics.  

Protein NE0047 (E143D)-8-azaguanine complex 
(PDB ID-7C3S) 

NE0047 (N66A)-8-azaguanine complex 
(PDB ID-7C3U) 

NE0047 (N66Q)-8-azaguanine complex 
(PDB ID-7C3T) 

Space group P212121 P212121 P212121 

Resolution (Å) 1.66 1.86 2.07 
Multiplicitya 4.4 (4.4) 6.0 (5.6) 5.3 (4.8) 
Completeness (%)a 99.7 (100) 99.8 (99.7) 99.3 (95.9) 
Rsym (%)a 5.5 (48.7) 6.8 (48.4) 9.4 (47.2) 
I/σa 22.8 (2.4) 25.8 (3.5) 15.1 (2.78) 
Total no. of reflections 166,707 158,646 104,739 
No. of Unique reflections 37,813 26,490 19,828 
Refinement 
Resolution range (Å) 36.3–1.66 60.8–1.86 61.3–2.07 
No. of reflections total 35,915 24,122 17,682 
No. of reflections test set 1889 1260 957 
Rwork/Rfree (%) 15.6/19.2 16.5/21.7 17.8/24.2 
No. of atoms 
Total 2918 2776 2748 
Protein 2697 2657 2673 
Ligands 38 26 22 
Ion 2 2 2 
Water 181 91 51 
Rmsd 
Bond lengths (Å) 0.019 0.019 0.017 
Bond angles (◦) 1.90 1.86 1.83 
Ramachandran plot 
Most favored region (%) 98.34 98.07 98.08 
Additionally allowed region (%) 1.38 1.66 1.64 
Outliers (%) 0.28 0.28 0.27  

a Values in parentheses represent the data in the highest-resolution shell.  
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structure (PDB ID-7C3S), to compensate for the shorter carbon length of 
aspartic acid residue, the 8-azaguanine tilts by 12̊, enabling it to effec-
tively hydrogen bond with D143 (Fig. 2C). This shift results in disruption 
of the stable hydrogen bonding interaction between O6 of 8-azaguanine 
with the amine group of N66. Asparagine at this position is a highly 
conserved residue that is proposed to stabilize the buildup of charge on 
the guanine ring during catalysis. The disruption of the H-bond in this 
conformation likely compromises this effect. This observation indicates 
that guanine is not as effectively anchored, and the interaction lost in the 
E143D mutation (Fig. 2C) is the prime reason the reaction rate is slowed 
down (Table 1). Thus, the substitution of even one amino acid can cause 
subtle changes in the mode of substrate binding that directly affects 
catalysis. However, since the basic dual proton shuttle is preserved, the 
enzyme is still able to deaminate guanine. In the case of E143L and 
E143Q mutants, in the absence of the shuttle, enzyme is unable to 
release ammonia and becomes incompetent, rendering it completely 
dead (Fig. 2A). 

Based on the dual proton shuttle hypothesis, the order of the reaction 
mechanism can be envisaged. First, after appropriate binding of the 
ligand, E79 and zinc ion activate the water molecule forming a Zn-OH 
nucleophile that attacks the C6 carbon atom of guanine. This results in 
the generation of the tetrahedral intermediate state, stabilized by E79 
and E143 (Scheme 1). E143 acts as an anchor that hydrogen bonds with 
the amino group and concurrently serves as a second proton shuttle to 
help release ammonia. Comparison with bGD shows that essentially, 
both these proton shuttles are conserved in bGD. The E79 residue of 
NE0047 has E55 as a counterpart in bGD, whereas E143 has D114 
(Fig. 1E). In bGD as the active site is formed by both monomers, it was 
thought perhaps there would be differences in the mechanism. However, 

the position of the proton shuttles completely overlaps with those 
observed in NE0047, and thus mechanistic requirements are conserved. 
However, due to domain swapping, the mode by which the active site 
occludes the solvent is slightly different; in the case of bGD, a loop that 
contains a conserved C-terminal tyrosine from the adjacent subunit 
plugs the active site, whereas, in NE0047, the C-terminal catalytic loop 
does the same. Even in the human GD, which has an entirely different 
fold and belongs to the diverse AHS superfamily, both the glutamic acids 
are present, and therefore these residues likely participate in the 
deamination via a similar route (Bitra et al., 2013b; Fernández et al., 
2010; Gaded and Anand, 2018). This observation asserts that for purine 
deamination, two-proton shuttles are the universal operational 
mechanism. 

