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Sulfonamide resistance in Streptococcus pneumoniae is due to changes in the chromosomal folP (suld) gene
coding for dihydropteroate synthase (DHPS). The first reported laboratory-selected sulfonamide-resistant S.
pneumoniae isolate had a 6-bp repetition, the sul-d mutation, leading to a repetition of the amino acids Ile;, and
Glug; in the gene product DHPS. More recently, clinical isolates showing this and other repetitions have been
reported. WA-5, a clinical isolate from Washington State, contains a 6-bp repetition in the folP gene, identical
to the sul-d mutation. The repetition was deleted by site-directed mutagenesis. Enzyme kinetic measurements
showed that the deletion was associated with a 35-fold difference in K, for sulfathiazole but changed the K,, for
p-aminobenzoic acid only 2.5-fold and did not significantly change the K,, for 2-amino-4-hydroxy-6-hydroxy-
methyl-7,8-dihydropteridine pyrophosphate. The enzyme characteristics of the deletion variant were identical
to those of DHPS from a sulfonamide-susceptible strain. DHPS from clinical isolates with repetitions of Serg,
had very similar enzyme characteristics to the DHPS from WA-5. The results confirm that the repetitions are
sufficient for development of a resistant enzyme and suggest that the fitness cost to the organism of developing

resistance may be very low.

Streptococcus pneumoniae is a major cause of morbidity and
mortality worldwide. It is the leading cause of community-
acquired pneumonia, otitis media, meningitis, and bacteremia.
It has been estimated that S. pneumoniae is responsible for
more than 1 million deaths per year in children from develop-
ing countries. Antibiotic-resistant and multidrug-resistant S.
pneumoniae strains have increased during the past 20 years,
with multidrug-resistant strains, those that are resistant to two
or more classes of antibiotic, currently limited to a few major
serotypes, including 6B, 9V, 19F, and 23F (6, 7, 17).

Trimethoprim-sulfamethoxazole (SXT) has been used in
treatment of a range of S. pneumoniae diseases, especially in
children, because it is inexpensive and generally effective.
Many of the multidrug-resistant strains of S. pneumoniae are
resistant to SXT, with high rates of resistance described world-
wide, including South Africa, parts of Europe, and Alaska in
North America (11, 12). Trimethoprim (TMP) interacts with
the dihydrofolate reductase, and sulfonamides inhibit the di-
hydropteroate synthase (DHPS). Both enzymes are in a single
bacterial pathway leading to formation of tetrahydrofolate.
Resistance to both TMP and sulfamethoxazole have been ex-
amined in a limited number of S. pneumoniae isolates. With
TMP resistance, single or multiple amino acid substitutions
have been identified in the dihydrofolate reductase (1). In
contrast, in a laboratory-derived sulfonamide-resistant (Sul")
S. pneumoniae, an insertion of 6 bp in the folP gene resulting
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in duplication of amino acids Ile;, and Glug, in the gene
product DHPS was identified (8). The gene encoding DHPS in
S. pneumoniae was initially designated sul4. We propose here
that the designation folP should be used as in other bacteria (5,
16) in order to facilitate comparisons of the genomes between
different organisms. More recently, Maskell et al. examined six
Sul” clinical isolates and found 3- or 6-bp duplications in the
folP gene. Transformation experiments showed that the dupli-
cations are sufficient for conferring high-level Sul" (11). How-
ever, no report has addressed the effects these mutations have
on the kinetics of the DHPS enzyme, which could have con-
sequences for the fitness of resistant mutants in competition
with Sul® pneumococci.

In this study, we have examined 11 S. pneumoniae isolates
from Washington State, including 5 that have previously been
shown to be part of a multidrug-resistant clone group (10).
These strains included three of the four serogroups that are
most frequently multidrug resistant. We included in the study
two strains with single and double Serg, repetitions from a
previous study (11). We found a number of different duplica-
tions in these 13 isolates and examined the DHPS kinetic
parameters of three of them. We mutagenized the folP gene of
one Sul” strain with an Ileg,-Glug, repetition to yield a suscep-
tible strain, demonstrating that the duplicated amino acids
were sufficient to account for Sul” in this S. prneumoniae isolate.

