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Summary

In plant cells, the interconversion of formyl- and methylene-tetrahydrofolates is catalyzed by a bifunctional
protein possessing methenyltetrahydrofolate cyclohydrolase (EC 3.5.4.9) and methylenetetrahydrofolate dehy-
drogenase (EC 1.5.1.5) activities. The present work reports the isolation and sequencing of a cDNA that
encodes this protein. Polyclonal antibodies, raised against purified pea cytosolic dehydrogenase:cyclohy-
drolase, were used to screen a Agtll cDNA expression library, constructed from leaf extracts of this species.
The screen identified a phage containing a cDNA insert with an open reading frame encoding a 294 amino
acid protein (M, 31,344). The deduced primary structure of this protein contained most of the conserved
regions found in other dehydrogenase:cyclohydrolase proteins including the corresponding domains of the
trifunctional C;-THF synthases of mammalian and yeast origins.
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Introduction

One-carbon metabolism has importance in the
formation of purines, thymidylate, serine, methion-
ine and formylmethionyl-tRNA (1, 2). In these syn-
theses, single-carbon groups are donated by one-
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carbon substituted tetrahydrofolate polyglutamates
(H,PteGlu,). In yeast and mammalian cells, the for-
mation of 10-HCO-H,PteGlu and its conversion to
5,10-CH,-H,PteGlu are catalyzed by C,-THF syn-
thase, a trifunctional complex with formyltetrahy-
drofolate synthetase (SYN, EC 6.3.4.3), methenyltetra-
hydrofolate cyclohydrolase (CYC), and methylene-
tetrahydrofolate dehydrogenase (DHY) activities
(1, 3). In bacteria these reactions are catalyzed by a
mono-functional SYN protein (4, 5) and by a bi-
functional DHY-CYC complex (6-9). In eukaryotic
cells, C,-THF synthases occur in the cytosol and
mitochondria (1, 10) and the DHY activity is NADDP-
dependent (1, 3). In contrast, transformed cells and
the embryonic and undiffer-entiated tissues of mam-
mals express a unique mitochondrial, NAD-depen-
dent DHY-CYC protein (11-14).

Studies of the subcellular distribution and struc-
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rural organization of plant SYN, CYC and DHY
suggest that all three activities are mainly cytosolic
with relatively small amounts of each activity being
mitochondrial (15). In pea (15,16) and spinach
(17), SYN activity is associated with a protein that
lacks DHY and CYC. Furthermore, the SYN pro-
tein of spinach leaves has structural homologies with
the SYN domains of mammalian and yeast C,-THF
synthases (18). Work in this laboratory (15, 19) also
provided evidence that the DHY and CYC activities
of pea leaves and cotyledons are associated with a
homodimeric protein (subunit M, 38,000) which
lacks SYN activity. Attempts to determine the amino
acid sequence of this protein were not successful due
to an apparent blockage of the N-terminus. In the
present work we have therefore isolated and se-
quenced a cDNA clone from a pea leaf Agtll librarv
that encodes this cytosolic DHY-CYC protein.

Materials and Methods
Chemicals

Reagent-grade chemicals were purchased from Sigma,
Fisher Scientific, and BDH Chemicals. Zeta-Probe
blotting membranes were supplied by Bio-Rad and
E. coli (Y1090r and XLI1-Blue) were from Strat-
agene. ECL™ immunoscreening reagent, Hybond™
C-extra nitrocellulose filters, Hybond-N" nvlon fil-
ters and ¥*P-dCTP were purchased from Amersham
Life Science. Promega supplied RNA markers and
their RNAgents Total RNA Isolation System. Restric-
tion endonucleases, Tag DNA polymerase and Kle-
now fragment of DNA polymerase T were from
Pharmacia, Bethesda Research Laboratories (BRL)
Inc., New England BioLabs, and Boehringer Man-
nheim. Agtll expression libraries, constructed from
10 day light-grown (designated L3) or 9 dav dark-
grown (designated D3) pea leaves were kindly pro-
vided by Dr. David Macherel, Centre dEtude Nucle-
aires, Grenoble, France. The following primers were
used: T3 primer, 5ATTAACCCTCACTAAAG3,;
T7 primer, 5’AATACGACTCACTATAG3’; Agtll
forward primer, 5GGTGGCGACGACTCCTGGA-
GCCCG3'; and Agtl] reverse primer, 5 TTGACA-
CCAGACCAACTGGTAATG3. Primers were synthe-
sized on a 391 DNA Synthesizer PCR-MATE (ABI
Applied Biosystems). Nucleotide sequencing employ-
ed an ABI Applied Biosystems 373 DNA Sequencer
STRETCH.

