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ABSTRACT: The 5′ untranslated region (UTR) of the human cytoplasmic serine hydroxymethyltransferase
(cSHMT) message is alternatively spliced, creating a full-length 5′ UTR (LUTR) encoded within exons
1-3 and a shorter UTR (SUTR) that results from excision of exon 2. The role of the 5′ UTRs in cSHMT
expression was investigated by fusing the cSHMT 5′ UTRs to the 5′ end of the luciferase gene. Human
cSHMT protein at 10µM inhibits in vitro translation of cSHMT 5′ UTR-luciferase fusion mRNA templates
by more than 90%, but does not inhibit translation of the luciferase message lacking the UTR. Translation
inhibition is independent of amino acid and folate substrate binding to the cSHMT enzyme. The cSHMT
SUTR-luciferase mRNA binds to the cSHMT‚glycine‚5-formyltetrahydrofolate ternary complex with an
apparentKd of 10 µM. Gel mobility shift assays demonstrate that the human cSHMT protein binds to the
cSHMT LUTR-luciferase fusion mRNA in the presence and absence of glycine and 5-formyltetrahydrofolate
pentaglutamate. The fusion cSHMT SUTR-luciferase message at 65µM inhibits the cSHMT-catalyzed
cleavage of allothreonine as a partial mixed type inhibitor, reducing bothkcat and Km by 40 and 75%,
respectively, while tRNA has no effect on cSHMT catalysis. These studies indicate that the cSHMT
protein can bind mRNA, and displays increased affinity for the 5′ untranslated region of its mRNA.

Translational regulation of mRNA is a common mecha-
nism associated with the control of gene expression (1).
Generally, the rate of protein synthesis can be regulated either
by modulation of the amount of ribosomes or initiation
factors or by a change in their activity due to phosphorylation
or dephosphorylation. However, specific translational control,
which affects only one mRNA or a class of mRNA
molecules, usually involves regulation at the level of
initiation. Stimulation of translational initiation can be
mediated by sequences in the coding region, by polyadeny-
lation at the 3′ end, or by the length and sequence of the 5′

untranslated region (UTR). Proteins whose expression is
tightly regulated often have 5′ UTRs1 that are longer than
the average of 100-140 nucleotides and form stable second-
ary structures (2). This mode of regulation appears to be
particularly adapted to regulating the expression of enzymes
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and proteins involved in various aspects of cellular metabo-
lism and nutrient storage. Translational regulation has been
demonstrated to mediate gene expression under conditions
of changing nutrient status (3) and redox state of the cell, as
well as metabolic perturbations resulting from pharmacologi-
cal agents (4). In many instances, translational regulation is
critical to maintaining homeostasis, because it permits rapid
induction of protein synthesis (5).

One of the best-characterized mechanisms of specific
translational control has been elucidated for the iron-storage
protein ferritin. Ferritin expression is regulated by a reversible
mRNA-protein interaction in the 5′ UTR of ferritin mRNA.
The iron regulatory protein (IRP) binds iron-responsive
elements (IREs) located in the 5′ UTR of ferritin mRNA
that form moderately stable hairpin loops. The binding site
is within approximately 40 nucleotides of the cap structure
at the 5′ end of the mRNA. Stable association of the 43S
preinitiation complex cannot occur in the presence of IRP,
and therefore, the small ribosomal subunit does not bind (3).
IRP contains an iron-binding site that allows this mechanism
to be iron-responsive. At low iron concentrations, IRP will
bind the IRE and prevent translation. Translation of ferritin
and aminolevulinate synthase, an enzyme involved in heme
synthesis, is regulated in this manner (1, 5).

Translational regulation can also occur by an autoregula-
tory mechanism, by which translation products bind to and
repress the translation of their corresponding mRNA. This
type of autoregulatory control was first characterized in a
prokaryotic system. The coat protein of bacteriophage R17
binds a hairpin structure containing the initiation codon of
the R17 replicase mRNA, repressing its translation (6, 7).
Similar mechanisms have been described in eukaryotic
systems, including the cytoplasmic folate-dependent enzymes
thymidylate synthase (TS) and dihydrofolate reductase
(DHFR) as well as p53. These proteins bind specifically to
their own mRNAs and inhibit translation (8-10). The
mechanism of their binding involves a nucleophilic attack
by the sulfhydryl group of an active site cysteine upon a
uracil ring of the mRNA. A similar mechanism has been
proposed for the binding of IRP and the R17 coat protein to
mRNA (11).

It has been suggested that TS and DHFR, along with
cSHMT, form a metabolic cycle that methylates deoxyuridine
monophosphate (dUMP) to deoxythymidine monophosphate
(dTMP) (Figure 1, scheme A). In this cycle, TS utilizes
methyleneTHF as a cofactor that serves as a reductant and
a one-carbon donor. DHFR and cSHMT then regenerate
methyleneTHF from DHF (4). Folate substrates repress the
mRNA binding properties of TS and DHFR, suggesting a
mechanism for folate-dependent metabolic regulation of both
TS and DHFR (9).

