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A sheep liver cDNA clone for the cytosolic serine hydroxymethyltransferase (SHMT) was isolated 
and its nucleotide sequence determined. The full-length cDNA of SHMT was placed under the control 
of T7 promoter in PET-3C plasmid and expressed in Escherichia coli. The overexpressed enzyme, present 
predominantly in the soluble fraction, was catalytically active. The recombinant SHMT was purified to 
homogeneity with a yield of 10 mg/l bacterial culture. The recombinant enzyme was capable of carrying 
out tetrahydrofolate-dependent and tetrahydrofolate-independent reactions as effectively as the native 
enzyme. The K,,, values for serine (1 mM) and tetrahydrofolate (0.82 mM) were similar to those of the 
native enzyme. The recombinant enzyme had a characteristic visible spectrum indicative of the presence 
of pyridoxal 5’-phosphate as an internal aldimine. The apoenzyme obtained upon removal of the cofactor 
was inactive and could be reconstituted by the addition of pyridoxal 5‘-phosphate demonstrating that the 
recombinant SHMT was functionally very similar to the native SHMT. This overexpression of eukaryotic 
tetrameric SHMT in E. coli and the purification and characterization of the recombinant enzyme should 
thus allow studies on the role of specific amino acids and domains in the activity of the enzyme. 
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Serine hydroxymethyltransferase (SHMT) is a pyridoxal-5’- 
phosphate(pyrid0xal-P)-dependent enzyme catalyzing the re- 
versible conversion of serine and tetrahydrofolate (H,-folate) to 
glycine and 5,10-methylene-H4-folate. This enzyme is a compo- 
nent of thymidylate cycle, along with thymidylate synthase and 
dihydrofolate reductase. The latter two enzymes are not only 
targets for cancer chemotherapy but also have served as model 
systems to study the stmcture/function relationships. 

Earlier studies from our laboratory on the mechanism of in- 
teraction of substrates and substrate analogues with sheep liver 
SHMT has led to the design of active-site-directed inhibitors of 
SHMT [I -51. The chemical modification studies with the sheep 
liver enzyme, indicated that histidine, cysteine and arginine resi- 
dues were essential for activity [6], and the involvement of 
Arg269 in the binding of H,-folate was demonstrated [7] .  In 
spite of the successful isolation of the gene from several eukary- 
otic systems [8-121, the overexpression of this gene has not 
been reported. However, for understanding the structure/function 
relationship of the enzyme, it would be necessary to have an 
overexpressing clone of SHMT. In this communication, cloning, 
sequencing, and overexpression of the cytosolic sheep liver 
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SHMT gene in E. coli is reported. We also describe the purifica- 
tion and characterization of the recombinant SHMT. 

EXPERIMENTAL PROCEDURES 

Materials. [a-”P]dATP (3000 Ci/mmol), [a-3ZP]dCTP 
(3000 Ci/mmol) were obtained from Board of Radiation and 
Isotope Technology, Unit of Department of Atomic Energy, 
Government of India, Bombay, India. [35S]dATP[a-S] (600 Cil 
mmol), ~-[3-’~C]serine (55 mCi/mmol), were obtained from 
Amersham International. Restriction endonucleases, DNA- 
modifying enzymes were purchased from New England Biolabs, 
Perkin-Elmer Cetus and Amersham International. Cibacron 
Blue-agarose was from Bethesda Research Laboratories. CM- 
Sephadex C-50, Sephacryl S-200 were obtained from Pharmacia 
Fine Chemicals. All other biochemicals used in this study were 
obtained from Sigma Chemical Company. H,-Folate was pre- 
pared by the method of Hatefi et al. [13]. Sheep liver cDNA 
S’stretch (SWAJ-2) library was purchased from Clonetech 
Laboratories, Inc. The oligonucleotide primers were synthesized 
by Oligonucleotide Synthesis Facility, Centre for Genetic 
Engineering, Indian Institute of Science, Bangalore, India and 
National Biosciences, Plymouth MN, USA. 

Bacterial strains and growth conditions. E. coli strain 
DH5a (Bethesda Research Laboratories) was the recipient for 
the plasmids used in subcloning and sequencing. Strain LE392 
(obtained from Clonetech laboratories) was the recipient strain 
for plating the phage. BL21(DE3) 1141 strain was used for the 
bacterial expression of PET-SHMT construct. 
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E. coli strains containing the plasmids were grown in Luria- 
Bertani medium or in terrific broth as described by Sambrook 
et al. 1151. 

