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ABSTRACT Sugar nucleotidyl transferases (SNTs) catalyze nucleotidyltransfer reactions to form sugar-nucleotides and pyro-
phosphate in the presence of two Mg®™ ions (Mg®*a and Mg®*g). We unveil the mechanism and free energetics of nucleotidyl
transfer reaction in an SNT called GImU through hybrid quantum mechanics-molecular mechanics molecular dynamics simula-
tions and free energy calculations. The study identifies the roles of the active site residues and the Mg?* ions in catalyzing the
reaction. Of great significance, we are able to compare the free energy barrier for the reaction with that for the Mg®*-assisted
release of the product (i.e., pyrophosphate) into the solution, shedding light on the general mechanistic and kinetic aspects of
catalysis by SNTs.

SIGNIFICANCE Sugar nucleotidyl transferases catalyze the synthesis of sugar nucleotides—essential precursors for

cell wall components, bacterial antigens, and antibiotic synthesis. These enzymes employ two Mg?* ions for the nucleotidyl
transfer reaction. Previous studies have revealed that Mg " ions participate in the reaction as well as the product release.
However, the precise role of individual Mg®" ions and their influence on the kinetics of nucleotidyl transfer reaction remains
to be established. Using hybrid quantum mechanics-molecular mechanics molecular dynamics simulations, we delineate

the roles of Mg®" ions in the reaction and identify that the Mg?®*-facilitated product release, rather than the chemical
reaction, would control the enzymatic turnover in sugar nucleotidyltransferases.

INTRODUCTION

The enzymes belonging to the sugar nucleotidyl transferase
(SNT) family catalyze nucleotidyltransfer reactions using
sugar phosphate and nucleotide as their substrates, resulting
in the synthesis of sugar-nucleotide and pyrophosphate.
Sugar-nucleotides are the precursors for biosynthesis of
cell wall components and antigens, and they participate in
sugar metabolism (1-3). Several SNTs essential for bacte-
rial survival are attractive targets for the development of
new antibiotics (4-7). Besides, SNTs are considered to be
potential biocatalysts for the production of glycosylated
pharmaceuticals, in which sugar-nucleotides are used as
the precursors (8—12). Experimental studies on these
enzymes have identified catalytically crucial residues and
established that Mg " ions are essential for their enzymatic
activity (12—14). However, none of these studies have pre-
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cisely discerned the catalytic mechanism of this enzymatic
reaction.

Here, we present the mechanism of nucleotidyltransfer
reaction in GlmU, which belongs to the family of SNT
enzymes. Structural and biochemical studies on GImU and
other SNTs have unanimously identified that the conserved
active site residues—arginine (Argl9 in GlmU) and lysine
(Lys26 in GlmU)—are crucial for the nucleotidyltransfer
reaction (Fig. 1 a; (7,12-18)). These studies proposed that
Argl9 orients the nucleotide substrate in a catalytically
competent conformation. It is also believed to be important
for the orientation of the negatively charged substrates (UTP
and GIcNAc-1-P) at the active site for the nucleotidyltrans-
fer reaction (7,18). The side chain of Lys26 has been
proposed to stabilize the leaving group of the nucleotide
substrate (7,18). Moreover, experimental studies have estab-
lished that Mg ions are essential for catalysis in SNTs
(12-14). A crystal structure of GlmU bound to both the
productsUDP-GIcNAc (termed as UDI1 from hereon) and
pyrophosphate (hereafter termed as POP) and two Mg*"
jons (Mg®" 5 and Mg>"g) revealed that the enzyme recruits
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two Mg2+ ions at the active site (Fig. 1 a; (15,16)). This
structure of GlmU identified the coordination interactions
of Mg>*, and Mg” " with the products and the active site
residues (Fig. 1 a). Based on these interactions, it was pro-
posed that Mg®" ions would aid in catalyzing the reaction
by orienting the substrates at the active site and stabilizing
the transition state during nucleotidyltransfer (Fig. 1 b;
(16)). Experimental studies on other SNTs have also pro-
posed similar roles for the Mg*" ions in catalysis (15,19).
Interestingly, a subgroup of SNTs employs only a single
Mg?" ion (Mg*'g) (16,17). In these SNTs, Mg*", is re-
placed by the positively charged side chain: the NH; " group
of an active site lysine (Lys421) (Fig. S1; (16)). Overall, the
general mechanistic picture provided by the experimental
studies on GImU and related SNTs is as follows. The posi-
tively charged residues, Arg19 and Lys26, and the active site
Mg*" ion(s) (Mg®"a/Lys421 and Mg> ) would stabilize
and precisely orient the negatively charged substrates for
the nucleotidyltransfer reaction (Fig. 1; Fig. S1). The reac-
tion would ensue by the nucleophilic attack of the phosphate
oxygen of GIcNAc-1-P (referred to as Gnl from hereafter)
on to the a-phosphate of UTP (Fig. 1| b).

