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Disulfide bonds between cysteine residues are important post-translational modifications
in proteins that have critical roles for protein structure and stability, as redox-active
catalytic groupsin enzymes or allosteric redox switches that govern protein
function'™. In addition to forming disulfide bridges, cysteine residues are susceptible
to oxidation by reactive oxygen species, and are thus central not only to the
scavenging of these but also to cellular signalling and communication in biological as
well as pathological contexts®®. Oxidized cysteine species are highly reactive and may
form covalent conjugates with, for example, tyrosines in the active sites of some
redox enzymes”®. However, to our knowledge, regulatory switches with covalent
crosslinks other than disulfides have not previously been demonstrated. Here we
report the discovery of a covalent crosslink between a cysteine and alysine residue
with aNOS bridge that serves as an allosteric redox switch in the transaldolase enzyme
of Neisseria gonorrhoeae, the pathogen that causes gonorrhoea. X-ray structure
analysis of the proteinin the oxidized and reduced state reveals aloaded-spring
mechanismthat involves a structural relaxation upon redox activation, whichis
propagated from the allosteric redox switch at the protein surface to the active sitein
the proteininterior. This relaxation leads to a reconfiguration of key catalytic residues
and elicits anincrease in enzymatic activity of several orders of magnitude. The redox
switchis highly conserved in related transaldolases from other members of the
Neisseriaceae; for example, it is present in the transaldolase of Neisseria meningitides
(apathogenthatis the primary cause of meningitis and septicaemiain children). We
surveyed the Protein Data Bank and found that the NOS bridge exists in diverse
protein families across all domains of life (including Homo sapiens) and that it is often
located at catalytic or regulatory hotspots. Our findings will inform strategies for the
design of proteins and peptides, as well as the development of new classes of drugs
and antibodies that target the lysine-cysteine redox switch®'°.

The three-dimensional structures of proteins are formed and main-
tained by a delicate balance of stabilizing and destabilizing forces
that are mostly of a noncovalent nature, such as hydrogen bonds,
van der Waals forces and charge-charge interactions. In addition to
peptide bonds, only a few additional covalent bonds between amino
acids contribute to the structure, stability and function of proteins.
Major classes of these bonds include disulfide bonds between two
cysteines (which are the most prevalent post-translational modifica-
tionin proteins) and isopeptide bonds between lysine and asparagine
orglutamine residues®>". Althoughboth of these types of bond affect
the fold and stability of proteins, disulfide bonds are unique in their
ability toundergo reversible bond cleavage by redox chemistry to form

the corresponding dithiol, either as part of the enzymatic reaction
mechanism or as an allosteric switch that changes the structure (and
with that the function) of agiven protein*? (Extended Data Fig. 1a, b).
In addition to disulfides, a variety of other oxidized cysteine species
in different oxidation states serve as molecular sensors, triggers and
scavengers in numerous cellular processes including signalling, com-
munication and stress response>®.

Allosteric redox switchin a transaldolase

Because of our interestin the structure and mechanism of transaldolase
(TAL)®™ whichisakey enzymein the pentose phosphate pathway inall
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domains of life, we initiated studies of the orthologue from N. gonor-
rhoeae (NgTAL). We aimed to devise mechanism-inspired inhibitors as
drugs for treating gonorrhoea, asexually transmitted disease of which
there are approximately 100 million cases worldwide. Gonorrhoea is
typically treated with antibiotics, but increasing rates of antibiotic
resistance pose a serious threat”. When produced recombinantly,
NgTAL showed almost no enzymatic activity. We hypothesized that the
enzyme could be subject to activation by a redox event that involves
one or more of its three cysteine residues: Cys38, Cys87 and Cys90.
We thus tested whether the activity of NgTAL is redox-regulated by
adisulfide-dithiol switch or by oxidation of one of these cysteines.
Cys38, Cys87 and Cys90 are located in close proximity to one another
but are not engaged in disulfide linkage(s) in a previous X-ray struc-
ture depositedinthe Protein Data Bank (PDB) (code 3CLM; www.rcsb.
org) (Fig. 1a). When we added reductants such as dithiothreitol or
tris(2-carboxyethyl)phosphine to the protein, enzymatic activity was
increased by several orders of magnitude, which affected both substrate
binding (decreased Michaelis constant (K},)) and catalysis (increased
catalytic constant (k.,)) (Fig. 1b, Extended Data Table 1). This redox
activation s essentially reversible: the reduced enzyme converts into
theinactive, oxidized formover the course of several days at 6 °C, and
canbere-activated by re-reduction (Supplementary Fig.1). The overall
structure of the enzyme, as judged by far-ultraviolet circular dichro-
ism (far-UV CD) spectroscopy, is not altered upon reduction (Fig. 1c).
However, our thermal unfolding analyses using far-UV CD spectroscopy
revealed differences for the oxidized and reduced protein. Thereduced
protein exhibited a highly cooperative unfolding, whereas the oxidized
protein displayed a less pronounced cooperativity of unfolding and
anincreased melting temperature (Fig. 1d). To determine which of
the three cysteines in NgTAL is involved in redox regulation, we con-
structed single-site variants that lacked each of them. We predicted
that the substitution of a cysteine that belongs to the redox switch
would resultinaregulation ‘knockout’ and nullify redox activation. Of
thethree cysteine variants we tested, only a variant with a substitution
of Cys38 (Cys38Ser) exhibited aloss of redox activation. This variant
was constitutively active in both redox states, whereas variants with
substitutions of the two other cysteines (Cys87 and Cys90) retained
the ability to become activated by reduction (Extended Data Table 1).
This excludes the presence of an intramolecular disulfide; we there-
fore hypothesized that Cys38 might form anintermolecular disulfide
bridge withits counterpart fromanother protein chainin amultimeric
assembly, and that redox activation is coupled to disassembly of the
less active oligomer (which represents amechanism that has previously
beenreported for other proteins that bear allosteric disulfide redox
switches'®). We then used analytical ultracentrifugation to assess the
oligomerization state of NgTAL under oxidizing and reducing condi-
tions. The enzyme was predominantly a monomer under all of the
conditions we tested, which falsified our hypothesis that it contained
aredox switch thatinvolved achangein quaternary structure (Fig. 1e).
This finding suggested that there is an intramolecular linkage in the
oxidized protein. As only one of the three cysteine residues in NgTAL
is functionally important for redox regulation, this raises questions
about the chemical nature of the redox switch.

Discovery of alysine-cysteine redox switch

To further investigate the basis for redox activation, we crystallized
NgTAL under oxidizing and reducing conditions. We determined
structures of both states at a true atomic resolution of 0.96 A for the
oxidized enzyme, and 1.05 A for the reduced enzyme (crystallographic
statistics are provided in Extended Data Table 2). In the oxidized state,
we observed a crosslink between Cys38 and Lys8 that contained an
additional, unidentified atom (X) that covalently bridged the sulfur
atom of cysteine and the nitrogen atom of lysine (Fig. 2a). We repro-
ducibly observed this crosslink in numerous protein crystals that were

a Active site b

Koy =17.6£0.3 57
Kyy?PP = 5.6 £ 0.4 mM

k., 30-fold

cat

KPP 2-fold\

V/[E] (s7)
I
o

A

" Ko 20680025
Lys8 | N K™ =10.0 £ 1.3mM
J) 7\ 0 20 40 60 80 100

Cys38

F6P (MM
c d (mM)
‘E, 40,000 g 0
2 30000 g5
5 =-10
g 20,00 E
5 E-15
$ 10,000 s
e & 20
a 0 E\‘_‘ D11
E B 25 |
© © - |
B-10,000 5-30 " e diRN
2 @ - -563°C!| T, =593°C
P [a] 1
& -20,000 5-35
] 200 220 240 260 0 20 40 60 80 100
Wavelength (nm) Temperature (°C)
20 —11uM 20 ) — 11 uM +TCEP
---251M | —- 63 M +TCEP
—-63uM
15 I w 15 I
- I T i
= ] = I
<10 1| Monomer < 10 || Monomer
) [ z Il
© Iy © Il
5 Iy 5 I
A !
ol 0 J
o 1 2 3 4 5 6 o 1 2 3 4 5 6

