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Serine hydroxymethyltransferase (SHMT) is a key enzyme in the one-carbon metabolic pathway, utilizing
the vitamin Bg derivative pyridoxal 5’ -phosphate (PLP) and vitamin By derivative tetrahydrofolate (THF)
coenzymes to produce essential biomolecules. Many types of cancer utilize SHMT in metabolic
reprogramming, exposing the enzyme as a compelling target for antimetabolite chemotherapies. In
pursuit of elucidating the catalytic mechanism of SHMT to aid in the design of SHMT-specific inhibitors,
we have used room-temperature neutron crystallography to directly determine the protonation states in
a model enzyme Thermus thermophilus SHMT (TthSHMT), which exhibits a conserved active site
compared to human mitochondrial SHMT2 (hRSHMT2). Here we report the analysis of TthSHMT, with PLP
in the internal aldimine form and bound THF-analog, folinic acid (FA), by neutron crystallography to
reveal H atom positions in the active site, including PLP and FA. We observed protonated catalytic Glu53
revealing its ability to change protonation state upon FA binding. Furthermore, we obtained X-ray
structures of TthSHMT-Gly/FA, TthSHMT-L-Ser/FA, and hSHMT2-Gly/FA ternary complexes with the PLP-
Gly or PLP-L-Ser external aldimines to analyze the active site configuration upon PLP reaction with an
amino acid substrate and FA binding. Accurate mapping of the active site protonation states together
with the structural information gained from the ternary complexes allow us to suggest an essential role
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1 Introduction

Serine hydroxymethyltransferase (SHMT) is a pyridoxal 5'-
phosphate (PLP) dependent metabolic enzyme vital to the one-
carbon metabolism pathway in both prokaryotes and eukary-
otes.”” The enzymatic activity of SHMT is essential for the
synthesis of purines, thymine nucleotides, methionine, as well
as other fundamental biomolecules.** SHMT catalyzes the
reversible cleavage of r-serine (i-Ser) to glycine (Gly), trans-
ferring a single carbon unit to tetrahydrofolate (THF) to produce
5,10-methylenetetrahydrofolate (5,10-MTHF) (Fig. 1a). In addi-
tion, SHMT catalyzes the reversible THF-independent cleavage
of B-hydroxy amino acids, decarboxylation of aminomalonate,
and racemization and transamination of - and p-alanine.’
Prokaryotes and some eukaryotes such as Plasmodium spp.
possess one isoform of SHMT, whereas in mammals two SHMT
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acid-base catalyst in both THF-independent and THF-dependent activities of SHMT.

isoforms exist - the cytosolic SHMT1 and mitochondrial SHMT?2
- compartmentalizing one-carbon metabolism.*” Both SHMT1
and SHMT?2 carry out the same biochemical reaction and share
a ~66% sequence identity.® Prokaryotic SHMTs, such as Ther-
mus thermophilus SHMT (TthSHMT, Fig. 1b), form obligate
homodimers, however, eukaryotic SHMTs are homotetrameric
defined as a dimer of obligate dimers.**'* Several bacterial
SHMTs, as demonstrated with TthSHMT,"* Bacillus stear-
othermophilus," and Enterococcus faecium SHMTs and a plant
SHMT™* have been used as model enzymes to study human
SHMTs by virtue of the high conservation of the enzyme's active
site from all sources. In our structural studies, we have been
using TthSHMT as the model for human mitochondrial SHMT2
(hSHMT2) because it affords high diffraction quality crystals
facilitating neutron crystallographic studies and the active sites
of the two enzymes are fully conserved allowing for direct
comparison of the structures.'

hSHMT2 plays an essential role in the metabolic reprog-
ramming attained by many cancer types that results in the
enzyme overexpression to promote cancer cell proliferation and
growth.’>** hSHMT?2 overexpression has also been linked to
cancer cell drug resistance.**** Consequently, hSHMT2 has
emerged as a promising target for the design of antimetabolite
chemotherapies.***? While some encouraging inhibitors
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Fig. 1 SHMT catalyzed reaction and the 3D structures of TthSHMT. (a) THF-dependent conversion of L-Ser to Gly. Carbon atom marked with
blue dot is the 1C unit transferred from L-Ser to THF. (b) Overall fold of Thermus thermophilus SHMT (TthSHMT) with protomer A (orange) and
protomer B (magenta) as well as their respective domains labeled. The PLP internal aldimine is shown in CPK representation (yellow carbons). (c)
Zoomed-in view of the TthSHMT holoenzyme active site showing superposition of protomers A and B (PDB: 8SUJ). The gating loops are colored
yellow. An open conformation is seen in protomer A (green cartoon, light yellow loop) and protomer B shows a partially closed conformation
(cyan cartoon, bright yellow loop). (d) Positions of FA and the acetate molecule in the active site of the TthSHMT/FA complex neutron structure.
PLP is covalently linked to Lys226 in the internal aldimine, an acetate molecule is bound in the cationic binding site, and folinic acid (FA) is located
in the peripheral binding site blocking the entrance to the active site. (e) Superposition of protomer A from the TthSHMT neutron structure (PDB:
8SUJ, orange cartoon, light yellow gating loop) and protomer B from the TthSHMT/FA neutron structure (magenta cartoon, bright yellow loop)

demonstrating closure of the gating loop upon FA binding.
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targeting hSHMT2 have been developed in recent years,
including SHIN1/2, AGF347 and AGF355 (ref. 23 and 25-30) that
bind to the enzyme's active site competing with the physiolog-
ical THF substrate, it is critical to improve our understanding of
SHMT catalysis at the atomic level both to discern between the
competing catalytic mechanisms proposed in the literature and
to advance the design of hSHMT2-specific inhibitors. Identi-
fying the amino acid residues acting as general acid and base
catalysts and, thereby, discriminating between the catalytic
mechanisms can only be accomplished through knowledge of
the protonation states of the enzyme active site, PLP, and THF at
various stages of the reaction. Because protonation states are
determined by the presence or absence of hydrogen (H) atoms
on specific chemical groups, the locations and movement of H
atoms throughout the catalytic process need to be accurately
determined and visualized. Such atomic details of protein
structures can be achieved by neutron crystallography.*

Structure-based drug design relies on the three-dimensional
structure of enzymes and their respective ligand binding sites to
guide the design of inhibitors, with X-ray crystallography pre-
vailing as the technique of choice for structure determination.
While X-ray crystallography excels at resolving positions of
nonhydrogen atoms, it usually lacks information on the posi-
tions of H atoms which account for ~50% of all atoms in
proteins.>»** Because H atoms play essential roles in several
noncovalent interactions such as H bonding, van der Waal's
forces, and electrostatics, determining H atom positions and
thus protonation states, H atoms provide valuable information
on substrate and ligand binding, proton transfer reactions, and
protein—protein interactions.*>** Whereas the X-ray scattering
magnitude of H atoms is substantially smaller compared to
other atoms present in protein structures, the neutron scat-
tering lengths of H and its isotope deuterium (D) atoms are
similar to those of the “heavier elements” (C, N, O). Hence, H/D
positions can be resolved at moderate resolutions with neutron
crystallography.**** This unique feature of neutron crystal-
lography renders it a powerful technique for uncovering the
structural and mechanistic information arising from precise
protonation states and accurate all-atom models for inhibitor
design.** Moreover, cold neutrons (A = ~2-5 A) do not cause
radiation damage to protein crystals permitting determination
of radiation damage-free structures at room temperature.

