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Abstract: Metal fluoride complexes mimic the transferring phosphoryl group in many enzyme-
catalyzed reactions. We here employ the trifluoromagnesate transition state analog (TSA) to
study a Zika virus NS3h helicase, which uses energy from ATP hydrolysis to reorganize
ssRNA leading to completion of virus replication. The crystal structure of this TSA complex
displays two conformations for a catalytically important loop, demonstrating how ATP
hydrolysis can be coupled with RNA translocation. Unexpectedly, the trifluoromagnesate core
of this transition state complex is octahedral. It is identified as having an unprecedented
MgF3(Wat)~ ligand, confirmed by '*F NMR analysis. This structure was further probed by
quantum mechanical calculations of the catalytic core (200 atoms), confirming the structural
data interpretation and the concerted mechanism of ATP hydrolysis by this class of helicase.
The formation of this MgFs(Wat)~ ligand in helicase but not in other multiple MFy structures for
ATPases and GTPases strongly implies they cannot possess such an additional water in their

active sites.



Metal fluoride complexes have been immensely useful in studies of enzyme catalysis of
phosphoryl group (POzs") transfer. The tetrahedral BeFs™ ground state analog (GSA) with
octahedral AIF4~ and trigonal bipyramidal (tbp) MgF3™ transition state analog (TSA) complexes
have enabled observation of molecular events that couple the catalytic steps of phosphoryl
transfer to conformational changes."? Most of the structural information for molecular
machines driven by ATP/GTP hydrolysis has been obtained by protein crystallography.®* 'F
solution NMR has been equally important, complementing structural data with rigorous
analysis of metal coordination. The combination of these experimental approaches has been
particularly insightful for understanding catalytic mechanisms, and provides valuable data to

support inhibitor design.®

Zika virus (ZIKV) is a positive-sense single-stranded RNA (ssRNA) virus. It is closely
related to other members of the Flaviviridae family such as Dengue (DENV), Yellow Fever
(YEV) and Hepatitis C (HCV) viruses (Figure S1). The global impact on health and economies
from Zika infections has prompted extensive studies of its non-structural protein 3 (NS3).5®
NS3 contains an N-terminal protease and a C-terminal RNA helicase (NS3h) involved in RNA

),'®"" with the interface

unwinding during viral replication.® NS3h has three domains (Figure S2
between domains 1 and 2 forming a nucleotide triphosphate (NTP) binding pocket that
comprises conserved catalytic Aspartate, Glutamate and Histidine.'>'® As the energy derived
from NTP hydrolysis allows the NS3 helicase to translocate along the leading strand of the
nucleic acid, resulting in RNA unwinding, the NTP binding site is an attractive hotspot for

antiviral drug design.

Considerable efforts have been made to obtain accurate structural data for molecular
events associated with replication of Flaviviridae viruses focused on understanding the
molecular basis of coupling between catalytic and mechanical cycles of motor proteins.

Several crystallographic studies have examined ZIKV NS3h,'"

in particular, for substrate
recognition based on complexes with ATP analogs,''° ssRNA,'® and also on the regulatory
role of Mg?." One of the general problems encountered by these researches has been
distinguishing conformational changes induced by binding ssRNA, NTP and metal from
conformational states clearly induced and stabilized by crystal packing forces. Furthermore,
identification of subtle yet significant changes in bond lengths during catalysis has often been

prevented by limited structural resolution.'”'8

We first obtained an ADP trifluoroberyllate ground state complex structure for Zika virus
NS3h at 1.7 A resolution (Figure 1a, Table S1). The 1.7 A resolution structure of NS3h-
MnADP-BeF; GSA complex was obtained by soaking Be?* and F~ into NS3h-MnADP crystals
to capture the pre-hydrolytic conformation of ATP with tetrahedral BeFs™ (Figure 1a and 1d).

In this structure, oxygen O"' of the hydrolytic water molecule is 3.7 A from Be?*, donating an



anti-catalytic H-bond to F' (3.1 A) and a second H-bond (2.8 A) to the side-chain C=0 of Q455
to give a near attack conformation (NAC)." The observed distances are somewhat longer than
those seen in ssDNA-bound NS3h-MnADP-BeF3; complex for HCV, 3.5 A (PDB 3KQU and
3KQN) to Be?*, and 2.7 A (PDB 3KQU) or 2.8 A (PDB 3KQN) to the glutamine.'® Thus our

GSA complex structure suggests that polynucleotide binding tightens the pre-TS complex.

