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SUMMARY

Pyridoxal 5’-phosphate (PLP), the biologically active form of vitamin Bg, is an essential cofactor
in many biosynthetic pathways. The emergence of PLP-dependent enzymes as drug targets

and biocatalysts, such as tryptophan synthase (TS), has underlined the demand to understand
PLP-dependent catalysis and reaction specificity. The ability of neutron diffraction to resolve

the positions of hydrogen atoms makes it an ideal technique to understand how the electrostatic
environment and selective protonation of PLP regulates PLP-dependent activities. Facilitated by
microgravity crystallization of TS with the Toledo Crystallization Box, we report the 2.1 A

joint X-ray/neutron (XN) structure of TS with PLP in the internal aldimine form. Positions of
hydrogens were directly determined in both the a.- and p-active sites, including PLP cofactor. The
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joint XN structure thus provides insight into the selective protonation of the internal aldimine and
the electrostatic environment of TS necessary to understand the overall catalytic mechanism.

Graphical Abstract

Drago et al. visualize elusive hydrogen atoms in tryptophan synthase with neutron crystallography.
The 2.1 A joint X-ray/neutron structure provides insight into the enzyme electrostatics and
selective protonation of the PLP cofactor that govern the catalytic mechanism.

INTRODUCTION

Pyridoxal 5’-phosphate (PLP) cofactor is the bioactive form of vitamin Bg found in

all kingdoms of life and essential for a myriad of cellular processes (Figure 1A).

The enzymes utilizing this ubiquitous cofactor belong to a highly versatile family of
biocatalysts that primarily exist in metabolic pathways involving amino acids.! The
family of PLP-dependent enzymes is divided into five major fold-types, | through V,

and facilitates a diverse range of chemical transformations such as transamination, p-
and -y-elimination, decarboxylation, retro-aldol cleavage and aldol addition, racemization,
replacement reactions, and glycogen phosphorylation.2:3 Many PLP-dependent enzymes,
such as serine hydroxymethyltransferase, DOPA decarboxylase, and alanine racemase,
have been implicated as pharmaceutical targets,* while others, including aspartate
aminotransferase, tyrosine decarboxylase, and tryptophan synthase (TS), are of great
interest in enzyme engineering applications for the syntheses of unnatural amino acids
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and other value-added products.>=9 The question remains as to how the PLP cofactor is
modulated by this large family of enzymes to achieve extremely diverse reaction specificity.
The internal aldimine (Figure 1A) consists of the PLP cofactor covalently bound via

a Schiff base linkage between the catalytic Lys e-amine and the aldehyde moiety of

PLP. Gem-diamine formation promotes the conversion of the enzyme-bound PLP internal
aldimine into the substrate-coupled external aldimine (Figure 1B).10 Reaction specificity
occurs when the electronics of the resultant PLP-substrate intermediate are modulated

by the entire active site environment.1112 To better understand PLP reaction specificities,
catalytic mechanisms of PLP-dependent enzymes are deciphered at the atomic level using
spectroscopic and structural analyses. Computational analysis is then used to determine the
energy landscape based on these models. To acquire an accurate depiction of the catalytic
process, knowledge of the positions of all atoms in the enzyme, including the mapping

of proton movements throughout the Bragnsted acid-base catalysis orchestrated by the PLP
cofactor, is essential 1314

TS, the representative enzyme for fold-type-11 PLP-dependent enzymes, catalyzes the final
steps in the biosynthesis of L-Trp. TS has a rich history of research activity. It is well-
established as a model for bienzyme assembly and intramolecular substrate channeling.1.16
Moreover, the lack of a human homolog makes TS an attractive target for specific inhibitor
design against pathogenic microorganisms such as Salmonella enterica, Staphylococcus
aureus, and Mycobacterium tuberculosis, 1”18 which have become especially important
considering the constant emergence of bacterial resistance to widely used antibiotics. More
recently, TS has become the archetype for enantioselective synthesis of non-canonical

Trp derivatives for pharmaceuticals including antibiotics, immunosuppressants, and cancer
therapeutics.1® TS purifies as an apBa heterotetrameric bienzyme assembly in which the a-
and B-chain active sites perform two separate reactions, and an internal channel connects the
two active sites (Figure 2A). TS first releases indole from indole-3-glycerol phosphate (IGP)
(Figures 1C and 2B) and then combines indole with a PLP-activated serine (Figure 2C) to
form tryptophan. The spectral properties of the pyridoxal cofactor have established the many
intermediate electronic states in the proposed mechanisms (Figure 2C).29-22 Acidic groups
in the a-chain active site promote the retro-aldol cleavage of indole 3-glycerol phosphate

to indole and glyceraldehyde 3-phosphate. The PLP cofactor in the p-chain active site
promotes the condensation of L-Ser with indole to yield L-Trp through B-elimination and
replacement steps.16 L-Ser displaces the catalytic lysine in the internal aldimine through a
transimination reaction with the p-active site adopting an open conformation, yielding the
external aldimine and the active site closing. Subsequent p-elimination releases the hydroxy
group of L-Ser to form a sequestered, highly reactive a-aminoacrylate intermediate. Indole,
a product of IGP cleavage occurring in the a-active site, traverses a 25 A intramolecular
tunnel to the B-active site where it reacts with the a-aminoacrylate intermediate to yield
L-tryptophan. Inter-subunit communication is presumably relayed through residues in the
channel and a monovalent cation (MVC) binding site near the B-active site (Figure 2A).
Interestingly, in the absence of IGP to supply the p-active site with indole, TS catalyzes
hydrolysis of L-Ser to ammonia and pyruvate,23 resulting in NH4* displacing the Na*
occupying the MVC site.24
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The chemical reactions occurring in the a- and p-active sites of TS proceed through

a series of protonation and deprotonation events of the PLP cofactor and the active

site residues. Consequently, the knowledge of the protonation states and therefore the
locations of hydrogen atoms throughout the reaction stages is crucial to fully understand

the catalytic mechanism of TS. While X-ray diffraction is considered the “gold standard”
for macromolecular structure determination, X-ray data to sub-angstrom (A) resolutions