Plasmid and ADNA isolation, DNA modifications and 
bacterial transformation. Plasmid preparations were by the 
alkaline lysis procedure as described by Sambrook et al. [15]. 
ADNA was isolated by the plate lysate method [15] with the 
following modifications. Before poly(ethy1ene glycol) precipita- 
tion, the phage was passed through a DEAE-cellulose column. 
DNA from the phage particles was released upon proteinase-K 
treatment. Restriction endonuclease digestions, nuclease diges- 
tions and ligations were carried out according to the manufactur- 
er's instructions. The preparation of competent cells and trans- 
formation were carried out by the method of Alexander et al. 
I161. 

PCR amplification of SHMT gene-specific cDNA frag- 
ment. Based on the amino acid sequence of sheep cytosolic 
SHMT determined by Usha et al. [17], two degenerate oligonu- 
cleotides DSHI (5'-CAGAGRGTSGGSCTSGAGCTSATCG- 
CYAGCGAGAACTT-3') and DSH2 (5'-GCCYCTSAGGG- 
TYTTRTGGGTGGTGGTGGTSACSACRTG-3') were synthe- 
sized. The degenerate positions are indicated by R for purines, 
Y for pyrimidines, and S for G or C. PCR amplification was 
performed using AmpliTaq (Perkin-Elmer Cetus) as described in 
Perkin-Elmer Cetus protocol for DNA amplification with the 
following modifications. ADNA (0.1 pg) isolated from the pool 
of a sheep liver cDNA library and the oligonucleotides DSHI 
and DSH2 (1 pM each) were added to a 20 pl reaction mixture. 
The samples were incubated in a thermal cycler for 30 cycles 
with 1 min denaturation (94"C), 1 min annealing (55 "C), and 2- 
min chain elongation (72°C). After 30 cycles, the reaction was 
continued for another 10-min elongation at 72°C. The PCR 
product was gel purified using Geneclean 11 kit (BIO-101). 
Using EcoRV-digested pBlueseript (Stratagene), T-vector was 
prepared by the method of Marchauk et al. [18]. The PCR prod- 
uct was cloned into this T-vector and designated as pPSH. 

Isolation of a sheep liver SHMT cDNA clone. Plaques 
were transferred to Duralon-UVm membranes (Stratagene) and 
the DNA was fixed to the membrane by ultraviolet cross-linking. 
The PCR product was random-primer labeled by the method of 
Feinberg and Vogelstein [19] and purified through the Sephadex 
G-50 spun column as described by Sambrook et al. [15]. The 
membranes were washed as described by Sambrook et al. [15]. 
The prehybridization (with 50% formamide, 10% dextran sul- 
fate, 1 % SDS, 0.9 M NaCl and 200 pg of salmon sperm DNA), 
hybridization (denatured probe at 500 000 c p d m l  prehybridiza- 
tion solution) and posthybridization [with 0.1 XNaCVCit (NaCl/ 
Cit, 0.15 M NaCl, 15 mM sodium citrate, pH 7), 0.1 % SDS at 
65"C] conditions used were as described in the Stratagene in- 
struction manual for Duralon-UVTM membranes. 

ExonucleaseIIYSl nuclease deletions and DNA sequenc- 
ing. For deletions, supercoiled plasmid was prepared by the 
method of Wang et al. 1201. Deletions were performed using 
ExoIII/Sl nuclease as described in the Promega protocols and 
applications guide. DNA sequencing was performed by Sanger 's 
dideoxynucleotide chain-termination method [21] using Circum- 
VentTM thermal cycle sequencing kit (New England Biolabs). 

Construction of PET-SHMT. SHPl (sense oligonucleo- 
tide), with one extra T addition at the S'terminus of the oligonu- 
cleotide (5'-TATGGCAGCTCCAGTCAAC-3') and SHMl (anti- 
sense olignucleotide) with a TA addition at the 5' terminus 
of the oligonucleotide (5'-TATCTAGAAGCCAGGCAGG-3') 
spanning the start and stop codons, respectively, were synthe- 
sized. PCR was performed using Vent DNA polymerase as de- 
scribed in New England Biolabs product specifications with the 
following modifications. For a 100-pl reaction, 6 ng of the full- 

length sheep SHMT cDNA clone (pSH11) DNA, 0.16 pM of 
each primer and 0.4 mM of each dNTP were used. The sample 
was incubated in a thermal cycler at 94°C for 4 min, then kept 
for 25 cycles of amplification. Each cycle included 1 min dena- 
turation (94"C), 1 min annealing (50"C), and 1.5 rnin chain 
elongation (72°C). After 25 cycles, the reaction was extended 
for an additional 5 min at 72°C. The 1.45-kb PCR product was 
purified from the agarose gel using Geneclean I1 kit. 

