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Management of the agricultural pathogen soybean cyst nem-
atode (SCN) relies on the use of SCN-resistant soybean cultivars,
a strategy that has been failing in recent years. An underutilized
source of resistance in the soybean genotype Peking is linked
to two polymorphisms in serine hydroxy-methyltransferase
8 (SHMTS8). SHMT is a pyridoxal 5’-phosphate—dependent
enzyme that converts L-serine and (6S)-tetrahydrofolate to gly-
cine and 5,10-methylenetetrahydrofolate. Here, we determined
five crystal structures of the 1884-residue SHMTS8 tetramers
from the SCN-susceptible cultivar (cv.) Essex and the SCN-re-
sistant cv. Forrest (whose resistance is derived from the SHMTS8
polymorphisms in Peking); the crystal structures were deter-
mined in complex with various ligands at 1.4-2.35 A resolu-
tions. We find that the two Forrest-specific polymorphic substi-
tutions (P130R and N358Y) impact the mobility of a loop near
the entrance of the (6S)-tetrahydrofolate—binding site. Ligand-
binding and kinetic studies indicate severely reduced affinity for
folate and dramatically impaired enzyme activity in Forrest
SHMTS. These findings imply widespread effects on folate
metabolism in soybean cv. Forrest that have implications for
combating the widespread increase in virulent SCN.

Soybean cyst nematode (SCN),* a microscopic roundworm,
is the most detrimental pathogen of soybean and a billion dollar
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problem annually in U.S. agriculture. Management of SCN
infection relies almost exclusively on the use of SCN-resistant
soybean cultivars (1). Unfortunately, this approach has become
less effective over time (2) as nematodes have adapted to the
current source of resistance derived from plant introduction
(PI) 88788, which is present in more than 95% of commercially
available resistant cultivars (cvs.). Because all but one soybean-
producing state in the United States have reported SCN infes-
tations, there is an urgent agricultural need for new sources of
SCN resistance.

A promising candidate is the soybean cultivar known as “For-
rest,” which derives SCN resistance from PI 548402 (or Peking),
a genotype that differs mechanistically from PI 88788. Soybean
cv. Forrest is well-known for saving the United States from
billions of dollars in losses caused by SCN in the 1970s and
1980s (3, 4). The genes underlying two major quantitative trait
loci associated with resistance to SCN infection, termed rhg
(resistance to Heterodera glycines) on chromosomes 18 (rkglI)
and 8 (Rhg4), have been identified (5). Soybean cv. Forrest was
found to require both rhgl and Rhg4, where Rhg4 is the domi-
nant gene. Positional cloning of the R/ig4 gene identified muta-
tions in the enzyme serine hydroxymethyltransferase 8
(SHMTS8); mutation analysis, silencing, and transgenic comple-
mentation subsequently confirmed this result (6). The SCN-
resistant allele of SHMTS differs from the susceptible allele by
only two amino acids: Forrest SHMT8 contains arginine and
tyrosine at positions 130 and 358 of the polypeptide chain,
respectively, compared with proline and asparagine in SHMT8
from the SCN-susceptible cv. Essex (6). Although the soybean
genome encodes multiple SHMT isoforms (up to 18 predicted),
SHMTS8 is the only family member associated with resistance to
SCN (7); none of the others can compensate in this regard for a
loss of SHMTS8 function (8).

SHMT is a pyridoxal 5'-phosphate (PLP)-dependent en-
zyme that catalyzes the reversible conversion of L-serine and
(6S)-tetrahydrofolate (THF) to glycine and 5,10-methylenetet-
rahydrofolate (MTHF) (Fig. 14). SHMT is a structurally con-
served enzyme, typically a dimer or tetramer, and has been
characterized from multiple organisms (currently 111 struc-
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phy; SAXS, small-angle X-ray scattering; SHMT, serine hydroxy-
methyltransferase; PLP, pyridoxal 5'-phosphate; cv., cultivar; Pl, plant
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coli gene encoding MTHFD.
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Figure 1. An overview of the reaction catalyzed by SHMT and its context in the folate cycle. A, the conversion of serine and THF to glycine and MTHF. The
green circle highlights the methylene group transferred from L-serine to THF. B, the cellular folate cycle involving SHMT, thymidylate synthase (TS), and

dihydrofolate reductase (DHFR). This figure is adapted from Nonaka et al. (46).

tures deposited in the PDB). SHMT is well-known for its role in
cellular folate metabolism (Fig. 1B), making it a design target for
antimalarial (9 —15) and anti-cancer agents in humans (16 —20).
Folate is also a crucial nutrient for SCN to complete its life
cycle; SCN does not itself produce folate and therefore must
rely on host plants as a source (21). Perturbation of soybean
folate metabolism linked to the two polymorphisms in Forrest
SHMTS8 could thus affect establishment and/or maintenance of
the SCN feeding site. However, other possibilities, such as
altered or novel enzymatic properties caused by the amino acid
substitutions or impacts on protein—protein interactions in the
cell, may also be relevant. To date, the role of soybean SHMT8
in SCN resistance has remained unclear.