are typically required to resolve hydrogen atoms in biomacromolecules. However, even at
such high resolutions, the positions of some key functional hydrogen atoms may remain
undetermined.?® Neutrons, on the other hand, are superb at probing hydrogen atom locations
in biological macromolecules.26 Neutrons interact with atomic nuclei rather than with the
electron density, as X-rays do. Hydrogen (H) and its heavier isotope deuterium (D) scatter
neutrons as well as carbon, oxygen, and nitrogen. Thus, neutron crystallography can provide
positions of H and D atoms even at moderate resolutions,?’-31 and the protonation states and
hydrogen bonding networks can be visualized and accurately mapped in the protein neutron
structures.32-36 Combining neutron and X-ray diffraction data in a joint X-ray/neutron (XN)
refinement therefore results in complete protein structures where the positions of all atoms
have been determined.37 The ability to directly visualize the positions of these otherwise
elusive atoms makes neutron diffraction a preferred technique when trying to decipher how
PLP-dependent enzymes achieve their reaction specificity. We have previously determined
neutron structures of aspartate aminotransferase (AAT), the model PLP-dependent enzyme
for fold-type-1 and transamination, in the internal and external aldimine forms, and bound
to the first half-reaction product, pyridoxamine 5’-phosphate.11:38:39 The neutron structures
of AAT revealed how the interplay of hydrogen atoms on the cofactor and adjacent residues
and their movements control the reaction specificity and pre-organize the active site to
facilitate the second half-reaction.3?

Here we report a 2.1 A room temperature joint XN structure of TS from Sal/monella
typhimurium containing a substrate-free a-active site and the covalently linked PLP in the
internal aldimine state in the B-active site, the latter of which adopts an open conformation.
To overcome poor crystal packing and obtain TS crystals of magnitude and quality necessary
for neutron diffraction data collection, microgravity capillary dialysis crystallization aboard
the International Space Station (ISS) was performed using the Toledo Crystallization Box
(TCB) hardware.*? In the B-active site, neutron scattering length density maps reveal the
protonation states of the deuterated enzyme including the catalytically important atoms

in the PLP cofactor and the active site residues. Quantum chemical calculations were
performed on a cluster model derived from the neutron structure to characterize the
hydrogen bond between the PLP Schiff base nitrogen, Ngg, and the phenolic oxygen,

03’, revealing an asymmetric hydrogen bond favoring protonation of Ngg, in agreement
with solid-state nuclear magnetic resonance (NMR) measurements.#142 In the a-active site,
the catalytic Glu49, the proposed proton donor to IGP in the a-reaction, shows a dual
conformation and is deprotonated. Using the neutron structure model and AlphaFold models
to predict the positions of an unresolved 12-residue dynamic loop region covering the
a-active site, the pKj; values of Glu49 in the two experimentally observed conformations
were calculated, and substantial differences in their acidities were obtained. Our structural
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analyses provide insight into how the protonation states of the cofactor and enzyme residues
as well as side chain conformational changes promote catalysis in the active sites of TS.

RESULTS AND DISCUSSION

Neutron diffraction of TS

Neutron diffraction was used to visualize the protonation states of the ground-state TS
enzyme: an empty a-active site and an internal aldimine-bound PLP cofactor in the B-active
site (PDB: 8EYP). Salmonella typhimurium is a neutrophilic bacterium (typical pH = 7.6)
that can tolerate low pH.*3 Crystals were grown near neutral pH (pH = 7.8, pD = 8.2) to
represent the normal state. Microgravity crystallization and preliminary data analysis were
reported previously.4% Small (0.05 mm?3) crystals are easily obtained for XRD analysis.
However, low neutron flux necessitates large (= 0.5 mm3) defect-free crystals, which proved
inaccessible at unit gravity. Experiments were delivered by SpaceX CRS-15 (CASIS PGC-8)
and CRS-18 (CASIS PCG-15) to the ISS. For the PCG-15 project, a capillary diffusion
device (TCB) was used to produce large crystals of perdeuterated TS. Several of the largest
crystals were shipped to Institut Laue-Langevin (ILL), Grenoble, France, for data collection.
Both X-ray and neutron diffraction data, 1.8 A and 2.1 A resolution respectively, were
collected at ambient temperature to ensure comparable datasets for joint XN refinement.

The two-site catalytic mechanism of TS

TS combines IGP and L-Ser to synthesize L-Trp through a two-step process. TS is an

appa linear heterotetramer with a TIM-barrel fold a-subunit and an a/p fold with a twisted
parallel B-sheet core in the B-subunit (Figure 2A). The larger B-subunits have a stable

2-fold symmetric interface with an additional linkage domain connecting the two distinct

a- and B-active sites. TS crystallizes with the ap dimer in the asymmetric unit, and the
appa heterotetrameric biological assembly is generated through the crystallographic 2-fold
axis. The complex between the a.- and B-subunits has a propensity to dissociate during
purification.1® Within the heterodimer of TS, the two subunits are positioned side by side
with the active sites facing the same direction. The B-linkage sub-domain creates the base of
an internal channel. The flexibly tethered communication (B-COMM) sub-domain forms the
top of the channel. The B-COMM sub-domain and a monovalent cation binding site in the
B-linkage sub-domain assist in coordinating the two separate enzyme activities.1®

The a-active site in TS catalyzes the retro-aldol cleavage of IGP to yield D-
glyceraldehyde-3-phosphate and indole (Figure 2B).1516 Like most enzyme active sites,
the a-active site has two distinct conformations; open, with loop aL6 (a179-a.193)
disordered, and closed, with a.L6 becoming ordered during the reaction.*4-46 When IGP
binds, Phe212 is located in a position that interferes with a L6 (PDB: 1A5B*’ and PDB:
1Q0Q*8). The release of indole repositions Phe212, which allows ordering of a L6 that
causes the movement of alL2(a52-a60), blocking the entry to the internal channel. The
indole moiety of IGP is positioned at the top center of the a-TIM barrel adjacent to the
blocked internal channel. The glycerol phosphate moiety fits across the active site with
the phosphate oriented toward the surface. To promote the aldol cleavage in the closed
conformation,Asp60 links to the N1 nitrogen of the indole, presumably through a short
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hydrogen bond, and Glu49 and Tyr175 bridge the 3"-OH of the glycerol phosphate (PDB:
1A5B).47 Glu49 is thought to act as the catalytic base that deprotonates the C3 hydroxy
group of IGP, as well as the acid that protonates the indole leaving group. It is not clear

