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ABSTRACT: Quinolinate synthase, also called NadA, is a [4Fe-4S]-containing enzyme
that uses what is probably the oldest pathway to generate quinolinic acid (QA), the
universal precursor of the biologically essential cofactor nicotinamide adenine
dinucleotide (NAD). Its synthesis comprises the condensation of dihydroxyacetone
phosphate (DHAP) and iminoaspartate (IA), which involves dephosphorylation,
isomerization, cyclization, and two dehydration steps. The convergence of the three A - COO
homologous domains of NadA defines a narrow active site that contains a catalytically /[

essential [4Fe-4S] cluster. A tunnel, which can be opened or closed depending on the -y

|
H,N

nature (or absence) of the bound ligand, connects this cofactor to the protein surface.

One outstanding riddle has been the observation that the so far characterized active site is too small to bind IA and DHAP
simultaneously. Here, we have used site-directed mutagenesis, X-ray crystallography, functional analyses, and molecular dynamics
simulations to propose a condensation mechanism that involves the transient formation of a second active site cavity to which one of

the substrates can migrate before this reaction takes place.

B INTRODUCTION

Quinolinic acid (QA) is the precursor of the nicotinamide
fragment of the NAD(P) nicotinamide adenine dinucleotide
cofactor in all organisms." NAD(P) is involved, through
hydride transfer, in many fundamental cellular processes such
as respiration and oxidative phosphorylation. The first step of
de novo pathway of QA synthesis in prokaryotes is the
oxidation of L-Asp by either the flavin-containing enzyme L-
Asp oxidase NadB or the NAD-containing L-Asp dehydrogen-
ase NadX to yield iminoaspartate (IA).””* This pathway is
found in both bacteria and archaea and is thought to have been
the first one to appear during evolution.” IA can also be
obtained nonenzymatically from the reaction of oxaloacetate
with ammonium ions, and this property is sometimes used in
in vitro experiments.6 The next set of reactions in QA synthesis
is catalyzed by the enzyme quinolinate synthase, also called
NadA, and starts with the condensation of IA with
dihydroxyacetone phosphate (DHAP).

NadA coordinates a [4Fe-4S] cluster through three cysteine
ligands, leaving one iron ion-binding site available for Lewis-
type chemistry.”® As depicted in Figure la, this multifunctional
enzyme facilitates the attack of the nucleophilic carbanion at
the C3 atom of IA to the phosphate-bearing C1 of DHAP(I);
this produces the condensed intermediate W(II), and as it has
been structurally shown by us, it also catalyzes the keto-aldo
isomerization of W”'° to form the X intermediate (III). Next,
the cluster-bound X undergoes dehydration and formation of a
Schiff base, followed by (IV) cyclization to generate the Y
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intermediate. Finally, a new dehydration reaction (V) yields
the final product, QA.

So far, the structural work has concentrated on quinolinate
synthases from two hyperthermophilic microorganisms: the
archaeon Pyrococcus horikoshii (Ph) and the bacterium
Thermotoga maritima (Tm). The first reported NadA structure
was the one of apo PhNadA (lacking its [4Fe-4S] cluster) in
complex with the serendipitously bound IA analogue L-
malate.'" The first crystal structure of a holo quinolinate
synthase, that of the TmNadA K219R variant (hereafter called
TmNadA*), was published by us in 2014."”> NadA is made of
three homologous domains, which converge to form an active
site cavity that we named cavity I (Figure 1b)."”” The three
cluster-coordinating cysteine ligands are located at the C-
terminal region of each of these domains, and the unique iron
from the [4Fe-4S] cluster is found at the end of a tunnel that
connects cavity I with the protein surface.

The comparison of the L-malate-bound apo PhNadA
structure with our unliganded holo TmNadA* structure
showed that two regions near the active site entrance adopt
quite different conformations.'” As shown in Figure lc, in the
former, the access to this site is blocked mostly by a shift of a-
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Figure 1. (a) Generally accepted de novo pathway of QA synthesis from IA and dihydroxyacetone phosphate in prokaryotes'® (see text). (b) NadA
domain organization around the active site with superposition of the closed citrate-bound form of TmNadA*Y21F (pdb code Slgm)" to the
TmNadA* open form (pdb code 4p3x).'> The three domains and the C-terminal region of TmNadA*Y21F are sequentially colored cyan, green,
and hazel brown; TmNadA* is shown in gray. Secondary structure elements are shown as ribbons for a-helices of at least eight residues and arrows
for f-strands longer than two residues; the remaining elements are depicted as lines. The dashed circle highlights active site cavity I, and the orange
arrow depicts the movement of helix 3 that closes the connection of this cavity to the protein surface. (c) Cavity change in closed (left, pdb code
Slqm) and open (right, TmNadA*Y107F, see below) tunnel structures. I designates active site cavity I, here with the citrate ligand removed (see
text). (d) Conformations of IA analogues in left: closed “bent-mode” binding of L-malate ($ray carbon atoms, in apo enzyme, pdb code Iwzu),"!
citraconate (black C atoms, pdb code Skts), and itaconate (green C atoms, pdb code Sktp);"> and right: open “straight-mode” binding of L-malate
(gray C)"* and the very similar alternative “straight” binding for itaconate in PANadA (green).17 Holo-PhNadA cavity I environments are shown for

pdb codes Skts (citraconate complex, left) and Sktt (L-malate complex, right).

helix 3 (closed structure, Figure 1b), whereas in the latter, the
site is accessible (open structure). Additional closed and open
[4Fe-4S]-containing NadA structures have been reported for
both quinolinate synthases.'~" Those discussed in this work
are listed in Table SI.

