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ABSTRACT

The enzyme serine hydroxymethyltransferase (SHMT) plays a key role in folate metabolism and
is conserved in all kingdoms of life. SHMT is a pyridoxal 5’-phosphate (PLP) - dependent
enzyme that catalyzes the conversion of L-serine and (6S)-tetrahydrofolate to glycine and 5,10-
methylene tetrahydrofolate. Crystal structures of multiple members of the SHMT family have
shown that the enzyme has a single conserved cis proline, which is located near the active site.
Here, we have characterized a Pro to Ser amino acid variant (P285S) that affects this conserved
cis proline in soybean SHMTS8. P285S was identified as one of a set of mutations that affect the
resistance of soybean to the agricultural pathogen soybean cyst nematode. We find that
replacement of Pro285 by serine eliminates PLP-mediated catalytic activity of SHMTS, reduces
folate binding, decreases enzyme stability, and affects the dimer-tetramer ratio of the enzyme in
solution. Crystal structures at 1.9 — 2.2 A resolution reveal a local reordering of the polypeptide
chain that extends an a-helix and shifts a turn region into the active site. This results in a
dramatically perturbed PLP-binding pose, where the ring of the cofactor is flipped by ~180° with
concomitant loss of conserved enzyme-PLP interactions. A nearby region of the polypeptide
becomes disordered, evidenced by missing electron density for ~10 residues. These structural
perturbations are consistent with the loss of enzyme activity and folate binding and underscore

the important role of the Pro285 cis-peptide in SHMT structure and function.

Keywords: enzyme, enzyme mutation, enzyme structure, enzyme catalysis, structural biology,

structure-function, X-ray crystallography, crystal structure
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Introduction

Serine hydroxymethyltransferase (SHMT) is a ubiquitous enzyme in eukaryotes, bacteria
and archaea, and plays a key role in one-carbon folate metabolism. SHMT catalyzes the
reversible conversion of L-serine to glycine while the hydroxymethyl group is transferred to
(6S)-tetrahydrofolate (THF). THEF is the carrier of one-carbon units used in the synthesis of
purines, thymine nucleotides, and S-adenosyl methionine, the donor for many methyl group
transfers. The reaction of SHMT is dependent on the cofactor pyridoxal 5’-phopshate (PLP),
which is covalently attached through a Schiff base to an active site lysine in the resting state of
the enzyme. Due to their roles in one-carbon metabolism, enzymes in the SHMT family are
targets for the design of antibacterial [1, 2], antimalarial [3—6], herbicides [7, 8], and
chemotherapeutic agents [9—13].

We have previously characterized the 3D structure and activity of a cytoplasmic isoform
of SHMT from soybean (Glycine max), designated as SHMTS [14, 15]. Two amino acid
polymorphisms of SHMTS from the soybean cultivar (cv.) Forrest are linked to increased
resistance to the soybean cyst nematode (SCN), relative to the SCN-susceptible soybean cv.
Essex. SCN is a devastating agricultural pathogen responsible for more than a billion-dollar loss
in crop damage in the U.S. annually [16]. Mutants of Forrest SHMTS have been identified in
soybean that show intermediate effects on SCN resistance between that of cv. Essex and cv.
Forrest [17, 18]. The effects of these mutations on enzyme structure and activity have not been
experimentally characterized. An understanding of their biochemical phenotypes may provide

new insights into the properties of SHMTS that affect SCN resistance.
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In this study, we investigate one of the previously identified variants of Forrest SHMTS:
a point mutation of Pro285 to serine (P285S) identified in soybean line F650 [17]. Previous
crystal structures of soybean SHMTS [14] show that Pro285 is adjacent to both the PLP and
THF-binding sites of the enzyme (Figure 1A). Pro285 also participates in the sole cis-peptide
bond in the polypeptide chain of SHMTS (471 amino acids). Cis-peptides (Figure 1B) are
generally quite rare in protein structures (<0.05%), although cis peptides between proline and a
preceding residue are somewhat more common (~5%) due to the unique geometry of the proline
side chain [19, 20]. Cis-prolines are often conserved in protein families, consistent with
important roles in structure and function [19-21].

