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Fosfomycin targets the first step of peptidoglycan biosynthesis in Streptococcus pneumoniae catalyzed by UDP-N-acetylgluco-
samine enolpyruvyltransferase (MurA1). We investigated whether heteroresistance to fosfomycin occurs in S. pneumoniae. We
found that of 11 strains tested, all but 1 (Hungary19A) displayed heteroresistance and that deletion of murA1 abolished heterore-
sistance. Hungary19A differs from the other strains by a single amino acid substitution in MurA1 (Ala364Thr). To test whether
this substitution is responsible for the lack of heteroresistance, it was introduced into strain D39. The heteroresistance pheno-
type of strain D39 was not changed. Furthermore, no relevant structural differences between the MurA1 crystal structures of
heteroresistant strain D39 and nonheteroresistant strain Hungary19A were found. Our results reveal that heteroresistance to fos-
fomycin is the predominant phenotype of S. pneumoniae and that MurA1 is required for heteroresistance to fosfomycin but is
not the only factor involved. The findings provide a caveat for any future use of fosfomycin in the treatment of pneumococcal
infections.

Pneumococci have responded to antimicrobial treatment by
acquiring resistance to antibiotics, particularly penicillin

(1). However, although knowledge of classical resistance mech-
anisms is increasing (2, 3), understanding of the penicillin het-
eroresistance phenomenon described in pneumococci remains
elusive (4).

Heteroresistance is the ability of a clonal population to grow
one or several subpopulations at a frequency of 10�7 to 10�3 in
the presence of a higher antibiotic concentration than that pre-
dicted to be effective by measurement of the MIC (4). This
phenomenon may allow some bacteria to grow at higher anti-
biotic concentrations without the fitness cost required by a
genetically fixed resistance mechanism. Furthermore, hetero-
resistance allows some bacteria to survive antimicrobial treat-
ment while at the same time making conventional resistance
testing unreliable (4, 5). Heteroresistance to different antibiot-
ics has been described in pathogens of various species (6–9),
but even for the most extensively studied (heteroresistance to
methicillin, oxacillin, and vancomycin in staphylococci [10–
16]), the mechanism is unknown. Understanding heterogene-
ity between single cells is complicated by the fact that conven-
tional assays of microbial populations consider an averaged
value of thousands or millions of cells in a sample (17).

Fosfomycin (18) is not currently used in the treatment of
pneumococcal infections, but in this era of multidrug resis-
tance, studies of this antibiotic may be valuable to inform de-
cisions on future antibiotic use (19). Fosfomycin is a drug of
particular interest for its synergy with benzylpenicillin, by de-
creasing the production of penicillin-binding proteins. This is
beneficial in the treatment of infections with �-lactam-resis-
tant pneumococci (20). Combinations of other antibiotics with
fosfomycin are used successfully in the treatment of infections
with other organisms, such as Staphylococcus aureus (21). The
target of fosfomycin is MurA (UDP-N-acetylglucosamine
enolpyruvyltransferase, EC 2.5.1.7), an enzyme catalyzing the

first step of the peptidoglycan biosynthetic pathway of Gram-
positive and Gram-negative microorganisms. MurA transfers the
enolpyruvyl group of phosphoenolpyruvate (PEP) to UDP-N-
acetylglucosamine (UDP-GlcNAc), producing enolpyruvyl UDP-
N-acetylglucosamine (EP-UDP-GlcNAc) (22, 23). Gram-positive
bacteria have two genes, murA1 and murA2, both encoding active
MurA enzymes with similar catalytic parameters and conserved
major structural features that are both inhibited by fosfomycin
(24).