We then co-crystallized NS3h with ADP in the presence of 150 mM Mg?* and 20 mM F~and
obtained the first high resolution structure for Zika NS3h in complex with magnesium trifluoride,
determined at 1.50 A resolution (Figure 1b, Table S1). Unexpectedly, the trifluoromagnesate
moiety has octahedral geometry, in contrast to the generally observed tbp geometry.* This
structure has clearly defined density for six-coordinate Mg?* in the TSA ligand (Figure 1b). A
square planar species located between the leaving group oxygen O*® of ADP and the
hydrolytic O"' (Figure 1b and 1e) is defined in the omit electron density maps. The
arrangement of this square planar moiety is very similar to that of AlF4 in the structure of a
closely related homolog: HCV NS3h with ADP-AIF, (PDB 3KQL and 5E4F)."®"® We therefore
further excluded potential contamination by AlF4 by adding deferoxamine, a strong aluminum
chelator, to the crystallization solution.?’ The observed octahedral moiety with a central
magnesium atom is unexpected since all 24 structures of trifluoromagnesate complexes
(Table S4) in the PDB have five-coordinate MgFs™ and are identified as isosteric TSAs for

phosphoryl group in transfer.?"#

Examination of the omit map of this unusual complex shows weaker electron density at the
position closest to R459 (Figure 1c and 1e), suggesting that the atom at this position is an
oxygen. After fitting a water molecule (O"F) into this position and fluorines in the other three
equatorial positions, the Mg-F bond lengths refine to 1.88 A and the Mg-O“" bond length to
2.02 A. They fall into the range of bond lengths of six-coordinated Mg,?* while the axial O"'-
Mg-O%® angle of NS3h-MgADP-MgF3(Wat) is 175.6° and the roa is 4.06 A (Figure 1b). The
distances from Mg* to O"" and to the B-phosphate O*® are 1.96 A and 2.10 A (Figure 1b),
respectively. To our knowledge, MgFs(Wat)™ is a new TS mimic for the PO3s™ group, based on
the dominant first-sphere coordination number of six for Mg" while its unit negative charge
makes it a more fitting TSA than either the dianionic MgFs* or MgF3(OH)*,?® and supports the
“priority of charge over geometry” concept for TSA complexes established for phosphoryl
transfer enzymes.?*?® This TSA complex locates E286 of NS3h as a general base to activate
the nucleophilic water (Figure S3), similar to the conserved glutamate of DExx motif in other

ATPases.?’:?8



Figure 1. Comparison of transition state analog complex for the ZIKV NS3h-MgADP-MgFs(Wat) and
ground state analog complex for NS3h-MnADP-BeF3". a,b) Omit maps (mF.-DF:) of (a) ADP-BeF3 and
(b) ADP-MgF3(Wat) complexes contoured at 40. ¢c) Omit map of MgADP-MgF3(Wat) moiety, shown in
different projection to (b) and contoured at 8c. d,e) Active sites of (d) the NS3h-MnADP-BeFs™ and (e)
the NS3h-MgADP-MgFs(Wat) complexes. ADP carbon atoms are in yellow and protein carbon atoms
are in silver. Water molecules are in red except for the nucleophilic water (W1) which is highlighted in
magenta. Key differences in the W1 coordination are also in magenta. Beryllium is in lime; magnesium
in green and fluorine in pale blue.

The single molecule of the NS3h in the asymmetric unit of the crystal, presents two
conformations, A and B, for the conserved loop (Motif V) in the NS3h-MgADP-MgF3(Wat)
structure (Figure 2). Conformation B adopts the usual “relaxed” position seen in the structures
of NS3h-MnADP-BeF5 (Figure 2a), where the amide of G415 is 4.0 A from the hydrolytic water
O™' and donates a H-bond (3.4 A) to the backbone carbonyl of E413 (Figure 2b). In
conformation A, following reorganization of the motif V loop, the amide of G415 moves 1.0 A
towards O"' and donates a H-bond (3.0 A) to coordinate it (Figure 2c). This shows
conformation A is involved in ATP hydrolysis and does not require polynucleotide induction.
Critically, the flexible conformation of the loop captured in the NS3h-MgADP-MgF3s(Wat)
crystal structure orientates the attacking water via tetrahedral coordination. Electron
withdrawal from the O"' by G415 is more than compensated by electron donation from
Q445c-0) and general base E286 to complete sp® orbital alignment with the O%-PC¢
antibonding orbital of ATP. Although this active site is relatively open compared to other