Here we characterize the biochemical and structural impacts of the P285S variant of
soybean SHMTS8. Despite the relatively conservative Pro = Ser substitution, widespread
impacts on protein structure occur related to the loss of the cis-peptide conformation at Ser285.
Structural changes involve both local and propagated rearrangements, as well as perturbation of
the PLP-binding pose. Biochemical effects, including the elimination of PLP-mediated catalysis
and a decrease in enzyme stability, mirror the structural impacts. This work provides new
insights into the PLP binding site of SHMT and defines a key role for this cis proline in SHMT

structure and function.

Results

Overview of the conserved cis proline in the SHMT enzyme family
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The SHMT enzyme family is widespread in evolution and structurally conserved. The
enzyme typically exists as a dimer in prokaryotes or tetramer in eukaryotes. The tetramer is
composed of two obligate dimers, each formed by two tightly intertwined protomers (Figure 1A,
2A). Each obligate dimer has two active sites comprised of residues from both polypeptide
chains , which make numerous contacts with ligands (Figure 1C). The PLP binding site is deeply
buried and adjacent to the interface of the two polypeptide chains in the obligate dimer. The
substrate tetrahydrofolate binds nearby, in an extended tunnel that leads to the surface of the
enzyme (Figure 2). Both binding sites are highly conserved in sequence and structure within the
SHMT family. A detailed analysis of residues involved in the SHMT8 active site may be found
in [14].

Among the 450+ residues in the typical SHMT protomer, which includes 24 prolines in
SHMTS, only one has a peptide bond in the cis conformation. In soybean SHMTS, this occurs
between Phe284 and Pro285. Previous crystal structures of SHMTS in complex with various
ligands show that Pro285 is found at the C-terminus of an o-helix and is adjacent to both the
folate and PLP-binding sites (Figure 2). Because of the highly intertwined nature of the SHMT
obligate dimer, Pro285 of chain A is closest to the PLP bound to chain B, and vice versa. The
Pro285 side chain is sandwiched between two phenylalanine rings from residues 281 and 284
(Supplementary Figure 1). Together, these three hydrophobic residues line one wall of the folate
binding tunnel of the enzyme. The residue following Pro285 is Ser286, which is involved in
multiple contacts with the alternate polypeptide chain in the obligate dimer.

A proline at the residue position corresponding to Pro285 of soybean SHMTS is highly
conserved in the SHMT enzyme family. An alignment of 73 sequences of SHMT structures

currently available in the Protein Data Bank (PDB) (overall sequence identities ranging from 34
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to 94%) shows that proline is completely conserved at this position (Supplementary Figures 2,3).

With only a few exceptions, the corresponding proline has a cis-peptide bond (Supplementary
Figure 1). The sequence and structural conservation of this cis-proline in the SHMT family,
along with its location near the enzyme active site, is indicative of potential functional

importance, as has been seen in other enzyme systems [19-21].

The P285S substitution causes structural rearrangements of the protein and perturbation of

PLP-binding

For structural and biochemical studies, the P285S variant of SHMTS was prepared in
both the Essex and Forrest SHMTS sequence backgrounds, which we refer to as E.P285S and
F.P285S, respectively. Forrest SHMTS differs from Essex SHMTS at two amino acid positions:
P130R/N358Y [18]. Characterization of both E.P285S and F.P285S allows assessment of the
impacts of the P285S variant on SHMT8 structure and function separate from those of the
P130R/N358Y polymorphisms, which greatly impair folate-binding by Forrest SHMTS [14].
Overall, Essex and Forrest SHMTS are quite similar in 3D structure with the exception of a loop
near the entrance of the folate binding site, which shows reduced flexibility in Forrest SHMT8
and impedes folate binding [14].