Mutagenesis experiments have revealed that fosfomycin cova-
lently binds to Cys115 of MurA, suggesting that this amino acid
plays an important role in the catalytic mechanism (25, 26). The
Cys115 residue has been suggested to be the general acid catalyst,
protonating C-3 of PEP prior to nucleophilic attack by UDP-
GlcNAc to form the tetrahedral intermediate (27, 28), although
other experiments indicate that a different amino acid (Asp) plays
this role (29). Recent studies have shown that MurA forms dor-
mant complexes with UDP-N-acetylmuramic acid (UDP-Mur-
NAc), which is the product of MurB, the second enzyme partici-
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pating in peptidoglycan synthesis. This supports the idea that
Cys115 provides tight product regulation and protection, which
are absent from species containing aspartic acid in this position
(30).

At the structural level, MurA can exist in open and closed con-
formations (31, 32). Native enzymes are in the open conformation
and then close when UDP-GlcNAc enters the catalytic pocket.
This closure consists of the movement of the loop containing
Cys115 over UDP-GlcNAc, creating the optimal environment for
the addition-elimination reaction.

After describing heteroresistance to penicillin in Streptococcus
pneumoniae (4), we investigated whether the heteroresistance
phenomenon also exists in an early step of peptidoglycan biosyn-
thesis. Therefore, we tested a representative selection of pneumo-
coccal strains for heteroresistance to fosfomycin, which acts ear-
lier in the peptidoglycan synthesis pathway than penicillin. Here
we report for the first time that heteroresistance to fosfomycin
occurs in S. pneumoniae and investigate the role of MurA1 in this
phenotype.

MATERIALS AND METHODS
Bacterial strains. Eleven strains including five clinical isolates of S.
pneumoniae from two nationwide surveillance programs collecting na-
sopharyngeal and invasive isolates, five international reference strains,

and laboratory strain D39, all listed in Table 1, were used for this
study.

Construction of mutants. For the construction of murA1 knockout
mutants, murA1 was disrupted with the bicistronic cassette Janus (33).
Transformation of strains 106.44, Taiwan23F, Hungary19A, and D39 was
performed as described elsewhere (34). Insertion of the cassette was con-
firmed by PCR. Mutant Hungary::murA1D39 and D39::murA1D39 back
transformants were obtained by the insertion of a construct with
murA1D39 fused to a spectinomycin resistance cassette to allow selection
as described previously (35). Mutant D39::murA1Hungary19A and Hungary::
murA1Hungary19A back transformants were obtained after the insertion of
the murA1Hungary19A-spectinomycin resistance cassette construct, which was
created by the introduction of mutation G1090A into the murA1D39-spectino-
mycin resistance cassette construct. Switch mutants of murB, i.e., Hungary::
murA1�murBD39 and D39::murA1�murBHungary19A, were obtained by the
introduction of a construct with murBD39 or murBHungary19A, respectively,
fused to a kanamycin resistance cassette into murA1 switch mutants. The
murA1 and murB sequences of all switch mutants and back transformants
were confirmed as described before (36). For more details about the proce-
dures used, see Materials and Methods in the supplemental material.

Susceptibility testing and PAP. Fosfomycin MICs were determined by
the Etest method (bioMérieux, Geneva, Switzerland) according to the man-
ufacturer’s protocol. Population analysis profiles (PAPs) were prepared as
described earlier (4). Briefly, bacteria were cultured to mid-log phase (optical
density at 600 nm [OD600] of 0.7) and dilutions of 10�2 to 10�4 and 10�6 in
phosphate-buffered saline (pH 7.4) were prepared. A 100-�l volume was

TABLE 1 Frequency of subpopulations with higher fosfomycin and penicillin resistance levels in selected S. pneumoniae strains