In our previous x-ray crystallographic and computational
study, we identified the role of Mg* 'y in the release of prod-
uct (pyrophosphate) from the active site (20). Thus, Mg”B,
conserved across all SNTs, is recognized to participate in
both the enzymatic reaction and the subsequent product
release (15-17,20). The free energy barrier for the dissocia-
tion of pyrophosphate-Mg” " complex from the active site
was computed to be 18 kcal mol . (20) Such a high free
energy barrier suggested that the process of pyrophos-
phate-Mg? " release, rather than nucleotidyltransfer reac-
tion, could be the slowest step in the catalytic cycle of
GImU and other SNTs.

In summary, this work addresses the following questions
that remain unanswered: 1) mechanism and free energetics
of the nucleotidyltransfer reaction, 2) role of conserved
Mg? "y ion and other active site residues in the reaction,
and 3) comparison of free energies for the nucleotidyltrans-
fer reaction and product release.

We employ computational methods to investigate these
aspects. Both hybrid quantum mechanics-molecular me-
chanics (QM/MM) (21,22) and MM (23)-based molecular
dynamics (MD) simulations were performed. Metadynam-
ics (24) simulations were carried out to obtain the mecha-
nism and to compute the free energy barriers of the
nucleotidyltransfer reaction. Although there is no dispute
over the general mechanism proposed for this reaction in
SNTs, to our best knowledge, this is the first theoretical
study that reports the reaction mechanism and free ener-
getics of these reactions in SNTs. These calculations
are crucial for making predictions on the overall kinetics
of the catalytic reactions and on the nature of catalysis in
the nucleotidyltransferase domain of SNTs, in particular
GImU.
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METHODS
System setup and MM MD simulations

Precatalytic structure of GImU was obtained from the crystal structure of the
GImU-product complex bound to Mg®", and Mg®*; (Protein Data Bank,
PDB: 4G87), by replacing the products (UD1 and POP) with the substrates
(UTP and GlcNAc-1-P) at the active site, for simulating uridyltransfer reac-
tion (16). GImU is a bifunctional enzyme with uridyltransferase activity at
the N-terminal domain and the acetyltransferase activity at its C-terminal
domain (25). Both the active sites are independent of each other (25). There-
fore, in our simulations, GImU was truncated to include only the N-terminal
uridyltransferase domain. The first three turns from the LGH structure of the
C-terminal domain were also included because they have been experimen-
tally shown to be important for the uridyltransfer reaction (26). The LGH
holds an a-helix of the N-terminal domain in a stable conformation that pro-
vides Asn239 coordinated to Mg>" 5. To ensure that the a-helix of the N-ter-
minal domain remains in a stable conformation, the LGH was held in a stable
conformation by harmonic constraints throughout the simulations.

The enzyme was solvated with 14,453 TIP3P water molecules within a pe-
riodic box of dimension 70 x 88 x 96 A%, The system was neutralized by add-
ing 15 Na™ counterions. The whole protein was treated with the parm99
version of the AMBER force field (27). Force field parameters for the ligands
(UD1, POP, and two Mg2+ ions) were derived from the GAFF force field (28),
which is compatible with the standard AMBER force field, as available in the
AMBER (23) suite of programs. Missing force field parameters for the ligands
were not present in the GAFF force field and were derived using Antechamber
tool (29) available in the AMBER package. Restrained electrostatic potential
(RESP) charges were calculated for the ligands (Gn1, UTP, and GlcNAc-1-P)
and Mg*" ions by the R.E.D. package (30-32). See below for details of the
RESP charge calculation. Classical MD simulations were carried out using
the AMBER suite of programs (23). A 12-A cutoff distance was used while
computing the nonbonded interactions. The long-range electrostatic interac-
tions were computed using the particle mesh Ewald method (33). After the pre-
liminary minimization of water molecules and the subsequent minimization of
the whole system, NPT simulations were carried out for 1 ns at 300 K using
Langevin thermostat (34) and 1 atm using Berendsen barostat. This was fol-
lowed by 5-ns NVT simulation at the equilibrium volume. We used a time
step of 1 fs for integrating the equations of motion.