Crystal structures of E.P285S and F.P285S were determined at resolutions of 2.25 and
1.90 A, respectively (Materials and Methods; Table 1). In both cases, the P285S variants adopt
the conserved tetrameric assembly found in the Essex and Forrest SHMTS structures [14]. Both
E.P285S and F.P285S have PLP covalently attached to Lys244 as an internal aldimine in all

chains (Figure 3A), although electron density maps for the ligand are clearer for F.P285S
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(Supplementary Figure 4). However, beyond these overall similarities with previous structures,
significant changes associated with the serine substitution are observed, including a dramatic
reorientation of the PLP binding pose, local and longer-range rearrangements of the polypeptide
chain, and a new region of induced structural disorder. The known Essex and Forrest SHMTS
complexes with PLP (PDB ID 6UXH and 6UXK) or the PLP-glycine (PLP-Gly) external
aldimine intermediate (PDB ID 6UXI and 6UXL) provide a basis for detailed comparisons of the
P285S variants. For the following analyses, chains A of E.P285S and F.P285S are used, unless
otherwise stated. (Some small variations in the regions of conformeric change and numbers of
disordered residues are found in other chains in the asymmetric unit.)

Examination of the site of mutation shows that substitution of Pro285 with serine results
in loss of the cis-peptide bond involving this residue. In both E.PS85S and F.P285S, the peptide
bond between Phe284 and Ser285 adopts a trans conformation, extending the a-helix that
previously terminated at Pro285. This helix extension shifts a turn region (residues 287-289)
into the binding site of PLP, near the phosphate group (Figure 3B), blocking the standard binding
orientation of the cofactor. As a result, the PLP ring flips by ~180° such the phosphate group is
on the opposite side of the binding site, and tilts approximately 40° out of its usual plane
(compare PLP in yellow vs. orange in Figure 3B). An animation illustrating the structural
differences produced by the P285S variant may be found in Supplementary file S1.

The remarkable change in binding pose of the PLP in the E.PS85S and F.P285S variants
eliminates all the standard enzyme-cofactor interactions, while several new interactions are seen.
Specifically, the reorientation of PLP places the phosphate group of the cofactor in the
approximate position of the glycine moiety observed in SHMTS8 complexes with the PLP-Gly

external aldimine (Figure 3C). Complexes of soybean SHMT8 bound to PLP-Gly - an
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intermediate in the SHMT reaction - have been previously characterized (PDB IDs 6UXI and
6UXL, respectively)[14]. Through comparisons with these structures, it can be seen that Arg389
and Tyr59, both of which have roles in binding PLP-Gly (Figure 3C), make alternative contacts
to the phosphate group of PLP in its perturbed binding pose caused by the P285S mutation
(Figure 3D). One of these is direct — a salt bridge with Arg389 — while Tyr59 makes a water-
mediated interaction to the phosphate group. While these contacts are almost certainly
adventitious, the ability of the enzyme to accommodate PLP in its perturbed orientation appears
be related to its large and complex active site, which utilizes two substrates (Gly and folate) and
the PLP cofactor at various points in its multi-step reaction.

In addition to the local perturbations of protein structure and altered binding of PLP, both
P285S variants exhibit longer range structural changes, as well as an increase in the number of
disordered residues (i.e., no longer visible in electron density maps). The most significant
conformational change occurs between residues 128-147, which contains a previously described
“tetramer interface loop” of SHMTS8 [15]. Due to steric conflicts with the altered binding pose
of PLP, parts of this region adopt a new conformation while other residues become disordered
(132-143) (Figure 3A). One consequence of these changes is a significant reduction from ~1500
A% 10 700 A? in the contact surface between the two obligate dimers in the SHMTS tetramer

(Supplementary Figure 5).