Here we present a comprehensive structural and biochemi-
cal comparison of SHMT8 from soybean cvs. Essex and Forrest.
Crystal structures show that the two Forrest polymorphic res-
idues (P130R and N358Y) flank a mobile loop located near the
entrance of the THF-binding site. In Essex SHMTS, this loop
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becomes ordered upon binding of 5-formyl-THF (FTHF), con-
sistent with micromolar binding affinity and robust enzyme
activity. In contrast, Forrest SHM T8 has dramatically impaired
binding to FTHF and a corresponding defect in its folate-de-
pendent enzyme activity. The different biochemical pheno-
types of SHMT8 from cvs. Essex and Forrest have implications
for understanding the environment of the nematode feeding
cell during SCN infection and the mechanism of resistance to
this agricultural pathogen.

Results
Structural overview of soybean SHMT8

Crystal structures of soybean SHMT8 from cvs. Essex and
Forrest were determined with various ligands at resolutions
ranging from 1.4 to 2.35 A. Three complexes of Essex SHMTS
were obtained: 1) one bound to the cofactor PLP, 2) one com-
plexed with the PLP-glycine (PLP-Gly) external aldimine
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Figure 2. Overview of the structure of soybean SHMT8. The complex of Essex SHMT8 with PLP-Gly and FTHF is shown. A, structure of the tetramer with the
four chains shown in different colors. The two obligate dimers are in purple/pink and cyan/yellow. PLP-Gly and FTHF are shown in the four active sites as spheres
in yellow and cyan, respectively. The dimer-dimer interface is indicated by a dashed red line. B, side view of the obligate dimer in the same orientation as in A,
showing the protomer—protomer interface, ligands as sticks, and the two residues affected by Forrest polymorphisms. The protein is shown in semitransparent
mode to aid in visualization of the ligands. Residues 130 and 358 are shown as spheres. C, top down view of the obligate dimer (90° rotation from B), highlighting

how the ligand-binding sites lie at the interface of the two polypeptide chains.

product, and 3) a ternary complex with PLP-Gly and the tightly
binding inhibitor/alternative product FTHF. Complexes of
SHMTS8 from cv. Forrest were also obtained with PLP and PLP-
Gly; a complex with FTHF was not obtained. See Tables S1 and
S2 for a summary of data collection and refinement statistics.

SHMTS8 from cvs. Essex and Forrest adopts a tetrameric
assembly in the crystal lattice (Fig. 24). Two tightly intertwined
dimers (hereafter called the “obligate dimer”) assemble to form
a dimer-of-dimers tetramer. Within each obligate dimer (Fig. 2,
B and C), the ligand-binding sites are found at the interface of
two protomers, with residues from both chains required to cre-
ate a complete, functional active site. Each protomer consists of
aN-terminal arm (residues 1-32), a large domain (33-308) that
binds PLP at Lys-244, and a small domain (residues 309 —471)
(Fig. S1). A survey of structural relatives in the PDB via the
DALI server (22) confirms that soybean SHMT8 is closely
related to SHMT from the legume Medicago truncatula (PDB
code 6CCZ) (23), as well as the human cytosolic (PDB code
6FL5) and mitochondrial (PDB code 5V7I) isoenzymes (16, 17),
with ~60% sequence identity to all three enzymes.

Structural superpositions of the various ligand complexes of
SHMTS from cvs. Essex and Forrest show a high degree of
overall similarity (Fig. 34). No major changes in the obligate
dimer or tetrameric assemblies are observed. A minor differ-
ence in the Essex SHMT8 ternary complex entails a slight rota-
tion of the small domain (Fig. 3B). Conserved quaternary struc-
ture in Essex and Forrest SHMT8 was confirmed in-solution by
small-angle X-ray scattering (SAXS) and analytical ultracentrif-
ugation, both of which indicated tetrameric assemblies (Fig. S2
and Table S3).
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The PLP-binding site of soybean SHMT8 is highly conserved
with related enzymes

Crystal structures of Essex and Forrest SHMT8 complexed
with PLP were determined to 1.85 and 2.1 A, respectively. The
SHMTS8-PLP complexes represent the resting state of the active
enzyme (Fig. 44 and Fig. S3). As observed in other SHMT struc-
tures, the PLP-binding pocket is located deep inside the obli-
gate dimer (Fig. 2C). Lys-244 forms a covalent Schiff-base link-
age (internal aldimine) with PLP. Nearby residues from both
chains of the obligate dimer (Tyr-59’, Glu-61’, Ser-107, Asp-
215, Thr-241, Arg-250, where prime indicates chain B) make
conserved interactions with the phosphate, N1, and O3
hydroxyl of PLP, whereas the pyridine ring of PLP stacks against
His-134. The PLP-binding pose and interactions of Forrest
SHMT8 show no major perturbations compared with Essex
(Fig. 4A). For reference, the Forrest polymorphic residues
(positions 130 and 358) are >14 A from PLP/PLP-Gly.

