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A B S T R A C T   

Serine hydroxymethyltransferase (SHM) is one of the hallmarks of one-carbon metabolism. In plants, isoforms of SHM participate in photorespiration and/or transfer 
the one-carbon unit from L-serine to tetrahydrofolate (THF), hence producing 5,10-CH2-THF that is needed, e.g., for biosynthesis of methionine, thymidylate, and 
purines. These links highlight the importance of SHM activity in DNA biogenesis, its epigenetic methylations, and in stress responses. Plant genomes encode several 
SHM isoforms that localize to cytosol, mitochondria, plastids, and nucleus. In this work, we present a thorough functional and structural characterization of all seven 
SHM isoforms from Arabidopsis thaliana (AtSHM1-7). In particular, we analyzed tissue-specific expression profiles of the AtSHM genes. We also compared catalytic 
properties of the active AtSHM1-4 in terms of catalytic efficiency in both directions and inhibition by the THF substrate. Despite numerous attempts to rescue the 
SHM activity of AtSHM5-7, we failed, which points towards different physiological functions of these isoforms. Comparative analysis of experimental and predicted 
three-dimensional structures of AtSHM1-7 proteins indicated differences in regions that surround the entrance to the active site cavity.   

1. Introduction 

Serine hydroxymethyltransferase (SHM, EC 2.1.2.1) is a pyridoxal 5′- 
phosphate (PLP)-dependent enzyme with a central role in one-carbon 
folate metabolism. Although the enzyme has multiple catalytic activ-
ities, its main function is to catalyze the reversible conversion of L-serine 
and tetrahydrofolate (THF or tetrahydropteroylglutamate; H4PteGlu) to 
glycine and 5,10-methylenetetrahydrofolate (5,10-CH2-THF). The Ser → 
Gly reaction supplies one-carbon units for a series of vital biosynthetic 
processes, such as the synthesis of methionine, thymidylate, and pu-
rines, underlying its importance in DNA biogenesis and cellular 
methylation reactions (Schirch, 1982; Matthews and Drummond, 1990; 
Schirch and Szebenyi, 2005). In plants, however, SHM reaction in the 
other direction (Gly → Ser) is also indispensable, being an integral step 
of the photorespiratory pathway (Timm and Hagemann, 2020). 

SHM is structurally conserved and ubiquitous in nature; many se-
quences from Eukarya, Eubacteria, and Archaea are available in data-
banks, and several crystal structures have been solved. In Eubacteria and 
Archaea, single genes encode the SHM enzymes, which exhibit a 

homodimeric structure. In animals and fungi, two genes encode two 
SHM isoforms (cytosolic and mitochondrial) that form tetramers (Mar-
tini et al., 1987, 1989; Garrow et al., 1993; Kastanos et al., 1997; Ren-
wick et al., 1998). In plants, the situation is much more complicated due 
to a high number of SHM isoforms, e.g., seven in Arabidopsis thaliana (At) 
(Hanson and Roje, 2001; Zhang et al., 2010), seven in Medicago trun-
catula (Ruszkowski et al., 2018), five in Oryza sativa (Mishra et al., 
2019), and at least twelve in Glycine max (Lakhssassi et al., 2019). The 
multiple isoforms of plant SHMs are distributed among cellular com-
partments. For instance, A. thaliana SHM isoforms localize to mito-
chondria (AtSHM1, AtSHM2), chloroplast (AtSHM3), cytosol (AtSHM4, 
AtSHM5), and nucleus (AtSHM6, AtSHM7) (Zhang et al., 2010; Wei 
et al., 2013; Huang et al., 2016; Ruszkowski et al., 2018). The existence 
of so many isoforms is probably related to the plants’ need for metabolic 
flexibility and reprogramming in response to changing environmental 
conditions (Hodges, 2002). Interestingly, at least some SHM isoforms 
(AtSHM1 and AtSHM4) are controlled by the circadian clock (Mcclung 
et al., 2000). 

Plant SHM isoforms play an important role in the photorespiration 
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pathway and the resistance to environmental stresses (Fang et al., 
2020b). Indeed, it has been found that a mitochondrial SHM gene mu-
tation in rice (osshm1) obstructs the photorespiration pathway, resulting 
in the accumulation of reactive oxygen species (ROS) (Wang et al., 
2015). Also, in A. thaliana, the shm1-1 mutant (in the gene encoding the 
mitochondrial AtSHM1 isoform) has the conditional lethal photo-
respiratory phenotype (Somerville and Ogren, 1981; Moreno et al., 
2005; Voll et al., 2006). The involvement of SHM in plant stress toler-
ance has been assessed in several studies. A. thaliana shm1-1 mutants are 
more susceptible to infection by biotrophic and necrotrophic plant 
pathogens. These mutants also accumulate more H2O2 than wild-type 
plants under salt stress (Moreno et al., 2005). On the other hand, the 
Oryza sativa transgenic line Lsi1-OX, in which OsSHM is up-regulated, 
presented an enhanced chilling tolerance and lower ROS levels; 
OsSHM localizes to the endoplasmic reticulum (Fang et al., 2020a). 
Moreover, computational and genetic investigations suggested that 
AtSHM5, AtSHM6, and AtSHM7 are involved in the development and 
maturation of fruit (Zhang et al., 2017) and in gametogenesis (Pagnussat 
et al., 2005). These results suggest important regulatory functions of 
some AtSHM, perhaps similar to the RNA binding capability of the 
human cytosolic (HsSHMT1) (Guiducci et al., 2019). However, the un-
derlying molecular mechanisms in plants remain to be determined. 

In vitro SHM activity has been reported for A. thaliana mitochondrial, 
cytosolic, and plastidic isoforms (AtSHM1, AtSHM2, AtSHM3, AtSHM4), 
but no functional information is available for AtSHM5, AtSHM6, or 
AtSHM7. Wei et al. (2013) characterized AtSHM1, AtSHM2, and 
AtSHM4 concerning the impact of folate polyglutamylation on substrate 
saturation kinetics. The authors found that only AtSHM1 and AtSHM2 
had increased turnover rates at high enzyme concentrations in the 
presence of monoglutamylated folates but not with pentaglutamylated 
folate substrates. Such differences in catalytic efficiency of AtSHMs may 
be an adaptation to different folate concentrations in subcellular com-
partments. In another study, plastidic AtSHM3 was characterized by 
Zhang et al. (2010). The authors revealed an increase in the substrate 
affinity and the catalytic efficiency for H4PteGlun with n (1–8). AtSHM3 
is also subjected to H4PteGlu1− 8 substrate inhibition and inhibition by 
5-methyl-H4PteGlun and 5-formyl-H4PteGlun (n = 1 or 5); pentagluta-
mylated inhibitors are more effective. However, the authors calculated 
that these molecules should not impact AtSHM3 activity under the folate 
concentration estimated for plastids. Regarding AtSHM2 (mitochon-
drial) and AtSHM4 (cytosolic), their interaction with antifolates has 
been assayed by us from the structural and kinetic perspective (Rusz-
kowski et al., 2019). Although the AtSHM5 isoform was expressed, the 
purified protein was catalytically inactive (Wei et al., 2013). The nuclear 
AtSHM7 has also been shown to lack SHM activity in vitro (Huang et al., 
2016). The authors suggested a novel function for this isoform in 
regulating S-adenosylmethionine (SAM) biosynthesis and epigenetic 
maintenance of sulfur homeostasis via DNA methylation (Huang et al., 
2016). Until now, there has been no experimental evidence of whether 
AtSHM6 has SHM activity, although as AtSHM7, it holds a 
nuclear-targeting signal peptide (Zhang et al., 2010). 

Considering the link between plant mitochondrial SHM isoforms 
with the maintenance of redox homeostasis during photorespiration, it is 
not surprising that the organellar SHM isoforms have received more 
attention than the cytosolic isoforms. Here we focus on analyzing gene 
expression, kinetic characterization, and structural comparison of all 
seven AtSHM isoforms, whose possible functions are still poorly 
understood. 