The effect on the activity of the other substrate, ammeline, on per-
turbing position E143 was also investigated. The systematic mutation of 
E143 revealed that any kind of mutation at this position, including 
E143D, renders GD ineffective towards ammeline (Fig. 2A), one of the 
moonlighting substrates of the high-fidelity GD enzyme. Since the 
crystal structure of ammeline with E143D could not be obtained, it was 
superimposed in the active site using the mutant NE0047 (E143D)- 
azaguanine structure as a template (Fig. 2D, E). Comparison with the 
native NE0047-ammeline complex (PDB ID: 4LCO) indicates that one 
reason ammeline might be unable to get deaminated is that the 
replacement of glutamate by aspartate results in the amino group of 
ammeline to be positioned too far for D143 to participate in catalysis. 
Thus under these conditions, the amino group of ammeline is likely no 
longer hydrogen-bonded, and hence D143 cannot act as a proton shuttle 
(Fig. 2D, E). Further, ITC results show that E143D mutant protein does 
not efficiently bind to ammeline (Figure S3C); this is because the E143D 

Scheme 1. Reaction mechanism proposed for the deamination of guanine by GD. Hydrogen atoms of zinc-bound water are shown in red.  
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Fig. 2. Role of E143 as second proton shuttle in 
catalytic mechanism. (A) Activity assay of various 
E143 mutants of NE0047 against guanine and 
ammeline as substrates. (B) Crystal structure of 
NE0047 (E143D) in complex with 8- azaguanine to a 
resolution of 1.66 Å. Fo-Fc maps are contoured at 3σ 
for both ligand and residue. (C) Active site super-
position of NE0047- 8-azaguanine and NE0047 
(E143D)-8-azaguanine complex. Carbon atoms of 
NE0047 are shown in green and that of NE0047 
mutants in yellow. Zinc atom is shown as orange 
sphere and the coordinated water as red sphere. (D) 
Active site representation of NE0047 in complex with 
ammeline. (E) NE0047 (E143D) mutant super-
imposed with ammeline. Ammeline is shown in light 
pink in both D and E.   

Fig. 3. Role of asparagine in stabilization and catalysis. (A) Activity assay of various N66 mutants of NE0047 against guanine and ammeline as substrates. (B) 
Crystal structure of NE0047 (N66Q) in complex with 8-azaguanine to a resolution of 2.07 Å. Fo-Fc maps are contoured at 3σ for both ligand and residue. (C) Active 
site superposition of NE0047- 8-azaguanine and NE0047 (N66A)-8-azaguanine complex. Carbon atoms of NE0047 are shown in green and that of NE0047 mutants in 
yellow. Zinc atom is shown as orange sphere and the coordinated water as red sphere. (D) ITC data of NE0047 (N66A) with 8-azaguanine. (E) Crystal structure of 
NE0047 (N66Q) in complex with 8-azaguanine to a resolution of 2.07 Å. Fo-Fc maps are contoured at 3σ for both ligand and residue. (F) Active site superposition of 
NE0047- 8-azaguanine and NE0047 (N66Q)-8-azaguanine complex. The clash between the C-terminal loop residue and N66Q is shown as surface representation. 
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mutation marginally increases the pocket size such that the enzyme is 
unable to stabilize ammeline, as opposed to guanine effectively; 
ammeline is a smaller single ring compound. The loss of activity and 
structural analysis reasserts that indeed E143 is an essential proton 
shuttle that facilitates deamination, and in the absence of this shuttle, 
deamination reaction cannot proceed. To further substantiate that 
E143D mutation was not a random charge balance effect, a control 
mutation, proximal E110, was mutated to alanine (Fig. 2A). This is not a 
central catalytic residue but is close to the active site. As expected, 
enzymatic activity for both guanine and ammeline was not affected by 
this change (Fig. 2A). Observations here highlight that E143D mutation 
results in a GD that preferentially catalyzes guanine, although with 
slightly reduced catalytic efficiency. The mutation completely abrogates 
ammeline activity due to its destabilization in the binding pocket. 