Oligolabeling and amplification of DNA fragments
DNA (2-4 ug in 32 uly was denatured by heating
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(5 min at 100°C) and cooling (3 min in a salt-ice
bath). To cach reaction tube were added 10 ul of
oligolabeling buffer (0.25 M Tris-HCI, pH 7.5, 50
mM MgCl,, 150 mM B-mercaptoethanol, 0.3 mM
each of dATP, dGTP and dTTP, 20 U/m! Random
Primers) and 5 ul of *P-dCTP (10 uCi/ul): The
labeling reaction was started by addition of 1 ul of
Large Fragment of DNA Polymerase I (Klenow
fragment, 4.3 U/ul). Incubation was at 37°C for 1-
2 hr. Oligolabeled DNA was denatured (as above)
before use in hvbridization reactions. Restriction
enzvme digestion of DNA was according to the
suppliers protocol.

Tag PCR was used to amplify DNA fragment
inserts in the Agtll vector. Phage lysate, (1 pl, 50-
100 ng DNA), was prepared by resuspending a sin-
gle 1solated plaque in 100 pl of suspending medium
(100 mM NaCl, 0.2% Mg SO, 7H,0O, 50 mM Tris-
Cl pH 7.5 and 0.01% gelatin), and used as template
in a 50 pl reaction volume. The reaction contained
50 mM Tris-HCl (pH 9.0), 1.5 mM MgCl,
0.0025% B-mercaptoethanol, 0.01% BSA, 0.2 mM
of each of dATP, dCTP, dGTP, dTTP, 0.12 mM of
each Agtll primer, and 2.5 Units of Taq poly-
merase. PCR was carried out in an AutoGene II
Thermal Cycler (Grant Instruments Cambridge Ltd.).
The reaction mixture was initially heated to 94°C
for 7 min to remove phage protein coats and release
DNA, followed by 30 cycles of 1 min at 60°C, 1
min at 72 °C and 1 min at 92°C. A final cycle (1
min at 60°C and 4 min at 72°C ) was followed by
cooling to 23°C. PCR products were fractionated
on 1.2% agarose gels, and DNA bands of interest
were excised and purified using Nal and glass milk
(20).

Immunoscreening and isolation of ¢cDNA

The L3 Agtll expression library was initially
screened (more than 5x10° pfu, plaque-forming
units) using polyclonal antibodies raised against
purified pea leaf cytosolic DHY-CYC (15). E. coli
(Y1090r") was used as host. Amersham Hybond™
C-extra nitrocellulose filters and ECL™ were em-
ploved for plaque lifts and immuno-detections. The
protocols of Sambrook et al. (21) and those of
Amersham Tech Tip 133 were followed. A single
positive plaque was identified after tertiary screen-
ings and ADNA from this clone was prepared from
a plate lysate (22). After fractionation on a 0.8%
agarose gel, ADNA was purified using glass-milk
(20), subjected to EcoRI digestion and the products
ligated into pBluescript SK (+/-) (Promega). Liga-
tion products were then transtormed into E. col
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strain XL.-1 Blue and grown on agar plates contain-
ing 100 pg/ml ampicillin. Phagemid DNA was iso-
lated from transformants (21) and fractionated on
1% agarose gels after EcoRI digestion. A phagemid
containing the appropriate insert, designated DA2,
was sequenced in both directions using T3 and T7
primers.

The cDNA insert from ADNA was **P-labeled and
used as a probe in further screening of the L3 library
(22). Amersham Hybond-N" nylon filters were
used in plaque lifts and E. co/ strain Y1090r™ acted
as host. The c¢cDNA inserts from the identified
clones were then amplified by PCR using Agt11 for-
ward and reverse primers. After fractionation on
agarose gels and purification using glass-milk, PCR
products were sequenced in both directions using
Agtll forward and reverse primers. The longest
cDNA insert in one of the positive clones (desig-
nated DD7) was subjected to HindIll digestion. One
of the fragments contained 377 bp derived from the
5 end. This nucleotide sequence was **P-labeled and
used to screen the D3 library. The protocols
described above tor screening, PCR amplification,
and sequencing were followed.

