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Two genes, sulB and sulC, in a folate biosynthetic gene cluster of Streptococcus pneumoniae were identified
after determination of the DNA sequence between two previously reported genes, sulA and sulD, in a cloned
segment of chromosomal DNA containing a mutation to sulfonamide resistance. The gene products, SulB and
SulC, correspond to polypeptides of 49 and 21 kDa, respectively. SulC has GTP cyclohydrolase activity and
catalyzes the first step in the folate biosynthetic pathway. SulB apparently has dihydrofolate synthetase activity
in that it complements a folC mutant of Escherichia coli and thus catalyzes the last step in the pathway. Prior
work showed that SulA, a dihydropteroate synthase, and SulD, a bifunctional enzyme, catalyze three inter-
vening steps. Mapping of the mRNA transcribed from the operon was consistent with its beginning at a
promoter with a 235 site (gTGtCc) and an extended 210 site (T-TG-TAaAAT) and its termination at the end
of a hairpin structure, which would give a transcript 3,745 nucleotides in length. SulC showed a considerable
conservation of sequence by comparison with proven or putative GTP cyclohydrolases from four unrelated
species, with 38 to 53% of the residues being identical. A similar comparison of SulB with dihydrofolate
synthetases showed an identity of only 26 to 37%. Overall, comparisons of the five folate biosynthetic enzymes
in different species suggest that S. pneumoniae is related more closely to other gram-positive bacteria, less
closely to eucaryotes, and least closely to the gram-negative E. coli. The varied arrangements of folate
biosynthetic genes in different species imply an early evolutionary period of fluidity in genomic rearrangement.

Folate derivatives are essential cofactors in the biosynthesis
of purines, pyrimidines, and amino acids in living cells.
Whereas animals, including human beings, require folate in
their diet, most bacterial species synthesize their own and are
thus subject to inhibition by compounds, such as sulfonamides,
that block folate biosynthesis. Sulfonamides and other folate
antagonists are important chemotherapeutic agents used effec-
tively against bacterial infections, human cancer, and more
recently against Pneumocystis pneumonia resulting from AIDS
(45).
The folate biosynthetic pathway depicted in Fig. 1 was elu-

cidated by studies of cell extracts and purified enzymes from
several bacterial species (32, 36), including Streptococcus pneu-
moniae (31). It begins with GTP, which is converted by GTP
cyclohydrolase (GTPCH) to dihydroneopterin triphosphate.
[Pterin is the trivial name for 2-amino-4-hydroxypteridine, and
neopterin is the trivial name for 6-(D-erythro-19,29,39-trihy-
droxypropyl)pterin.] The enzyme first breaks the five-member
ring of guanine to release formate and an intermediate that
recyclizes to give a pteridine ring. Removal of the phosphate
residues from dihydroneopterin triphosphate must occur, pre-
sumably by the action of a phosphatase, but the nature of this
enzyme has not been demonstrated in S. pneumoniae or any
other system. Dihydroneopterin aldolase (DHNA) then acts
on the product to give 6-hydroxymethyl-7,8-dihydropterin. The
latter is converted to 6-hydroxymethyl-7,8-dihydropterin pyro-
phosphate by 6-hydroxymethyl-7,8-dihydropterin pyrophospho-
kinase (PPPK) and ATP. Dihydropteroate synthase (DHPS)
catalyzes the linkage to p-aminobenzoate to give 7,8-dihydrop-
teroate. Finally, the addition of glutamate to dihydropteroate

to produce dihydrofolate is catalyzed by dihydrofolate syn-
thetase (DHFS).
Genetic and molecular analysis of this pathway in S. pneu-

moniae began with the cloning of a 10-kb chromosomal frag-
ment containing a marker for sulfonamide resistance (sul) in
the vector plasmid pLS1 (18), with S. pneumoniae as the host
species (38). Part of this fragment was transferred to an Esch-
erichia coli expression system and shown to produce four
polypeptides, SulA, SulB, SulC, and SulD (20, 22). The sulfon-
amide resistance mutation, sul-d, was located within sulA. The
34-kDa product of sulA, SulA, was shown to have DHPS ac-
tivity (20). The sul-d mutation was sufficient to confer resis-
tance to sulfonamides, but it did so only when present, cis, in
the full gene cluster (20). SulD, a 31-kDa polypeptide coded
for by sulD, was shown to be a bifunctional protein carrying
both PPPK and DHNA activities (22, 23). On the basis of these
findings, putative genes encoding DHPS, PPPK, and DHNA
were identified in Bacillus subtilis (37) and Pneumocystis carinii
(43, 44). Later, genes for PPPK and DHPS were independently
identified in E. coli (7, 8, 40).
An E. coli gene, folC, encoding DHFS was cloned earlier