NTPases (Figure S4), the tetrahedral coordination of the hydrolytic water prevents any



adventitious water from compromising its nucleophilicity. As Motif V is involved both in nucleic
acid binding'®?°and in TS formation (Figure 2, Table S3), it is likely that the conserved loop of

this motif plays an important role in coupling NTP hydrolysis with RNA translocation.
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Figure 2. Two conformations of the conserved motif V loop in ZIKV NS3h. a) Superposition of NS3h-

MgADP-MgFs(Wat) structure (light grey, conformation A in coral, conformation B in purple), and NS3h-
MnADP-BeFs (light grey, motif V loop in yellow). b,c) Side-by-side comparison of the two loop
conformations in the NS3h-MgADP-MgF3(Wat) structure. Close-up views for the loop conformation B,
magenta (b), and A, coral (c), are shown with Mg" in green, fluorine in light blue, water molecules in red
and H-bonds (< 3.1 A) shown by dashed lines.

We examined the NS3h-MgADP-MgF3;(Wat) complex by '°F NMR to provide independent
validation of the MgFs(Wat) moiety. As expected, the solution spectra showed three °F
resonances present in 1:1:1 ratio (Figure 3), establishing that the magnesium fluoride moiety
has only three fluorines, endorsing the crystal structure coordination. The observation of a
single set of three fluorine resonances shows that the A and B conformations for the conserved
loop are in fast exchange at 298 K. The three fluorines were assigned using solvent induced
isotope shift (SIIS) values (Figure S5, Table 1), as SIIS accurately reflects the number and
orientation of H-bond donors around each fluorine.® As for other phosphoryl transfer enzymes
with catalytic Mg", F' (-175.2 ppm, SIIS 0.15 ppm) is the most shielded with weak H-bonding



interaction along with its coordination by magnesium. F? (-153.4 ppm; SIIS 1.44 ppm) is H-
bonded to the side chain amino group of K200 and to a water molecule that is H-bonded to
E286. F* is the most deshielded fluorine (-146.1 ppm; SIIS 1.38 ppm) with two H-bonds from
the R459 and R462 guanidinium groups. These two arginines have been predicted to
neutralize the negative charge developed on the y-phosphate during ATP hydrolysis, acting
like a “trans-arginine finger’.3' Replacing ATP by GTP gave unchanged '°F spectra,
demonstrating the absence of strict nucleotide specificity (Figure S6).

Octahedral AlFs has been found to form a more stable complex than MgFs™ for many
phosphoryl transfer enzymes, having a much lower dissociation constant.!202326:3233 g
therefore ran a competition experiment to investigate active site affinity of this unexplored
MgF3(Wat)” complex relative to AIF4. Addition of 1 mM AI** to a sample of preformed NS3h-
MgADP-MgF3(Wat)” complex in the presence of 10 mM Mg?*, resulted in a 5% decrease of
the three '"F resonances and the rise of a small, rotationally averaged peak at -152.1 ppm
that is A" associated, showing 5% of the active site switched from MgFs(Wat) to
tetrafluoroaluminate. Addition of AI**to 5 mM final concentration, gives only 50% conversion
of MgF3(Wat) into AlF4 (Figure 3a). This limited conversion to AlF4 further demonstrates that
MgFs(Wat) has NS3h TSA stability at least equivalent to that of AlF4, since an AlF4s complex

would achieve full-occupancy only at a higher concentration of AI** (at least 20 mM).
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Figure 3. "°F NMR spectra of ZIKV NS3h-MgADP-MgF3(Wat) TSA complexes. a) '°F NMR spectra of
the AI®* titration to convert NS3h-MgADP-MgF3(Wat) (F? =-146.12 ppm, F? =-153.36 ppm, F*=-175.16



ppm) into NS3h-MgADP-AIF4” complexes in 90% H20 buffer. Following addition of 1 mM AICls or 5 mM
AICls, the 152.10 ppm chemical shift of bound AlF4 was observed as a rotationally averaging peak. b)
F NMR spectra of ssRNA-free (red, F® = -146.12 ppm, F? = -153.36 ppm, F' = -175.16 ppm) and
ssRNA-bound (blue, F? =-146.59 ppm, F2 =-153.58 ppm, F' = -174.48 ppm) NS3h-MgADP-MgFs3(Wat)
TSA complexes. Chemical shift differences for each resonance are shown.