NdeI-compatible ends were generated at the 5' and 3' ends 
of 1.45-kb Vent polymerase PCR product using the dinucleotide 
and trinucleotide sticky-end cloning (DISEC-TFUSEC) method 
of Dietmaier et al. [22] with some modifications. The PCR prod- 
uct was treated with T4 DNA polymerase in the presence of 
0.2 mM each of dGTP, dCTP for 30 min at 12"C, then dATP 
was added to 0.2 mM concentration and incubated for 10 rnin at 
37 "C. After performing reactions as above, DNA was extracted 
with phenol/chloroform and kept for alcohol precipitation. This 
DNA fragment was cloned at the NdeI site of PET-3C plasmid 
1231. The presence of the insert in the proper orientation with 
respect to the T7 promoter was confirmed by sequencing. 

The expression of SHMT in E. coli BL21 (DE3) and puri- 
fication of the recombinant SHMT. E. coli BL21 (DE3) strain 
cells harboring the PET-SHMT plasmid were grown in 1 1 Luria- 
Bertani medium containing 50 pg/ml ampicillin and 0.2% glu- 
cose. After absorbance at 600 nm reached 0.8, isopropyl-l-thio- 
P-D-galactopyranoside (0.4 mM) was added to induce the en- 
zyme. 2 h later, the cells were harvested and the cell pellet was 
resuspended in 100 ml buffer A (50 mM sodium phosphate, 
pH 7.4, containing 2 mM EDTA, 1 mM m-dithiothreitol and 
100 pM pyridoxal-P) and frozen at -20°C for overnight. To the 
thawed cells, 5 mg lysozyme and 1 mM phenylmethylsuifonyl 
fluoride were added and incubated at room temperature for 
30 min. The cell suspension was sonicated until it became 
optically clear. The sonicate was centrifuged at 27000Xg for 
30 min. The supernatant was made up to 25% ammonium sul- 
fate saturation and the precipitate was discarded. The superna- 
tant was raised to 65% ammonium sulfate saturation by the ad- 
dition of solid ammonium sulfate. The pellet obtained after the 
second ammonium sulfate fractionation was dissolved in 20 ml 
buffer B (20 mM sodium phosphate pH 7.4, containing 1 mM 
2-mercaptoethanol, 1 mM EDTA and 50 pM pyridoxal-P) and 
dialyzed against the same buffer (21 with two changes). The 
dialyzed ammonium sulfate extract was loaded on to a Cibacron 
Blue agarose column (1.75 cmX12 cm). The column was 
washed with 200ml buffer C (50mM sodium phosphate, 
pH 7.4, containing 1 mM 2-mercaptoethanol, 1 mM EDTA and 
50 pM pyridoxal-P) and the enzyme was eluted with a 0 to 1-M 
KCl gradient in buffer C. 2-ml fractions were collected and 
active fractions were pooled (25 ml). The Cibacron Blue agarose 
eluant was concentrated by 0-65 % ammonium sulfate precipi- 
tation and the precipitate was dissolved in 5 ml buffer C, loaded 
onto a Sephacryl S-200 column (3.0 cmXlOO cm previously 
equilibrated with the buffer D (200 mM sodium phosphate, 
pH 7.4, containing 1 mM 2-mercaptoethanol, 1 mM EDTA and 
50 pM pyridoxal-P) and 6-ml fractions were collected. The 
active fractions were pooled (45 ml), concentrated to 1.6 ml and 
used as the source of the enzyme in further characterization of 
the recombinant SHMT. 

The recombinant apoenzyme was prepared from the holoen- 
zyme using D-alanine as the substrate [24]. 

Native sheep liver SHMT was purified as described by Bask- 
aran et al. [2]. 

SHMT was assayed using [3-'4C]serine and H,-folate as sub- 
strates [25, 261. Protein was estimated using BSA as a standard 
1271. 
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Protein sequencing. The recombinant SHMT was analyzed 
on SDS/PAGE [28], transferred to ImmobilonTM-P membrane 
(Millipore), stained with Ponceau-S and the appropriate band 
was cut out. The cut membrane containing the protein was 
destained and loaded on to a Shimadzu gas-phase sequenator, 
PSQ-1 [29]. 

RESULTS 

Isolation of a cDNA clone for sheep liver SHMT. A cDNA 
fragment of 0.65 kb was amplified by PCR using primers DSHl 
and DSH2. DSHl has a partly degenerate sequence coding for 
the amino acids, QRVGLELIASENF, residues 43-55 in the 
sheep liver cytosolic SHMT [17], while DSH2 is also partly 
degenerate, codes for HVVTTTTHKTLRG, residues 248 - 260 
of the sheep liver SHMT. The PCR product was cloned in T- 
pBluescript KS( +) vector. Plasmid (pPSH) containing the insert 
was identified and sequenced from both the ends. The predicted 
amino acid sequence encoded by insert DNA was homologous 
to the sheep cytosolic SHMT amino acid sequence [17]. The 
sheep liver cDNA library (70000 plaques) was screened using 
the 650-bp PCR product and 10 positive clones were identified 
after three successive rounds of screening. The maximum size 
of the insert from all these clones was only 1.2 kb instead of the 
expected 1.45 kb for the full-length clone. The pPSH contained 
additional 135 bp at the 5’ end compared to the 1.2-kb partial 
clones. This 135-bp fragment was used to screen the cDNA li- 
brary (300000 plaques) to identify full-length clones. 12 positive 
clones were identified after four successive rounds of screening 
and the inserts from these positive clones were in the range of 
1.3- 1.7 kb. 