In all PLP-dependent enzymes, including SHMT, the PLP
coenzyme is covalently linked to a catalytic lysine (Lys) residue
forming a Schiff base linkage referred to as the internal aldi-
mine in the holoenzyme. Almost universally, the first reaction
step is the formation of an external aldimine (not covalently
linked to the enzyme) generated through the transaldimination
reaction where the substrate amino acid a-amine displaces the
Lys e-amine. For SHMT, the catalysis starts with the production
of 1-Ser-bound external aldimine, PLP-i-Ser. PLP-L-Ser can
subsequently react, releasing free formaldehyde and Gly in
a THF-independent fashion. This THF-independent conversion
of 1-Ser to Gly is believed to proceed through the retro-aldol
mechanism with a general base abstracting the PLP-i-Ser (-
hydroxyl.>*>*¢ Conversely, THF binding results in the THF-
dependent conversion of r-Ser to Gly and the formation of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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5,10-MTHF. There is no accepted mechanism for THF-
dependent catalysis in SHMT and the proposed reaction
mechanisms require up to six different general acids and
bases.*>*™** 1t is therefore of great importance to pinpoint
protonation states of the SHMT active site amino acids, PLP,
and THF to uncover the reaction mechanism of SHMT catalysis.
In our previous study'* we utilized room-temperature neutron
crystallography to reveal the atomic organization of the
TthSHMT holoenzyme active site and of the pre-Michaelis
complex where L-Ser amino acid was captured in the periph-
eral substrate binding site normally occupied by THF. By
revealing the positions of H/D atoms, accurately assigning
protonation states, and mapping H bonding networks we
concluded that Glu53 (Glu98 in hSHMT?2) is the best candidate
for a general base catalyst, whereas all previously proposed
active site His residues could not undergo protonation state
changes, being constrained by H bonding networks, and hence
would not be able to participate in catalysis.

Here, we build upon our previous study'* and present a 2.3 A
resolution neutron structure of TthSHMT complex with (65)-5-
formyltetrahydrofolate (folinic acid, FA), a substrate analog of
THF and inhibitor of SHMT, and an acetate molecule found at
the cationic substrate binding site mimicking an amino acid
substrate. FA is substituted at the N5 position with a formyl
group, resembling the carbinolamine form of THF. Therefore,
the current TthSHMT/FA neutron structure bears resemblance
to an intermediate in the catalytic mechanism. Moreover, we
obtained X-ray structures of TthSHMT-Gly/FA, TthSHMT-L-Ser/
FA, and hSHMT2-Gly/FA ternary complexes containing PLP-
Gly or PLP-L-Ser external aldimines providing insights into the
organization and structural rearrangements in the active site
associated with the amino acid substrate and FA binding.
Importantly, we observed neutral Schiff base nitrogen and
neutral His residues in TthSHMT/FA in agreement with the
previous neutron structure of TtASHMT holoenzyme. A D atom
was located on the carboxylic moiety of Glu53 indicating its
protonation in 7thSHMT/FA. The protonation states observed in
our neutron structure of TthSHMT/FA and structural organiza-
tion and comparison of the external and internal aldimine
complexes allow us to propose a central role of Glu53 acting as
the wuniversal general acid-base catalyst in both THF-
independent and THF-dependent transformations catalyzed
by SHMT.

2 Results

2.1 Functional role of the gating loop in TthSHMT

TthSHMT, and other prokaryotic SHMTs, exist and function as
biological homodimers."*® Each protomer of TthSHMT can be
divided into large (residues 33-284) and small (residues 7-32
and 285-407) domains (Fig. 1b). A seven-stranded mixed B-sheet
surrounded by a-helices arranged in an a/p/a sandwich makes
up the large domain. The small domain is composed of anti-
parallel B-strands and o-helices in a two-fold o/f sandwich.
The active sites are formed by the residues from both protomers
as discussed further below. Homodimeric TthASHMT crystallizes
as a complete dimer present in the asymmetric unit, with
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seemingly identical active sites in protomers A and B. However,
crystal packing contacts alter the functionalities of the two
active sites, as was demonstrated by our structures of 1-Ser and
p-Ser complexes reported previously." L-Ser was found within
the peripheral THF-binding site (henceforth referred to as the
peripheral binding site) of protomer A representing a pre-
Michaelis complex, whereas p-Ser bound deeper inside the
active site at the cationic amino acid substrate binding site
(henceforth referred to as the cationic binding site) in protomer
B mimicking the Michaelis complex. The entrance to the active
site is believed to be controlled by a gating loop spanning
residues 342-356 that can adopt open and closed conforma-
tions before and after a THF substrate analogue, such as folinic
acid, or some inhibitors would bind, respectively, according to
crystal structures of SHMT from various species.'*'”** In the
crystal structure of TthSHMT holoenzyme, where PLP is con-
nected to the catalytic Lys226 as internal aldimine (PDB ID:
8SUJ),"* we detected the gating loop adopting two conforma-
tions even before substrate binding, an open conformation in
protomer A and a partially closed conformation in protomer B
(Fig. 1¢). In protomer B, the gating loop residues shifted by ~2-
2.5 A compared to their positions in protomer A. The gating
loop has crystal contacts in protomer A that may restrict its
conformational flexibility and dynamics, but it should be able to
move freely in protomer B where the closest symmetry-related
molecule is over 13 A away (Fig. S1At). This observation may
explain the differential binding of ligands to protomers A and B
in TthSHMT structures and apparent lack of reactivity (or
inertness) of protomer A active site towards natural substrates
like 1-Ser or Gly, as demonstrated previously'* and discussed
below.

2.2 Joint XN structure of TthSHMT/FA complex

2.2.1 Structural rearrangements upon folinic acid binding.
When (6S)-5-formyltetrahydrofolate (folinic acid, FA) was
soaked into a TthSHMT crystal to afford the TthSHMT/FA
complex, the substrate analogue was observed bound only to
the active site in protomer B. The 2.3 A neutron diffraction data
were collected on a single TthSHMT/FA crystal at room
temperature and the neutron structure was refined jointly using
2.0 A room-temperature X-ray diffraction data collected on the
same crystal, providing accurate positions of all atoms in the
structure. The internal aldimine state of PLP covalently
attached to Lys226 is preserved in the active sites of both pro-
tomers. A sulfate ion remained in the cationic binding site in
protomer A, as in our previous neutron structures of TthSHMT
holoenzyme and the pre-Michaelis complex with L-Ser (PDB IDs:
8SUJ, 8SUI),"* which provided an accurate depiction of the
electrostatic environment of the enzyme's resting state.
Conversely, in protomer B the sulfate ion is replaced with an
acetate molecule, mimicking an amino acid substrate binding,
and an FA molecule is observed in the peripheral binding site
(Fig. 1d). Therefore, protomer B in the current TthSHMT/FA
structure represents a ternary enzyme complex, having an
amino acid substrate mimic and a THF analogue occupying the
enzyme active site.
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The fundamental chemical structure framework of vitamin
B, and its derivatives, such as FA, can be broken into three
components: pterin ring, 4-aminobenzoyl group, and a gluta-
mate (mono or poly) tail. The pterin group is placed tightly at
the bottom of the peripheral binding site near the acetate
molecule, effectively blocking off the entrance to PLP in the
TthSHMT/FA complex. The 4-aminobenzoyl group extends
through a hydrophobic channel and the glutamate tail reaches
the bulk solvent at the enzyme surface within the peripheral
substrate binding site (Fig. 1d). Analysis of the peripheral
binding site in protomer B of TtASHMT/FA complex reveals that
the gating loop assumed the fully closed conformation, moving
beyond the intermediate closed conformation of protomer B in
the holoenzyme structure. In the T¢thSHMT/FA complex, the
gating loop moves as much as 4 A toward FA relative to the open
conformation seen in protomer A (Fig. 1e and S1B¥), leading to
a cascade of additional structural rearrangements that are more
pronounced than those detected between the two protomers in
the holoenzyme structure.™ Specifically, the loop containing
residues 318-324 moves ~3 A in the same direction as the
gating loop. In concert with this structural shift, the nearby
antiparallel B-sheet consisting of two B-strands (residues 313-
317 and 356-360) and an adjacent o-helix (residues 325-335) tilt
by ~7° (Fig. S1C and S1Df). The tight fit of FA in this site
suggests that the gating loop may have initially opened to allow
for the substrate analogue to enter, and then closed back to
keep the ligand bound. Such a mechanism of FA binding to
TthSHMT is supported by the absence of the ligand in protomer
A, where the gating loop remains in the open conformation as
in the holoenzyme structure and cannot close presumably due
to crystal contacts. The gating loop movement upon FA binding
closes the active site entrance as illustrated using the protein
surface representation in Fig. S1E and S1F.}