if this happens by a stepwise or concerted mechanism.47+49.50 Electronic rearrangement
results in the formation of the two products. In the D60N/IGP a-complex structure (PDB:
1A5B),*" a L6 remains disordered, a.L2 appears to be partially ordered, and Phe212 points
away from the binding site. When IGP is cleaved, indole enters the channel, and Phe212
moves ~8 A toward the active site, covering the top of the channel. In concert with the large
Phe212 repositioning, a L6 becomes ordered, D-glyceraldehyde-3-phosphate remains bound,
and the B-COMM domain tilts toward the a-subunit(PDB:6XNC).5! Reversion to the open
conformation releases D-glyceraldehyde-3-phosphate when indole couples to the activated
L-Ser in the B-site.

The B-active site in TS catalyzes the synthesis of L-Trp by coupling PLP-activated L-Ser
with the indole generated in the a-active site arriving through the internal channel (Figure
2A). In the first step, the PLP cofactor, sequestered as an internal aldimine to Lys87, is
coupled to L-Ser substrate through transimination via a gem-diamine intermediate to form a
PLP-Ser external aldimine (Figure 2C). The Schiff base form of the PLP-substrate complex
is known to lower the pKj of the Ca proton.1952 The neutral e-amine of Lys87 abstracts
the Ca proton from the substrate, prompting the formation of the first anionic intermediate,
which has two dominant resonance forms, carbanion and quinonoid. Traditionally, proposed
mechanisms of PLP-dependent enzymes assume a protonated PLP-N1; however, recent
studies have suggested N1 is neutral in fold-type-11 PLP-dependent enzymes and all PLP-
dependent racemases.>3 The current TS data (discussed in detail below) indicate that PLP-
N1 is deprotonated as a hydrogen-bond acceptor with Ser377 as the donor, and the typical
PLP quinonoid cannot form. Instead, the intermediate is shown with a protonated 03" and
an N1 anion in resonance with a carbanion forming at Ca.. The Ca proton is abstracted by
the e-amine of Lys87 and then transfers to the hydroxy group of the serine. The resulting p-
elimination releases H,O and forms the aminoacrylate intermediate. The e-amine of Lys87
also participates in the second step of the reaction. Nucleophilic addition of indole to Cp

of the aminoacrylate produces the second anionic intermediate. Lys87 deprotonates indole
C3 and reprotonates the carbanion formed at Ca., producing the L-Trp external aldimine.
Through a second gem-diamine transimination, L-Trp is released as Lys87 displaces the
product and regenerates the internal aldimine. When indole is not present for the subsequent
nucleophilic attack on CpB, Lys87 can displace dehydroalanine in the aminoacrylate Schiff
base linkage, which will degrade to pyruvate and ammonia.>*

Functional hydrogens visualized in the TS a-active site

When IGP is bound in the closed a-active site, Glu49 and Tyr175 are hydrogen bonded to
the 3"-OH group of IGP, and Asp60 forms a hydrogen bond to the indole nitrogen (Figure
2B). During the retro-aldol cleavage of IGP, Glu49 appears to be responsible for protonating
C3 of IGP and then accepting a proton from the 3’-OH of IGP to facilitate the cleavage of
the C—C bond.16 Glu49 therefore must be protonated in the closed enzyme form to initiate
catalysis. While bonded to the indole N1 nitrogen, Asp60 can also stabilize the positive
charge on N1 during protonation of indole C3. This mechanism is proposed to occur either
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through stepwise proton transfers or a concerted mechanism that prevents the buildup of
charged species. However, the hydrophobic microenvironment of the a-active site supports
a concerted mechanism.* Both Glu49 and Asp60 are conserved, and mutagenesis studies
have determined that both are essential for the catalytic activity of TS.55:56

At neutral pH and in the absence of substrate, both loops alL2 (a52-a60) and a L6 (a179—
a193) are expected to be disordered. X-ray refinement of microgravity-grown crystals
yielded a mean overall B-factor of ~24 A2, Residues a57-a62, including the catalytic
Asp60, had refined B-factors >60 A2. While most of the region is somewhat disordered, the
joint refined map shows a short hydrogen bond (2.7 A, D-0O 1.7 A) between the carboxyl
group of Asp60 (H-bond acceptor) and the phenolic oxygen (H-bond donor) of Tyr102.

In the room temperature X-ray model, used in the joint XN refinement, Glu49 appears

in two alternate conformations (Figure 3A). Conformer A (Glu49a), with 60% refined
occupancy (y1 = 180°), adopts a position near Tyr175 found when IGP is bound.*’ This

is the active position in which Glu49 can deliver a proton to the indole C3 and remove a
proton from IGP 3”-OH. Conformer B (Glu49b), with 40% refined occupancy (y1 = -67°),
is rotated to participate in a hydrogen bond network with two water molecules supported by
residues Tyr4, Tyr173, and Ser125. Joint XN refinement limits the visualization of multiple
conformations, where only the highest occupied position can be modeled accurately. The
neutron scattering length density or “nuclear density map” suggests the carboxylic group
of Glu49a is deprotonated, but the signal is reduced by the dual conformation (Figure

3B). Most well-defined waters have a boomerang shape in nuclear density maps, allowing
correct modeling of hydrogen bond donor/acceptor pairs. The nuclear density of the water
coupled to Tyr173/Ser125/Glu49b adopts a triangular shape, which may be interpreted as

a dual-conformation D,0. This water molecule may be organized to donate a proton to
Glu49 while in conformation B. Interestingly, in the cryo X-ray structure of TS (PDB:
8EZC), the populations of Glu49 switch dominance, with 40% refined occupancy for
Glu49a and 60% refined occupancy for Glu49b (Figure 3C). The cryogenic X-ray data
provided more completeness and higher resolution for model building. However, being
slightly non-isomorphous with the ambient neutron data, the cryo data were not used in joint
XN refinement.

