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Summary: The nucleotidyltransfer reaction, catalyzed by sugar nucleotidyltransferases (SNTSs),
is assisted by two active site Mg®>" ions. While studying this reaction using X-ray
crystallography, we captured snapshots of the pyrophosphate (product) as it exits along a pocket.
Surprisingly, one of the active site Mg?* ions remains coordinated to the exiting pyrophosphate.
This hints at the participation of Mg in the process of product release, besides its role in
catalyzing nucleotidyltransfer. These observations are further supported by enhanced sampling
molecular dynamics simulations. Free energy computations suggest that the product release is
likely to be rate limiting in SNTs, and the origin of the high free energy barrier for product
release could be traced back to the “slow” conformational change of an Arg residue at the exit
end of the pocket. These results establish a dual role for Mg?*, and propose a general mechanism
of product release during the nucleotidyltransfer by SNTSs.



Introduction

Sugar nucleotidyltransferases (SNTs) catalyze nucleotidyltransfer reaction and produce a
sugar-nucleotide and pyrophosphate (POP). Sugar-nucleotides participate in diverse biological
processes such as cell growth, antigen synthesis, synthesis of cell-wall components in
prokaryotes and plants, and sugar metabolism in eukaryotes (Frey, 1996; McNeil et al., 1990;
Chang et al., 1996). GImU is a member of SNT family. GImU synthesizes a sugar-nucleotide
called UDP-GIcNACc using the substrates UTP and GIcNAc-1-P (N-acetylglucosamine-1-
phosphate) (Barreteau et al., 2008; Mengin-Lecreulx et al., 1982). Like all other SNTs, GImU
requires Mg?* ions for its nucleotidyltransfer reaction (Mengin-Lecreulx and van Heijenoort,
1994).

In our previous work, we determined a structure of GImU bound to two Mg*" ions
(Mg » and Mg?'g) and the products UDP-GIcNAc (termed here as UD1) and POP (Jagtap et al.,
2013). This structure for the first time depicted two Mg?®" ions at the active site of GImU, with
the the simultaneous presence of both the products. In that study, it was inferred that GImU
employs two Mg®* ions (termed Mg®*a and Mg?*g) for the catalysis (Jagtap et al., 2013). Mg®*a
was coordinated to two active site residues, two water molecules and two phosphate oxygens of
UD1. Mg*'s was coordinated to three water molecules, a phosphate oxygen of UD1 and two
phosphate oxygens of POP (Supporting information; Fig. S1b). It was proposed that Mg®*a
stabilizes the substrates for the reaction and Mg?*s would stabilize the transition state. A report
on another SNT called Kdo cytidyltransferase (KdsB) also depicted similar roles for the Mg
ions (Schmidt et al., 2011). The two-metal-ion mechanism proposed for SNTs is termed
‘Mechanism-B’. DNA/RNA polymerases that perform similar nucleotidyltransfer reaction on the
growing nucleic acid chain also employ a two-metal-ion mechanism (termed ‘Mechanism-A’)
(Sosunov et al., 2003; Steitz and Steitz, 1993). Besides, POP is formed as one of the products in
SNTs as well as DNA/RNA polymerases. ‘Mechanism-A’ and ‘Mechanism-B’ differ in the way
two Mg?* ions (Mg®*a and Mg®*g) are stabilized at the active site (Supporting information; Fig.
S1). An important distinction is that Mg”'s in ‘Mechanism-A’ makes one of its coordination
interactions with an active site residue, while in ‘Mechanism-B’ it does not make any
coordination interaction with the active site residues (Supporting information; Fig. S1). Despite
these differences, the catalytic roles assigned to each Mg?* ion remain the same (Lassila et al.,

2011; Steitz and Steitz, 1993). Computational studies on RNA polymerases have shown that



POP is released as POP-Mg?*s complex (Da et al., 2012, 2013). In the crystal structure of GImU
and a related SNT, it was seen that Mg®*s does not make any coordination interaction with the
active site residues (Jagtap et al., 2013; Schmidt et al., 2011). Instead, it makes coordination
interactions with the products UD1 and POP, and with water molecules. Based on this
observation, it was previously speculated that Mg?*s might accompany POP during its exit
(Schmidt et al., 2011).

Here, we investigate POP release pathway in GImU and the participation of Mg”*g in this
process of product release, which is as important as product formation, as it could be a rate-
determining step in enzymes where products are stabilized at the active site. In this work, we
present three distinct structural snapshots of GImU determined in complex with the products
(UD1 and POP) and two Mg?" ions. These structural snapshots capture POP in complex with
Mg*s, in two distinct positions inside a pocket lined by positively charged residues. This
suggested that POP-Mg?*s complex would exit the active site through this pocket. To study the
mechanism for POP release from the active site into the bulk solvent, we employed umbrella
sampling (US) (Kastner, 2011; Torrie and Valleau, 1974) and temperature accelerated sliced
sampling (TASS) (Awasthi and Nair, 2017) simulations. These simulations elucidate that POP is
indeed released through the pocket, as POP-Mg*‘s complex. During its exit, POP-Mg*'g passes
through two intermediate states, which are stabilized by the residues lining the pocket. One of
these intermediates is also captured in our crystallographic snapshots. Computational studies in
RNA polymerases have similarly depicted the release of POP-Mg*'s complex, via a few
intermediate states (Da et al., 2012, 2013).