The substrates (Gn1 & UTP), two Mg>" ions (Mg 5 & Mg® "), and trun-
cated forms of active site residues Asp114 (acetate ion), Asn239 (acetamide),
and Lys26 (methylamine) obtained from the structural model of the precata-
lytic form of GImU were used for the RESP charge calculations. The total
charge of the active site was restrained to —2e in these calculations. Simi-
larly, the RESP charges for the substrates in the absence of Mg* "y were
calculated with the total charge of the active site restrained to —4e. Further
details of the simulation of enzyme-substrate complex in the absence of
Mg? g are given in the Supporting Materials and Methods, Section S5.

QM/MM simulations

The coordinates of the GImU-substrate complex after the MM equilibration
simulations were taken to start the QM/MM simulations. These calculations
were carried out using the CPMD/GROMOS interface program (35,36).
The QM subsystem includes Gnl, UTP47, MgHA, Mg“B ion, and the
side chains of Argl9 and Lys21. The covalent bonds cleaved at the interface
of QM and MM regions were saturated by the link hydrogen atoms. The
QM subsystem was treated by plane wave density-functional theory with
the Perdew-Burke-Ernzerhof exchange correlation functional (37). A plane
wave cutoff of 25 Ry was taken, and ultrasoft pseudopotentials were chosen
for all the QM atoms (38). The electronic embedding scheme proposed by
Laio et al. (39) was employed for treating QM/MM interactions. Here, the
interaction of the charge density with the point charge was considered
within 15 A of the QM electron density. The rest of the MM atoms were
allowed to interact with the multipoles of the electrostatic potential because



of QM charge density. The MM atoms included in the QM/MM interaction
exclusion list interacted with the QM atoms through dynamically generated
electrostatic potential charges of the QM atoms (40). Separate Nosé-Hoover
chain thermostats (41) were used for the QM and the MM systems. The Car-
Parrinello MD scheme (42) was employed for the dynamics of the QM part.
We chose the fictitious orbital mass as 700 a.u. The MD time step was taken
as 0.145 fs. During the QM/MM equilibration of GImU-substrate complex
in the absence of Mg“B, C, atoms of Thr18, Argl9, and Lys26 were con-
strained to prevent Argl9 and Lys26 side chains from taking over the role of
Mgty by forming stronger interactions with the a-phosphate of UTP (see
Supporting Materials and Methods, Section S5 for further details). The total
simulation times for QM/MM equilibration of GImU-substrate complex in
the presence and absence of Mg® " were 20 and 14 ps, respectively.

Metadynamics simulations

Nucleotidyltransfer reaction was accelerated in the QM/MM MD simula-
tions using the extended Lagrangian WT-MTD (43,44). Collective variables
(CVs) and associated auxiliary variables were harmonically coupled, using
the force constant k, = 1.3 x 10> keal mol ™ 1, and the fictitious mass param-
eter of the auxiliary variables was chosen to be 50.0 a.m.u. (Bohr)?. The
initial Gaussian height was 1.8 kcal mol~' and the Gaussian width was
0.05 (unitless). For the WI-MTD, AT parameter was taken as 7500 K.
Metadynamics bias was updated every 29 fs. The CVs used in the WT-
MTD simulations are listed in Table 1.

The coordination number of atom A with a group of atoms B, CN[A:B],

is defined as
(d[Afl]) 6
o G
AB

1 <%)12.