The alternate conformations of Glu49 are likely to be important for the a-site mechanism
with environmental factors affecting the pKgs. For first estimations, we used the H++
webserver to estimate the pK; values from the neutron structure. We note that the a-chain
of TS adopts an open conformation before the substrate binds. With Phe212 in the outward
position, the a. L6 loop residues covering the a-active site are disordered but may still
influence the local pKj; values. Therefore, we used a hybrid approach in which we provided
the joint XN structure of TS as a custom template to generate complete TS models with five
predicted conformations of the aL6 (a178-a189) loop. The structure of the loop region and
the predicted local difference test (p)LDDT) metrics are shown in Figures S2 and S3 and are
compared to their positions in the structure, PDB: 6 XNC, where Phe212 occupies the indole
binding site.?! The pK; predictions were then performed on the joint XN structure and the
five AlphaFold models (M1-M5) (Table S4). At an internal dielectric constant ejn; of 10,
the pKj values of Glu49a and Glu49b using the joint XN structure model were predicted

to be 6.4 and 7.9, respectively. Similarly, the pKj; values for Glu49 in the top AlphaFold
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model, M1, were predicted to be 6.3 for Glu49a and 7.8 for Glu49b. Consequently, both

the pKa values calculated using the experimental and AlphaFold models exhibited a 1.5

pK unit increase (ApKj;) when the Glu49 conformation flips from the active Glu49a to the
water-sequestered Glu49b position. Additional pK; predictions were performed at an ejn. =
6 to determine the influence of the dielectric constant on the pK;. At ejnt = 6, the pKj values
for Glu49a and Glu49b were estimated to be 8.2 and 10.7 (ApKj = 2.5) in the experimental
model and 8.5 and 11.1 (ApKj = 2.6) in the best AlphaFold model. Lowering the dielectric
constant both increased the predicted pK; values and increased the difference between the
pKzs of each conformation. While we anticipate errors in the absolute pKj values, the
directionality of the pKj shift should be considered meaningful. The pKj predictions of the
remaining AlphaFold models (M2, M3, M4, and M5) are also consistent with these findings.
To add confidence to the pKj estimates, TS crystals were soaked in a pH 5.0 buffer, and
X-ray diffraction data were collected at room temperature. At pH 7.8, the room temperature
structure shows dual conformations for Glu49. TS crystals were acidified to investigate the
effect of pH on the conformation of Glu49 (PDB: 8EYS). Under acidic conditions, however,
the room temperature X-ray structure revealed Glu49a as the only conformation in which
both the water cluster and Glu49 are likely protonated (Figure 3D).

Based on our experimental observations and pKj calculations, we argue that the Glu49b
conformation stabilizes the proton required for indole C3 activation. We thus suggest that
the conformational flexibility of the Glu49 side chain plays a crucial role in catalysis. We
propose that when Glu49 is in the flipped Glu49b conformation exhibiting the elevated

p K value, it obtains a proton, most likely from the water (W3, Figures 3A, 3C, and 3D)
stabilized by Tyrl73 and Ser125, to become the protonated carboxylic acid. During IGP
cleavage, the C3’-OH is deprotonated by Glu49a, which rotates back to conformation

b in a concerted motion as indole departs into the channel, Phe212 rotates, and a L6
becomes ordered. The observation that Glu49 adopts the active, likely protonated, Glu49a
conformation at low pH is consistent with its role as the general acid catalyst in the a-active
site of TS. A similar mechanism for a proton transfer to a substrate was previously proposed
for a family 11 glycoside hydrolase where the catalytic glutamate also alternated between
“upward” and “downward” conformations having different acidities to obtain a proton from
the bulk solvent and then to deliver it to the glycosidic oxygen of the substrate to initiate
catalysis.33

Functional hydrogens visualized in the TS B-active site

The planarity of the PLP Schiff base affects orbital overlap, which modulates the cofactor
effect as an electron sink. In the internal aldimine form, the Schiff base nitrogen (Ngg) is

in plane with the PLP ring and prepared for gem-diamine formation with serine (Figure
2C). During catalysis, the PLP ring and Ngg external aldimine become coplanar, and the
bond perpendicular to the plane is selectively cleaved, a mechanism known as the Dunathan
alignment.5” When the cofactor is in the active planar structure, two tautomeric forms exist:
the zwitterionic ketoenamine with protonated positively charged Ngg and deprotonated
negatively charged phenolic 03" and the neutral enolimine where the phenolic 030 is
protonated and Ngp is deprotonated. The Schiff base tautomers have different UV-vis
absorption spectra, with the ketoenamine and enolimine absorbing at 420 nm and 330 nm,
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respectively.>8:59 The internal aldimine form of TS has two distinct absorption peaks at 410
nm and 336 nm, typically favoring protonation of Ngg and the ketoenamine tautomer.20.60
In our joint XN structure, a deuterium atom is visible in both the 2|Fo|-|Fc| (wheat mesh)
and |Fol-|Ac| (purple mesh) neutron scattering length density maps 1.0 A from the Schiff
base Ngg and 1.8 A from O3’ (Figure 4A). These observations support the presence of the
ketoenamine tautomer reported using NMR crystallography.4142 In addition to the hydrogen
bond with Ngg, the accumulation of negative charge on O3’ (phenoxy-anion) is stabilized
through partial double bond character of the C3-03” bond (i.e., t-conjugation with the
pyridine ring) and by a short hydrogen bond of 2.6 A (D-0 1.7 A) with a nearby water
molecule.

During PLP-dependent catalysis, the cofactor withdraws electrons from the substrate,
lowering the pK; of Ca allowing a weak base, the deprotonated e-amine of the active

site lysine, to extract a proton from a C-H bond (blue H atom, Figure 2C). The pyridine
nitrogen, N1, of the PLP cofactor is speculated to increase the efficacy of the pyridine

ring to act as an electron sink, stabilizing the formation of a carbanionic intermediate after
Ca deprotonation.19 The formation of a transient carbanion is stabilized by a quinonoid
intermediate, a resonance structure with a distinct absorbance at ~490-580 nm.10.61-64

In AAT, N1 is protonated during catalysis, and a chain of histidine and structural water
molecules promote proton hopping.1 For TS, N1 was observed to be deprotonated with

no protonation network present (Figure 4B). The side chain hydroxy group of Ser377

is a hydrogen bond donor to N1 at a distance of 2.8 A (D-N 1.9 A) and a hydrogen

bond acceptor from the Ser351 hydroxy group at a distance of 2.7 A (D-0 1.8 A).