Subcloning and sequencing. The inserts were released from the 
A clones by partial EcoRI and complete XbaI digestion and 
cloned in pBluescript at EcaRI and XbaI sites. The plasmid 
clones with inserts of more than 1.2 kb were selected. The 
clones pSHl, pSH2 and pSH8 of 1.5 kb and pSHll (1.7 kb) 
were used for further characterization. ExoIIIIS1 nuclease dele- 
tions were performed using pSHl1 in both directions and all the 
deletion clones were sequenced. pSHl1 has an open reading 
frame (ORF) with 1452 bp and 198 bp 5’ non-coding sequence 
in which the most 5’ 172 bp were identical with the actin gene. 
This is probably a cloning artifact produced during the prepara- 
tion of the cDNA library. However sequencing of the 5’ and 3’ 
ends of pSHl and pSH8 clones showed the presence of a 1452- 
bp ORF and a 20-bp 5’ non-coding sequence, whereas, the pSH2 
clone indicated the presence of a 26-bp non-coding sequence in 
addition to OW. Sheep cDNA library was constructed by clon- 
ing the cDNA at EcoRI and Xbal sites of ASWAJ-2 vector with- 
out protecting the internal XbaI sites. Due to the presence of an 
internal XbaI site at the stop codon, none of the clones contained 
the 3’ non-coding sequence. The complete nucleotide sequence 
of sheep cytosolic SHMT obtained from pSHll is shown in 
Fig. 1. The deduced amino acid sequence showed 98% identity 
with sheep liver cytosolic SHMT sequence [17], 90.5% identity 
with rabbit [lo, 301 and human [ l l ]  SHMT. 

Overexpression of sheep SHMT. The cDNA encoding SHMT, 
from Met1 through the TAG stop codon, was placed under the 
control of a strong T7 promoter (for details, see Experimental 
Procedures and Fig. 2). To avoid errors in the PCR amplifica- 
tion, we have used Vent DNA polymerase which, has a 5-15- 
fold more efficient proof-reading activity compared with Taq 
polymerase [31, 321. The bacterial cells containing the SHMT 
expression plasmid (PET-SHMT) were induced with isopropyl- 

GGATCGGGTGCCTCTGAACCAGCACAATGGCAGCTCCAGTCAACAAGGCACCCAGAGATG 
M A A P V N K A P R V A  

CCGATTTGTGGTCCTTGCATGAGAAGATGCTGGCACAGCCCCTGAAGGACAACGATGTCG 
V L W S L H E X M L A Q P L K D N D V E  

AGGTTTACAACATCATTAAGAAGGAGAGAGTAACCGGCAGAGGGTTGGACTGGAGCTGATCG 
V Y N I I K K E S N R Q R V G L E L I A  

CCTCCGAGAACTTTGCCAGCCGGGCTGTTCTGGAGGCCCTAGGCTCTTGCCTG~CAACA 
S E N F A S R A V L E A L G S C L N N K  

AGTACTCTGAGGGGTACCCAGGCCAGAGGTACTATGGTGGGACGGAATTCATCGATGAGC 
Y S E G Y P G Q R Y Y G G T E F I D E L  

TAGAGGTCCTCTGTCAGAAGCGAGCGCTGCAGGTCTATGGCCTGGACCCCGAGTGCTGGG 
E V L C Q K R A L Q V Y G L D P E C W G  

GGGTTAACGTCCAGCCTTACTCAGGCTCCCCAGC~TTTCGCAGTGTACACGGCCCTGG 
V N V Q P Y S G S P A N F A V Y T A L V  

TGGAGCCCCATGGCCGCATCATGGGCCTGGACCTGCCGGATGGGGGCCACCTGACCCATG 
E P H G R I M G L D L P D G G H L T H G  

GGTTCATGACTGATAAGRAGAAGATTTCTGCCACGTCCATCTTTTTTG~TCTATGCCTT 
F M T D K K K I S A T S I F F E S M P Y  

ACRAGGTGAATCCCGATACCGGCTACATCAACTACGACCAG~GGAGGAGAACGCCCGCC 
K V N P D T G Y I N Y D Q L E E N A R L  

TCTTCCACCCGAGGCTGATCATTGCAGGGGACTAGCTGCTACTCCCGG~CCTGGACTACG 
F H P R L I I A G T S C Y S R N L D Y A  

CTCGGCTGCGCAAGATCGCTGACGACAATGGGGCGTACCTCATGGCTGACATGGCACATA 
R L R K I A D D N G A Y L M A D M A H I  

TCAGCGGGCTGGTGGCGGCCGGCGTGGTGCCTTCCCCCTTCGAGCACTGCCACGTGGTGT 
S G L V A A G V V P S P F E H C H V V ?  