2. Material and methods 

2.1. Cloning of A. thaliana SHMs 

AtSHMs were produced using the protocol described for AtSHM2 and 
AtSHM4 (Ruszkowski et al., 2019). Briefly, RNA isolated from 
A. thaliana leaves using the RNeasy Plant Mini Kit (Qiagen) was 

reverse-transcribed into the complementary DNA (cDNA) with Super-
Script II reverse transcriptase (Life Technologies). The open reading 
frames coding for AtSHM(1–7) were amplified by polymerase chain 
reaction. Except for the cytosolic AtSHM4&5, N-terminal signal peptides 
were truncated in the construct design to yield AtSHM1-Nt46 (meaning 
that the residue 46 in the genuine sequence is the first one in the 
construct), AtSHM2-Nt46, AtSHM3-Nt76, AtSHM6-Nt127, and 
AtSHM7-Nt123. Prediction of the mature SHM sequences was based on a 
hybrid approach using TargetP 1.1 (Emanuelsson et al., 2000) predic-
tion, refined by comparison of homologous sequences from other plant 
species and prediction of disordered regions. The complete list of 
primers is provided in Supplementary Table 1. Expression plasmids, 
based on the pMCSG68 vector (Midwest Center for Structural Genomics, 
USA), were created by the ligase-independent cloning method (Kim 
et al., 2011). The plasmids were used to transform E. coli BL21(DE3) 
Gold competent cells for protein expression. These procedures allowed 
the expression of AtSHMs with a cleavable N-terminal His6-tag. The 
correctness of the coding sequences was verified by DNA sequencing. 

2.2. Heterologous expression and purification of A. thaliana SHMs 

An overnight culture (40 mL) of BL21(DE3) cells, transformed with 
the corresponding plasmid, was inoculated into 2 L of lysogeny broth 
containing 100 μg/mL ampicillin. Bacteria were grown aerobically at 
37 ◦C to the exponential phase (until the optical density at 600 nm was 
1.0). Then, the temperature was reduced to 4 ◦C, and after shaking for 1 
h, the temperature was changed to 18 ◦C, and isopropyl-D- 
thiogalactopyranoside was added at a final concentration of 0.5 mM 
to induce protein expression. Bacteria were harvested after 18 h and 
suspended in 35 mL of binding buffer (50 mM Hepes-NaOH pH 7.5; 500 
mM NaCl; 20 mM imidazole, 0.2 mM DTT) and stored at − 20 ◦C. Cell 
lysis was carried out by sonication at 70% amplitude using PULSE 
protocol, 4 s ON/26 s OFF, and the lysates were cleared by centrifuga-
tion at 11,000 g for 20 min. The supernatant was applied onto a Ni-NTA 
column equilibrated with the binding buffer. The column was washed 
with the equilibration buffer until the absorbance at 260 nm was below 
0.1, and then with the same buffer with 400 mM imidazole. Fractions 
were collected, and those absorbing at 422 nm (for samples that did 
absorb at 422 nm) were pooled; absorption at 422 nm indicates bound 
PLP and in our experience corresponds to purest samples. The samples 
were dialyzed against 20 mM potassium phosphate at pH 7.2, containing 
300 mM NaCl, 0.2 mM DTT. The purity of each AtSHMs sample was 
checked by SDS-PAGE. The concentration of catalytically active AtSHMs 
was calculated by determining the amount of bound PLP. After the 
addition of NaOH (0.2 N final concentration) to the enzyme solution, the 
absorbance at 388 nm was measured. The released PLP has an extinction 
coefficient of 6550 M− 1 (Peterson and Sober, 1954). 

For structural studies, His6-tag was cleaved with the TEV (tobacco 
etch virus) protease after the first affinity chromatography step. After-
ward, the imidazole concentration was lowered to 20 mM by dialysis, 
and the sample was run through the Ni-NTA resin again. The flow-
through was collected, concentrated to 2 mL volume, and subjected to 
size-exclusion chromatography using Superdex200 16/60 column 
equilibrated in 25 mM Hepes-NaOH pH 7.5; 50 mM NaCl; 100 mM KCl; 
1 mM Tris(2-carboxyethyl)phosphine hydrochloride. 

2.3. THF-dependent activity 

THF, 5,10-CH2-THF and 5-formyl-THF were kindly provided by 
Merck & Cie (Schaffhausen, Switzerland). All experiments were per-
formed in triplicates (three measurements on the same enzyme prepa-
rations) using a Hewlett-Packard 8453 diode-array spectrophotometer 
(Agilent Technologies, Santa Clara, CA). 
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2.4. SHM reaction with L-serine and THF as substrates 

Measurements of the initial velocity of the serine + THF → glycine 
+5,10-CH2-THF (Ser → Gly) reaction were carried out with 0.2 μM 
enzyme samples with L-serine and THF as substrates by means of a 
spectrophotometric coupled assay, in which the 5,10-CH2-THF pro-
duced by the SHM reaction was oxidized by the NADP+-dependent 
E. coli 5,10-methylenetetrahydrofolate dehydrogenase (Angelaccio 
et al., 2014). Assays were carried out at two different pH values (7.0 and 
8.0) at 30 ◦C. Saturation curves were obtained with AtSHMs, keeping 
one substrate at a fixed concentration while varying the concentration of 
the other substrate. Kinetic parameters were determined using Equation 
(1) when L-serine was the fixed substrate or the Michaelis–Menten 
equation when THF was the fixed substrate. 

Equation 1 

Vi =Vmax
[THF]

[THF] + KmTHF
(

1 +
[THF]

Ki

) (1)  

where Vi stands for the initial velocity, Vmax is the maximum velocity, 
[THF] is the concentration of the variable substrate, Km is the Michae-
lis–Menten constant for the variable substrate, and Ki is the substrate 
inhibition constant. The results are listed in Table 1. 

2.5. SHM reaction with glycine and 5,10-CH2-THF as substrates 

The glycine +5,10-CH2-THF → L-serine + THF (Gly → Ser) SHM 
activity was measured with 2 μM enzyme with glycine and CH2-THF as 
substrates. A directed coupled spectrophotometric assay was used in 
which the NAD+-dependent L-serine dehydrogenase from Pseudomonas 
aeruginosa oxidizes L-serine (produced by SHM) into 2-aminomethyl-
malonate semialdehyde (Tramonti et al., 2018). Assays were carried 
out at 30 ◦C in 50 mM TRIS-HCl pH 8.8. Saturation curves, obtained by 
varying either glycine or 5,10-CH2-THF concentration while keeping the 
other substrate fixed at a saturating concentration, were fitted to the 
Michaelis–Menten equation. The results are listed in Table 2. 

2.6. Determination of A. thaliana SHM structures 

Purified proteins were concentrated (to ~15 mg/mL concentration) 
and subjected to crystallization in a sitting-drop vapor diffusion setup. 
AtSHM2 was crystallized in 90% of Index F8 condition (Hampton 
Research) containing 0.2 M ammonium sulfate, 0.1 M HEPES-NaOH pH 
7.5, and 25% polyethylene glycol (PEG) 3350. The drop contained 3 μL 
of the protein solution and 2 μL of the reservoir solution. Cryoprotection 
was obtained by washing the crystal in the crystallization solution 
supplemented with 20% ethylene glycol. AtSHM4 crystallized in Index 
D9 condition (0.1 M Tris-HCl, pH 8.5, 25% PEG3350); the crystals were 
cryoprotected as for AtSHM2. The structure of AtSHM6 results from a 
crystal grown in 0.18 M Ammonium nitrate, 0.09 M Sodium cacodylate 
5.3, 20% v/v PEG Smear Low, 10% ethylene glycol (based on the D1 
condition of the BCS screen, Molecular Dimensions). Cryoprotection was 

obtained by increasing the ethylene glycol concentration to 20% in the 
drop with the crystals. Crystals of AtSHM7 were obtained using the BCS 
screen, G8 condition (75 mM magnesium chloride, 75 mM sodium cit-
rate tribasic, 0.1 M Bis-Tris pH 6.0, 18% v/v PEG Smear Broad); the 
same condition supplemented with 25% ethylene glycol was used for 
cryoprotection. 