This N1-Ser377-Ser351 hydrogen bond linkage would presumably prevent protonation

of the pyridine nitrogen by the bulk solvent. The nearby Glu350 is salt-bridged to a
protonated Lys382 on the re face of the cofactor and is unlikely to contribute to N1
protonation. In TS, it is more favorable to retain negative charge on Ca so that —OH f-
elimination from the L-Ser substrate in the external aldimine can proceed. In PLP-dependent
transaminases, it is important to withdraw electrons from Ca, where a stabilized quinonoid
intermediate is required for the characteristic 1,3-proton shift.10.11.65 During TS catalysis,
a quinonoid-like resonance must exist to allow formation of a Ca carbanion. However, the
requisite quinonoid is less stable and forces electrons toward the L-Ser hydroxy group for
B-elimination. In AAT, the stabilized quinonoid appears in Kinetic studies with an absorption
peak at 495 nm. In TS, the quinonoid appears in the spectra with a maximum at 475 nm,
blue shifted compared to AAT. To explain this quinonoid blue shift, two anionic external
aldimine intermediates are shown, an N~ anionic quinonoid in which the Ca proton is
abstracted and a carbanion, which promotes B-elimination (anionic intermediate I, Figure
2C).

Our observation that Ngg is protonated in the internal aldimine of TS agrees with previously
reported solid-state NMR data.#? Later, 4D and 5D solid-state NMR studies of TS revealed
equilibrium between the ketoenamine and enolimine tautomers in the internal aldimine,
with a fast tautomeric exchange and equilibrium populations of 61% and 39% for the
protonated Schiff base and phenolic oxygen at 30°C, respectively.*2 NMR studies have also
demonstrated the temperature dependence of the tautomeric equilibrium, with a significant
increase of the ketoenamine population as temperature decreases. At the temperature of the
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neutron diffraction data collection, ~16°C, there would be 70% of protonated Ngg present,

which agrees well with our observation of a protonated Schiff base. At the resolution of the
neutron diffraction data in this study, the deuteron appears at the major Ngg position but is

not well defined at the minor O3” position.

The binding pocket for the PLP phosphate group is composed of the side chains of His86,
Thr190, Ser235, and Asn236, two crystallographic waters, and the backbone of Gly232,
Gly233, Gly234, and Ser235, which create a peculiar turn that forms a charge-stabilizing
pocket with six amide ND groups directed toward the phosphate oxygens (Figure 4C).

The His86 imidazole positioned perpendicular to PLP on the s/face is neutral, protonated
only on Ne2, whereas N&1 faces this residue’s own main chain amide ND preventing Nd1
protonation. The position of the imidazole group of His86 is locked in place by close C—He ¢
et interactions with the PLP pyridine ring with distances between heavy atoms of 3.7-3.9 A
and with CB of Asn236, whose side chain contributes to the PLP phosphate binding pocket,
with distances of 3.3-3.6 A (Figure S5). Mutation of the histidine residue to leucine (H86L)
reduces the ability of PLP to bind to the enzyme by 20-fold,®® indicating that His86 plays
an important role in binding PLP. On the re face of the cofactor, Glu350 sits parallel to the
pyridine ring, forming hydrogen bonds with the side chain of Lys382 and the main chain of
Gly303 (Figure S6). Site-directed mutagenesis revealed that, similar to His86, Glu350 is not
essential for catalysis but rather plays a role in PLP binding.6’

Quantum chemical cluster calculations on the TS B active site

The position of the proton in the Nsg—03” hydrogen bond affects the resonance structures
of the PLP cofactor. Density functional theory (DFT) calculations were carried out on

a 195-atom model of the p-active site taken from the neutron structure of TS at the
SMD®8/,B97X-D%9/Def2-SVP70.71 level of theory. The deuterium atoms from the structure
were modeled as hydrogen in the cluster model but the protonation states were kept identical
to those observed in the neutron structure. The geometries of the reactant (Ngg-protonated
state) and product (O3’ -protonated state) were optimized independently, and vibrational
frequencies were calculated to confirm that each structure was at an energy minimum. A
relaxed potential energy scan (PES) was performed to map the energy of intramolecular
proton transfer between Ngg and O3”. The maximum point on the relaxed PES was used as
an initial guess in a transition state optimization. The transition state was confirmed to be

a first-order saddle point based on vibrational frequency calculations. We estimated that the
product state, enolimine tautomer, is 4.4 kcal/mol higher in energy than the reactant state,
ketoenamine tautomer (Figure 5A). This result suugests that the hydrogen bond between
Nsg and 03 is an asymmetrical hydrogen bond with the proton favoring the nitrogen atom.
The transition state is only 0.7 kcal/mol greater in energy than the O3’ -protonated product,
but the barrier for hydrogen transfer from Ngg to O3 is significantly higher at 5.1 kcal/
mol. The effective energy profile of the tautomeric exchange at 30°C was calculated from
the solid-state NMR data to give a free energy barrier of 8.8 kcal/mol for proton transfer
from Ngg to O3 and the enolimine tautomer enthalpy higher by 2.4 kcal/mol compared

to the ketoenamine tautomer. Our quantum chemical calculations performed at 0 K, with

no zero-point energy corrections applied and treating hydrogen nuclei as classical particles,
agree with solid-state NMR studies. Additionally, preference for Ngg protonation in the
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internal aldimine is supported by molecular dynamics simulations performed on TS.”2 The
partial charges for both DFT optimized clusters were calculated with the NBO program
(Figure S8).73 In the lower-energy, Nsg-protonated state, C4” has a larger partial positive
charge, making it better suited for nucleophilic attack by an incoming L-Ser to form the
substrate-bound external aldimine.