The SHMT enzyme catalyzes the THF-dependent revers-
ible conversion of serine to glycine (reaction 1):

This reaction, when catalyzing serine cleavage, generates
one-carbon units for use in folate-dependent anabolic reac-
tions and is the major source of one-carbon units in mammals
(Figure 1, scheme A) (12). SHMT exists in both the
mitochondria and cytoplasm, and the two proteins are
encoded by distinct genes (13). While the reaction is fully

reversible in vitro, the two isozymes of SHMT behave
differently in vivo (14-17). Chinese hamster ovary cells
lacking mitochondrial SHMT (mSHMT) become auxotrophic
for glycine (18), suggesting that the mSHMT enzyme is
responsible for glycine synthesis and the generation of one-
carbon units (Figure 1, scheme B) (19). There is evidence
that cSHMT catalyzes serine synthesis in the cytoplasm and
that this reaction serves to control the flux of one-carbon
units used in homocysteine remethylation. It also serves as
the initial step in the conversion of glycine to glucose (20,
21). When cSHMT is catalyzing serine synthesis, cSHMT
competes with MTHFR and TS for methyleneTHF and
depletes the supply of one-carbon units (Figure 1, scheme
B). The cSHMT enzyme also catalyzes a second reaction
(reaction 2):

The product of this reaction, 5-formylTHF, is a slow tight
binding inhibitor of cSHMT (22), which indicates that the
enzyme autoregulates itself, producing in a secondary
reaction an inhibitor of its principal reaction. Depletion of
intracellular 5-formylTHF in neuroblastoma activates
cSHMT activity, suggesting that cSHMT is inhibited by
5-formylTHF in vivo (20).

serine+ THF T glycine+ 5,10-methyleneTHF (1)

FIGURE 1: Two alternative schemes describing the role of cyto-
plasmic serine hydroxymethyltransferase in folate metabolism. In
scheme A, cSHMT supplies one-carbon units for one-carbon
metabolic cycles. In scheme B, cSHMT catalyzes serine synthesis
and competes with other metabolic cycles for one-carbon units in
the form of methyleneTHF: (1) serine hydroxymethyltransferase,
(2) thymidylate synthase, (3) dihydrofolate reductase, (4) 10-
formylTHF synthetase, (5) methenylTHF cyclohydrolase, (6) me-
thyleneTHF dehydrogenase, (7) methyleneTHF reductase, (8)
methionine synthase, (9) 10-formyltetrahydrofolate:5′-phosphori-
bosylglycinamide formyltransferase, and (10) 10-formyltetrahy-
drofolate:5′-phosphoribosyl-5-amino-4-imidazolecarboxamide formyl-
transferase.

5,10-methenylTHFf 5-formylTHF (2)
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In this study, we examined whether cSHMT was capable
of binding to its the 5′ UTR of its mRNA as demonstrated
for TS and DHFR. The cSHMT message contains a longer
than average, multiply spliced 5′ UTR (23), giving further
relevance to this question. The cSHMT cDNA has a 329 bp
5′ UTR encoded within the first three exons of the gene.
Alternative splicing of exon 2 results in a 191 bp 5′ UTR.
Both splice forms have been predicted to form stable stem-
loop structures (23). These long UTRs, rich in secondary
structure, are likely candidates for translational regulation
via binding of the translation product. In this study, we
demonstrate that the cSHMT enzyme can bind to the 5′ UTR
of its mRNA and inhibit in vitro translation of an UTR-
luciferase reporter gene.

MATERIALS AND METHODS

Materials. Tetrahydrofolic acid, 5-formyltetrahydrofolic
acid, allothreonine, alcohol dehydrogenase, and NADH were
obtained from Sigma Chemical. [R-32P]ATP was obtained
from NEN. Other chemicals were reagent grade. Fetal bovine
serum andR minimal essential media (RMEM) were
obtained from Hyclone Laboratories, Inc. All other enzymes,
including restriction endonucleases, were obtained from
Gibco BRL, Promega, or Stratagene.

Cell Lines and Media. The human MCF-7 mammary
adenocarcinoma cells (HTB22) were obtained from the
American Type Culture Collection (ATCC). Cells were
cultured inRMEM with 11% fetal calf serum and maintained
at 37°C in a 5% CO2 atmosphere.

SHMT ActiVity Assays. Michaelis-Menten constants were
determined for the human cSHMT-catalyzed cleavage of
allothreonine in the presence and absence of RNA. Initial
velocity measurements for the reaction were taken using a
coupled assay system with alcohol dehydrogenase as de-
scribed previously (24). The rate of decrease in absorbance
at 340 nm was recorded after the addition of 100 pmol of
cSHMT to a 1 mLcuvette containing 0.15 mM NADH, 0.05
mg of alcohol dehydrogenase, 65µM RNA, and variable
concentrations of allothreonine using a Shimadzu UV-2401
PC recording spectrophotometer.

General Molecular Biology. Total RNA was isolated from
cultured cells (1× 107) that were harvested with 10% trypsin
and washed twice with phosphate-buffered saline (PBS).
RNA was isolated using the Purescript RNA Isolation Kit
(Gentra Systems) as directed by the manufacturer. The yield
was quantified and the purity determined by spectroscopy.
The mRNA was converted to cDNA using Tth polymerase
(Promega) at 70°C. The First Strand cDNA Synthesis Kit
(Clontech) was also occasionally used to make cDNA by
following the manufacturer’s instructions. Plasmid prepara-
tions were performed by the method of alkaline lysis, using
Macherey-Nagel’s Nucleospin Kit, or using Qiagen’s QIAprep
or Plasmid Mini/Maxi Kits.