(3, 4), and human and bacterial homologs were found (9, 26,
29, 41). Rat cDNA encoding GTPCH was cloned and se-
quenced (12), and a homolog in B. subtilis was identified (1). In
the present work, we report the sequences of sulB and sulC,
show that these genes encode the pneumococcal DHFS and
GTPCH, compare the various homologs of these enzymes, and
map the mRNA produced by the folate biosynthetic operon in
S. pneumoniae. We also compare the arrangements of these
genes in various species.

MATERIALS AND METHODS

Bacterial strains and plasmids. Strains and plasmids used are listed in Table 1.
Growth and transformation of bacteria. Cultures of S. pneumoniae were

grown and transformed as previously described (17). Transformants were se-
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lected in agar medium containing tetracycline at 1.0 mg/ml. In general, E. coli was
grown in L broth and transformed according to the method of Kushner (16).
Transformants were selected with ampicillin at 50 mg/ml. To test the abilities of
various plasmids to complement the folC defect in strain SF4, cultures were
grown in L broth to an optical density at 600 nm of 0.4 and then diluted and
plated in E medium (42) with and without methionine at 50 mg/ml. All trans-
formations were carried out with plasmid DNA at 1.0 mg/ml.
DNA sequence determination. Purified pLS830 was prepared from cells of S.

pneumoniae 708 by a modification of the procedure of Currier and Nester (6).
Trace amounts of RNA were removed from the plasmid samples by treatment of
0.1 mg of DNA dissolved in 0.3 ml of buffer (10 mM Tris-HCl [pH 7.6]–1 mM
EDTA) with 4.5 ml of pancreatic RNase (4 mg/ml; heated for 15 min at 908C) for
30 min at 378C. After shaking of the solution with an equal volume of buffer-
equilibrated phenol, the DNA in the aqueous phase was precipitated with eth-
anol and dissolved in 0.2 ml of buffer. This material was then fractionated by gel
filtration on a Bio-Gel A-1.5m column (0.9 by 20 cm). Fractions (1.0 ml) con-
taining plasmid DNA were pooled. After plasmid cleavage with restriction en-
zymes, the DNA fragments were treated with alkaline phosphatase and labeled
at their 59 ends with [g-32P]ATP and T4 polynucleotide kinase (27). Nucleotide
sequences on both strands of DNA were determined by the chemical method of
Maxam and Gilbert (27).
Preparation of cell extracts. Cultures of E. coli BL21(DE3) containing various

plasmids were grown with shaking at 378C in M9 medium with ampicillin at 0.2
mg/ml until an optical density at 600 nm of 0.5 was reached, at which time IPTG
(isopropyl-b-D-thiogalactopyranoside) was added to 0.5 mM, and the culture was
incubated for 90 min more. For protein purification, cells from 1 liter of culture
were centrifuged, washed, and suspended in 10 ml of buffer containing 20 mM
Tris-HCl (pH 7.6), 50 mM NaCl, 1 mM EDTA, and 3 mM b-mercaptoethanol.
For enzyme assays, cells from 25 ml of an induced culture were suspended in 5
ml of buffer containing 0.1 M Tris-HCl (pH 8.5), 0.5 M NaCl, and 1 mM
dithiothreitol. The cells were disrupted by passage through a French pressure cell
at 20,000 lb/in2, and the crude extract was clarified by centrifugation for 20 min
at 20,000 3 g. The protein was determined by the method of Lowry et al. (25).
Determination of amino-terminal polypeptide sequence. SulC protein purified

by gel filtration as described (22) was subjected to preparative electrophoresis in
the presence of sodium dodecyl sulfate on a 10 to 20% polyacrylamide gradient
gel prepared from ‘‘ultrapure’’ acrylamide (International Biotechnologies). The
polypeptide band was visualized by placing the gel in 4 M sodium acetate at 48C
for 30 min (13), and the band of interest was excised. The polypeptide was

FIG. 1. Pathway for folate biosynthesis, beginning with guanosine triphosphate and proceeding clockwise. Identified enzymes include GTPCH, DHNA, PPPK,
DHPS, and DHFS. The phosphatase(s) that presumably removes the phosphate residues of 7,8-dihydroneopterin triphosphate (Pase) has not been identified. Brackets
indicate a presumed reaction intermediate. Triphosphate residues are indicated as (P)3.