Comparison of the TS p-active site to AAT

Fold-type-1 enzymes are the most prevalent in PLP-dependent enzyme family and contain
transaminases (except type IV transaminases), decarboxylases, and some enzymes that
catalyze a-, -, or y-eliminations.! Aspartate aminotransferase (AAT), the fold-type-I
representative enzyme, is the most studied PLP-dependent enzyme and has been the

focus of our previous neutron diffraction experiments.38.74 AAT catalyzes the reversible
transamination of L-Asp and L-Glu to a-ketoglutarate and oxaloacetate, respectively.’* We
have previously assigned protonation states to AAT for the internal and external aldimines
and most recently for the pyridoxamine 5’-phosphate (PMP) intermediate, which has an
N-H-N low-barrier hydrogen bond.11:38:39 TS is the representative enzyme for fold-type-I1,
and we can now directly compare the all-atom models of the PLP internal aldimine forms of
TS and AAT (Figure S9).

In AAT, the pyridine nitrogen N1 is protonated and hydrogen bonded to a conserved
aspartate, Asp222. As a model for transamination, the hallmark step in the reaction
mechanism is the formation of a stabilized carbanionic intermediate, the quinonoid
intermediate, which facilitates the transfer of the Ca proton to C4” through the acid-base
reaction assisted by the catalytic Lys257. The quinonoid form proposed to be utilized by
AAT is not possible in the absence of N1 protonation, indicating the dominant quinonoid
resonance form influences the reaction specificity. The significance of this observation was
demonstrated in AAT with a D222A mutant, forcing deprotonation of N1 and reducing the
turnover rate by over 1000-fold.”76 In a similar study using TS, N1 protonation was forced
in the S377D mutant, and the formation and accumulation of the quinonoid intermediate, as
well as slowing of the reaction rate by over 100-fold, were observed.81 As mentioned above,
it is more favorable in TS to retain the negative charge on Ca to promote B-elimination,
whereas AAT needs to delocalize the charge to complete the 1,3-proton shift.

It was proposed long ago that the protonated Schiff base is more reactive in the formation of
the external aldimine.”” In the AAT internal aldimine, neutron diffraction revealed that both
the Schiff base Ngg and phenolic oxygen O3 are deprotonated.1! Protonation of the Schiff
base also influences the rotation of the Ngg—C4” bond and the planarity of PLP-Ngg.! In
the AAT internal aldimine, the Ngg—C4” bond is rotated 46° above the plane of the pyridine
ring on the s/ face, but when protonation of Ngp is forced with a low-pH environment, the
torsion angle is reduced to 22°, with the same effect observed in DFT optimizations of AAT
active site models.1! In the joint XN structure of TS, Ngg is protonated, and the Ngg—C4’
dihedral angle is positioned 17° above the plane of the pyridine ring, which agrees with the
previously observed values for protonated Ngg from experiments and calculations.11:14.78.79

Microgravity crystallization using the TCB was used to grow large crystals (1 mm?3) for
neutron crystallography experiments with perdeuterated Sa/monella typhimurium TS. The
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resulting 2.1 A neutron diffraction data were jointly refined with room temperature X-ray
diffraction data to give an all-atom structure of TS with accurate hydrogen positions.
Additional X-ray diffraction data, pK; predictions, and DFT calculations provide a more
complete view of the overall TS mechanism. In the a-active site, the proposed proton
donor to IGP in the cleavage of glycerol phosphate, Glu49, adopts two conformations with
different pKGs that appear to be functionally relevant to the a-reaction mechanism. We
propose that Glu49 adopts conformation B (higher pK3) to acquire a proton and flips to the
conformation A (lower pKj) to donate a proton to IGP-C3. In the p-active site, we observed
the PLP cofactor with a non-protonated (neutral) N1, protonated (positively charged) Ngg,
and deprotonated (negatively charged) O3’ using the positions of hydrogen atoms revealed
through neutron diffraction. The Ngg—O3’ interaction was characterized as an asymmetric
hydrogen bond favoring Ngg protonation by mapping the potential energy of proton transfer
and agrees with both our XN model and previously published solid-state NMR data.*!
Thorough understanding of the TS a- and B-reaction mechanisms will require additional
neutron diffraction experiments on different reaction intermediates to delineate the various
protonation and deprotonation states in addition to thorough kinetic studies and biophysical
techniques such as NMR.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—Requests for further information should be directed to the lead contact,
Timothy Mueser (timothy.mueser@utoledo.edu).

Materials availability—This study did not generate new unique materials.

Data and code availability—The accession numbers for the joint XN and X-ray
structures reported in this paper are PDB: 8EYP, 8EZC, and 8EYS.

Protein perdeuteration, purification, and crystallization

The perdeuteration of TS was carried out in the Deuteration Laboratory (D-Lab) of the Life
Sciences Group at ILL. The procedures for the perdeuteration, expression, and purification
of TS have been previously described.4? Purified perdeuterated TS was crystallized in
microgravity using the TCB aboard the ISS as part of experiment Protein Crystal Growth
(PCG)-15 in July 2019. The TCB crystallization experiments remained aboard the ISS

for approximately 6 months, returning in January 2020. The crystallization conditions for
perdeuterated TS in the TCB apparatus were 50 mM Bicine (pH 7.8), 1 mM EDTA, 0.2
mM PLP, 2 mM spermine, and 6%-8% PEG 8000. To prepare crystals for neutron data
collection, the polypropylene bag of an individual TCB experiment was opened, and the
sealed quartz capillary was removed. The beeswax on the top of the capillary was gently
pulled off, and a blunt-end needle and syringe were used to draw liquid away from the
crystal in the capillary. The Tygon tube and dialysis membrane were then detached from
the opposite end of the capillary, and the blunt-end needle and syringe were used to remove
the remaining solution. A paper wick was used to absorb any excess liquid in the capillary,
particularly around the crystal. H/D vapor exchange was performed in the capillary by
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placing plugs of deuterated mother liquor inside the quartz capillary and resealing both ends
with capillary wax.