The IA analogues citraconate and itaconate bind in a “bent”
mode closing the NadA structure.”” This binding is
characterized by the interaction of one of the carboxylate
groups of the analogue with the main chain N and side chain
Oy1 atoms of Ph Thr213 and the imidazole rings of His21 and
His196; the other carboxylate interacts with the Ser38 and
Ser126 main chain N atoms (Figure 1d, left). In complexes of
PhNadA with DHAP," the enzyme is also in the closed
conformation with one of the O atoms of the phosphate group
interacting with the Oyl of Thr213 and the imidazole ring of
His21, the second one with the main chain N atom of Ser38
and the third one with the main chain N of Thr213, and the

imidazole ring of His196 and the Oy atom of Ser126 (Figure
S1). In addition to adopting the “bent” mode in a closed apo
enzyme structure, L-malate can bind to open holo NadA in an
approximately “straight” configuration displaying only the first
set of carboxylate interactions described above (Figure 1d,
right).”> In this configuration, its second carboxylate group
coordinates the [4Fe-4S] cluster. A variant of the open NadA
conformation is found with the X and Y intermediates of QA
synthesis.'” In this case, in addition to the conserved
interaction of one of the carboxylate groups of the ligand
with the main chain N and side chain Oy1 of Tm Thr211 and
the imidazole ring of His19, the second carboxylate interacts
with the main chain N and the Oy atoms of Ser36.
High-resolution structures of PhNadA with bound QA,
maleate, and citraconate (pdb codes Skto, Sktr, and Skts)'’
have unveiled the formation of a second active site cavity that
we named cavity IL.'" We reasoned that a transient additional
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Figure 2. (a) Concerted movement of Tyr109, Asn111, and Phe60 (orange arrows) in a citraconate-PhNadA complex (pdb code Skts)'? (gray:
commonly observed positions, here called the a-structure; green: positions adopted in this structure to form cavity II, called the b-structure); see
text. (b) Blue surface shows the active site cavity II extension connected to cavity I (pink) of the closed form in the a-structure [gray carbons in

@]

cavity might explain the conundrum that both DHAP and IA
analogues have been observed to bind to the same pocket in
the active site cavity I when cocrystallized with the enzyme or
in NadA crystals soaked with these ligands."” Indeed, cavity II
should add enough space at the active site region to allow for
the simultaneous binding of the two substrates prior to their
condensation and the concerted phosphate elimination step'’
(Figure 1a). Here, we have used site-directed mutagenesis, X-
ray crystallography, structural and functional analyses, and
molecular dynamics (MD) simulations to explore the func-
tional relevance of this transient cavity.

B RESULTS AND DISCUSSION

Our structural analysis reveals that cavity II is formed by the
movement of PhNadA Tyr109, Asnlll, and Phe60 (Figure
2a). Here, we have named this local process the “a- to b-
structure transition.” The most remarkable conformational
change is the 124° rotation of the side chain of Phe60 (Table
S2), which facilitates the shift of Asnl11 toward the space
liberated by the phenylalanine side chain, followed by a
concerted Tyrl09 displacement. As a result, the region
previously occupied by this tyrosine residue, contiguous to
cavity I, is now, in principle, available for additional substrate
binding (Figure 2b).

Using a new structure of the TmNadA*Y107F variant,"* we
obtained an improved model for the open form of the enzyme
(Table 1). A S00 ns MD simulation performed on this open
model, where Tyr107 (equiv. to PATyr109) was modeled (see
the Methods section for details), showed an equivalent PheS8
(equiv. to PhPhe60) rotation without the concomitant
movement of Tyrl07 and Asnl09 (equiv. to PhAsnlll)
(Figure 3 and Figure S2). This indicates that this rotation,
which is essential for cavity II formation, neither depends on
nor induces the conformational changes of Tyrl07 and
Asnl109, which generate cavity IL

Mechanism of Cavity Il Formation. An exhaustive
analysis of published NadA structures shows that three
PhNadA liganded structures display cavity II (pdb codes
QA: Skto, citraconate: Skts and maleate: Sktr). In the QA-
PhNadA complex, the cavity II configuration is fully occupied,
whereas in the enzyme with bound citraconate and maleate it
has partial occupancy. The QA complex was obtained through
cocrystallization, whereas the maleate and citraconate com-

Table 1. X-Ray Data and Refinement Statistics

TmNadA*-variant Y107F A84L S124A
pdb code 7p4m 7p4p 7p4q

data collection
synchrotron ESRF ID23-1 ESRF 1D23-1 SOLEIL PX2A

beamline
wavelength (A) 0.9760 0.7749 0.9999
detector Pilatus 6M Eiger2 16M Pilatus 6M
space group P2, C2 P2,
cell dimensions
a, b, ¢ (A) 55.4,49.1, 60.8 102.8, 492, 69.7 557, 49.3, 62.2
a, B 7 (°) 90, 106.8, 90 90, 108.1, 90 90, 108.1, 90
unique reflections 44,673 (4354) 33,318 (3180) 16,403 (1585)
resolution (A) 49.05-1.55 48.84—1.75 59.15-2.20
high-resolution shell ~ (1.60—1.55) (1.81-1.75) (2.28-2.20)
Riperge (%) 2.8 (49.8) 6.6 (88.8) 8.3 (35.1)
mean (I/6(I))"" 14.7 (1.6) 10.5 (1.6) 142 (3.9)
CC(1/2) 0.996 (0.608)  0.995 (0.643) 0.995 (0.897)
completeness (%)°"  98.1 (97.8) 99.2 (97.3) 99.2 (98.6)
redundancy”” 2.6 (2.6) 4.9 (4.9) 5.0 (4.7)
refinement
resolution (A) 46.48—1.55 48.84—1.75 $9.15-2.20
reflections for R, 42,437 31,660 15,601
Ry (%) 133 17.1 17.9
reflections for Rg.. 2220 1651 802
Reee (%) 17.8 203 223
no. atoms 2885 2791 2805
average B-factor (A*) 37.8 36.7 35.7
r.m.s. deviations
bond lengths (A) 0.00S 0.006 0.006
bond angles (°) 0.85 0.82 0.78
clashscore 1.36 1.62 2.77
Ramachandran
favored (%) 99.34 98.02 99.00
outliers (%) 0.00 0.00 0.00
rotamer outliers (%)  0.35 0.37 1.10