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid Relevant feature(s) Refer-
ence

S. pneumoniae 708 Derivative of R6, wild-type sul (sul-s) 21
E. coli BL21(DE3) Inducible T7 RNA polymerase 39
E. coli SF4 F2 folC strA recA Tn10:srlC 4

Plasmids
pLS830 Contains cloned sul segment (sul-d) 21
pET-5 Contains T7 RNA polymerase promoter 33
pLS23 Intact pLS830 sul fragment in pET-5 22
pLS24 Deletion of pLS23 in sulA 22
pLS27 Deletion of pLS23 spanning sulBC 22
pLS29 Deletion in pLS23 of 4 bp in sulB 22
pLS30 Deletion in pLS23 of 4 bp in sulC 22
pLS31 Deletion in pLS23 of 4 bp in sulD 22
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electroeluted with an ISCO sample concentrator with a chamber solution of 50
mM NH4HCO3 and 0.1% sodium dodecyl sulfate. The solution was lyophilized,
and the residue was dissolved in 0.4 ml of water. This was repeated four times to
remove NH4HCO3. Approximately 1 nmol of polypeptide was subjected to
amino-terminal sequence determination in a gas-phase sequenator (Applied
Biosystems).
Enzyme assay. GTPCH was assayed as described by Babitzke et al. (1). The

mixtures contained, in a volume of 0.5 ml, 0.1 M Tris-HCl (pH 8.5), 25 mM
EDTA, 1 mM dithiothreitol, 1 mM GTP, and 0.1 ml of the crude extract. After
incubation at 428C for 30 min, 0.5 ml of an aqueous suspension containing 20 mg
of activated charcoal was added and the mixture was filtered through a type HA
Millipore filter (pore size, 0.45 mm). After it was washed with 5 ml of water and
5 ml of 5% ethanol, the neopterin triphosphate product was eluted from the
charcoal by 3.1% NaOH in 50% ethanol. To increase the fluorescence yield,
samples (1.0 ml) of the NaOH-containing extracts were neutralized by the ad-
dition of 0.1 ml of 1 M Tris-HCl (pH 7.4) and 0.14 ml of 4 N HCl. With excitation
at 265 nm, the fluorescence emission at 450 nm was measured in a SimoAminco
500 spectrofluorometer and compared with a neopterin standard under the same
conditions.
Mapping of mRNA endpoints. RNA was prepared as previously described (24)

from S. pneumoniae 708 and 708(pLS830). The 59 end of sul mRNA was deter-
mined by primer extension with 59-GGCTTTACTTGACATAT-39, which is com-
plementary to nucleotides 258 to 242 in the sul DNA (20). One picomole of this

FIG. 2. Nucleotide sequence of a 2-kb portion of the sul segment of the S. pneumoniae chromosome containing sulB and sulC. The sequence of one DNA strand
is shown with its 59 end at 1101 and its 39 end at 3100, with numbering extending from the reported sulA sequence (20). The predicted amino acid sequences of the
SulB and SulC polypeptides are shown together with putative mRNA ribosome binding sites for SulC and SulD (underlined). Determination of the amino-terminal
sequence of the purified SulC polypeptide revealed the residues marked with asterisks.