S20,w S20,w

Fig.1|Functional and structural analysis of NgTAL in the oxidized and
reducedstate. a, Crystallographicstructure of NgTAL (PDB code 3CLM),
showing the positions of residues Lys8, Cys38, Cys87 and Cys90, as well as the
activesite (highlighted inred). b, Steady-state kinetic analysis of enzymatic
activity of NgTAL in the oxidized (black) and reduced (red) state. Thereisa
30-foldincrease of k.. and a 2-fold decrease of substrate K, upon reduction. All
measurements were carried outintriplicate and are shown as mean +s.d.
Kinetic and thermodynamic constants are provided in Extended Data Table 1.
Experiments were repeated three times with identical results. F6P, fructose
6-phosphate. ¢, Far-UV CD spectra of NgTAL in the oxidized (black) and reduced
(red) state.d, Thermal unfolding of NgTAL in the oxidized (black) and reduced
(red) state, monitored by near-UV CD spectroscopy at222nm. The less
cooperative unfolding and increased melting temperature (7;,) of the oxidized
proteinsuggest the presence of a covalent crosslink. e, Analytical
ultracentrifugation of NgTAL in the oxidized (left) and reduced (right) state at
different concentrations of protein. For reduction, 1 mM tris(2-carboxyethyl)
phosphine (TCEP) was used. Independent of protein concentration and
presence of TCEP, ansvalue of 2.8 and amolar mass of 37.1kg mol " were
obtained from c(s) analysis. Because the molar mass of NgTAL calculated from
theamino acid sequence is 37.6 kg mol™, the protein is monomericin solution.
The very small percentage of material that sediments atan svalue ofabout 4.5
disappearsinthe presence of reducing agent, whichindicates the presence of
someincorrectly linked dimer. AU, arbitrary unit.

obtained under different, nonreducing crystallization conditions,
as well asin alow-dose dataset that was collected from an in-house
rotating anode (which excluded the possibility that formation of the
crosslink resulted from ‘radiation damage’ during data collection at
the high-energy synchrotron beamline) (Extended Data Fig. 1c-f).
To reveal the identity of atom X, we performed competitive refine-
ments, which—at sub-Angstrgm resolution—enable different types
of atomto be reliably discerned”. We considered two possibilities: (1)
abridging oxygen atom that originates from cysteine and/or lysine
oxidation or (2) abridging carbon atom, because methylene bridges
between lysines and cysteines have previously beenreported toform
in consequence of the exposure of protein crystals to formaldehyde
and/or carbon dioxide (although this atom assignment has been ques-
tioned)™®”. In our case, the bridging atom X was clearly identified as
an oxygen atom: refinements using carbon at this bridging position
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Fig.2|Structure of the allostericredox switchin NgTALin the oxidized and
reducedstate. a, Structure of the Lys8-Cys38 crosslink in the oxidized state,
containing a covalent NOS bridge with an oxygen atom that links the lysine and
cysteineside chains. Therefined structural modelis superposed with the
2mF, - DF electrondensity map (showninblue) contoured at30.b, Structure
oftheredox switchinthereducedstate. The covalent NOS bridge between Lys8
and Cys38is disengaged. Bothresiduesare structurally disordered and exhibit
several conformations. We observed electron density thatis compatible with a
physically dissolved dioxygen molecule in close vicinity to the redox switch.
This feature was not presentin the oxidized state. The structural modelis
superposed with the 2mF, - DF electron density map (showninblue)
contouredatl.50.c,Local environment of the Lys8-Cys38 bridge in oxidized
NgTAL, showing hydrogen-bonding interactions with water molecules (W) and
proteingroups.d, Binding locale of the presumed dioxygen moleculein
reduced NgTAL, showing hydrogen-bonding interactions with water molecules
and protein groups. The dioxygen moleculeis close to Cys38, which suggests
that formation of the Lys8-Cys38 bridge probably results from initial cysteine
oxidation.
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resulted inunexplained positive difference peaksinthe electron density
maps (Extended DataFig. 2c). The two remaining cysteines (Cys87 and
Cys90) are present in the thiol form. These results demonstrate that
in the oxidized state the inactive NgTAL enzyme contains a covalent
lysine-cysteine crosslink with an NOS bridge. The NOS arrangement
resembles that of hydroxylamine-O-sulfonic acid®® (an organic reagent
used for amination), althoughin this acid the sulfur atomisin ahigher
oxidation state thaniitis in the enzyme.

Inthe structure of NgTAL inthe reduced state (cocrystallized in pres-
ence of thereductant B-mercaptoethanol), the covalent lysine-cysteine
NOSbridgeis absent. Both Lys8 and Cys38 are chemically unmodified
and show several alternative conformations (Fig. 2b). We observed
electron density in close proximity to the sulfur atom of Cys38 that
is compatible with a physically dissolved dioxygen molecule, which
suggests that oxidation of this cysteine by molecular oxygen precedes
the formation of the covalent crosslink. The NOS bridge is located
at the protein surface and is accessible to solvent. It is engaged in
hydrogen-bond interactions with several water molecules as part of
anextended hydrogen-bonding network that furtherincludes the resi-
dues Glu93, Thr97 and Thr101, which suggests arole for these residues
inthe formation of the NOS linkage (Fig. 2c). The presumed dioxygen
isbound in a small hydrophobic patch that is close to lle14 and within
hydrogen-bonding distance of Cys38, and is coordinated by several
interactions with the main chain of the protein (Fig. 2d). This dioxy-
genisnotobservedin oxidized NgTAL with the NOS bridge (Extended
DataFig.1g).

To define the chemical basis of the formation of the NOS bridge, we
studied the individual reactivities of Cys38 and Lys8 in the absence of
the corresponding NOS bridge partner. We analysed the structure and
function of the variants Lys8Ala (in which Cys38 of the NOS bridge is
present) and Cys38Ser (in which Lys8 of the NOS bridge is present)
(Extended DataFig. 2, Extended Data Table 1). The variant Cys38Ser is
notactivated by reduction and showsidentical melting temperatures
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for unfolding under oxidizing and reducing conditions, whereas the
variant Lys8Alais subject to redox activation and exhibits altered melt-
ingtemperatures upon redox activation. This suggests that the Cys38in
thevariant Lys8Alais subject to achemical modification (most probably
anoxidation), whereas Lys8in variant Cys38Ser is probably unmodified.
To test this hypothesis, we determined the X-ray crystal structures of
the variants ataresolution of 0.85 A (for the Lys8Ala variant) and 1.25 A
(for the Cys38Ser variant) (Extended Data Fig. 2¢, d, Extended Data
Table 2). These structural datasupportour notion that the Cys38inthe
Lys8Ala variant is oxidized, whereas the Lys8 in the Cys38Ser variant
is chemically unmodified. These observations bolster our claim that
the Cys38-Lys8 crosslink results from an oxidation reaction, which
is further supported by mass spectrometry analysis (‘Results’ in Sup-
plementary Information, Supplementary Fig. 2).