“Values in parentheses are for the highest-resolution shell.

plexes were generated by soaking these IA analogues into
previously grown uncomplexed PhNadA crystals.® From these
observations, it is reasonable to postulate that (i) the
crystallizing QA-PhNadA complex formed cavity II in solution
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Figure 3. Stereo view of the alternative conformations of Tyrl09,
Asnl11, and Phe60 in the citraconate-PhNadA complex named a- and
b-structures (pdb code Skts). The two observed conformations of
Phe60 are represented in dark gray and green, respectively. Some
frames (shown in orange), extracted from the MD trajectory of open
TmNadA*, show that while Tyr107 and Asnl109 stay roughly in the
same conformation, PheS8 can rotate (observed at around 100 and
400 ns, Figure S2), adopting a conformation similar to the one
observed in the citraconate-PhNadA complex b-structure that displays
cavity II (green, closed b, pdb code Skts in Tables S1 and S2).

and (ii) the soaked PhANadA crystals were initially in the open
configuration without a bound ligand. The formation of cavity
IT would have taken place in these crystals upon ligand soaking,
and its partial occupancy is consistent with the mixture of open
and closed protein states that we have observed in these
structures (Figure S3). We do not see cavity I in the crystals
of (closed) citrate-TmNadA* and DHAP-PhNadA complexes
probably because these molecules interact with residues
involved in its formation, forcing the protein to remain in its
a-structure. Indeed, citrate forms a strong hydrogen bond with
the amide N&2 from Tm Asnl09 (Figure S4), and DHAP
binds the carboxylate group of Ph Glu198 (Figure S1).

The mixed closed/open citraconate-PhiNadA complex shows
that in its open protein configuration, the passage of Ph
Asnlll from the a- to the b-structure (coded gray to green in
Figure 2a) is not possible because of a potential clash between
its amide N&2 and the C/Oy atoms of Ser38 (Figure SS).
This does not happen when the protein structure is closed and
implies that cavity II cannot form when NadA is in its open
form. When a-helix 3 moves toward cavity I, to adopt the
enzyme closed conformation (orange arrow in Figure 1b), the
main chain NH of Ph Ser38 or Tm Ser36 forms a hydrogen
bond with one of the O atoms from the carboxylate group of
either QA, citrate, citraconate or maleate, or the phosphate
group of DHAP.">"> The electrostatic attraction toward the
carboxylate or phosphate function, resulting from the a-helix
6" dipole, could be the driving force for this shift and the
ensuing formation of this hydrogen bond, as shown in other
systems.'® Local conformational changes leading to cavity I
formation are shown in Figure 2a.

Possible Role of Cavity Il in Catalysis. In order to
investigate the possible role of cavity II in catalysis, we
prepared four groups of TmNadA variants expected to have
either an effect on the generation of this cavity or modify its
affinity for either DHAP or IA (see Methods): (i) Tm DS7E
and D57M, (i) Tm A84L and A841, (iii) Tm S124A, and (iv)
Tm FS8A (respectively equivalent to Ph DS9, A86, S126, and
F60 in Figure 2a). GluS7 and MetS7 would interact with the
rotated PheS8, whereas the hydrophobic Leu84 and Ile84,
being bulkier than Ala84, should hinder its rotation, thus
preventing cavity II formation. Conversely, and based on a
previous molecular docking calculation,'® the absence of the

serine Oy atom in Alal24 could remove an interaction with
one of the substrates at cavity II. Finally, FS8A is a rather
radical variant that could play a local destabilizing role. All the
purified variants were reconstituted with adequate [4Fe-4S]
cluster concentrations (Figure 4a). The most striking drop of
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Figure 4. Characterization of TmNadA* and TmNadA* variants. (a)
UV—visible spectra after chemical reconstitution. All the proteins (3
mg mL™") were prepared in buffer B (see the Methods section). (b)
Catalytic activity of TmNadA* and its variants at 45 °C (gray bars)
and 70 °C (black bars). Specific activity values are reported for the
same [4Fe-4S] cluster concentration. The 100% relative activity
corresponds to 6.6 and 10.8 nmol min™' mg™' at 45 and 70 °C.

catalytic activity, at both 45 and 70 °C, is observed for the
TmNadA*A84L and A84I variants, which display over 90%
loss of activity, followed by the S124A variant with 85% activity
reduction (Figure 4b). The functional results obtained with
these variants support our earlier proposition that cavity II
could lodge, at least partially, either IA or DHAP during the
condensation reaction'’ (Figure la).