Crystal structures of Essex and Forrest SHMT8 complexed
with PLP-Gly were determined to 2.1 and 2.35 A, respectively.
The SHMTS8-PLP-Gly complexes represent an intermediate
step of the THF-dependent catalytic mechanism (Fig. S3). In
the first step, L-Ser attacks the Schiff base linkage between Lys-
244 and PLP to form a PLP-Ser external aldimine. Next, an
active site general base deprotonates the hydroxyl side chain of
L-Ser, liberating formaldehyde. Formaldehyde is attacked by
THE N5, transferring the side chain of L-Ser to THF. The result-
ing external aldimine/quinonoid product is PLP-Gly (Fig. 4B
and Fig. S3). We note that this PLP-Gly adduct can also be
formed via a THF-independent retro-aldol mechanism (24).

SASBMB
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Figure 3. Structural similarity of the SHMT8 structures in this study. Structures are colored as follows: Essex SHMT8 in complex with PLP (yellow), PLP-Gly
(blue), PLP-Gly with THF (magenta), and Forrest SHMT8 in complex with PLP (green), and PLP-Gly (orange). A, a superposition of the polypeptide backbone the
five tetramers. B, top-down view of the five obligate dimers, showing the slight difference (blue arrows) in the orientation of the small domain in the ternary
complex with PLP-Gly and FTHF (magenta). A similar conformational change of the small domain was observed in the murine SHMT complex with FTHF (27).

THF-
binding
loop

Figure 4. Details of the soybean SHMT8 ligand complexes. A, the enzyme-PLP complex as an internal aldimine with Lys-244 (yellow). Chain A of Essex
SHMT8 is in pink, and chain B is purple. The Forrest SHMT8 (white) complex with PLP (gray) is superimposed. Side chains of key residues involved in ligand
interactions are shown as sticks. B, The SHMT8 complexes with PLP-Gly complex as an external aldimine (yellow). The colors as described for A. Hydrogen bonds
to the glycine adduct are shown. C, the 1.4 A resolution Essex SHMT8 ternary complex with PLP-Gly and FTHF. FTHF is cyan, and the other colors are as in A; two
conformers of FTHF are shown (major with thicker lines) with different positions of the formyl oxygen. Side chains of residues involved in ligand interactions are
shown as sticks. The two Forrest polymorphic residues are highlighted in green. D, the THF-binding loop in the Essex SHTM8-PLP-Gly-FTHF complex showing
how it packs against FTHF in its closed conformation.

The Essex SHMT8:PLP-Gly complex retains many of the tures reveal nearly identical binding poses and active site inter-
enzyme-— cofactor interactions as in the complex with PLP (Fig.  actions. Attachment of glycine as an external aldimine displaces
4B). Likewise, the Essex and Forrest SHMT8-PLP-Gly struc- the Lys-244 amino group, concomitant with rotation of the side
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chains of Thr-241 and/or Tyr-59. The pyridine ring shifts away
from Lys-244, and the glycine moiety occupies space above Lys-
244. A bidentate interaction is made between the glycine car-
boxylate group and Arg-389; additional interactions are made
by Ser-39 and His-218. The Forrest SHMT8 PLP-Gly complex
is similar to that of Essex except that the side chain of Tyr-69
has rearranged slightly to make an additional contact with the
glycine carboxylate. Overall, the similarity in PLP and PLP-Gly
binding poses and interactions between Essex and Forrest
SHMTS suggests no long-distance structural effects of the For-
rest polymorphic residues.

Ternary complex of Essex SHMT8 with FTHF at atomic
resolution

The crystal structure of the Essex SHMT8 ternary complex
with PLP-Gly and FTHF was determined at 1.4 A resolution
(Fig. 4C). We note this exceeds the resolution of other
SHMT-folate complexes in the PDB by 1.0 A or more (PDB
codes 1DFO (25), LIEQB (26), 1EJI (27), 1KL2 (28), 1LS3 (29),
2VMY (30), and 40YT (9)). (A recent report of Arabidopsis
thaliana SHMT with the folate analog permetrexed (PDB code
6SMW) has a resolution of 1.54 A (31).) The THF-binding site
in Essex SHMT8 comprises a channel that extends from
the surface of the protein to the deeply buried PLP-binding site
(Fig. 2). At the entrance of the channel, the FTHF glutamate
moiety is exposed to solvent and has no specific interactions
with the enzyme (Fig. 4C). This binding orientation suggests
that the glutamate moiety of FTHF in the Essex ternary com-
plex can accommodate the predominantly biologically relevant
THE in plants, which is polyglutamylated (32, 33). The proxi-
mal section of the channel is lined with aliphatic and aromatic
residues, including Tyr-68’, which stacks against the p-amino-
benzyl ring of FTHF, and Tyr-139, which hydrogen bonds to a
carbonyl group of the ligand. This Tyr—carbonyl interaction
has not been seen in other SHMT complexes with folate deriv-
atives, because Tyr is not conserved in these other members of
the enzyme family.