Mechanism of NOS bridge formation

Despite the unambiguous structural information, it is difficult at this
point to determine the chemical mechanism of the formation of the
NOS linkage—especially as, to our knowledge, there is no precedent
for this reactionin organic or protein chemistry. In principle, oxidized
cysteines could react withamines; however, the nucleophilic nitrogen
would preferentially attack the sulfur atom instead of a sulfur-bound
oxygen, to produce sulfonamides or sulfinamides®. We envisage sev-
eral different mechanisms for the formation of the NOS bridge. First,
the cysteine thiolate could react with dioxygen (or another reactive
oxygen species) to yield a thio-(hydro)peroxy species that in turn
reacts with the e-amino group of the neighbouring Lys8 (Extended
DataFig. 3a). This reaction would directly afford the covalent NOS
bridge, with concomitant water release facilitated by synchronized
proton transfer from the attacking amine to the water-leaving group.
In an alternative scenario (Extended Data Fig. 3b), oxygen or reactive
oxygen species might oxidize both the cysteine thiol and the lysine
amine to formsulfenic acid and hydroxylamine or amine oxide (either
inaconcerted reactionwith atransient thio-(hydro)peroxy species or
inindependent reactions). Both hydroxylamine and amine oxide are
potent O-nucleophiles? that would have sufficient reactivity to cova-
lently react with an oxidized cysteine. Formation of the NOS bridge
would then occur simultaneously with water elimination. In a third
mechanism (Extended DataFig.3c), the lysine amine would first attack
the sulfur atom of the previously oxidized cysteine (either sulfenic or
sulfinic acid), followed by sigmatropic [1,2] rearrangement driven by
orbital steering and stereoelectronic control. For this to happen, the
enzyme would need to destabilize the stable N-S bond of the presumed
sulfinamide, and steer the orbitals to promote a [1,2] rearrangement
(for example, by exerting strain)*2,

We carried out electronic structure calculations to compare the
different mechanistic hypotheses. We performed these calculations
onthebasis of acluster model thatincluded Lys8, Cys38 and Glu93, as
wellas four explicit water molecules to retain ahydrogen-bond network
close to the reaction site. A schematic of the computed mechanisms
and free energies is shown in Extended Data Fig. 3d. We started our
investigations with the thio-(hydro)peroxy species. We identified a
transition state for O-O bond breakage and the concerted oxidation
of Lys8. This step has anactivation barrier of 12.2 kcal mol™, and leads
to the formation of sulfenic acid and the oxidized lysine. We observe
that several different protonation states are accessible at this point,
with the neighbouring water mediating proton transfer along the resi-
dues. We argue that further oxidation of the Cys38 to sulfinic acid is not
viable in the formation of the NOS bridge, because sulfinic acid is far
too stable (41.4 kcal mol lower in energy relative to the NOS linkage)
and would effectively trap the reaction. A potential sigmatropic [1,2]
rearrangement should also be excluded, as any pathway thatinvolves
asulfinamide intermediate would result in barriersin excess of 35 kcal
mol™. Considering the stability and the cysteine oxidation state in



a F
Arg204 "i -
Active Thr162l 5’\""&6
. () \®
o site y
j Phe3ss

L

(] \T‘ Glu107
Asn43 |

v

NOS bridge

'-st < Cys38
N
N2 41
SVYAllosteric 39 40 L
site
Ser42
b Phe339 /
\ 4
~ : // Arg204
Glu107 % S
©H,0 (oxidation) A
. \Y

©H,0 (reduction)
@ CI- (reduction) Thr 62\

Lys138
(catalytic lysine)

Fig.3|Structural basis of redox activation of NgTAL. a, Structure of NgTAL in
the oxidized state, showing the allosteric Lys8-Cys38 redox switch (ingrey) at
the proteinsurface and the activessite (in yellow), including the catalytic Lys138
that forms aSchiffbase (highlighted in magenta). Cys38islocatedona
strand-like structure that extends from the allosteric site to the active site, and
whichbears residues Ser42and Asn43. The entrance to the active site and
allosteric redox site are highlighted. b, Superposition of NgTAL in the oxidized
(this Article (yellow)) and reduced (PDB code 3CLM (grey)) state, showing the
subtle repositioning of active-site residues and water molecules upon redox
activation. Asuperposition of the oxidized state with our structure of the
reduced state that contains a covalent Schiff-base intermediate analogueis
shownin Extended DataFig. 8.

sulfinamide and in sulfinic acid, the mechanism for the formation of
the NOS bridge must necessarily involve a lower oxidation state (for
example, sulfenic acid). At this point, our quantum chemical calcula-
tions favour the second scenario outlined above.

Mechanism of allosteric activation

To understand the structural basis for the decrease in NgTAL activ-
ity upon formation of the NOS linkage, we superposed the oxidized
andreduced structures (Fig. 3). Notably, Cys38 of the redox switchis
located on anextended strand-like structure that reaches from the pro-
teinsurfaceinto the active site and bears the active-site residues Ser42
and Asn43 (Fig.3a). The backbone oxygen of Ser42 forms a hydrogen
bond with the e-amino group of the catalytic Schiff-base-forming
Lys138 and Asn43 is a critical active-site residue that has roles in
substrate binding and catalysis™*. Reduction of the cysteine-lysine
NOS redox switch entails a slight structural repositioning of the
Cys38-bearing strand (which includes interacting strands and heli-
ces) that leads to a slightly reconfigured active site, in which the key
catalytic residues Asn43 and Asp17, as well as catalytic water molecules,
arerepositioned (Fig. 3b). Although we found that the catalytic Lys138
isdisordered inthe oxidized, inactive state, it becomes ordered upon
reduction and activation. It is known for this enzyme, and for many
other classes of enzyme, that orbital steering is critical for catalysis,
and that small structural changes canlead to large changesin catalytic
competence®**%,

Conservation of NOS bridgesin TALs

We next asked whether the observed NOS bridge is unique to NgTAL
or whether it is potentially conserved in related orthologues. We
hypothesized that a potential redox regulation mechanism with
invivorelevanceis very likely to be conserved, and not to be aunique
feature of asingle protein. Our genetic analyses revealed the residues
Lys8 and Cys38 (which form the NOS bridge) are highly conservedin
the TALs of members of the Neisseriaceae, and also in those of other
clades (for example, Cyanophyceae) (Extended Data Fig. 4). As a
proofof concept, we studied the TAL from N. meningitidis (NmTAL),
which is the main cause of bacterial meningitis and septicaemia in
children and young adults. This enzyme is highly similar to NgTAL,
and contains a lysine and cysteine at equivalent positions to those
that form the NOS bridge in NgTAL. Our functional and structural
analyses of NmTAL revealed that this enzyme is subject to redox
activation (Extended DataFig. 5, Extended Data Table 1). Besides the
effect on enzymatic activity, we observed that the oxidized enzymein
whichthe NOS bridge is likely to be present exhibits notable thermal
stability and is not completely unfolded. Despite the high degree of
similarity of NmTAL and NgTAL at a sequence level, the enzymatic
activity of the two enzymes in the oxidized state is different, which
suggests subtle crosstalk between the allosteric and active site. The
high degree of conservation of NOS-bridge redox switches in NgTAL
and NmTAL suggests that the formation of this bridge is related to
the stress response to reactive oxygen species, as these two organ-
isms are human pathogens and encounter oxidative stress as a host
defence mechanism??°, The formation of the NOS bridge in the TALs
would change the metabolic flux through the pentose phosphate
pathway, and thus affect ribose production for the biosynthesis of
nucleic acids.