Role of asparagine in the substrate anchoring and catalysis. The 
crystal structure of E143D mutant with 8-azaguanine indicated that a 
weakening of the hydrogen bonding interaction of guanine with N66 
likely is one of the factors that affect catalytic efficiency (Table 1). To 
investigate this effect further, we eliminated this interaction, and the 
results show that the NE0047-N66A variant exhibits a 1000-fold 
reduction in catalytic efficiency (Table 1) towards deamination of gua-
nine. For ammeline, the kinetic parameters could not be measured, and a 
low level of activity was observed (Fig. 3A). This result highlights the 
importance of N66 in catalysis. This residue is present in several other 
enzymatic reactions where purine/pyrimidine substrates are involved 
and aids in the stabilization of the transition state (Erion et al., 1997; 
Harijan et al., 2018). In fact, this residue is strictly conserved across CDA 
superfamily members, and, therefore, we believe it plays a central role in 
anchoring the substrate and plays a crucial role in catalysis in nucleo-
base deaminases (Gaded and Anand, 2017; Ireton et al., 2002; Iyer et al., 
2011). In bGDs, one can see that this residue is conserved and struc-
turally overlays with N66 of NE0047 (Fig. 1E). In order to understand 
the importance of the N66, the crystal structure of NE0047 (N66A) in a 
complex with 8-azaguanine was solved. Results reveal that because of 

this mutation, although the guanine position is not altered, however, 
there is a loss of hydrogen bonding interaction that was earlier offered 
by the amide group of N66 (Fig. 3B, C). In the N66A mutant, the sta-
bilization rendered via the C6 keto group of guanine is no longer viable, 
and because of this, the enzyme faces a higher energy barrier to facilitate 
the deamination leading to lower catalytic efficiency (Table 1). ITC 
profile also shows that the N66A mutant has a lower affinity for the 
substrate 8-azaguanine (Fig. 3D and Table 2). We would like to re- 
emphasize that for ammeline, the situation is not as debilitating as the 
E143D mutation, and ammeline deamination can still be catalyzed, 
although with significantly lower activity (Fig. 3A and Table 1). Taking 
together these observations, we conclude that the presence of proton 
shuttles is an absolute requirement for deamination, and the role of N66 
is more in anchoring the substrate during catalysis. 

To better understand the role of the amide nitrogen and explore how 
conservative changes in the active site affect activity, N66 asparagine 
residue was mutated to glutamine (conserving the head group nature). 
This mutation was performed with two different objectives. The first was 
to understand the effect of conserving the electronics and charge in the 
active site cavity by gauging the activity of the two substrates, guanine, 
and ammeline. The second was to engineer an enzyme that is more 
compact such that activity and binding of the bulkier substrate guanine 
can be preferentially eliminated, and the smaller substrate ammeline 
becomes the primary substrate. This mutation was envisaged to engineer 
an ammeline-specific enzyme with exclusive activity. However, to our 
surprise, the assay results showed that the activity was obliterated 
entirely for both guanine and ammeline (Fig. 3A). To investigate this 
observation, we solved the structure of NE0047 (N66Q)-8-azaguanine 
complex (Fig. 3E, F). The crystal structure with 8-azaguanine seems to 
indicate no anomalies. The comparison shows that with respect to the 
native-8-azaguanine complex, 8-azaguanine is almost precisely at the 
same place as in the N66A mutant complex (Fig. 3C). Both the E143 
interaction and C6 keto interactions were conserved, and the guanine 
was accommodated in the pocket. However, to accommodate the bulkier 