Strain MLST type Serotype

Fosfomycin
MIC
(�g/ml)a

Frequency of cells
with higher
fosfomycin
resistanceb

Penicillin MIC
(�g/ml)c

Frequency of cells
with higher
penicillin
resistancec

Reference or
source

Wild types
207.41 179 19F 32 10�4–10�5 0.064 0 48
208.39 276 19F 3.0 10�4–10�5 0.75 10�3–10�5 4
304.80 179 19F 3.0 10�2–10�5 0.75 10�3–10�5 48
106.44 344 nt 8.0 10�5–10�6 1.0 10�4–10�5 49
110.58 344 nt 8.0 10�3–10�5 0.19 10�6 49
Spain9V-3 156 9V 24 10�4 2.0 10�3–10�6 ATCC 700671
Hungary19A-6 268 19A 6.0 0 1.0 10�3–10�5 ATCC 700673
Finland6B-12 270 6B 3.0 10�3–10�6 0.38 10�3 ATCC 700903
Taiwan23F-15 242 23F 12 10�6 1.5 10�3–10�6 ATCC 700906
South Africa19A-7 75 19A 12 10�4–10�6 0.38 0 ATCC 700674
D39 128 2 16 10�5–10�6 0.023 0 50

�murA1 mutants
106.44�murA1 344 nt 1.5 0 0.5 10�5–10�6 This study
Taiwan23F�murA1 242 23F 1.5 0 0.5 10�2–10�5 This study
D39�murA1 128 2 2.0 0 0.016 0 This study
Hungary19A�murA1 268 19A 2.0 0 0.5 10�3–10�5 This study

Switch mutants
D39::murA1Hungary 128 2 16.0 10�5–10�6 0.032 0 This study
Hungary::murA1D39 268 19A 8.0 0 0.5 10�4–10�6 This study
D39::murA1�murBHungary 128 2 16.0 10�5–10�6 0.016 NDd This study
Hungary::murA1�murBD39 ND 19A 8.0 0 0.75 NDd This study

Back transformants
D39::murA1D39 128 2 16.0 10�5–10�6 0.016 0 This study
Hungary::murA1Hungary 268 19A 8.0 0 0.75 10�3–10�5 This study

a MIC determined by Etest.
b Frequency of subpopulations with higher fosfomycin resistance levels as determined by PAP (4).
c Values for wild types as reported by Morand and Mühlemann (4).
d ND, not determined.
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plated on Müller-Hinton broth plates with 5% sheep blood containing fosfo-
mycin (fosfomycin disodium; Chemical Abstracts Service no. 26016-99-9) in
concentrations ranging from 0 to 500 �g/ml. Colonies were counted by eye
after 48 h of incubation at 37°C in 5% CO2.

Gene expression studies. Bacteria were grown overnight in 5%
brain heart infusion broth (BHI)–fetal calf serum (FCS) for 9 h at
37°C, and then 200 �l of the overnight culture was rediluted in 20 ml
of BHI-FCS and grown to an OD600 0.6. A 20-ml volume of RNApro-
tect (Qiagen) was then added, RNA was extracted, and the expression
of murA1 and murA2 was quantified by real-time reverse transcription
(RT)-PCR as described elsewhere (37). For the primers and probes
used, see Table S1 in the supplemental material. Quantification of
murA1 and murA2 expression in wild-type strains was done four times,
and quantification of murA2 expression in �murA1 mutant strains was
measured in triplicate.

Recombinant protein expression. The murA1 sequences of strains
D39 and Hungary19A were cloned into pGEX-6p-1 and expressed in Esch-
erichia coli BL21 cells. Purification of recombinant protein was performed
by glutathione Sepharose 4 Fast Flow chromatography (GE Healthcare,
Stockholm, Sweden) as suggested by the manufacturer. Protein samples
were analyzed by SDS-PAGE and were �95% of the expected protein.
Identities of recombinant proteins were confirmed by mass spectrometric
peptide fingerprinting. For more details, see Materials and Methods in the
supplemental material.

MurA1D39 and MurA1Hungary19A crystallization and data collection
and processing. Crystallization conditions were screened (PACT Suite
and JCSG Suite from Qiagen, Hilden, Germany; JBScreen Classic 1-4
from Jena Bioscience, Jena, Germany; Crystal Screen, Crystal Screen 2,
and Index HT from Hampton Research) by high-throughput tech-
niques with a NanoDrop robot and Innovadyne SD-2 microplates (In-
novadyne Technologies Inc.). Conditions were optimized by a hang-
ing-drop vapor diffusion method, mixing of 1 �l of protein solution
and 1 �l of precipitant solution and equilibration against 500 �l of
reservoir solution.