TABLE 2. GTPCH activity in extracts of E. coli expressing
various sul genesa

Plasmid sul
genotypeb

GTPCH activity
(nmol/h/mg of protein)

pET-5 None 2
pLS23 ABCD 32
pLS24 BCD 40
pLS27 AD 3
pLS29 ACD 37
pLS30 ABD 1
pLS31 ABC 20

a Cultures of BL21(DE3) containing the indicated plasmids were induced,
extracts were prepared, and samples containing approximately 50 mg of protein
were assayed for GTPCH activity as indicated in Materials and Methods.
b Intact pneumococcal sul genes carried by the plasmids are indicated.
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oligonucleotide was annealed with 15 mg of total RNA in 50 mM Tris-HCl (pH
8.3), 40 mM KCl, 1 mM MgCl2, 1 mM dithiothreitol, and 33 U of RNase
inhibitor (Promega) in 14 ml for 5 min at 658C. After addition of dATP, dGTP,
and dTTP, each to 100 mM, and dCTP to 10 mM, 15 mCi of [a-32P]dCTP and 20
U of avian myeloblastosis virus reverse transcriptase were added (volume now 20
ml) and the mixture was incubated at 428C for 30 min. The products were
examined on a sequencing gel and compared with a dideoxynucleotide-termi-
nated DNA sequencing ladder obtained with the same oligonucleotide.
To map the 39 end of the mRNA, pLS23 was first cut with AvaI and SacI. The

604-bp fragment was isolated and cut with HinPI; the two resulting fragments

were labeled at their 39 ends with [a-32P]dCTP by the Klenow fragment. Further
digestion of the HinPI-AvaI fragments by TaqI gave a 199-bp HinPI-TaqI frag-
ment labeled at the 39-HinPI end and including the 39 end of sulD. The labeled
strand was used as a probe for nuclease S1 mapping as previously described (24)
but with the following modifications. This probe (containing 18,000 cpm) was
hybridized by heating for 10 min at 858C and then for 3 h at 468C with 150 mg of
RNA from strain 708(pLS830) in 50 ml of 50% formamide containing 40 mM
PIPES [piperazine-N,N9-bis(2-ethanesulfonic acid)] (pH 6.3), 0.4 M NaCl, and 1
mM EDTA. The hybridized sample was treated with 100 U of nuclease S1 for 20
min at 308C and processed as described previously (24). The length of the
protected mRNA was determined by comparison with a sequencing ladder from
an unrelated DNA fragment.
Nucleotide sequence accession number. The DNA sequence data described in

the paper have been deposited in GenBank with the accession number U16156.

RESULTS

DNA sequence of the sulB and sulC genes. The DNA se-
quence of a 2-kb segment of the cloned sul chromosomal
region of S. pneumoniae is shown in Fig. 2. Beginning at bp
1101 of the previously reported sulA sequence (20), it links that
gene to sulD, with bp 3100 corresponding to bp 933 of the
previously reported sulD sequence (22) (add 2,167 to the num-
bering in reference 22 to match the present base pair designa-
tion). Analysis of the newly reported segment revealed two
open reading frames in the same orientation between sulA and
sulD. Called sulB and sulC, they are capable of encoding
polypeptides of 49 kDa and 21 kDa, respectively (Fig. 2). High
expression of the sul gene segment in E. coli previously showed

FIG. 3. Mapping of endpoints of the folate pathway mRNA. (A) Mapping of the 59 endpoint by primer extension. Lanes A, C, G, and T show DNA sequencing
ladders primed by the oligonucleotide used for primer extension on RNA from S. pneumoniae 708 (lane 1) and 708(pLS830) (lane 2). The arrow marks the primer
extension product with the 59-labeled oligonucleotide. The sequence at the bottom indicates the start site and the promoter, with the 210 site and two possible 235
sites boxed. Uppercase letters indicate agreement with the consensus sequence (and also the mRNA start). (B) Mapping of the 39 endpoint by S1 nuclease digestion.
Lane 3, RNA from S. pneumoniae 708(pLS830) hybridized to the 39-labeled HinPI-TaqI restriction fragment and treated with S1 nuclease. Lanes A, C, G, and T,
sequencing ladders for unrelated DNA (lengths from the beginning of the primer are shown on the right). F, full-length restriction fragment. Unlabeled arrows indicate
termination points, with half-arrows corresponding to minor bands. At the left is depicted a segment of DNA following the sulD gene showing the ability of the mRNA
to fold into a hairpin.