RNA Isolation and Northern blot analyses

Pea seedlings were raised in growth chambers for
14 days (23). The leaves were then frozen in liquid
N, and stored at -70°C until analyzed. Total RNA
was isolated using the Promega RNAgents Total
RNA Isolation System with the manufacturers tech-
nical manual (No. 087) providing the necessary pro-
tocol. After ethanol precipitation, RNA pellets were
dissolved in nuclease-free water, spectrophotometri-
cally quantified at 260 nm (24) and stored at -20°C.
Samples (10-20 pg) of this RNA were fractionated
on HCHO agarose gels and transferred to Bio-Rad
Zeta-Probe Blotting membranes (22). *P-Labeled
restriction fragments of the DA2 insert were used as
probes to detect mRNA of interest.

Results and Discussion
Isolation of ¢cDNA encoding DHY-CYC protein

Two Agtll c¢DNA expression libraries were
screened using polvclonal antibodies raised against
pea leat cytosolic DHY-CYC. As DHY-CYC expres-
sion is enhanced in greening seedlings (15), the L3
library, constructed from 10 day light-grown seed-
lings, was screened first. Approximately 5x10° plaques
were screened and a single positive plaque was iso-
lated. Phage DNA trom this clone was subsequently

AAGGACA AGTCGTGAAG 17

TTGTATTTTA ACAGAAAACC ACACCGCACG ATCTCAGTTT CACCGATCAA 67
*x x
[bD7
ATG GCC ACC GTA ATC GAC GGC AAA GCC GTT GCA CAA ACT ATC CGA 112
MET Ala Thr Val Ile Asp Gly Lys Ala Val Ala Gln Thr Ile Arg
TCT GAA ATC GCC GAC GAG GTT CGT CTT CTC TCA CAA AAG TAC GGC 157
Ser Glu Ile Ala Asp Glu Val Arg Leu Leu Ser Gln Lys Tyr Gly
AAG GTT CCT GGA CTT GCA GTG GTG ATA GTA GGA AAC CGA AAG GAC 202
Lys Val Pro Gly Leu Ala Val Val Ile Val Gly Asn Arg Lys Asp
[p22
TCT CAA AGC TAC GTT GGA ATG AAG AGA AAA GCG TGT GCT GAA TTG 247
Ser Gln Ser Tyr Val Gly MET Lys Arg Lys Ala Cys Ala Glu Leu
GGA ATC AAA TCC TTC GAT ATC GAC CTT CCG GAG GAT GCT TCT GAA 292
Gly Ile Lys Ser Phe Asp Ile Asp Leu Pro Glu Asp Ala Ser Glu
GCT GAA ATC ATA AAA AAT GTT CAC GAA TTG AAC GCT AAC CCC GAT 337
Ala Glu Ile Ile Lys Asn Val His Glu Leu Asn Ala Asn Pro Asp
GTA CAT GGT ATA TTG GTT CAA CTT CCA TTG CCT AAG CAC GTA AAT 382
Val His Gly Ile Leu Val Gln Leu Pro Leu Pro Lys His Val Asn
GAA GAG AAA GTT TTG ACT GAA ATC AGC ATT TCA AAG GAT GTA GAT 427
Glu Glu Lys Val Leu Thr Glu Ile Ser Ile Ser Lys Asp Val Asp
GGC TTC CAT CCC TTG AAC ATT GGC AAG CTT GCA ATG AAA GGA AGA 472
Gly Phe His Pro Leu Asn Ile Gly Lys Leu Ala MET Lys Gly Arg
GAC CCT CTG TTT CTT CCA TGT ACT CCC AAG GCA TGT CTT GAA CTA 517
Asp Pro Leu Phe Leu Pro Cys Thr Pro Lys Ala Cys Leu Glu Leu
TTA TCA CGA AGT GGT GTA AGT ATA AAG GGG AAA AAG GCT GTT GTG 562
Leu Ser Arg Ser Gly Val Ser Ile Lys Gly Lys Lys Ala Val Val
GTT GGT AGA AGC AAC ATA GTT GGA TTA CCA GCT TCA TTG CTG CTT 607
val Gly Arg Ser Asn Ile Val Gly Leu Pro Ala Ser Leu Leu Leu
CTG AAA GCA GAT GCT ACA GTT ACC ATT GTT CAT TCA CAC ACA AGT 652
Leu Lys Ala Asp Ala Thr Val Thr Ile Val His Ser His Thr Ser
CAA CCA GAA ACT ATC ATT CGT GAA GCA GAT ATT GT'I"ATT GCA GCA 657
Gln Pro Glu Thr Ile Ile Arg Glu Ala Asp Ile Val Tle Ala Ala
GCA GGA CAG GCA AAG ATG ATC AAG GGA AGC TGG ATA AAA CCA GGA 742
Ala Gly Gln Ala Lys MET Ile Lys Gly Ser Trp Ile Lys Pro Gly
GCT GCA GTG ATA GAT GTT GGC ACA AAT TCT GTG GAT GAC CCA ACT 787
Ala Ala Val Ile Asp Val Gly Thr Asn Ser Val Asp Asp Pro Thr
AGG AAA TCA GGT TAT AGA CTT GTT GGA GAT GTA GAT TTT GAG GAA 832
Arg Lys Ser Gly Tyr Arg Leu Val Gly Asp Val Asp Phe Glu Glu
GCA TCT AAA GTT GCT GGT TGG ATT ACT CCT GTT CCT GGT GGT GTG 877
Ala Ser Lys Val Ala Gly Trp Ile Thr Pro Val Pro Gly Gly Val
GGT CCA ATG ACA GTC ACA ATG TTG CTG AAG AAT ACT TTG GAG GGC 822
Gly Pro MET Thr Val Thr MET Leu Leu Lys Asn Thr Leu Glu Gly
GCT AARA CGC ACC ATT GAG CAG AAT AAC TAAATATTCC TTTAGTTTTA 969
Ala Lys Arg Thr Ile Glu Gln Asn Asn ***
ATAAAAAGAA AGTTACTCTT CGTTTGAGAA TCAGTTTTTG CTGATAGATC 1019
AATGTATCTT TATAAAACCG TAAGAATTGG TATTGAAAGT TGTTTTTGGT 1069
oz
TCTTCTCGTT CATTATTTTA GTTTCTCCCC CTTATAGTTA CCTTGTTCTC 1018
TTTCTTGTAG ACTTATATTG GAATGCCGTC AAGTCTGGTA AGGCTTCAAA 1169
pp71