The substitutions at Tm position 57 have different relative
activities, depending on the applied temperature (Figure 4b).
The slight drop in activity observed for the DS7E variant at 45
°C could be explained by a limited hindrance on PheS8
rotation because of a longer side chain. Conversely, the rather
surprising increase in QA synthesis for the DS7M variant needs
a different explanation. We speculate that a hydrophobic
interaction between the side chains of Tm MetS7 and PheSS,
like the one described by Tatko and Waters for a protein beta-
hairpin,"” could stabilize the latter in the cavity Il-required
rotated position (Figure 2a and Figure S6). This, in turn,
would facilitate the formation of that cavity and the ensuing
ligand binding and QA synthesis. At the physiologically
relevant 70 °C temperature, a higher hindrance by a more
agitated GluS7 and a reduced Met57-PheS8 interaction might
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Figure S. Stereo depiction of the superposition of citrate-bound TmNadA*Y21F (gray-colored carbons, pdb code Slqm) and the A84L variant
(black-colored carbons) structures near PheS8. In the former, PheS8 adopts its two generally observed conformations with similar occupancies
(Table S2). The superposition shows that the 124° rotation of PheS8 (from the top left to bottom in the figure, dashed arrow) would cause its
collision with Leu84 in the TmNadA*A84L variant (red arrow). The A84L substitution causes a local conformational change (bottom right in the
figure), creating a larger pocket that lodges the bulkier Leu side chain. Conversely, the protein regions surrounding the [4Fe-4S] cluster and cavity I
remain unchanged (Figure S7a). A different view of this region is shown in Figure S8.

X intermediate

dead-end
product

Figure 6. Possible location of IA and L-Asp reactants involved in the generation of (a) the X intermediate in TmNadA*'° and (b) a dead-end
product modeled in PhiNadA (both depicted with green carbon atoms).'*'” In a, IA is taken from pdb deposition 6nsu (in the open PhiNadA
conformation, light gray atoms) and in b, L-Asp is modeled from this proposed IA model (light gray atoms). Rotated positions shown in pink for
both IA and L-Asp are modeled from citraconate (closed PhANadA conformation, pdb code Skts). The carbon atoms that reacted with the labeled
C1 carbon atom of DHAP are highlighted with an asterisk (Cf in IA and Ca in L-Asp).

be expected. The increase in temperature would augment
inhibition in the former and diminish the stabilization of the
rotated Phe58 in the latter and is consistent with the observed
activities (Figure 4b). The activity of the FS8A substitution is
not surprising because removing the bulky phenylalanine side
chain is likely to introduce some local stereochemical
instability. However, we have not explored this possibility
any further.

Structures of Variant Proteins. In order to further
characterize two of the most interesting variants, we
determined the crystal structures of the TmNadA*A84L and
S124A variants in complex with citrate (added to facilitate
their crystallization'*). The comparison of the former with the
corresponding citrate-TmNadA*Y21F complex strongly sug-
gests that the A84L substitution does not affect ligand binding
to cavity I. Indeed, we noticed that citrate adopts almost
identical conformations in the crystal structures of the two
variants (Figure S7a). Conversely, the citrate-TmNadA*A84L
structure, which does not display the Phe58 double
conformation seen in the citrate-TmNadA*Y21F complex,
confirms our prediction that the Leu side chain should block
the rotation of this residue (thereby impairing the formation of
cavity II, Figure 5). The electron density map indicates that the

unique Fe ion of the [4Fe-4S] cluster is fully occupied (Figure
S7a).

The structure of the TmNadA*S124A variant in complex
with citrate (Figure S7b) is isomorphous with the unliganded
open protein structures [pdb code 4p3x and new TmNa-
dA*Y107F variant structure (Table 1)]. In TmNadA*S124A,
the unique Fe loss is estimated at about 35%. However, the
initial sample had chemically determined 3.1 Fe ions per
molecule, a value commonly found in TmNadA preparations
with a close to fully occupied [4Fe-4S] cluster (see the
Methods section). Consequently, the 85% drop of catalytic
activity relative to TmNadA* observed for this variant (Figure
4b) should be mostly due to the removal of the Ser124-OH
group. Indeed, the absence of the hydroxyl function reorients
the citrate ligand, causing the enzyme to adopt its open
configuration (Figure S7b), instead of the closed one observed
with other citrate-TmNadA* complexes."”” In TmNadA*-
S124A, citrate binds the enzyme in an orientation similar to
the one adopted by X'° (pdb code 6f48) (Figure S7b). Taken
together, these results strongly suggest that Serl24 is
instrumental in properly orienting at least one of the substrates
in the active site before the condensation reaction (step II in
Figure la). As mentioned above, our previous molecular
docking calculation suggested that this residue could be a part
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Scheme 1. Condensation Reaction Mechanism in QA Synthesis Based on the Functional and Structural Studies Reported in

This Study”

: Access :
| s+ ' tunnel !
NH ' T2@\
- rd
HC o)
on I\ = T229
$124 OH A © S "'“,04
\ Y21
T "E195 (N”
NQ H171
o)
o
a D144

Closed to op‘en
N
o'\ H
Ve _ T229

"’,.." O NH
A
€ ﬁmg
H171

H
T229
O, \/ HO/<
Y21
©
NQ H171
Open to closed : :
\ ! ! T210
N

) 02
O P‘Oa“‘}fo\ & v

107 34
i [cavity | \

“(a) IA binds to NadA active site cavity I like L-malate does (Figure 1d, right) ;]5 (b) DHAP diffuses through the open tunnel and displaces the IA
cluster-bound carboxylate; (c) IA adopts a citraconate-like conformation (Figure 1d, left), NadA shifts to its closed conformation, cavity II is
formed, DHAP binds both the cluster and cavity II, and condensation takes place; (d) NadA switches back to its open configuration, phosphate is
eliminated toward the solvent medium, and the resulting W intermediate (not shown) undergoes keto-aldo isomerization, generating the X

intermediate which is bound at cavity I.

of cavity IL."’ Nevertheless, it is difficult at this point to assign a
specific role to Ser124 during catalysis.