Diffraction data were processed with XDS (Kabsch, 2010). Data 
collection details and processing statistics are listed in Table 3. The 
AtSHM6 and AtSHM7 datasets were additionally submitted to anisot-
ropy analysis using the STARANISO server (http://staraniso.globalphas 
ing.org/cgi-bin/staraniso.cgi, Cambridge, United Kingdom, Global 
Phasing Ltd.). Anisotropically truncated data were used for structure 
solution and refinement. The structures were solved by molecular 
replacement in PHASER (McCoy et al., 2007), using a single subunit of 

Table 1 
Steady-state kinetic parameters of AtSHM isoforms in the Ser → Gly reaction.  

Isoform KM   

pH L-Ser (mM) THF (μM) kcat (s− 1) KiTHF (μM) 
AtSHM1 7.0 3.7 ± 0.3 84 ± 12 9.2 ± 2.1 198 ± 8 

8.0 2.1 ± 0.2 232 ± 76 20.0 ± 4 .0 199 ± 29 
AtSHM2a 7.0 8.0 ± 1.4 154 ± 14 8.1 ± 0.7 191 ± 9 

8.0 2.9 ± 0.3 143 ± 12 13.0 ± 0.7 186 ± 12 
AtSHM3 7.0 2.3 ± 0.4 148 ± 49 13.3 ± 4.0 62 ± 22 

8.0 3.6 ± 0.7 321 ± 109 13.3 ± 4.0 141 ± 46 
AtSHM4a 7.0 0.5 ± 0.05 14 ± 2 16.2 ± 1.1 57 ± 6 

8.0 0.30 ± 0.02 24 ± 4 17.4 ± 1.7 141 ± 23  

a Values from (Ruszkowski et al., 2019). 

Table 2 
Steady-state kinetic parameters of AtSHM isoforms in the Gly → Ser reaction.  

Isoform KM   

pH Gly (mM) CH2-THF (μM) kcat (min− 1) 
AtSHM1 8.8 0.69 ± 0.15 155 ± 22 10.4 ± 0.4 
AtSHM2 8.8 0.20 ± 0.02 73 ± 9 7.9 ± 0.2 
AtSHM3 8.8 0.52 ± 0.09 96 ± 14 7.2 ± 0.3 
AtSHM4 8.8 0.19 ± 0.03 77 ± 13 4.8 ± 0.2  

Table 3 
Diffraction data collection and refinement statistics.   

AtSHM2 AtSHM4 AtSHM6 AtSHM7 

Data collection 
Beamline APS 22-ID APS 22-ID PETRA III 

P14 
APS 22-ID 

Wavelength (Å) 1.0000 1.0000 0.9763 1.0000 
Space group P212121 P21 P6422 C2 
Unit cell 

parameters 
a, b, c (Å) 
β (◦) 

115.2, 
131.2, 
151.4 

59.0, 
130.8,121.7 
β = 92.3◦

129.7, 
129.7, 
302.3 

199.8, 
123.0, 290.5 
β = 93.2◦

Resolution (Å) 70.0–1.65 100.0–1.74 105.3- 
2.18b 

58.0–2.74b 

Unique reflections 274997 
(43063) 

181530 
(29467) 

49107 
(2456) 

121503 
(6069) 

Multiplicity 8.04 (6.39) 2.66 (2.58) 38.5 
(34.4) 

4.00 (4.36) 

Completeness (%) 99.5 (97.0) 95.5 (96.0) 96.1 
(80.6)c 

93.5 (65.3)c 

Rmeas
a(%) 9.4 (113.9) 7.7 (59.2) 7.8 

(221.3) 
10.6 (62.7) 

<I/σ(I)> 17.19 (1.9) 8.60 (2.0) 29.8 (2.2) 10.9 (2.9) 
Refinement 
Rfree reflections 1238 1090 981 1220 
No. of atoms (non- 

H)     
protein 15069 14688 6720 41440 
ligands 160 32 4 0 
solvent 2116 1872 127 256 

Rwork/Rfree (%) 15.8/17.8 16.2/20.1 20.7/23.0 18.7/22.7 
Average B-factor 

(Å2) 
25 28 65 77 

Rmsd from ideal 
geometry     
bond lengths (Å) 0.01 0.01 0.01 0.01 
bond angles (o) 1.0 1.0 0.9 1.6 

Ramachandran 
statistics (%)     
favored 97 97 96 96 
allowed 3 3 4 4 
outliers 0 0 0 0 

PDB ID 7pzz 7q00 7qpe 7qx8 

Values in parentheses refer to the highest resolution shell. 
a Rmeas = redundancy independent R-factor. 
b Best anisotropic diffraction limit cut-off. 
c Provided values refer to ellipsoidal completeness. Spherical completeness is 

62.0 (11.4) for AtSHM6 and 65.8 (11.5) for AtSHM7. 
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the MtSHMT3 structure (PDB ID: 6dc0, Ruszkowski et al., 2018). The 
initial models were built in Phenix.AutoBuild (Terwilliger et al., 2008). 
Achesym was used to place the model inside the crystallographic unit 
cell (Kowiel et al., 2014). COOT (Emsley et al., 2010) was used for 
manual model corrections in the electron density maps between re-
finements in Phenix.refine (Afonine et al., 2012). 

2.7. Size exclusion chromatography 

Comparative size exclusion chromatography was performed using 
AKTA setup (GE Healthcare) and the Superdex200 16/60 column. The 
system was equilibrated in 25 mM HEPES-NaOH, pH 7.5, 100 mM KCl, 
50 mM NaCl, 1 mM TCEP. Identical volumes (2.2 mL) of each protein 
were injected, and the chromatography was run using the same preset. 
Protein retention was monitored by recording absorbance at 280 nm. 

2.8. Bioinformatic analyses 

Tissue-specific expression data of AtSHM genes were retrieved from 
the Electronic Fluorescence Pictograph browser (eFP Arabidopsis) at 
http://www.bar.utoronto.ca/(Winter et al., 2007). Collected experi-
mental expression data came from the AtGenExpress Consortium, as 
well as from a tissue-specific collection, mirrored in the Bio-Array 
Resource (Toufighi et al., 2005). Genes co-expressed with AtSHM iso-
forms were screened using Genevestigator (Nebion), in the “Anatomy” 
and “Perturbation” modalities (Table 4, Supplementary Tables 2.1-2.7). 

In the lack of experimental structures of AtSHM1, AtSHM3, and 
AtSHM5, we built their models based on the AlphaFold (Jumper et al., 
2021) predictions retrieved from the AlphaFold database (referred to as 
SHM#-AF). As those are presented in a monomeric form, the functional 
tetramers were created by copying the subunit coordinates onto the 
tetramer, that is the closest homolog whose experimental structure was 
available. Specifically, AtSHM1-AF was truncated before Ser43 and su-
perposed onto the experimental structure of AtSHM2 (this work). 
AtSHM3-AF, truncated before Phe78, was superposed onto the crystal 
structure of MtSHMT3 (PDB ID: 6cd0), which is also chloroplastic 
(Ruszkowski et al., 2018). The full-length AtSHM5-AF model was su-
perposed onto AtSHM4 (this work). 

The charge distribution on the protein surface was calculated in 
PDB2PQR and APBS (Baker et al., 2001; Dolinsky et al., 2004). The 
calculations were made at pH values characteristic of organelles where 
the isoforms localize (mitochondria, 8.1; cytosol; 7.3; nucleus, 7.2; 
(Shen et al., 2013); chloroplast, 8.0, corresponding to the illuminated 
stroma (Heldt et al., 1973; Hauser et al., 1995)). 