AB

CN[A:B] =
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FIGURE 1 (a) Active site of GImU bound to the
products (UD1 and POP) and two Mg*" ions
(Mg*" o and Mg?"g) in the crystal structure (PDB:
4G87). UD1 (without H atoms) and POP are shown
in the ball and stick model; Mngr ions are shown as
green spheres. Active site residues (Gly17, Thrl8,
Argl9, and Lys26) are shown in the stick form. In-
teractions of UD1 and POP with the active site res-
idues are shown by blue-colored dashed lines,
whereas their interactions of Mg®t, and Mg’y
are denoted by black-colored dashed lines. The wa-
ter molecules coordinating Mg®" ions and the resi-
dues coordinating Mg>", are not shown to
enhance clarity. (b) Schematic diagram depicting
the general mechanism proposed for the nucleotidyl-
transfer reaction. Argl9 and Lys26 are not shown
here, to enhance clarity. To see this figure in color,
go online.

For the values of d[A—J], i.e., the distance between atom A and J,
less than dg, the fraction inside the sum approaches 1 or else it ap-
proaches to zero with the increase of d[A—J]. The values of d9g
used in this study for various atom pairs are given in Table S1. The
free energy surface F(s) of the reaction was constructed based on the
bias potential Vb(s, 1), as

F(s) = — V(5,1 — ),

where s is the vector of CVs, ¢ is the simulation time, and T is the
temperature.

Convergence of free energy barrier in the MTD-1 run was monitored as a
function of number of recrossings from the reactant basin to the product ba-
sin; see Table S2. Based on this data, we have taken the free energy barrier
of the simulation as 8 kcal mol~'.

For MTD-2 and MTD-3, the total metadynamics time was 3.1 and 4.8 ps,
respectively.

TABLE 1 The CVs used for the WT-MTD simulations

Metadynamics

MTD-1 CVl CN[Ogn1:P,]-CN[P,:0p]
CV2 CN[Op:Hlyys, H2py, H3p ]

MTD-2 CV3 CN[OgGn1:P,]
Cv4 CN[P,:Op]

MTD-3 CV1 CN[Ogp;:P,]-CN[P,:0]
CV2 CN[Oy:H1y s, H2y s, H3; 4]

The atom labels are shown in Fig. S2.
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RESULTS AND DISCUSSION

Nucleotidyltransfer reaction catalyzed by GimU:
mechanism and free energetics

Nucleotidyltransfer reaction in GImU involves the nucleo-
philic attack by the phosphate oxygen of Gnl on the a-phos-
phate of UTP (Fig. 1 b). To determine the mechanism and
free energy barrier of this reaction, we performed QM/
MM MD simulations coupled with well-tempered-metady-
namics-based enhanced sampling. This simulation, termed
as MTD-1, was performed by biasing two CVs, namely
CV1 and CV2 (see Fig. S2; Table 1). More details are given
in the Methods and Supporting Materials and Methods
Sections S2 and S3. CV1 is the difference between the co-
ordination number (unitless) of Ognhi-P, and P,-O,, which
was selected to sample the bond formation and the bond-
breaking events during the nucleotidyltransfer reaction
(Fig. S2). To also explore the possibility of proton transfer
from the Lys26 side-chain amino (—NH;") group to the
leaving group oxygen (Oy), either during or succeeding
the nucleotidyltransfer, we biased CV2 as well. Here, CV2
is the coordination number (unitless) of O and the H atoms
of the Lys26 side chain —NH; ™.

In MTD-1, we observed the nucleotidyltransfer reaction
(ES — EP) and the backward reaction (EP — ES) multiple
times. The free energy barrier for the nucleotidyltransfer
reaction is 8 kcal mol™!, whereas that for the reverse reac-
tion is 22 kcal mol ™' (Fig. 3a). During the reaction, both
Mg?" 5 and Mg*"; were coordinated to the oxygen atoms
of the a-phosphate of UTP. Interestingly, proton transfer
from the Lys26 side chain to O, was not observed, though