2.2.2 Protonation states in the TthSHMT/FA complex. FA
binding does not perturb either the internal aldimine state of
PLP covalently linked to e-amino group of Lys226 in the active
site or the majority of the amino acid protonation states. In the
active site of protomer A, all the amino acid residue protonation
states are identical to those observed in our previous neutron
structure of the TthSHMT holoenzyme." Hence, the following
structural analysis is based on the active site of protomer B
where FA is bound. The N1 pyridine nitrogen of PLP is observed
to be protonated, positively charged, and is H bonded to Asp197
with a D-+-O distance of 1.9 A (N---O distance is 2.7 A) (Fig. 2a
and S21). Position of Asp197 is stabilized through a network of
H bonds with the side chains of Asn98, uncharged singly
protonated His125, and the backbone amide ND of Ala199. The
Schiff base nitrogen Ngg of PLP is found to be not protonated,
thus neutral, with the C=N double bond rotated 37° above the
plane of the PLP on the si face and away from the cationic
substrate binding site occupied by the acetate molecule. In our
two previous neutron structures of TthSHMT, this dihedral
angle was measured between 29° and 38°, and such out-of-plane
geometry was also observed for the neutral Schiff base of the
PLP internal aldimine in the neutron structure of AAT (PDB ID:
5V]JZ).*” The phenolic oxygen O3’ in TthSHMT/FA is deproto-
nated and negatively charged. The O3’ charge is stabilized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Binding and interactions of PLP and FA in the active site of TthSHMT protomer B. (a) Protonation states of the PLP internal aldimine and
surrounding residues. (b) Binding of acetate molecule and the H binding network connecting PLP O3’ to His312 main chain. (c) A different view of
the acetate molecule and the coordination of conserved water W1. (d) H bonding network around the FA's pterin moiety showing protonation of
Glu53* (protomer A). (e) Stacking of PLP's pyridine, His122 and the FA's pterin. (f) Hydrophobic pocket binding the 4-aminobenzoyl group of FA.
(g) Binding, hydration and interactions of the FA monoglutamate tail near the gating loop (yellow). The 2Fo—Fc neutron scattering length density
map for TthSHMT/FA active site residues and bound ligands is depicted in wheat mesh and is contoured at 1o level. The omit Fo—Fc difference
neutron scattering length density map is shown in magenta mesh contoured at 2¢ level.
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through the electronic resonance with the combined m-conju-
gated system of the pyridine ring and Schiff base. As determined
in our previous neutron structures of TthSHMT, O3’ participates
in an unconventional C-H---O bond with the C32 atom of
neutral His200 having the H---O and C---O distances of 2.1 and
2.9 A, respectively (Fig. 2a). Consequently, His200 is oriented
such that it uses its non-protonated Nd1 to make an H bond
with the protonated Ne2 of His312 (D---N distance of 2.0 A,
N---N distance of 3.0 A), whereas the protonated Ne2 of His200
contacts the carboxylate group of the acetate molecule. His312,
also observed as neutral, is further anchored to its own back-
bone amide ND by an H bond with a D---N distance of 2.2 A and
N---N distance of 2.9 A (Fig. 2b). In addition, the PLP's pyridine
ring is sandwiched between the neutral His122 and the methyl
side chain of Ala199 making hydrophobic -7 stacking and C-
H---7v interactions, respectively, which together with the H
bonds secure its orientation. His225 located near the phosphate
group of the PLP is also observed as singly protonated. We thus
note that the protonation states of the active site PLP in the
internal aldimine form and His residues remain unchanged
upon FA binding in the TthASHMT/FA complex. Moreover,
identical protonation states of the PLP internal aldimine were
also observed by neutron crystallography in aspartate amino-
transferase (AAT), another enzyme in the fold-type I PLP-
dependent family.*”

2.2.3 Analysis of acetate and FA binding interactions in
TthSHMT. The amino acid substrate mimic acetate molecule is
trapped in the cationic substrate binding site (Fig. 2c). Its
negatively charged carboxylate position is fixed by a salt bridge
with the positively charged guanidinium side chain of Arg358
and by a network of H bonds with Ser31, Ser172, His200 and
Tyr61* (the asterisk denotes the residues from the other pro-
tomer, protomer A). The acetate molecule is positioned near FA
and just ~4 A away from N5 of the THF analogue. Similar to the
presence of a sulfate ion at this site in other TtASHMT neutron
structures,' the observation of the acetate molecule in the
current neutron structure of TthSHMT/FA complex may be an
artifact of the crystallization conditions that use NaOAc buffer
at pH of 5.5, but notably, it is only captured when the crystal is
soaked with FA.

Unlike the THF substrate, FA is substituted at the N5 posi-
tion with a formyl group and N5 adopts the trigonal planar
geometry. The aldehyde carbonyl is rotated towards Glu53*
carboxyl, and 2.7 A and 3.0 A distances separate the oxygen
atoms. The difference Fo-F¢ neutron scattering length density
map revealed a D atom on Os2 of Glu53* which is 2.2 A away
from the FA's carbonyl oxygen (Fig. 2d and S2t). Consequently,
Glu53* is protonated, thus neutral, donating its D atom in an H
bond with FA, which nonetheless cannot be regarded as
a strong H bond because the carboxylic O-D bond is rotated out
of the carboxyl moiety plane by 41°. Glu53* also accepts a D
atom from a tightly bound water W1 (Fig. 2e), whose position is
stabilized further by H bonds with His122 and the PLP phos-
phate. Notably, the FA's pterin, His122 imidazole and PLP
pyridine groups are stacked against each other. It is of note that
Glu53* is found to be deprotonated and negatively charged in
the holoenzyme neutron structure.'* In addition, Glu53* is the
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only active site amino acid residue observed to undergo
a protonation state change upon FA binding.

The pterin moiety of FA, like THF and folic acid, can assume
two tautomeric forms, in which either N1 or N3 (Fig. 1a) is
protonated shifting the endocyclic double bond from C2=N3 to
C2=N1, respectively.”* As a result, N1 and N3 can switch their
roles between an H bond donor and H bond acceptor, although
DFT quantum chemical studies of over 30 pteridines showed
that N3-lactam tautomer is the most stable.>® In the TthSHMT/
FA complex, the neutron scattering length density maps
unequivocally indicate that N1 is not protonated and N3 is
protonated (Fig. 2d). This tautomer is apparently locked in by
several H bonding interactions with TthSHMT residues.
Specifically, N1 accepts a D atom and N8 donates its D in an H
bond bridge that connects the pterin moiety to the Asn342 side
chain that is properly oriented to support these two H bonds.
N3-D is H bonded with the backbone carbonyl oxygen of Gly121,
whereas the exocyclic carbonyl adjacent to N3 accepts a D atom
from the main chain amide of Leu123 to form a second H bond
bridge. The N2’ amine found to have the trigonal planar
configuration with its plane rotated by 30° relative to the
pterin's plane forms H bonding interactions with the main
chain carbonyl of Leu117 and a structural water molecule (W2,
Fig. 2d). Remarkably, the rest of the FA structure makes no
additional H bonds with the enzyme. The closest interaction is
that of the amide ND of the FA glutamate tail with the phenolic
oxygen of Tyr60* having the D---O distance of 2.6 A (N---O
distance of 3.5 A). The 4-aminobenzoyl fragment thus uses
predominantly hydrophobic interactions to anchor its position
within the peripheral binding site and is situated in a hydro-
phobic cage made up by the side chains of Tyr60*, Phe252%,
Pro253*, Leu117, Leu123, and Pro351 (Fig. 2f and g). Staggered
-7 stacking with Tyr60* and C-H:---m interactions with the
side chain of Leu123 stabilize the 4-aminobenzoyl position. The
closest C---C contacts with Tyr60* are 3.5 A and those with
Leu123 are 3.8 A. The structural arrangement of the hydro-
phobic cage clusters Leu117, Leu123, Phe252* and Pro253* into
a hydrophobic patch (Fig. 2f). As a result of being located at the
dimer interface, the hydrophobic patch adopts a more rigid
geometry, and the positions of these residues are almost
invariant relative to the holoenzyme. Conversely, Tyr60*
phenolic side chain rotates 21° to avoid clashing with FA and
Pro351 from the gating loop. The main chain carboxylate of the
FA glutamate moiety is hydrated by four surface water mole-
cules that shield its negative charge. The side chain carboxylate,
on the other hand, is stabilized through interactions with
Pro350, Pro351 and the positively charged Arg352 located at the
tip of the gating loop through the unconventional C-H---O H
bonds (Fig. 2g).