TAGTACACCA AAATAAGGGA ACTATTATGA TGTTAATGTC AAACCGGCCC 1218

Figure 1. Nucleotide and deduced amino acid sequence of
a 1.2 kb ¢DNA (Clone D3-1) encoding cvtosolic DHY-
CYC. The nucleotide sequence is numbered sequentially from
the first nucleotide. The deduced amino acid sequence
commences with the first methionine codon. Stop codons are
marked by asterisks. This sequence has been assigned
accession number AJO11589 (EMBL database) and accession
number AF030516 (Genbank). The 5" and 3" ends of the
truncated clones, DA2 and DD7, are indicated by ( [)and (]
) respectively.

isolated and the 830 bp cDNA insert (DI2) was
cloned into pBluescript and its DNA sequence
determined (Figure 1). The deduced amino acid
sequence encoded by this cDNA was compared to
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published sequences of catalytic proteins of other
species (8, 25, 26). These comparisons suggested that
the cDNA did not correspond to a full length
mRNA. The insert of DA2 was therefore **P-labeled
and used as a probe for further screening of the L3
library. Sixteen positive clones were identified and
subjected to PCR analyses using Agtll forward and
reverse primers. A clone, designated DD7, had the
longest cDNA insert. Sequencing of the PCR. prod-
uct revealed a 1105 bp insert (Figure 1). However,
the insert in DD7 also appeared to be prematurely
truncated. As a result, the 5 region of this clone was
used as a probe in further screenings. In this regard,
the DD7 insert was amplified by PCR and digested
with HindHl to give a 377 bp sequence derived
from the 5 end. The D3 library was screened using
this sequence. Seven positive plaques were identified
and three were found to contain an identical insert
of 1219 bp that appeared to encode the full-length
amino acid sequence of DHY-CYC. The sequence
derived from clone D3-1 is shown in Figure 1.