A residue lining the pocket, Argl9, is identified to be critical for POP release into the
bulk solvent. In the intermediate states, it provides stabilizing interactions to POP inside the
pocket and subsequently, it flips the side chain conformation, which brings POP-Mg?*s out of
the pocket. Arg19 and other residues lining the pocket are highly conserved in SNTs and Mg?*s
too, is commonly employed by all SNTs (Jagtap et al., 2013). Therefore, the exit pathway and
mechanism for POP release proposed in this study is likely to be conserved in other SNTs as

well.



Results and Discussion

Structural snapshots depicting pyrophosphate release in complex with a Mg?*ion

We have previously determined a crystal structure of GImU bound to the products (UD1
and POP) and two Mg®* ions (Mg®*a and Mg?*s) (Jagtap et al., 2013). This structure (PDB ID:
4G87) with both the products bound at the active site, following the uridyltransfer reaction, is
termed GImU[S1]. Here, S1 implies ‘snapshot 1’. GImU[S1] was obtained by soaking
GImU[Apo] crystals with the substrates GIcNAc-1-P and UTP. In GImU[S1], Mg?*s has an
octahedral hexa-coordination geometry. Mg®*s is coordinated to an oxygen of PA phosphate of
UD1, two oxygen atoms of POP and three water molecules (Supporting information; Fig. S1b).
Unlike Mg** s, Mg*s does not make any coordination interaction with the active site amino
acids. This has also been observed in the crystal structure of another sugar nucleotidyltransferase
KdsB, based on which it was speculated that Mg®s would exit together with POP (Schmidt et
al., 2011).

& *4 ) W
Figure 1. Pocket-like structure (front view), enclosed by T1 and T2 regions, in the snapshot

GImU[S1]. T1 and T2 regions are shown by blue and red colored ribbons, respectively, together
with their surface representation. POP (shown in stick representation) is occupied in the pocket.
Interactions of POP (red colored dotted line) and Mg*'s (blue colored dotted line) are depicted.
The interacting residues, UD1 and water molecules (W1, W, and W3) are shown in ball and stick
representation (without the hydrogen atoms for clarity). Color code: gray (carbon), red (oxygen),
blue (nitrogen) and green (Mg*‘g).



Analyzing the structure GImU[S1], we find that POP is snugly occupied in a pocket-like
structure (Fig. 1). A part of this pocket is lined by positively charged amino acids (Argl9 and
Ly26), which are also important for binding and stabilizing the substrate UTP (Jagtap et al.,
2013). We term this region of the pocket as T1 region. T1 region is formed by the backbone
amides and side chains of Glyl7, Thrl8, Argl9 and also the side chain of Lys26; all of these
make H-bond interactions with POP (Fig. 1). Additionally, coordination interactions of Mg®‘g
with both the products (UD1 and POP), stabilize them together at the active site. Mg*'g also
makes coordination interactions with three water molecules, of which two are stabilized by
Glu207 side chain (Fig. 1). Glu207 is present in a loop that forms the upper part of the pocket.
This region is termed T2. Thus, T1 and T2 regions together form the entire exit pocket and
contribute stabilizing interactions for POP and Mg?'s (Fig. 1). The shape and charge
complementarity between POP and the pocket suggested that free diffusion of the POP following
product formation would be prohibited. We presumed this to be a likely reason for the retention
of POP at the active site. Apart from GImU[S1], serendipitously, we also obtain two different
crystal structures depicting different positions for POP, when GImuUM®
soaked in substrates GICNAc-1-P and UTP. These two structures are termed GImU[S2] and

[Apo] crystals were

GImUI[S3]. A comparison of these suggests that they represent snapshots of the process of POP
release, where POP was seen to occupy two distinct positions — position A and/or position B — in
these (Fig. 1 & 2).

As detailed above, GImU[S1] represents a structure where products UD1 and POP are
retained at the active site, in a position immediately following their formation (Fig. 1).
Interestingly, in the snapshot GImU[S2], POP and Mg?®*s were found in two distinct positions.
POP found at position A is termed APOP, while POP found at position B is termed BPOP (Fig.
2a). In GImU[S2], APOP and BPOP were modeled with occupancies of 0.5 for each (Supporting
information; Fig. S2a). Corresponding to these, Mg®'s was similarly modeled in two distinct
positions with occupancies 0.5 for each (Supporting information; Fig. S2a). APOP superposes
well with POP seen in GImU[S1], while BPOP is shifted by ~3 A with respect to APOP (Fig. 2).
In the snapshot GImU[S3], POP and Mg®*s occupy a single position and they were modeled with
an occupancy 1.0 (Supporting information; Fig. S2b). Although not identical, POP in GImU[S3]
overlaps well with BPOP seen in GImU[S2] (Fig. 2b).
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Figure 2. UD1, POP, Mg?*a, and Mg?*s bound at the active site in the snapshots GImU[S2]
and GImU[S3]. (a) APOP and BPOP in GImU[S2] are shown with their respective Mg*'g ions
(shown as green and cyan colored spheres, respectively). (b) Structural overlap of BPOP of
GImU[S2] and GImU[S3] (shown in cyan and yellow, respectively; Mg®*s ions are shown as
spheres in the corresponding colors). Regions T1 (pink color) and T2 (blue color) are shown in
surface representation.

