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ding and activity analysis of known
serine hydroxymethyltransferase inhibitors in
biochemical assays
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Serine hydroxymethyltransferase (SHMT) is a crucial enzyme in folate metabolism, transferring a methylene

group from serine to tetrahydrofolate (THF). It plays a key role in one-carbon metabolism, particularly in

purine and thymidine biosynthesis, which has been linked to various cancers. Recently, a small number

of small-molecule inhibitors distinct from traditional antifolates have been identified, such as SHIN1,

SHIN2, AGF347 and W478. However, comprehensive cell-free biochemical data for binding and activity

analysis of these inhibitors are lacking. By using thoroughly characterized recombinant SHMT1/2, this

study investigates direct inhibitor binding by protein thermal shift assay and aims to expand the use of

a known biochemical coupled enzyme approach, which has not yet been applied to determine the

inhibitory activity of chemical test compounds, to evaluate the activity of these inhibitors against SHMT1

and SHMT2. Our work provides a comprehensive analysis of nine different SHMT1/2 inhibitors, thereby

presenting a new methodological strategy that fills a gap in the existing literature on SHMT inhibition as

well as opening up new avenues for the development and investigation of SHMT1/2 inhibitors.
1 Introduction

SHMT is a pyridoxal phosphate (PLP) dependent enzyme that
plays an important role in the folate metabolism by catalyzing
the transfer of a methylene group from serine to tetra-
hydrofolate (THF). SHMT, therefore, has a crucial function in
one-carbon metabolism, particularly in the biosynthesis of
purines and thymidine. In human cells, there are two distinct
SHMT proteins: cytosolic SHMT1 and mitochondrial SHMT2,
which are encoded by two different genes.1

Enzymes involved in folate-mediated one-carbon metabolism
are frequently dysregulated in human cancers.2,3 Consequently,
extensive efforts have been made to target these enzymes with
small-molecule inhibitors. Particularly for the folate cycle enzyme
dihydrofolate reductase (DHFR), numerous compounds have
entered preclinical phases.4 SHMT1 and SHMT2 have also been
associated with various human cancers, including lung cancer,
leukemia, and glioblastoma.5–8 Early SHMT inhibitors were
antifolates; however, these compounds oen exhibited poor
metabolic stability, toxic side effects, or displayed only moderate
activity.9,10 In recent years, several small-molecule inhibitors of
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SHMT1/2 have been identied that are structurally distinct from
antifolates. Many of these inhibitors, particularly pyrazolopyrans
as SHIN1, SHIN2, and derivatives as well as AGF347, Hit 1 and
W478 ,7,11–15 have been studied with available in vitro and in vivo
data. However, in the case of the most active small-molecule
SHMT inhibitor, (+)-SHIN2 and its much less active enantiomer
(−)-SHIN2, comprehensive biochemical inhibition data are
currently lacking.

In this study, we describe the application of a biochemical
assay, previously used exclusively to analyze the enzymatic
activity of SHMT1, to determine the activity of SHMT1/2
inhibitors. In particular, we use this assay to provide
a comparative activity analysis of nine selected SHMT1/2
inhibitors. Thus, we extend the methodology of analyzing the
activity of SHMT inhibitors and provide the missing biochem-
ical data for SHIN2. In addition, we provide the rst direct
binding data as determined in protein thermal shi assays for
most of these compounds.
2 Results and discussion
2.1 The principle of an ADH-coupled enzymatic assay to
monitor SHMT activity and inhibition by small molecules

The most commonly used biochemical assay to determine the
enzymatic activity of SHMT1/2 is an absorbance-based, coupled
enzymatic assay using the enzyme methylene tetrahydrofolate
dehydrogenase (MTHFD),16,17 which has also been described for
the analysis of the activity of inhibitors. Other methods are also
RSC Adv.
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Table 1 Binding of compounds to SHMT1 and SHMT2 as determined
in thermal shift assays. DTm are indicated at 100 mM inhibitor
concentration. All experiments were carried out at least in triplicate
(mean values ± standard deviations)