CCACCACCACCCACAAGACCCTGCGGGGCTGCCGCGCCGGCATGATCTTCTACAGG~GG 
T T T H K T L R G C R A G M I F Y R K G  

GAGTGCGCAGTGTGGACCCCAAGACAGGC~GAGACTCGCTAC~CCTGGAGTCGCTCA 
V R S V D P K T G K E T R Y N L E S L I  

TCAACTCTGCTGTGTTCCCAGGCCTGCAAGGGGGGACCTCAC~CCACGCCATTGCTGGGG 
N S A V F P G L Q G G P H N H A I A G V  

TCGCGGTTGCTCTGAAGCAGGCCATGACTCCGGAGTTCAGAGCCTACCAGCGCCAGGTTG 
A V A L K Q A M T P E F F P Y Q R Q V V  

TGGCCAACTGCAGGGCTCTGGCTGAGGCCTTGATGGGACTGGGCTACAGAGTGGTCACAG 
A N C R A L P E A L M G L G Y R V V T G  

GGGGTTCTGACAACCACTTGATCCTCGTGGACCTCCGCTCC~GGCACAGATGGCGGCA 
G S D N H L I L V D L R S K G T D G G R  

GGGCAGAGAAGGTGCTGGAAGCCTGCTCCATCGCCTGCAAC~GAATACCTGCCCAGGTG 
A E K V L E A C S I A C N K N T C P G D  

ACAAAAGCGCACTACGGCCCAGTGGCTTGCGCCTGGGGACCCCAGCACTGACCTCCCGAG 
K S A L R P S G L R L G T P A L T S R G  

GACTCTTGGAAGAAGATTTCCGAAAGGTTGCCCCAWCACAGAGGCATAGAGCTGA 
L L E E D F P K V A H F I H R G I E L T  

CCCTGCAGATCCAGGATGCTGTAGGAGTGAAGGCCACCCTGRAGGAGTTCATGGAGAAGC 
L Q I Q D A V G V K A T L K E F Y E X L  

TGGCAGGGGCCGAGGAGCACCAGCGGGCTGTGACAGCCCTCAGAGCAGAGGTGGAGAGCT 
A G A E E H Q R A V T A L R A E V E S F  

TCGCCACCCTATTCCCGCTGCCTGGCCTGCCTGGCTTCTAGA 
A T L F P L P G L P G F ’  

535 

60 
12 

120 
32 

180 
52 

240 
72 

300 
92 

360 
112 

420 
132 

480 
152 

540 
172 

600 
192 

660 
212 

720 
232 

780 
252 

840 
272 

900 
292 

960 
312 

1020 
332 

1080 
352 

1140 
372 

1200 
392 

1260 
412 

1320 
432 
1380 
452 

1440 
472 

1482 
484 

Fig. 1. The nucleotide sequence of sheep liver cytosolic SHMT cDNA 
and derived amino acid sequence. The amino acid sequence underlined 
was confirmed by direct N-terminal sequencing of the purified recombi- 
nant SHMT. The residues indicated by ( 0 )  are diffirent from the reported 
sheep liver cytosolic SHMT [17]. 

1 -thio-P-D-galactopyronoside for various time periods (0 - 5 h) 
and analyzed on SDSPAGE. There was no further increase in 
the level of expression beyond 2 h of isopropyl-1 -thio-P-D-ga- 
lactopyronoside induction (data not shown). Densitometric scan- 
ning of the gel (Fig. 3) showed that 22% of the total cellular 
protein was due to the overexpression of SHMT. More than 90% 
of this protein was present in the soluble fraction. 

Purification and characterization of the recombinant SHMT. 
The specific activity of the recombinant protein in the crude 
extract was 0.6U (pmol . HCHO . min-’ . mg-’) compared 
with the value of 0.02 U in sheep liver a 0.03 U in E. coli cells 
[BL21(DE3) strain]. 