Further, in similar soaking experiments with an extended soaking time or increased
substrate concentration, we attempted to capture a state where POP has moved beyond the
position B. However, in all the structures that we determined from such experiments, we found
that POP only occupies position B and not beyond. This hinted at the inability of POP to
completely exit the pocket. In the position B, POP is stabilized by T1 region through its
interactions with backbone amides and the side chains of Glyl7, Thrl8 and Argl9. In this
position, however, the interaction with Lys26 is conspicuously absent. One of the waters
coordinating to Mg?*; is stabilized by GIn205 and Glu207 present in T2 loop. Thus, it appears
T1 and T2 regions continue to provide stabilization to POP as it moves outwards.

It is intriguing that POP did not exit the active site in any of these snapshots. An analysis
of the crystal contacts in these reveals that the path by which POP would exit the pocket is
occluded by a surface patch of negative potential from a neighboring symmetry-related molecule
in the crystal (Fig. S2c, S2d). This is likely to prevent negatively charged POP from leaving the
pocket. Thus, in all the snapshots, POP moves only up to position B and does not completely exit
the active site. In the absence of the occlusion by a symmetry-related molecule, as would be the

case in solution, POP would have exited through the pocket into the solvent.



In order to study the mechanism of complete release of POP from the active site of GImU
into the solvent, we employed MD simulations combined with US and TASS(Awasthi and Nair,
2017) simulations. MD simulations were carried out using GImU[S1] as the initial coordinates
(PDB ID: 4G87), which represents the state where POP has just formed. We carried out
equilibrium MD simulations for the solvated enzyme prior to performing US and TASS
simulations (See ‘STAR Methods’ for further details). Root mean square deviation (RMSD) of
the backbone atoms measured with respect to the original crystal structure (GImU[S1]) is less
than 1.6 A during 5 ns NVT simulation. RMSD for active site residues Glyl17, Thrl8, Argl9,
Lys26, Ala238 and Asn239 (which are important for POP and Mg?* ion stabilization) is less
than 1.6 A. Similarly, RMSD measured for the products (UD1 and POP) and two Mg?* ions is
less than 1.6 A during 5 ns NVT simulation. During 5 ns NVT simulation, Mg®*a and Mg*'s
retained a stable hexa-coordination geometry, which is also seen in the crystal structure. Mg a
has one coordination interaction with Asp114, one with Asn239, two with water molecules and
two with UD1. Similarly, the hexacoordinated geometry of Mg?*s formed by its interactions with
three water molecules, UD1 and POP remains stable. Stabilizing interactions of POP with the
residues Glyl17, Thrl8, Argl9 and Lys26 provided by T1 region remain intact throughout the
simulation. The interactions of POP with T1 region of the pocket include: (i) H-bond interactions
made by P1 phosphate of POP with the backbone amide of Glyl7 and the side chain of Lys26
and, (ii) H-bond interactions made by P2 phosphate with the side chains of Thr18 and Arg19.

The complete release of pyrophosphate into the solvent

In order to examine entire process of POP release from the active site into the solvent, we
carried out US simulations, starting from the structure obtained from the last frame of NVT
simulation. US simulations were carried out using d[PA-POPcom] as the collective variable
(CV). d[PA-POPcowm] is the distance between PA phosphorous of UD1 and the center of mass of
P1, Op and P2 of POP (Fig. S5a). P1 and P2 are two phosphorus atoms of POP, and Oy, is the
bridging oxygen between P1 and P2. Umbrella windows were placed for the distance d[PA-
POPcowm], in the range of 5.4 A to 21 A. The restraint potential applied for each umbrella is listed

in Table S3. In each umbrella window, simulations were run for 30 ns.
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Figure 3. Free energy barrier and pathway for POP-Mg*'s release obtained from the US
simulations. (a) Free energy profile for release of POP-Mg**g from S1 (the initial state) into the
bulk solvent is shown. The intermediate states, S2 and S3, three representative structures, P1, P2
and P3 (chosen arbitrarily) on the plateau, and the state PE where POP is released into the
solvent are marked on the free energy profile. (b) POP, Mg*'s and the interacting pocket
residues are shown for the states S2 (blue), S3 (red), P1 (cyan), P2 (magenta), P3 (green) and PE
(yellow). For each state, only the residues interacting with POP and Mg*'g are shown in the
transparent sticks. The water molecules coordinating to Mg*'g are not shown for the purpose of
clarity. T1 and T2 region are shown in ribbon form. Note the change in Argl9 side chain
conformation as POP transitions beyond S2.