2.3 X-ray structures of TthSHMT-Gly/FA and TthSHMT-r-Ser/
FA complexes

The TthSHMT-Gly/FA and TthSHMT-L-Ser/FA ternary complexes
were obtained by soaking the holoenzyme crystals with FA and
either of the substrates, Gly or r-Ser. Room-temperature X-ray
data were collected on the stable TthSHMT-Gly/FA complex

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and the structure was obtained at 2.0 A resolution. However, the
TthSHMT-1-Ser/FA complex had to be cryogenically trapped to
discourage the THF-independent retro-aldol cleavage of ir-Ser,
requiring the X-ray diffraction data to be collected at 100 K. The
TthSHMT-1-Ser/FA structure was thus obtained at 1.8 A resolu-
tion. As anticipated, FA was observed only in protomers B in
these two structures bound identically as in the T¢thASHMT/FA
complex. Also, in both complexes, the corresponding amino
acid substrate displaces Lys226 from the internal aldimine form
with PLP through a transaldimination reaction to yield
a substrate-bound PLP-Gly or PLP-L-Ser external aldimine states,
again detected only in protomers B (Fig. 3a and b). Surprisingly,
however, protomer A of TthSHMT-Gly/FA complex lost its PLP
cofactor and is observed in the apo-state (Fig. 3a). Conversely,
the PLP internal aldimine form remained intact in protomer A
of TthSHMT-L-Ser/FA complex, and an r-Ser molecule is found at
the cationic amino acid substrate binding site (Fig. 3b). We first
describe the structural organization of the active sites in pro-
tomers B in these two complexes and then proceed to consider
the geometries of the active sites in protomers A.

2.3.1 Active sites in protomers B. Examination of the elec-
tron density in the TthSHMT-Gly/FA and TthSHMT-L-Ser/FA
active sites clearly shows that PLP was released from the cova-
lent linkage with Lys226 after the reaction with a substrate
amino acid to result in the corresponding external aldimine
forms (Fig. 3c and d). The pyridine rings tilt by 11° and 15° in
TthSHMT-Gly/FA and TthSHMT-1-Ser/FA, respectively, towards
His122 compared to TthSHMT/FA structure to accommodate
the Gly or r-Ser amino acid connected to PLP in the cationic
binding site (Fig. 3e and f). Such PLP movement has no effect on
the H bonds between PLP-N1 with Asp197 or the binding
interactions of the PLP phosphate group but ensures that each
amino acid carboxylate is precisely positioned to form a salt
bridge with Arg358 in both TthSHMT-Gly/FA and TthSHMT-L-
Ser/FA. The carboxylate groups of PLP-Gly or PLP-L-Ser occupy
the same position found for the acetate molecule in TthSHMT/
FA and make additional H bonds with Ser31, Tyr61 and His200.
The B-hydroxyl of PLP-L-Ser occupies the position of the
conserved water, W1, found in both TthSHMT/FA and
TthSHMT-Gly/FA (Fig. 3d and f), interacting via H bonds with
His122 and Glu53*. O3’ moves closer to the Ser172 side chain
hydroxyl, forming identical 2.8 A H bonds in TthSHMT-Gly/FA
and TthSHMT-1-Ser/FA. Such contact is absent in TthSHMT/FA
with the distance between O3’ and Ser172 hydroxyl of over 3.3
A. In addition, the Schiff base rotates below the plane of the PLP
pyridine ring by —35° for the PLP-Gly and —15° for the PLP-L-Ser
external aldimines (Fig. 3e and f). This Schiff base rotation
positions the covalently bound amino acid substrates on the re
face of the PLP. The freed e-amino group of Lys226 rotates by
over 30° to position itself 3.2-3.4 A above C4' of the Schiff base,
its position stabilized by 3.1 A H bonds with Thr223 and Tyr51*
evidently to facilitate the reverse reaction that would regenerate
the internal aldimine and release the amino acid substrates.

In both TthSHMT-Gly/FA and TthSHMT-1-Ser/FA, as also
observed in TthSHMT/FA, FA binding effectively blocks the
entrance to the active site restricting bulk solvent from reaching
PLP-Gly or PLP-i-Ser. The FA binding pose is identical in all
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three structures, with very similar interactions (Fig. S31). FA's
N5 atom keeps the trigonal planar configuration and the alde-
hyde group faces the Glu53* carboxylic group with the O---O
distances of 2.7 and 2.4 A in TthSHMT-Gly/FA and TthSHMT-1-
Ser/FA, respectively, indicating formation of H bonds. Impor-
tantly, Glu53* makes an additional H bond of 2.5 A using the
other carboxylate oxygen with either a structural water mole-
cule, W1, in TthSHMT-Gly/FA or with the PLP-L-Ser B-hydroxyl
group in TthSHMT-1-Ser/FA. It appears this water templates the
position of the B-hydroxyl group in the PLP-L-Ser external aldi-
mine as it is displaced by the r-Ser side chain oxygen atom.
Based on our observations in the TthASHMT/FA XN structure, we
suggest that Glu53* is also protonated in T¢thASHMT-Gly/FA and
TthSHMT-1-Ser/FA and donates its H atom in H bonds with the
FA's aldehyde.

2.3.2 Active sites in protomers A. The active site of proto-
mer A in TthSHMT-Gly/FA is in the apo-form, completely lacking
PLP, making it one of the few apo-structures of SHMT.***¢
Instead, two sulfate ions (SO,>~) occupy the active site cavity,
with one anion placed at the cationic binding site and the other
binding in the PLP phosphate binding pocket (Fig. 3a and
S4At). The position of the former sulfate ion is stabilized by H
bonding with Lys226, His200 and Arg358, whereas the latter
anion has H bonds with Gly94*, Ser95* of protomer A, and
Tyr51 and Gly258 of protomer B. The lack of PLP leads to the
increased dynamics, and consequently poorer electron density,
of the loop spanning residues 116-123 that includes His122
which is normally involved in the stabilizing m---7 stacking
interactions with the PLP pyridine ring. Unlike in Helicobacter
pylori SHMT, where the corresponding loop was observed in the
open conformation,® the 116-123 loop in T¢tASHMT remains in
the closed conformation, perhaps due to its proximity to the
gating loop that is unable to move in protomer A due to crystal
packing.