Analysis of structures from the PDB

We next asked whether the cysteine-lysine NOS bridge exists in other
proteins. We searched the PDB for structures that contained juxta-
posed lysine and cysteine side chains with unexplained electron den-
sity between the sulfur atom of the cysteine and the nitrogen atom of
the lysine. Unambiguous identification of the NOS bridge requires
structures at true atomic resolution, as well as sufficient occupancy.
As this chemical entity was previously unknown, it could have eas-
ily been disregarded in previous interpretations of electron density
maps. When searching the PDB, we identified a number of proteins
from all domains of life that are highly likely to possess one or more NOS
bridges. We identified several chemical and structural motifs, which
will be discussed in aseparate publication (F.R.v.P. et al., manuscriptin
preparation). Here we discuss in brief three representative examplesin
which the NOS bridges are likely to have an effect upon the biological
function of the protein. Inthe human protein 8-oxoguanine glycosylase
0GGl (whichisinvolved in DNA base excision repair*® under oxidative
stress conditions, and isimplicated in several types of cancer), an NOS
bridge is observed between residues Cys253 and Lys249 (Extended
Data Fig. 6). As residue Lys249 is the key catalytic residue that forms
a Schiff-base linkage with the DNA, formation of the NOS bridge—if
relevantinvivo—could potentially regulate the enzymatic activity (for
example, throughinactivation of the essential lysine). NOS bridges are
alsofound at the substrate-binding locale of the active site of enzymes,
oratacritical positionat the binding interface of proteins that form the
nuclear egress complex of herpesviruses and thus potentially regulate
substrate or protein binding (Extended Data Fig. 7).

Conclusions

Here we report on a redox switch in proteins that contains a lysine-
cysteine crosslink with a covalent NOS bridge. Our analysis shows
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that the NOS bridge is not unique to NgTAL, but that it may instead
contribute to the function, structure and stability of a diverse set of
proteins. The spatial constraints for forming an NOS bridge are not
as tight as those for a disulfide bond, as the lysine side chain is larger
than that of a cysteine and thus allows for more flexibility in tethering
protein chains intra- and intermolecularly. The involvement of lysine
as part of the redox switch expands the regulatory tool set from that of
disulfide-dithiol switches. Our quantum chemical calculationsindicate
thatthe NOS bridge is of high energy, which ensures reversibility. This
finding may serve as a springboard for peptide and protein engineering
by implementing the lysine-cysteine motif into natural or designer
proteins®, as well as for drug design by developing small-molecule
inhibitors'®®, antibodies and nanobodies (or conjugates of these)
that target the switch, given that the detected proteins arein partfrom
pathogenic bacteria or viruses***. The possibility that neighbouring
lysine and cysteine residues may form NOS bridges should also be
implemented in tools for structure prediction®,
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized, and investigators were not blinded
to allocation during experiments and outcome assessment.

Experimental procedures

General information. The protein concentration of NgTAL was deter-
mined via UV and visible light spectroscopy by measuring absorption at
280 nm, using the molar extinction coefficient (e, =28,420M™ cm™),
which was determined according a previous publication®.

Cloning and expression. The gene that encodes NgTAL (UniProt
identifier QSF6E9) was chemically synthesized by GeneArt, Invitro-
gen (Thermo Fisher Scientific) with an additional N-terminal glycine
according to a previously deposited structure (PDB code 3CLM),
and recloned into the pET SUMO vector via Champion pET SUMO
TA Cloning Kit (Thermo Fisher Scientific) using the subcloning
primers: forward 5-GGTATGACCATTCTGAGTGATG-3’; and reverse
5-TTAAACCAGCGGTGCCAGC-3'.

Subsequently, mutant strains were generated by site-directed
mutagenesis PCR using the QuikChange site-directed mutagenesis pro-
tocol (Stratagene). The following primer pairs were used: for the Lys8Ala
variant, forward 5-GAGTGATGTTGCAGCACTGGGTCAGC-3’and reverse
5-GCTGACCCAGTGCTGCAACATCACTC-3’; for the Cys38Ser variant,
forward 5-GCTGAAACAGGGTGTTTCTGGTGTTACCAGC-3’ and reverse
5-GCTGGTAACACCAGAAACACCCTGTTTCAGC-3’; for the Cys87Ala
variant, forward 5-CGTGCAGCAGCTGATGTTTGTCTGG-3’and reverse
5-CCAGACAAACATCAGCTGCTGCACG-3’; and for the Cys90Ala vari-
ant, forward 5-GCATGTGATGTTGCTCTGGCAGAACATGAAAGC-3’ and
reverse 5’-GCTTTCATGTTCTGCCAGAGCAACATCACATGC-3".

For recombinant expression, the vector pET SUMO containing
the gene encoding NgTAL was transformed into BL21 Star (DE3) One
Shot chemically competent Escherichia coli cells (Thermo Fisher
Scientific) according to a previous publication®. The bacteria were
grown in LB medium*® containing 50 pg ml™ kanamycin sulfate
at 37 °C until an optical density at 600 nm of 0.5-0.8 was reached.
Subsequently, gene expression was induced by addition of 200 uM
isopropyl-B-D-thio-galactopyranoside forabout 20 hat37 °C. The cells
were collected by centrifugation at 5,750g, and either directly used or
flash-frozen in liquid nitrogen and stored until use at -80 °C.

The gene encoding NmTAL (UniProtID: XSEUF7) was chemically
synthesized by GeneArt, Invitrogen (Thermo Fisher Scientific) as a
pET-SUMO vector (pET28a-His6-SUMO-NmTAL).

Protein purification

All purification steps were performed at 4 °C or onice. Cells were
resuspended in buffer A (100 mM Tris/HCI pH 7.5, 40 mM imidazole
and 300 mM NaCl), supplemented with 510 pM phenylmethanesul-
fonyl fluoride, 0.5 mg m™ lysozyme (AppliChem), 5 mM MgCl, and
5pg ml™ DNasel (Thermo Fisher Scientific), and subsequently lysed by
five passages through a LM10 Microfluidizer High Shear Fluid Homog-
enizer (Microfluidic). Next, the lysate was centrifuged at 75,000g for
30 min, and the supernatant was loaded onto aHisTrap HP 5ml column
(GE Healthcare). The His6x-SUMO-NgTAL fusion protein was then
eluted with buffer B (100 mM Tris/HCI pH 7.5, 500 mM imidazole and
300 mM NaCl) and subsequently dialysed against 11buffer A over-
night while digesting in situ with 2 pl mlI™ SUMO protease (ULP-1).
The cleaved SUMO-tags and non-cleaved protein were subsequently
separated from the untagged protein using an additional affinity chro-
matography step as described above. NgTAL was then subjected to
size-exclusion chromatography using a HiLoad 16/60 Superdex 75
prep grade gel filtration column (GE Healthcare) in buffer C (50 mM
glycylglycine pH 8.0). The oxidized and reduced enzyme forms canbe
quantitatively separated both onthe preparatory as well as analytical

scale, as shown in Supplementary Fig. 1. NmTAL was purified using
the same protocol.

Steady-state kinetic analysis

For steady-state kinetic analysis of wild-type NgTAL and NmTAL and
their variants under oxidizing and reducing conditions, acoupled enzy-
matic assay* was used that monitors the conversion of donor b-fructose
6-phophate and acceptor D-erythrose-4-phophate at 340 nmas previ-
ously described*. For measurements under reducing conditions, the
proteinstock was additionally supplemented with20 mM dithiothreitol
(DTT), resulting in a final concentration of 1 mM DTT in the reaction
mix. We established that the activity of the auxiliary enzymes is not
affected by the addition of DTT. Initial rates were estimated by linear
regression of the absorbance signal over the first 5 s of the measure-
ments or, in cases in which substrate activation was observed, using

Asyo(8)=Ag—Ass-t+ Ass=ho i expKovs)
kobs

in which A, denotes the starting absorbance at 340 nm, Ass the
absorbance change at steady-state (steady-staterate), AO the absorb-
ance change at ¢ =0 (initial rate), and k,,, the first-order rate constant
of activation.