3. Results and discussion 

3.1. Gene expression in plant organs and tissues 

To gain insight into the tissue-specific AtSHM expression profiles, we 
analyzed data openly available in eFP Arabidopsis at http://www.bar. 
utoronto.ca/(Winter et al., 2007). This dataset contains gene expres-
sion data for different plant organs and at various growth stages. To our 
knowledge, the data regarding AtSHM isoforms have never been 
analyzed in literature. Between organs and within organs, AtSHM genes 
At4g37930, At5g26780, At4g32520, At4g13930, At4g13890, At1g22020, 
At1g36370 (gene IDs for AtSHM1-7 genes, respectively) present diver-
sified expression patterns (Fig. 1). 

The AtSHM1 gene was expressed at the highest levels in most 
analyzed tissues (Fig. 1). The exceptions were roots, flower petals, and 
top of the stem, where AtSHM4 and AtSHM5 were predominant or at the 
same level, as well as dry and imbibed seeds, where the expression of 
AtSHM2 and AtSHM3 was the highest. The second most abundant genes 
in most tissues were AtSHM4 and AtSHM5. It is important to note that 
the most abundant AtSHM genes, AtSHM1 and AtSHM4, are controlled 
by the circadian clock (Mcclung et al., 2000). 

Contrary to AtSHM1, the other mitochondrial isoform, AtSHM2, is 
not expressed (or expressed at a very low level) in mesophyll cells where 
photosynthesis takes place (Fig. 1B). Engel et al. (2011) showed that the 
presequence of AtSHM2 precludes targeting into mesophyll mitochon-
dria in leaves. Exchange of the AtSHM2 presequence with that of 
AtSHM1 could fully replace AtSHM1 activity in photorespiratory 

Table 4 
Main functions of genes co-expressed with each AtSHM isoform.  

Isoform Main functions of the co-expressed genes 

AtSHM1 Photorespiration 
(e.g., Glutamate–glyoxylate aminotransferase 1; Phosphoglycolate 
phosphatase 1A) 
Photosynthesis: 
-regulation of the cyclic electron flow (Protein PROTON GRADIENT 
REGULATION 5) 
-light harvesting (eg. Photosystem I light harvesting complex gene 5) 
-photosynthetic electron chain (eg. Photosynthetic NDH subunit of 
subcomplex B 1; Ferredoxin–NADP reductase, leaf isozyme 2) 
-Calvin Cycle (eg. Sedoheptulose-1,7-bisphosphatase; 
Phosphoribulokinase) 

AtSHM2 Mitochondrial respiration 
(e.g., Gamma carbonic anhydrase-like 1; NADH dehydrogenase 
[uniquinone] flavoprotein 2) 
Carbohydrate metabolism and glycolysis 
(e.g., Pyrophosphate–fructose 6-phosphate 1-phosphotransferase 
subunit alpha 1) 
ATP binding, microtubule binding, microtubule motor activity 
(e.g., Kinesin-2; ATP binding microtubule motor family protein) 

AtSHM3 ATP binding, hydrolase activity, nucleic acid binding, RNA 
helicase activity 
(e.g., DEAD-box ATP-dependent RNA helicase 10; DEAD-box ATP- 
dependent RNA helicase 22; DEAD-box ATP-dependent RNA helicase 
51) 
Ribosome structural protein 
(Ribosomal protein L7Ae/L30e/S12e/Gadd45 family protein; 
Ribosomal protein S5) 
Methylation 
(e.g., Protein arginine N-methyltransferase 1.5; Protein arginine N- 
methyltransferase 1.1; S-adenosyl-L-methionine-dependent 
methyltransferases superfamily protein) 
DNA binding 
(e.g., DNA topoisomerase, type IA, core; Single-stranded DNA-binding 
protein WHY2) 

AtSHM4 
AtSHM5 

S-adenosyl-L-methionine biosynthesis 
(e.g., S-adenosylmethionine synthase 3; S-adenosylmethionine 
synthase 4) 
Recycling of S-adenosylmethionine-dependent methylation 
(e.g., Adenosine kinase 1; Adenosine kinase 2; 
Adenosylhomocysteinase 2). 
Methionine formation 
(e.g., MS2:5-methyltetrahydropteroyltriglutamate–homocysteine 
methyltransferase 2) 
TCA cycle, carbohydrate metabolism and glycolysis: 
Malate dehydrogenase 1,; Pyrophosphate–fructose 6-phosphate 1- 
phosphotransferase subunit alpha 1;2,3-bisphosphoglycerate-indepen-
dent phosphoglycerate mutase 1 

AtSHM6 Protein ubiquitination 
(e.g., RING/U-box superfamily protein; ARM repeat superfamily 
protein; RING/FYVE/PHD zinc finger superfamily protein; Ubiquitin- 
associated/translation elongation factor EF1B protein; MATH domain- 
containing protein; Ubiquitin fusion degradation UFD1 family protein) 
Histone binding, regulation of DNA methylation, chromatin 
organization 
(agenet domain-containing protein/bromo-adjacent homology (BAH) 
domain-containing protein) 
Transcription elongation factor activity 
(e.g., Transcription elongation factor (TFIIS) family protein) 

AtSHM7 Sulfate reduction for Cys biosynthesis 
(e.g., 5′-adenylylsulfate reductase 1; 5′-adenylylsulfate reductase 2; 5′- 
adenylylsulfate reductase 3) 
Cellular response to sulfur starvation, regulation of glucosinolate 
biosynthetic process (e.g., Protein SULFUR DEFICIENCY-INDUCED 1; 
Protein SULFUR DEFICIENCY-INDUCED 2; response to low sulfur 2). 
Protein ubiquination (U-box domain-containing protein 17) 
ATP binding, ATP hydrolysis (AAA-type ATPase family protein)  
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Fig. 1. Expression patterns of the AtSHM genes across several tissues collected from the Electronic Fluorescence Pictograph browser (eFP Arabidopsis) with 
Developmental Map (A) and Tissue Specific (B) data sources at http://www.bar.utoronto.ca/. 
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metabolism. The authors detected AtSHM2 expression in the vasculature 
of leaves (in heterotrophic cells), where AtSHM2 occurs together with 
AtSHM1 but not in mesophyll cells. Because there is a high demand for 
one-carbon units in Arabidopsis vascular tissues, the authors suggested 
involvement of AtSHM2 in the lignification processes. On the other 
hand, AtSHM2 is normally imported into mitochondria of other tissues 
(Engel et al., 2011). eFP Arabidopsis shows that AtSHM2 expression 
occurs mainly in the shoot apical meristem, imbibed seeds, top of the 
stem, ovary tissue, roots, and first node (Fig. 1). 

The plastid-targeted AtSHM3 is mainly expressed in the shoot apical 
meristem, seeds (imbibed and dry), as well as in guard and mesophyll 
cells. Curiously, although this isoform is apparently localized in chlo-
roplasts (Zhang et al., 2010), its expression in leaves is lower than that of 
AtSHM1 (Fig. 1). In plastids, SHM could participate in the synthesis of a 
light-harvesting cofactor in a plastid-localized cryptochrome (Zhang 
et al., 2010), in addition to generating one-carbon units for the 
biosynthesis of purines, thymidylate and N-formylmethionine. 

The two cytosolic AtSHM4 and AtSHM5 were in general highly 
expressed except for rosette leaf 2, dry seed, shoot apical meristem, and 
mesophyll cells (Fig. 1). However, we acknowledge that AtSHM4 and 
AtSHM5 display the same gene expression pattern, which is unusual and 
may be due to their close location on chromosome 4 (Zhu et al., 2003) or 
indicate an issue with primers specificity. Nonetheless, Boavida et al. 
(2009) correlated an A. thaliana Ds insertional mutant line in gene 
AtSHM5 with a defect in male gametophyte development. Pagnussat 
et al. (2005) identified defects in female gametophyte development in 
two insertional mutant lines in the gene At4g13890 (AtSHM5). It is also 
interesting to note that A. thaliana plants overexpressing AtSHM4 have 
longer roots than wild-type plants (Patent EP 3222729 A3). 