MurA1D39 protein crystals were obtained in 50 mM CaCl2–100 mM
HEPES (pH 7.5)–24% (wt/vol) polyethylene glycol (PEG) 4000 at a con-
centration of 14 mg/ml. MurA1Hungary19A crystals were obtained in 0.2 M
ammonium acetate– 0.1 M sodium citrate tribasic dihydrate (pH 5.6)–
30% (wt/vol) PEG 4000 at a concentration of 7.5 mg/ml. Crystals of both
proteins were cryoprotected in 20% (vol/vol) glycerol before collection of
diffraction data by the use of synchrotron radiation at beamline PX3 in the
Swiss Light Source (SLS), Zurich, Switzerland. MurA1D39 crystals dif-
fracted up to 2.9 Å resolution and belonged to the P212121 orthorhombic
space group (a � 46.62 Å, b � 81.11 Å, c � 104.88 Å, � � � � 	 � 90°).
One single monomer was found in the asymmetric unit, yielding a Mat-
thews coefficient (38) of 2.18 Å3 Da�1 and a solvent content of 43.5%.
MurA1Hungary19A crystals diffracted up to 1.8 Å resolution and belonged
to the P21212 orthorhombic space group (a � 106.58 Å, b � 70.36 Å, c �
45.24 Å, � � � � 	 � 90°). One single monomer was found in the
asymmetric unit, yielding a Matthews coefficient of 1.86 Å3 Da�1 and a
solvent content of 33.9%. Diffraction data sets were processed with XDS
(39) and SCALA (40, 41).

MurA1D39 and MurA1Hungary19A structural determination and re-
finement. MurA1D39 and MurA1Hungary19A crystal structures were ob-
tained by molecular replacement, which was performed with Phaser (42)
by using MurA from Enterobacter cloacae (31) (Protein Data Bank [PDB]
code 1NAW) as the initial model for the MurA1Hungary19A data set and
then MurA1Hungary19A as the model for MurA1D39. Refinement and
model building of both structures were performed with Phenix (43)
and Coot (44), respectively. The refinement converged to the final values
of Rwork � 0.16 and Rfree � 0.20 for MurA1D39 and Rwork � 0.18 and
Rfree � 0.24 for MurA1Hungary19A (Table 2). Analysis of these models with
MolProbity showed good stereochemistry (45). The quality of the elec-
tron density map allowed the modeling of MurA1D39 from Met1 to
Asp419, although some residues belonging to a flexible loop were not

included in the final model (from Gly114 to Pro120). The modeling of
MurA1Hungary19A involved residues Met1 to Glu418, although two re-
gions were not included in the final models (from Pro113 to Cys116
and from Tyr85 to Lys87). All graphic representations were prepared
with PyMOL.

Nucleotide sequence accession numbers. The atomic coordinates
and structure factors for MurA1D39 and MurA1Hungary19A have been de-
posited in the Protein Data Bank, Research Collaboratory for Structural
Bioinformatics, Rutgers University (http://www.rcsb.org/), under codes
3ZH3 and 3ZH4, respectively. The GenBank accession numbers for
MurA1 of D39 and Hungary19A are YP_816443.1 and YP_001694508.1,
respectively.

RESULTS AND DISCUSSION
Heteroresistance to fosfomycin was exhibited by the majority of
the strains studied. Heteroresistance to penicillin has been de-
scribed in S. pneumoniae and is hypothesized to be due to a
combination of auxiliary genes acting in concert with one or
more pbp genes, the products of which are inhibited by peni-
cillin (4). Here we investigated whether we could observe het-
eroresistance to fosfomycin, an antibiotic acting on an earlier
step of peptidoglycan biosynthesis than penicillin. Fosfomycin
inhibits MurA1 and MurA2; enzymes that catalyze the first step
of peptidoglycan biosynthesis. MurA1 and MurA2 have con-
served major structural features and similar catalytic parame-