The obtained steady-state activities were analysed using the
Michaelis-Menten equation.

Circular dichroism

To analyse the secondary structure content and thermal stability of
wild-type NgTAL and NmTAL and their variants, far-UV spectra and
thermal unfolding datawere collected using circular dichroism spec-
troscopy (Chirascan, Applied Photophysics). Far-UV spectra were
collected in the range 0f 195-260 nm using a concentration of 0.1 or
0.2 mg ml™? protein in 100 mM Na,HPO,, pH 8.0 with a step size of 1
nmand atleast20 accumulations for 0.5 s per wavelength. Unfolding
data of 0.2 mg ml™ NgTAL were collected at 222 nm from 20-95 °C
(real sample temperature was determined using a temperature probe)
with a ramping speed of 1°C min™. Each temperature data point was
collected for10s.

Analytical ultracentrifugation

Sedimentation velocity analysis was carried out ina Beckman Coulter
ProteomeLab XL I analytical ultracentrifuge at 50,000 rpmand 10 °C
using an An-50 Tirotor. Concentration profiles were measured with
the absorption scanning optics at 280 nm using the manufacturer’s
data acquisition software, ProteomeLab XL-I Version 6.0 (Firmware
5.7). Wild-type NgTAL or the Lys8Ala or Cys38Ser variants were applied
inaconcentration range of 11-63 pMin a buffer containing 0.1 M Tris
pH 8.0 in absence or presence of 1 mM TCEP. Experiments were per-
formed in 3- or 12-mm standard double sector centrepieces filled
with100 pl or 400 pl sample, respectively. For data analysis, amodel
for diffusion-deconvoluted differential sedimentation coefficient
distributions (continuous c(s) distributions), implemented in the
program SEDFIT*, was used. Partial specific volumes, buffer density
and viscosity were calculated from amino acid and buffer composi-
tions, respectively, by the program SEDNTERP* and were used to
correct experimental s-values to s, ,. Figures were prepared using
the program GUSSI®.

Mass spectrometry

Protein sequence information. Sequences for NgTAL are as follows.
For wild type (Lys8 and Cys38 that form the crosslink are in bold-

face and underlined), G MTILSDVKALGQQIWLDNLSRLVQSGE

LAQMLKQGVCGVTSNPAIFQKAFAGDALYADEVAALKRQNLSPKQRYETM

AVADVRAACDVCLAEHESTGGKTGFVSLEVSPELAKDAQGTVEEARRLHA

AIARKNAMIKVPATDAGIDALETLVSDGISVNLTLLFSRAQTLKAYAAYARG
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IAKRLAAGQSVAHIQVVASFFISRVDSALDATLPDRLKGKTAIALAKAAYQD
WEQYFTAPEFAALEAQGANRVQLLWASTGVKNPAYPDTLYVDSLIGVHT
VNTVPDATLKAFIDHGTAKATLTESADEARARLAEIAALGIDVETLAARLQE
DGLKQFEEAFEKLLAPLV

For the Lys8Ala variant, G MTILSDVAALGQQIWLDNLSRSLVQSG
ELAQMLKQGVCGVTSNPAIFQKAFAGDALYADEVAALKRQNLSPKQRYET
MAVADVRAACDVCLAEHESTGGKTGFVSLEVSPELAKDAQGTVEEARRLH
AAIARKNAMIKVPATDAGIDALETLVSDGISVNLTLLFSRAQTLKAYAAYAR
GIAKRLAAGQSVAHIQVVASFFISRVDSALDATLPDRLKGKTAIALAKAAYQ
DWEQYFTAPEFAALEAQGANRVQLLWASTGVKNPAYPDTLYVDSLIGVHTV
NTVPDATLKAFIDHGTAKATLTESADEARARLAEIAALGIDVETLAARLQE
DGLKQFEEAFEKLLAPLV

For the Cys38Ser variant, G_MTILSDVKALGQQIWLDNLSRSLVQSG
ELAQMLKQGVSGVTSNPAIFQKAFAGDALYADEVAALKRQNLSPKQRYET
MAVADVRAACDVCLAEHESTGGKTGFVSLEVSPELAKDAQGTVEEARRLH
AAIARKNAMIKVPATDAGIDALETLVSDGISVNLTLLFSRAQTLKAYAAYAR
GIAKRLAAGQSVAHIQVVASFFISRVDSALDATLPDRLKGKTAIALAKAAY
QDWEQYFTAPEFAALEAQGANRVQLLWASTGVKNPAYPDTLYVDSLIGVH
TVNTVPDATLKAFIDHGTAKATLTESADEARARLAEIAALGIDVETLAARL
QEDGLKQFEEAFEKLLAPLV

Protein digestion

Proteins from wild-type NgTAL and the Lys8Ala and Cys38Ser variants
withor without DTT (1mM or 5mM) were separately digested by adding
trypsin (Promega) with a protein:enzyme ratio of 25:1 (w/w). Trypsin
specifically cleaves at the carboxylic side of lysine and arginine residues.
Thesampleswereincubated at 37 °C on athermomixer overnight. The
digested samples were acidified by adding trifluoroacetic acid to a
final concentration of 1% (v/v). The insoluble particles in the samples
were removed by centrifuging at 14,000g for 10 min using abenchtop
centrifuge. After cleaning up with Oasis HBL columns (Waters), the
resulting peptides were dried in a SpeedVac concentrator.

Liquid chromatography-mass spectrometry analysis

Peptides were resuspended in 5% (v/v) acetonitrile (ACN), 0.1% (v/v)
formic acid and subjected to liquid chromatography with tandem
mass spectrometry analysis using Orbitrap Exploris 480 or Q Exactive
(Thermo Scientific), both coupled to a Dionex UltiMate 3000 UHPLC
system (Thermo Scientific). Peptides were first concentrated ona C18
trap column (3-cmlong; inner diameter of 100 pm; outer diameter of
360 pum) for 3 min, and then separated on ahome-made analytical col-
umn (ReproSil-Pur120 C18-AQ, 1.9-um pore size, 75-pminner diameter,
Dr. Maisch, 30 cm) using a1-h gradient at a flow rate of 300 nl min.
Mobile phase Awas 0.1% (v/v) FA, and mobile phase B was 80% (v/v) ACN
and 0.1% (v/v) FA. The gradient started at 10% B at 3 min, increased to
46% B in 42 min. After washing with 90% B for 6 min, the column was
re-equilibrated with 5% B. The instrument settings were as follows.
MS1 settings: detector type, Orbitrap; Orbitrap resolution, 70,000;
scanrange, 180-1,400 m/z; maximumi injection time, 50 ms; and auto-
matic gain control (AGC) target, 1 x 10°. MS2 settings: isolation mode,
quadrupole;isolation window, 2 m/z; scan range mode, 200-2,000 m/z;
first mass, 110 m/z; activation type, higher energy collision dissociation;
collisionenergy (%), 30; detector type, Orbitrap; Orbitrap resolution,
17,500; maximum injection time, 54 ms; AGC target, 1 x10°,

Data analysis

The raw data were processed using the MaxQuant software package
using the following settings: fully specific trypsin digestion, maximum
of two missed cleavages, mass tolerance for precursors and fragment
ions of10 and 20 ppm, respectively, methionine oxidation as a variable
modification, and target false-discovery rate as 1%. For the protein
database, the reviewed protein sequences from N. gonorrhoeae were
downloaded from UniProt. The amino acid sequences of NgTAL from
wild type, and the Lys8Ala and Cys38Ser variants were added to the
protein database. Dependent peptide search was activated.