The P285S substitution causes loss of PLP-mediated catalysis and reduced folate binding affinity

The observed structural impacts of the P285S variant suggested possible changes to

enzyme function. The PLP-mediated activity of the E.P285S and F.P285S variants was assessed
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by monitoring the retro-aldol cleavage of the B-hydroxy-amino acid L-phenylserine to
benzaldehyde. This assay is independent of folate and both Essex and Forrest SHMTS are highly
active in this assay [14]. In contrast, both E.P285S and F.P285S lack measurable activity
(Supplementary Figure 6 A,B). This result is consistent with the altered PLP binding pose
observed in the P285S crystal structures.

To investigate the effect of the P285S variant on folate binding affinity, we determined
binding constants in a two-substrate system that exploits a spectrophotometrically observable
change associated with folate binding [22]. For this assay, 5-formyl-THF (FTHF) is used instead
of THF, because of its increased solubility and stability in solution. Our previous studies showed
that Essex SHMT8 binds FTHF with a K4 of 17 uM, while Forrest SHMTS has greatly impaired
folate binding activity [14]. In the case of the P285S substitution, both E.P285S and F.P285S are
found to lack measurable folate binding activity (Supplementary Figure 6 C, D). Impaired folate
binding for F.P285S was expected, given that the PI30R/N258Y polymorphisms in Forrest
SHMTS are sufficient to eliminate measurable folate binding [14]. Loss of FTHF binding by
E.P285S presumably reflects the proximity of the serine mutation to the folate binding pocket of

the enzyme and the resulting structural impacts (Figures 2 and 3).

The P285S substitution decreases stability of the SHMTS tetramer

To assess the impacts of the P285S variant on the oligomeric state of SHMTS, we used
native polyacrylamide gel electrophoresis. With this method, both Essex and Forrest SHMTS8
migrate primarily as tetramers on native gels (Figure 4A). This is generally consistent with

previous studies from SAXS and AUC that showed tetramers in solution [14], although the
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native gels indicate some dimer for Forrest SHMT. In contrast, both the E.P285S and F.P285S
variants have a marked increase in the relative amount of dimer, compared to their counterparts
with Pro285. This is particularly true for F.P285S, which appears to have roughly a 1:1 ratio of
dimer:tetramer on the native gel. [Note: some bands of unknown origin with apparent higher
molecular weight (MW) are also present, but are not seen on SDS page gels (Figure 4B,C)]. Size
exclusion chromatography profiles (Supplementary Figure 7) also suggest a mix of tetramer and
dimer for E.P285S, consistent with the native gels.

The reduction in tetramer formation of the P285S variants is consistent with the structural
changes associated with the serine substitution, particularly in the region of the tetramer interface
loop (Figure 3A) and the resulting reduction in surface area of the interface between obligate
dimers. The alteration in PLP binding observed in the crystal structures may also be a factor, as
reduced stability of the SHMT tetramer in the absence of PLP is known for other eukaryotic

members of the SHMT family [11, 23-25].

The P285S substitution increases protein flexibility and reduces thermal stability

Limited proteolysis by proteinase K was used to evaluate potential differences in protein
flexibility and/or structural disorder of the P285S variants. For comparison, Essex and Forrest
SHMTS were also characterized (Figure 4B, C). Some differences in the patterns of proteolytic
digestion are apparent between Essex and Forrest SHMTS, with the latter having additional
lower MW bands early in the time course of digestion, presumably related to the PI30R/N285Y
double amino acid polymorphism. Both the E.P285S and F.P285S variants show changes in

proteolytic cleavage, including a general increase in susceptibility, novel sites of cleavage and

10
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more rapid degradation. These differences are consistent with the altered conformations and
locally unstructured regions observed in the crystal structures of the P285S variants.

We also measured stability of the P285S variants to thermal denaturation by circular
dichroism (CD) (Supplementary Figure 8). Consistent with previous studies [15], we find Essex
SHMTS to be more stable (T, = 59 °C) than Forrest SHMTS (T, = 53 °C) by ~6 °C.
Introduction of the P285S variant further decreases stability, with a Ty, for E.P285S of 52 °C and

Ty, for F.P285S of 49 °C, reductions of 7° and 4 °C, respectively.