The pteridine ring of FTHF lies at the base of the channel,
with the pteridine ring positioned within 4—5 A of PLP-Gly and
parallel to the PLP-Gly pyridine ring (Fig. 4C). Multiple resi-
dues interact with the pteridine moiety, including Leu-129,
Gly-133, Leu-135, and Asn-374. These contacts are highly con-
served in other SHMT-folate complexes (25). The pteridine
ring N5 is the site of condensation with L-Ser— derived formal-
dehyde during the SHMT reaction, making FTHF a product
analog in the multistep reaction (Fig. $3). Our 1.4 A maps reveal
two orientations of the formyl O atom (occupancies ~0.33 and
0.66). In one orientation, the oxygen participates in a hydrogen
bond with the side chain of His-134 and a water molecule and is
3.2-3.4 A from the nitrogen atom of the glycine aldimine. In the
other orientation, the oxygen interacts with Glu-61, the same
water molecule, and the side chain hydroxyl of Tyr-69. The
proximity of the pteridine ring to the PLP-Gly adduct, as well as
the presence of well-conserved pteridine-SHMT contacts, sug-
gests that FTHF is present in the native binding pose required
for catalysis.
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The Forrest polymorphic residues flank the entrance of the
THF-binding site

Initial comparison of the three Essex SHMT8 complexes
revealed different conformers of a loop near the entrance of the
THEF-binding site, spanning residues 377-385 (hereafter: the
THEF-binding loop). In the PLP and PLP-Gly complexes,
the THF-binding loop is partially disordered, with electron
density maps suggesting a mostly open, flexible conformation
(Fig. 5). In contrast, in the atomic-resolution ternary complex,
the loop is highly ordered, with backbone and side chain atoms
of all residues visible, and adopts a closed conformation (Figs.
4D and 5). Although no specific contacts are found between the
THE-binding loop residues and FTHF, the loop packs closely
against the ligand (eg Ala-382 is <4 A from multiple FTHF
atoms).

Amino acid positions 130 and 358, the two sites of the Forrest
SHMTS8 polymorphic residues, flank the THF-binding loop
(Fig. 4C). In Essex SHMTS, Pro-130 is buried in a short helical
region in the large domain of SHMT and is within 4 A of the
backbone of Asp-379 in the THF-binding loop. Likewise, Essex
SHMT8 Asn-358 is positioned in a helix in the small domain
and is also buried. It is also within 3.3 A of the backbone of
Leu-383, a residue in the THF-binding loop. Neither Pro-130
nor Asn-358 makes direct contact with FTHF (>8 A away).

In the Forrest SHMT8 PLP and PLP-Gly complexes, the
THEF-binding loop is also partially disordered, as seen in the
analogous Essex structures. However, some differences relative
to Essex are apparent in the unmodeled electron density for
the loop (Fig. 5), suggesting possible changes in loop mobility/
position. Electron density maps are consistent with the Arg-130
and Tyr-358 substitutions, although the arginine side chain is
not clearly visible past C3. The introduced tyrosine is solvent-
exposed and makes no specific interactions with other residues.
Overall, it appears that the proximity of the Forrest SHMT8
polymorphic residues to the THF-binding loop and the
increased steric bulk of the polymorphic substitutions may
have an effect on loop dynamics and/or conformation.

Forrest SHMT8 has severely impaired binding affinity for
folate

To investigate potential effects on folate binding in Forrest
SHMTS, we determined binding constants in a two-substrate
system that exploits a spectrophotometrically observable
change associated with folate binding (34). FTHF was used
rather than THF because of increased stability and solubility.
For Essex SHMT8, we observed saturable binding of FTHEF,
with a dissociation constant (K,) of ~17 um (Table 1). We note
that this K, was glycine concentration-dependent (Fig. S4).
Conversely, for Forrest SHMTS, although binding of FTHF
could be observed, it was not saturable, and a K, could not be
determined under the conditions tested (Table 1 and Fig. S4).
These results highlight a distinct biochemical difference in THF
binding between Essex and Forrest SHMTS8 and are consistent
with our inability to obtain a ternary complex with Forrest
SHMTS for structural characterization.
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Figure 5. Polder-style electron density maps of the THF-binding loop in soybean SHMT8. Positions of residues 130 and 358 are noted. Maps are contoured
at 3 o, and density is shown spanning residues 377-387. A, the well-ordered loop in the Essex SHMT8 ternary complex with PLP-Gly and FTHF. B and C, show
density for the loop in the Essex SHMT8 complexes with PLP and PLP-Gly, respectively. D and E, corresponding complexes with Forrest SHMT8, for comparison
with those of Essex. Note the more extensive partial density for the loop in the Forrest complexes, suggesting a change in loop mobility caused by the

substitutions at residues 130 and 358.

Table 1
Folate-binding and steady-state kinetic parameters

Reported uncertainties are standard errors as calculated from curve fitting in Origin
2019. ND, not determined.