Crystallization and cryoprotection

Protein crystals of NgTAL were grown at 20 °C using the sitting-drop
vapour diffusion method with a reservoir solution containing 0.2 M
NaCl, 20% PEG 8000, 33-40 mM of citricacid and 60-66 mM sodium
phosphate. Reservoir solution (1 ul) was mixed with protein solution
(1ul) containing 10 mg mI™ NgTAL in 50 mM glycylglycine pH 8.0 (ini-
tially supplemented with1mM DTT). In case of acetate conditions, we
usedareservoirsolutioncontaining 0.2MNaCl,16% PEG8000and 0.1M
ammonium acetate pH 4.2 and mixed 2 pl protein solution containing
4 mg ml™ wild-type NgTAL in 50 mM glycylglycine pH 8.0 with 2 pl
reservoir solution. For crystallization of the reduced protein, we mixed
2 plreservoir solution composed of 0.2 M NaCl,16% PEG 8000, 0.1M
citric acid pH 4.2 and 5% (v/v) B-mercaptoethanol with 2 pl protein
solution containing 10 mg ml wild-type NgTAL in 50 mM glycylglycine
pH 8.0. Cryoprotection was performed with 20% (w/v) glycerolin well
solution, soaking the crystals forup to 90s.

X-ray data collection, processing and model building
Diffraction data of single NgTAL crystals were collected using synchro-
tronradiation at the beamline P14 of DESY EMBL at awavelength of 0.73 A
at100 K with an EIGER 16M detector or, alternatively, at anin-house
rotating anode (Rigaku MicroMax-003) equipped with a Dectris Pilatus
200K detector . Processing was performed using the XDS package*®.
Subsequent refinement and model building was performed employing
Phenix.refine*” and Coot*®, Phasing was performed by rigid-body refine-
mentusing the deposited NgTAL structure (PDB code 3CLM) as the initial
model. The geometry of the structure was validated using MolProbity*.
Representations of structures were prepared using PyMOL*®, Omit den-
sity maps were calculated using Phenix.polder®. The Ramachandran
statistics are 99.14% in the favoured and 0.86% in the allowed region for
67X4,98.27% and1.73% for 6ZWJ, 98.86% and 1.14% for 6ZWF, 98.85% and
1.15%for 7BOL, 98.86% and 1.14% for 7BBX and 98.42% and 1.58% for 7BBW.
The search for potential NOS bridges in protein structures deposited
in the PDB was carried out as previously detailed'®.

Computational details

All calculations were carried out with the Gaussianl6 program pack-
age*’, making use of the B3LYP functional®and a previously published
D3 empirical dispersion correction (Becke-Johnson dampingapplied
throughout)**. Geometry and frequency calculations were carried out
using the def2-SVPD basis set®. Free energy corrections were com-
puted from the harmonic frequencies under standard state conditions
(T=298.15K). The electronic energy was refined at the B3LYP-D3(B))/
def2-TZVP level of theory. All calculations were performed with the
SMD solvation model using the permitivity of water and default set-
tings. Different reactionintermediates were computed using areduced
cluster model around the NOS linkage we studied. The latter consisted
of Cys38, Glu93, Thr101 and Lys8, all capped at the a-carbon atom,
and with the Cartesian coordinates of the latter constrained to their
crystallographic positions. Three water molecules found inthe crystal
structure were alsoincluded. For eachintermediate, three protonation
states were optimized (total system charge of -1, 0 and 1), pK, values
were computed and the most stable species was considered (taking
pH =8, the value at which activity was measured). The energies for
selected intermediates are provided in Extended Data Fig. 5.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The refined structural protein models and corresponding struc-
ture-factor amplitudes have been deposited under PDB accession



codes 6XZ4 (NgTAL oxidized citrate 1), 6ZW) (NgTAL oxidized citrate
2), 6ZWH (NgTAL oxidized acetate), 6ZWF (NgTAL reduced citrate),
7BOL (NgTAL oxidized low-dose), 7BBX (NgTAL Lys8Ala variant) and
7BBW (NgTAL Cys38Ser variant). The structures cited in this publica-
tion (IM3Q, 3CLM, 6T3X and 5Y72) are available under their respective
PDB accession codes. The data for our protein database are currently
private, and can only be accessed with a single reviewer account that
hasbeen created. The mass spectrometry proteomics datahave been
deposited tothe ProteomeXchange Consortium viathe PRIDE partner
repository with the dataset identifier PXD020302 (reviewer account
details: reviewer52532@ebi.ac.uk (username), AK3E73R2 (password)).
Allother dataare available fromthe corresponding author onrequest.
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Extended DataFig.1|Redox chemistry of cysteineresiduesin proteinsand
electrondensity maps, showingthe presence of the lysine-cysteine NOS
bridgeinindependentcrystal structures of NgTAL.a, Redox reactions of
cysteine with key speciesinvolved, including cysteine oxidation by reactive
oxygen species (ROS) and reduction by thiol antioxidants (RSH) or enzymes
(Srx). b, Mechanism of allosteric redox switch containing anintramolecular
allosteric disulfide bridge. Reduction of the disulfide to the corresponding
dithiol resultsinastructural reorganization of the protein thatis propagated
totheactive-sitealtering activity. c, NgTAL crystal 1. Top left, 2mF, - DF,
electron density map after final refinement contoured at 30. No additional
positive or negative electron density was observed at +3¢. Top right, mF, - DF,
omitelectrondensity map contoured at 5o. Bottom, alternative refinement
withamethylene bridge yields unexplained positive difference electron
density at the bridging atom. The 2mF,- DF, map is shownin grey at 3¢, positive
(green) and negative (red) electron density maps areshownat3cand -30,

respectively.d, NgTAL crystal 2. Left,2mF,— DF electron density map after
final refinement, contoured at1.50. Right, mF,— DF . omit electron density map
contoured at50. e, NgTAL crystal 3. Left, 2mF, - DF electron density map after
finalrefinement, contoured at1.50. Right, mF, - DF_omit electron density map
contoured at 50.f, NgTAL crystal 4. Low-dose dataset of anindependent crystal
measured in-house atarotating anode. The NOS bridgeis also presentinthe
corresponding NgTAL structure (left,2mF, - DF.electron density map
contoured at 1o; right, mf,— DF. omit electron density map contoured at 30),
thusruling out that formation of the covalent linkage seenin crystals1-3
results fromradiation damage at the high-energy synchrotron beamline.

g, Structure of the Lys8-Cys38 redox switch in the oxidized (left) and reduced
(right) state, showing electron density for neighbouring waters (Wland W2)
and apresumed dioxygen molecule (O,) thatis exclusively observedin the
reduced state. The corresponding 2mF,— DF _electron density map isshownin
blueatacontourlevel of1.50.
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Extended DataFig. 2| Thermal unfolding, analytical ultracentrifugation
and X-ray structures of NgTAL Lys8Ala and Cys38Ser variants. a, Thermal
unfolding of NgTAL wild type and the Lys8Alaand Cys38Ser variants under
oxidizing and reducing conditions, as monitored by far-UV CD spectroscopy at
222 nm. Different unfolding temperatures are seen for the oxidized and
reduced statesin case of the wild-type enzyme and the Lys8Ala variant,
whereas the Cys38Ser variant does not exhibit this feature. This suggests an
oxidation of Cys38inthe Lys8Alavariant, despite the absence of Lys8.

b, Analytical ultracentrifugation analyses of NgTAL wild-type and variantsin
the oxidized and reduced state shows the predominant formation of the
monomeric forminall of the cases we tested. Under oxidizing conditions and
high protein concentrations, asmall fraction of higher oligomersis observed
(presumably resulting fromincorrectly linked monomers). ¢, X-ray
crystallographicstructure of the NgTAL Lys8Ala variant, showing the allosteric
redox switchsite with residues Ala8 (mutationsite), Cys38, Glu93 and Thr101.