The nuclear isoforms, AtSHM6 and AtSHM7 were generally the least 
expressed genes. However, in leaves (mesophyll, guard cells, and rosette 
leaf 2), the expression of AtSHM7 was actually second to AtSHM1 
(Fig. 1). AtSHM7 has been linked to the regulation of DNA methylation, 
sulfate ion homeostasis, and SAM metabolism, as the AtSHM7 loss of 
function results in decreased SAM, DNA methylation levels, and S- 
deficiency response (Huang et al., 2016). Zhang et al. (2017), using a 
computational method, i.e., random walk with restart algorithm applied 
on a protein-protein interaction network, identified AtSHM6, AtSHM7, 
and AtSHM5 (cytosolic) as genes related to fruit development and 
maturation. However, the molecular mechanisms behind the functions 
of AtSHM5, AtSHM6, and AtSHM7 proteins remain unknown. 

To ascertain the involvement of AtSHMs in cellular processes, we 
used Genevestigator (Nebion) to identify genes that are co-expressed 
with AtSHMs. The summary is given in Table 4, whereas Supplemen-
tary Tables 2.1-2.7 include details for each AtSHM isoform in the 
“Anatomy” and “Perturbation” modalities. Genes expressed together 
with AtSHM1 further support its role in photorespiration, while AtSHM2 
appears linked to mitochondrial respiration. AtSHM3 is co-expressed 
with genes of most diverse functions, which is consistent with the 
presence of only one AtSHM isoform in the chloroplast. With AtSHM4-5, 
the aforementioned ambiguity issue is also apparent but they are linked 
with methionine and SAM biosynthesis and recycling. Regarding the 
nuclear isoforms, AtSHM6 is co-expressed with genes involved e.g., in 
ubiquitination, histone binding, DNA methylation, suggesting important 
regulatory roles for this isoform. Finally, AtSHM7 accompanies genes 
participating in sulfur metabolism, which is consistent with the work of 
Huang et al. (2016) who have linked AtSHM7 with maintaining sulfur 
homeostasis. 

3.2. Catalytic properties of AtSHM isoforms 

We purified and characterized all AtSHMs under the same conditions 
to compare their catalytic properties in vitro (Tables 1 and 2). The pu-
rified samples of AtSHM5 and AtSHM6 were light yellow, and their 
spectra showed a small peak at 420 nm (characteristic of the internal 
aldimine Schiff base formation between PLP and an amino group of 

lysine residue of the enzyme) compared to the other AtSHM isoforms 
that presented a higher 420 nm peak (data not shown). Since the 420 nm 
band corresponds to PLP covalently bound to the enzyme as a Schiff base 
(Ruszkowski et al., 2019), this observation indicates that the purified 
AtSHM5 and AtSHM6 are mostly in the apo-form. AtSHM7 showed a 
canonical spectrum with the characteristic absorbance band at 420 nm 
just after purification (Supplementary Fig. S1). The spectrum changed 
after 1 day as the 420 nm absorbing band was converted into a 330 nm 
absorbing band. 

The Ser → Gly reaction was measured at 30 ◦C at two different pH 
values, pH 7.0 and pH 8.0. This pH range corresponds to the milieu in 
cellular compartments where SHMs are localized; cytosol, pH 7.3; 
mitochondria, pH 8.1; nucleus, pH 7.2 (Shen et al., 2013); chloroplast 
(illuminated stroma), 8.0 (Heldt et al., 1973; Hauser et al., 1995). 
Analysis of the saturation curves (Supplementary Figs. S2 and S3) yiel-
ded the steady-state kinetic parameters listed in Table 1. Our results 
confirm that AtSHM5, AtSHM6, and AtSHM7 are inactive as SHM, as 
previously reported (Wei et al., 2013; Huang et al., 2016). Noteworthy, 
assays with AtSHM7 were performed just after the purification. More-
over, incubation of the purified proteins with PLP (final concentration 
100 μM), followed by subsequent dialysis, failed to rescue SHM activity. 
To check whether inactivity was due to weak PLP binding, we also 
performed the assays including exogenous PLP (final concentration 100 
μM) in the mixture; however, SHM activity was non-detectable even in 
this case. Thus, the question remains why AtSHM5-7 are inactive, sug-
gesting a different biological function, as they may not be bona fide SHM 
enzymes. Perhaps they could bind RNAs, which would give them reg-
ulatory functions similar to the human cytosolic (HsSHMT1) isoform 
(Guiducci et al., 2019) or form multi-protein complexes. In this regard, it 
has been reported that yeast SHM2 takes part in SESAME, a protein 
complex that links serine metabolism with histone modification (Li 
et al., 2015). Since AtSHM6-7 exist in the nucleus, other regulatory 
mechanisms, such as DNA binding, cannot be excluded. 

The results show that the activity of AtSHM(1–4) isoforms is pH- 
sensitive. With the exception of the plastidic AtSHM3 isoform, kcat 
values, extrapolated at saturating THF concentration, increase with pH 
(Table 1). The kcat value of AtSHM3 is unaffected by the change in 
stromal pH stimulated by light (Heldt et al., 1973; Hauser et al., 1995). 
AtSHM1 and AtSHM4 have the highest turnover rates at pH 8.0. AtSHM4 
is also significantly more specific towards both substrates, making it the 
most catalytically efficient isoform due to low KM and high kcat values. 
Considering only the mitochondrial isoforms, the kcat of AtSHM1 is 
higher than that of AtSHM2 at both pH values. The KM for THF is un-
affected by pH only for AtSHM2, whereas for all other isoforms it in-
creases with pH. On the contrary, KM for L-Ser decreases with increasing 
pH for all AtSHMs except for AtSHM3. 

We also determined the THF substrate inhibition constants (Ki, 
Table 1). In other species, THF inhibits SHMs via the formation of an 
enzyme–glycine–THF dead-end complex, which may enable SHM ac-
tivity regulation (Tramonti et al., 2018). The Ki(THF) for both mito-
chondrial SHMs is similar and insensitive to pH fluctuation (at 7.0 and 
8.0). However, for AtSHM3 and AtSHM4 Ki(THF) increases ~2.5 fold 
with increasing pH. Altogether, AtSHM3 and AtSHM4 are much more 
sensitive to THF inhibition at pH 7.0 than AtSHM1 and AtSHM2, 
whereas at pH 8.0 all isoforms exhibit similar Ki(THF). 

Overall, AtSHM4 has the highest efficiency in the Ser → Gly con-
version and also the lowest KM for both substrates. AtSHM4 is also the 
most susceptible to THF inhibition, indicating a tight regulation of its 
activity. Substrate inhibition often has important biological functions 
(Reed et al., 2010). In folate metabolism, substrate inhibition is most 
likely linked to folate storing. This seems to be the case, especially for 
AtSHM4, considering that folates in leaf cells are mostly localized in the 
cytosol (Gambonnet et al., 2001). In the study on the chloroplastic SHM 
from M. truncatula (MtSHMT3), we suggested a mechanism to control 
substrate inhibition in SHM (Ruszkowski et al., 2018). Accordingly, a 
pair of tyrosines in the vicinity of the active site forms a molecular gate, 
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which accepts THF at the reaction stages when THF is required, i.e., the 
external aldimine states (Ruszkowski et al., 2018). Minute changes in 
the SHM regions surrounding the tyrosine pair may allow fine-tuning of 
the THF inhibition. Importantly, the tyrosine pair is conserved not only 
in plant SHM but also in other kingdoms. 

