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Sulfonamide Resistance in Streptococcus pneumoniae: DNA
Sequence of the Gene Encoding Dihydropteroate Synthase and
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A chromosomal gene of Streptococcus pneumoniae carrying a spontaneous mutation to sulfonamide
resistance was identified. Comparison of its DNA sequence with the wild-type sequence showed that the
mutation, sul-d, consisted of an insert of 6 base pairs, a repeat of an adjacent 6-base-pair segment. The gene
encoded a 34-kilodalton polypeptide, SulA, which as a dimer or trimer constituted the enzyme dihydropteroate
synthase. This was shown by enzyme activity measurements, expression in minicells of Bacillus subtilis, and the
amino-terminal sequence of the polypeptide product. Subcloning of the gene in an Eschenichia coli expression
vector allowed purification of the enzyme to 80% homogeneity in a single step and at high yield. Although a
deleted plasmid, pLS83, produced the mutant dihydropteroate synthase, it did not confer sulfonamide
resistance in vivo. It is suggested that the SulA polypeptide is also a component of an enzyme that acts in
another step of folate biosynthesis and that this step is inhibited in vivo by either free or conjugated
sulfonamides.

One of the earliest examples (37) of inhibition of cell
growth by an analog of a cellular metabolite was the anti-
bacterial action of sulfanilamide and its reversal by p-
aminobenzoate (PAB). The latter was shown to be a com-
ponent of folate, an essential vitamin (1). Analysis of folate
biosynthesis in several bacterial species (27, 31), including
Streptococcus pneumoniae (24), revealed the following
pathway:

remained intact in pLS83. This gene, sulA, which encodes
dihydropteroate synthase, is the subject of the present
report.
The DNA sequences of the sulfonamide-resistant (sul-d)

and wild-type (sul-s) alleles of the sulA gene were deter-
mined. An open reading frame was identified and shown to
encode a protein product with dihydropteroate synthase
activity. This protein was produced in large amounts, puri-

+ATP +PAB
6-CHI20H-7,8-H2pterin -* 6-CH)OH-7,8-H2pterin pyrophosphate -* 7,8-dihydropteroate

+glutamate, +ATP
---> folate

The enzymatic step considered most likely to be affected
by sulfonamides is the reaction catalyzed by dihydropteroate
synthase (Fig. 1). Synthesis of dihydropteroate was inhibited
by sulfonamides in extracts of Escherichia coli (3) and S.
pneurnoniae (36). However, sulfonamides are also incorpo-
rated in place of PAB by the enzymatic reaction (3, 28), and
the resultant analogs of dihydropteroate could inhibit an-
other step in the pathway. A mutation to sulfanilamide
resistance, called sul-d, was obtained in S. pneumoniae (13),
and this mutation was shown to affect the enzymatic prop-
erties of dihydropteroate synthase in bacterial extracts by
increasing the Km for PAB and the Ki for sulfanilamide (25).
A 10-kilobase (kb) chronmosomal fragment of S. pneumo-

niae containing the sul-d mutation was cloned in the recom-
binant plasmid pLS80 (33). The wild-type allele was trans-
ferred to this plasmid by chromosomal facilitation of plasmid
establishment (19) to give pLS80s. After transfer of pLS80 to
Bacillus subtilis, a deleted derivative, pLS83, was obtained
(19). Despite deletions of 4.5 and 2.5 kb on either side of the
sul-d-containing remnant, the gene containing that mutation

fied, and partially characterized. Contrary to expectation,
the sul-d mutant dihydropteroate synthase produced by
pLS83 in S. pneumoniae did not by itself confer sulfonamide
resistance.
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FIG. 1. Reaction catalyzed by dihydropteroate synthase (DHPS).
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MATERIALS AND METHODS

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

pneumoniae and Bacillus subtilis were grown and trans-
formed as described previously (19). E. coli was grown in L
broth and transformed by the method of Kushner (15).
Cultures were treated with plasmid DNA at 1.0 p.g/ml.
Transformants of S. pneumoniae and B. subtilis were se-

lected in agar medium containing tetracycline at 1.0 and 50
p.g/ml, respectively; transformants of E. coli were selected
with ampicillin at 50 p.g/ml.