Essex SHMT8  Forrest SHMTS8

Spectrophotometric FTHF-

binding assay
SHMTS8-glycine + FTHE (uMm) 17 ND
Steady-state kinetics: MTHFD-

coupled reaction
ko (s 143 ND
K, roap (M) 30+ 11 ND
K, g (M) 240 =+ 30 1300 = 200
K (M) 170 = 70
K K,y gz (Mt~ s ™) 500 = 190 0.22 + 0.02
Steady-state kinetic parameters:

retro-aldol cleavage of

L-phenylserine
Keae (571 1.3 0.1 0.93 *+ 0.04
K, (mm) 70 + 10 63+5
kWK, (M1 s™Y) 18 =33 15*13

“ Catalytic efficiency approximated from linear regression.

SASBMB

Forrest SHMT8 has a profound defect in MTHF production

The observed impairment in FTHF binding for Forrest SHMT8
suggested potential alterations in enzymatic activity. To test this,
we utilized a coupled spectrophotometric assay with 5,10-methyl-
enetetrahydrofolate dehydrogenase (MTHED; Fig. S5) (14). Essex
SHMTS displayed THF-concentration dependent substrate inhi-
bition at a fixed, saturating concentration of L-Ser. Fitting of initial
velocity data to a substrate inhibition model returned a K, - of
30 = 11 uM, a k_, of 14 * 357", and an overall catalytic efficiency
(Keat/ K,y 1) Of 500 = 190 mm ™' s~ ' (Table 1). The apparent
K,,, r1yr is similar in magnitude to the K, for FTHF determined by
the binding assay above (Table 1). Likewise, Essex SHMT8 dis-
played Michaelis—Menten behavior at varied concentrations of
L-Ser at a fixed, saturating concentration of THF. Fitting of the
initial velocity data to the Michaelis—Menten model returned a K, _
ser 0f 240 = 30 M (Table 1). These kinetic parameters are also similar

to those of the human enzyme using the same assay (35).

J. Biol. Chem. (2020) 295(11) 3708-3718 3713
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When assayed under the same conditions, Forrest SHMT8
displayed only residual catalytic activity. With THF as the var-
ied substrate at a fixed concentration of L-Ser, Forrest SHMT8
displayed catalytic efficiency of 0.22 = 0.02mm ™ 's™ ' (Table 1),
a 2300-fold decrease compared with Essex. This is consistent
with the FTHE-binding data, which indicated lack of saturation
by folate. Residual activity when L-Ser was varied with THF at a
fixed concentration was fit to a Michaelis—Menten model,
returning a K of 1300 * 200 um, a k_, of 0.36 = 0.04s™ 1,

m,L-Ser cat

and a catalytic efficiency (k.. /K,,,, se;) 0f0.28 £ 0.06 mm ™~ 's™*
(Table 1). Surprisingly, Forrest SHMT8 displayed nearly iden-
tical kinetic parameters as Essex SHMT8 when assaying an
alternative, THF-independent enzymatic reaction: retro-aldol
cleavage of the B-hydroxy-amino acid L-phenylserine (Table 1).
Overall, analysis of the catalytic properties of Essex and Forrest
SHMTS reveals a severe defect in MTHF production, but not
glycine production, in Forrest SHMT8 compared with Essex

SHMTS.

Discussion

We present herein a detailed biochemical and structural
analysis of soybean SHMTS, one of only a few from the plant
kingdom and the first from an agriculturally relevant species to
be so characterized. More importantly, we show, for the first
time, dramatic differences in molecular properties of SHMTS8
from two soybean cultivars: the SCN-susceptible cv. Essex and
SCN-resistant cv. Forrest. We find that Essex SHMTS8 has
robust catalytic activity (Table 1 and Fig. S5) comparable with
SHMTs studied in other higher organisms (17, 35, 36). In stark
contrast, Forrest SHMT8 is severely compromised in its pri-
mary, THF-dependent catalytic function (Table 1 and Fig. S5).
We further demonstrate that this kinetic impairment is due to
decreased binding affinity for folate and does not impact a
THEF-independent activity of the enzyme (Table 1 and Fig. S5).

The quantitative analyses herein differ somewhat from our
results in an earlier study (6). Previously, we estimated the
apparent activities of the Forrest and Essex SHMT8 enzymes
using a cumbersome, discontinuous assay consisting of
quenching the reaction with DTT, followed by a sodium boro-
hydride reduction step, boiling the sample, centrifugation, and
finally analysis by HPLC. The data from the HPLC assay could
not be fit to any standard kinetic models, so kinetic parameters
could not be estimated, preventing either a quantitative com-
parison between Essex and Forrest SHMTS, or a meaningful
comparison with SHMT's from other organisms. Nevertheless,
the qualitative HPLC assay data did suggest that Essex SHMTS8
is more active than Forrest SHMTS, in general agreement with
the current results. Here we used an enzyme-coupled assay that
allowed us to continuously monitor product formation using
simple absorbance spectroscopy. This method enabled us to
study the enzyme activity in the physiologically meaningful
THF concentration range of 0.003— 0.4 mm, as compared with
the very high THF concentration of 0.2—4 mm used in our pre-
vious work. Using the enzyme-coupled continuous assay, we
obtained data that fit well to standard kinetic models (Fig. S5).
Moreover, the kinetic parameters for Essex SHMT8 are in good
quantitative agreement with those of other eukaryotic SHMTs
(31, 35). Thus, we suggest that the current study provides a
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more accurate assessment of the enzymatic activities of Essex
and Forrest SHMT8 and establishes that these two enzymes
have distinct biochemical phenotypes with multiple potential
implications for folate metabolism in soybean.