Fig. 4. Importance of hydrophobic pocket. (A) Activity assay of F48 and F141 mutants of NE0047 against guanine and ammeline as substrates. (B) ITC data of 
NE0047 (F141A) with 8-azaguanine. (C) ITC data of NE0047 (F48A) with 8-azaguanine. (D-F) Surface representation of active site pocket. NE0047-8-azaguanine 
complex (D) F141A mutant (E) F48A mutant (F). 
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guanine, Q66 adopts an alternate conformation. In this conformation, it 
does not allow the closure of the seven amino acid C-terminal catalytic 
loop (Bitra et al., 2013a, 2013b). This loop closes every time guanine 
deamination is to be initiated and creates a hydrophobic environment 
that allows the high-energy transition state to be achieved. In the N66Q 
mutant, glutamine residue causes a steric clash and interferes with the 
complete closure of the catalytic loop (Fig. 3F). Previous studies with 
other nucleoside analogue (cytidine) have also proven the importance of 
the closure of this loop (Bitra et al., 2013a). Reports show that although 
nucleoside analogues such as guanosine and cytidine were able to bind 
effectively and, in the case of cytidine, also adopted an optimal 
conformation (close to both proton shuttles), the bulky size of the sub-
strate impeded loop closure. The nucleoside ribose sugar clashes with 
the catalytic loop leading to a complete loss of activity in these sub-
strates (Bitra et al., 2013a). In N66Q, a similar scenario occurs where 
loop closure is impeded, which results in no activity towards both 
guanine and ammeline. This result highlights that every amino acid in 
the active site is optimized for size, shape, and electronic property. In 
enzymes, active sites evolve to retain activity, and the changes occur in a 
correlated fashion as a cohort such that the active site geometry and 
stereoelectronics are both conserved and the balance is maintained. 

Importance of the hydrophobic pocket: To ascertain the signifi-
cance of the hydrophobic cap in the zinc-assisted deamination reaction, 
we mutated F141 and F48 residues to alanine (Fig. 4A). These residues, 
along with the catalytic loop, shield the active site. Both these phenyl-
alanine residues also provide necessary stacking interaction for proper 
positioning of guanine in the active site and thereby regulates the sub-
strates’ affinity (Fig. 4B, C). F141 lays on a helix-loop that is above the 
active site, and a 10,000-fold reduction in catalytic efficiency was 
observed for the F141A mutant (Table 1). ITC experiments also show 
lower affinity for 8-azaguanine, further validating the kinetics data 
(Fig. 4B, Tables 1 and 2). This residue is also completely conserved in 
bGD, and a comparison between bGD and NE0047 structures shows that 
it adopts the same conformation (Fig. 1D, E). Comparative structural 
analysis shows that deletion of this residue causes the active site to 
become slightly porous to solvent, creating a leaky active site (Fig. 4D, 
F). Here, the stabilization of the Zn-OH nucleophile and the tetrahedral 
intermediate state may become challenging to achieve thereby, slowing 
down the reaction tremendously. F48 residue is located internally and 
helps in the stabilization of the guanine moiety via п-stacking in-
teractions. A mutation of this residue is less debilitating as compared to 
F141 and results in only a 1000-fold reduction in activity (Fig. 4A, B, 
Tables 1 and 2). Analyzing the structure, it appears that mutation of this 
residue creates a much smaller hole in the active site pocket, and 
perhaps only a few water molecules can stochastically enter from the 
solvent thereby, reducing the efficiency of the reaction. The mutations 
F141A and F48A highlight that the enzyme is sensitive to the de- 
shielding of the active site as this impedes activation of the zinc- 
bound water molecule and thus ineffective catalysis. GDs being en-
zymes that generate mutagen xanthine, are evolved with tight control on 
activity, and each and every active site amino acid is chosen to achieve 
perfection. A subtle interplay of residues is perfected to create effective 
catalysis to achieve high fidelity. 

4. Conclusion 

In summary, structure-guided mutagenesis of NE0047 establishes the 
role of active site residues in the deamination of guanine and ammeline. 
Studies reveal that two amino acids E79 and E143, both are essential for 
activity and operate by a dual proton shuttle catalytic mechanism. 
E143D mutation makes the enzyme selective for only guanine, and this 
one conservative amino acid mutation obliterates ammeline activity. 
N66 plays a role in anchoring and catalysis during the reaction, and this 
residue is optimized for size and stereoelectronics and cannot be altered 
without causing serious loss of function. The study also highlights the 
importance of catalytic loop closure and the presence of capping 

residues like F141 and F48 for the creation of an apt hydrophobic 
environment for proper activation of the zinc coordinated water mole-
cule, paramount for initiating the reaction. 

5. Accession codes 

Atomic coordinates have been deposited at the PDB with accession 
code 7C3U [NE0047 (N66A)-8-azaguanine], 7C3T [NE0047(N66Q)-8- 
azaguanine], and 7C3S [NE0047 (E143D)-8-azaguanine]. 
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