Preparation and manipulation of plasmid DNA. Purified
plasmids were prepared by the method of Currier and Nester
(7). Crude plasmid preparations were made from E. coli by
the method of Birnboim and Doly (2) and from S. pneumo-
niae by a modification of that method (33). Cleared lysates of
B. subtilis were prepared as described (9).

Procedures for DNA manipulation were similar to those
described by Maniatis et al. (21). To construct pLS26, the
pAR2192 vector was cleaved with EcoRI and treated with
alkaline phosphatase; it was then ligated to the fragment with
EcoRI termini remaining after treatment of pLS83 with BglI
and EcoRI. Plasmids and restriction fragments were ana-

lyzed by gel electrophoresis in 1% agarose or 5% polyacryl-
amide and staining with ethidium bromide.
DNA sequence determination. Trace amounts ofRNA were

removed from plasmid samples by treatment with pancreatic
RNase and gel filtration. After cleavage with restriction
enzymes, the DNA fragments were treated with alkaline
phosphatase and labeled at their 5' ends with [-y-32P]ATP and
T4 polynucleotide kinase. Nucleotide sequences were deter-
mined by the chemical method of Maxam and Gilbert (23).

Analysis of plasmid-encoded proteins. Minicells of B. sub-
tilis were prepared and labeled with [35S]methionine as

described previously (8). Details of the procedures used for
labeling and analyzing proteins produced in the E. coli
BL21(DE3) expression system have been presented earlier
(18).

Preparation of cell extracts. Cultures of S. pneumoniae
were grown at 37°C to an OD650 of 0.8 in a casein hydrolys-
ate-based medium (16) supplemented with 0.2% sucrose. E.
coli BL21(DE3) containing plasmids was grown with shaking
at 37°C in M9 medium with ampicillin at 0.2 mg/ml until it
reached an OD600 of 0.5, at which time isopropylthio-

galactoside (IPTG) was added to 0.5 mM, and the culture
was incubated for 2 h more. In each case cells from 1 liter
were centrifuged, washed, and suspended in 10 ml of gel
filtration buffer containing 10 mM Tris hydrochloride (pH
7.6), 0.5 M NaCl, and 3 mM P-mercaptoethanol. The cells
were disrupted by passage through a French pressure cell at
20,000 lb/in2, and the crude extracts were clarified by cen-

trifugation for 20 min at 20,000 x g. Protein was determined
by the method of Lowry et al. (20).

Assay of dihydropteroate synthase. One substrate for the
reaction, 6-hydroxymethyldihydropterin pyrophosphate
(Fig. 1), was prepared by reacting 6-hydroxymethylpterin
(Sigma Chemical Co.) with pyrophosphoric acid and purify-
ing the product by chromatography on DEAE-dellulose by
the method of Shiota et al. (32). A yield of 3 mg was obtained
from 25 mg of starting material. The 6-hydroxymethylpterin
pyrophosphate was reduced to the dihydro compound with
dithionite, as described by Futterman (10), shortly before
use.
Each assay mixture contained, in a volume of 0.2 ml, 0.1

M Tris hydrochloride (pH 8.1), 10 mM MgCl2, 0.1 M
P-mercaptoethanol, 25 ,uM 6-hydroxymethyldihydropterin
pyrophosphate, 50 puM ['4C]PAB (10 mCi/mmol), and the
enzyme sample. After incubation for 1 h at 37°C, the reaction
was stopped by heating for 1 min at 100°C. Samples (0.1 ml)
were applied to Whatman 3MM paper, and descending
chromatograms were developed with 0.1 M potassium phos-
phate buffer (pH 7.0) until the front moved 30 cm from the
origin. Under these conditions the reaction product,
dihydropteroate, remains at the origin, whereas unreacted
PAB migrates with an Rf of 0.78. Areas (2 cm2) containing
the origin were excised from the chromatograms, placed in a

vial with scintillation fluid, and counted for radioactivity.
One unit of enzyme activity was defined as the production of
1 nmol of dihydropteroate per h at 37°C.
Determination of amino-terminal polypeptide sequence.