While attempts to crystallize an ssRNA-bound TSA complex were unsuccessful, we were
able to investigate conformational changes induced by ssRNA binding using solution "°F NMR.
When ssRNA was added to the sample of NS3h-MgADP-MgFs(Wat) TSA complex, the three
fluorine resonances in the '°F NMR changed only by 0.62 ppm for F3, 0.14 ppm for F?,
and -0.76 ppm for F' (Figure 3b). This indicates only a small difference of the H-bonding
network within the NS3h catalytic site and subtle conformational changes upon ssRNA binding.
Notably all three fluorine resonances of the MgFs(Wat) complex increase in intensity by ~20%
upon addition of ssRNA, most prominently for F' (Figure 3b). This suggests that binding of
ssRNA retards exchange between MgFs(Wat)” TSA moiety and free MgFx resulting from
tighter binding of the TSA complex. Likewise, a doubling of Kp for ADP-AIF4 in the absence
of ssDNA has been observed for the HCV NS3h by fluorescence polarization." Binding
ssRNA also slightly increases the SIIS values for all three fluorines, consistent with overall H-
bond shortening in the TSA complex (Table 1). It is clear that '"F NMR provides direct
evidence for ssRNA-stimulated NTPase activity indicating conformational closure of the finely-
tuned H-bond network around the transferring phosphoryl group in the TS, as observed for
HCV NS3h." These 'F NMR observations thus provide the first experimental data on the
NS3h complexes in TS conformation both in the presence and absence of a polynucleotide in

solution.

Table 1. Solvent induced isotope shifts (SIS, ppm) for '°F NMR signal of RNA-free and RNA-bound
ZIKV NS3h-ADP-MgFs(Wat) complex.

NS3h-MgADP-MgFs(Wat)- @ F3 F2 F!
O"9F (90%H20) -146.59 -153.58 -174.48
RNA-bound
SIIS 1.40 1.50 0.20
O"9F (90%H20) -146.12 -153.36 -175.16
RNA-free
SIIS 1.38 1.44 0.15

B SIS = & "F (90% H20 bufter) — O °F (100% D20 buffer).



Lastly, we have analyzed the TSA core using density functional theory (DFT) first to validate
the assignment of the ligand as MgF3(Wat) and then to determine the true TS for phosphoryl
transfer in the hydrolysis of ATP. We selected segments from 18 amino acids, MeDP (methyl
diphosphate) representing ADP, and MgFs(Wat)-H.O for the QM zone, a total of 108 non-
hydrogen atoms (Figure 4). Fifteen carbons at the periphery for both conformations A and B
were ‘locked’ onto the coordinates of the crystal structure for NS3h-MgADP-MgFs;(Wat) (see
S1).23* To test the “charge over geometry” hypothesis, both OH™ and H,O were fitted to the
position of Wat, but only H>O maintained the observed octahedral structure seen in the crystal
structure. Also, H288 was computed in both its neutral and protonated form in DFT analyses,
but only the neutral H288 delivered the orientation of E286 observed in the crystal structure.
The computed NS3h-MeDP-MgF3(Wat) structures for the A and B conformations show
excellent agreement with the crystal structure (RMSD 0.30 and 0.40 A, respectively) (Figure
S7a). The network of core H-bonds is well reproduced with MgF3(Wat)  accepting 6 H-bonds
from R459 (2 bonds), R462, K200, W168 and W331, and also coordinating Mgca®*, thus
validating the assignment of the electron density to MgFs'(Wat) (Figure S7b). In particular, Wat
donates a H-bond to the n—cloud of R459 guanidinium.?* The TS for basal ATP catalysis by
NS3h was computed after replacing the MgFs(Wat) core by the trigonal planar PO3™ group with
a water molecule taking the position of OMF in the initial geometry (Figure 4b). Vibrational
frequency analysis showed that a reliable TS geometry has been achieved for both
conformations, A and B (Movies S1), visualizing general base catalysis in the TS. Comparing
the calculated phosphoryl TS of conformation A with the observed TSA structures, the only
major difference is the angular increase from 118° for O'-P-O*¢ to 179° for F'-Mg-F3, to

enable water to coordinate the surrogate magnesium in the octahedral complex (Figure S8).