Clone D3-1 and its deduced amino acid sequence

When Northern blots of pea leaf total RNA were
probed with **P-labeled DA2 insert a single 1.2 kb
band was revealed (data not shown). The size of this
band was similar to that of the D3-1 insert (1219
bp, Figure 1), supporting the notion that this cDNA
represents a full-length clone. Figure 1 also shows
that this cDNA encodes a putative amino acid
sequence of 294 residues from the first methionine
to the downstream stop codon. The molecular
weight of this amino acid sequence was calculated to
be 31,344 Da with an estimated isoclectric point of
8.46. Our previous studies provided evidence that
cytosolic DHY-CYC protein is homodimeric with a
native M, of 58,000 (15). It appears likely that the
D3-1 insert encodes the cytosolic form of DHY-
CYC since the N-terminus of the predicted protein
does not contain an obvious mitochondrial or chlo-
roplastic targeting signal. Furthermore, the region
immediately following the first met codon corre-
sponds to the mature form of the protein in several
other species (Figure 2).

Joshi (27) compared the start sites of 79 plant genes
and proposed the consensus sequence (TAAA-
CAATGGCT) for initiation of translation. The cor-
responding sequence around the start codon of the
D3-1 insert (Figure 1) is GATCAAATGGCC, with
7 out of 12 bases identical to the proposed consen-
sus initiation sequence. When codon usage in the
D3-1 insert was examined it was found that 37% of
codons end in either G or C. This is consistent with
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PEA DC MATVIDGKAV.AQTIRSEIA.DEVRLLSQRYGKVPGLAVVIVGNRKDSQ 47
HUM SDC MAPAEI LNGKEISAQIRARLKN . QVTQLKEQVPGFTPRLAI LQVGNRDDSN 50
RAT SDC MAPAGI LNGKVVSAQIRNLLKT . QF TQMOEQVPGFTPGLAI LQVGDRDDSN 50
¥YMI sSDC SQYHILSGRKL . AQSTREKANDEIQATKLKHPNFKPTLKI IQVGARPDSS 81
YCY SDC MAGQVLDGKAC . AQQFRSNIANEIKS IQGHVPGENPALAI IQVGNRPDSA 49
ECO DC MAAKIIDGKTI . AQQVRSEVA . QKVQARIAAGLRAPGLAVVLVGSNPASQ 48
HUM DC NEAVVISGRKL.AQQIKQEVR. QEVEEWVASGNXRPHLSVI LVGENPASH 80
MOU DC NEAVVISGRKL.AQQIKQEVQ. QEVEEWVASGNKRPHLSVILVGDNPASH 82
* - * = *x *
PEA DC SYVGMKRKACAELGIKSFDIDLPEDASEAEIIKNVHELNANPDVHGILVQ 97
HUM SDC LYINVKLKAAEEIGIKATHIKL T YITSLNEDSTVHGFLVQ 100
RAT SDC LYINVKLKAAQEIGIKATHIKLPRTSTESEVLKYVISLNEDATVHGFIVQ 100
YMI SDC TYVRMKLKASKDSNVDCIIEKLPAEITEVELLKKISDINDDDSIHGLLIQ 131
YCY SDC TYVRMKRKAAEEAGIVANFIHLDESATEFEVLRYVDQLNEDPHTHGIIVQ 99
ECO DC IYVASKRRACEEVGFVSRSYDLPETTSEAELLELIDTLNADNTIDGILVQ 98
HUM DC SYVLNKTRAAAVVGINSETIMKPASISEEELLNLINKLNNDDNVDGLLVQ 130