Compound SHMT1 DTm (°C) SHMT2 DTm (°C)

(+)-SHIN1 16.5 � 0.8 19.4 � 1.7
(−)-SHIN1 −0.17 � 0.19 −0.44 � 2.35
(+)-SHIN2 13.1 � 0.2 18.1 � 0.5
(−)-SHIN2 0.72 � 0.36 0.22 � 0.86
AGF347 1.38 � 0.24 2.59 � 1.38
Hit 1 2.61 � 0.04 10.1 � 0.3
W478 −0.40 � 0.67 4.51 � 0.63
SHMT-IN-1 5.53 � 0.15 3.58 � 0.24
SHMT-IN-2 16.1 � 0.2 16.3 � 0.1

Fig. 2 (A) Principle of the ADH-coupled inhibition assay. (B) Docking
pose of L-allo-threonine (green) at the glycine binding site in the
crystal structure of SHMT2 (PDB: 5V7I) complexed with glycine
(carbon atoms in purple), a folate-competitive pyrazolopyran inhibitor
(carbon atoms in cyan), and pyridoxal phosphate (PLP; phosphate
group in magenta).
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described including mass spectrometry- and liquid
chromatography-based measurements,7,18 a recently developed
uorescence-based assay,12 and additional absorbance-based
methods.19 The latter include an assay in which the SHMT-
catalyzed, THF-independent retro-aldol cleavage of threonine
is coupled to the reaction catalyzed by the enzyme alcohol
dehydrogenase (ADH). In this assay, threonine is converted into
acetaldehyde, which is subsequently reduced to ethanol by
ADH, and NADH is consumed as a co-substrate.16,18,20 The
reaction is readily detectable by a decrease in NADH absor-
bance. Currently, this assay is used to measure the enzymatic
activity of SHMT1/2 but has not yet been applied to investigate
SHMT1/2 inhibitors.

Since the ADH-coupled assay is a simple, absorbance-based
biochemical method independent of any uorescent probe,
Fig. 1 Binding of (A) (+)-SHIN2 and (B) (−)-SHIN2 to SHMT1 as
analyzed in protein thermal shift assays. The first derivative of the
fluorescence intensity over temperature is plotted against the
temperature. All experiments were performed in triplicate.
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which would have to be accessible, but instead based on stan-
dard chemicals readily available, we intended to expand its
application, thereby presenting a new methodological strategy
for the investigation of SHMT1/2 inhibitors.

Thereby we aimed to apply nine described and commercially
available small-molecule inhibitors including pyrazolopyrans as
SHIN1, SHIN2, and derivatives as well as AGF347, Hit 1 and
W478 (Table S1).
2.2 Binding of inhibitors to puried SHMT1 and SHMT2

We cloned, recombinantly expressed, and puried human
SHMT1 and SHMT2 from bacteria and characterized both
proteins in light scattering and enzymatic activity assays (Table
S2). The obtained specic activities for SHMT1 (As= 0.46± 0.01
U mg−1) and SHMT2 (As = 0.42 ± 0.01 U mg−1) demonstrated
that the proteins are applicable for our assay setup (Table S2).
The Km values of L-allo-threonine for SHMT1 (1.22 ± 0.40 mM)
and SHMT2 (3.99 ± 1.03 mM) were consistent with published
values (Fig. S1).20