MATERIALS AND METHODS

Bacteria. We examined 11 SXT-resistant S. pneumoniae isolates collected
from patients aged 6 months to 83 years across Washington State from October
1995 to April 1997. Six isolates (serogroups 6, 19, and 23) were collected during
a statewide surveillance study (6), and five isolates (serotypes 19A and 19F) were
members of a multidrug-resistant pneumococcal clone group described previ-
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TABLE 1. Characteristics of S. pneumoniae isolates

Isolate Location Date (mo/yr) Specimen Serogroup folP gene change Repeat Reference(s)
WA-5 Renton, WA 10/95 Blood 6 6-bp insertion; sul-d IssEs7 6,9
WA-5 mutant Laboratory mutant Asul-d None This work
WA-33 Renton, WA 2/95? Blood 19 6-bp insertion S61S62 6,9
WA-45¢ Tacoma, WA 12/95 Sputum 19F 3-bp insertion Se1 10
WA-54¢ Tacoma, WA 12/95 Sputum 19A 3-bp insertion Se1 10
WA-127 Puyallup, WA 2/96 Blood 23 3-bp insertion Se1 6,9
WA-133 Everett, WA 2/96 Blood 6 6-bp insertion 62 Y63 6,9
WA-152 Spokane, WA 10/95 Sinus 23 6-bp insertion Se2Ye3 6,9
WA-159 Spokane, WA 12/95 Middle ear fluid 19F 3-bp insertion Y3 10
WA-187 Seattle, WA 4/96 Blood 19F 6-bp insertion S1562 6,9
WA-970195% Tacoma, WA 2/97 Blood 19F 3-bp insertion Se1 10
WA-263¢ Spokane, WA 2/97 Blood 19F 3-bp insertion Se1 10
PN93/720 3-bp insertion Se1 11
CP1015 Wild type None 11
194/76 6-bp insertion Se1S62 11

“ These isolates were identified as members of a multidrug-resistant S. pneumoniae clone group found in Washington State (10).

> Month unknown.

ously (10) (Table 1). Two isolates from a previous study, PN93/720 and J94/76,
were also investigated (11)

PCR amplification and cloning. The folP gene from isolate WA-5 was ampli-
fied by PCR using primers pneumo 1 and pneumo 2 (Table 2) and cloned into
pUC18 using the Sure Clone ligation kit (Amersham-Pharmacia Biotech, Upp-
sala, Sweden). For the other strains primers pneumo 7 and pneumo 8 were used
and ligated in pUCI18 (18) using the enzymes EcoRI and Xbal. PCRs were
performed in a Perkin-Elmer model 480 thermocycler in PCR buffer containing
Mg(Cl, at a final concentration of 1.5 mM, nucleotides at a concentration of 200
M, primers at 1 uM each, and 2 U of of Vent-polymerase (New England
Biolabs, Beverly, Mass.) for a 25-ul reaction mixture. A total of 25 to 30 cycles
of denaturation at 94°C for 1 min, annealing at 52°C for 1 min, and extension at
74°C for 2 min were run. Resulting PCR products were separated on 1% agarose
gels, and fragments of the appropriate size (900 bp) were excised from the gel
and extracted with the QIAquick Gel Extraction kit (Qiagen, Valencia, Calif.).
Transformations into host strains DHS5« and C600AfolP::Km" (5) were usually
done by electroporation (3).

Site-directed mutagenesis. Mutagenesis to delete the 6-bp repetition was per-
formed by the PCR-based megaprimer method (14). In the first PCR step, the
mutagenesis primer, pneumo-A, was used together with primer pneumo 7 to
create the megaprimer. The PCR products were separated on a 1% agarose gel,
and products with a size of 200 bp were excised and purified as described above.
The purified product was used as a primer in the second PCR together with
primer pneumo 8 to amplify the complete gene. Conditions for PCR were as
described above. The final PCR product was cloned into pUC18 and introduced
into Escherichia coli strains DH5a and C600AfolP::Km" by electroporation.

Nucleotide sequence determinations. The nucleotide sequences of the folP
genes from WA-5 and the derived deletion mutant were determined using the
Autoread sequencing kit and read using the ALF Express (Amersham-Pharma-
cia Biotech) apparatus. The sources for sequencing were genes cloned in pUC18,
and the universal and reverse primers included in the kit were used. All other
sequence determinations were done by a cycle sequencing method using 3P-

labeled terminators (Amersham-Pharmacia Biotech). Primers pneumo 1 to
pneumo 6 (Table 2) were used.