Generation of the cSHMT 5′ UTR-Luciferase Constructs.
The cSHMT 5′ UTRs were fused to the 5′ end of the
luciferase gene to create reporter gene constructs that are
sensitive to and reflect translational regulation that is
mediated through the cSHMT 5′ UTRs (Figure 2). The two

FIGURE 2: Vectors and mRNA transcripts. (A) The full-length cSHMT 5′ UTR (LUTR) encoded by exons 1-3 was fused to the 5′ end of
the luciferase gene (luc) to create the Lluc mRNA transcript. The shortened alternatively spliced cSHMT 5′ UTR (SUTR) encoded by
exons 1 and 3 was fused to the 5′ end of the luciferase gene to create the Sluc mRNA transcript. (B) The Lluc and Sluc cDNAs were cloned
into the pGL3 vector to create the PLU1 and PU1 vectors, respectively. The pRL-CMV vector was used in all transfection experiments to
normalize experimental readings.
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spliced forms of the cSHMT UTR, the full-length one
(LUTR) and the one lacking exon 2 (SUTR), were generated
by PCR (primers, 5′-TTCACAAGCTTGCCTGGCGCGCA-
GAGTGCCC-3′ and 5′-GTAGTCCATGGCACTGGTTC-
GAAGCTGCC-3′) following reverse transcription of mRNA
isolated from MCF-7 cells (Figure 2A). The PCR products
were cloned into pGL3 luciferase reporter vectors (Promega).
The region around the cSHMT start codon was mutated from
CAATGG to CCATGG, theNcoI recognition site, so that
the UTRs could be inserted in front of a reporter gene,
thereby maintaining their natural relationship to the start
codon. The forward primer for both spliced and full-length
UTRs was engineered to contain aHindIII restriction site at
their 5′ ends. The UTRs were cloned directionally into the
HindIII and NcoI sites of the pGL3 Promoter vector, fusing
them to the luciferase ORF just as they are natively fused to
the cSHMT ORF. This procedure generated the plasmids
PLU1, which has the full-length UTR, and PU1, which has
the spliced UTR (Figure 2B). The pGL3 Promoter vector
contains a SV40 promoter immediately upstream of the
HindIII site, so vector sequences should add at most 20
ribonucleotides to the 5′ end of each 5′ UTR when
transcribed.

All cSHMT nucleotide sequences used to create these
constructs were generated by PCR using the high-fidelity
Pfu polymerase. All PCR products were originally cloned
into the pCR2.1 vector by TA cloning (Stratagene) as
directed by the manufacturer. All pCR2.1 clones were
verified by sequencing both strands. The orientation of inserts
in the pGL3 constructs was determined by PCR.

Synthesis of mRNA. For in vitro translation experiments,
mRNA encoding luciferase with and without the cSHMT
UTR fusion was generated from pGL3 and pGL3-cSHMT
UTR vectors (PLU1 and PU1). The plasmids PLU1 and PU1
were linearized withXbaI and purified. RNA corresponding
to luciferase mRNA (luc-mRNA), luciferase mRNA with the
cSHMT 5′ UTR fusion (Lluc-mRNA), and luciferase mRNA
with the shortened alternatively spliced cSHMT 5′ UTR
fusion (Sluc-mRNA) were generated using the Ribomax
Large Scale RNA Production System-T7 kit, according to
the Promega protocol. The RNA was extracted with a
phenol-chloroform mixture and then precipitated overnight
in 2 M LiCl at 4 °C. The RNA generated by this method
contained 12 nucleotides of vector sequence added to its 5′
end. All RNA procedures were conducted under RNase-free
conditions, and all mRNA was stored with placental RNase
inhibitor. The purity was verified by electrophoresis.

Purification of the cSHMT Protein. Recombinant cSHMT
protein was isolated from anEscherichia colistrain express-
ing human or mouse cSHMT protein using a previously
described procedure (25). The enzyme concentration was
determined by measuring the absorbance at 425 nm, using
an extinction coefficient of 6500 mol-1 cm-1 L, for a
pyridoxal phosphate (PLP) enzyme. The protein was esti-
mated to be more than 95% pure by spectroscopy and SDS-
PAGE. Rabbit cSHMT was purified from liver as previously
described (26). All protein preparations were treated and
stored with placental RNase inhibitor.

Spectroscopic Assessment of RNA-Protein Binding. Bind-
ing of RNA to the cSHMT‚glycine‚5-formylTHF ternary
quinonoid complex was assessed using a spectrophotometer.
A solution containing 50 mM HEPES (pH 7.2), 5 mM

glycine, 200µM (6R,S)-5-formylTHF, and 4.0µM human
cSHMT was titrated with increasing concentrations of Sluc
mRNA or luc mRNA (1-25µM). The absorbance spectrum
of the enzyme was recorded from 550 to 450 nm after each
addition of RNA, and the loss of absorbance at 502 nm was
recorded. The amount of RNA bound was quantified by
determining the loss of absorbance at 502 nm (λmax ) 502
nm, ε502 ) 40 000 mol-1 cm-1 L).

Gel Mobility Shift Assays. [R-32P]ATP-labeled RNA (105

cpm) was incubated with 10µM recombinant human cSHMT
in binding buffer [20 mM Tris-HCl (pH 7.5), 5 mM MgCl2,
and 1 mM EDTA] containing 8 mM DTT, 3µg of BSA,
1.25 µg of yeast tRNA, 40 units of RNaseOut RNase
inhibitor, and 15% (v/v) glycerol (final volume of 10µL)
for 15 min at 37°C. The reaction mixtures were electro-
phoresed on a nondenatured 3.5% polyacrylamide gel. For
substrate competition assays, the incubation buffer contained
1 mM glycine and 50µM (6S)-5-formylTHFpentaglutamate
for occupying cSHMT substrate binding sites. Unlabeled luc
or Lluc mRNA was added as a competitor to test the
specificity of the RNA-protein interaction.