Neutron diffraction data collection

Neutron diffraction was tested on microgravity-grown TS crystals at room temperature

on the IMAGINE®0-83 jnstrument located at the High Flux Isotope Reactor (Oak

Ridge National Laboratory, ORNL) using the broad-bandpass functionality with neutron
wavelengths between 2.8 and 10 A. Neutron diffraction data were collected on a
microgravity-grown TS crystal on the quasi-Laue diffractometer, LADI-I11,84 at the ILL,
Grenoble, France. A neutron wavelength range of (AA/A ~30%) of 2.85-3.80 A was used
in data collection with neutron diffraction extending to a resolution of 2.1 A. Four different
¢ orientations (vertical rotation axis) were sampled during data collection, and a total of

57 images were collected. The neutron diffraction images were processed with a modified
version of the program LAUEGENS5.86 of the Daresbury Laboratory Laue Software Suite to
account for the cylindrical geometry of the area detector. LSCALE,®7 of the same software
suite, was used to establish a wavelength normalization curve from symmetry-equivalent
intensities measured at different wavelengths. The neutron data were scaled and merged
using SCALA .88 Data collection statistics can be found in Table S1.

Room temperature X-ray data collection and structure refinement

Room temperature X-ray diffraction data were collected on a microgravity-grown TS crystal
on a Rigaku HighFlux HomeLab instrument at ORNL equipped with a MicroMax-007 HF
X-ray generator, Osmic VariMax optics, and a Dectris EIGER R 4M detector. The X-ray
data were integrated with CrysalisP™ from Rigaku. The data were subsequently scaled with
SCALA, and structure factors were calculated with CTRUNCATE, both in CCP4.8% The TS
X-ray model was refined against ambient X-ray diffraction data in PHENIXC to establish
the positions of non-hydrogen atoms and to create an appropriate input model for joint XN
refinement. X-ray data collection and refinement statistics are given in Table S1.

Joint X-ray/neutron structure refinement

The patch, nCNS,L in the structure solution program CNS37:92 was used to perform

the joint XN refinement of TS. Isomorphous, room temperature X-ray and neutron data
were utilized for joint X/N refinement. Following a single rigid-body refinement, the
atomic positions, individual atomic displacement parameters, and occupancies were refined
until satisfactory. The graphics program Coot% was used to view the model and neutron
scattering length density maps, 2|Fo|-|Fc| and |Fol|-|Fc|- Hydrogen/deuterium atoms were
rotated in residue side chains and waters to demonstrate correct hydrogen bonding.

All hydrogens in the protein structure were initially modeled as deuterium, as TS was
perdeuterated. Because the PLP used in the experiment was hydrogenous, the portions of
the covalently linked internal aldimine cofactor originating from PLP were modeled with
hydrogens, except at exchangeable sites (N1 and Ngg).
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Quantum chemical calculations

Quantum chemical calculations were performed on a 195-atom cluster extracted from the
neutron structure of TS. The model of the pB-active site consists of twelve active site
residues (Ala85, His86, Lys87, Thr88, GIn114, Thr190, Ser235, Asn236, Ser351, Lys382,
Ser377, and Glu350), the internal aldimine (PLP covalently linked to Lys87), and six
crystallographic waters (Figure S7). The peptide backbone between consecutive residues,
Ala85, His86, Lys87, and Thr88, was retained in the model. Geometry optimizations were
performed at the SMD®8/wB97X-D9/Def2-SVP70.71 evel of theory. A dielectric constant
of 10 was used for the SMD solvent model to mimic the enzyme active site environment.
Energy minima in the product and reactant structures and the maximum in the transition
state structure were confirmed with vibrational frequency calculations in which the two
minima had zero imaginary frequencies and the transition state had one. The potential
energy path of proton transfer between Ngg and O3 was mapped with a relaxed PES. The
geometry of the energy maximum of the resulting curve was used as an initial guess for a
transition state optimization. Natural population analysis charges of the product and reactant
structures were calculated with the NBO program’3 in Gaussian 16, along with all other
calculations.®*

AlphaFold2 predictions

Complete structural models of the TS heterodimer were generated by using a hybrid
approach in which residues that were unresolved in the experimentally determined structure
(i.e., residues 178-191 of B-chain) were modeled with AlphaFold-multimer-v2,% which is
a version of AlphaFold29 trained specifically to model protein complexes. The MMSeqs2
web server®” was used to generate paired multiple sequence alignment by searching the
UniRef database. The neutron structure determined in this work was used as a single custom
template. Models were ranked by their average pLDDT, predicted TM-score (pTMscore),
and interface predicted TM-score (ipTM), the latter of which scores interactions between
residues of different chains. The metrics for the top model were as follows: pLDDT score =
95.2, pTMscore = 0.94, and iPTM = 0.93. The top model was selected based on a weighted
combination of the ipTM and pTM (confidence = 0.8 - ipTM + 0.2 - pTM). The per-residue
pLDDT scores are shown in Figure S3. All models were generated with the ColabFold%8
implementation of AlphaFold2 (AF2).

H++ pK, predictions of aGlu49

The H++ (version 4.0) web server®® was used to compared predicted pKjs of two

observed conformations of the catalytic aGlu49 in TS. H++ uses a finite-difference Poisson-
Boltzmann continuum electrostatics approach to compute pK;s and titration curves for each
residue in a protein.190 The predictions were carried out at 0.15 M salinity with internal

and external dielectric constant of 10 and 80, respectively. Both a- and B-chains of the
experimental TS structure missing residues a178-a.189 in the a-chain and five full-length
AF2 models were submitted to the server. For the experimental structure, the cofactor was
removed. Predicted pKjs for each model are shown in Table S4.
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Low-pH X-ray data collection

TS crystals grown in a 9-well glass plate and sandwich box were equilibrated against 50 mM
NaOAc (pH 5.0) for 5 days prior to data collection to lower the pH of the crystals. The low
pH, room temperature X-ray diffraction data were collected and processed with the same
procedure described above. PHENIX was used for structure refinement.%

Low-temperature X-ray data collection

X-ray diffraction data at 100 K were collected on a microgravity-grown crystal of TS using
the LS-CAT beamline 21-1D-F equipped with a Rayonix MX300 detector at the Advanced
Photon Source (APS). In the CCP4 program suite,8° the data were processed with Mosflm,
then scaled and merged with SCALA. Structure refinement was carried out in PHENIX.%0

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
2.1 A joint XN structure of tryptophan synthase from a microgravity-grown crystal
Hydrogen atom positions are accurately determined in both a- and p-active sites
Schiff base is protonated, but O3” and pyridine N1 are not, making PLP zwitterionic

Catalytic Glu49 in a-active site adopts two conformations with different pKj, values
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Figure 1. Biochemistry of PLP
(A) Pyridoxal 5’-phosphate (PLP) forms an internal aldimine with the e-amine of an active

site lysine (Lys87 in TS) through a Schiff base linkage, and the amino acid substrate forms a
Michaelis complex.