Free energy profile obtained from the US simulations shows that before POP is
completely released in the bulk solvent, it passes through two intermediate states termed S2 and
S3 (Fig. 3a). The initial state, termed S1, is the most stable and represents the state where UD1,
POP and two Mg** ions are bound at the active site, following uridyltransfer reaction. Structures
obtained from the umbrella corresponding to S1, highly resemble the snapshot GImU[S1] in
terms of the position occupied by POP and its interactions with T1 region (Fig. 4a, Table S4).
Mg®*s remains coordinated to POP in S1 state. Glu207 from T2 stabilizes the water molecules
coordinating Mg?*s. In S1, POP makes interactions with the side chains of Thr18, Arg19 and
Lys21, and the backbone of Glyl6 and Argl9. These interactions with T1 and T2 are also
present in GImU[S1]. Comparison of the interactions observed in S1 and GImU[S1] is provided

in Table S4 (Supporting information; section 3.1).

(b)

Figure 4. Comparison of S1 and S2 states with the structural snapshots. (a) Comparison of
the S1 state with GImU[S1]. UD1, POP, Mg* s and Mg?*s bound at the active site of GImU[S1]
are shown in thicker ball and stick representation, while those obtained from umbrella window
corresponding to the S1 state are shown as transparent ball and stick. (b) Comparison of the S2
state with GImU[S3]. Products and two Mg?* ions from GImU[S3] are shown in thicker ball and
stick form, while those from US simulation are shown in transparent ball and stick form. POP
and Mg®*g are shown for the frames obtained from US simulations performed for 30 ns. The
orientation of the active site differs from that of A, to highlight the overlap of POPs in S2 and
GImUIS3].

From S1, POP proceeds to an intermediate state S2, crossing free energy barrier of 5 kcal
mol™. Interestingly, the position occupied by POP in S2 is similar to the position of BPOP
observed in GImU[S2] and GImU[S3] snapshots (Fig. 4b). During the transition from S1 to S2,
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POP continues to retain its coordination interactions with Mg*'g, which aligns with the
interactions it makes in the crystal structures GImU[S2] and GImU[S3] (Fig. 2, Supporting
information; section 3.1). One of the water molecules coordinating Mg*'s is stabilized by
Glu205 present in the T2 region of the exit pocket. These interaction of Glu205 is also observed
in GImU[S2] and GImU[S3]. In S2, POP is stabilized by H-bond interactions with the backbone
amides and side chains of Thrl8 and Arg19 of T1 region (Supporting information; Fig. S4c). The
same residues are observed to make stabilizing interactions with POP (in position B) in
snapshots GImU[S2] and GImU[S3]. Unlike in GImU[S2] and GImU[S3], POP in S2 retains its
H-bond interaction with Lys26. Comparison of the interactions made by POP in S2 and the
snapshots GImU[S2] and GImU[S3] is provided in Table S4 (Supporting information; section
3.1).

For the reasons stated above, structural studies could not capture the movement of POP
beyond position B i.e. beyond the state S2. On the other hand, US simulations illustrate POP
movement beyond S2 and show that the rate determining step is POP release beyond S2. The
transition of POP from the state S2 to S3 requires crossing a free energy barrier of ~9 kcal mol™
(Fig. 3a). This could be due to breaking and rearrangement of several H-bonds between POP and
pocket residues during this transition. H-bond interactions of POP with Thrl8 backbone amide
and Lys26 side chain of T1 region break when it passes from S2 to S3 state. During this
transition, Argl9 side chain flips from an inward facing conformation (Conf-A) to a
conformation (Conf-B) facing the bulk solvent (Fig. 3 & Fig. 5). This change in conformation
appears to trigger POP movement from S2 to S3 state. As a result, H-bond interactions of POP
with Argl19 are rearranged. Specifically, the H-bonds between Arg19 and P1 phosphate (of POP)
break, while those between Argl9 and P2 phosphate (of POP) form subsequently.

Following the state S3, POP passes through the states on a free energy plateau, before its
complete release into the bulk solvent (Fig. 3). Three structures P1, P2 and P3 are chosen
arbitrarily for representing the states on the free energy plateau as shown in Fig 4. On the
plateau, POP retains its interactions with Arg19 side chain, while rest of its interactions with T1
and T2 regions break (Fig. 3). Notably, new H-bonds between POP and the side chain of Arg21
(of T1 region) set in simultaneously. Beyond the plateau, in state PE (fig. 4), interactions of POP
with Argl9 break, while its interactions with Arg21 are retained. Thus, POP is passed on from