In Vitro Translation. Translation reaction mixtures (final
volume of 25µL) containing rabbit reticulocyte lysate (16.5
µL), 1 mM MgOAc, 2 mM DTT, 35 mM KCl, supplied in
the Flexi Rabbit Reticulocyte Lysate System kit (Promega),
and 2.5µg of yeast tRNA were incubated at 30°C for 35
min with Sluc or Lluc mRNA template. All experiments were
performed with a final mRNA concentration of 5µg/mL (or
about 2 nM RNA) to ensure that the catalytic system was
well below saturation. Inhibition assays were performed by
adding varying concentrations of human, murine or rabbit
cSHMT enzyme, 2 mM glycine, or 200µM 5-formylTHF.
All enzyme-mRNA incubations contained 20 units of
RNaseOut RNase inhibitor. Prior to all experiments, mRNA
was heated to 70°C for 10 min and then cooled to room
temperature before adding it to the reaction mixtures to allow
a more uniform secondary structure to form. Following a
35 min incubation at 30°C, the translation reactions were
quenched in an ice-water slurry. Luciferase activity was
determined by the addition of 100µL of LAR II reagent
(Promega) and luminescence quantified with a Berthold
Lumar luminometer and Promega’s Dual-Luciferase Reporter
Assay System, using a 10.0 s reading time. Results are
reported as a percentage of the luminosity of the control,
which was a reaction mixture containing 5 ng/µL Sluc RNA
without cSHMT protein.

Transient Transfection and Luciferase Reporter Gene
Assays. The pGL3-promoter, PLU1, and PU1 vectors were
isolated for transfection using Qiagen’s Plasmid Maxi Kit.
Transfection of human MCF-7 cells was carried out by
CaPO4 coprecipitation. Cultured cells were exposed to
transfecting CaPO4 precipitate for 4-5 h (27). Culture media
were replaced and the cells cultured for 2-3 days and
assayed for luciferase activity using a Berthold Lumat
luminometer. To account for possible variations in transfec-
tion efficiency, every experimental vector was cotransfected
with pGL-CMV, a coreporter vector that expressesRenilla
luciferase from a CMV promoter (Promega). All results are
described as a luciferase luminosity ratio mean (LLRM),
which is the mean ratio of firefly luciferase activity levels,
generated from the experimental pGL3-cSHMT constructs,
to Renilla luciferase levels, generated from the coreporter

11526 Biochemistry, Vol. 39, No. 38, 2000 Liu et al.



vector. Transfections had experimental vector:coreporter
vector ratios of 1:80 to 1:120, but the ratios were uniform
within each experiment.

Primer Synthesis, DNA Sequencing, and Computer Analy-
ses. All primers were synthesized by Cornell University’s
Oligonucleotide Synthesis Facility. Sequencing was done
either by Cornell University’s DNA Sequencing Facility
(Fluorescent Dye-Terminator) or as directed by Epicentre
Technology’s Cycle Sequencing Kit using radiolabeled
primers. DNA sequence analysis was carried out using the
DNAstar suite of programs from DNAstar Inc. Data analyses
were performed using the programs Prism and Microsoft
Excel.

RESULTS

Role of 5′ UTR AlternatiVe Splicing in cSHMT Translation.
There is accumulating evidence that the cSHMT enzyme
displays complex regulation. The enzyme shows a wide range
of tissue specific expression (23), and metabolically auto-
regulates its activity by synthesizing its own inhibitor,
5-formylTHF (20). In this study, the role of the cSHMT 5′
UTR in cSHMT expression was investigated by fusing the
cSHMT UTRs to the 5′ end of the luciferase reporter gene.
Initially, the influence of 5′ UTR alternatively splicing on
cSHMT translation was investigated. An mRNA template
was constructed that contained the luciferase open reading
frame (luc) with the cSHMT full-length UTR (Lluc) or with
the shorter alternatively spliced UTR (Sluc) as described in
Materials and Methods (Figure 2). The relative translational
efficiencies of the Sluc and Lluc messages were determined
by measuring luciferase activity following in vitro protein
synthesis over a range of mRNA concentrations (Figure 3).
The translation efficiency, as represented by the luciferase
activity generated, from the Sluc and Lluc mRNA templates
is similar at mRNA concentrations of 7.0 and 10.0µg/mL.
Transcription from the Lluc template is 8-fold more efficient
than that from the Sluc template at an mRNA concentration
of 3.0 µg/mL, demonstrating that the alternative splicing of
the cSHMT UTR can influence in vitro translation rates.
Moreover, the translation efficiency from the Lluc mRNA
template is nearly 2-fold higher compared to that of the luc
mRNA template at all mRNA concentrations shown in Figure

3. This indicates that the cSHMT UTR stimulates translation
in the in vitro assay. However, transient transfection of
MCF-7 cells with the PU1 or PLU1 constructs (Figure 2)
results in the same level of luciferase activity, indicating that
alternative splicing of the 5′ UTR does not contribute to the
regulation of cSHMT expression in this cell culture model
(data not shown).

The cSHMT Protein Inhibits in Vitro Translation of the
Sluc Construct. The ability of the human cSHMT protein to
inhibit the in vitro translation of Sluc was investigated. Figure
4 demonstrates that the addition of the cSHMT protein to
the in vitro translation reaction mixture inhibits luciferase
synthesis by 65% at a concentration of 5µM, and by more
than 95% at a concentration of 10µM. The cellular
concentration of SHMT in L1210 cells has been estimated
to be 9µM (28). To ensure that inhibition of translation is
due to the cSHMT protein, 0.25 nmol of cSHMT enzyme
(i.e., the amount of enzyme required to give a final
concentration of 10µM in the reaction mixture) was boiled
for 5 min prior to addition to the assay. The inclusion of 10
µM denatured enzyme decreased the level of translation of
Sluc mRNA by about 28% relative to a control reaction
mixture containing 10µM PLP. Therefore, only the active
enzyme effectively inhibits translation by more than 95%
when present at physiological concentrations.