(B) Electronic overlap in the external aldimine promotes the deprotonation of Ca by

the e-amine of the released active site lysine. Indicated are the reaction specificities of
PLP-dependent enzymes including transamination, decarboxylation, racemization, 8- and
v-elimination (TS is p-elimination), replacement, and retro-aldol cleavage.

(C) The natural substrate for TS is indole-3-glycerol phosphate (IGP).
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Figure 2. Salmonella typhimurium TSisan abba linearly arranged heterotetramer
In the a-site reaction, indole-3-glycerol phosphate (IGP) is cleaved into indole and

glyceraldehyde-3- phosphate. In the p-site reaction, indole is coupled to PLP-activated

serine to form tryptophan.
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(A) Ribbon model of the appa heterotetramer. In the a-domain (green), the core B-strands
(orange) have a distinctive TIM barrel-like fold with IGP (green circle) bound in the active
site (PDB: 1A5B). The b-domain (cyan) has two sub-domains. The large sub-domain forms
contacts with the a-domain, the binding pocket for a monovalent cation (gray sphere), and
the loops connecting the C termini of the core parallel b-strands (yellow) to the intervening
a helices form the PLP binding site. A 25 A hydrophobic, intramolecular tunnel connects the
a- and p-active sites. The smaller, more flexible “COMM?” B-subdomain (purple) forms the

top of the channel and participates in interdomain communication.

(B) The TS a-active site catalyzes the cleavage of IGP into glyceraldehyde 3-phosphate

and indole. When protonated, Glu49 forms hydrogen bonds with water molecules near
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Tyrl73 (left). Shown is the assumed intermediate (center) when IGP binds, in which Glu49
delivers a proton to indole C3 (red) and aligns to deprotonate the 3" hydroxy of IGP

(blue). Asp60 is positioned to form a short hydrogen bond to the protonated indole N1.

The ensuing retro-aldol cleavage involves adding a proton to indole C3 (red) and yielding
glyceraldehyde-3-phosphate and indole. The presence of glyceraldehyde-3-phosphate in the
active site and release of indole initiates conformational changes, primarily in loop a L6,
allowing indole to travel through the hydrophobic channel, which is coordinated to the
activation of serine in the p-site.

(C) In the B-reaction, L-Ser is first shown in the Michaelis complex near the PLP-Lys87
internal aldimine. Transimination through an intermediate gem-diamine forms the Ser-PLP
external aldimine and a neutral Lys87. As the Ser-PLP external aldimine shifts into a more
stable conformation, the neutral e-amine of Lys87 is repositioned near the Ser-PLP Ca
proton. Electronic overlap within the external aldimine coordinates the Ca for deprotonation
by Lys87, acting as a general base, and the rearrangement of the transient carbanionic/
quinonoid intermediate causes p-elimination of water (HOH). In the lower panel, from right
to left, formation of the metastable a-aminoacrylate intermediate coincides with the arrival
of indole transported through the intramolecular channel. Indole, positioned as a Michaelis
complex, promotes coupling to the Cp of the aminoacrylate through a second carbanionic
intermediate. Lys87 then reprotonates the Ca position and the L-Trp external aldimine is
produced. L-Trp is released through a gem-diamine intermediate regenerating the internal
aldimine.
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Figure 3. Observed dual positions of a-active siteresidue Glu49
Glu49a is the active position oriented toward Tyr175 hydrogen bonded to water W1 in which

Glu49 can deliver a proton to the indole C3 and abstract a proton from IGP 3’-OH. Glu49b
is in a hydrogen bonding network with two water molecules (W2 and W3) reinforced by
residues Tyrl73 and Tyr4 and is the suspected reservoir for the proton delivered to indole
C3. Not shown in this view, W2 is linked to Ser125, and W3 has a short 2.5 A (D-0 1.7 A)
H-bond to the phenolic oxygen of Tyr4. The 2| Fg-|F4 neutron scattering length density is
shown in wheat and the electron density in blue mesh.

(A) The room temperature X-ray model shows both Glu49a (60%) and b (40%) conformers.
(B) The room temperature neutron model shows only Glu49a, and deuteron-donor H-
bonding distances are shown in parentheses.

(C) The cryo X-ray model shows Glu49b becoming the dominant conformer.

(D) The low-pH, room temperature X-ray model shows Glu49a becoming dominant,
suggesting Glu49 is protonated.
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Figure 4. B-Active site per spectives from a TS neutron structure
The 2| Fo|-|Fc| neutron scattering length density map is depicted in wheat mesh contoured

at 1 o, and the omit | Fo|-| Fc| neutron scattering length density is shown in purple mesh
contoured at 2.2 o. Hydrogen bonding distances between heavy atoms are shown with the
deuteron-donor distances in parentheses.

(A) The Schiff base nitrogen, NSB, is protonated and hydrogen bonded to the phenolic
oxygen,03’. The 2|Fo|-|Fc| electron density is shown in blue mesh.

(B) Ser377 prevents protonation of pyridine nitrogen, N1, and is stabilized by an additional
hydrogen bond with Ser351. His86 is neutral and monoprotonated on the e-nitrogen,
positioned above the cofactor.
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(C) The glycine-rich phosphate binding loop is composed of Gly232, Gly233, Gly234,

Ser235, Asn236, and two crystallographic waters, as well as His86 and Thr109 (not shown
for clarity).
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Figure 5. Potential energy profilefor proton transfer between PLP-Ngg and PL P-O3’
The calculated energy barrier height for the intramolecular proton transfer from the Schiff

base to the phenoalic oxygen is reported relative to the Ngg-protonated (reactant) structure.
The energies for the reactant and product are denoted with blue circles, while the calculated
transition state energy (%) is signified with a red circle.
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