Discussion

The P285S variant of SHMTS was identified in ethyl methanesulfonate mutagenized
populations of soybean cv. Forrest selected for reduced resistance to SCN [17]. Although the
P285S variant was not further characterized, several other mutants of SHMTS identified in the
same study were inactive in E. coli complementation assays, suggesting that lack of enzyme
activity was associated with partial loss of SCN resistance. Our results here show that the P285S
variant is also functionally impaired, notably in PLP-mediated catalysis and folate binding, and
also exhibits reduced stability of the tetramer and thermal stability of the enzyme. The
association of these biochemical deficits with a reduction in SCN resistance remains to be
elucidated, but the reduction in oligomeric stability characterized herein raises the possibility of
dominant negative effects through subunit exchange , such as with SHMTS3, an alternative
isoform also found the soybean cytoplasm [26]. Ongoing studies of other SHMTS8 mutants

identified in [17] may help provide further insights.
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Our biochemical and structural characterizations of the P285S variant establishes key
functional and structural roles for this cis-proline in the SHMT enzyme family. The substitution
of serine for proline has widespread impacts related to loss of the cis-peptide bond between
Phe284 and Pro285. Both local and long-range changes to the polypeptide chain as well as a
dramatic reorientation of the PLP cofactor are observed. Impacts on enzyme function and
oligomeric state are also significant. Moreover, sequence and structural conservation of this cis-
proline indicate its importance likely extends to the entire SHMT family. This reaffirms the
previously noted connections between cis-prolines and regions of functional importance in other
proteins [19-21].

The conserved cis-proline of SHMT was previously noted to have a role in folding
pathway of the enzyme. An investigation of proline residues in the folding of Escherichia coli
SHMT (45% sequence identity to soybean SHMT®8) identified mutations of the corresponding
cis-proline (Pro258) and another nearby proline (Pro264) as affecting folding kinetics and
reducing catalytic activity [27]. The E. coli Pro258 mutants also show reduced thermal stability,
as seen in the soybean variant. In E. coli SHMT, Pro258 and Pro264 are found within a 50-
residue “interdomain” segment involved in the final, slow phase of protein folding and the
formation of the holo-enzyme (i.e., covalent attachment of PLP). In our crystal structures of the
P285S variants, the equivalent proline residues flank the loop region that changes conformation
and protrudes into the PLP-binding site of SHMT8. The correspondence of this structurally
perturbed loop to a segment of the polypeptide chain that gains structure late in the folding
pathway may help explain how SHMTS is able to maintain its overall fold and oligomeric

assembly, despite the substantial detrimental impacts of the P285S mutation.
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Enzymes in the SHMT family exhibit complex interrelationships among activity,
stability, and oligomeric state [23—-25]. These connections are consistent with the multiple,
simultaneous perturbations observed in the P285S variant of soybean SHMT8. Among these, the
dramatic change in the binding pose of the PLP cofactor is perhaps most notable, given the
highly conserved nature of the PLP-binding site and its deeply buried location in the enzyme. To
our knowledge, similar dramatic alterations of PLP-binding have not previously been observed
despite many studies of enzymes that utilize PLP as a cofactor. The widespread effects of the
dysfunctional P285S variant on enzyme structure and function may have relevance to
understanding other genetic mutations of SHMT, including those involved in human inherited

disease [28, 29].

Materials and Methods

Enzyme expression, purification, and crystallization

The SHMTS variants P285S of Essex and Forrest SHMT8 were commercially prepared
(GenScript) in a pET-14b expression vector with an N-terminal Hise-affinity tag and
recombinantly expressed in Escherichia coli BL21(DE3). Cell cultures were grown in terrific
broth supplemented with 50 pg mL™" ampicillin and protein expression was otherwise performed
as previously described [14].