MOU DC SYVLNKTRAAAEVGINSETIVKPASVSEEELLNSIRKLNNDENVDGLLVQ 132
- * * * * * * * *
PEA DC LPLPKH. . VNEEKVLTEISI SKDVDGFHPLNIGKLAMKGRDPLFLPCTPK 145
HUM SDC LPLDSENSINTEEVINAIAPEKDVDGLTSINAGRLARGDLNDCFIPCTPK 150
RAT SDC LPLDSENSINTEAVINAIAPEKDVDGLTSINAGKLARGDLKDCEIPCTPK 150
YMI SDC LPLPRH. . LDETTITNAVDFKKDVDGFHRYNAGELAKKGGKPYFIPCTPY 179
YCY SDC LPLPAH. . LDEDRI TSRVLAEKDVDGF GPTNIGELNKKNGHPFELPCTPK 147
ECO DC LPLPAG. . IDNVKVLERIHPDKDVDGFHPYNVGRLCQRAPR. . LRPCTPR 144
HUM DC LPLPEH. . IDERRICNAVSPDKDVDGFHVINVGRMCLDQYS . . MLPATPW 176
MOU DC LPLPEH. . IDERKVCNAVSPDKDVDGFHVINVGRMCLDQYS . . MLPATPW 178
o ek er * * * xx
PEA DC ACLELLSRSGVSIKGKKAVVVGRSNIVGLPASLLLLKA........ DATV 187
HUM SDC GCLELIKETGVPIAGRHAVVVGRSKIVGAPMHDLLLWN. . . NATV 192
RAT SDC GCLELIKETGVQIAGRHAVVVGRSKIVGAPMHDLLLWN. . . NATV 192
YMI SDC GCMKLLEERHVKLDGKNAVVLGRSSIVGNPIASLLKNA. ... .... NATV 221
YCY SDC GIIELLHKANVTIEGSRSVVIGRSCIVGSPVAELLKSL. ....... NSTV 189
ECO DC GIVTLLERYNIDTFGLNAVVIGASNIVGRPMSMELLLA. ... ... . GCTT 186
HUM DC GVWEIIKRTGIPTLGKNVVVAGRSKNVGMPTAMLLHTDGAHERPGGDATV 226
MOU DC GVWEIIKRTGIPTLGKNVVVAGRSKNVGMPIAMLLHTDGAHERPGGDATV 228
~ * I * *
PEA DC TIVHSHTS. .QPETIIREADIVIAAAGQAKMIKGSWIKP. . 227
HUM sSDC TTCHSKTA. . HLD] 'DILVVATGQ IKP 232
RAT SDC TTCHSKTA. . DLDKEVNKGDI LVVATGQPEMVKGEWIKP 232
YMI SDC TVCHSHTR. . NIAEVVSQADIVIAACGIPQYVKSDWIKE. . e 261
YCY SDC TITHSKTR. . DIASYLHDADIVVVAIGQPEFVKGEWFKPRDGTSSDKKTV 237
ECO DC TVTHRFTK . . NLRHHLENADLLIVAVGKPGFIPGDWIKE. . . . . ... GAI 226
HUM DC TISHRYTPKEQLKKHTILADIVISAAGIPNLITADMIKE. . .GAA 268
MOU DC TISHRYTPKEQLKKHTILADIVISAAGIPNLITADMIKE. ....... GAA 270
* x x * * x A
PEA DC VIDVGTNSVDDPTRKSGYRLVGDVDFEEASKVAGWITPVPGGVGPMTVTM 277
HUM sDC VIDCGINYVPDDKKPNGRKVVGDVAYDEARKERASFITPVPGGVGPMTVAM 282
RAT SDC VIDCGINYVPDDTKPNGRKVVGDVAYDEAKEKASFITPVPGGVGPMTVAM 282
YMI SDC VIDVGINYVPDDTKPNGRKVVGDVAYDEAKEKASFITPVPGGVGPMTVAM 311
YCcY SDC VIDVGTNYVADPSKKSGFKCVGDVEFNEAIKYVHLITPVPGGVGPMTVAM 287
ECO DC VIDVGINRLENG. .. ... KVVGDVVFEDAAKRASYITPVPGGVGFPMTVAT 270
HUM DC VIDVGINRVHDPVTAKP . KLVGDVDFEGVRQKAGY ITPVPGGVGPMTVAM 217
MOU DC VIDVGINRVQDPVTAKP . KLVGDVDFEGVKKKAGY ITPVPGGVGPMTVAM 319
xwx ok * A wwrr EREREAR AN AR
PEA DC LLKNTLEGAKRTIEQNN' 294
HUM SDC LMQSTVESAKRFLEKFKPGKWMIQYNNLNLKTP 315
RAT SDC LMQSTVESAQRFLKKFKPGKWTIQYNKLNLKTP 215
YMI SDC LVSNVLLAARKRQFVESEKLP . VIKPLPLHLESP 343
¥CY sSDC LMONTLIAAKRQMEESSKPL. QIPPLPLKLLTP 318
ECO DC LIENTLQACVEYHDPQDE! 288
HUM DC LMKNTIIAAKKVLRLEEREVLKSKELGVATN! 348
MOU DC LMKNTIIAAKKVLRPEELEVFKSKQRGVATN ! 350
*