The active site of protomer A in TthSHMT-L-Ser/FA complex
maintains the PLP cofactor in the internal aldimine form.
Unexpectedly, however, we found an r-Ser molecule bound in
the cationic substrate binding site surrounded by His200%,
Arg358%*, Glu53 and Tyr61 residues (Fig. 3b and S4Bf). 1-Ser
clearly did not react with the PLP to form the external aldimine
as it did in protomer B and adopts a unique binding orientation
not seen in our previous complex with p-Ser." Instead of being
anchored tightly by a salt bridge to Arg358 with its carboxylate
as p-Ser was, r-Ser is rotated such that the carboxylate makes
a 2.7 A H bond with His200, yet keeping one H bond with Arg358
having the distance of 2.9 A (Fig. S4C%). The r-Ser amino group
is also not oriented towards the internal aldimine but rather
faces Glu53* and Tyr61* making 2.8 and 2.9 A H bonds,
respectively, with their side chains and a 2.6 A H bond with an
active site water molecule. As a result, the sidechain p-hydroxyl
group of L-Ser is not interacting with Glu53*; it is shifted to form
a 2.6 A H bond with Ser31*. Consequently, r-Ser has been
trapped in an intermediate orientation in the cationic binding
site of protomer A in TthSHMT-L-Ser/FA and has to reorient by
flipping its a-amino group towards the PLP C4’ for the trans-
aldimination reaction to ensue.
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Fig.3 TthSHMT-Gly/FA and TthSHMT-L-Ser/FA complexes. (a) Overview of the TthSHMT-Gly/FA ternary complex. Protomer B (purple) contains
the PLP-Gly external aldimine and FA. Protomer A (light purple) lost the PLP cofactor and is thus seen in the apo-form with two sulfate ions
occupying the cationic binding site and the previous position of the PLP phosphate group. (b) Overview of the TthSHMT-L-Ser/FA ternary
complex. Protomer B (green) contains the PLP-L-Ser external aldimine and FA. Protomer A (light green) retains PLP in the internal aldimine form
and an unreacted L-Ser molecule is found in the cationic binding site. (c) The architecture of the active site in TthSHMT-Gly/FA. The 2Fo—-Fc
electron density map is shown as gray mesh contoured at 1o level. (d) The architecture of the active site in TthSHMT-L-Ser/FA. The 2Fo—Fc
electron density map is shown as gray mesh contoured at 20 level. In both (c) and (d) H bonds are shown as black dashed lines, and the
unconventional C—H---O interactions are represented by the orange dashed lines. (e) Superposition of TthSHMT-Gly/FA (purple carbons) onto
the TthSHMT/FA structure (dark gray carbons) showing that conformational differences in the active sites are localized to the PLP region. (f)
Superposition of TthSHMT-L-Ser/FA (green-cyan carbons) onto the TthSHMT/FA structure (dark gray carbons).
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2.3.3 Gating loop conformations. When protomers B of
TthSHMT-Gly/FA and TthSHMT-L-Ser/FA complexes are super-
imposed onto protomer B of TthSHMT/FA, the gating loops
align with the RMSDs of 0.1 and 0.2 A, respectively, indicating
their conformations are identical in the three structures.
Therefore, FA binding, not amino acids binding to generate
external aldimines, is the driving force for the gating loop
closure in these complexes. Similarly, protomers A of TthSHMT-
L-Ser/FA complex and T¢thSHMT holoenzyme have virtually
identical conformations, with the gating loops superimposing
with the RMSD of 0.3 A. Conversely, the dissociation of PLP
forming the apo-state in protomer A of TthSHMT-Gly/FA alters
its gating loop conformation. Superposition of protomers A
from TthSHMT-Gly/FA and TthASHMT holoenzyme structures
shows the gating loop opens further when the active site lacks
PLP. The tip of the gating loop, containing residues 350-352,
shifts by ~0.5-0.6 A, whereas the most dramatic movement
occurs in Phe346 that moves by >3 A away from the active site
(Fig. S4Dt). Such a significant conformational change of the
gating loop in apo-protomer A of TthSHMT-Gly/FA relative to its
geometry in protomer A of the holoenzyme may be caused by
the increased dynamics of the active site loop spanning residues
116-123.

2.4 X-ray structure of hSHMT2-Gly/FA complex

In our studies we utilize TthSHMT as a model enzyme to glean
the structure-function information about hSHMT2 while
attempts are under way to obtain neutron-quality crystals of the
human enzyme. For this study, we were able to co-crystallize
hSHMT2 with Gly and FA to result in a stable ternary complex
hSHMT2-Gly/FA, which is identical to that obtained for
TthSHMT but has not been previously reported. A 2.1 A reso-
lution X-ray diffraction dataset was collected on a hSHMT2-Gly/
FA crystal at room-temperature. hSHMT2-Gly/FA crystallizes in
a novel orthorhombic unit cell with space group P222,;. The
asymmetric unit contains two copies of hSHMT2 dimers
(Fig. 4a). The expected tetrameric biological assembly of
hSHMT2 is generated through -crystallographic symmetry
operations. Protein chains A and C make up one of the dimers,
whereas chains B and D form the other dimer. The dimers are
essentially equivalent, having the RMSD of 0.1 A. All four chains
contain both the PLP-Gly external aldimine and bound FA. In
chains A and B, the B-hairpin flap motif (residues 293-311) is
resolved but remains disordered in chains C and D. The flap
motif is conserved in mammalian SHMTs but is not found in
bacterial homologs. For example, in TthASHMT the flap motif is
reduced to a four-residue loop (residues 238-241). Studies with
the cytosolic hSHMT1 (ref. 57) suggest the flap motif is impor-
tant in stabilizing the tetrameric assembly, PLP binding, and
binding affinity of THF and presumably raises the pK, of the
catalytic Glu residue (Glu75 in hSHMT1 and Glu98 in hSHMT?2).

As observed in the T¢hSHMT structures, FA binding induces
a series of structural rearrangements in hSHMT2 compared to
the holoenzyme (PDB ID 8SSJ)."* The gating loop (residues 410-
423), adjacent to the FA binding cleft at the entrance to the
active site, moves by 4-5 A to assume a closed conformation
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upon FA binding (Fig. 4b). The gating loop movement results in
the adjacent loop (residues 386-392) to shift ~3-3.5 A in
unison. In concert, a short B-strand (residues 408-410)
preceding the gating loop shifts by 1.5-1.7 A, whereas the two B-
strands making a nearby antiparallel B-sheet (residues 381-385
and 423-427) and an o-helix (residues 393-403) flanking the
gating loop tilt by ~10° and ~9°, respectively. The movement of
the 393-403 a-helix triggers another o-helix (residues 465-474)
to move by ~2 A. On the opposite side of the FA's glutamate tail,
a loop containing residues 175-184 tilts toward FA by 1.5-2 A.
Interestingly, in TthSHMT this loop (residues 126-130) is trun-
cated by five residues and undergoes significantly less
pronounced shift of 0.7-0.8 A. The cascade of motions of the
secondary structure elements in the hSHMT2 peripheral
binding site prompted by the FA binding fully closes the active
site in a similar fashion as was also observed for TthSHMT. The
active site closure is identical in all four chains of hSHTM2-Gly/
FA complex as the chains A-D superimpose on each other with
the RMSDs of 0.14 + 0.02 A (Fig. S51).