Specificity of cSHMT-Induced Translational Inhibition.
The specificity of the cSHMT-mediated inhibition of Sluc
translation was investigated with respect to both the type of
mRNA and the source of cSHMT protein. Figure 5A
demonstrates that 10µM cSHMT is effectively inhibiting
in vitro translation of Sluc mRNA by more than 90% relative
to those of reaction mixtures lacking the cSHMT protein.
However, the cSHMT protein at 10µM was not effective in
inhibiting in vitro translation of the luc mRNA.

The cSHMT protein is highly conserved among species,
with a degree of sequence similarity between rabbit and

FIGURE 3: In vitro translational efficiency of the Lluc and Sluc
mRNA transcripts. Luciferase activity was measured following a
35 min in vitro translation reaction using a Sluc mRNA template
(9) or a Lluc mRNA template (2) as described in Materials and
Methods. Data are the mean of five measurements. Variance is
expressed as the standard error of the mean (SEM). Translation of
Lluc and Sluc templates is significantly different at 3µg of mRNA/
mL (the asterisk denotesp < 0.06, t-test assuming unequal
variances).

FIGURE 4: Effect of human cSHMT protein on Sluc in vitro
translation. Squares represent the level of luciferase activity
generated from 2 nM Sluc mRNA in a 30 min in vitro translation
reaction in the presence of increasing concentrations of human
cSHMT. The triangle represents the level of luciferase activity
generated from 2 nM Sluc mRNA in a 30 min in vitro translation
reaction in the presence of 10µM human cSHMT protein that was
boiled prior to addition to the translation reaction mixture. All values
are relative to luciferase activity generated from an in vitro
translation reaction mixture that lacks the cSHMT protein that has
an arbitrary value of 100% with a SEM of 4%. All data are the
mean of four measurements. Variance is expressed as the SEM.
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human enzymes of 92% (13). The cSHMT 5′ UTR nucleotide
sequences of the mouse, rabbit, and human are also highly
conserved near the start ATG codon. The first 11 nucleotides
5′ of the start ATG codon are 100% conserved between the
mouse and human, and 73% conserved between the rabbit
and human, suggesting a common and conserved function
for this sequence. The ability of non-human cSHMT proteins
to inhibit Sluc mRNA translation was investigated. Addition
of purified rabbit liver cSHMT or purified mouse recombi-
nant cSHMT to the in vitro translation reaction at concentra-
tions of 10µM inhibits translation of Sluc by 40 and 60%,
respectively, while human cSHMT inhibited translation by
more than 90% (Figure 5B). The ability of the murine and
rabbit cSHMT protein to inhibit translation of Sluc suggests
that both the cSHMT primary amino acid sequences and
mRNA nucleotide 5′ UTR sequences have been conserved
to permit mRNA binding by cSHMT. However, evolutionary
drift has likely occurred since neither rabbit nor mouse
cSHMT protein inhibits Sluc translation as effectively as the
human enzyme.

The effect of folate and amino acid substrates on trans-
lational inhibition of Sluc was determined using 5-formylTHF
to occupy the enzyme’s folate binding site, and using glycine
to occupy the amino acid binding site of cSHMT. (6S)-5-
FormylTHF binds to rabbit cSHMT with aKd of 10 µM,
while glycine binds to the enzyme with aKd of about 1.6
mM (22). The addition of 200µM (6R,S)-5-formylTHF to
the translation reaction mixture increases the efficacy of
cSHMT inhibition in the presence or absence of glycine,
while addition of 2 mM glycine alone has essentially no
effect on translational inhibition by cSHMT (Figure 5C).
Addition of (6R,S)-5-formylTHF alone to a final concentra-
tion of 200µM in the absence of the cSHMT protein inhibits
translation by less than 25%. These results indicate that
occupancy of the folate binding site or the amino acid binding
site of the cSHMT protein does not prevent translational

inhibition. These studies were repeated using the Lluc mRNA
template with similar results, suggesting that alternative
splicing of the cSHMT 5′ UTR does not influence transla-
tional inhibition.

EVidence for cSHMT as an mRNA Binding Protein. To
demonstrate that the cSHMT protein binds mRNA, gel
mobility shift assays were performed (Figure 6). Figure 6A
shows that the migration of32P-labeled luc mRNA through
a 3.5% nondenaturing polyacrylamide gel was restricted
when the mRNA was preincubated with human cSHMT
(Figure 6A, lanes 1 and 2), as was the migration of a32P-
labeled LUTR mRNA (lanes 3 and 4). These results indicate
that the cSHMT protein can bind two unrelated mRNA
species and therefore may display nonspecific mRNA
binding properties. Figure 6B demonstrates that cSHMT also
binds32P-labeled Lluc fusion mRNA, and that unlabeled Lluc
mRNA can effectively compete with labeled Lluc for binding
to the cSHMT protein. Figure 6C demonstrates that unlabeled
luc mRNA cannot effectively compete with Lluc for binding
to the cSHMT protein, indicating that Lluc mRNA binds
with greater affinity to cSHMT than luc mRNA. Additional
studies have demonstrated that a 32-fold higher concentration
of luc mRNA relative to32P-labeled Lluc mRNA also does
not diminish Lluc binding to cSHMT (data not shown).
Figure 6D shows that Lluc mRNA can effectively compete
with 32P-labeled luc mRNA for cSHMT binding, further
demonstrating that the addition of the cSHMT UTR to the
luc message increases the affinity of the luc message for the
cSHMT protein. Figure 6E shows the effects of amino acid,
folate, and folate polyglutamate substrates on mRNA binding.
Lanes 2-4 demonstrate that the presence of saturating
concentrations of cSHMT substrates does not inhibit the
formation of the cSHMT-Lluc mRNA complex. These data
confirm that an RNA-protein complex is formed between