Substrate Binding Sequence. We have already proposed
that IA binds first to cavity I, adopting a bent conformation
similar to citraconate (pdb code Skts), to be subsequently
displaced by DHAP toward cavity IL'° However, it is also
possible that IA initially binds simultaneously to the [4Fe-4S]
cluster and the entrance of cavity I, in the open enzyme
configuration, adoptin% a “straight” conformation like L-malate
(pdb code Sktt) does™™'” (Figure 1d, right). IA would then be
displaced from its cluster-binding site by DHAP, perhaps
adopting at that point the citraconate-like bent conformation
(Figure 1d, left) and subsequently shifting to cavity II. The two
substrates would thus be properly poised for condensation to
occur.

In our reinterpretation of the reaction that produced a dead-
end intermediate in PANadA'” (Scheme S1), L-Asp bound in a
“straight mode”, like L-malate and itaconate shown in Figure
1d (right), would have been displaced by DHAP, adopting a
“bent-mode” citraconate-like configuration (Figure 1d, left and

Figure 6) during the soaking of the respective crystal in the
DHAP-containing cryo-protecting solution.'* This position of
L-Asp would be equivalent to the productive one with IA.
However, because of the enolization of the Ca-bound
carboxylate group,'” the reactive nucleophilic species would
have been the Car of L-Asp and not the Cf, as in IA (compare
Figure la with Scheme S1). In order for this nonphysiological
condensation reaction to occur, the cluster-bound DHAP
should have its electrophilic C1 carbon in a position that could
be attacked by both the enolized Ca of L-Asp and the C3 of IA
(Figure 1a, respectively, labeled Asp-Ca and IA-Cf in Figure
6). This should only be possible if L-Asp and IA are bound to
cavity I during the condensation reaction (moving the former
to cavity II would not place its Ca in a position compatible
with condensation). Thus, cavity II would (partially) bind the
phosphate group of DHAP; IA would then stay in cavity L. If
this proposition is correct, the previously observed DHAP
phosphate-binding mode to PiNadA'® would be an artifact,
resulting from the absence of IA and the similar binding
characteristics of the two substrates.
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B CONCLUSIONS

In this work, we have explored the hypothesis that cavity II is
essential for catalysis through site-directed mutagenesis, X-ray
crystallography, functional analyses, and MD simulations. All
the indirect evidence we have been able to gather points at the
central role that this cavity plays in providing enough space for
the condensation of DHAP and IA within NadA. Because the
PheS8 rotation is also observed in the citrate-TmNadA*Y21F
complex (pdb code Slgm), it is clear that this conformational
change allows for the formation of cavity II, but it does not
elicit it. Furthermore, we have been able to reproduce the
rotation of Phe58 with MD simulations on a new high-
resolution open structure of the TmNadA*Y107F variant in
which cavity I is only occupied by water and a Cl™ ion (Figure
3). From this observation, we conclude that PheS8 rotation
does not depend on the open/closed status of NadA.
Conversely, the concerted shift of Tm Tyrl07 and Asnl09
(Ph Tyr109 and Asnl11) that creates cavity II is only possible
in the closed form because of steric hindrance in the open
structure between the side chains of Ph Ser38 and Asnlll
(Figure SS). Enzymes with ligands such as citraconate (pdb
code Skts) and maleate (pdb code Sktr), that bind at the “top”
of cavity I (Figure 1d, left), and QA (pdb code Skto), which
binds to the unique Fe ion from the [4Fe-4S] cluster, displays
cavity IL"® In all these cases, one of the carboxylate groups of
the ligand binds the main chain amide N(H) of Ser38. The
shift of a-helix 3 toward the active site (Figure 1b), which
closes NadA and is required to form that bond, is most
probably determined by the expected strong positive
potential'® located at the amide N(H) of Ph Ser38 or Tm
Ser36. In the open L-malate-PhNadA structure, N(H) interacts
with the carboxylate group of Asp39 (pdb code Sktt, Figure 1d,
right), which will also compensate for the helical 5* effect.

Although both the Tm citrate'> and Ph DHAP'® NadA
complexes are in the closed configuration, they do not display
cavity II. As mentioned above, we think the reason is that these
ligands interact with residues involved in the generation of that
cavity, Tm Asnl109 and Ph Glul198, (Figures S4 and Figure 1,
respectively). It is tempting to speculate that by preventing
cavity II formation when DHAP binds first, NadA imposes the
productive binding sequence IA, followed by DHAP.

The revised condensation reaction of the QA synthesis
pathway considers both the information gathered from the
revised structures obtained using data from refs 14, 15., and the
new data presented here are depicted in Scheme 1. In
summary, we believe that we have provided convincing indirect
evidence that NadA regulates substrate binding through
concerted movements that lead to the creation of a transient,
and essential, additional active site cavity. This strategy has
been seldom observed in enzyme catalysis.*’

Lastly, an intriguing observation in Escherichia coli (Ec)
NadA is the catalytic activity dependence on the redox status
of a Cys-Arg-Ser-Cys sequence in a 10-residue-long loop
absent from the Tm enzyme.® In the EcNadA enzyme, and
other ones from related organisms that also have this insertion,
the highly conserved Ala84 is replaced by Asp. This
observation raises the possibility of a redox-dependent control
of cavity II formation in this subclass of quinolinate synthases.
We are currently investigating this hypothesis.

B METHODS

Strains and Plasmids. Escherichia coli BL21(DE3) cells were
used to produce the recombinant TmNadA* variants DS7E, DS7M,

FS8A, A841, A84L, and S124A. E. coli top10 strains were used to clone
the mutants of the nadA gene. All products were from Sigma-Aldrich;
otherwise, the manufacturer is mentioned.