The Gly → Ser reaction was measured by a spectrophotometric 
coupled assay in which the L-serine product is oxidized to 2-aminome-
thylmalonate semialdehyde by the NAD+-dependent L-serine dehydro-
genase from P. aeruginosa (Tramonti et al., 2018). Assays were carried 
out at pH 8.8 to ensure optimal turnover of L-serine dehydrogenase 
(Supplementary Fig. S4). Steady-state kinetic parameters of AtSHMs 
with glycine and CH2-THF are shown in Table 2. AtSHM5-7 isoforms 
show no activity in the Gly → Ser reaction, as observed in the Ser → Gly 
reaction. This further highlights the question whether AtSHM5-7 should 
still be classed as SHMs? AtSHM1 is the isoform with the highest kcat 
value. It also presents the highest KM for both substrates, Gly and 5, 
10-CH2-THF. AtSHM4 is the slowest in the Gly → Ser reaction but it 
shows low KM for both substrates, similar to AtSHM2. Regarding the role 
of the Gly → Ser reaction in photorespiration, it is known that Gly 
produced in peroxisomes during photorespiration mobilizes within 
leaves and accumulates in the cytosol, chloroplast and mitochondria 
(Keys, 1999; Noctor et al., 1999). Gly/Ser ratio in Arabidopsis leaves 
under photorespiratory conditions is around 0.5 but it largely decreases 
in extended darkness, when photorespiration is limited (Sipari et al., 
2020), and increases under high photorespiratory conditions (e.g. low 
CO2, (Dellero et al., 2021)). Thus, assuming that Gly/Ser ratio is similar 
in the whole leaf and in the mitochondria, Gly → Ser reaction may be 
favorable only under photorespiratory conditions. 

3.3. Structures of A. thaliana SHMs 

Within this work, we have determined four new crystal structures of 
AtSHM2 (Nt41), AtSHM4, AtSHM6 (Nt127), and AtSHM7 (Nt123); “Nt” 
denotes the N-terminal residue after truncation of the signal peptide. 
Statistics of the data collection and structure refinement are listed in 

Table 3. The maps quality for AtSHM2 (1.65 Å resolution) is excellent; 
the structure contains a tetramer in the asymmetric unit (ASU). The final 
model contains the protein residues starting from Arg44 (or before, 
chain-dependent) until the C-terminus (Glu517). The only missing 
fragment in the AtSHM2 structure is Ser422-Ala423 of chain C. The 
structure of AtSHM4, determined at 1.74 Å resolution, contains one 
tetramer in the ASU. The C-terminal Asp471 is missing only in chain A, 
whereas the rest of the protein chain was traced in the electron density 
maps unambiguously. Both AtSHM2 and AtSHM4 contain the PLP 
prosthetic group bound in the form of internal aldimine to Lys286 and 
Lys244, respectively. The ASU of the AtSHM6 structure (2.18 Å resolu-
tion) contains half of the tetramer in the ASU; the full tetramer is 
restored by symmetry operations. There are three poorly defined regions 
in the electron density maps which have not been modeled between 
Pro260-Lys276, Pro392-Ile406, and Ala557-Lys576. PLP, expected at 
Lys374, was not placed due to lack of convincing electron density. The 
quality of the AtSHM7 structure, determined at 2.74 Å resolution, is 
worse but sufficient to build the model with satisfactory geometric pa-
rameters. The ASU contains three tetramers, with all chains lacking PLP, 
expected at Lys370. Discontinuous electron density disabled modeling 
of fragments containing residues 257–270, 388–400, and 510–511 
(approximate ranges, chain-dependent). 

We have analyzed the oligomeric state of all seven AtSHM isoforms 
using size-exclusion chromatography (Supplementary Fig. S5). The 
elution profiles were compared to that of HsSHMT1, known to form 
homotetramers (Renwick et al., 1998). Based on this experiment, all 
AtSHM isoforms are tetramers in solution. Structural analysis shows that 
the tetramers have D2 symmetry and are formed by two tight dimers 
(Fig. 2). It is of note that most mammalian SHM homologs also form 
tetramers, as reported for the rabbit (Scarsdale et al., 1999) and mouse 
(Szebenyi et al., 2000) proteins. The same applied to the chloroplastic 
MtSHMT3 reported previously (Ruszkowski et al., 2018). On the other 
hand, in the human mitochondrial SHMT2, the dimer-to-tetramer 
transition is triggered by PLP-binding (Giardina et al., 2015). Howev-
er, SHMTs from lower eukaryotes and from prokaryotes usually form 

Fig. 2. Overall structure of AtSHM. The crystal structure of AtSHM4 (PDB ID: 7q00) is presented. Panel A shows AtSHM4 tetramer, colored per subunit. Secondary 
structure elements depicted as pipes and planks on a single AtSHM4 subunit are shown in panel B. The N-terminal arm, the large domain and the small domain are 
colored blue, green, and orange, respectively. PLP (as internal aldimine, ball-and-stick model) is shown to indicate location of the active site. All helices are labeled as 
α (regardless of the type) for clarity. 
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dimers (Scarsdale et al., 2000; Angelaccio et al., 2014; Chitnumsub 
et al., 2014a, 2014b; Nogues et al., 2020). Each tight dimer of AtSHM 
resembles an SHM dimer from lower eukaryotes or prokaryotes (not 
shown). Formation of the dimer is actually obligate to form a complete 
active site, a feature that is common for all type I PLP-dependent en-
zymes (Liang et al., 2019). 

To introduce the general subunit architecture, we use the cytosolic 
AtSHM4 isoform. All helices are labeled as α (regardless of the type) for 
clarity. The subunit is made of the N-terminal arm, the large domain and 
the small domain (Fig. 2B), named according to the standards estab-
lished for SHMs (Scarsdale et al., 2000). The N-terminal arm contains 
helices α1-3, and protrudes towards the other subunit of the tight 
(obligate) dimer. The large domain is folded into an αβα sandwich 
containing the seven-stranded mixed β-sheet 
(β1↑-β7↓-β6↑-β5↑-β4↑-β2↑-β3↑). The β-sheet is shielded by helices α8, 
α9, α10, α7, α16 from one side and by α11, α12, α13, α14, α6 from the 
other. The PLP prosthetic group is bound within the large domain. 
Finally, the small domain is an αβ sandwich with an antiparallel β-sheet 
(β8-β9-β10) shielded from solvent by helices β18-26. 

3.4. Structural differences between A. thaliana SHM isoforms 

Sequence alignment of all isoforms (without the signal peptide and 
the variable extension of the N-terminal arm) shows that AtSHMs share 
only ~32% of identical residues and present ~64% sequence similarity; 
pairwise comparison is presented in Table 5. For structural analysis of 
the seven SHM isoforms in A. thaliana, all models (best-matching chains) 
were superposed onto the structure of AtSHM4. The resulting RMSD 
values are within 0.5–0.8 Å range for the pruned Cα atom pairs within 2 
Å distances and 1.0–2.1 Å for all Cα pairs. This comparison revealed that 
while most of the protein fold is conserved, there are regions of signif-
icant variability (Fig. 3A and B). From the N-to-C termini, the first dif-
ferences appear within the α1 helix, which is the longest in AtSHM6-7 
and missing entirely in AtSHM3. The initial part of the N-terminal arm 
has been previously linked to stabilization of the tetrameric structure of 
sheep liver cytosolic SHM (Jagath et al., 1997); however, the sequence 
identity between sheep and plants in this region is very low. 

The next variable element is the loop-α9-loop fragment (Gly132- 
Ser148 in AtSHM4). It is particularly important as it includes the histi-
dine residue (His134 in AtSHM4) that is conserved in all isoforms and 
π-stacks PLP when present (not shown). Surprisingly, the fragment is 
missing in the electron density maps in our AtSHM6 and AtSHM7 
structures, which lack PLP but have water molecules bound as place-
holders for a part of the loop-α9-loop fragment. Notably, the fragment is 
present in the proteins, while its lack in the electron density can be 
attributed to multiple conformations causing disorder and “blurring” of 
the maps. Nonetheless, the reason for disturbed PLP binding by AtSHM6- 
7 remains an open question and is particularly perplexing given the high 
sequence conservation of the loop-α9-loop region. A disorder-to-order 
transition caused by PLP binding has been observed in MtSHMT3, but 
in this case, it involved the C-end of the α6 helix equivalent (this work 
numbering) and the following loop that interacted with PLP of the dimer 
partner (Ruszkowski et al., 2018). Residues that precede the 
PLP-stacking histidine are more conserved than those which follow (not 
shown). Interestingly, the latter fragment interacts with the glutamyl 

moiety of antifolates (Fig. 3C, (Ruszkowski et al., 2019)). In the mito-
chondrial isoenzymes (AtSHM1 and AtSHM2), this fragment is built of 
Y-Q-T-D-T, whereas the chloroplastic AtSHM3 has F-M-T-A-K sequence. 
A significantly different sequence occurs in cytosolic and nuclear 
AtSHMs, where it is one residue longer and has Y-Y/C-T/S-S/P-G-G 
pattern. The double glycine motif adds flexibility to the region, which 
could be compensated in nuclear isoenzymes by the preceding proline. 