Because the crystals of hSHMT2-Gly/FA complex were ob-
tained by co-crystallization, unlike the TthSHMT-Gly/FA
complex which formed through soaking, all four protein
chains in hSHMT2-Gly/FA reacted with Gly affording the PLP-
Gly external aldimine, displacing and freeing the catalytic
Lys280 from its covalent linkage with PLP (Fig. 4c). The e-amino
group of the released Lys280 adopts a position on the si face of
PLP 3.4-3.6 A above the Schiff base C4'. As in TthSHMT-Gly/FA,
the conformational flexibility of the Lys280 side chain is
reduced and its position is stabilized by H bonds with Thr277
and Tyr96* ensuring the Lys280's e-amino group is readily
available for the reverse reaction. The pyridine ring of the PLP-
Gly external aldimine is tilted towards His171 by 16 £ 2° in
hSHMT2-Gly/FA compared to its position in the hSHMT2
internal aldimine (PDB ID: 8SS]) in all protein chains (Fig. 4d).
The tilt of the pyridine ring brings PLP-O3’ closer to Ser226 to
form an H bond. Rotation of the Schiff base relative to the
pyridine ring plane decreases dramatically in the hSHMT?2 PLP-
Gly external aldimine compared to that in the internal aldimine
(PDB ID: 8SSJ) and the Schiff base becomes nearly co-planar
with the PLP pyridine ring. However, there are slight differ-
ences between the four protein chains in hSHMT2-Gly/FA. In
chains A and D, the Schiff bases are on the re face of the PLP,
with the dihedral angles of —13 and —14°, respectively, as was
also detected in TthSHMT-Gly/FA. Conversely, in chains B and
C, the Schiff bases do not rotate as much, remaining on the si
face of the PLP with the dihedral angles of 9 and 2°, respectively.
The binding interactions of PLP, including the H bond between
PLP-N1 and Asp251, the C-H:--O bond between His254 and
PLP-O3’, m-interactions with Ala253 and His171, and H bonds
within the phosphate binding pocket, are retained by the PLP-
Gly external aldimine compared to the internal aldimine and
exhibit similar bond distances in all the active sites. A salt
bridge with Arg425 anchors the PLP-Gly carboxylate in a rigid
geometry in the cationic substrate binding site along with H
bonds with the side chains of His254, Ser76, and Tyr106*
(Fig. 4c¢).
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Fig. 4 hSHMT2-Gly/FA complex and the structural details of the active site. (a) Assembly of the biological tetramer in hSHMT2-Gly/FA ternary
complex. Two hSHMT2 dimers (protomers A/C: red/pink and protomers B/D: blue/light blue) occupy the asymmetric unit whereas the tetramers
are generated through the crystallographic two-fold axes. The B-hairpin flap motifs (green, residues 293-311) are resolved in protomers A and B
from separate dimers but are disordered in protomers C and D. (b) Superposition of the hSHMT2-Gly/FA complex (pink, protomer A) onto
holoenzyme hSHMT2 structure (light grey, protomer A, PDB ID: 85SJ) showing several structural rearrangements associated with the FA binding.
(c) The architecture of the active site in h\SHMT2-Gly/FA. The 2Fo—Fc electron density map is shown as gray mesh contoured at 1g level. H bonds
are shown as black dashed lines, and the unconventional C—H---O interaction is represented by the orange dashed line. (d) Superposition of
hSHMT2-Gly/FA (pink carbons) onto the hSHMT2 holoenzyme structure (gray carbons) showing conformational differences in the active sites
caused by the PLP-Gly external aldimine formation. Chloride ion present in hSHMT2 holoenzyme and located in the cationic binding site is
represented by the green sphere.
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The pterin moiety of the bound FA in hSHMT2-Gly/FA blocks
the entrance to the substrate binding pocket and sequesters the
active site from bulk solvent, leaving only one water molecule
(W1) near the catalytic site exactly as it did in T¢thSHMT (Fig. 4c
and S6AY). The oxygen atoms in the N5 aldehyde group and the
4" carbonyl displace two water molecules occupying those
positions in the open, internal aldimine form of hSHMT2. The
formyl group on FA-N5 rotates towards Co of PLP-Gly, posi-
tioning the N5 aldehyde O atom 3.1-3.3 A from the external
aldimine Co, and forming 2.8-3 A H bonds with the carboxylate
of the catalytic Glu98*. Glu98* participates in an H bonding
network through its interaction with W1 which also connects
His171, FA's aldehyde and the PLP-Gly phosphate (Fig. S6B¥).
W1 appears to be conserved between TthSHMT-Gly/FA and
hSHMT2-Gly/FA structures, templating the location of the -
hydroxyl of PLP-1-Ser external aldimine as was demonstrated in
the TthSHMT-1-Ser/FA structure.

The pterin ring orientation is determined by H bonds with
the active site residues that are conserved between hSHMT2 and
TthSHMT. Hence, these H bonds are conserved between
TthSHMT-Gly/FA and hSHMT2-Gly/FA complexes. Briefly, in
hSHMT2-Gly/FA, FA-N1 and -N8 have H bonds with Asn410, and
FA-N2' amine makes H bonds with Leu166 and a water molecule
(W2). The backbone carbonyl of Gly170 interacts with the N3
cyclic secondary amine. The exocyclic carbonyl accepts an H
bond from the backbone amide of Leu172 (Fig. S6At). The FA 4-
aminobenzoyl group docks in a peripheral binding site made up
of hydrophobic residues from both protomers. The side chains
Tyr105*, Phe320%*, Pro321*, Leul66, Leu172, and Ala418 make
up the hydrophobic cage surrounding the 4-aminobenzoyl
group (Fig. S6CT). The glutamate tail extends towards the
surface of hSHMT?2, reaching the bulk solvent. The structure of
the glutamate tail is flexible and interacts with hSHMT2
through the gating loop, consisting of H bonds with Ser417,
Ala418 and Ile419 (Fig. S6Df). Taken together, the modes of
PLP-Gly and FA binding to the active sites of TthSHMT and
hSHMT2 are very similar because the active site residues are
conserved in these two proteins.

3 Discussion

The two major chemical transformations catalyzed by the
SHMT enzyme are the THF-independent cleavage of -hydroxy
amino acids, such as r-Ser, to generate corresponding free
aldehydes®**® and THF-dependent synthesis of 5,10-MTHF.>*"%°
Within the SHMT active site these reactions proceed through
the general acid-base catalysis governed by finely tuned proton
transfer events between a substrate, PLP, THF and active site
amino acid side chains. To determine the mechanism(s) by
which SHMT catalyzes transformations of t-Ser into Gly and t-
Ser/THF into Gly/5,10-MTHF positions and movement of H
atoms along the reaction pathways have to be directly identified
with high accuracy and confidence. In this study we have built
upon our previous work using neutrons to pinpoint H atoms in
the active site of TthSHMT with PLP in the internal aldimine
form and bound to a THF mimic, FA. We also captured
TthSHMT in ternary complexes containing PLP-Gly or PLP-L-Ser
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external aldimine forms and FA, and hSHMT?2 in complex with
PLP-Gly and FA. Moreover, the crystal packing effects permitted
observation of the TthSHMT apo-form with no PLP present in
the active site and a Michaelis complex mimic with t-Ser bound
in the cationic binding site.

Detailed structural analyses and comparisons lead us to
suggest an essential role of the gating loop (residues 342-356 in
TthSHMT and residues 410-423 in hSHMT2) in the SHMT
enzyme function controlling the open-to-closed conformational
change during THF binding and restricting bulk solvent access
to the active site interior. A functional role of the open-to-closed
conformational change for the SHMT active site was proposed
in a seminal paper by Schirch et al.®* (1991), although due to the
lack of an available crystal structure specific residues could not
be pinpointed. Later, Trivedi et al.'* (2002) suggested based on
the crystal structures of binary and ternary complexes of Bacillus
stearothermophilus SHMT that amino acid substrate alone did
not induce sizable conformational changes of the active site
whereas binding of Gly and FA showed appreciable movement
of the loop region spanning residues 342-352. Comparison of
the gating loop conformational flexibility in protomers A and B
in our structures suggests that the gating loop has two func-
tional roles in SHMT: (1) its ability to close the active site is
required for the substrate THF to bind, as FA binding was not
detected in protomers A of any TthSHMT structures, but was
observed in protomers B and all four hSHMT2 protomers; and
(2) its conformational flexibility is instrumental in the active site
reactivity towards the amino acid substrates as the internal
aldimine PLP was unreactive towards r-Ser in protomers A but
proceeded to PLP-L-Ser external aldimine in protomers B and to
PLP-Gly in all four hSHMT?2 protomers.

Several mechanisms for THF-independent and THF-
dependent SHMT catalysis have been proposed. The domi-
nant view for the THF-independent conversion of r-Ser, and
other B-hydroxy amino acids, into the corresponding aldehydes
is the retro-aldol mechanism, in which a general base located
near the PLP-L-Ser external aldimine abstracts the proton of the
B-hydroxyl group resulting in Ca—Cp bond cleavage.®*>*® Using
neutron crystallography, we have previously accurately mapped
the H atom positions within T¢ASHMT active site in the internal
aldimine form.™ Glu53 was found to be deprotonated and all
His residues were observed as neutral. Glu53 (Glu98 in
hSHMT?2) was proposed as the best candidate for the general
base because none of the other residues could undergo
protonation/deprotonation processes. Hence, we confirmed the
retro-aldol mechanism as the most probable route for the THF-
independent reaction. Conversely, there is no accepted mech-
anism for the THF-dependent SHMT catalysis.'**%%7:45,60:6263 T
one hypothesis, the first step is identical to the THF-
independent reaction, with a formaldehyde molecule formed
transiently before it is attacked by N5 of THF to give a THF N5-
carbinolamine (N5-CH,-OH) intermediate. A different mecha-
nism proposes a direct nucleophilic attack by the THF N5 amine
on CPB of PLP-L-Ser external aldimine producing the same car-
binolamine intermediate. This attack by THF N5 could also
proceed with the simultaneous dehydration of the CB hydroxyl
to generate a covalent intermediate having a direct bond
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mechanisms for SHMT. (a) The strategic positioning of Glu53 in close

proximity to the B-hydroxyl group of the PLP-L-Ser external aldimine, as well as FA N5 and N10 in the TthSHMT active site suggests Glu53 carries
out protonation/deprotonation as a universal general acid-base catalyst in the SHMT THF-independent and THF-dependent catalyses. (b) The

proposed retro-aldol mechanism for the THF-independent reaction

catalyzed by the SHMT active site glutamate. (c) The proposed direct

displacement mechanism for THF-dependent reaction catalyzed by the SHMT active site glutamate. In both (b) and (c) the catalytic Lys carries
out transformation of the PLP quinonoid intermediate into the PLP-Gly external aldimine.

between THF N5 and PLP CB, as is suggested by yet another
mechanism. Remarkably, up to six chemical groups were sug-
gested to participate in the THF-dependent reaction as general
acid-base catalysts in these mechanisms.