Protein purified by gel filtration 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 main polypeptide band was visualized by placing the gel
in 4 M sodium acetate at 4°C for 30 min (12) and excised. The
polypeptide was electroeluted with an ISCO sample concen-
trator with a chamber solution of 50 mM NH4HCO3 and
0.1% sodium dodecyl sulfate. It was lyophilized and dis-
solved in 0.4 ml of water four times to remove NH4HCO3.
Approximately 1 nmol of polypeptide was subjected to

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid Derivation Relevant features Reference

S. pneumoniae
708 Multiple mutant of R6 Wild-type sul (sul-s) 19
772 Transformant of 708 Sulfonamide resistant (sul-d) 19

B. subtilis CU403divIVBI Mutant of CU403 Minicell producer 26
E. coli BL21(DE3) Defective lambda lysogen Inducible T7 RNA polymerase 34
Plasmids
pLS1 Deletion of pMV158 Vector for sul and polA 33
pLS80 Cloned 10-kb sul insert Contains sul-d mutation 19
pLS80s sul-s recombinant of pLS80 Contains sul-s allele 19
pLS83 B. subtilis pLS80 transformant Deleted on both sides of sul-d 19
pLS830 Recombinant of pLS83 Deleted upstream of sul-d 19
pSM23 Cloned pneumococcal polA No sulA gene present 22
pAR2192 Constructed from pBR322 Has T7 RNA polymerase promoter Rosenberg et al.a
pLS26 pLS83 sul fragment in pAR2192 Hyperexpression of SulA (d) This work

a A. H. Rosenberg, B. N. Lade, C. Chui, S.-W. Lin, J. J. Dunn, and F. W. Studier, Gene, in press. The authors redesignated pAR2192 vector pET-5.
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FIG. 2. Maps of plasmids containing the sulA gene encoding dihydropteroate synthase. Restriction maps are shown linearized at a

common EcoRI site; dashes indicate deleted segments. Promoters (solid arrows) and translated products (open arrows) are shown for pLS26.
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l in a gas-phase restriction map of this segment and the strategy used to
determine its sequence are shown in Fig. 3. Analysis of open
reading frames in the segment revealed a single large open
frame reading from left to right in phase 2 (Fig. 3). This gene
was called sulA.

ul-d mutation had Fjgure 4 presents the DNA sequence of sulA and adjacent
nent of pLS80 (19) portions of the cloned chromosomal DNA. The amino acid
ty of the mutation sequence of the polypeptide beginning at the first ATG
*d) DNA in pLS80 codon in the open reading frame is also shown. Upstream
)NA in pLS80s. A from the start site was a putative promoter for transcription

of sulA. Its sequence, TgtcCA[17 nucleotides]TAaAAT,
O corresponds to the consensus sequence for procaryotic

promoters (29), as indicated by the upper-case letters and the
,, , spacing between the -35 and -10 portions of the sequence.

The putative ribosome-binding site for translation of the sulA
- >- product contained a Shine-Dalgarno sequence, AGGga-

_&Ll GTGA (base symbols in upper-case letters are complemen-
tary to 16S rRNA) (30). The sulA gene would encode a

polypeptide of 34 kilodaltons (kDa). Restriction mapping and
,,_~, , , sequencing of pLS83 showed that this plasmid contained the

entire sulA gene together with the signals for transcription
-' -- -- " " and translation.

I, , Expression of the sulA product. Plasmid pLS83 was trans-
ferred into a minicell-producing strain of B. subtilis so that
polypeptides encoded by it could be examined. Extracts of

m, Hminicells labeled with [35S]methionine were subjected to
^ polyacrylamide gel electrophoresis in the presence of so-

'; 'SS ege diunm dodecyl sulfate, and an autoradiogram of labeled
v 1 polypeptides is shown in Fig. 5. Minicells containing the

pLS1 vector alone (lane 1) gave a diffuse band at 38 kDa,
corresponding to the Tet protein (18), and several weaker
bands, which were observed previously (8). With pLS83

,, ' (lane 2), an additional strong band corresponding to a

, , , polypeptide of approximately 34 kDa was present. This is
g apparently the sulA product, SulA.