TABLE 2 X-ray data collection and refinement statistics for MurA1D39

and MurA1Hungary19A

Parameter

Measurementa

MurA1D39 MurA1Hungary19A

Space group P212121 P21212
a (Å) 46.62 106.58
b (Å) 81.11 70.36
c (Å) 104.88 45.24
� � � � 	 (°) 90 90
Resolution range (Å) 44.0–2.9 45.2–1.8
Beamline PX3 (SLS) PX3 (SLS)
Wavelength (Å) 1 1
No. of reflections

Total 185,839 420,364
Unique 14,373 32,258

Rpim
b 0.114 (0.427) 0.039 (0.351)

Mean I/
 (I) 7.0 (1.9) 16.3 (2.3)
Completeness (%) 100 99.7
Redundancy 6.5 (6.2) 12.7 (13.0)
Refinement

No. of atoms (non-H) 3,132 3,506
Rwork/Rfree

c 0.18/0.24 0.16/0.20

RMSd bond deviations
Length (Å) 0.002 0.007
Angle (°) 0.504 1.07

PDB code 3HZ3 3HZ4
a Values in parentheses are for the highest-resolution shell.
b Rpim � �hkl [1/(N � 1)] 1/2 �i | Ii(hkl) � [I(hkl)]|/�hkl �i Ii(hkl), where Ii(hkl) is the
ith measurement of reflection hkl, [I(hkl)] is the weighted mean of all measurements,
and N is the redundancy of the hkl reflection.
c Rwork/Rfree � �hkl | Fo � Fc |/�hkl | Fo |, where Fc is the calculated and Fo is the
observed structure factor amplitude of reflection hkl for the working/free (5%) set,
respectively.
d RMS, root mean square.
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ters and are both inhibited by fosfomycin with comparable
efficiency (24).

Within the 11 strains we tested, representing Swiss clinical
strains, international reference strains and laboratory strains,
we found that heteroresistance to fosfomycin was the predom-
inant phenotype as all of the strains but one, Hungary19A, were
heteroresistant to fosfomycin (Table 1). Heteroresistance to
penicillin, although the predominant phenotype, was exhibited
by only 8 of the 11 strains. This suggests that different mecha-
nisms cause the heterogeneous expression of resistance to pen-
icillin and fosfomycin.

Fosfomycin is not currently used as a treatment for pneumo-
coccal infections, so the predominance of the heteroresistance
phenotype in the absence of selective pressure was unexpected.
Still, the fosfomycin MICs determined all ranged from 3 to 32
�g/ml (Table 1), which reflects the usual distribution of fosfo-
mycin MICs for pneumococci (http://mic.eucast.org/Eucast2/).
However, growth of heteroresistant strains at up to 300 �g/ml
fosfomycin was observed (Fig. 1), demonstrating the threat that
heteroresistance could pose, although its clinical significance re-
mains controversial (5).

As a differentiating element unique to Hungary19A, we identi-
fied a mutation in murA1. Therefore, we investigated further the
role of MurA1 in heteroresistance.

Deletion of murA1 abolished heteroresistance. The influence
of the fosfomycin target MurA1 on heteroresistance was analyzed
by comparing the PAPs of wild-type and �murA1 mutant strains.
Knockout of murA1 leads to abolishment of the heteroresistance
phenotype (Fig. 1) and a drastic reduction of the fosfomycin MIC

(Table 1) for all of the strains tested, indicating that it does indeed
mediate heteroresistance to this antibiotic. However, heteroresis-
tance to penicillin was conserved in the mutants, supporting the
hypothesis that distinct mechanisms determine heteroresistance
to penicillin and fosfomycin.

Expression of murA1 and murA2 did not differ between
strains. To determine whether heteroresistance to fosfomycin in
the wild-type strains is due to differences in the expression of the
fosfomycin targets MurA1 and MurA2, expression was quantified
by real-time RT-PCR (Fig. 2A and B).