Preparation of cell extracts. Cultures of C600AfolP::Km" harboring the re-
spective plasmids with cloned folP genes were grown in 800-ml batches of Luria-
Bertani medium to a density of 5 X 10% cells/ml. Cells were pelleted by centrif-
ugation at 3,000 X g for 5 min and resuspended in 3 ml of 0.1 M potassium
phosphate buffer, pH 7.0, containing 1 mM dithiothreitol (Sigma, St. Louis,
Mo.). The resuspended cells were disrupted twice by sonication for 30 s and were
centrifuged at 15,000 X g for 30 min. The enzyme was partially purified by gel
filtration and ion-exchange chromatography as described earlier (15). Determi-
nation of DHPS activity and calculation of enzyme kinetic parameters were done
as described earlier (5, 13). GraphPad Prism software was used for calculations
of K,,, and K.

RESULTS

Nucleotide sequence determination of folP genes of Sul”
pneumococcal isolates from Washington State. The nucleotide
sequences of the folP genes from a total of 11 isolates from
WA were determined (Fig. 1 and Table 1). Of these 11, 4 were
previously found to be genetically related (10). All isolates had
varying types of 3- or 6-bp repetitions resulting in insertions of
one or two extra amino acids. This has previously been asso-
ciated with Sul" (8, 11, 12). Two of the isolates, WA-133 and
WA-152, had new variants of the 6-bp repetition with Ser,-
Tyrg; as the repeated amino acids. Besides these insertions
several other differences were found between the strains (Fig.
1). The 11 isolates fell into five different classes, with small
differences between the classes. The five isolates with a single

TABLE 2. Oligonucleotide primers used for cloning, sequence determination, and mutation procedures

Primer Sequence Restriction site”
pneumo 1 5'-GATGAATGCATCGTGTCCATC-3'
pneumo 2 5'-CCGTCCGGTAGTTAGCAATCC-3'
pneumo 3 5'-CAAGGCACTCCAGCAGGCTCG-3'
pneumo 4 5'-CCCTGTCTCGCAGCGATACTAG-3'
pneumo 5 5'-CTGCTGGTGCCGATCTAGTC-3'
pneumo 6 5'-GTCAGACCAAAGCCAATTCC-3’
pneumo 7 5'-TGA GAA TTC ATG TCA AGT AAA GCC AAT-3’ EcoRI
pneumo 8 5'-TGA TCT AGA TTA TTT ATA TTG TTT TAA-3’ Xbal
pneumo-A 5'-ACA ACA CGT TGG ATT TCC TCT TCT ATC TCA ATA TAA CTA C-3’

“ Sites of restriction enzyme cutting are underlined in the corresponding sequences.
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CP1015

WA-152
WA-159
WA-187
WA-45
WA-33
WA-5
CP1015

WA-152
WA-159
WA-187

WA-45
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GACTCCTTTT CGGACGGTGG

AGTAGCTATA GCTATGTTGA
AGTAGC...T ATTATGTTGA
AGTAGCAGTA GCTATGTTGA
AGTAGT. ..A GCTATGTTGA
AGCAGCAGCA GCTATGTTGA
AGTAGTTATA TTGAGATAGA
AGTAGCTATG TTGAGATAGA

WA-33 TeeGreGumn moemmmommo —mmmmmeo el A-coom mmmmmmemm oo
WA-5 ——-mmmmmmm mmmmmmmee oo e T emmo- Cmmmm —mmee- A—- T--G--G--- -- it e Cmmmmmmms
CP1015 GCGATTCGCA AGGAAAGTGA TGTCCTCATC TCTATTGATA CTTGGAAGAG CCAAGTAGCA GAGGCTGCTT TGGCTGCTGG TGCCGATCTA GICAATGATA TCACTGGTCT TATGGGTGAT

WA-152 —-------- G -GG-G----- T---A--—-T
WA-159 --A------ G -C------A- ~---A---AT
WA-187
WA-45
WA-33

WA-5
CP1015

CP1015 CTGTTGGATC CAGGAATTGG

-- A--A-G
WA-5  ——=—mmmmme oo T-- A--A-G---G

L= I I

CP1015 TTTGTCATCA ATATCCTAGA GGAGAATGGT TTTGAAGTCA ATCCTGAGAC AGAGCTTGGT TTCCGCAATC GGGACACGGC TTCGGCTCAT GTAACCAGTA TCGCTGCAAG ACAGGGTGTA

CP1015 GAAGTGGTGC GCGTGCATGA CGTAGCTAGT CACAGGATGG CAGTTGAAAT TGCCTCTGCC ATTCGTCTGG CTGATGAAGC GGAAAATTTA GATTTAAAAC AATATAAATAA

FIG. 1. The nucleotide sequences of the folP genes from all Washington State isolates are compared. Only nucleotides that differ from those
of CP1015 are shown. Isolate WA-133 had a sequence identical to that of WA-152. Isolates WA-54, WA-127, WA-970195, and WA-263 had

sequences identical to that of WA-45.