The results of our kinetic and ligand-binding studies on soy-
bean SHMTS8 are consistent with a wealth of data on enzyme
structure presented here. SAXS and analytical ultracentrifuga-
tion studies show similar oligomeric states in solution for Essex
and Forrest SHMT8 (Fig. S2). Detailed crystallographic analy-
ses reveal nearly identical PLP-binding sites (Fig. 4) and an
overall absence of significant protein structure perturbations
caused by the P130R and N358Y amino acid polymorphic res-
idue changes (Figs. 3 and 4). The only exception to this is an
apparent change in mobility of the THF-binding loop (Fig. 5),
which may help explain the dramatic discrepancy in folate-
binding affinity between Essex and Forrest SHMT8. Although
some conformational variability of this loop has been seen in
other SHMT structures (25, 27, 28), its critical role in THF
binding has not been previously shown. Thus, our study adds to
a growing list of critical functional loops in SHMT, which
include another recently characterized in human mitochon-
drial SHMT (35).

Our structural characterization of a high-resolution ternary
complex of Essex SHMT8 with PLP-Gly and FTHF provides
atomic accuracy to the active site changes that accompany
folate binding in SHMT. The atomic resolution ternary com-
plex reported here, combined with the additional Essex
SHMTS structures, presents a more comprehensive picture of
the structural changes associated with binding of multiple
ligands at the various steps of the catalytic cycle. Importantly,
these structural data have implications beyond the study of soy-
bean SHMT8 and its role in SCN resistance. In particular,
details of these enzyme-ligand interactions have relevance to
designing inhibitors for SHMTs from other organisms, which
are known targets for chemotherapeutic (16, 18, 19) and anti-
malarial (10, 14) agents. Likewise, functional loops of SHMT,
such as the THF-binding loop, may be targets for development
of chemotherapeutics with an alternate mechanism of enzyme
inhibition distal from the active site.

The urgent need for new sources of SCN resistance in soy-
beans (2) makes characterization of potential molecular differ-
ences between SHMT8 from resistant and susceptible soybean
cultivars a topic of great interest in agriculture. Our data herein
demonstrate that differences in SCN resistance related to Rhg4
are associated with impaired folate binding, resulting in a loss of
normal enzymatic function of SHMTS, the extent of which was
not previously appreciated. This finding opens the door for
future studies to pinpoint the biological outcomes of reduced
SHMTS activity in the plant and may enable engineering of
more durable resistance to SCN.

Materials and methods
Protein expression and purification

The Glycine max SHMT8 protein expression constructs
used in this work were previously described (6). For protein
expression, 1 liter of terrific broth supplemented with 50 ug
ml ™! kanamycin and 34 pg ml~' chloramphenicol was inocu-

SASBMB


https://www.jbc.org/cgi/content/full/RA119.012256/DC1
https://www.jbc.org/cgi/content/full/RA119.012256/DC1
https://www.jbc.org/cgi/content/full/RA119.012256/DC1
https://www.jbc.org/cgi/content/full/RA119.012256/DC1
https://www.jbc.org/cgi/content/full/RA119.012256/DC1

lated with 10 ml of starter culture. The cultures were shaken at
37 °C and 250 rpm. When A4, =~ 0.8, the temperature was
shifted to 18 °C, and protein expression was induced with 0.5
mM isopropyl B-b-1-thiogalactopyranoside. Cultures were
shaken overnight at 180 rpm.

For purification, cell pellets were resuspended in a lysis buffer
containing 50 mm HEPES, pH 7.5, 500 mm NaCl, 20 mM imid-
azole, 10% (v/v) glycerol, 1% Tween 20, and 1 mm PLP. The cells
were lysed by sonication followed by centrifugation at 16,000
rpm for 1 h at 4 °C. The resulting supernatant was then filtered
through a 0.45-um syringe-driven filter and loaded onto a
nickel—nitrilotriacetic acid column. After washing the column
with 40 bed volumes of 50 mm HEPES, pH 7.5, 500 mm NaCl, 20
mM imidazole, and 10% (v/v) glycerol, the protein was eluted
with 50 mm HEPES, pH 7.5, 500 mm NaCl, 250 mM imidazole,
and 10% (v/v) glycerol.