Figure 2. A comparison of the deduced amino acid sequences
of eight different proteins exhibiting folate-dependent de-
hydrogenase and cyclohydrolase actvities. Protein sources
are: HUM, human; YMI, yeast mitochondria; YCY, yeast
cytoplasm; ECO, E. coli; and MOU, mouse. Enzyme activities
are: S, Formyltetrahydrofolate synthetase; D, Methylenete-
trahydrofolate dehydrogenase; C, Methenyltetrahydrofolate
cyclohydrolase. Stop codons are indicated by (!). Numerals
indicate amino acid positions as reported in the data bank.
Amino acids common to all eight sequences are indicated by
subscript asterisks. Amino acids present in all seven sequences
but absent in the pea sequence are indicated by a subscript

(%)

the observation that nuclear genes of dicotyledonous
plants have a preference for codons ending in an A
or U (28).

In yeast, cvtosolic C,-THF synthase is encoded by
the ADE-3 gene (25,29, 30), whereas the mito-
chondrial isoform 1s encoded by the MISI gene (1,
31). The subunits of both isoforms are approxi-
matelv 110 kDa and are immunologically closely
related 31 . Western blot analyses (15) suggest that
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the cytosolic and mitochondrial forms of pea DHY-
CYC are of similar subunit size (38 kDa) and both
show cross reactivity to the same polyclonal anti-
bodies. Conceivably, the mitochondrial activity is
also encoded by a distinct gene in this higher plant
species. Isolation of cDNA encoding this protein is
needed to elucidate this possibility.

DHY-CYC homologies in plant, bacterial, yeast and
mammalian proteins

Two databases (EMBL-24 and GenBank 65) were
searched for the primary structures of characterized
DHY-CYC proteins and C,-THF synthases. Syn-
thase sequences were obtained for human (32), rat
(34), yeast mitochondria (26), and yeast cytosol
(25), respectively. In addition, the databases had
sequences for the DHY-CYC proteins of E. coli (8),
mouse (13) and human cells (14). These sequences
were aligned with the deduced sequence pea DHY-
CYC protein as shown in Figure 2. For the trifunc-
tional enzymes, only the DHY and CYC domains
were considered. The alignment shown is a com-
posite of the PC/GENE Clustal program with fur-
ther refinement done by inspection. Figure 2 shows
that there are several large blocks of similarity that
were common to all eight sequences. In earlier stud-
ies, D’Ari and Rabinowitz (8) compared the amino
acid sequence of E. coi DHY-CYC with the other six
sequences noted above. These workers reported a
ITPVPGGVGPMTVA sequence in all seven pro-
teins with no substitutions or gaps. This sequence
was not found in any other protein contained in the
databases examined (8). The alignment shown in
Figure 2 suggests that pea DHY-CYC contains this
consensus sequence (residues 263-276) with the
exception that the Jast amino acid A, is replaced by T.

The degree of identity of pea DHY-CYC, relative
to each of the other seven sequences was examined
by the Palign program of PC/GENE (Table 1). The
mono-functional, NAD-dependent methylenetet-

Table 1. Percentage identity shown between the amino
acid sequence of pea DHY-CYC and the corresponding
enzymes or domains of other species.

Source % Identity
Human C,-THF synthase 49.0
Human bi-functional DHY-CYC 46.3
Rat C,-THF synthase 49.0
Mouse bi-functional DHY-CYC 48.3
Yeast mitochondrial C,-THF synthase 46.3
Yeast cytosolic C,-THF synthase 52.4
Yeast NAD-dependent dehydrogenase 25.2
E. coli bi-functional DHY-CYC 49.0

rahydrofolate dehydrogenase of yeast (34,35) was
included in this comparison. The percentage iden-
tities ranged from 46% to 52%, except for the yeast
monofunctional dehydrogenase protein. This is per-
haps surprising because the mitochondrial DHY-
CYC proteins of human and mouse are NAD-spe-
cific while the other proteins all have NADP-depen-
dencies. The highest percentage identity (52%) was
obtained when the pea protein was compared with
the yeast cytosolic C,-THF synthase. As expected,
the lowest identity (25%) was observed when the
plant protein was compared to the yeast monofunc-
tional dehydrogenase. Since the DHY and CYC
activities of the C,-THF synthase are kinetically
dependent (36), and probably share a common folate-
binding site (37), it follows that the yeast mono-
functional dehydrogenase will lack amino acid resi-
dues required for CYC activity.
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