To increase its expression and further characterize the
SulA protein, the 3.0-kb EcoRI fragment of pLS83 contain-

rng frames for DNA in ing the chromosomal insert was inserted into the EcoRI site

)ttom show segments

labeling; arrowheads of pAR2192, which contains a phage T7 RNA polymerase
ng frames in all three promoter, to give pLS26 (Fig. 2). This plasmid was intro-

ions: vertical marks duced into E. coli BL21(DE3), which contains the phage T7

dicate potential ATG RNA polymerase gene under control of the lac repressor
)wn. (34). In this strain the polymerase is inducible by IPTG.
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S' fGCC CAlT CGAMTACAMCAGCATC1TCTACTTGA1TAGATATCN GrTGGrCTCTrGGCT T ATGAGTCGGA 100
CATTAGGAATITCTGTGTAAAAGTTTATlGTAGGAACCGACCTrcmCACTAGGGAAAGATGMTGCAATCGTGTCCATCTTTTrr1TTATGGTAA 200

MTAGAAAAATAATATGATGAAAATCCTTGAGGGAGTGACCGATATGTCAAGTAAAGCCAATCATGCAAAGACAGTTATTTGCGGAATTATCAATGTMC 300
wiy TS.D. foetSerSerLysAlaAsnElisAlaLysThrVaIl1eCysGlyIlleI AsnValThr

CCCAGACTCC1TCGGACGGTGGTCAATTTGCcTGTGAG GCACTCCTcAGCGCTCGTMAATGATAGCAGAAGGAGCCAGTATGCTCGATATC 400
ProAspSerPhoSerAspGlyGlyGlnPhoPh.AlaLeuGluGlnAlaLouGlnG1nAlaArgLysLoulleAlaGluGlyAlaSerMctLeuAspIle
GGCGC,GAAMTCGACTCGGCCGGCAGTAG'CTATGTTGAGATAGAAAsTAGAAGAGGAAATCCAG ;GTTCCAGTGATCAAAGCGATTCGCAAGGAAA S00
GlyGlyGluS.rThrArgProGlySerS.rTyrValGluIloGluTIeluiGluGlIu oGlnArgValValProVa1I.LysAlaI1eArgLysGlu
GTGATGTCCrCATCTCTATTGATACITGGAAGAGCCAAGTAGCAGAGGCTGCITTGGCTGCTrGGTGCCGATCTAGTCAATGATATCACTGGTCTrATGGG 600
SerAspVa lLouI 1oSorIloAspThrTrpLysSerGlnVa 1A1aGluAlaAlaLouAlaAl aGlyAlaAspLeuVa lAsnAspIl1eThrGlyLeuletGly
TGATGAGAAMATGCCTCATGTGGTAGCTGAAGCGAGAGCGCAAGTGGTCATCATGTrTAATCCAGTTATGGCGCGACCTCAGCACCCTAGCTCGCTCATC 700
AspGluLysMetProHisValValAlaGluAlaArgAlaGlnValValIleIetPh.AsnProValMotAlaArgProGlnHisProSerSerLeulle
TTCCCTCAl GGTCAAGMGCF TACAGAGGAAGAGTTAGCrGACTTTGAAACATTGCCAATCGAAGAATTGATGGAGGCMCTTTGAACGAG 800
PhoProHisPheGlyPheGlyGlnAlaPhoThrGluGluGluLsuAlaAspPheGluThrLeuProIleGluGluLeuMetGluAlaPhoPhoGluArg
CACTAGCGAGAGCGGCAGAAGCTGGTATTGCACCAGAAAATATCCTGTrGGATCCAGGAATTGGnrGGTCTGACCAAGAAGAAAATCTGCTCTIT 900