one positively charged residue (Arg 19) to another (Arg 21) on the surface of T1 region (Fig. 3),
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before it is completely released into the bulk solvent. Interestingly, the conformation of Argl9
highly resembling Conf-B has also been noted by Zhang et. al., in an apo GImU structure (Fig.
S5d) (Zhang et al., 2009).
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Figure 5. Rotation of Argl9 side chain during POP release from the S2 to S3 state. (a)
Arg19 side chain and POP are shown for the S2 (green color), S3 (magenta color) and for the
transition state (gray color) between S2 and S3 states. UD1 is shown in stick representation. (b)
Probability distribution of, d[Oup1-Carg10], the distance between UD1 oxygen and side chain Cz
carbon of Arg19 for the umbrella windows corresponding to the S2 (green), S3 (magenta) states
and the transition state for S2 to S3 transition i.e. TSs,.s3 (black). This distance is labeled in (a).
For the TSs;.s3 umbrella window, two peaks are seen for d[Oupi-Cargie], representing Conf-A
and Conf-B for Argl9 side chain. (c) Reconstructed free energy surface from TASS simulation
for S2 to S3 transition. The free energy surface is projected as a function of two CVs, d[PA-
POPcom] and 32" (i.e. TORSION[Cg:Cc:Cp:Ne]). %" is defined by the rotation around
CG-CD bond of Argl19 side chain (shown in (a) with black curved arrow). Contour lines are
drawn at every 1 kcal mol™. The minimum energy path for S2 to S3 transition is shown by the
dotted lines. (d) A model proposed for the mechanism of UTP entry into the active site, driven
by the change in conformation of Argl9 from Conf-B to Conf-A. The atoms of only the
triphosphate group of UTP are shown (ball and stick representation), while rest of the atoms of
UTP are collectively represented as the large, transparent sphere connected to the triphosphate
group. The color notations are the same as those used in (a).
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In US simulations, convergence of free energy profile can be slow if the auxiliary CVs
such as H-bond interactions of POP with the pocket residues are not sampled properly. This
could result in erroneous free energy estimates in US simulations. Besides, there is also a
possibility of POP-Mg*'g complex dissociation during the process of POP release. In order to
take into account all of these interactions of POP with pocket residues and Mg®‘g ion, one needs
to sample a large number of CVs along with d[PA-POPcom]. Such extensive sampling would not
be possible with US simulations. Thus, we employ TASS technique that allows sampling of a
large number of CVs without requiring long simulations (Awasthi and Nair, 2017). As we found
from our US simulations that there is major energy barrier (9 kcal mol™) during S2 to S3
transition, which requires conformational change of Argl9 side chain and rearrangement of
several H-bonds between POP and pocket residues, we carried out TASS simulations for S2 to
S3 transition. For this, d[PA-POPcom] was sampled by umbrella bias, where the sampling
window is from 6.1 to 9.0 A (Supporting information; Table S3). Additionally, torsional angles
of Argl9 side chain, H-bond interactions of POP with Argl9 and Lys26, and coordination
interactions between POP and Mg®‘s were sampled at a higher temperature (600 K) in each
umbrella window (Supporting information; section 3.2, Table 2). Free energy profile obtained
from TASS simulations, performed for 30 ns per umbrella window, provides the free energy
barrier of 7 kcal mol™ for S2 to S3 transition (Fig. 5¢, Supporting information; Fig. S5c). The
free energy surface, reconstructed as a function of d[PA-POPcom] and Argl9 side chain dihedral
angle, identifies the minimum energy pathway for the movement of POP-Mg*'g from S2 to S3.
The minimum energy path, denoted by the dotted lines on the free energy profile (Fig. 5c),
shows that Argl19 side chain in the S2 state rotates and leads to S2” state, which can facilitate the
transition to S3 state. The free energy landscape (Fig. 5c) also highlights that the S2 to S3
transition is possible with both — Conf-A and Conf-B conformations. However, the free energy
barrier for this transition is lower by ~ 2 kcal mol™ when Argl9 is in Conf-B. In the US
simulations where the conformational changes of Argl9 were not sampled, we observed that
Arg-19 largely occurs in Conf-A in the S2 state; this results in a higher free energy barrier (~ 2
kcal mol™) for S2 to S3 transition compared to that computed from the TASS simulations.
Sampling of coordination interactions between POP and Mg?*s in TASS simulations confirms
that POP-Mg?*s complex always remains intact. The free energy barrier obtained from US and

13



TASS simulations, for the complete release of POP from the active site pocket into the bulk
solvent, is 18 kcal mol™ (Supporting information; Fig. S5c). With such high energy barrier,
product release appears to be a rate limiting factor in the catalytic cycle of the nucleotidyltransfer
reaction of GImuU.

Previously, the movement of Mg** ion during product release was speculated in an
SNT.(Schmidt et al., 2011) Metal ion mediated product release has also been suggested for
glycosyltransferases, which share structural homology to SNTs (Hosfield et al., 2004; Lairson et
al., 2008). A study on phosphoribosyltransferase enzymes has also elucidated that POP release
occurs in complex with two Mg ions. MD simulation studies carried out on RNA polymerases
demonstrated that POP exits a pocket in complex with a Mg?* ion (the one that is analogous to
Mg®*s of SNT) (Da et al., 2012, 2013). In this study, we provide structural evidence and the
mechanism for POP release in complex with Mg?'s.

14



Conservation of the POP release mechanism in SNTS.