There was no significant difference between strains in the
expression of either murA1 or murA2, indicating that
MurA1/A2 expression levels do not determine heteroresis-
tance. In addition, knocking out murA1 did not result in a
compensatory upregulation of murA2 for any of the strains
tested (Fig. 2C). A limitation of these experiments is that ex-
pression levels were measured in liquid culture in the absence
of antibiotic and therefore may not represent the expression of
MurA within a highly resistant subpopulation in a heteroresis-
tant strain. Experiments conducted with colonies grown in dif-
ferent antibiotic concentrations (not shown) showed ex-
tremely variable MurA1 expression patterns, making the
results difficult to interpret, which is why Fig. 2 represents the
results of liquid culture in the absence of antibiotic.

An Ala364Thr substitution in MurA1 did not influence het-
eroresistance. Sequencing of MurA1 revealed a mutation leading
to an Ala364Thr substitution in strain Hungary19A. To determine
whether this mutation confers a significant conformational
change, we solved the three-dimensional structures of S. pneu-

FIG 1 PAPs of S. pneumoniae wild-type and murA1 knockout strains. An experiment representative of three independent experiments is shown. The
concentration of fosfomycin used to select subpopulations with higher fosfomycin resistance levels is shown against the frequency of bacteria able to grow
at that concentration. Wild-type and murA1 knockout mutant forms of Swiss clinical strain 106.44 (A), international reference strain Taiwan23F (B),
laboratory strain D39 (C), and international reference strain Hungary19A (D) are shown. A horizontal plateau in the curve, such as that shown for strain
106.44 in panel A, indicates heteroresistance, in contrast to a steep drop in the curve indicating no heteroresistance, as shown for strains Hungary19A in
panel D.
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moniae MurA1D39 and MurA1Hungary19A at 2.9 and 1.8 Å resolu-
tions, respectively.

The S. pneumoniae MurA1 enzyme consists of a single chain
of 419 residues forming two globular domains (I and II) linked
by a double-stranded hinge (residues 19 to 20 and 231 to 233)
(Fig. 3). The overall structure of this protein follows the folding
previously described for the E. cloacae MurA enzyme (31). The
closest structural homologue of MurA1D39 is the open confor-
mation of E. cloacae MurA (PDB code 1EJD), whereas for
MurA1Hungary19A it is the closed conformation of Bacillus an-
thracis MurA (PDB code 3SG1) (see Fig. S1 in the supplemental
material). The loop containing catalytic Cys116 (residues 110
to 122) presents some differences compared with that of close
homologues (see Fig. S2). Most of this loop showed strong
flexibility, in agreement with previous works in which this flex-
ibility has been reported (31, 46).

The crystal structure of MurA1D39 presents an open conforma-
tion (Fig. 3A), while MurA1Hungary19A showed a closed conforma-
tion; this is probably due to the unexpected action of the citrate
buffer in the catalytic pocket. Citrate buffer was found attached to
the active site occupying the position of PEP and fosfomycin (Fig.
3B). The difference between the open and closed conformations is
an angle of about 20° between their domains.

The only difference between MurA1D39 and MurA1Hungary19A

concerns the Ala364Thr substitution. This mutation is located 25 Å

away from the active site in domain I (Fig. 3). Structural inspec-
tion of this region reveals no significant changes in the main chain
(root mean square deviation of 0.546 Å for the C� atoms of do-
main I) or in the amino acid interaction networks that could prop-
agate to the active site affecting catalytic activity (Fig. 3C). This
structural similarity between MurA1D39 and MurA1Hungary19A

suggests that the Ala364Thr substitution is not involved in the het-
eroresistance phenomenon. Notwithstanding the absence of sig-
nificant conformation alteration by the mutation, the influence of
the amino acid substitution on a differential dynamic contribu-
tion between the two proteins cannot be discounted, as has been
described previously for a variant of the TEM-1 �-lactamase of E.
coli (47).