a b
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an H-bond interaction between Lys26 side chain —NHj3
and O, (leaving group) was seen throughout the reaction
(Fig. 2, b and c). Thus, the products formed after the ES
— EP reaction are UD1 and deprotonated POP (Fig. 2 ¢).
In both reactant and the product states, the phosphate groups
make stabilizing interactions with the side chains of Argl9
and Lys26, as well as with the backbone amides of Glyl7,
Thr18, and Argl9 (Fig. 2, b and c). Of these residues,
Argl9 and Lys26 are conserved in all SNTs (16). The
Argl9 side chain makes stabilizing interactions with the
phosphate of Gnl and the vy-phosphate of UTP in the
reactant state; these interactions remain intact with the phos-
phates of UD1 and POP in the product state (Fig. 2, b and c).
The backbone amides of Gly17, Thr18, and Argl9 stabilize
the (- and y-phosphates of UTP in the reactant state. These
phosphates constitute the pyrophosphate of the product and
retain their interactions with the backbone amides. More
detailed analysis of interactions of Gnl and UTP with the
active site is presented in Fig. S3 and Table S3. Based on
these findings, we deduce that interactions between the
phosphate groups and the active site residues Glyl7,
Thr18, Argl9, and Lys26 are potentially important for sub-
strate stabilization and the reaction.

The role of Lys26 in the nucleotidyltransfer
reaction

To further ascertain the role of Lys26, we carried out an in-
dependent metadynamics simulation MTD-2 in which two
CVs were used for enhanced sampling, viz. coordination
number of the Og,i-P, (CV3) and coordination number of

FIGURE 2 Results from MTD-1 simulation of the
nucleotidyltransfer reaction in GlmU. (a) Recon-
structed free energy surface from MTD-1; CV1
and CV2 are unitless and are defined in Table 1.
The minimum free energy pathway on the computed
surface is also shown (red-dotted line). The snap-
shots representing (b) the reactant “ES” state, (c)
the likely transition state “TS,” and (d) the product
“EP” state are shown. The water molecules coordi-
nating to Mg " ions and the residues coordinating to
Mg>" 5 are not shown for the purpose of clarity.
Crucial distances are listed in the Table S3. To see
this figure in color, go online.



the P,-Op (CV4) (shown by double-headed arrows in
Fig. S2). It may be noted that in MTD1, we defined CV1
as the difference of CV3 and CV4. Notably, CV2 is not
used in MTD-2, and therefore, we are not explicitly sam-
pling the proton transfer between Lys26 and Oy. In MTD-
2, nucleotidyltransfer reaction occurs with the free energy
barrier of 18 kcal mol ™' (Fig. 3 @), which is significantly
higher than that computed from MTD-1 (8 kcal mol™").
Although the proton transfer from Lys26 to Oy is not
observed in these metadynamics simulations, the difference
in their computed energy is arising from the poor sampling
of orientation of Lys26 with the phosphate group in MTD-2
simulations. This is clear from Fig. 3 b, in which we have
plotted the distance between O, and Lys26-N, computed
from MTD-1 and MTD-2 simulations. This signifies that
orientation of Lys26 has effect on the free energetics of
the nucleotidyltransfer reaction.

The role of Mg®* g in the SNTs

Next, we performed QM/MM metadynamics simulations to
directly probe the role of Mg® . This was done by studying
the nucleotidyltransfer reaction after removing Mg from
the active site. This hypothetical system was first con-
structed and equilibrated at the empirical MM level through
equilibration simulation. This was followed by QM/MM
equilibration runs. The structure of the active site was
then analyzed in detail and compared with the active site
structure in the presence of Mg® . Of great interest, the
substrates Gnl and UTP showed distinct structural changes
from its native form in the presence of Mg® . Mainly, the
attacking O atom of Gnl (Og,;) was observed to have more
dispersed spatial (probability) density in the absence of
Mg”B than in the native form (Fig. 4, a and b). Further,
the triphosphate group of UTP undergoes a substantial
conformational change (Figs. 4, @ and b and S3). These
conformational changes resulted in an increased distance
between the reacting atoms Og,; and P, (Fig. 4 ¢).

We performed metadynamics (termed MTD-3) to
examine the reaction mechanism and its kinetics in the
absence of Mg, employing the same set of CVs that
we used in MTD-1. Despite augmenting the bias potential
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to 32 kcal mol™', nucleotidyltransfer did not take place
(Fig. S5 a). This implies that the nucleotidyltransfer requires
higher energy in the absence of Mg” . This result ascer-
tains the importance of Mg® 'y in the catalysis. We ascribe
this to the poor relative conformation realized by the sub-
strates in the absence of Mg*'g.