Forresidues Ala8 and Cys38, the corresponding 2mF, - DF .electron density
mapsareshowninblue atacontour level of 20. Inset, peaks in the mF, - DF,
difference electron density map (in green, contour level 30) around the sulfur
atom of residue Cys38 suggest that thisatomis oxidized. Owing to the
structural flexibility of Cys38, the discrete oxidation state (mono-oxidized
and/or dioxidized) cannot be unambiguously assigned. Notwithstanding this
ambiguity, this observation supports our proposed mechanism of aninitial
cysteine oxidation as part of the formation of the NOS bridge. d, X-ray
crystallographicstructure of the NgTAL Cys38Ser variant, showing the
allosteric redox switchsite with residues Lys8, Ser38 (mutation site), Glu93 and
Thr101. For residues Lys8 and Ser38, the corresponding 2mF, - DF .electron
density maps areshowninblueatacontourlevel of 1.50. Lys8 is chemically
unmodified, thus ruling out that the covalent linkage between Lys8 and Cys38
seeninthe wild-type enzyme results from the addition of CO, or formaldehyde
potentially establishing an NCS linkage'®.
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Extended DataFig. 3 |See next page for caption.



Extended DataFig. 3 | Putative reaction mechanisms of lysine-cysteine
NOS bridge formation and associated computational calculations. a, Initial
reaction of the cysteine thiolate with dioxygen and subsequent attack of the
lysineamine onto the a-oxygen atom of the thio-(hydro)peroxy intermediate
concomitantly with proton transfers and water release. b, Oxidation of both
cysteineand lysineineither concerted fashion (top path) orindependently
(bottom path), followed by nucleophilic attack of the oxidized lysineas a
O-nucleophile onto the cysteine sulfenic acid with concomitant water release.
¢, Initial attack of the lysine amine onto the sulfur atom of sulfenicacid or
sulfinicacid to afford a sulfinamide species followed by [1,2] rearrangement
drivenby orbital steering.d, Depiction of selected reactionintermediates and
relative free Gibbs energies (T=298.15K) computed at the B3LYP-D3(B))/def2-
TZVPD//B3LYP-D3(BJ)/def2-SVPD level of theory (as described in
‘Computational details’in Methods). The referenceis given by the sulfinic acid

state (the thermodynamically most stableintermediate in our investigations).
Top, starting thio-(hydro)peroxy species, which bears abarrier of12.2 kcal
mol™for the heterolytic cleavage of the O-O bond and concurrent oxidation of
thelysineresidue. We compare two different pathways (using the same
nomenclature asina-c) through the sulfenic and sulfinic acids. The mechanism
inaisnotdirectly depicted, aswe have not observed any concerted 0-O
cleavage withamino nucleophilic attackand NOS bridge formation. Only the
mechanismsinb, care depicted. A path thatleads through the sulfinic acid or
sulfinamide speciesisnot viable, because the two species are far too stable.
Instead, we suggest that the formal oxidation state of sulfur [0] is kept, with
concurrent oxidation of the Lys8 (pathway fromb). Thiswould represent a
reversible mechanism. For eachintermediate, three different protonation
states were investigated with a total cluster charge of -1,0 and 1. Only the most
stable species areshown.
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Extended DataFig. 4 |Phylogenetic analyses and sequence conservation of
thelysine-cysteine redox switchin the TAL protein family using NgTAL as
reference. Tworelated consensus motifs were identified that contain the
lysine and cysteine residues of the redox switch, the active site serine and
asparagineresidues required for catalyticactivation of the Schiff-base-forming
lysine, and the linker region that connects the redox switch with the active site.

| .
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active site

Theidentified motifs are highly conserved in Betaproteobacteria (in
particular, Neisseriales (motif1), and in Cyanophycea (motif2)). NmTAL is
highly similar (95% identity) to NgTAL, and also contains motif1. Structural and
functional analyses of NmTAL could confirm the existence of aredox switch
(Extended DataFig.5).
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Extended DataFig. 5|Structural and functional analyses of NmTAL indicate
the presence of aredox switch. a, Steady-state kinetic analysis of enzymatic
activity of NmTAL in the oxidized (black) and reduced (red) state. Thereis a
multi-fold increase of k., and concomitant decrease of substrate K, upon
reduction. The catalytic constant of the oxidized formrepresents an upper
limit, as oxidized and reduced species cannot be quantitatively separated by
chromatographic methods asinthe case of NgTAL. Allmeasurements were
carriedoutintriplicate and are shown as mean +s.d.Kineticand
thermodynamic constants are provided in Extended Data Table 1. Experiments
wererepeated twice with similar results. b, Far-UV CD spectra of NmTAL in the
oxidized (black) and reduced (red) state, showing both the natively folded
states (solid lines) and states after thermal unfolding (dashed lines). The

Temperature (°C)

reduced enzyme completely unfolds and does not contain residual secondary
structure. By contrast, the oxidized enzyme exhibits only partial unfolding of
mostly helical elements and contains thermally stable 3-sheet structures.

¢, Thermal unfolding of VmTAL in the oxidized (black) and reduced (red) state,
monitored by far-UV CD spectroscopy at 222 nm. Although the oxidized
enzyme displays amonophasic unfolding with a melting temperature of

50.6 °C corresponding to unfolding of the a-helices (as showninb), thereduced
enzyme shows a biphasic unfolding with melting temperatures of 51.9 °C (first
transition) and 71.9 °C (second transition). This observation suggests that the
putative NOS bridge in the oxidized state of NmTAL specifically stabilizes the
interior B-sheetstructure of the TIM barrel, in agreement with the position of
switchresidue Cys38.
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Extended DataFig. 6 |Structure of the human DNA repair enzyme
8-oxoguanine glycosylase1with a putative NOS bridge at the activesite.
Structureis from PDB1M3Q, and is at1.90 A resolution. a, Overall structure of
human 8-oxoguanine glucosylaselin complex with DNA and product analogue
8-aminoguanine. b, Close-up view of the active site, showing the product and
residues Cys253 and Lys249. Residues Cys253 and Lys249 are superposed with
the calculated 2mF - DF electron density map (inblue, contour level 1.50). A
strong, unexplained positive peak in the mF, - DF_difference electron density
map (ingreen, contour level 30) is observed between the cysteine sulfur atom