POP-Mg*'g release along a pocket occurs via two intermediate states, which are
stabilized by the residues present in T1 and T2 regions lining the exit pocket. T1 region, formed
by the side chains of Argl9, Lys26 and the backbone amides of Glyl7, Thrl8 and Argl9,
provide the positively charged surface for stabilization of POP in GImU. These residues are
conserved (Supporting information; Fig. S6) and form a signature motif L-X,-G-X-G-T-R-M-
X4-P-K common to all SNTs (Mio et al., 1998). We identify that Arg19 also plays a crucial role
in POP release by driving POP out of the pocket.

We have previously shown that the two-metal ion mechanism identified in GImU would
be operative in all SNTs (Jagtap et al., 2013). We divided SNTSs into two major groups - Group-I
and Group-I1 - based on the presence or absence of Mg?*a in SNTs (Jagtap et al., 2013). Group-
Il SNTs employ a single metal ion for catalysis, where the role of Mg?*4 is replaced by a lysine
residue. However, Mg®'s is invariably recruited for nucleotidyltransfer by both Group-l and
Group-11 SNTs (Jagtap et al., 2013). Mg*'s and the pocket residues, more importantly Arg19, are
conserved across all SNTs (Fig. S6). Therefore, we propose that POP release in complex with
Mg?*s would follow the same pathway and mechanism in all SNTSs.

In DNA and RNA polymerases too, two Mg?®* ions (Mg?*a and Mg**g) are utilized for the
catalysis. Computational studies on POP release mechanism in RNA polymerase Il and
prokaryotic RNA polymerase suggest that POP exits as POP-Mg?*s complex (Da et al., 2012,
2013). In phosphoribosyltransferases also, POP release occurs in complex with two Mg** ions
(Karmakar et al., 2016). This suggests that the POP release accompanied by Mg ion(s) could be
a common theme in a diverse class of enzymes that perform phosphoryl transfer reactions in the

presence of Mg”" ions.

Conclusions

We elucidate the process of POP release from the active site of GImU — a nucleotidyltransferase
enzyme, using structural and computational studies. In the product bound structure of GImU,
POP was observed to make coordination interactions with one of the catalytic Mg?* ions
(Mg?*g). The simulations presented here depict that POP exits the active site in complex with
Mg*'s ion through a pocket. Release of POP-Mg?* has been observed through computational

studies in diverse enzymes catalyzing phosphoryltransfer reactions (Da et al., 2012, 2013;
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Karmakar et al., 2016). This study provides a structural evidence for this phenomenon. The

complete release of POP-Mg®*s complex in the bulk water occurs via two intermediate states.

One of these intermediates is also captured in our crystallographic snapshots. Based on structural

snapshots and the simulations, we identify the pocket residues stabilizing the intermediates. A

conserved arginine (Arg19 in GImU), which also lines the exit pocket, is identified to drive POP

release from the pocket into the bulk water. POP release in SNTs appears to be the rate

determining step in the catalytic cycle of the nucleotidyltransfer reaction. Further investigation of

the rate of the chemical transformation per se should firmly establish this.

STAR Methods

KEY RESOURCES TABLE

Chemicals, Peptides, and Recombinant Proteins

PEGS8000 Hampton Research HR2-535

HEPES Sigma-Aldrich 7365-45-9

MqgCl, Sigma-Aldrich 7786-30-3

CoCl, Sigma-Aldrich 7646-79-9

GIcNAc-1-P Sigma-Aldrich 31281-59-1

UTP Sigma-Aldrich 108321-53-5

Deposited Data

GImU[S2] This paper, deposited at PDB PDB: 4G3S

GImUI[S3] This paper, deposited at PDB PDB: 4G3P

Software and Algorithms

XDS http://xds.mpimf-heidelberg.mpg.de/ N/A

AutoRickshaw http://www.embl-hamburg.de/Auto- N/A
Rickshaw/

ProDrug server http://davapcl.bioch.dundee.ac.uk/cgi- N/A
bin/prodrg

Coot https://www2.mrc- N/A
Imb.cam.ac.uk/personal/pemsley/coot/

PROCHECK https://www.ebi.ac.uk/thornton- N/A
srv/software/PROCHECK/download.html

AMBER http://ambermd.org/ N/A

R.E.D. package http://upjv.qg4md-forcefieldtools.org/RED/ | N/A

VMD http://www.ks.uiuc.edu/Development/Down | N/A
load/download.cgi?PackageName=VMD

PLUMED http://www.plumed.org/get-it N/A
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Contact for reagent and resource sharing
Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Balaji Prakash (balaji.prakash@cftri.res.in).