The recombinant enzyme was purified by ammonium sulfate 
fractionation, Cibacron Blue agarose chromatography and Seph- 
acryl S-200 gel filtration (Table 1 and Fig. 3). This procedure 
resulted in a 5.5-fold purification and 27 % recovery. The recom- 
binant enzyme eluted on a Sephacryl S-200 column at the same 
position as the native enzyme suggesting that it is a tetramer like 
the native SHMT (data not shown). The enzyme was found to 
be homogeneous on SDSPAGE (Fig. 3) and had a subunit mo- 
lecular mass of 53 kDa. The single band obtained was transfer- 
red onto a poly(viny1idene difluoride) membrane and the N-ter- 
minus was sequenced. The N-terminal sequence of the first 14 
amino acids, AAPVNKAPRDADLW was identical to the de- 
duced sheep cytosolic SHMT sequence (Fig. 1). The kinetic 
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Fig.2. The construction of PET-SHMT plasmid. The steps used to 
ligate the SHMT-encoding PCR-amplified fragment into the expression 
vector (pET-3C), yielding the PET-SHMT plasmid are shown (see Ex- 
perimental procedures for details). P,10, T7 promoter; T,, T7 termina- 
tor; Ap', ampicillin-resistance gene; Npb = NdeI. 

Table 1. Purification of the recombinant SHMT. For total activity 
1 U = 1 pmol HCHO produced in 1 min at 37°C. 

Purification Total Total Specific Yield Purifica- 
step protein activity activity tion 

mg U U/mg % -fold 
protein 

Crude extract 202 120 0.6 100 1 .o 
Ammonium 

sulfate 

fractionation 102 110 1.1 91.6 1.8 

Blue agarose 19 50 2.7 41.6 4.5 

Sephacryl S-200 10 32 3.20 26.7 5.4 

(25% -65%) 

characterization of recombinant SHMT revealed that the enzyme 
had a K,  of 1 mM for serine, 0.82 mM for H,-folate and a V,,, 
of 4.6 pmol HCHO . min-' . mg-' protein. 

The enzyme had an absorbance maximum at 423.5nm, a 
characteristic feature of pyridoxal-P present as an internal aldim- 
ine (Fig. 4). The bound pyridoxal-P could be removed by incu- 
bating the enzyme with D-alanine (200 mM) for 3 h at 37°C 
followed by dialysis to remove the pyridoxamine phosphate and 
pyruvate formed in the reaction. The apoenzyme had no 
spectrum in the visible region (Fig. 4) and was enzymically in- 
active. The apoenzyme could be reconstituted into the holoen- 
zyme by the addition of pyridoxal-P (100 pM) as evidenced by 
the absorption spectrum with a maximum at 423.5 nm (Fig. 4) 
and the regaining of enzyme activity. The specific activity of the 
reconstituted enzyme was 3.0 pmol . min-' . mg-' compared 
with the value of 3.2 pmol . min-' . mg-' of the enzyme before 
removal of the pyridoxal-P. 

- 30 

- 20 
-1 4 

Fig. 3. The purification of recombinant sheep cytosolic SHMT from 
E. coli. Lane 1, crude extract (35 pg); lane 2, 25-65% ammonium sul- 
fate fraction (17 pg); lane 3, Cibacron blue agarose eluant (6 pg); lane 
4, Sephacryl S-200 fraction (6 pg); lane 5, Sephacryl S-200 fraction 
(14 pg); M, molecular-mass markers (Pharmacia); markers used were 
phosphorylase b, bovine serum albumin, ovalbumin, carbonic anhydrase, 
soybean trypsin inhibitor and a-lactalbumin. 

350 400 450 503 550 
hvelength(nrn) 

Fig. 4. The visible absorption spectrum of recombinant SHMT. The 
visible absorption spectrum of holo (-), apo (---) and reconstitu- 
ted (---) SHMT. Protein (0.8 mg) was used for recording the spectrum. 

DISCUSSION 

Although extensive biochemical investigations on the mech- 
anism of action of mammalian SHMT have been carried out 
previously [33, 341, a major limitation for a further understand- 
ing of the structure/function relationship has been the non-avail- 
ability of an overexpressing clone of the eukaryotic SHMT. The 
results presented in this communication demonstrate the overex- 
pression of an eukaryotic SHMT (from sheep liver) in E. coli. 
An SHMT overexpression vector (PET-SHMT) was constructed 
in which the sheep liver cytosolic SHMT encoding cDNA frag- 
ment was placed under the control of a strong T7 promoter, 
inducible by isopropyl-1-thio-p-D-galactopyranoside. The en- 
zyme was not only expressed at high levels, i.e., 20-fold above 
the basal level in E. coli but was also present predominantly in 
the soluble fraction (Fig. 3). This protein constituted 22 % of the 
total protein in the cell extracts. In contrast, the expression of 
rabbit liver cytosolic SHMT in COS-1 cells was only marginally 
above the basal level [lo]. 