&

and the lysine nitrogen atom. The S-Ninteratomic distance (2.80 Ain the
previously deposited structure) is too short for ahydrogen-bond interaction
andtoo long foradirect S-Nlinkage. ¢, Refinement of the previously deposited
structure with ageometrically parametrized NOS bridge linking Cys253 and
Lys249resultedin astructuralmodel with no remaining unexplained electron
density (2mF, - DF_electrondensity mapin blue, contour level1.50; mF, - DF,
differenceelectrondensity mapingreenandred, contour level +30),
suggesting the presence of an NOS bridge.
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Extended DataFig.7|Representative examples of proteinstructures
depositedinthe PDB that probably contain an NOS bridge akin to that of
NgTAL. a, Prenyltransferase AmbP3.b, Human cytomegalovirus pUL50-pUL53
complex. For bothexamples, the overall structureisshownin cartoon
representation in the top panel, highlighting the Lys-Cyslinkage and providing
the PDB code®**. In the corresponding middle panels, the structure of the
lysine-cysteine pair as depositedinthe PDBisshown enlarged, including the
calculated 2mfF, - DF,(inblue, contour level 1) and mF, - DF_difference (in
green, contour level 30) electron density maps. Thereis apronounced positive

pdb code 5Y72

human cytomegalovirus pUL50-pUL53 complex

b Mm pdb code 6T3X

nuclear egress
herpes virus

difference peakinthe electron density mapsin between the lysine nitrogen
atoms and the cysteine sulfur atoms, indicating the presence of a covalent
bridge. Inthebottom panels, the refined structural models thatinclude the
covalentlysine-cysteine NOS bridges are shown with the corresponding
2mF - DF_electron density maps. The mF, - DF_difference electron density
mapsareshowningreenand are contoured at 3. The calculated occupancies
ofthe NOS bridges amount to 62% (a) and 76% (b). The NOS bridge is
prominently located at either the substrate binding site or the protein-protein
bindinginterface.
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state. Both of these structures are fromthis Article. a, Structure of the active maps are shown at contour levels of loand 50, respectively. ¢, Superposition of
site of NgTAL in the oxidized state, showing catalytic residues Lys138, Aspl7 the oxidized (yellow) and reduced (grey) NgTAL, showing selected active site
andtheligand citrate. Citrateis partially disordered. The corresponding residues and the ligand citrate. The structural change of ligand citrate is

2mF,- DF,(blue) and mF,- DF.omit (green) electron density mapsareshownat  accompanied by aredistribution of the two conformers of Arg204 (oxidized
contour levels of loand 50, respectively. b, Structure of the active site of NgTAL 70:30% occupancy, reduced 30:70% occupancy). Thereisalso asubtle
inthereducedstate, showing catalytic residues Lys138, Aspl7 and the ligand repositioning of the active-site residues (for example, Aspl7 and water
citrate. Citrateis structurally well-defined in this state. A covalent conjugate molecules).

between Lys138 and atwo-carbon fragment formed during crystallization. The



Extended Data Table 1| Steady-state kinetic analysis of wild-type NgTAL and its variants, as well as of NmTAL wild type,
under oxidizing and reducing conditions

Transaldolase Ko Ku Keatl Km DTT

[s"] [mM] [s" mM]

N. gonorrhoeae

steady-state 17.63 + 0.33 5.62 £ 0.41 3.14
(30-fold 7) (2-fold N) (60-fold 77)

Cys38Serred steady-state 27.26 £ 0.80 3.46 + 0.49 7.88

(no change) (no change) (no change)

Cys87Alared  steady-state 13.73 £ 0.29 11.56 + 0.83 1.19

(15-fold ) (3fold N)  (40-fold 7)

Cys90Ala red steady-state 0.56 + 0.01 7.87 £0.70 0.071 +
(20-fold ~) (no change)  (25-fold 7))

Lys8Ala red steady-state 10.20 £ 0.17 2.60 £ 0.22 SLB +
(30-fold 7) (14-fold )  (400-fold 7))

N. meningitidis

wt red steady-state 48.4+0.4 3.4+0.1 14.24 +
(2.5-fold 7) (2-fold N) (4-fold )

Oxidizing conditions, without DTT; reducing conditions, with 1 mM DTT. We estimated k.., apparent Ky, for the substrate F6P and catalytic efficiency (k.,/Kj,) in a continuous spectrophotometric
assay as detailed in Methods. In case of the oxidized wild-type enzyme and all variants except for Cys38Ser, we noticed a pronounced lag phase (kinetic hysteresis) that suggested a catalytic
activation under turnover conditions. We thus provide both the steady-state activities after full activation as well as basal activities at t = O before activation. The x-fold change for k., and Ky, for
the reduced enzyme relative to the oxidized form at steady state is highlighted. All measurements were carried out in triplicate and are shown as mean + s.d. The catalytic constant of NmTAL in
the oxidized form represents an upper limit, as oxidized and reduced species cannot be quantitatively separated by chromatographic methods as in the case of NgTAL.

®Forcatalytic activation phases, data were analysed as described in ‘Steady-state kinetic analysis’ in Methods.
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Extended Data Table 2 | X-ray crystallographic data collection and refinement statistics

NgTal NgTAL NgTAL NgTAL
oxidized oxidized oxidized reduced
citrate 1 citrate 2 acetate citrate

pdb code 6ZX4 6ZWJ 6ZWH 6ZWF
Data collection
Space group P212121 P212121 P212121 P212121
Cell dimensions
ab,c(A) 42.26 82.7990.40 42.2082.9590.50 42.2582.9890.34 42.0982.9189.46
a,B,v (%) 90 90 90 90 90 90 90 90 90 90 90 90
Resolution (A) 30.53 - 0.96 37.62-1.35 39.67 - 1.50 38.08 - 1.05
(0.99-0.96) (1.39-1.35) (1.55 - 1.50) (1.09 - 1.05)
Rimeas 0.043 (1.287) 0.083 (1.213) 0.146 (1.671) 0.078 (2.122)
CCip 0.999 (0.484) 0.998 (0.494) 0.998 (0.754) 0.999 (0.468)
llsl 14.53 (0.97) 9.76 (1.20) 11.77 (1.93) 10.87 (0.94)
Completeness (%) 98.43 (97.75) 94.97 (97.26) 99.87 (99.82) 99.53 (99.68)
Redundancy 34 (3.3) 3.5(3.4) 13.0 (13.1) 4.5(4.5)
Refinement
Reflections used in refinement 190 383 67 028 51 606 145 659
Ruor/ Riree 11.7,13.6 14.6, 18.2 15.1,18.2 13.3,154
Number of non-hydrogen atoms
macromolecules 3241 3110 3085 3233
ligands 22 16 14 43
solvent 535 459 397 496
Average B-factor (A?)
macromolecules 12.48 16.62 18.86 13.83
ligands 19.49 22.12 29.04 22.07
solvent 27.72 30.58 3047 29.24
R.m.s. deviations
RMS (bonds) (A) 0.009 0.006 0.008 0.007
RMS (angles) (°) 1.47 12 1.29 1.27

NgTal NgTAL NgTAL

oxidized Lys8Ala Cys38Ser
low-dose in house
pdb code 7B0L 7BBX 7BBW
Data collection
Space group P212121 P212121 P1211
Cell dimensions
a,b,c (A) 42.1582.9189.53 42.4282.8990.25 44.97 53.99 153.86
a, B,y () 90 90 90 90 90 90 90 94.049 90
Resolution (A) 38.14 - 1.65 37.76 -0.85 3261 -1.25
(1.71 -1.65)* (0.88 -0.85) (1.29 -1.25)
R 0.092 (0.816) 0.051 (2.198) 0.037 (0.493)
CCi 0.998 (0.598) 0.998 (0.494) 0.999 (0.821)
lial 15.33 (1.44) 23.84 (1.12) 20.86 (3.28)
Completeness (%) 96.22 (80.45) 99.18 (95.30) 98.13 (98.55)
Redundancy 7.3(2.1) 12.8 (10.1) 3.5(3.4)
Refinement
Reflections used in refinement 37 095 276 267 199 408
Ruori/ Riree 15.1,19.2 10.8, 11.9 13.0,15.2
Number of non-hydrogen atoms
macromolecules 2693 3173 5766
ligands 13 17 6
solvent 461 537 1226
Average B-factor (A%) 15.46 13.02 18.35
macromolecules 13.36 10.88 16.1
ligands 16.11 11.42 33.23
solvent 27.711 25.72 28.88
R.m.s. deviations
RMS (bonds) (A) 0.008 0.008 0.007
RMS (angles) (°) 1.02 1.14 0.99

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