Method Details

Crystallization and structure determination

a) Crystallization
The wild type GImU from Mycobacterium tuberculosis was purified and crystals of GImU in apo

(termed GImU[Apo]) were obtained as described previously (Parikh et al., 2009). Three different
snapshots of GImU bound to UD1, POP and two Mg®" ion - GImUM®[S2] and GImUM™[S3] were
obtained by soaking GImU[Apo] crystals in a soak solution at 4°C . The soak solution consists of
10% PEGB8000, 100 mM HEPES (pH 7.5), 20 mM MgCl;, 4 mM CoCl,, 10 mM UTP and 10
mM GIcNAc-1-P. The ligand bound crystals were cryo-protected in a cryo solution consisting of
20% ethylene glycol, 15% PEG8000, 100 mM HEPES (pH 7.5), 20 mM MgCl, and 4 mM CoCl,
prior to X-ray diffraction experiments and data collection.

b) Data collection and processing

X-ray diffraction data were collected using an in-house Rigaku MicoMax007HF X-ray source
equipped with a copper rotating anode, Varimax optics, Mar345dtb image plate detector and
Oxford cryosystem 700 series cryostream. XDS program package was used to index, integrate
and scale the data. The crystals belong to H3 (146) space group. The solvent content of the
crystals was ~58% with one protein molecule per asymmetric unit. The details of structure
determination and refinement are provided in Table 1. The structure factors and atomic
coordinates for GImU[S2] and GImU[S3] have been deposited in the Protein Data Bank (PDB)

with accession codes 4G3S and 4G3P, respectively.
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¢) Structure determination and Refinement

The structures of product bound GImU were determined by molecular replacement method using
AutoRickshaw (Panjikar et al., 2005, 2009). The structure of GImU[Apo] (PDB ID: 3dJ4) was
used as the search model. The coordinates for ligands (UD1, POP and Mg?*) were obtained from
Protein Data bank (PDB). The library parameters for these ligands were generated using ProDrug
server (van Aalten et al., 1996). The initial models were subjected to several rounds of manual
building in Coot (Emsley et al., 2010). The crystallization conditions contained Mg** as well as
Co?" ions. As it is difficult to distinguish between the electron densities of Mg®* ion and Co*
ion, we resorted to utilize the anomalous signal of cobalt (at 1.54 A wavelength). For this, the
data processed without merging the Bijvoet pairs, i.e. with anomalous signal, was combined with
the phases of the search model to locate the position of the Co** ion in the asymmetric unit. The
initial structure was refined in the absence of ligands with Refmac5 using maximum likelihood
target function employing rigid body refinement (Murshudov, G.N.; Skubak, P.; Lebedev, A.A.;
Pannu, N.S.; Steiner, R.A.; Nicholls R.A.; Winn, M.D.; Long, F.; Vagin, 2011). This was
followed by restrained refinement. After several cycles of refinement, ligands (UD1, POP and
Mg®*) were fitted into the electron density. The protein model with ligands was refined using
refmac5. The quality of the final model was assessed using PROCHECK (Laskowski et al.,
1993). Identification of water molecules (using 1o cut-off in 2Fo-Fc maps) around the Mg®* ions
was carried out by ensuring that there is no unaccounted density in the vicinity. The final
refinement statistics are listed in Table 1.

Molecular Dynamics (MD) Simulations
a) System setup and methods

The initial coordinates for the classical simulation were obtained from the crystal structure of
GImU determined in complex with both the products (UD1 and POP) and two Mg®* ions (PDB
ID: 4G87). In this structure, the products are retained at the active site of GImU (Jagtap et al.,
2013). GImU is a bifunctional enzyme with uridyltransferase activity at the N-terminal domain
and the acetyltransferase activity at its C-terminal domain.(Mengin-Lecreulx and van Heijenoort,
1994) Both the active sites are independent of each other.(Mengin-Lecreulx and van Heijenoort,
1994) Therefore, in our simulations, GImU was truncated to include only the N-terminal

uridyltransferase domain. The first three turns from the LBH structure of the C-terminal domain
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were also included as they have been experimentally shown to be important for the
Uridyltransfer reaction.(Parikh et al., 2009). The LBH holds an a-helix of the N-terminal domain
in a stable conformation which provides Asn239 coordinated to Mg?*a. To ensure that the a-
helix of the N-terminal domain remains in a stable conformation, the LBH was held in a stable
conformation by harmonic constraints throughout the simulations. The enzyme was solvated
with 14453 TIP3P water molecules within a periodic box of dimension 70x88x96 A% The
system was neutralized by adding 15 Na® counter ions. The whole protein was treated with
parm99 version of the AMBER force field (Cheatham et al., 1999). Force field parameters for
the ligands (UD1, POP and two Mg®* ions) were derived from the GAFF force field (Wang et al.,
2004) which is compatible with standard AMBER force field, as available in the AMBER suite
of programs (Pearlman et al., 1995). Missing force field parameters for the ligands were not
present in the GAFF force field, and were derived using Antechamber (Wang et al., 2006) tool
available in AMBER package (parameters provided in Supporting information; section 2, Table
S1). RESP charges were calculated for UD1, POP and two Mg?* ions by the R.E.D. (Bayly et al.,
1993; Dupradeau et al., 2010; Vanquelef et al., 2011) package. See below for details of the RESP
charge calculation. Classical MD simulations were carried out using the AMBER suite of
programs (Pearlman et al., 1995). A 12A cutoff distance was used while computing the non-
bonded interactions. The long range electrostatic interactions were computed using the particle
mesh Ewald (PME) method (Darden et al., 1993). After the preliminary minimization of the
water molecules and the subsequent minimization of the whole system, NPT simulations were
carried out for 1 ns at 300 K using Langevin thermostat (Loncharich et al., 1992) and 1 atm using
Berendsen barostat. This was followed by 5 ns NVT simulation at the equilibrium volume. The
time step of 1 fs was used for integrating the equations of motion.