The recombinant enzyme was purified to homogeneity with 
a yield of 10 mg/l bacterial culture (Table 1). The native and 
subunit molecular mass of the recombinant enzyme was 
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213 kDa and 53 kDa, respectively. Thus the recombinant SHMT 
is also a homotetramer like the cytosolic sheep SHMT [26]. 
However the recombinant enzyme from E. coli was shown to be 
a dimer [35, 361, whereas, the wild-type enzyme was a tetramer 
[37]. It would be interesting to examine the differences in the 
nature of subunit interactions that lead to different states of as- 
sembly of subunits in the E. coli and sheep liver recombinant 
enzymes. The N-terminal sequence of the recombinant enzyme 
was identical to the deduced sequence although, the N-terminal 
methionine was lacking. This is not surprising if we consider 
that the N-terminal methionine in the recombinant SHMT is fol- 
lowed by alanine. It has been observed that in  96% of the cyto- 
solic E. coli proteins, in which the second residue was alanine, 
the N-terminal methionine was excised [38]. A comparison of 
the deduced amino acid sequence of sheep cytosolic SHMT 
clone with the primary structure of the sheep liver cytosolic 
SHMT [17] revealed that there were differences in the amino 
acid sequence at 10 positions as indicated in Fig. 1. Those differ- 
ences might be attributable to the differences in the genetic vari- 
ety of sheep used for preparing cDNA library and for the isola- 
tion of the enzyme. In addition a few residues (A3/T, P4/A, 
WlllIF, V115/Y, G136/A, P171lA and R196/K were misiden- 
tified in the protein sequence and have now been corrected. De- 
spite small sequence differences between the enzyme purified 
from sheep liver and the recombinant enzyme, we did not detect 
any differences in the properties of the two enzyme preparations. 
The expressed SHMT effectively interacted with antibodies 
raised against sheep liver cytosolic SHMT indicating that the 
antigenic epitopes are well retained in the recombinant enzyme 
(data not shown) The enzyme was capable of using serine or p- 
phenylserine as the substrate, demonstrating its ability to carry 
out H,-folate-dependent or independent reaction. The predicted 
secondary structure of the recombinant enzyme was identical to 
that of the native enzyme (data not shown). The purified recom- 
binant enzyme had the characteristic visible absorption spectrum 
indicative of the presence of pyridoxal-P as an internal aldimine 
which could be removed and reconstituted in a manner similar 
to that of native sheep liver SHMT. The only difference in the 
properties of the recombinant enzyme and the native enzyme is 
the ability to bind CM-Sephadex which could have arisen from 
the absence of acetylation at the N-terminus or replacement of 
a few charged residues. The amino acid residues essential for 
activity are unchanged in the recombinant protein [7, 171. The 
results presented in this study convincingly demonstrated that 
the recombinant SHMT was functionally identical to the native 
enzyme. The availability of a homogeneous and active recombi- 
nant SHMT in abundant amounts has laid the foundation for 
critical studies aimed at elucidating the role of the amino acid 
residues involved in the catalysis and binding of the substrates 
and substrate analogues. 

The financial support from the Department of Science Technology, 
Government of India, New Delhi, India is gratefully acknowledged. We 
thank the Department of Biotechnology, Government of India, New 
Delhi, India, for providing automated peptide sequencing and the bio 
informatics facility. We thank Mr V. Krishnan for helping in the determi- 
nation of N-terminal amino acid sequence of the recombinant SHMT 
and Mr B. Bhaskar for comments on the manuscript. 

REFERENCES 
1. Manohar, R., Appu Rao, A. G. & Appaji Rao, N. (1984) Biockemis- 

2. Baskaran, N., Prakash, V., Appu Rao, A. G., Radhakrishnan, A. N., 
Savithri, H. S. & Appaji Rao, N. (1989) Biochemistry 28, 9607- 
961 2. 

try 23,4116-4122. 

3. Baskaran, N., Prakash, V., Appu Rao, A. G., Radhakrishnan, A. N., 
Savithri, H. S. & Appaji Rao, N. (1989) Biochemistry 21,9613- 
9617. 

4. Acharya, J. K., Prakash, V., Appu Rao, A. G., Savithri, H. S. & 
Appaji Rao, N. (1991) Indian J .  Biockem. Biopkys. 28, 381 -388. 

5. Acharya, J. K. & Appaji Rao, N. (1992) J.  Biol. Ckem. 267,19066- 
19071. 

6. Manohar, R. & Appaji Rao, N. (1984) Biochem. J. 224, 703-707. 
7. Usha, R., Savithri, H. S. & Appaji Rao, N. (1992) J. Biol. Chem. 