The findings of the structural analysis are confirmed by the
assessment of murA1 switch mutants in PAPs. Compared to the
wild-type strains (Fig. 4A), transfer of murA1Hungary19A did not
lead to abolishment of the heteroresistance phenotype in D39,
clearly distinguishable by the plateau in the PAP curve represent-
ing the growth of colonies over a fosfomycin concentration range
of 12.5 to 75 �g/ml, nor did heteroresistance appear upon the
insertion of murA1D39 into the Hungary19A background (Fig. 4B).
The spectinomycin resistance cassette used for the selection of the
mutants created did not influence the heteroresistance phenotype,
as demonstrated by the comparison of back transformants with
the wild-type strains (Fig. 4C).

FIG 2 Relative levels of murA1 (A) and murA2 (B) expression in S. pneumoniae wild-type strains. (C) Comparison of murA2 expression levels in wild-type (gray
bars) and murA1 knockout (hatched bars) strains. Expression is displayed as a value relative to that of the isolate with the lowest expression level after
normalization to 16S RNA gene expression. Values are means of three independent experiments. The standard error of the mean is shown. No significant
differences were detected by analysis of variance.
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A previous study reported that the product of the MurB
enzyme UDP-MurNAc of E. cloacae binds tightly to MurA,
creating a dormant complex. Therefore, UDP-MurNAc could
act as a negative feedback regulator of MurA when it is present
in excess (30). Because the murB sequences of Hungary19A and
D39 differ, we tested whether murB switch mutants of strains
D39 (GenBank accession no. ABJ54032.1) and Hungary19A

(ACA35854.1) exhibited any altered behavior in fosfomycin
PAPs. This was not the case, as mutants carrying murA1 and
murB from the strain with the opposite fosfomycin heterore-
sistance phenotype behaved as is characteristic of their respec-
tive backgrounds (Fig. 4D).

Our results indicate that MurA1 is required for heteroresis-
tance to fosfomycin, but there is another factor within the ge-
nome that determines the heteroresistance phenotype. This
conclusion is consistent with the findings of studies investigat-
ing the mechanism of heteroresistance to methicillin in staph-
ylococci which identified a gene crucial to the heteroresistance
phenotype but also proposed a role for an unknown factor X
(13, 14) or chr* (15).

Here we have shown that heteroresistance to fosfomycin is
the predominant phenotype of S. pneumoniae. We found that
heteroresistance to fosfomycin can occur in the absence of het-
eroresistance to penicillin and vice versa, suggesting that differ-
ent mechanisms cause heteroresistance to different antimicro-
bial agents.

Appreciation of the existence of heteroresistance of S. pneu-
moniae to antibiotics and understanding of the mechanisms by
which it arises are important, as the phenomenon might rep-
resent a mechanism of bacterial survival of therapeutic concen-
trations of a given antibiotic resulting in clinical treatment
failure. The predominance of heteroresistance to fosfomycin

FIG 3 Crystal structure of pneumococcal MurA1. (A) Overall structure of S.
pneumoniae MurA1D39 in an open conformation. Ala364 is represented as
capped sticks and colored red. (B) Overall structure of S. pneumoniae
MurA1Hungary19A in a closed conformation, showing a citrate and a PEG mol-
ecule in the catalytic pocket (black-capped sticks). Thr364 is represented as
capped sticks and colored red. (C) Stereo view of the superposition of domain
I of MurA1D39 (orange) and MurA1Hungary19A (blue). The Ala364Thr mutation
is represented in sticks and highlighted (star). Side chains of residues around
position 364 are drawn as lines to show that there are no relevant modifications
upon mutation. Dom., domain.

FIG 4 PAPs of D39 and Hungary19A wild-type strains, murA1 switch mutants, murA1 and murB switch mutants, and back transformants. Representative values
of triplicate experiments are shown. (A) D39 compared to Hungary19A wild-type strain. (B) D39 switch mutant containing murA1 of Hungary19A and vice versa.
(C) Back transformants containing the spectinomycin resistance cassette of the murA1 switch mutants. (D) Mutants containing switched murA1 and murB genes.
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described here may influence decisions on the use of this anti-
biotic against pneumococcal infections in the future.
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