Another structural difference is apparent in the β7-α16 loop (Fig. 3). 
The loop is shorter in AtSHM3, spanning only eight residues (Lys328- 
Asp335). The corresponding fragment is 16 and 17 residues long in the 
mitochondrial (AtSHM1, AtSHM2) and cytosolic (AtSHM4, AtSHM5) 
isoforms, respectively. In both AtSHM6 and AtSHM7, the β7-α16 loop is 
extremely extended and spans 22 residues (Fig. 3A). 

The β9-β10 loop does not differ in length (12 residues in all isoforms) 
but shows variable conformation (Fig. 3A). The key conformation 
determinant appears to be the proline that occurs in AtSHM1-3 (e.g., 
Pro418 in AtSHM2) or phenylalanine in the remaining isoforms (e.g., 
Phe377 in AtSHM4 and Phe507 in AtSHM7). 

The last variable fragment, labeled as loop-α25-loop, spans residues 
Gly427-Asn440 in AtSHM4 (Fig. 3). The presence of the helix corre-
sponding to α25 is universal in all isoforms. Still, its position differs by as 
much as 4.9 Å in two experimentally determined structures of AtSHM4 
and AtSHM7 (Cα atoms of conserved Phe433 and Phe564, respectively). 

It is now exciting to note that when the SHM tetramer is considered, 
most variable fragments surround the active site of either the same 
subunit or another one (Fig. 3B and C). As stated above, the loop-α9-loop 
fragment directly participates in the active site formation. Previously, 
based on modeling and sequence comparison, the highest catalytic ef-
ficiency of AtSHM4 was attributed to flexibility in region Pro130-Ile152, 
which includes the loop-α9-loop fragment (Wei et al., 2013). However, 
the β9-β10 loop and the loop-α25-loop fragment shape the entrance to 
the active-site cavity (Fig. 3C). Also, the β7-α16 loop of the neighboring 
subunit (not within the swapped dimer) protrudes towards the active 
site entrance. This loop, together with its equivalent from the diagonal 
subunit in the tetramer, forms a lid-like structure (Fig. 3B and C). 
Therefore, the β7-α16 loop very likely interacts with the poly-
glutamylated tail of THF, thus controlling the preference of SHM iso-
forms towards folates with certain Glun ranges. The striking difference in 
length of the β7-α16 loop (from 8 residues in AtSHM3 to 22 in 
AtSHM6-7) and high sequence variability may enable Glun length 
selectivity in subcellular compartments. In summary, all variable frag-
ments must be taken into account as they all have the potential to shape 
the functional landscape of SHM isozymes in A. thaliana. 

We have also analyzed all residues within a 4 Å radius from PLP to 
answer why AtSHM5, AtSHM6, and AtSHM7 do not bind PLP or are 
inactive. First, AtSHM6 and AtSHM7 contain the Cys-Thr dipeptide 
(residues 236–237 and 232–233, respectively) instead of Gly-Ser, uni-
versally present in AtSHM1-5 nearby the phosphate of PLP. Neither of 
the cysteines corresponds to the Cys125-Cys364 pair involved in redox 
regulation of Plasmodium falciparum SHMT activity (Chitnumsub et al., 
2014a). Based on the superposition of PLP (from AtSHM4) onto the 
AtSHM6-7 structures, the distance between the S atom and the ring 
centroid would be < 4 Å. While S-aromatic interactions are common in 
proteins, the distance is usually >5 Å (Reid et al., 1985); however, a 
small rearrangement should accommodate PLP. Furthermore, AtSHM6 

Table 5 
Sequence identity matrix of AtSHM isoforms (excluding the signal peptides and most structurally variable extension of N-terminal arm).   

AtSHM1 AtSHM2 AtSHM3 AtSHM4 AtSHM5 AtSHM6 AtSHM7 

AtSHM1  88 62 57 56 52 52 
AtSHM2 88  61 56 55 50 50 
AtSHM3 62 61  61 57 53 53 
AtSHM4 57 56 61  81 62 63 
AtSHM5 56 55 57 81  60 60 
AtSHM6 52 50 53 62 60  80 
AtSHM7 52 50 53 63 60 80   
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Fig. 3. Comparison of subunit structures of all A. thaliana SHM isoforms, color-coded as in the legend. Crystal structures are shown for SHM2, SHM4, SHM6, and 
SHM7 (this work), while AlphaFold (AF) DB predictions were used for the remaining three isoforms. The missing fragment 393–405 in the SHM6 crystal structure is 
shown using SHM6-AF model (semitransparent) to illustrate length of the β7-α16 loop in the nuclear SHM isoforms. Panel B shows location of the variable regions in 
the SHM tetramer (based on AtSHM4). The entrance to the active site cavity with a superposed methotrexate (MTX) from the complex with AtSHM4 (PDB ID: 6smr 
(Ruszkowski et al., 2019)) is shown in panel C to mark the approximate THF binding site. 
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contains Gln348, where all other isoforms, including AtSHM7, have a 
histidine residue. As for AtSHM5, which is strikingly similar to active 
AtSHM4, Thr190 in AtSHM5 lies where the other isoforms have a serine 
(Ser190 in AtSHM4); however, a Ser-Thr substitution is unlikely to 
impact the activity on its own. An opposite substitution occurs at Ser241 
of AtSHM5, where other isoforms possess a threonine (e.g., Thr241 in 
AtSHM4). Ser289 in AtSHM5 substitutes a universal glycine residue 
(Gly289 in AtSHM4). In conclusion, it appears that the impaired PLP 
binding is due to a cumulative effect of multiple substitutions in the 
neighborhood of the (expected) PLP site, as none of the aforementioned 
mutations alone could provide a clear answer as to why AtSHM5-7 are 
inactive. Furthermore, the rationale appears different for AtSHM5 and 
for AtSHM6-7. 

We also looked for post-translational modification (PTM) that could 
activate those isoforms. PTM data were retrieved from the Plant PTM 
Viewer (https://www.psb.ugent.be/webtools/ptm-viewer) (Willems 
et al., 2019) and the FAT-PTM database (https://bioinformatics.cse.unr. 
edu/fat-ptm/) (Cruz et al., 2019); the summary is given in Supplemen-
tary Table 3. However, acetylation at Lys435 in AtSHM5 occurs ~40 Å 
away from the active site and far from dimerization/tetramerization 
interfaces. Moreover, all PTMs regarding AtSHM6-7 occur within the 
putative signal peptide. In this context, it is key to recall that fragments 
revealing high sequence and structure variability appear either near the 
tunnel leading to the active site of a subunit (the β9-β10 loop, loop--
α25-loop) or of a subunit at a tetramer diagonal (the β7-α16 loop). This 
suggests that the answer to the lack of SHM activity of isoforms 
AtSHM5-7 most likely lies in these fragments. 

3.5. Charge distribution analysis 

To shed more light on the peculiar features of A. thaliana SHM iso-
forms, we analyzed the electrostatic potential distribution on the protein 

surface. The calculations were made at pH values characteristic of or-
ganelles where the isoforms localize (mitochondria, 8.1; cytosol; 7.3; 
nucleus, 7.2; (Shen et al., 2013); chloroplast, 8.0 (Heldt et al., 1973; 
Hauser et al., 1995). A side-by-side comparison (Fig. 4) shows that 
AtSHM5 stands out with the overall highly negative charge. This is 
consistent with the lowest calculated pI of AtSHM5 (5.7) among all 
AtSHM isoforms. Although AtSHM4 and AtSHM5 share high sequence 
identity (82%), their pIs differ substantially (6.8 vs 5.7, respectively). 
Several N(or Q)-to-D(or E) or uncharged-to-acidic residue substitutions 
map on the surface (not shown) of the proteins thus explaining the 
difference. The abundance of negatively charged residues on the protein 
surface may repel even non-polyglutamylated THF. Furthermore, in the 
AlphaFold model of AtSHM5, the entrance to the active-site cavity is 
blocked by the β9-β10 loop (Fig. 5), mainly by Phe382. Both factors 
provide a convincing explanation as to why AtSHM5 lacks SHM activity. 