In this study, unlike in our previous neutron structure of
TthSHMT,"* we observed protonation of Glu53 in the TthSHMT/
FA complex on the carboxylic oxygen that would face the THF
N5 in the native ternary complex containing THF and PLP-L-Ser.
Strategically positioned within the active site in the near prox-
imity to the B-hydroxyl of PLP-L-Ser, and N5 and N10 of THF,
capable of undergoing protonation/deprotonation events and
conserved in all SHMT enzymes, Glu53 could be considered the
universal general acid-base catalyst facilitating both THF-

12838 | Chem. Sci, 2024, 15, 12827-12844

independent and THF-dependent transformations by SHMT
enzyme (Fig. 5). It is important to note that previous mutagen-
esis studies revealed that Glu-to-Gln substitution of Glu53, or
the equivalent Glu residue in SHMT enzymes from other
species, nearly abolishes the THF-dependent catalysis, pointing
to the critical functional role of this residue.*>**** Building on
our experimental observations, we now propose the following
steps in the THF-dependent mechanism for SHMT catalysis. (1)
In the ternary complex containing the PLP-L-Ser external aldi-
mine and bound THF, the negatively charged (deprotonated)
Glu53 can either abstract a proton from the B-hydroxyl of PLP-L-
Ser or the THF N5. The latter would be the only viable proton
transfer, whereas the former would be a futile route because the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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protonated trigonal planar THF N5 is too weak of a nucleophile
to react with formaldehyde. (2) Deprotonated, negatively
charged, THF N5 is a strong nucleophile that can directly attack
CB to result in THF N5-carbinolamine intermediate. Note that at
this stage Glu53 is protonated. (3) In the subsequent step, Glu53
donates its proton to the hydroxyl group of the THF N5-
carbinolamine, returning to the deprotonated state, leading to
the release of a water molecule and production of the THF N5-
methyleneimine intermediate. Importantly, N5 in the THF N5-
methyleneimine intermediate is positively charged but also
the methylene carbon is activated through resonance. (4) In the
last step of the transformation, Glu53 deprotonates THF N10
increasing its nucleophilicity to facilitate the N10 attack on the
N5 methylene carbon that results in the production of the final
product 5,10-MTHF.

4 Conclusion

Using neutron crystallography, we have located the positions of
H atoms and thereby determined the protonation states in the
active site and FA binding pocket in the TthASHMT/FA complex,
where PLP is in the internal aldimine form and an acetate
molecule occupies the cationic binding site. The organization of
this complex resembles the carbinolamine form of the native
THF coenzyme. In agreement with our previous neutron struc-
ture of TthSHMT holoenzyme, the Schiff base nitrogen is
neutral and all the active site His residues were found in
a neutral state. Whereas in our previous neutron structure,
Glu53 was determined to be deprotonated and negatively
charged, in the neutron structure of TthSHMT/FA Glu53 is
protonated and the carboxylic oxygen participates in an H bond
with the FA carbonyl oxygen. The X-ray structures of the
TthSHMT-Gly/FA, TthSHMT-i-Ser/FA, and hSHMT2-Gly/FA
ternary complexes revealed the architecture of the active site
with both the amino acid external aldimine and FA bound.
Similarities with the TthSHMT/FA neutron structure suggest
Glu53 is also protonated in the ternary complexes. Based on the
active site protonation state observations and our structural
analyses, we propose key roles of the gating loop conforma-
tional flexibility and Glu53 protonation changes in the function
of SHMT. Consequently, Glu53 is suggested to perform the
general acid-base catalysis in both THF-independent and THF-
dependent activities of SHMT.

5 Methods

5.1 TthSHMT expression and purification

A detailed description of the expression and purification of
TthSHMT was previously published.” The glyA gene encoding
TthSHMT was codon-optimized, synthesized, and cloned into
the kanamycin-resistant pJ411 plasmid (ATUM, Newark, CA)
with a DNA sequence encoding for an N-terminal poly-histidine-
(Hisg)-tag with a 34 amino acid long linker and a TEV protease
cleavage tag. The TthSHMT containing plasmid was trans-
formed into the E. coli BL21(DE3) expression vector. The
transformed cells were grown in Luria-Bertani (LB) media with
50 ug mL~ ' kanamycin. Cell cultures were grown at 37 °C to an
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optical density of 0.8-1.0 and induced overnight with 1 mM
isopropyl f3-p-1-thiogalactopyranoside (IPTG) at 22 °C. The
induced cells were centrifuged at 5660 rpm at 4 °C to harvest the
cells and were subsequently resuspended in 50 mM sodium
phosphate pH 7.5, 500 mM NaCl, and 10 mM imidazole at
a ratio of 5 mL of lysis buffer per gram of wet cell paste. Lyso-
zyme was added to the resuspended cells at a concentration of
0.1 mg mL~ " and stirred on ice for 30 min. Sonication was used
to disrupt the cells and the lysate was clarified by centrifugation
at 17000 rpm (~30000g). Affinity chromatography with
a HisTrap FF (5 mL) nickel column equilibrated with 20 mM
HEPES pH 7.5, 100 mM NaCl, and 10 mM imidazole was per-
formed on the supernatant and pure TthASHMT was eluted from
the column with a linear gradient of 20 mM HEPES pH 7.5,
100 mM NacCl, and 500 mM imidazole. TEV protease (1 mg TEV
protease/100 mg of tagged protein) was added to purified
TthSHMT and dialyzed against 20 mM HEPES pH 7.5, 100 mM
NaCl, and 1 mM EDTA overnight to remove the poly-histidine
tag at room temperature. The TEV protease-treated TthSHMT
was loaded onto a HisTrap FF (5 mL) nickel column equili-
brated with 20 mM HEPES pH 7.5, 100 mM NacCl, and 10 mM
imidazole and pure, untagged TthSHMT was eluted in the flow-
through. TthSHMT was dialyzed against 40 mM NaOAc pH 5.4
and 1 mM PLP, concentrated to 19 mg mL ™" and stored in 20%
(v/v) glycerol at —30 °C.