TABLE 3. Complementation of an E. coli mutant deficient in
DHFS by various mutants of the sul gene clustera

Plasmid sul
genotypeb

Colonies (no.) on
synthetic medium

Without Met With Met

None None 0 45
pLS23 ABCD 0 309
pLS24 BCD 86 141
pLS27 AD 0 159
pLS29 ACD 0 91
pLS30 ABD 85 184
pLS31 ABC 66 80

a Cultures of strain SF4 containing various plasmids were grown in L broth and
diluted and plated in E medium 6 methionine at 50 mg/ml.
b Intact pneumococcal sul genes carried by the plasmids are indicated.
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the production of polypeptides of these sizes, which we shall
call SulB and SulC, in addition to polypeptides SulA and SulD.
The SulC polypeptide was purified, and its amino-terminal
sequence was determined. The results show that SulC begins at
the predicted site in that 11 of the 12 predicted amino acid
residues were observed (Fig. 2). No product corresponding to
the Glu residue was observed in the seventh step. Insufficient
amounts of SulB were obtained for amino-terminal analysis. A
Shine-Dalgarno sequence for ribosome binding is present be-
fore the start of sulC (Fig. 2); no such sequence is associated
with sulB. At the position complementary to the Shine-Dal-
garno sequence, the nucleotide sequence of S. pneumoniae 16S
rRNA is identical to that of E. coli (2).
Identification of SulC function. When the sulC sequence

was determined and the protein it encoded was compared with
those in the GenBank database, a high degree of similarity was
found with the GTPCH protein of the rat (12) and the protein
produced by the mtrA gene of B. subtilis (11), with 43 and 53%
identities of amino acid residues, respectively (see Fig. 4). The
mtrA gene product was subsequently shown to have GTPCH
activity (1). We have determined that the sulC product has
GTPCH activity by expressing the protein from plasmids car-
rying the sul segment in E. coli. Only plasmids carrying an
intact sulC gene expressed this enzyme activity, which was
measured in extracts of E. coli containing various deleted de-
rivatives of pLS23 (Table 2). These deletions removed either
part of sulA (pLS24), parts of both sulB and sulC (pLS27), or
4-bp segments within each of the genes sulB (pLS29), sulC
(pLS30), and sulD (pLS31). Only pLS27 and pLS30 failed to
express the pneumococcal GTPCH.
Identification of SulB function. The sulB sequence encoded

a protein that showed similarity (28% identity) to the previ-
ously determined E. coli DHFS coded for by the folC gene (3).
We have not been successful in demonstrating DHFS activity
in extracts of cells carrying this gene, but we were able to show
that plasmids containing an intact sulB gene could complement
a mutant folC gene in E. coli. The E. coli mutant strain SF4, as
a result of a defect in DHFS, requires methionine for growth
(4). We transferred plasmids containing the entire sul segment

or various deleted derivatives into strain SF4 and tested colo-
ny-forming ability in the presence and absence of methionine
(Table 3). Plasmids pLS24, pLS30, and pLS31, which are de-
fective in genes other than sulB, complemented SF4 in the
absence of methionine; plasmids pLS27 and pLS29, which are
defective in sulB, did not. We cannot explain the behavior of
pLS23, which contains an intact sul segment but did not com-
plement the SF4 mutation. Otherwise, all the data support a
DHFS function for the sulB product.
Mapping of the sul transcription product. From the DNA

sequence, a consensus procaryotic promoter was observed up-
stream from sulA (20) and a palindrome corresponding to a
potential terminator was evident downstream from sulD (22).
The palindrome was positioned between sulD and a conver-
gent open reading frame, so it could serve as a terminator for
mRNAs transcribed in the two directions. The 59 end of the sul
mRNA was mapped by primer extension and shown to start at
A-210 in the reported DNA sequence (20) for mRNA tran-
scribed both from the chromosome and from plasmid pLS830
(Fig. 3A). This start site corresponds to a promoter with a 210
site close to consensus (34) and with all three bases corre-
sponding to extended 210 sites (15), as shown in Fig. 3A. Two
possible 235 sites, at a distance of 17 or 18 nucleotides from
the 210 TAaAAT box, both show consensus bases in three of
the six positions. The 39 end of the sul mRNA was determined
by S1 nuclease digestion of RNA from S. pneumoniae contain-
ing pLS830 hybridized with a 39-end-labeled DNA segment
extending from positions 3843 to 4041, as numbered in the
present work. Several closely spaced bands were obtained, with
the three heaviest indicating termination of the mRNA at the
end of the hairpin structure (bp 3955) deduced from the DNA
sequence (Fig. 3B). These results are consistent with transcrip-
tion of the sul genes as a polycistronic mRNA of 3,745 6 2
nucleotides in length.
Comparison of the SulC and SulB proteins with their ho-

mologs. The protein sequence of SulC is compared in Fig. 4
with those of its rat homolog and the MtrB protein of B.
subtilis. All three proteins have been shown to function as
GTPCH. In addition, two apparently homologous proteins