The nickel-nitrilotriacetic acid eluate was further purified
by size-exclusion chromatography (SEC) on a Superdex 200
10/300 column using a buffer containing 50 mm HEPES, pH 7.5,
10% (v/v) glycerol, and 0.5 mm Tris(carboxyethyl)phosphine
(TCEP) as the mobile phase. Both Essex and Forrest SHMT8
eluted as a single uniform peak on the SEC chromatogram.
Protein-containing fractions were pooled and concentrated to
24 mg ml~'. Protein was then flash frozen in liquid nitrogen
and stored at —80 °C.

Crystallization of Essex and Forrest SHVIT8

For crystallization experiments, SHMT8 samples were
diluted to 12 mg ml ™" using a buffer containing 25 mm HEPES,
pH 7.5, 50 mm NaCl, and 0.5 mm TCEP. All crystallization
experiments were carried out using the sitting-drop vapor-dif-
fusion format using a 1:1 protein:reservoir ratio. Initial crystals
of SHMTS8 were obtained in Hampton Index condition 62,
which contains 0.2 M trimethylamine N-oxide hydrate, 0.1 m
Tris (pH 8.5), 20% (w/v) PEG monomethyl ether 2000. These
crystals were crushed and used as seeds for optimization
screens. Optimization screens were carried out using an Oryx8
crystallization robot (Douglas Instruments). All crystals of
SHMTS that resulted in the reported structures were obtained
in 0.175-0.24 M trimethylamine N-oxide hydrate, 0.1 M Tris
(pH 8.5), and 19-23 (w/v) PEG monomethyl ether 2000.

For SHMT8 complexes with PLP, the crystals were cryopro-
tected in the reservoir solution supplemented with 15% (v/v)
ethylene glycol and flash-cooled in liquid nitrogen. For the
structure of Essex SHMT8 complexed with PLP-Gly, the crys-
tals were obtained via cocrystallization experiments in the pres-
ence of 20 mm glycine in both the protein sample and the res-
ervoir solution. Essex SHMTS8-PLP-Gly crystals were then
cryoprotected in the reservoir solution supplemented with 15%
(v/v) ethylene glycol and flash-cooled in liquid nitrogen. For the
structure of Forrest SHMT8 complexed with PLP-Gly, crystals
were obtained by soaking Forrest SHMT8-PLP crystals in the
reservoir solution supplemented with 20 mm L-serine and 15%
(v/v) ethylene glycol for cryoprotection. After a short (~30 s)
soak, the crystals were flash-cooled in liquid nitrogen.

For the Essex SHMT8 ternary complex with PLP-Gly and
FTHE, crystals were obtained via cocrystallization experiments
in the presence of 20 mm glycine and 10 mm FTHF in both the
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protein sample and reservoir solution. We note that stock solu-
tions of both glycine and FTHF were prepared in a buffer con-
taining 25 mm HEPES, pH 7.5, 50 mm NaCl, and 0.5 mm TCEP.
SHMTS8-PLP-Gly'FTHEF crystals were then cryoprotected in the
reservoir solution supplemented with 15% (v/v) ethylene glycol
and flash-cooled in liquid nitrogen.

X-ray diffraction data collection, phasing, and refinement

X-ray diffraction data were collected on Advanced Light
Source Beamline 4.2.2 using a Taurus-1 CMOS detector and
5.0.2 using a Pilatus 3 6M detector in shutterless mode. The
data sets consisted of 900 images spanning 180°. The data sets
were integrated and scaled with XDS (37), and the intensities
were merged and converted to amplitudes with Aimless
(38). We note that for the Essex SHMTS8-PLP and Forrest
SHMTS8:-PLP structures, five and three data sets, respectively,
collected on a single crystal were merged using XSCALE (39)
and used for phasing and refinement.

Initial phases of the Essex SHMTS8-PLP data set were deter-
mined by molecular replacement in Phaser (40) using the struc-
ture of rabbit SHMT (PDB code 1CJ0) as a template structure.
The initial map, experimental data, and sequence were then
input into phenix.autobuild (41) for phase improvement and
automated ab initio model building. The resulting phenix.au-
tobuild model was used for subsequent rounds of model build-
ing in COOT (42) and refinement in PHENIX (41). The refined
Essex SHMT8-PLP structure was used to determine the phases
for all other data sets.