Cell pellets were resuspended in lysis buffer containing 50 mM HEPES, pH 7.5, 300 mM
NaCl, 10 mM imidazole, 5% (v/v) glycerol, 1% Tween 20, and 1 mM PLP, sonicated, and

centrifuged at 16,500 rpm for 1 h at 4 °C. The supernatant was loaded onto a Ni-NTA agarose
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column (Qiagen). The column was washed with 40 mL of lysis buffer and the protein was eluted
with 50 mM HEPES, pH 7.5, 300 mM NaCl, 300 mM imidazole, 3.5% (v/v) glycerol. The elute
was dialyzed in 50 mM HEPES, 150 mM NaCl, 0.5 mM Tris(2-carboxyethyl) phosphine (TCEP)
and 2% glycerol to remove imidazole. The dialyzed protein was concentrated to 24 mg mL™,
flashed frozen in liquid nitrogen and stored in -80 °C.

Initial crystallization screens were set up at 19 °C using the sitting drop vapor diffusion
method and crystal screen kits INDEX (HR2-144) and PEG/Ion 2 screen (HR2-098) (Hampton
Research) at a protein concentration of 12 mg/mL. PLP was added to each protein before
crystallization at 0.12 mM. Screens were also conducted in the absence and presence of glycine
(40 mM) and FTHF (6 mM) to encourage potential ligand complexes. However, no ligands other
than the PLP internal aldimine with Lys244 were observed in either structure. Drops containing
2 ul of the protein-ligand solution and 2 pl crystallization buffer were sealed over a 0.1 mL
reservoir. Data collection quality crystals for both P285S variants were obtained in 2% (v/v)
Tacsimate, pH 7.0, 0.1 M HEPES, pH 7.5, and 20% (w/v) polyethylene glycol 3,350. Crystals

were cryoprotected by 25% ethylene glycol and flash cooled in liquid nitrogen.

X-ray diffraction data collection, phasing, and refinement

X-ray diffraction data were collected at Advanced Light Source beamline 4.2.2 using a
Taurus-1 CMOS detector. Datasets were integrated and scaled with XDS [30], and intensities
were merged and converted to amplitudes with Aimless [31]. Phases for the P285S variant
structures were determined by molecular replacement using Phaser as implemented in PHENIX

[32] and the Essex SHMT8&<PLP coordinates (PDB ID: 6UXH). Model building and refinement
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were carried out in COOT [33] and PHENIX [32], respectively. Residue 244 was modeled as
mixture of lysine and Lys-PLP, with the latter at occupancies ranging from 0.75 to 0.85
depending on the structure and chain. Structural figures were produced using PyMol [34] unless

otherwise noted. Surface area of the protein interfaces was calculated by PISA [35].

Kinetic and ligand binding assays

DL-phenylserine (Millipore-Sigma) was used as a substrate to determine kinetic parameters
for the folate-independent retro-aldol cleavage [15]. Reactions were carried out in a buffer
containing 25 mM HEPES (pH 7.5), 50 mM NaCl, and 0.5 mM TCEP in an Epoch II plate reader
(BioTek). Each reaction contained 4 puM protein and 1 — 250 mM DL-phenylserine.
Benzaldehyde formation was monitored at 279 nm. The initial slopes of the reactions were used
to determine enzyme activity, and the calculation utilized a molar extinction coefficient of 1,400
Mem™ for benzaldehyde [36]. Results were graphed and analyzed in Origin 2023.

Folate binding assays were adapted from previously reported protocols [22, 37]. Briefly,
enzyme solutions at 1 mg mL™" were formulated in the presence of 0 - 40 mM glycine. Each
solution was mixed 1:1 with a solution of FTHF in a 96-well plate. The plate was analyzed by
absorbance scan (450 — 550 nm) in a BioTek Epoch II plate reader to monitor a peak at ~500 nm,
consistent with the formation of the SHMTS8folate complex, as previously reported [37]. The
baseline absorbance at 540 nm was subtracted from the absorbance at 500 nm. The working
concentrations of glycine tested were 0 — 20 mM. The working concentrations of FTHF tested

ranged from 0 — 100 pM. The data were analyzed by plotting absorbance versus substrate
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concentration and were globally fit to the Michaelis—Menten equation, assuming K, ~ K4. Data

were plotted and analyzed in Origin 2023.