5.2 hSHMT?2 expression, purification, and crystallization

A detailed description of the expression and purification of
hSHMT2 was previously published.” The SHMT2 gene encod-
ing hSHMT?2 was codon-optimized, synthesized and cloned into
the kanamycin-resistant pJ411 plasmid (ATUM, Newark, CA)
with a DNA sequence encoding for an N-terminal poly-histidine-
(Hisg)-tag with a 34 amino acid long linker and a TEV protease
cleavage tag. The plasmid containing hSHMT2 was transformed
into BL21(DE3) competent E. coli cells. The transformed cells
were grown in LB media containing 50 ug mL ™" kanamycin at
37 °C. Once the culture reached an optical density of 0.8-1.0, it
was induced with 1 mM IPTG overnight at 22 °C. The cells were
harvested by centrifugation at 5660 rpm at 4 °C and resus-
pended in 20 mM HEPES pH 7.5, 500 mM NacCl, and 10 mM
imidazole at a ratio of 5 mL g~ of wet cell paste. Lysozyme was
added to the resuspended cells at a concentration of 0.1 mg
mL " and stirred on ice for 30 min before manual sonication.
The cell lysates were clarified by centrifugation at 30 000g for
30 min. The crude lysate was loaded onto a HisTrap FF (5 mL)
nickel column equilibrated with 20 mM HEPES pH 7.5, 500 mM
NaCl, and 10 mM imidazole and eluted with of 20 mM HEPES
pH 7.5, 500 mM NaCl, and 500 mM imidazole in a linear
gradient. The poly-histidine tag was removed by adding TEV
protease (1 mg TEV protease/100 mg of tagged protein) to the
purified pooled fractions of hSHMT?2 and dialyzing the sample
overnight against 20 mM HEPES pH 7.5, 250 mM NacCl, and
1 mM EDTA. The TEV protease-treated protein was loaded onto
a HisTrap FF (5 mL) nickel column equilibrated with 20 mM
HEPES pH 7.5, 500 mM NacCl, and 10 mM imidazole and pure
hSHMT2 was eluted in the flow-through. After verifying the
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purity by SDS-PAGE, hSHMT2 was dialyzed against 20 mM
HEPES pH 7.5, 300 mM NaCl, and 1 mM PLP overnight.
hSHMT2 was concentrated to 18 mg mL " for crystallization
experiments. Fresh, never-frozen, hSHMT2 was co-crystallized
with 10 mM FA in 0.5 M Gly pH 8.6 and 18% PEG 3350 at 20 °
C in sitting-drop vapor diffusion setups to generate square
plate-like crystals of the hSHMT2-Gly/FA complex amendable
for room-temperature X-ray diffraction.

5.3 TthSHMT crystallization, soaking, and H/D-exchange

Purified aliquots of TthSHMT stored at —30 °C were thawed and
dialyzed overnight against 40 mM NaOAc pH 5.4 and 1 mM PLP
to remove the glycerol cryoprotectant. Crystallization of
TthSHMT (~19 mg mL ") in 40 mM NaOAc pH 5.5, 1 M
(NH,4),SO4, and 0.5 M Li,SO, was carried out by sitting drop
vapor diffusion at 16 °C, producing showers of crystals and
crystal aggregates. The crystal aggregates were crushed and
a seeding tool from Hampton Research was used to transfer
microcrystals to large volume sitting drops by streak seeding in
9-well glass plates and sandwich box setups. This method
produced large, single crystals of TthSHMT necessary for
neutron diffraction. Because FA did not bind to T¢thSHMT in
high concentrations of salt, a crystal was transferred to a fresh
drop containing 40 mM NaOAc pH 5.5 and 15% PEG 4000. The
crystal was left in this PEG-containing soaking condition over-
night to remove the bound sulfate and, the following day, the
crystal was moved into another drop containing a soaking
solution with 40 mM NaOAc pH 5.5, 15% PEG 4000, and 10 mM
FA. The crystal was left in the former soaking solution overnight
before being mounted in a 2 mm-inner diameter quartz capil-
lary containing a liquid plug made of 40 mM NaOAc pH 5.5, and
15% PEG 4000 in 99.8% D,O to perform H/D-vapor exchange.
Crystal soaks to obtain the TthSHMT-Gly/FA and TthSHMT-1L-
Ser/FA ternary complexes were carried out in a similar
manner, first being transferred to a drop containing 40 mM
NaOAc pH 5.5, and 15% PEG 4000 overnight and then moved to
a drop containing 40 mM NaOAc pH 5.5, 15% PEG 4000, 0.5 M
Gly or t-Ser, and 10 mM FA.

5.4 TthSHMT X-ray diffraction data collection and structure
refinement

Room temperature X-ray diffraction data collection on
TthSHMT/FA and TthSHMT-Gly/FA crystals and low tempera-
ture (100 K) X-ray diffraction data collection on TthSHMT-L-Ser/
FA were performed on a Rigaku HighFlux HomeLab instrument
equipped with a MicroMax-007 HF X-ray generator, Osmic
VariMax optics, and a DECTRIS Eiger R 4M detector at ORNL.
The data were indexed and integrated using the CrysAlis Pro
software package (Rigaku, The Woodlands, TX), and the data
were reduced and scaled in the AIMLESS program in the CCP4
software suite.®>* The X-ray structures were solved by molecular
replacement in PHASER®” using phases from PDB code 8SUJ
and refined with phenix.refine in the PHENIX suite.®®* The
room temperature X-ray structure of TthSHMT/FA was subse-
quently used in joint XN refinement with the room temperature
neutron diffraction data collected on the same crystal. Ligand
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restraints for FA, and PLP-Gly and PLP-L-Ser external aldimines
were generated with eLBOW’® using geometry optimized by
quantum chemical calculations in Gaussian 16 (ref. 71) at
B3LYP/6-31 g(d,p) level of theory. The X-ray diffraction data
collection and refinement statistics are presented in Table S1.t

5.5 Neutron diffraction data collection

A complete room temperature neutron diffraction dataset was
collected on a TthSHMT/FA crystal on the instrument MaNDi”>”*
at the Spallation Neutron Source (SNS) at ORNL. The crystal was
held stationary for 20 h exposures and rotated 10° around the ¢-
axis before collecting the next image. All neutrons between 2 and
4.16 A were used to collect the frames, with a total of 25 images
collected. The neutron diffraction data were processed and
integrated with 3D time-of-flight profile fitting in Mantid.”*”*
LAUENORM"*”” was used to carry out wavelength normalization
and the data were then merged in SCALA.” Neutron diffraction
data collection statistics are presented in Table S1.}

5.6 Joint X-ray/neutron (XN) refinement

Joint XN-refinement of the TthSHMT/FA complex was carried out
using nCNS,”* a patch of the Crystallography & NMR Systems
(CNS)™* software suite in the same manner as for our previous
TthSHMT joint XN structures.’* A single rigid body refinement
was the first step in the refinement procedure. Subsequently,
several rounds of atomic position, atomic displacement param-
eter, and D atom occupancy refinements were performed. In
between the rounds of the joint XN refinement, the structure was
visualized in the molecular graphics program COOT*™** to
confirm correct side chain modeling and direct the rotation of
side chain hydroxyl, thiol, and ammonium groups as well as
water molecules to construct accurate H bonding networks.
Water molecules were modeled and refined as D,O due to H/D-
vapor exchange. TthSHMT/FA was modeled with H atoms at
non-exchangeable positions because protiated protein was used
in the experiment, while labile positions were initially modeled
as D atoms. After D atom occupancy refinement, the exchange-
able sites were modeled based on individual site occupancies,
where an occupancy of —0.56 is indicative of a pure H atom and
an occupancy of 1.00 reflects a pure D atom. Sites partially
occupied by both H and D atoms were given two atom records
with the partial occupancies adding up to 1.00. The percentage of
D atom occupancy at a specific site is calculated according to the
following formula: % D = (occupancy(D) + 0.56)/1.56. Joint XN
refinement statistics can be found in Table S1.}

5.7 hSHMT2 room temperature X-ray diffraction data
collection and structure refinement

Room temperature X-ray diffraction data were collected on
hSHMT2-Gly/FA on the Structural Biology Center (SBC) beam-
line 19-ID using a Pilatus3 X 6M detector at the Advanced
Photon Source (APS). The data were integrated and scaled using
the HKL3000 software suite.*® The hSHMT2-Gly/FA structure
was solved by molecular replacement with PDB ID 8SSJ and the
AlphaFold®* model of hSHMT?2 to include the predicted struc-
ture of the flap domain which was not resolved in our previous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hSHMT2 internal aldimine X-ray structure (PDB ID 8SSJ). The
structure was refined against the room temperature X-ray
diffraction data with phenix.refine from the PHENIX suite.**%
The room temperature X-ray diffraction data collection and
refinement statistics are presented in Table S1.t

Data availability

The structures and corresponding structure factors have been
deposited into the protein data bank with the PDB accession
codes 9BPE for TthSHMT/FA, 9BOH for TthSHMT-Gly/FA, 9BOW
for TthSHMT-L-Ser/FA, and 9BOX for hSHMT2-Gly/FA. ESIT is
available online.
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