Sery, repetition had identical DHPS sequences throughout.
Similarly, the two isolates with Ser-Tyr insertions were identi-
cal in sequence, but the two isolates with double Ser insertions
showed substantial variation in nucleotide sequence. The sin-
gle isolate with a Tyr insertion had a distinctly different nucle-
otide sequence compared to the others. In all cases, many of
the nucleotide differences were synonymous changes, and as a

consequence the number of amino acid differences was less in
each case, varying from 9 (WA-33) to 18 (WA-159) in total
(Table 3). Isolate WA-33 had an identical amino acid sequence
to CP1015 in some regions (e.g., from P,,, to T,,,) where all
other isolates showed several differences.

The 6-bp repetition of isolate WA-5 results in high-level
sulfonamide resistance in S. pneumoniae. Isolate WA-5 had the
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= a TABLE 4. Kinetic properties of DHPS enzymes from S.
z pneumoniae strains with different repeats of amino acids
& > Mean K,,, + SD .
i Source of DHPS An:?;é;dd (kM) for: 1;/[_[?;1 1t<l Sf(l))r
Bl p-AB Peridine (M)
5 v WA-5, Sul" lleg-Glu,, 20+018 5316 18=4
Z WA-5 Mut, Sul*  None 08*012 55*1.0 043=x0.16
o CP1015, Sul® None 0.73 =0.04 45=04 054=0.19
- Pn93/720, Sul'  Ser,, 26+023 55+1.0 75+1.20
tloo o J94/76, Sul* Serg;-Ser,, 13022 9.7=05 123 *2.1
Ay “ STZ, sulfathiazole.
U_‘}—“ o
i|zz w . . .
same 6-bp repetition in the folP gene as originally described in
g the laboratory-selected mutant reported by Lopez et al. (8). In
<EE FE addition to the insertion, the WA-5 gene contained a number
8 L:]f > > of nucleotide sequence differences throughout the length of
§ . the DHPS sequence compared to the reference Sul® isolates
g g/ AAAA R6 and CP1015 (8, 11). The number of amino acid differences
2 lel e was 10. It was therefore not clear whether the 2-amino-acid
B E | M insertion by itself was responsible for the resistance of isolate
%;, Ol WA-5. To examine this further, we deleted the 6-bp repetition
Elz|a| =z by site-directed mutagenesis and compared the enzyme char-
g & “ acteristics before and after removal of the 6 bp (Table 4). The
i § &) ety change in the enzyme led to a 2.5-fold-lower K,,, for p-amino-
{3 2| e C b benzoic acid (p-AB), no change to the K,, for the pteridine
@ S| substrate 2-amino-4-hydroxy-6-hydroxymethyl-7,8-dihydro-
= g5 z pteridine pyrophosphate (H,-pteridine), and a 35-fold reduc-
& ; © tion in K for sulfathiazole. The enzyme characteristics of the
o|gl & . mutated WA-5 DHPS were compared with those of DHPS
= § © from the Sul® reference strain CP1015 that was prepared in the
8 ?’5’ TlMMMM M4 same way as the WA-5 DHPS. The results from these two
§ © extracts were identical within experimental errors (Table 4),
&= 8ls o0 O suggesting that the 6-bp insertion in WA-5 is both necessary
z = and sufficient to confer clinically relevant Sul” and that the
B j a) other mutations have no significant impact on the kinetic char-
£ N “ acteristics of DHPS.
g g MMMz M % Effects of Serq, repetitions. In a majority of the isolates
i . & studied here (Fig. 1) and previously (11, 12), Sers; or Serg;-
m = = - Ser, are repeated, leading to a DHPS with either three or four
%‘ o = sequential Ser residues. Transformation experiments reported
= = | H S earlier (11) showed that duplications of serine were sufficient
g 2 to confer Sul” in pneumococci. To compare the effects on the
oL 5 activity of DHPS of the serine repetitions with the Ile-Glu
Sz zz 2 repetitions in WA-5, DHPS from one isolate with a single Ser
A = repetition and one with a double Ser repetition were analyzed
K — g E with respect to enzyme kinetics. No large differences in K,,, for
_ ERa) p-AB or H,-pteridine could be detected between the different
SRR N variants of the enzyme (Table 4). The K, values for p-AB were
Sls s g?c two to four times higher than those for wild-type DHPS, and
- 3 3 the only isolate with a twofold-higher K,,, for H,-pteridine was
2 R =4S J94/76 with the double Ser repetition. The variation in K; for
@ — 3 § sulfathiazole was more pronounced. Isolate WA-5 had the
‘é >:3 S 8 ;52 highest K;, 18 wM; J94/76 was intermediate, with a K; of 12.3
S V;g;? B mgmg < wM; and P93/720 showed the lowest K;, 7.5 M, which is still
= % 15 times above the K; of wild-type Sul® DHPS. The main effect
2 A% - § E of the repetitions is thus an increased K; for sulfathiazole which
= —— =< | OO . . . . . .
ERPPPPrrIEE: explains the resistance, while the relatively slight changes in K,
BExzzEE for both substrates suggest a limited effect on enzyme function.
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DISCUSSION