FIGURE 5: Effect of human the cSHMT protein on luc and Sluc in vitro translation. (A) TheY-axis shows the relative level of luciferase
activity generated from 2 nM Sluc or luc mRNA in a 30 min in vitro translation reaction as described in Materials and Methods. Values
are relative to luciferase activity generated from an in vitro translation using either luc or Sluc mRNA as a template in the absence of the
cSHMT protein that has an arbitrary value of 100% with an SEM of 4%. All data are the mean of four measurements, and variance is
expressed as the SEM. The effect of cSHMT on Sluc translation is significantly different from that from assays lacking cSHMT protein
(the asterisk denotesp < 0.002,t-test assuming unequal variances). (B) Effect of murine, rabbit, and human cSHMT protein on Sluc in
vitro translation. TheY-axis shows the level of luciferase activity generated from 2 nM Sluc mRNA in a 30 min in vitro translation reaction
in the presence of 10µM human, rabbit, or murine cSHMT protein. Values are relative to luciferase activity generated from an in vitro
translation reaction mixture that lacks the cSHMT protein and has an arbitrary value of 100% with an SEM of 3%. All data are the mean
of four measurements. Variance is expressed as the SEM. The effect of murine and rabbit cSHMT is significantly different from the effect
of human cSHMT (the asterisk denotesp < 0.04, t-test assuming unequal variances). (C) Effect of cSHMT substrates on Sluc in vitro
translation. TheY-axis represents the level of luciferase activity generated from 2 nM Sluc mRNA in a 30 min in vitro translation reaction
in the presence of 10µM human cSHMT protein and either glycine (2 mM), (6R,S)-5-formylTHF (200µM), or both. All values shown are
relative to control in vitro translation reaction mixtures using Sluc mRNA as a template in the absence of the cSHMT protein, but containing
the folate or amino acid substrates, and these values have an arbitrary value of 100% with an SEM of 4%. The addition of glycine and/or
5-formylTHF alone inhibited the in vitro translation reactions less than 25%. Data are the mean of four measurements. Variance is expressed
as the SEM. The effect of cSHMT with 5-formylTHF bound is significantly different from the effect of cSHMT alone (the asterisk denotes
p < 0.006,t-test assuming unequal variances).
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the cSHMT protein and Lluc mRNA, and that the mRNA
does not bind to the folate, amino acid, or polyglutamate
binding sites on the enzyme. Formation of a complex
between the murine cSHMT protein and Lluc mRNA (Figure
6E, lanes 5-7) is negligible or does not occur. However,
the human cSHMT also binds luc mRNA in the presence
and absence of substrates (Figure 6E, lanes 9-11). In
summary, these data demonstrate that cSHMT exhibits
nonspecific mRNA binding properties, but displays increased
affinity and specificity for its 5′ UTR. These data support
the results from the in vitro translation experiments (Figure
4). The lower-affinity binding of luc mRNA to the cSHMT
protein is not sufficient to inhibit luc in vitro translation,
while cSHMT binding to its 5′ UTR is sufficient to inhibit
in vitro translation.

Effect of mRNA Binding on cSHMT ActiVity. The cSHMT
enzyme contains an active site PLP cofactor, which has
distinct spectral properties associated with specific reaction
intermediates. Upon binding glycine and 5-formylTHF, the
PLP cofactor exists in equilibrium between the external
aldimine (λmax ) 425 nm) and glycine quinonoid (λmax )
502 nm) (Figure 7A). Formation of the quinonoid structure
from the external aldimine is associated with a conforma-
tional change in the enzyme (22). Figure 7B shows the effects
of Sluc mRNA on the absorbance spectrum of the cSHMT‚
glycine‚5-formylTHF ternary complex. Addition of Sluc
mRNA (1 to 25 µM at 5 µM increments) to the ternary
complex reduces the absorbance at 502 nm and increases
the absorbance at 425 nm, indicating that Sluc mRNA binds
to the cSHMT protein and shifts the equilibrium of the bound
PLP to the external aldimine. The addition of 1 mM
5-formylTHF to cSHMT solutions containing Sluc mRNA
does not restore quinonoid formation, indicating that the
binding of mRNA to the enzyme is not competitive with
5-formylTHF and indicating a distinct binding site for
mRNA. Analysis of the absorbance decrease at 502 nm (εmax

) 40 000 mol-1 cm-1 L) as a function of Sluc mRNA
concentration by the method of Scatchard shows that Sluc
mRNA binds to the cSHMT ternary complex with an
apparentKd of 10 µM, with a single mRNA binding site per
cSHMT monomeric subunit. The luc mRNA is not as
effective in decreasing the absorbance at 502 nm when added
to the cSHMT ternary complex, with 65µM luc mRNA
decreasing the absorbance at 502 nm by 50%. These data
support and serve to quantify the results from the gel mobility
shift assays and indicate that Sluc mRNA binds with higher
affinity to the cSHMT protein than luc mRNA.