Steady-state kinetics for the SHMT two-substrate reactions

Steady-state kinetic parameters for the SHMT reaction in
which L-serine and THF are converted to glycine and 5,10-
MTHEF were determined using the previously reported coupled
reaction utilizing the NADP " -dependent enzyme 5,10-methyl-
enetetrahydrofolate dehydrogenase (MTHEFD) (14). The Esch-
erichia coli gene encoding MTHFD (EcMTHFD; FolD) was
PCR-amplified from the E.coli genome using previously
reported primers (43). The EEMTHFD gene was then cloned
into pET24b for expression of the C-terminally His-tagged
enzyme. Previous studies noted that the presence of the C-ter-
minal His tag has no effect on the kinetic parameters of
EcMTHEFD (43). MTHFD-coupled assay studies were carried
out in an Epoch II plate reader (BioTek) in a reaction buffer
containing 50 mm HEPES, pH 7.5, and 0.5 mMm EDTA. The reac-
tions contained either 0.025 um Essex SHMTS8 or 2.5 um For-
rest SHMT8. NADPH production was continuously monitored
at 375 nm. Assays to determine the apparent Michaelis con-
stant of THF contained 1 mm NADP™, 5 um ECMTHED, 2 mm
L-serine, and a concentration series of THF ranging from 0.003
to 0.4 mM. Reported kinetic parameters for Essex SHMT8 with
THE as the variable substrate were determined by fitting a sub-
strate inhibition model to the average of four biological repli-
cates, each with three internal technical replicates, for a total of
12 individual replicates. Reported kinetic parameters for For-
rest SHMT8 with THF as the variable substrate were deter-
mined by linear regression to the average of three biological
replicates, each with three internal technical replicates, for a
total of nine individual replicates. Assays to determine the
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apparent Michaelis constant of L-serine contained 1 mwm
NADP™, 5 um ECMTHED, 400 um THF, and a concentration
series of L-serine ranging from 0.016 to 2 mM. (The high con-
centration of THF in assays with L-serine as the variable sub-
strate was used to compensate for the low THF-binding affinity
of Forrest SHMT8.) Kinetic parameters with serine as the vari-
able substrate were determined by fitting a Michaelis—Menten
model to the average of three independent replicates. The ini-
tial slopes of the reactions were used to determine enzyme
activity, and the calculation utilized a molar extinction coeffi-
cientof 1920 M~ ' cm ™! for NADPH at 375 nm (10). The results
were graphed and analyzed in Origin 2019. The data were fit to
either a substrate inhibition or Michaelis—Menten model. The
error bars in Fig. S5 are the S.D. values calculated from technical
replicates. The uncertainties reported in the text and Table 1
are the standard errors from curve fitting with Origin 2019.

To minimize the effects of THF oxidation on the assay, the
following precautions were taken. The reaction buffer was
autoclaved the placed in a purge chamber during which the
buffer was subjected to three cycles of vacuum and purging with
either N, or mixed gas (95% N,, 5% H,). Following this purge
step, the buffer was immediately placed in an anaerobic glove
bag. These steps reduced the presence of dissolved oxygen in
the reaction buffer. Both the (6S)-THF (Cayman Chemical) and
the DMSO used to resuspend the (6S)-THF were only opened
in the anaerobic glove box, and the DMSO was stored desic-
cated in the anaerobic glove box. Additionally, all THF, L-serine
and NADP™ stock solutions used in the assays were prepared in
an anaerobic glove box.

Determination of specific activities for the SHMT retro-aldol
cleavage reaction

To determine and compare the specific activities for the
folate-independent retro-aldol cleavage reaction of Essex and
Forrest SHMTS, pL-phenylserine (Millipore-Sigma) was used
as a substrate. The reactions were carried out in a buffer con-
taining 25 mm HEPES, pH 7.5, 50 mm NaCl, and 0.5 mm TCEP
in an Epoch II plate reader (BioTek). Each reaction contained 1
M SHMTS8 and 1-250 mm pL-phenylserine. Benzaldehyde for-
mation was monitored at 279 nm. The initial slopes of the reac-
tions were used to determine enzyme activity, and the calcula-
tion utilized a molar extinction coefficient of 1400 M * ¢cm !
for benzaldehyde (44). The results were graphed and analyzed
in Origin 2019.

Ligand-binding assays

Folate-binding assays were adapted from previously reported
protocols (34, 45). Briefly, enzyme solutions containing 1 mg
ml ™' enzyme were formulated in the presence of either FTHF
or glycine. This solution was mixed 1:1 with a solution of gly-
cine or FTHF, respectively, in a 96-well plate. The plate was
analyzed by absorbance scan (450 -550 nm for Essex SHMTS8
and 450-700 nm for Forrest SHMT8) in a BioTek Epoch II
plate reader following the formation of a peak at ~500 nm,
consistent with the formation of the SHMT8-folate complex, as
previously reported (45). The absorbance at 500 nm was base-
line subtracted from the absorbance at 540 or 700 nm for Essex
and Forrest, respectively. The working concentrations of gly-
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cine tested were 0.5-20 mM for Essex and 0.5—100 mwm for For-
rest. The working concentrations of FTHF tested were 10 -100
uM for Essex and 10-100,000 um (100 mm) for Forrest.

The data were analyzed by plotting AAbsorbance versus sub-
strate concentration. The data were globally fit to the
Michaelis—Menten equation, assuming K,,, ~ K. Determina-
tion of the dependence of the K, of one ligand on the presence
of the other was carried out graphically using double reciprocal
plots as previously described (34). The data were plotted and
analyzed in Origin 2019.

Data and software availability

The atomic coordinates and crystallographic structure fac-
tors have been deposited in the Protein Data Bank under acces-
sion codes 6UXH, 6UXI, 6UX]J, 6UXK, and 6UXL. All other
data are available from the corresponding author upon reason-
able request.
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