A1 aLeuAl aArgAlaAlaGluAlaGlyIloeAlaProGluAsnIl1eLeulLeuspProGlyI 1eGlyPheGlyLouThrLysLysGluAsnLeLeuLouLelLu
ACGGGACCTGGATAAACTACATCAGMGGGCTATCCAATCMTCTCGGAGTGTCGCGCAAGCGAnTGTCATCAATATCCTAGAGGAGAATGGTrrrGAA 1000
ArgAspLouAspLysLeuRisGInLysGlyTyrProI 1oPheLeuGlyVa lSerArgLysArgPheVaIlleAsnI1eLeuGluGluAsnGlyPheGlu
GTCAATCCTGAGACAGAG GCCGCAATCWGGACACGGCTCGGCTCATGTAACCAGTATCGCT'GCAAGACAGGGTwGTAGAAGTGGTGCGCGTGC 1100
ValAsnProGluThrGluLeuGlyPheArgAsnArgAspThrAlaSerAlaHisValThrSerIleAlaAlaArgGlnGlyValGluValValArgVal
ATGACG;TAGCAGTCACAGGATGGCAGTTGAAATTGCCTCTGCCATTCGTCTGGCTGATGAAGCGGAAAATTTAGATTTAAAACAATATAAATAAGATGA 1200
HisAspValAlaSerHisArgNetAlaValGluIleAlaSerAlaIllArgLeuAlaAspGluAlaGluAsnLeuAspLouLysGlnTyrLys
AAGGMATAAAACAATCAATGGATrGCTAACTACCGG-3'

FIG. 4. Nucleotide sequence of the sulA gene and its vicinity. The sequence of one DNA strand is shown beginning at an HaeIII site and
ending at an HpaII site. The predicted amino acid sequence of the SulA polypeptide is shown together with a putative promoter and mRNA
ribosome-binding site. Underlined and labeled are the -35 and -10 portions of the promoter and the Shine-Dalgarno sequence. Determination
of the amino-terminal sequence of the purified dihydropteroate synthase polypeptide revealed the residues marked by asterisks. The 6-base
segment underlined at positions 446 to 451 marks the sul-d mutation; this segment is absent in the wild type.

A comparison of dihydropteroate synthase activity in
strains of S. pneumoniae and E. coli carrying various plas-
mids indicated that this enzyme corresponded to the SulA
protein encoded by pLS83 and pLS26. Strains of S. pneu-

moniae containing either the sul-s or sul-d allele of sulA
produced approximately the same amount of dihydroptero-
ate synthase, and the presence of the multicopy plasmid
pLS83 increased this amount 10-fold (Table 2). The level of
dihydropteroate synthase in E. coli BL21(DE3) containing a
control plasmid, pSM23, after induction of the T7 RNA
polymerase with IPTG and incubation for 2 h was not very
different from the level attributable to the chromosomal gene

2
kDa

67-

-Tet
26- -SulA

14-

FIG. 5. Expression of the SulA polypeptide in minicells of B.
subtilis. Extracts of minicells of CU403divIVBJ(pLS1) (lane 1) and
CU403divIVBJ(pLS83) (lane 2), labeled with [35S]methionine and
containing -5 ,ug of protein, were subjected to electrophoresis in a

5 to 25% polyacrylamide gradient gel in the presence of sodium
dodecyl sulfate. Shown on the autoradiogram are positions of
protein size standards (top to bottom: bovine serum albumin,
chicken ovalbumin, chymotrypsinogen and lysozyme) from a

stained parallel lane. Positions of the Tet and SulA polypeptides
encoded by the plasmids are indicated.

in S. pneumoniae. Induction of the strain containing pLS26,
however, gave a level of dihydropteroate synthase 1,000-fold
higher.

Figure 6 compares proteins synthesized by BL21(DE3)
carrying pLS26 with those produced by the same strain
carrying only the pAR2192 vector. After various periods of
induction in the presence and absence of rifampin, cells were
treated with a pulse of [35S]methionine, and extracts were

subjected to gel electrophoresis. The gel was stained with
Coomassie blue and exposed for autoradiography. In the
presence of rifampin (lanes 1 and 5), which inhibits the
bacterial but not the phage RNA polymerase (34), almost all
of the incorporated pulse label was found in plasmid-
encoded polypeptides. In the case of pAR2192 it was in the
29-kDa ,-lactamase and its 31-kDa precursor; in the case of
pLS26 an additional strongly labeled band corresponded to
the 34-kDa dihydropteroate synthase polypeptide. In the
absence of rifampin (Fig. 6b, lanes 2 to 4 and 6 to 8), label
was present in other protein bands as well. When the gel was
stained for protein (Fig. 6a), a distinct band was visible at 34
kDa only in the strain containing pLS26. The dihydroptero-
ate synthase polypeptide accounted for approximately 25%
of the protein present.