Then, we analyzed the binding of the nine compounds to
SHMT1 and SHMT2 in protein thermal shi assays (TSA, Table
1, Fig. 1, S2 and S3). The SHIN1/2 isomers (+)-SHIN1 and
(+)-SHIN2, which are described to be the active isomers,
displayed DTm values of 16.5 ± 0.8 °C and 13.1 ± 0.2 °C,
respectively, indicating strong binding. In contrast, (−)-SHIN1
showed no binding to SHMT1 (DTm=−0.17± 0.19 °C), whereas
(−)-SHIN2 displayed very weak binding (DTm = 0.72 ± 0.36 °C)
as compared with (+)-SHIN1/2.
© 2026 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 Activity of selected SHMT inhibitors in the ADH-coupled enzymatic assay. (A) Activity of SHIN1 and SHIN2 enantiomers against SHMT1. (B)
Activity of SHIN1 and SHIN2 enantiomers against SHMT2. (C) Activity of inhibitors against SHMT1. (D) Activity of inhibitors against SHMT2. Initial
reaction rates vi of compound-containing reactions normalized against the initial reaction rates v0 of the control reactions are plotted against the
compound concentrations. All experiments were performed at least in triplicate. Error bars represent standard deviations.
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The pyrazolopyrans SHMT-IN-1 (DTm = 5.53 ± 0.15 °C) and
SHMT-IN-2 (DTm = 16.1 ± 0.2 °C), which are based on the same
chemical scaffold as SHIN1 and SHIN2, showed moderate to
strong binding. AGF347 (DTm = 1.38 ± 0.24 °C) and Hit 1 (DTm
= 2.61 ± 0.04 °C) showed slight binding to SHMT1. All
compounds showed similar binding to SHMT2, with the
melting temperature shi DTm of SHMT2 comparable to
SHMT1, except Hit 1 and W478, which displayed stronger
binding to SHMT2. W478 showed binding exclusively to
SHMT2, but not SHMT1 (Table 1). However, we observed
denaturation of SHMT1 and SHMT2 at room temperature,
which was indicated by discolouration of the solution in the
well and broadened peaks in the melting curve (Fig. S2 and S3).

The summarized activity data for our puried SHMT1 and
SHMT2, along with compound binding results from thermal
shi assays, enabled the application of our SHMT1 and SHMT2
in the ADH-coupled assay to determine the inhibitory potential
of the selected inhibitors, with the exception of W478, for which
the results at the highest test concentration should at least be
treated with caution.
2.3 THF-independent retro-aldol cleavage by SHMT1/2

Since we assume that the compounds tested in this study act as
THF competitive compounds7,11,13–15 and the retro-aldol cleavage
of threonine by SHMT1/2 is independent from THF as a co-
© 2026 The Author(s). Published by the Royal Society of Chemistry
substrate, we next aimed to rationalize the applicability of our
assay for the investigation of these inhibitors (Fig. 2A).

To this end, we docked L-allo-threonine into the crystal
structure of human SHMT2 (PDB: 5V7I) complexed with glycine
and a folate-competitive pyrazolopyran inhibitor.

The docking predicted interactions of the carboxylic acid
group of threonine with Arg425 and His254 by hydrogen bonds,
which correspond to the same interactions that glycine forms
with the protein in the crystal structure, making the docking
pose appear plausible (Fig. 2B). The overlayed docking illus-
trates that threonine can sterically clash with the inhibitor
preventing the formation of a hydrogen bond between the
inhibitor and Leu172 of the protein, which could affect the
binding of the inhibitor. It is therefore plausible that an assay
based on THF-independent retro-aldol cleavage by SHMT1/2
could still be used to investigate THF-competitive inhibitors.
2.4 Application of the ADH-coupled enzymatic assay to
monitor SHMT inhibition

To rst proof that the inhibitors do not lead to misleading
results due to their absorption characteristics or potential
inhibition of the coupling enzyme ADH, we performed counter
assays by carrying out an absorption wavelength scan, protein
thermal shi assays and determined the enzymatic activity of
ADH in the presence of the inhibitors.
RSC Adv.