Cloning of Thermotoga maritima NadA Variants. DS7E,
DS7M, F58A, A841, A84L, and S124A substitutions were introduced
in T. maritima NadA by PCR using pT7-tmnadAK219Ry;, and the
following primers:

DS7E: P1 = (§-CTGTTTCTTGGGGTAGAGTTCATGGCG-
GAACTG-3') and P2 = (3’-CCTTCCGTTACCTCGA-
GAGTCTTTTCTTTTAA-S').

DS7M: Pl = (§-CTGTTTCTTGGGGTAATGTTCATGGCG-
GAACTG-3’) and P2 = (3’-CCTTCCGTTACCTCGA-
GAGTCTTTTCTTTTAA-S').

FS8A: P1 = (5-CTGTTTCTTGGGGTAGATGCGATGGCG-3")
and P2 = (3-CCTTCCGTTACCTCGAGAGTCTTTTCTTTTAA-
s').

A84I: P1 = (§-CCTGTCCCATGATAAACCGTTTGACACC-3')
and P2 = (3-GCAGGGGCTGTCTTCGCGCCT-S').

A84L: P1 = (§-CCTGTCCCATGCTGAACCGTTTGACACC-
3’) and P2 = (3-GCAGGGGCTGTCTTCGCGCCT-S').

S124A: P1 = (S-ACGTTATCTGTACGGCTGC-
CAACGCCGTGGA-3’) and P2 = (3-GGCTTACGTTTTGC-
GAGCGGC-S').

Plasmid sequencing was performed by Eurofins Genomics
(Germany), and gene sequences were checked by CLC Sequence
Viewer to ensure that no error was introduced during the PCR
reaction.

Expression and Purification of TmNadA* and Its Variants. E.
coli BL21(DE3) competent cells were transformed with pT7-
tmnadAy;, plasmids encoding for TmNadA*, TmNadA*DS7E,
TmNadA*DS7M, TmNadA*FS8A, TmNadA*A841, TmNadA*A84L,
and TmNadA*S124A variants. We abbreviate TmNadA K219R to
TmNadA* that is functionally equivalent to wild-type enzymes.">

Cells were grown aerobically at 37 °C in the LB (Luria Bertani,
Miller) medium containing 100 #g mL™" ampicillin to an ODggg =
0.4; the protein expression was induced with 0.5 mM IPTG
(isopropyl 1-thio-f-D-galactopyranoside), and cultures were shaken
for 3 h. The induced cells were harvested by centrifugation at 4 °C at
5000 rpm for 20 min, and the pellets were conserved at —80 °C until
use. The pellets were suspended aerobically in buffer A (Tris—HCl
100 mM, NaCl 50 mM pH 8) supplemented with 60 mg of lysozyme
(Euromedex) and one tablet of complete protease inhibitor cocktail
(Roche). Cell disruption was achieved by sonication for 40 cycles on/
off of 7 s each at 4 °C, followed by ultracentrifugation at 40,000 rpm
at 4 °C for 30 min. The DNA was removed by streptomycin
treatment (2%), followed by centrifugation at 8500 rpm at 4 °C for 30
min. The supernatant was heated for 15 min at 75 °C, then cleared by
ultracentrifugation at 40,000 rpm at 4 °C for 40 min. The clear
supernatant was then loaded on a Ni-nitrilotriacetic acid (NTA)
column equilibrated with buffer A. After washing, the proteins were
eluted with buffer A containing 300 mM imidazole. Imidazole was
removed by passage through an NAP-2S desalting column (GE
Healthcare) equilibrated with buffer A. Pure fractions of protein were
concentrated and stored at —80 °C until [Fe-S] cluster reconstitution.

Chemical Reconstitution of TmNadA* and Variant Proteins.
Reconstitution was performed anaerobically in a glovebox (GB) kept
at room temperature (RT) (Jacomex, France). Briefly, 150 puM
TmNadA WT (K219R) and variants were incubated with S mM DTT
(dithiothreitol) (Euromedex) for 30 min in the GB. Then, six
equivalents of Mohr’s salt and L-cysteine hydrochloric hydrate were
added with 1.5 yM EclscS and incubated for 4 h at RT. Mohr’s salt
and L-cysteine excess were removed using an NAP-25 desalting
column equilibrated with buffer B (Tris—HCI 20 mM, NaCl 150 mM,
pH 8). Then, the protein was heated at 65 °C for 20 min in the
presence of S0 mM DTT and centrifuged at 10,000 rpm for 15 min in
the GB. The dark sample was then loaded on a Superdex75 (GE
Healthcare) column with buffer C (Tris—HCI 125 mM, KCI 50 mM,
pH 8). Holo-monomeric NadA fractions were pooled, concentrated
to 20 mg mL~!, aliquoted, and stored at —80 °C.
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[4Fe-4S] cluster integrity was checked by ultraviolet—visible (UV—
vis) absorption spectroscopy and iron content. The chemically
determined iron content per monomer of these reconstituted proteins
is as follows: TmNadA* (3.3 Fe), TmNadA*DS7E (3.2 Fe),
TmNadA*DS7M (3.2 Fe), TmNadA*ES8A (3.3 Fe), TmNadA*A841
(4.3 Fe), TmNadA*A84L (3.1 Fe), and TmNadA*S124A (3.1 Fe).