FIGURE 6: Gel mobility shift analyses demonstrating binding of
Lluc mRNA to the human cSHMT protein. Lluc mRNA was
incubated at 37°C for 15 min in 1× binding buffer with 40 units
of RNase Out, 3µg of bovine serum albumin, 1.25µg of yeast
tRNA, 15% glycerol, and 8 mM DTT with and without cSHMT
protein. (A) Migration of a32P-labeled RNA probe in the presence
and absence of human cSHMT: lane 1, 0.4 nM32P-labeled luc
mRNA; lane 2, 0.4 nM32P-labeled luc mRNA and 10µM human
cSHMT protein; lane 3, 0.4 nM32P-labeled LUTR mRNA; and
lane 4, 0.4 nM32P-labeled LUTR mRNA and 10µM human
cSHMT protein. (B) Competitive inhibition of32P-labeled Lluc
RNA binding to human cSHMT in the presence of unlabeled Lluc
mRNA: lane 1, 0.4 nM32P-labeled Lluc mRNA; lane 2, 0.4 nM
32P-labeled Lluc mRNA and 10µM human cSHMT protein; and
lanes 3-7, 0.4 nM32P-labeled Lluc mRNA, 10µM human cSHMT
protein, and 0.4, 0.8, 1.6, 3.2, and 6.4 nM unlabeled Lluc mRNA,
respectively. (C) Competitive inhibition of32P-labeled Lluc RNA
binding to human cSHMT by unlabeled luc mRNA: lane 1, 0.4
nM 32P-labeled Lluc mRNA; lane 2, 0.4 nM32P-labeled Lluc
mRNA and 10µM human cSHMT protein; and lanes 3-7, 0.4
nM 32P-labeled Lluc mRNA, 10µM human cSHMT protein, and
0.4, 0.8, 1.6, 3.2, and 6.4 nM unlabeled luc mRNA, respectively.
(D) Competitive inhibition of32P-labeled luc RNA binding to
human cSHMT by unlabeled Lluc mRNA: lane 1, 0.4 nM32P-
labeled luc mRNA; lane 2, 0.4 nM32P-labeled luc mRNA and 10
µM human cSHMT protein; and lanes 3-7, 0.4 nM 32P-labeled
luc mRNA, 10µM human cSHMT protein, and 0.4, 0.8, 1.6, 3.2,
and 6.4 nM unlabeled Lluc mRNA, respectively. (E) Migration of
the 32P-labeled RNA probe in the presence and absence of human
cSHMT: lane 1, 0.4 nM32P-labeled Lluc mRNA; lane 2, 0.4 nM
32P-labeled Lluc mRNA and 10µM human cSHMT protein; lane
3, 0.4 nM32P-labeled Lluc mRNA, 10µM human cSHMT protein,
1 mM glycine, and 50µM 5-formylTHF; lane 4, 0.4 nM32P-labeled
Lluc mRNA, 10 µM human cSHMT protein, 1 mM glycine, and
50 µM 5-formylTHF pentaglutamate; lane 5, 0.4 nM32P-labeled
Lluc mRNA and 10µM murine cSHMT protein; lane 6, 0.4 nM
32P-labeled Lluc mRNA, 10µM murine cSHMT protein, 1 mM
glycine, and 50µM 5-formylTHF; lane 7, 0.4 nM32P-labeled Lluc
mRNA, 10 µM murine cSHMT protein, 1 mM glycine, and 50
µM 5-formylTHF pentaglutamate; lane 8, 0.4 nM32P-labeled luc
mRNA; lane 9, 0.4 nM32P-labeled luc mRNA and 10µM human
cSHMT protein; lane 10, 0.4 nM32P-labeled luc mRNA, 10µM
human cSHMT protein, 1 mM glycine, and 50µM 5-formylTHF;
and lane 11, 0.4 nM32P-labeled luc mRNA, 10µM human cSHMT
protein, 1 mM glycine, and 50µM 5-formylTHF pentaglutamate.

Table 1: Effects of RNA on cSHMT Activitya

experiment RNA

Km for
D,L-allothreonine

(mM) kcat (s-1)

1 none 4.2( 0.4 1.1( 0.2
2 40µg/µL tRNA 4.1 ( 0.3 0.9( 0.2
3 65µM Sluc 1.3( 0.3 0.7( 0.1
4 65µM luc 3.0( 0.4 1.1( 0.3

a Michaelis-Menten constants were determined for the recombinant
human SHMT-catalyzed cleavage of allothreonine in the presence and
absence of RNA. Reactions were performed at 25°C in 50 mM HEPES
buffer (pH 7.2). Values are the means of two independent experimental
determinations, and variance represents the standard deviation of the
mean.
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Inhibition of cSHMT ActiVity by Sluc mRNA.The cSHMT
enzyme catalyzes the aldol cleavage of allothreonine. The
influence of RNA on this cSHMT activity was investigated
(Table 1). Linweaver-Burke plots demonstrate that Sluc
mRNA is a partial mixed type inhibitor (29) of the cSHMT-
catalyzed cleavage of allothreonine, and has the effect of
lowering bothKm (75%) andkcat (40%) at a Sluc concentra-
tion of 65 µM. At allothreonine concentrations of<1 mM,
Sluc mRNA activates cSHMT activity by increasing the
enzyme’s affinity for allothreonine. At higher allothreonine
concentrations, Sluc mRNA inhibits allothreonine cleavage
by decreasingkcat. Yeast tRNA at a concentration of 40µg/
µL (approximately 1.3 mM) has little influence on cSHMT
activity. The luc mRNA, lacking the cSHMT UTR, does not
activate or inhibit allothreonine cleavage activity, but does
reduce theKm for allothreonine by 30%. These studies
confirm that cSHMT does contain a distinct binding site for
its 5′ UTR mRNA, and that this binding site is distinct from
the substrate binding site.

DISCUSSION

Folate metabolism is required for the synthesis of purines
and thymidylate and the remethylation of homocysteine to
methionine, processes that are fundamentally important for
cell growth and proliferation (Figure 1). While a definitive
metabolic role for the cSHMT enzyme has not been
established, cSHMT is positioned to play key roles in
regulating folate-dependent one-carbon metabolism. When

catalyzing serine cleavage, cSHMT can serve to generate
one-carbon units carried by THF and thereby regulate the
supply of one-carbon units required for folate-dependent
reactions. When catalyzing serine synthesis, cSHMT can
regulate the flux of one-carbon units through the homocys-
teine remethylation pathway, and this has been demonstrated
in cultured human cells (20). Therefore, regardless of the
directionality of the enzyme reaction, changes in cSHMT
expression and activity influence and possibly regulate
metabolic pathways associated with folate-dependent one-
carbon metabolism.