Purification and characterization of dihydropteroate
synthase. Dihydropteroate synthase was purified by agarose

TABLE 2. Dihydropteroate synthase activity in bacterial extracts

Dihydropteroate
Bacterial strain Plasmid synthaseactivity (U/mg

of protein)

S. pneumoniae 708 (sul-s) None 1.2
S. pneumoniae 772 (sul-d) None 1.8
S. pneumoniae 708 (sul-s) pLS83 13.5
E. coli BL21(DE3) pSM23 0.6
E. coli BL21(DE3) pLS26 1,480
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gel (Bio-Gel A-0.5m) filtration of an extract of induced
BL21(DE3)(pLS26) labeled with [35S]methionine in the pres-
ence of rifampin (Fig. 7a). Three peaks of radioactivity were
observed, one at the breakthrough (fraction 16), another at
fraction 29, and a third at fraction 36. A single peak of
dihydropteroate synthase activity corresponded to the radio-
activity peak at fraction 29. The polypeptide content of
selected fractions was examined by gel electrophoresis (Fig.
7b). The radioactivity peak at fraction 36 contained the
29-kDa ,-lactamase polypeptide. The peak at fraction 29,
which corresponded to the peak of dihydropteroate synthase
activity (Fig. 7a), contained the 34-kDa polypeptide (Fig.
7b). From the stained gel it appeared that the enzyme
constituted at least 80% of the protein in this fraction.
Comparison of the position of elution of dihydropteroate
synthase with the elution behavior of P-lactamase in this
column and of other proteins subjected to similar gel filtra-
tion (unpublished data) indicated a molecular weight for the
enzyme between 70,000 and 100,000. This means that the
native protein is at least a dimer of the 34-kDa polypeptide.
The enzyme polypeptide was purified by gel electropho-

resis, and the sequence of amino acid residues at its amino
terminal end was determined (Fig. 4). The sequence corre-
sponded to that predicted for initiation at the first ATG
codon in the open reading frame. Seven of 10 residues were
accurately identified. The initial methionine residue was
apparently removed after translation.

Nature of the mutation conferring resistance to sulfon-
amides. Comparison of the DNA sequences of the sul-d
mutant and the wild-type alleles revealed a single difference,
an insertion of 6 additional nucleotides in the mutant allele
(underlined in Fig. 4). This insertion corresponded to a
duplication of the preceding sequence and resulted in a
repeat of an Ile-Glu dipeptide in the amino acid chain.
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FIG. 7. Purification of dihydropteroate synthase. (a) Fraction-
ation by gel filtration. A mixture of 2 ml of a crude extract of E. coli
BL21(DE3)(pLS26), induced with IPTG for 2 h, which contained 40
mg of protein, and 0.02 ml of a crude extract of the same strain
induced with IPTG for 30 min, treated with rifampin for 30 min, and
labeled with [35SJmethionine for 10 min, which contained 3.7 x 105
cpm, was applied to a column (1.9 by 66 cm) of Bio-Gel A-0.5m and
eluted with gel filtration buffer. Fractions of 4 ml were collected.
Symbols: 0, [35S]methionine radioactivity; 0, dihydropteroate
synthase activity; *, protein. (b) Protein content of fractions.
Samples containing 12 p.l of the fractions indicated and protein size
standards (lane St), which included (top to bottom) bovine serum
albumin, chicken ovalbumin, bovine carbonic anhydrase, 13-
lactoglobulin, and lysozyme, were subjected to electrophoresis in a
10 to 20% polyacrylamide gradient gel in the presence of sodium
dodecyl sulfate. The gel was stained with Coomassie blue. DHPS,
Dihydropteroate synthase; BLA, ,B-lactamase.