Table 2 IC50 and Ki values for the inhibition of SHMT1 and SHMT2 by selected inhibitors as determined in the ADH-coupled assay. All exper-
iments were carried out at least in triplicate (mean values ± standard deviations). Apparent Km values for L-allo threonine are 1.22 ± 0.40 mM
(SHMT1) and 3.99 ± 1.03 mM (SHMT2). n/a-not applicable

Compound

SHMT1 IC50 (mM)
or inhibition (%) at the
indicated concentration SHMT1 Ki (mM)

SHMT2 IC50 (mM)
or inhibition (%) at the
indicated concentration SHMT2 Ki (mM)

(+)-SHIN1 0.23 � 0.05 0.09 � 0.02 0.70 � 0.25 0.47 � 0.17
(−)-SHIN1 28.5 � 7.9% at 10 mM n/a 28.5 � 6.2% at 10 mM n/a
(+)-SHIN2 0.40 � 0.22 0.15 � 0.08 1.45 � 0.14 0.97 � 0.09
(−)-SHIN2 44.2 � 4.2% at 10 mM n/a 39.7 � 11% at 10 mM n/a
AGF347 26.9 � 7.5 10.2 � 2.8 44.6 � 13.1% at 100 mM n/a
Hit 1 3.67 � 0.43 n/a 2.58 � 0.27 n/a
W478 14.50 � 2.74 5.50 � 1.04 42 � 21% at 25 mM n/a
SHMT-IN-1 1.60 � 0.51 0.61 � 0.19 3.43 � 0.51 2.29 � 0.34
SHMT-IN-2 1.82 � 0.56 0.63 � 0.21 3.76 � 0.93 2.36 � 0.58

RSC Advances Paper
The compounds did not display signicant absorbance at
the test wavelength of 340 nm, except W478 that showed slight
absorbance at the test wavelength and an absorbance peak at
280 nm (Fig. S4), where its activity against SHMT2 was originally
be determined.15 None of the compounds displayed relevant
binding to ADH in thermal shi assays (Fig. S5 and Table S3) or
reduced its enzymatic activity (Fig. S6 and Table S3).

Finally, we performed the ADH-coupled assay in the pres-
ence of the inhibitors. For the inhibition assays we converted
the determined IC50 values into Ki values for a better compa-
rability of the inhibitor activities using the Cheng–Prusoff
equation.21 The equation assumes a competitive inhibition
mode. We have not clearly shown competitive inhibition in
a structural or kinetic investigation; however, we rationalized
a competitive inhibition mode by molecular docking for the
pyrazolopyran moiety (Fig. 2B), which most of our tested
compounds carry. Also, the testing of inactive enantiomers of
the inhibitors SHIN1 and SHIN2, which, in their active forms,
are known to act as folate competitors, indicate a competitive
reaction mode.

Also docking of AGF347 by Dekhne et al. as well as docking of
W478 into the serine binding site carried out by Han and co-
workers proposed a competitive inhibition mechanism.15,22

Hit 1 was described to act via a non-competitive mechanism by
Nonaka et al. excluding the usage of the Cheng–Prusoff equa-
tion for this compound.12

(+)-SHIN1 displayed activities against SHMT1 (Ki = 0.09 ±

0.02 mM) and SHMT2 (Ki = 0.47 ± 0.17 mM) with inhibitory
constants in the submicromolar to nanomolar range and
a slight selectivity for SHMT1 over SHMT2 (Fig. 3A, B and Table
2). (+)-SHIN2, which was described as more potent than
(+)-SHIN1 in cell-based assays,11 was slightly more active against
SHMT1 (Ki = 0.15 ± 0.08 mM) as compared to SHMT2 (Ki = 0.97
± 0.09 mM) with Ki values comparable to (+)-SHIN1 in our assay.
The respective stereoisomers, (−)-SHIN1 and (−)-SHIN2, previ-
ously reported to be less active,7,11 exhibited markedly reduced
activities in the double-digit micromolar range to both enzymes
(Fig. 3A, B and Table 2). These data are consistent with the
binding data from TSA demonstrating that the compounds
bind isomer-specically (Table 1).
RSC Adv.
The other two pyrazolopyrans, SHMT-IN-1 and SHMT-IN-2,
were marginally less active than SHIN1 and SHIN2, which is
consistent with the activities originally reported.7,14 They
exhibited similar efficacy when compared with one another,
with Ki values for SHMT1 in the sub-micromolar range and
a slight preference for SHMT1 over SHMT2 being observed
(Fig. 3C, D and Table 2). Hit 1 was moderately active against
SHMT1 (IC50 = 3.67 ± 0.43 mM) and SHMT2 (IC50 = 2.58 ± 0.27
mM) and displayed no selectivity, which was consistent with
published activities.12 AGF347 showedmoderate activity against
SHMT1 (Ki = 10.2 ± 2.8 mM), but markedly reduced activity
against SHMT2 (44.6 ± 13.1% inhibition at 100 mM, the highest
concentration tested). W478 displayedmoderate activity against
SHMT1 (Ki = 5.50 ± 1.04 mM), but only negligible activity
against SHMT2 (42 ± 21% at 25 mM, the highest concentration
tested) in the context of our assay (Fig. 3C, D and Table 2).