Over 200 metal fluoride complexes have been characterized for ATPases and GTPases in
combination with a NDP but an octahedral MgF3(Wat)~ has not been identified hitherto.>* This
raises two questions: “How is this species formed in helicase” and “Why has it not been
isolated in other metal fluoride structures before?” The answer the first problem is provided
from two sources. First, our ADP-BeF3 complex (PDB 6RWZ) and a well-resolved structure
(PDB 5Y6N; 1.57 A) of the Zika virus NS3h with ADP bound both have an additional water in
the same location as seen in the MgF3(Wat)~ complex with identical coordination to R459-NH1
and Mgaa-bonded Wat846."” Secondly, our DFT-computed TS for NS3h ATP hydrolysis shows
the water in the MgF3(Wat)~ complex is liberated in the PO3;~ TS, moving 1.5 A further from
PG (Figure 4a,b). It remains coordinated to Arg459 and Wat846 with a new H-bond to O3G
(Figure 4c). Its oxygen lies in the plane of the transferring phosphoryl group, 4.3 A from the
nucleophilic water. Thus, it can play only a minor role in the reaction mechanism. We conclude

that when MgF3™ is generated within a catalytic complex as a mimic of PO3s™ and locates an



isolated, proximate water, its coordination shell expands from tbp to octahedral geometry to

generate a complex of greater stability with this water as its sixth ligand.
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Figure 4. Comparison of water molecule “Wat” in a) TSA complex for the ZIKV NS3h-MgADP-
MgFs(Wat) and b) computed TS for ZIKV NS3h ATP hydrolysis. ¢) Computed TS for ATP hydrolysis
showing contributions of 18 amino acids to the 23 H-bond network in the catalytic complex embracing
MgATP (108 total atoms). The donor O%8 (red sphere) and acceptor O"' (magenta sphere) oxygens for
PC (orange sphere) are highlighted, as is the proton (yellow sphere) transferring from O"' to E286
(carbon, eggshell; hydrogen, white; nitrogen, blue; oxygen, red; phosphorus, orange; magnesium, pale

green).

The answer to the first question now bears directly on the second question. There are some
70 MFx tbp TSA complexes of ATPases and GTPases.>* Were any of these to have a
proximate, unliganded water within its catalytic TSA complex, the trigonal bipyramidal MF3
complex would transform spontaneously into a more-stable, octahedral MgFs(Wat)~ complex.
The singularity of our helicase MgF3z(Wat)~ TSA complex clearly signals the absence of a
second water in all tbp MF, TSA structures yet examined. This conclusion fully endorses our
analysis of the requirement of water exclusion from the catalytic sites of other ATPase and
GTPase enzymes which would compromise the tight H-bonding architecture essential for
activation of the isolated nucleophilic water to attack PG.>* It conflicts directly with the
hypothesis of “a second water as a necessary catalytic component for GTP hydrolysis by small

G proteins” that has been used as the basis of some computational modelling studies®*3*3¢,



This hypothesis has proved very controversial, not least because no second water has been
observed in any structure of a TS complex for phosphoryl transfer.>* The support for this
proposal is solely based on a 2.5 A structure of a “Ras-GDP-AIF;® complex” (PDB: 1WQ1)
that has no observation of the density of a second water. The discovery of our MgFs(Wat)~

complex now strongly challenges the structural assumption underlying these computations.

The close agreement between spectroscopic, structural, and computational studies on
ZIKV NS3 helicase enables a rigorous analysis of the atomic details of the conformational
switch between the ssRNA-free and ssRNA-bound states, which is central to the function of
NS3h during replication of ZIKV. The clear distinction between the RNA-free and RNA-bound
TSA complexes is manifested in subtle yet significant differences in H-bonding (Figure 3b).
The conserved loop from motif V adopts two conformations in the TSA
NS3h-MgADP-MgF3(Wat) complex structure. Significantly, conformation A has not been
previously observed in nucleic acid-free TSA complex structures of NS3 helicases of
Flaviviridae viruses (Table S3). The two conformations adopted by the catalytically important
loop (motif V), in the presence of the MgF3(Wat) TSA demonstrate how ATP hydrolysis affects
protein conformation. While motif V has been known to be responsible for nucleic acid binding

in other flaviviridae NS3h, %%

our results illuminate how ATP hydrolysis links with mechanical
translocation of RNA. The previously unobserved structure of the MgFs;(Wat)™ transition state
analog, reported here, could be more widely existing and used successfully to study the
mechanism of other enzymes involving NTP hydrolysis that have active sites more open to

solvation by additional water.

Experimental Section

Crystallographic data, structure determination and refinement statistics, raw NMR data as well
as details of the computational analysis are provided in the Supplementary Information.
Structural data for the NS3h-MgADP-MgFs;(Wat) TSA and NS3h-MnADP-BeF; GSA
complexes have been deposited with the Protein Data Bank under accession codes 6S0J and

6RWZ, respectively.
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