The isolation and sequencing of an unusually long,
alternatively spliced 5′ UTR led to speculation that cSHMT
is translationally autoregulated in a manner similar to that
of TS and DHFR. In this study, we demonstrate that the
cSHMT protein, when present at physiological concentra-
tions, is an mRNA binding protein that can effectively bind
to its 5′ UTR and inhibit translation in vitro. However, unlike
the TS and DHFR mechanisms, mRNA binding by cSHMT
appears to be independent of folate and amino acid substrate
binding. Four independent experiments demonstrate that
cSHMT contains an independent mRNA binding site. The
cSHMT protein inhibits in vitro translation of Sluc and Lluc
mRNA, but not luc mRNA, in the presence and absence of
folate and amino acid substrates. Second, the absorbance
spectra of the cSHMT‚glycine‚5-formylTHF ternary complex
change in the presence of Sluc mRNA. Analysis of the
absorbance changes by the method of Scatchard shows that
each cSHMT monomer has a single mRNA binding site for
Sluc with aKd of 10µM. Third, the migration of Lluc mRNA
is retarded during nondenaturing gel electrophoresis in the
presence of human cSHMT protein bound with amino acid
and folate substrates. Finally, Sluc mRNA is a partial mixed
type inhibitor of the cSHMT-catalyzed cleavage of allo-
threonine. All studies suggest that the cSHMT enzyme
contains a distinct binding site for mRNA. Additionally,
results from the in vitro translation assays demonstrate that
the cSHMT 5′ UTR mRNA is necessary for cSHMT-induced
translational inhibition of luciferase protein synthesis, indi-
cating that the cSHMT protein may autoregulate its transla-
tion in vivo. It is also possible that cSHMT binds to other
regions of its mRNA as seen for TS.

The gel mobility shift assays demonstrate that cSHMT is
an mRNA binding protein. The enzyme binds both luc and
Lluc mRNA, but the studies also show that the cSHMT
protein has a much higher affinity for Lluc (Figure 6). The
enzyme clearly can distinguish between these two mRNA
species. Additionally, Sluc mRNA can effectively inhibit the
cSHMT-catalyzed cleavage of allothreonine (Table 1). The
decrease in theKm of allothreonine for the cSHMT enzyme
in the presence of Sluc suggests that this mRNA, but not
tRNA, can induce a conformational change in the enzyme
that influences the catalytic properties of the enzyme.

The cSHMT 5′ UTR may also play a role in altering
cSHMT activity. The cSHMT enzyme activity is regulated
by 5-formylTHF, and the polyglutamate forms of this folate
are slow, tight-binding inhibitors. The binding of 5-formylTHF
to cSHMT is a two-step process. 5-FormylTHF binds to and
releases quickly from the cSHMT‚glycine binary complex
when the PLP is in its external aldimine form (Figure 7).
The conversion of the external aldimine to the glycine
quinonoid is slow, and this step is associated with a

FIGURE 7: Effect of Sluc mRNA on the spectrum of the human
cSHMT‚glycine‚5-formylTHF ternary complex. (A) The structure
of reaction intermediates associated with cSHMT catalysis. (B) A
solution containing 50 mM HEPES (pH 7.2), 5 mM glycine, 200
µM (6R,S)-5-formylTHF, and 4.0µM human cSHMT was titrated
with increasing concentrations of Sluc mRNA (1-25 µM). The
absorbance spectrum of the enzyme was recorded from 550 to 450
nm after each addition of RNA, and the loss of absorbance at 502
nm was recorded. The amount of RNA bound was quantified by
determining the loss of absorbance at 502 nm.
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conformational change in the enzyme (22). The off-rate of
generation of 5-formylTHF from the cSHMT‚glycine‚5-
formylTHF ternary complex is rate-limited by the slow
conversion of the quinonoid ternary complex to the external
aldimine ternary complex. The binding of cSHMT 5′ UTR
mRNA shifts the equilibrium from the quinonoid ternary
complex to the external aldimine ternary complex, and
thereby permits rapid release of the inhibitor, 5-formylTHF,
from the enzyme. Therefore, mRNA binding may also play
a role in limiting the inhibitory effects of 5-formylTHF.

The inability of substrates to alter cSHMT-induced
translational inhibition suggests an absence of metabolic
control as seen for TS and DHFR. While TS and DHFR
translational regulation appears to be poised to induce
enzyme synthesis when metabolic conditions are appropriate,
cSHMT in vitro translational regulation is substrate-
independent. Therefore, these studies demonstrate that
cSHMT, TS, and DHFR do not participate in a coordinately
regulated metabolic pathway at the level of translation. There
has been one previous report that rabbit cSHMT expression
is translationally regulated. The rabbit cSHMT 5′ UTR
contains an ORF within its 5′ UTR, and removal of this ORF
is required for optimal expression of the cSHMT protein in
overexpression systems (30). The authors of this study
suggested that the ORF within the rabbit cSHMT 5′ UTR
serves to regulate cSHMT translation in cells, and they
suggested that this mechanism of cSHMT regulation is
common to all mammals. However, this mechanism de-
scribed for the rabbit enzyme is not applicable for the human
or murine enzyme since neither contains an ORF within the
5′ UTR. Additional studies will be required to determine if
cSHMT can regulate its translation in vivo.
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