A large number of clinical isolates of Sul" S. pneumoniae
harbor 3- or 6-bp repeats in the region coding for amino acids
58 to 67 of the folP gene, which encodes the drug target DHPS.
The collection of isolates from Washington analyzed here all
carried variants of these repeats. The repetition of codons for
Serg,-Tyrg; is described for the first time. Isolates with a single
Ser repeat were most common, but the majority of these be-
long to a clone that is widely spread in the area. One of the
isolates, WA-5, carried the same insertion that was seen in the
laboratory isolate first sequenced by Lopez et al. (8); other
examples of this insertion were reported by Padayachee and
Klugman (12). As with other resistant isolates described pre-
viously, the folP genes in the Washington isolates contain a
number of mutations in other areas of the gene in addition to
the insertions.

For three enzymes with insertions representing duplications
of Iley,-Glug,, Serg,, and Sery,;-Ser,,, in addition to other mu-
tations, the K; for sulfathiazole was found to be more than
10fold higher than for DHPS from the control susceptible
strain, CP1015. This was associated with a small rise in K,,, for
p-AB (up to 3.5-fold), and in the case of the Sery,;-Sery, du-
plication, a 2-fold rise in K,, for pteridine. The effects of the
different duplications are apparently rather similar. In the
WA-5 mutant enzyme, in which the Iley-Glug, was deleted but
other mutations were retained, this created an enzyme that
acted like the Sul® enzyme. This suggests that the other muta-
tions found in WA-5 have little or no effect on enzyme function
and that the duplication alone is both sufficient and necessary
for the generation of Sul". The same is likely to be true for
other resistant isolates which share many of the same muta-
tions. The relatively small changes in K, for natural substrates
contrasts with what we have found earlier for Neisseria menin-
gitidis, where a 2-amino-acid insertion does change the K,,, for
both substrates substantially and where other mutations are
necessary for stable resistance (5, 13). This difference may
partially explain why Sul” S. pneumoniae isolates are common
and more varied in sequence. To explain how these amino acid
repetitions can have the effect of substantially reducing inhib-
itor binding while not severely affecting substrate binding will
require more-precise characterization of substrate-enzyme in-
teraction. A recent publication describes substrate binding to
DHPS from Mycobacterium tuberculosis and clearly shows that
the region of the enzyme we study here is involved in forming
a pocket for binding of p-AB (2).

The demonstration within isolates from Washington of a
duplication leading to resistance that has not previously been
described emphasizes that resistance is likely to have arisen
independently on several occasions. The duplications appear
to occur easily, and it is possible that the region contains a hot
spot for replication errors. One cannot exclude the possibility
that pneumococci have acquired resistant folP genes from re-
lated streptococci, in a manner analogous to the generation of
penicillin resistance through mosaic penicillin binding proteins
(4). We have earlier shown that the development of a resistant
DHPS directly in N. meningitidis is unlikely and that the resis-
tance determinant in this case has been acquired by transfor-
mation. Both in N. meningitidis and in Streptococcus pyogenes
there are more-extensive differences in amino acid sequence
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between DHPS from resistant and susceptible strains, respec-
tively (5, 13, 16). However, the data presented here for S.
pneumoniae are most consistent with several independent rep-
lication errors which duplicate one or two amino acids in a
particular region of the DHPS. These duplications do not seem
to lead to negative consequences for DHPS function, and the
ability of the S. pneumoniae to mutate to Sul" should be con-
sidered prior to any further development of DHPS inhibitors.
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