Protein Analysis. Protein concentrations were measured using
the method of Bradford using bovine serum albumin as a standard
and applying correction factors for NadA, as previously described.”’
Protein-bound iron was determined under reducing conditions with
bathophenanthroline disulfonate after acid denaturation of the
protein.”> UV-—visible spectra were recorded with a Cary 1 Bio
(Varian) spectrophotometer.

In Vitro Quinolinate Synthase Activity of TmNadA*
Proteins. Enzymatic characterization of the quinolinate synthase
activity of TmNadA* and variants was performed anaerobically in the
GB using the chemical condition for IA synthesis. NadA (20 M) was
mixed in a final volume of 100 uL of buffer D (50 mM Na-HEPES,
100 mM KCI pH 7.5) with 2 mM DHAP, S mM oxaloacetic acid
(OAA), and an excess (10 mM) of ammonium sulfate (AS) to
chemically generate IA. The mixture was incubated for 20 min at 45
or 70 °C, and the reaction was quenched by adding S yL of 2 M
sulfuric acid and S yL of S M perchloric acid. After centrifugation
(14,000 rpm, 4 °C, 15 min), S0 uL of the supernatant was mixed with
50 uL of buffer E (0.03% trifluoroacetic acid, pH 2.4) and injected on
a Supelcogel column equilibrated with buffer E. QA elution was eluted
at a flow rate of 0.17 mL min™" using buffer E and quantified using a
standard curve of 0 to 20 nmol of commercial QA, allowing for the
determination of NadA-specific activity (nmol mg™" min™").

Biochemical and Functional Analyses of TmNadA* Variants.
Single substitutions introduced in TmNadA* did not affect the
expression of proteins nor their solubility, and in all cases, very good
purification yields were obtained (Table S3). In addition, all
TmNadA* variants were obtained with good purity, as shown by
sodium dodecyl sulfate—polyacrylamide gel (SDS-PAGE) electro-
phoresis (Figure S9). Purified TmNadA* variants are in the apo-form
as is TmNadA* (our control). [Fe-S] cluster reconstitution was
performed in the GB in the presence of six equivalents of ferrous iron
salt and sulfide, catalytically generated by IscS from L-cysteine. After
gel-filtration, each TmNadA* variant monomer had a yellow-brownish
color and exhibited some of the biochemical and spectroscopic
properties of the TmNadA* protein. Indeed, each TmNadA* variant
displays a UV—vis spectrum with a unique intense band at 420 nm
characteristic of a [4Fe-4S]*" cluster-containing protein, with a 420/
280 nm ratio equal to 0.4—0.5 (Figure 4a). The presence of an intact
[4Fe-4S]** cluster was confirmed by measuring the iron content of
the variants, which was between 3.2 and 4.3 Fe/monomer (Table S3).
These analyses demonstrate that the introduced single substitutions
have no effect on the degree of [4Fe-4S]** prosthetic group
incorporation in the TmNadA* variants.

In vitro enzymatic activity of TmNadA* variants was determined
using TmNadA* as a positive control. Because TmNadA comes from
a hyperthermophilic organism, the activity measurements were
performed at 45 and 70 °C in the presence of DHAP and chemically
generated IA, respectively. The results show the crucial role Ala84 and
Ser124 play in QA formation. Indeed, the residual NadA-specific
activity at 45 °C was 8% for the A84L and A84I variants and 15% for
the S124A variant (Figure 4b). Similar activities were obtained at 70
°C. The introduction of an alanine residue at the PheS8 position
causes a decrease of 63 and 74% of the enzymatic activity at 45 and 70
°C, respectively. The DS7E and D57M substitutions have less impact
on this activity (Figure 4b).

Cavity Calculations. Cavities were calculated with the homemade
program CAVENV, which is a part of the CCP4 package.”® The cavity
maps shown in Figures 1c and 2b were contoured with an accessible
probe radius of 1 A.

Crystallization of the TmNadA*S124A, A84L, and Y107F
Variants. Crystallization assays were performed under anaerobic
conditions in a GB using the hanging drop vapor diffusion method.
For each variant, hanging drops were prepared by mixing 1 yL of the

protein solution with an equal amount of the crystallization solution
before anaerobic equilibration with 1 mL of the latter. TmNadA*-
S124A crystals were obtained from a 20 mg mL ™" protein solution in
buffer C, pH 8.0, and 100 mM trisodium citrate crystallization
solution, pH 5.6, 50 mM NaCl, 100 mM ammonium acetate, and 28
or 30% PEG4000. A 25 mg mL™" protein solution in buffer C was
used for the TmNadA*A84L variant, with 1.4 M trisodium citrate, pH
6.0 crystallization solution in buffer C. For the TmNadA*Y107F
variant,"® 100 pL of a 20 mg mL™" protein solution in buffer C, pH
7.2, was incubated anaerobically overnight at 20 °C with 1 yL of 0.5
M AS, 2 uL of 0.5 M oxaloacetate, and 4 yL of 50 mM DHAP. The
crystallization solution used for this variant contained 100 mM bis tris
propane, pH 6.5, 100 mM (w/v) 29% PEG3350, and 100 mM NaF.
The A84L variant crystal was mounted directly from the hanging
drop; the other crystals were mounted in loops from a cryo-protecting
solution obtained from the crystallization solution supplemented with
25% glycerol for the S124A variant and an additional 11% of
PEG3350 for the Y107F variant. Next, the crystals were flash-frozen
inside the GB with liquid propane.”*