Further, we determined Z0 factors for both inhibitory assays.
While the Z0 factor for our SHMT1 assay (Z0 = 0.52 ± 0.04)
indicated its suitability for future high-throughput screening
applications for the discovery of new SHMT inhibitors, the value
for our SHMT2 assay (Z0 = 0.36± 0.05) was relatively low for this
sort of biochemical assay demonstrating that the assay is close
to the lower border of suitability for HTS (Fig. S7). Nevertheless,
the Z0 factor for SHMT2 suggests that the assay is potentially
still suitable for HTS, although to a lower extent than our
SHMT1 assay. Improvement of protein production or changes
of the buffer composition in order to reduce heterogeneity of
the SHMT2 as well as SHMT1 preparation might lead to an
increase of the Z0 factor for both enzymes.
3 Conclusions

In summary, we demonstrate the rst application of the alcohol
dehydrogenase-coupled enzymatic assay for the determination
of the activity of small-molecule SHMT1/2 inhibitors. In addi-
tion, we provide the rst cell-free biochemical data for the
activity of (+)-SHIN2 and (−)-SHIN2, as well as the rst direct
binding data from thermal shi assays for SHIN1, SHIN2,
SHMT-IN-1, SHMT-IN-2, AGF347 and W478.
© 2026 The Author(s). Published by the Royal Society of Chemistry



Paper RSC Advances
The ADH-coupled inhibition assay is a reproducible assay
that takes advantage of the coupling enzyme ADH, which can be
expressed recombinantly in yeast with high yields. It is based on
the application of standard chemicals rather than specic
chemical probes, which makes this assay, using a simple
instrumental setup, readily applicable. Importantly, this assay
does not require THF as a co-substrate, thereby overcoming
potential issues due to the oxygen sensitivity of THF. Our results
expand the available methodologies for investigating SHMT1/2
inhibitors through a cost-effective, straightforward, reliable and
high-throughput accessible approach and thereby contribute to
the further development of new SHMT1/2 inhibitors.
4 Materials and methods

The general chemicals were purchased from Carl Roth GmbH +
Co. KG (Karlsruhe, Germany), VWR International GmbH
(Darmstadt, Germany), Merck KGaA (Darmstadt, Germany), and
Thermo Fisher Scientic (Life Technologies GmbH, Darmstadt,
Germany). The supplier for more specic consumables is stated
in the method description itself below.
4.1 SHMT inhibitors

Inhibitors (MedChemExpress, USA) were purchased from Biozol
GmbH (Germany, (+)-SHIN1: MCE-HY-112066A, (−)-SHIN1:
MCE-HY-112066B, (+)-SHIN2: MCE-HY-134978A, (−)-SHIN2:
MCE-HY-134978B, SHMT-IN-1: MCE-HY-129651, SHMT-IN-2:
MCE-HY-129226, W478: MCE-HY-178432). AGF347 and Hit 1
were purchased from Merck (Sigma-Aldrich, AGF347: SML2904,
Hit 1: SML2699).
4.2 Protein thermal shi assay