Native gels and limited proteolysis

Native polyacrylamide gel electrophoresis (NativePAGE) was performed using the
NativePAGE™ 4-16% Bis-Tris Gel and running buffer kit (Invitrogen by ThermoFisher
Scientific). SHMTS proteins were prepared at 2 mg/mL in 50 mM Hepes, pH 7.5, 150 mM NaCl,
and 0.5 mM TCEP. Samples were formulated with 4X NativePAGE™ sample buffer (1M Tris-
HCI, 1% Bromophenol Blue, 100% glycerol, pH 6.8) and NativePAGE™ 5% G-250 sample
additive, according to the NativePAGE™ Novex® Bis-Tris Gel System protocol by Life
technologies (2012). Electrophoresis was performed at 80 V constant for 2 h at room
temperature. NativeMark ™ Unstained Protein Standard (ThermoFisher Scientific) was used as
the MW marker, and proteins were visualized through Coomassie Brilliant Blue staining for 15
minutes after electrophoresis.

Protein samples at 1.5 mg/ml were incubated with 0.075 mg/mL proteinase K (GoldBio)
in 50 mM Hepes, pH 7.5, 150 mM NaCl, and 0.5 mM TCEP at a 200:1 (w/w) ratio. Digestion
was conducted at room temperature, aliquots were removed at various time points, and the
reaction terminated by the addition of phenylmethylsulfonyl fluoride (final concentration: 3

mM). The reaction mixtures were subject to SDS-PAGE on 14% polyacrylamide gels.

Circular dichroism spectroscopy
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CD measurements were conducted with protein samples at concentrations of ~ 10 uM
prepared in 10 mM potassium phosphate, pH 7.5, and analyzed at 30 °C in a 0.5 mm quartz
cuvette using a Chirascan V100 spectrometer (Applied Photophysics) equipped with a multi-cell
turret and a Peltier temperature-controlled cell holder. Background subtraction was performed
using buffer as a reference. For thermal denaturation, the four protein samples were heated
simultaneously from 30 to 70 °C in steps of 5 °C while monitoring ellipticity from 205 to 280
nm. A plot of normalized ellipticity at 222 nm as function of temperature was fitted to the
Boltzmann sigmoidal equation to determine the T, using Origin 2023. As thermal denaturation
of SHMTS is not reversible, the apparent Ty, reports on both the thermal stability and the kinetics

of unfolding in this system.

Supplementary files
Supplementary figures 1-6.

Supplementary video 1.
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Table 1. X-ray data collection and refinement statistics.

E.P285S F.P285S*

Wavelength (A) 0.9999 1.0000
Resolution range (A) 40.75 -2.25(2.33 -2.25) 485 -1.9(1.97 -1.9)
Space group P2,2,2 P3,21
Unit cell (A) a=116.60 b=129.69 c=58.63 a=174.18 c=183.66
Observations 585,798 (59164) 2,611,750 (248617)
Unique reflections 42,995 (4236) 251,545 (24819)
Multiplicity 13.6 (14.0) 10.4 (10.0)
Completeness (%) 99.86 (99.76) 99.71 (99.62)
Mean I/c(I) 15.62 (0.94) 13.95 (1.60)
Rperge 0.1048 (2.812) 0.157 (1.702)
Ryim 0.02953 (0.7779) 0.05119 (0.5648)
CC2 0.999 (0.594) 0.997 (0.587)
Ryorx 0.1951 (0.3682) 0.2304 (0.4627)
Rypee 0.2585 (0.4270) 0.2674(0.4770)
No. of non-H atoms 7038 21398
macromolecules 6786 20533
ligand atoms (Lys-PLP) 132 396
solvent 252 865
Protein residues 902 2716
rmsd bonds (A) 0.016 0.008
rmsd angles (°) 1.44 0.99
Ramachandran favored (%) 95.34 96.99
Ramachandran allowed (%) 4.55 2.94
Ramachandran outliers (%) 0.11 0.08
Rotamer outliers (%) 1.19 0.69
Clashscore 9.54 4.65
Average B-factor 67.30 40.23
macromolecules 67.44 40.32
solvent 63.70 38.12
PDB ID 9CE6 9CG8

Statistics for the outer resolution shell are shown in parentheses.