RESP charges: RESP charges (Table S2) of the ligands i.e. UD1, pyrophosphate and two
magnesium ions, were obtained using the R.E.D. package (Bayly et al., 1993; Dupradeau et al.,
2010; Vanquelef et al., 2011). The coordinates of the active site for the charge calculation were
obtained from the crystal structure of GImU[S1] (Fig. S4a), which included both the UD1, POP
and two Mg?* ions (Mg* s and Mg?'s). Besides, two active site amino acids that make direct
coordination interactions to Mg®*a (Asp114 and Asn239) and Lys26 which makes a hydrogen
bond interaction to the POP oxygen were also included in their truncated forms with Aspl14
replaced by acetate ion and, Lys26 replaced by methylamine and Asn132 by acetamide. The total
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charge of the active site was restrained to —2e. The computed RESP charges are given in table
S2. The partial charges on the magnesium ion A and B are ~1.57 and 1.27, respectively. These
are much less than the formal charge of +2e, due to their coordination interactions with the
negatively charged ligands (phosphate groups). This is in line with the RESP charge calculated
for the magnesium ion in an Mg-POP complex reported earlier (Karmakar et al., 2016).

b) Umbrella sampling (US) simulations

US simulations were carried out using GROMACS program (Abraham et al., 2015) with
PLUMED plugin (Bonomi et al., 2009). The CV used for US is d[PA-POPcom] — the distance
between PA phosphorous of UD1 and the center of mass of P1, O, and P2 of POP (Supporting
information; section 3). The umbrella windows were placed for d[PA-POPcom] CV in the range
of 5.4 A to 21.0 A. The details of restraint parameters used for each umbrella are provided in the
supporting information, section 3 (Table S3). The starting structure for the first window set at 5.4
A was obtained from the NVT simulation run for 5 ns (described above). For rest of the
umbrellas, the starting structure was obtained from adjacent umbrella equilibrated for ~ 1 ns. In

each umbrella, NVT simulation was performed for 30 ns.

c) Temperature accelerated sliced sampling (TASS) simulations

TASS has been recently developed in our group which combines the techniques of US,
metadynamics and temperature accelerated sampling for enhanced sampling of a large number of
CVs (Awasthi and Nair, 2017). In the present study, we have used TASS method without adding
any external bias potential i.e. only US and temperature accelerated sampling were combined.
The parameters and starting structures used for each umbrella window remain the same as
described above in US simulations. Additionally, orthogonal CVs (listed in Table 2) were
sampled at 600 K temperature in each umbrella. For this, each CV was linked to an auxiliary
variable using a mass p, of 100 am.u and k, of 2.5 x 10° kcal mol™. Auxiliary variables
associated with each CV were sampled at 600 K, using Langevin thermostat. Simulations were
performed for 30 ns, in each umbrella.
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Tables

Table 1. X-ray Diffraction Data - Data collection and refinement statistics

GImU[S2] GImUI[S3]

Data collection
Space group H3 H3
Cell dimensions
a, b, c(A) 76.58,76.58,276.97 77.47,77.47,277.5
a, B,y (°) 90,90,120 90,90,120
Resolution (A) 2.04(2.09) 2.47(2.53)
Rimerge(%) 7.2 (65.6) 11.4(57.3)
I /ol 22.35(3.24) 16.4(3.45)
Completeness (%) 99.2(94.1) 99.3(92.8)
Redundancy 6.99(6.4) 6.31(5.76)
Refinement
Resolution range (A) 19.9-2.04 19.9-2.46
No. reflections 38392 21135
Rwork / Riree 0.18/0.23 0.18/0.24
No. atoms

Protein 3374 3374

Ligand/ion 81 52

Water 372 191
B-factors

Protein 29.90 24.48

Ligand/ion 30.06 18.29

Water 40.20 27.47
RMSD

Bond lengths (A) 0.028 0.022

Bond angles (°) 2.18 2.01

*Numbers in paranthesis correspond to the last resolution shell.

Table 2. Orthogonal CVs sampled at 600 K temperature in TASS simulations. Here,
OGroupA: Ol, 02, 03, 04, 05, 06, OGroupB: 01, 02, 03; OGroupC: 04, 05, 06

CV2 CN[M92+B:OGroupA] Cv7 CN[Argth:OGroupC]

CV3 CN[LysNZ:Ogroupn] CV8 TORSION[Ca:Cs:Ca:Co]
CV4 CN[ArgNe:Ogrousl CV9 TORSION[Cg: Co:Co:Ne]
CV5 CN[ArgNe:Ogroupc] CV10 TORSION[Cg:Cp:Ne:C7]
CVe6 CN[Argth:OGroupB]
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