X-Ray Structure Determination of the TmNadA*S124A,
A84L, and Y107F Variants. X-ray diffraction data (Table 1) were
measured at the SOLEIL synchrotron (Saint Aubain, France) and at
the ESRF (European Synchrotron Radiation Facility, Grenoble,
France) running under MXCuBe,> from crystals exposed to a 100
K cold nitrogen stream. All data were indexed, integrated, and scaled
with XDS*® and checked for anisotropic diffraction with AIMLESS.*”
Crystal structures were solved by molecular replacement using
PHASER,*® starting from high-resolution open (pdb 6f48)'° and
closed (pdb 5£33)"° TmNadA* models. The obtained solutions were
next subjected to rigid body refinement with REFMACS* and
positional and B-factor refinement with PHENIX (Adams 2010).>° In
addition to atomic isotropic B-factors, Translation/Libration/Screw
(TLS) parameters were refined for the citrate-bound S124A and
AB84L variants. For the Y107F variant, the resolution was high enough
to facilitate the refinement of individual atomic anisotropic B-factors.
Manual model corrections were performed with COOT.*" Refinement
statistics are included in Table 1. The refined models of the S124A
and YIO07F variants correspond to open TmNadA* structures,
whereas the A84L variant, in complex with citrate, crystallized in a
closed form. The crystal structures of the citrate-TmNadA*S124A
complex and Y107F TmNadA* revealed losses of the unique Fe of the
[4Fe-4S] of about 35 and 45%, whereas its occupancy in the
TmNadA*A84L variant was 100%. The crystal of the TmNa-
dA*Y107F variant has a CI” ion bound to the cluster unique Fe.
Because of its high resolution, we used this structure as a starting
model for MD of the open TmNadA form (see the MD Simulations
section below). Except for MXCUBE, the software referred to above
was compiled by SBGRID (Morin 2013).*

Accession Codes. The atomic coordinates and structure factors
have been deposited to the PDB (ID codes 7p4m, 7p4p, and 7p4q for
the Y107, A84L, and S124A TmNadA* variants, respectively).

Preparation of Figures. Figures 1b,d, 2a, S, and 6 and Figures S1,
$4-86, and S8 were prepared with MOLSCRIPT,* Figures 1c and
2b, and Figure S7 with BOBSCRIPT.>* All these figures were
rendered by RASTER3D.*® Figure S3ab were prepared with
COOT.*" Figure 3 and Figure S10 were prepared with Maestro.*®

MD Simulations. Calculations were performed with programs
from the Schrodinger suite.’® Because we wanted to investigate the
rotation of PheS8 in an open form of TmNadA, where the formation
of cavity II is not possible (see main text), the new TmNadA*Y107F
crystal structure was used. It is at a higher resolution than the open
TmNadA* (pdb code 4p3x).'> Their superposition shows that they
are very similar, with the exception of a hydrogen bond between the
-OH group of Tyr107 and the carboxylate group of Glul9S because of
the substitution. Phel07 was in silico-substituted by Tyr by adding the
phenol —OH group; hydrogen atoms were constructed, and the
protonation state of each residue was optimized using the protein
preparation protocol. Negatively charged and protonated states were
specifically tested for Glul9S because it interacts with the -OH group
of Tyrl07 and is also close to the conserved Aspl44, which was
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modeled in its deprotonated state. In the Schrodinger suite, by default
and for any force field, the charges of [Fe-S] clusters are formal, that
is, +2 or +3 for the Fe atoms and —2 for the inorganic bridging S
atoms. We know from previous MD studies on the RsrR [FeS]-
containing metalloprotein®” that these formal charges can induce
artifactual interactions. Accordingly, we calculated more realistic
charges using a small quantum model (Figure S10).

We used a broken symmetry to model the oxidized [4Fe-4S]
cluster with the Jaguar QM program.38 In [4Fe-4S] clusters, the iron
ions exhibit local high spin configurations S = 5/2 (ferric ion) and S =
2 (ferrous ion). The oxidized state consists of two mixed-valence iron
pairs, (Fe'-Fe'™) of spin § = 9/2 each, antiferromagnetically coupled,
yielding a cluster with M, = 0. A customized functional with 5%
Hartree-Fock exchange combined with the LACVP** basis set was
employed to geometry-optimize this model, fixing the Ca and Cp
atoms of the cluster cysteine ligands. Subsequently, the charges were
calculated to fit the external electrostatic potential (the so-called ESP
charges). We used these char%es for our MD simulations.

The OPLS3e force field*”*" was employed. Na* or Cl™ ions were
added to neutralize our models that were further solvated with a
periodically replicated orthorhombic water box using the Simple Point
Charge (SPC) water model. Additional Na* and CI ions were added
to reach a theoretical salt concentration of 150 mM. The resulting
systems consisted of approximately 42,000 atoms.

The Desmond program**’ included in the Schrédinger suite was
used for MD simulations. The default protocol was used to equilibrate
the system and heat it from 0 to 300 K. The simulations were then
run for 500 ns with a time step of 2 fs in the isobaric, isothermal
(NPT) ensemble with a temperature of 300 K and a pressure of 1
atm. In the MD trajectory at 300 K with a protonated Glul9S, the
hydrogen bond between the —OH group of Tyrl07 and Glul9S
sidechains is not maintained. In contrast, the short hydrogen bond
between both residues, observed in the first TmNadA* open form
(4P3X), remains throughout the MD simulation at 300 K when
Glul9s is deprotonated. The analysis of PheS8 dynamics during the
MD with Glul95 deprotonated at 300 K shows no rotation of the
PheS8 sidechain. In contrast, the same MD simulation, performed at
350 K, closer to the optimal T. maritima growth temperature, reveals
that PheS8 in a starting conformation, resembling the one in the
citraconate-PhNadA complex partial a-structure, can rotate and adopt
a conformation similar to the one it has in the complex partial b-
structure (see main text, Figure 3 and Figure S2).
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