-20

--- 14

(a) (b)

FIG. 6. Plasmid-specific expression and hyperproduction of
dihydropteroate synthase in E. coli. (a) Gel stained for protein
with Coomassie blue. (b) Autoradiogram of dried gel. Lanes 1
to 4, extracts of BL21(DE3)(pLS26); lanes 5 to 8, extracts of
BL21(DE3)(pAR2192); lane 9, protein size standards (top to bottom:
rabbit phosphorylase, bovine serum albumin, chicken ovalbumin,
bovine carbonic anhydrase, soybean trypsin inhibitor, and bovine
lactalbumin). Extracts prepared from cells incubated with IPTG for
30 min followed by 30 min with rifampin (lanes 1 and 5) and with
IPTG alone for 120 min (lanes 2 and 6), 60 min (lanes 3 and 7), or 30
min (lanes 4 and 8) and subsequently labeled with [35S]methionine
for 10 min were subjected to electrophoresis in a 10 to 20%
polyacrylamide gradient gel in the presence of sodium dodecyl
sulfate. Samples contained -5 ,ug of total cell protein. Arrow,
DHPS polypeptide.

Although the gene containing the sul-d mutation was
present in its entirety in pLS83 and the plasmid gave rise to
expression of the mutant dihydropteroate synthase product,
pLS83 itself did not confer resistance to sulfonamides. Cells
of S. pneumoniae containing pLS83 showed wild-type sen-
sitivity, that is, inhibition of colony formation with sulfanil-
amide at 40 ,ug/ml (19). Its DNA, nevertheless, could trans-
form the chromosome to give resistance to 200 ,ug/ml.
Furthermore, a derivative, pLS830 (Fig. 2), in which the
downstream deleted portion of the original chromosomal
segment was restored, could confer resistance to 2 mg/ml
(19). It appears that the sulfonamide resistance conferred by
the sul-d mutation required something more than the mutant
dihydropteroate synthase enzyme. It is conceivable that the
SulA polypeptide also functions in another drug-sensitive
step of folate biosynthesis.

DISCUSSION

The sul-d mutation originally arose in a cluster of three
linked mutations, b, a, and d, following prolonged selection
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with sulfanilamide (13). In the light of intercistronic recom-
bination frequencies in transformation (16), the relatively
low level of linkage (<0.5) between d and the other two
mutations (13) suggests that the latter were located outside
the sulA gene. The sul-d mutation itself consisted of a
6-nucleotide repeat. It could have arisen by slippage of a
nascent strand on the template during replication. Its effect
is to repeat an Ile-Glu sequence in a region of the SulA
polypeptide that can be predicted to compose an a-helical
stretch of secondary structure (4). The mutation would thus
extend the helical stretch by two residues, which could
significantly alter tertiary structure at the ends of the helical
segment. Prior studies have shown that the dihydropteroate
synthase enzyme in the sul-d mutant has a twofold-higher
Km for PAB and a sevenfold-higher Ki for sulfanilamide than
the wild type (24, 25). This is a relatively modest effect on
the enzyme activity, and as indicated below, it does not
appear to account for the sulfanilamide resistance of the
mutant.
When it was originally observed that pLS83 failed to

confer drug resistance unless a deleted portion was restored
to give pLS830, it was suggested either that the affected gene
extended into the deleted region or that a promoter neces-
sary for expression of the gene was missing (19). The present
results rule out both possibilities, in that the gene containing
the mutation was intact in pLS83 and its promoter was
present and functional. The essential region that was deleted
was downstream from the promoter and sulA. It is possible
that the SulA polypeptide is also a component of another
enzyme in the folate pathway. This hypothetical enzyme
might be critically inhibited by either sulfonamides or their
hydroxymethyldihydropterin conjugates, which can be
formed by dihydropteroate synthase action (28) and which
could act as dihydropteroate analogs in a subsequent reac-
tion step. A possible candidate for this step is the conversion
of dihydropteroate to folate by the addition of glutamate. An
enzyme catalyzing such a reaction was reported for E. coli
and other organisms (11) but has not yet been demonstrated
in S. pneumoniae. An alternative possibility is that folate
biosynthesis in S. pneumoniae proceeds by the prior cou-
pling of PAB and glutamate, with the product subsequently
conjugated to the pterin, a reaction that may also be carried
out by dihydropteroate synthase (24). The former coupling
could be critically sensitive to sulfonamides.