8. McClung, C. R., Davis, C. R., Page, K. M. & Denome, S .  A. (1992) 

9. Turner, S. R., Ireland, R., Morgan, C. & Rawsthome, S .  (1992) J. 

10. Byme, P. C., Sanders, P. G. & Snell, K. (1992) Biockem. J.  286, 

11. Garrow, T. A,, Brenner, A. A,, Whitehead, V. M., Chen, X., Duncan, 
R. G., Korenberg, J. R. & Shane, B. (1993) J. B i d .  Ckem. 268, 

12. McNeil, J. B., McIntosh, E. M., Taylor, B. V., Zhang, F., Tang, S. & 

13. Hatefi, Y., Talbert, P. T., Osborn, M. J. & Huennekens, F. M. (1959) 

14. Studier, F. W. & Moffatt, B. A. (1986) J. Mol. Biol. 189, 113-130. 
15. Sambrook, J., Fritisch, E. F. & Maniatis, T. (1989) Molecular clon- 

ing: a laboratory manual, 2nd edn, Cold Spring Harbor Labora- 
tory, Cold Spring Harbor, NY. 

267,9289-9293. 

Mol. Cell. Biol. 12, 1412-1421. 

Biol. Chem. 267, 13 528 - 13 534. 

117-123. 

11 910-11 916. 

Bognar, A. L. (1994) J. Biol. Ckem. 269, 9155-9165. 

Biockem. Prep. 7, 89-92. 

16. Alexander, D. C .  (1987) Methods Enzymol. 154, 41 -64. 
17. Usha, R., Savithri, H. S. & Appaji Rao, N. (1994) Biockim. Biopkys. 

18. Marchuk, D., Drumm, M., Saulino, A. & Collins, F. S .  (1990) Nu- 

19. Feinberg, A. P. & Vogelstein, B. (1983) Anal. Biockem. 132, 6-13. 
20. Wang, W. & Rossman, T. G.  (1994) Bioteckniques 16, 460-463. 
21. Sanger, F., Nickelson, S. & Coulson, A. R. (1977) Proc. Natl Acad. 

22. Dietmaier, W., Fabry, S. & Schmitt, R. (1993) Nucleic Acids Res. 

23. Rosenberg, A. H., Lade, B. N., Chui, D., Lin, S. ,  Dunn, J. J. & 
Studier, F. W. (1987) Gene (Amsf.) 56, 125-135. 

24. Schirch, D., Fratte, S. D., Iuresia, S., Angelaccio, S., Contestabile, 
R., Bossa, F. & Schirch, V. (1993) J. Biol. Ckem. 268, 23132- 
23 138. 

Acta 1204, 75-83. 

cleic Acids Res. 19, 1154. 

Sci. USA 74, 5463-5467. 

21, 3603-3604. 

25. Taylor, R. T. & Weissbach, H. (1965) Anal. Biockem. 13, 80-84. 
26. Manohar, R., Ramesh, K. S. & Appaji Rao, N. (1982) J. Biosci. 

27. Lowry, 0. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J. (1951) 

28. Laemmli, U. K. (1970) Nature 227, 680-685. 
29. Matsudaira, P. (1987) J. Biol. Ckem. 262, 10035-10038. 
30. Martini, F., Angelaccio, S., Pascarella, S., Barra, D., Bossa, F. & 

Schirch, V. (1987) J. B i d .  Ckem. 262, 5499-5509. 
31. Eckert, K. A. & Kunkel, T. A. (1991) PCR Methods Appl. 1, 17- 

24. 
32. Mattila, P., Korpela, J., Tenkanen, T. & Pitkanen, K. (1991) Nucleic 

Acids Res. 19, 4967-4973. 
33. Schirch, V. (1984) in Folates andpterines - chemistry & biockem- 

istry offolates (Blakely, R. L. & Benkovic, S. J., eds) vol. I, pp. 
399-431, John Wiley & Sons, Inc, New York. 

34. Appaji Rao, N., Ramesh, K. S., Manohar, R., Rao, D. N., Vijaya- 
lakshmi, D. & Baskaran, N. (1987) J. Sci. Indust. Res. (India) 46, 
248-260. 

35. Stauffer, G.  V., Plamann, M. D. & Stauffer, L. T. (1982) Gene 
(Amsf.) 63 -72. 

36. Schirch, V., Hopkins, S., Villar, E. & Angelaccio, S .  (1985) J. Bacte- 
rial. 163, 1-7. 

37. Mansouri, A,, Decter, J. B. & Silber, R. (1972) J. Biol. Chem. 247, 

38. Hirel, P., Schmitter, J., Desson, P., Fayat, G. & Blanquet, S. (1989) 

(Bangalore) 4,  31 -50. 

J. Biol. Ckem. 193, 265-275. 

348-352. 

Proc. Natl Acad. Sci. USA 86, 8247-8251. 