AtSHM2 and AtSHM6 present a more extended patch of positive 
charge around the active site than the other isoforms. When comparing 
pairs of AtSHMs from the same cellular compartment (AtSHM1 vs. 
AtSHM2, AtSHM4 vs. AtSHM5, AtSHM6 vs. AtSHM7), one isoform 
(AtSHM2, AtSHM4, AtSHM6) always presents such an extended patch of 
positive potential around the active site (Fig. 4). These isoforms are, in 
general, characterized by higher pI; only nuclear AtSHM6 and AtSHM7 
have almost identical pI (see Fig. 4 caption). The reason for AtSHM 
redundancy in subcellular compartments may allow for more precise 
handling of differently polyglutamylated folates or to engage one of the 
isoforms under stress when cellular conditions are altered (Gout et al., 
2001). Moreover, the mitochondrial AtSHM1 shows nearly 3-fold lower 
KM at pH 7 than at pH 8 (Table 1). The higher sensitivity of AtSHM1 to 
pH variations can also be explained by the surface charge, which in 
AtSHM2 remains positive across the tested range. 

Looking at the vicinity of the active site, the loop β7-α16 in the 
mitochondrial SHMs (AtSHM1 and AtSHM2) contains an N-K-Q-G-K 

Fig. 4. Electrostatic potential on the surface of AtSHM isoenzymes. The approximate localization of the active site is marked with a circle. Theoretical pI for each 
isoenzyme is: AtSHM1 (6.9), AtSHM2 (8.2), AtSHM3 (8.4), AtSHM4 (6.8), AtSHM5 (5.7), AtSHM6 (8.3), AtSHM7 (8.3). 
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motif, which, thanks to the positive charge, should be a good binder of 
the polyglutamylated folates (Fig. 5). In cytosolic AtSHMs, the motif is 
also positively charged (K-K-G-Q) but it is flanked by proline residues 
which introduce conformational restrictions. In nuclear AtSHMs, the 
region responsible for interactions with the polyGlu tails could be K-K-Q- 
S (AtSHM6) and K-I-R-K-Q (AtSHM7). Additionally, in AtSHM1, there 
are several lysine residues around the active site, K162, K214, K251, 
K319, which are not present in AtSHM3. On the other hand, in AtSHM3 
contains K214, R215 (this position is occupied by lysine in other iso-
forms), and K137, which are positioned much closer to the folate 
binding site. In conclusion, the surface electrostatic potentials vary in 
the neighborhood of the active site, which apparently determines dif-
ferences in recognition of THF species with varying Glun lengths. 

4. Conclusions and outlook 

The reversible reaction of L-serine and THF to glycine and 5,10-CH2- 
THF catalyzed by SHM enzymes provides the major source of one- 
carbon units for vital metabolic processes (Ser → Gly direction) and is 
integral for photorespiration (Gly → Ser). Therefore, knowledge of the 
biochemical properties of each isozyme in the model A. thaliana 
(AtSHM) is essential for understanding and exploiting one-carbon 
metabolism in plants. The AtSHM5, 6, and 7 isoforms are inactive in 
both directions of the SHM reaction. Comparison of the structures of all 
seven AtSHM isoforms suggests that the rationale for inactivity is 
different for the AtSHM5 isoform and different for AtSHM6-7 (nega-
tively charged surface and hindered PLP binding site in AtSHM5 vs 
disturbed PLP binding due to substitutions near the presumed PLP site in 
AtSHM6-7). The same likely applies to other potential biological func-
tions yet to be described, i.e., AtSHM5 may have a different role than 
AtSHM6-7. Regarding the active (as SHM) isoforms, the high kcat value 
for AtSHM1 in the Gly → Ser reaction is in line with its role in photo-
respiration. In the case of AtSHM3 and AtSHM4, their low Ki value for 
THF suggests a role in folate storing. AtSHM4, also shows the lowest KM 
values for substrates in the Ser → Gly reaction and for Gly in the Gly → 
Ser reaction. 

Structures of the AtSHM isoforms reveal significant differences in 

regions close to the active site. These fragments surround the entrance to 
the active site (loop-α9-loop, β9-β10 loop and loop-α25-loop), including 
that of the neighboring subunit (β7-α16 loop). Calculations of the sur-
face electrostatic potentials suggest that variations in those regions may 
in vivo impact the recognition of folate species with different lengths of 
the Glun tails. The latter is interesting not only in the context of utilizing 
differentially polyglutamylated THF as substrate but also provides a 
molecular mechanism for different sensitivity to substrate inhibition in 
the isoforms. Therefore, multiple SHM isoforms in plants enable 
autonomous control of SHM activity in the subcellular compartments in 
addition to participating in photorespiration and providing one-carbon 
units in the cytosol, nuclei, chloroplast, and mitochondria. 

Plant SHM enzymes have been targeted in the herbicide design. 
Molecules based on the pyrazolopyran scaffold having herbicidal 
properties are the subject of patent WO 2013/182472A1 2013. The 
somewhat limited success so far is due to the low metabolic stability of 
these inhibitors (Schwertz et al., 2017). Considering also the high con-
servation of SHM active site in higher eukaryotes and therefore diffi-
culties in reaching specificity against plant SHMs, SHM enzymes may 
not be as promising herbicide targets as previously thought. The po-
tential adverse effects could be harmful to the environment, including 
humans. 

On the other hand, SHM enzymes appear auspicious in the context of 
providing plant resistance to abiotic and biotic stress. For instance, 
Moreno et al. (2005) found that defense genes induced by salicylic acid 
and those involved in H2O2 detoxification were expressed in Atshm1-1 
mutants. This could reflect a response mechanism to ROS accumulation 
caused by interrupted photorespiration. Mishra et al. examined Oryza 
sativa OsSHM3 in conferring salt stress tolerance by mediating the 
biosynthetic pathway of glycine to serine interconversion and the syn-
thesis of amino acids (Mishra et al., 2019). Moreover, an SHM gene from 
Glycine max (SHM8) contributes to soybean cyst nematode (SCN) 
resistance (Korasick et al., 2020). This recent structural and biochemical 
characterization of SHM8 isozymes from cultivars Essex and Forrest 
revealed a dramatic difference in SCN resistance linked to only two 
amino acid substitutions (Korasick et al., 2020). Hence, exploiting plant 
SHM in enhancing stress resistance of crops is promising. However, to 

Fig. 5. Close-up view of the active site of AtSHM isoenzymes. For the better visualization of the active site, coordinates of methotrexate (cyan ball-and-sticks 
representation) and PLP-ser external aldimines (yellow) bound to AtSHM4 (PDB ID: 6smr), previously published work (Ruszkowski et al., 2019) were superposed 
with all AtSHMs models. Important regions around the active sited discussed in the text are marked. In the last panel showing AtSHM7, asterisk denotes that some 
residues were not modeled. The view has been rotated along x and y direction of about 15◦ in comparison to the view shown in Fig. 4. 
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make further discoveries, we must seek answers to the following ques-
tions regarding plant SHM. What other polymorphisms naturally exist in 
SHM genes related to plant stress resistance? What is the function of the 
isoforms that are inactive as SHM enzymes (AtSHM5-7 in A. thaliana)? 
Are they even enzymes or do they serve purely regulatory purposes? 

Accession numbers 

Atomic coordinates and structure factors for the crystal structures 
have been deposited in the Protein Data Bank (PDB) under the following 
PDB IDs: AtSHM2, 7pzz; AtSHM4, 7q00; AtSHM6, 7qpe; AtSHM7, 7qx8. 
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