FIG. 4. Sequence comparison of SulC and homologous proteins. Numbers indicate positions in the protein sequence, with 1 corresponding to the N terminus.
Dashes within the sequences indicate gaps giving optimal alignment. Spn, Streptococcus pneumoniae; Bsu, Bacillus subtilis (11); Rra, Rattus rattus (12); Dme, Drosophila
melanogaster (28); Eco, Escherichia coli (14); :, identical residues; ., similar residues (based on the groups A, G, and P; D, E, N, and Q; F, I, L, M, V, W, and Y; H,
K, and R; and S and T). Above the Spn sequence are indicated residues invariant among all five species (uppercase) or any four (lowercase). X and x represent
hydrophobic residues A, F, I, L, M, V, W, and Y; O represents a residue (A, G, or P) with a small side chain. Boxes of conserved residues are indicated by numbered
overlines.
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identified by nucleic acid sequences in E. coli and Drosophila
melanogaster are included in the comparison. Homologous
proteins identified by nucleic acid sequencing of human and
mouse nucleic acids are very similar to the rat protein and will
not be considered separately. It is evident from Fig. 4 that a
very high degree of sequence conservation exists for this pro-
tein. The Spn and Bsu proteins have 53% of their amino acid
residues in common. Among the five homologs, 37 amino acid

residues, or 20%, are invariant. An additional 20% have only
hydrophobic side chains. These figures are considerably higher
than those that would be found among exemplars of other
proteins in these not closely related species, as witnessed for
SulB (see below). The basis for such conservation may be the
necessity for a protein of relatively small size to carry out
multiple reactions. As shown in Fig. 1, the enzyme recognizes
GTP, breaks a bond in a ring, removes a formate group, and

FIG. 5. Sequence comparison of SulB and homologous proteins. Numbers indicate positions in the protein sequence, with 1 corresponding to the N terminus.
Dashes within the sequences indicate gaps giving optimal alignment. Spn, Streptococcus pneumoniae; Bsu, Bacillus subtilis (26, 29); Lca, Lactobacillus casei (41); Hsa,
Homo sapiens (9); Eco, Escherichia coli (3); Sce, Saccharomyces cerevisiae (GenBank accession no. Z28131); :, identical residues; ., similar residues (based on the groups
A, G, and P; D, E, N, and Q; F, I, L, M, V, W, and Y; H, K, and R; and S and T). Above the Spn sequence are indicated residues conserved among all six examples
(uppercase) or any five (lowercase). X and x represent hydrophobic residues A, F, I, L, M, V, W, and Y; O and o represent residues (A, G, and P) with a small side
chain. Boxes of conserved residues are indicated by numbered overlines.

VOL. 177, 1995 FOLATE BIOSYNTHETIC GENES OF S. PNEUMONIAE 71



reforms a ring. Presumably, there is not much variability that
can be tolerated in the structural basis for this performance. In
keeping with multiple functions, there are five boxes of espe-
cially highly conserved regions, as indicated in Fig. 4. The first
of these was hypothesized to correspond to a pterin-binding
site (12), but possible functions of the other boxes are un-
known.
In Fig. 5, the SulB sequence is compared with those of five

homologous proteins, of which three (Eco, Hsa, and Lca) have
been shown to exhibit DHFS activity and folylpoly(g-gluta-
mate) synthetase activity as well (9, 14, 41). The Bsu and Sce
homologs were identified by nucleic acid sequencing. This
group of proteins shows significant homology over their entire
lengths (except for an insert of approximately 100 amino acid
residues in Hsa). Six boxes of especially high conservation are
evident (Fig. 5).