In the absence of Mg” 5, the partial positive charge on P,
is reduced compared to that seen in the presence of Mg>
(Fig. S5 b). We argue that the reduced electrophilicity of P,
in the absence of Mg> " prohibits the bond formation be-
tween Og,; and P,. Besides, Mg2+B neutralizes the negative
charge developing on O, (the Mg>™ coordinating O atom
of the a-phosphate of UTP) during P,-O, bond breaking
(Fig. S5 ¢), which would be important for transition state
stabilization. Based on this, we conclude that P,-Oy, bond
breaking is likely to be hampered in the absence of
Mg* . Overall, Mg>" plays crucial role in the catalysis
by orienting the reacting atoms, stabilizing the transition
state, and enhancing the electrophilicity of the reacting P,,.

Comparison with experimental findings

Overall, the mechanistic findings obtained from our metady-
namics simulation agree well with experimental studies.
Experimental studies have proposed Argl9 and Lys26 to
be important for the substrate stabilization and the reaction
(7,12—-18). Our simulations validate the role of these resi-
dues, including Gly17 and Thrl8, in stabilization of phos-
phate groups and the nucleotidyltransfer. The mutation of
Lys26 was experimentally shown to reduce the enzymatic
activity in GlmU (18). Our metadynamics simulations also
bring out an important role for Lys26 in the reaction. Previ-
ous experimental studies have established that Mg”" ions
are essential for the enzymatic activity of SNTs. The
SNTs employing single Mg®" ion (Mg*" ) show negligible
nucleotidyltransfer activity, which is restored upon addition
of MgCl, (17). Our results also demonstrate that Mg2+B is
essential for substrate orientation and catalysis. Finally,
the structure of the product (EP) state obtained from our
metadynamics simulation resembles well with the crystal
structure of GlmU-product complex (PDB: 4G87) (20)
(See Fig. S7).

MTD-1— |

FIGURE 3 (a) Reconstructed free energy surface
from MTD-2; CV3 and CV4 are unitless and are
defined in Table 1. (b) Probability distribution of
the distance between Oy, and Lys26-N, (d[N,-O,])
obtained from MTD-1 (blue line) and MTD-2 (red
line) is plotted. To see this figure in color, go online.
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The rate-determining step in the reaction ES —
EP - E + P

We now analyze the overall free energetics of the reaction
ES — EP — E’ + P. For this purpose, we combine the re-
sults of this study with that reported in our earlier investiga-
tion on the product release step EP — E’ + P. The free
energy barrier for the nucleotidyltransfer elementary step
(ES — EP) is 8 kcal mol ™', and the reverse step (EP —
ES) is 23 kcal mol™'. It was found that Mg”B is bound
to POP while it is exiting from the active site, and the free
energy barrier associated with this process (EP — E' +
P) is 18 kcal mol~'. Such a high free energy barrier for
the product release was ascribed to the concomitant confor-
mational changes of Argl9 side chain (20). The free energy
barrier for the product release step is significantly higher
than that of the preceding nucleotidyltransfer reaction,
although the latter involves covalent bond breaking and for-
mation (Fig. 5). However, the rate-limiting step in the reac-
tion ES — EP — E’' + P is ES — EP. We note in passing
that the relative stability of the EP state could also influence
the turnover (as “turnover-determining intermediate”)
(45,46), which will be investigated in the future considering
the free energetics of other elementary steps involving the
catalytic cycle.
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FIGURE 4 (a and b) Spatial probability distribu-

tions of the attacking oxygen atom of Gnl (Ogy,;)

and Mg, during canonical ensemble QM/MM
2+ simulation of GlmU-substrate complex bound to
(a) both Mg*", and Mg and (b) Mg>* 4 alone
(lacking Mg?*p). The isosurfaces are shown at three
values: 0.25 (white), 0.5 (light yellow), and 0.75
(golden yellow) A3, Substrates and Mngr ions are
shown in ball & sticks. (¢) Probability distributions
(A") of the distance between Og,; and P, in the
presence and absence of Mg®'y are shown in a
blue and red color, respectively. To see this figure
in color, go online.
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FIGURE 5 The free energy profile for the nucleotidyltransfer reaction
and the POP—Mg”B release in GImU. ES, ES', and EP denote the
enzyme-substrate, enzyme-transition state, and enzyme-product complex,
respectively, for the nucleotidyltransfer reaction. The transition state of
the POP-Mg? 'y, release is denoted as EP*. Here, E' + P represents the
state in which the POP—Mg“B is released into the bulk solvent, whereas
UDI is bound at the active site. In the cartoon representation, orange
spheres denote the phosphate groups and the green spheres are the Mg
ions. Argl9, which flips its conformation during the POP-Mg? 5, release,
is shown as a blue-colored (square-headed) stick. To see this figure in color,
go online.