Supporting the idea that the sulfonamide resistance of the
sul-d mutant did not result from its altered dihydropteroate
synthase enzyme are the rather minor differences in relative
affinity, mentioned above, of the enzyme for both the
substrate and drug. Added support comes from the observa-
tion that another PAB analog, p-nitrobenzoate, inhibits sul-d
strains (14), although this analog has no effect on either
wild-type or mutant dihydropteroate synthase activity in
vitro (24). The susceptibility of the sul-d mutant to p-
nitrobenzoate, which cannot be conjugated to the pterin by
dihydropteroate synthase, suggests also that free, and not
conjugated, sulfonamides inhibit the critical enzymatic step.
Preliminary data indicate that several open reading frames,
possibly in the same operon, lie downstream from sulA. A
product of a downstream gene might join SulA to form the
enzyme critically sensitive to sulfonamides and p-nitroben-
zoate.
We speculate, then, that the sensitivity of S. pneumoniae

to sulfonamides derives from their inhibition not of dihydro-
pteroate synthesis but of another step in the folate pathway.
The SulA polypeptide, which by itself constitutes the dihy-
dropteroate synthase, can mutate to give sulfonamide resis-

tance, perhaps by critically affecting some other unspecified
step, for example, by serving as a subunit of an enzyme
complex catalyzing that step. In the sul-d mutant this en-
zyme would be sensitive to p-nitrobenzoate. This step could
be sensitive to either free sulfonamides or their pterin
conjugates.

In E. coli, introduction of a plasmid-encoded dihydrop-
teroate synthase that is 100-fold more resistant to
sulfonamides in vitro than the chromosomally encoded en-
zyme confers sulfonamide resistance in vivo (35). If the
conjugated sulfonamide is the ultimate inhibitor in E. coli as
well, then resistance to sulfonamides may be achieved either
by altering the dihydropteroate synthase to prevent
sulfonamide conjugation, as in this case, or by altering the
enzyme catalyzing a different step, as suggested for the case
of sul-d.

Formation of the hypothetical enzyme complex consisting
of SulA and a downstream product appears to depend on a
cis-configuration of the genes. Inasmuch as pLS83 does not
confer sulfonamide resistance, its SulA product must not
interact with the downstream product expressed by the
corresponding chromosomal gene. One possible mechanism
for explaining this lack of complementation could be a
requirement for the newly synthesized SulA and down-
stream polypeptides to interact prior to folding of the pro-
teins into their final tertiary structure. The required folding
to give the complex may depend on synthesis of the poly-
peptides from the same RNA. An alternative mechanism for
the cis-effect could be an occasional frameshift in translation
of sulA prior to its normal termination to fuse part of SulA to
the product of a downstream gene to give an extended
polypeptide that would function as the hypothetical enzyme.
A third possibility is that balanced production of SulA and
the downstream product is required for sulfonamide resist-
ance.
A point of interest relates to the integration efficiency of

the sul-d mutation in transformation. The DNA mismatch
repair system known as Hex can recognize the configuration
of certain mismatches in the heteroduplex transformation
intermediate and eliminate the donor contribution to reduce
integration efficiency (reviewed in reference 5). The sul-d
transformation occurs with high efficiency and for this rea-
son has been used as a standard of reference in the investi-
gation of this topic (16). Thus, the sul-dlsul-s insertion/dele-
tion mismatch of 6 nucleotides is not recognized at all by the
Hex system. Inasmuch as deletions of 1 or 2 nucleotides are
subject to mismatch repair (6, 17), the limit of Hex recogni-
tion must occur for a disparity in length between 2 and 6
nucleotides.
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