*Data set affected by translational non-crystallographic symmetry, likely contributing to

somewhat high Rfee.
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FIGURES

Figure 1. An overview of the tetramer of soybean SHMTS, the isomers of proline, and
schematic of ligand binding residues. (A) The tetramer of SHMTS (PDB ID 6UXJ) with the four
polypeptide chains shown in different colors (dark teal, pink, purple, and light blue). The PLP
cofactor is yellow and the substrate analog FTHF is green. Pro285 is red. (B) The trans and cis
stereoisomers of proline. (C) A schematic highlighting key ligand binding residues on the
sequence of SHMTS. Contacting residues are shown above the sequence and color-coded as
follows: blue lines — PLP-Gly; green lines — FTHF; orange lines: both PLP-Gly and FTHF. The
cis-proline (P285) and active site lysine that forms a covalent linkage to PLP (Lys244) are
highlighted with triangles under the sequence. The two residue variants associated with SCN-
resistance in Forrest SHMTS are shown by yellow bars. Enzyme-ligand contacts determined

from PDB ID 6UXJ.

Figure 2. Structural context of Pro285 in SHMTS (PDB ID 6UXH). (A) The two protomers of
one obligate dimer are in pink and dark cyan. PLP and Pro285 are in a space filling model. (B)
View of obligate dimer 90° from A). (C) Schematic of the obligate dimer highlighting the

proximity of Pro285 from chain A to the PLP bound to chain B, and vice versa.

Figure 3. Structural impacts of the P285S mutation on SHMTS. (A) An overview of the
E.P285S tetramer highlighting regions of structural change near the tetramer interface (dashed
line). Ser285 is in red and the PLP internal aldimine in its altered binding pose is yellow. The

native conformation of the polypeptide chain (residues 128-147) is overlaid (blue); this region is
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altered/disordered in the mutant. (B) A close-up view of residue 285 in a superposition of the
Essex SHMT8 complex with PLP (PDB ID 6UXH, dimer chains in teal/pink) and the E.P285S
mutant (dimer in gray/beige). The binding pose of PLP (yellow) in Essex SHMT8 is reoriented
in the E.P285S mutant (PLP in orange). The displacement of a turn region in E.P285S that
invades the PLP binding site is highlighted by red arrow. (C) A close-up view showing selected
enzyme hydrogen bonds to the PLP-Gly reaction intermediate, as seen in the complex with Essex
SHMTS (6UXI; green). The glycine part of the ligand is highlighted by green label; PLP in the
E.P285S is superimposed (semi-transparent in orange) to show how its phosphate group localizes
to the position of the glycine in PLP-Gly. (D) Enzyme hydrogen bonds with PLP internal
aldimine in its altered binding pose in the structure of the E.P285S mutant. Only one direct
contact to Arg389 (chain B) and one water-mediated contact to Tyr59 (chain A) are present

between the enzyme and ligand.

Figure 4. Native gel electrophoresis and limited proteolysis studies of Essex and Forrest
SHMTS, and their respective P285S mutants. (A) Native polyacrylamide gel electrophoresis of
SHMTS proteins, showing increase in the relative amounts of dimer compared to tetramer for the
P285S mutants. NativePAGE molecular weight markers were used (see Methods). (B, C)
Limited proteolysis of the same proteins showing a general increase in susceptibility of the
P285S variants relative to Essex/Forrest SHMT8. Forrest SHMTS8 also shows some changes in

proteolysis relative to Essex SHMTS presumably related to the P130R/N358Y polymorphisms.
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