Protein thermal shi assays were performed applying protein
thermal shi dye (Thermo Fisher Scientic, 4461146). Assays
were carried out in 50mMHEPES pH 7.5, 100mMNaCl, 0.5 mM
EDTA, 0.005% (v/v) Tween 20, 1 mM DTT and 4% (v/v) DMSO.
SHMT proteins were applied at 2 mM. Alcohol dehydrogenase
(ADH, Thermo Fisher Scientic, J65869.VEX) was applied at 2.4
mM. Compounds were applied at 50 mM, 100 mM and 200 mM.
Proteins and compounds were incubated at room temperature
for 40 minutes prior to the addition of the protein thermal shi
dye. Assays were performed in transparent 384 well plates.
Plates were centrifuged for 1 minute at 215×g prior the
measurement. Melting curves from 25 °C to 99 °C with
a temperature increase of 0.05 °C were recorded using a real
time PCR cycler.
4.3 SHMT1/2 inhibition assay

All assays were carried out in assay buffer (50 mM HEPES pH
7.5, 100 mM NaCl, 0.5 mM EDTA, 0.005% (v/v) Tween 20 and
1 mM DTT) at room temperature. Reaction mixtures contained
0.5 mM SHMT1 or 1.5 mM SHMT2, 2 mM L-allo-threonine,
0.1 mM NADH, 10 U ADH and varying concentrations of test
compounds (1.526 nM–100 mM, depending on the compound).
The nal DMSO concentration within the assay was 2%.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Compound in DMSO or DMSO (controls) and threonine were
added to the wells and the reaction was started by the addition
of a master mix composed of NADH, both enzymes (SHMT1 or
SHMT2 and coupling ADH) and buffer using a multi-channel
pipette. The absorbance at 340 nm was recorded in trans-
parent 96-well plates with a total reaction volume of 100 ml per
well. The initial reaction velocities vi for each inhibitor
concentration were determined by linear regression of the rst
30 seconds and normalized against the initial reaction velocity
of the non-inhibited reaction v0. vi/v0 values were plotted
against the inhibitor concentration and the IC50 values were
determined by applying a nonlinear four-parameter regression
(Y=Bottom + (Top-Bottom)/(1 + 10^((LogIC50-X)*HillSlope))).
IC50 values were converted into Ki values applying the Cheng–
Prusoff equation (Ki = IC50/(1 + [S]/Km)).
4.4 Molecular docking

The crystal structure of human SHMT2 in complex with glycine,
a folate-competitive pyrazolopyran inhibitor, and pyridoxal
phosphate (PLP) (PDB ID: 5V7I; https://www.rcsb.org/structure/
5V7I) was obtained from the RCSB Protein Data Bank. The
ligand L-allo-threonine ((2S,3S)-2-amino-3-hydroxybutanoic
acid (CID: 99289; https://pubchem.ncbi.nlm.nih.gov/
compound/99289) was downloaded from PubChem.

All docking studies and visualizations were performed using
the Molecular Operating Environment (MOE; Chemical
Computing Group, version 2024; https://www.chemcomp.com).
The structure was prepared using QuickPrep, which added
missing hydrogens, optimized protonation states at pH 7.0,
optimized side-chain conformations, and performed
restrained energy minimization (Amber10:EHT force eld) to
relieve steric clashes while preserving the experimental
geometry.

The native glycine ligand is present only in chain B; there-
fore, chain B was selected for docking. L-allo-threonine was
docked (general docking method) into the same binding site
without explicit removal of glycine, resulting in a visual overlap
to illustrate potential steric competition.

The binding site was dened by the coordinates of the native
glycine molecule. Docking was performed using the Triangle
Matcher placement method with London dG scoring, followed
by energy minimization under the default force eld settings
(Amber10:EHT). A total of twenty-six poses were generated to
explore possible orientations of L-allo-threonine within the
pocket. Docking parameters were as follows: placement
method, Triangle Matcher; initial scoring, London dG; rene-
ment, force eld; and nal rescoring, GBVI/WSA dG. The
resulting poses were analyzed to assess steric hindrance and
potential displacement of the folate-competitive pyrazolopyran
inhibitor.
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