Importance of this work in understanding the
catalytic mechanism in SNTs

This study reveals several crucial protein-substrate interac-
tions that are key to the catalytic action of GImU. The active
site residues Gly17, Thr18, Arg19, and Lys26 provide stabi-
lizing interactions to the triphosphate group of UTP in
GImU. The same residues also stabilize POP formed after
the nucleotidyltransfer reaction (Fig. 1). Backbone amides
of Glyl7, Thrl8, and Argl9 make H-bond interactions,
whereas the positively charged side chains of Argl9 and
Lys26 potentially provide electrostatic stabilization. POP/
triphosphate is also stabilized by Mg by the coordination
interactions. Mg” " and the residues Gly17, Thrl8, Arg19,
and Lys26 are conserved in SNTs. The active site residues,
Argl9 and Lys26, participating in the nucleotidyltransfer re-
action and POP-Mg” 'y release are conserved across SNTs
(Fig. 6). Therefore, our findings about the critical interac-
tions would be applicable to other SNTs too.

We find that the product release has a much higher energy
barrier compared to the nucleotidyltransfer step; however,
the latter is the rate-determining step while going from ES
— EP — E’ + P. Experimental kinetic studies on a few
other class of enzymes have also identified the rate of
product release to be slower than the rate of the chemical re-
action in those enzymes (47-50). This is in line with our
study, which shows that the POP bound to Mg* "y ion is sta-
bilized at the active site and its release is a considerably
slow process compared to the chemical reaction in GlmU.
Similarly, the experimental and computational studies on a
kinase identified that a catalytically important Mg " ion sta-

b
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FIGURE 6 (a) The products UDP-GIcNAc and POP stabilized at the
active site of GImU (PDB: 4G87). Mg>", and Mg” ", are denoted by green
colored spheres. The loop providing the residues stabilizing POP is repre-
sented in the ribbon form. Gly17 (green), Thr18 (yellow), Argl9 (magenta),
and Lys26 (cyan) are the residues stabilizing POP. (b) The conservation of
POP-stabilizing residues in SNTs is represented by WebLogo frequency
plot. Each stack in this logo provides information about the occurrence of
amino acids at the given position. Height of the amino acid symbol denotes
its relative frequency at that position. The position of residue is numbered
as per the amino acid sequence (17-27) in GImU. The amino acid symbols
G (Gly), R (Arg), T (Thr), and K (Lys) are shown in green, magenta, yellow,
and cyan, respectively. To see this figure in color, go online.

Role of Mg?" in Nucleotidyl Transfer

bilizes the product at the active site and impedes its release
from the active site (50).

CONCLUSIONS

This study on the mechanism and energetics of the nucleo-
tidyltransfer reaction catalyzed by GImU demonstrates
several features of the catalytic reaction in SNTSs in general.
The two Mg*" ions (Mg®* 5 and Mg” ") recruited by SNTs
play a crucial role in nucleotidyltransfer reactions. Mg>
orients the substrates for the reaction, stabilizes the transi-
tion state, and subsequently participates in product (POP)
release. The interaction of Lys26 with the leaving phosphate
group of UTP has a vital function to play in the reaction, and
their relative orientation affects the free energetics of the re-
action. The other conserved residues Glyl7, Thrl8, and
Argl9 also show stable interactions with the substrate
during the nucleotidyltransfer reaction. Although the free
energy barrier for the nucleotidyl transferase reaction is sub-
stantially lower than that of the POP-Mg* "y release, our
study reveals that the elementary step that controls the
rate of the reaction ES — EP — E’ + P in SNTs is the nu-
cleotidyl transferase reaction.
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