DISCUSSION
Because the 59 and 39 endpoints of sulmRNA correspond to

the only promoter and transcription terminator evident in the
nucleotide sequence, we presume that the operon is expressed
as a single transcript. In matching the consensus promoter
sequence, the sul promoter is weak at its 235 site (3 of 6
nucleotides match) and strong at its 210 site (5 of 6 nucleo-
tides match), and it shows an extended 210 sequence (15).
Good matches to the Shine-Dalgarno sequence (35) are found
upstream of all the genes except sulB. Not surprisingly, the
sulB gene product was found in the least amount when the
operon was expressed in minicells of B. subtilis (unpublished
results) or on an E. coli plasmid (22). Whether its expression is
closer to that of the other genes under natural conditions in the
chromosome of S. pneumoniae is not known. The proximity of
the SulB start site to the termination of SulA might allow
enhancement of SulB production by translational coupling
(30). The homologous E. coli gene, folC, is also expressed
relatively poorly in maxicells (3), and the corresponding en-
zyme is present at low levels in all cells studied (41).
Our findings indicate that all five enzymatic activities that

have been demonstrated to function in folate biosynthesis are
coded for by a single gene cluster in S. pneumoniae. Inasmuch

as one of the protein products, SulD, carries two of these
activities, it is conceivable that one of the other proteins may
harbor another activity, such as the phosphatase needed to
convert the product of GTPCH action to dihydroneopterin.
The syncretion of two activities in SulD that are coded for as
separate polypeptides in B. subtilis (37) and E. coli (40) is
carried even further in the case of P. carinii, in which the
polypeptide product of a single gene, fas, also contains a DHPS
region and an additional segment of unknown function in
addition to the two activities of SulD (44). It was shown that
the fas product can express its multiple activities, like SulD,
without prior cleavage (43).
The clustering of the genes for folate biosynthesis, presum-

ably to help regulate their expression, is more marked for S.
pneumoniae than for the other species in which these genes
have been identified. Figure 6 depicts the arrangement of the
genes in the different species. Although the three genes en-
coding DHPS, DHNA, and PPPK are found together in B.
subtilis, the intervening genes in S. pneumoniae that encode
DHFS and GTPCH are found elsewhere and separately. In
addition, the three former genes are part of a larger cluster
that includes two genes for p-aminobenzoate synthesis and the
trpG gene, which has a role in aromatic synthesis (37). Inter-
estingly, GTPCH is coded for by mtrA, which forms an operon
with mtrB, the product of which acts as repressor of the trp
operon and possibly as a translational repressor of trpG ex-
pression (1). In P. carinii, as mentioned, three activities are
encoded together, but the genes for the other activities have
not been located. In the case of E. coli, which encodes PPPK
on a separate polypeptide, none of the four genes identified so
far are linked. In particular, the DNA immediately upstream of
the PPPK homolog does not encode DHNA, as in the other
three species, but corresponds to the pcnB gene (19), which
encodes a poly(A) polymerase (5).
The five genes or gene segments encoding the different ac-

tivities show various degrees of conservation, as indicated in
Table 4, which lists the percentages of identical amino acids
between S. pneumoniae and the other species. For example,
with B. subtilis, which showed the greatest similarity to pneu-
mococcal proteins, the degrees of identity ranged from 28%

FIG. 6. Folate biosynthetic gene arrangements in different species. Genes or gene segments corresponding to enzyme domains are drawn to scale as boxlike arrows,
with the orientation indicated by the arrowhead. Genes not shown adjacent are far apart in the genome. Gene designations and enzyme designations are given below
and above the arrows, respectively. The numbers refer to the order of the steps in the folate pathway. The chromosomal locations of the E. coli genes were determined,
and they are indicated in centisomes (cs). P and T refer to experimentally verified transcription promoters and terminators.

72 LACKS ET AL. J. BACTERIOL.



for DHNA to 53% for GTPCH. Another gram-positive bacte-
rium, Lactobacillus casei, gave a 34% identity with S. pneu-
moniae, compared with 37% for B. subtilis, for the single pro-
tein examined (DHFS). For each protein, E. coli usually
showed the least identity, averaging nine percentage points
below the identity values for B. subtilis. The identity values for
eucaryotic proteins were in between, averaging seven percent-
age points below those for B. subtilis. Although these data are
admittedly very limited, they suggest that the gram-positive
bacteria diverged from the gram-negative bacteria earlier than
they did from the progenitor of eucaryotes. At the time when
the bacterial and eucaryotic progenitors separated, presumably
more than a billion years ago, a prevalence of introns in their
genomes (as hypothesized in reference 10) may have fostered
a fluidity in gene rearrangement that accounts for the variety of
folate biosynthetic gene organization that we see today.
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