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Pal and Cpl-1, two purified bacteriophage lytic enzymes, were tested for their in vitro activity, alone and in
combination, against several serotypes of Streptococcus pneumoniae, including penicillin-resistant strains. The
enzymes demonstrated synergism in their ability to cleave the bacterial peptidoglycan and thus may be more
efficient for the prevention and elimination of pneumococcal colonization.

Streptococcus pneumoniae colonizes the nasopharynx in
many adults and in even more children (50% or more), where
it is believed to have its reservoir (7). Elimination or reduction
of those colonizing organisms could have a major impact on
the occurrence of local and systemic pneumococcal disease.
New conjugate vaccines for children are being tested exten-
sively and reveal a number of unsolved problems, such as the
choice of included serotypes and serotype replacement in col-
onized children (6). The use of a substance that can specifically
eliminate all serotypes of S. pneumoniae from the nasopharynx
is likely to reduce the bacterial load in the community and
enhance herd immunity in combination with a vaccine (1).

We recently proposed a first substance that is able to ac-
complish this task: Pal, an enzyme from a pneumococcal bac-
teriophage that can specifically digest any pneumococcal cell
wall within seconds, resulting in rapid death of the organism
(4). Several such enzymes are known for pneumococcal bacte-
riophage and are classified into two groups, namely, amidases,
which cleave the peptidoglycan between N-acetylmuramic acid
and L-alanine, and lysozymes, which cleave the glycosidic bond
between N-acetylmuramic acid and N-acetylglucosamine (3).
Cleavage with either of these enzymes results in a weakening in
the cell wall, which leads to the externalization of the cytoplas-
mic membrane and ultimate lysis. We describe here the killing
efficacy of a combination of Pal, an amidase with a molecular
mass of 34 kDa, and Cpl-1, a phage lysozyme with a molecular
mass of 39 kDa, in vitro. Both enzymes have very different
N-terminal catalytic sites and share a similar C-terminal cell
wall attachment site, which binds to choline in both cases. We
set out to test whether the simultaneous use of both enzymes
is competitive and therefore antagonistic or simply additive, or
whether it may actually enhance the destruction of the cell wall
and hence show synergistic lytic action.

Escherichia coli DH5a(pMSP11) expressing Pal and dou-
ble-stranded DNA from the pneumococcal phage Cp-1
were obtained from R. Lopez (9). Cpl-1-expressing E. coli
DHS5a(pJML6) was constructed as follows. The Cpl-1 gene
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was amplified from Cp-1 total phage DNA with a primer
pair designed according to the published GenBank sequence
number Z47794, flanked by Xbal and HindIlI restriction
sites, transcriptional start and stop codons, and a ribosomal
binding site. To use the same powerful expression system as
that used for Pal, which is based on the construct pIN-IITA
and contains a double promoter, we digested the plasmid
pMSP11 with Xbal and HindIII, which removes the entire
inserted Pal gene (5, 9). The PCR product was subcloned to
pMSP11 by using the Xbal and HindIII recognition sites to
produce the pJML6 construct. E. coli DH5a(pMSP11) and
DHS5a(pJML6) were grown in Luria-Bertani broth and in-
duced with lactose overnight. Harvest and purification of the
enzymes are described elsewhere (4). Both enzymes were
stored and assayed in enzyme buffer (50 mM phosphate
buffer [pH 7.0] containing 1 mM dithiothreitol and 1 mM
EDTA). Activity was measured by exposing S. pneumoniae
strain DCC 1490 (serogroup 14), grown to log phase and
resuspended in sterile saline, to equal volumes of serial
twofold dilutions of the enzymes for 15 min in a microtiter
plate. The reciprocal of the highest dilution that decreased
the optical density by half (from a starting point of 0.5) was
defined as the activity in units per milliliter. The specific
activity of a freshly produced and purified batch for both
enzymes is approximately 1 U/pg.

First we performed time-kill experiments with very short
exposures, since the killing of both enzymes can be observed
within seconds and a typical application in the nasopharynx
would be unique and short. All pneumococcal strains were
obtained from A. Tomasz (8). Mid-log-phase cultures of S.
pneumoniae strains DCC 1355, DCC 1490, DCC 1494, DCC
1335, and DCC 1420 (serotypes 19, 14, 14, 9V, and 23F, re-
spectively, of which the latter three are highly penicillin resis-
tant) were pelleted and resuspended to an absorbance at 600
nm of 1.0 (approximately 10° CFU/ml). One hundred fifty
microliters of Pal or Cpl-1 at a final concentration of 1 U/ml,
or a mixture of both at a concentration of 0.5 U/ml (each), was
added to 150 pl of the bacterial solution. Colony counts were
performed after 30 s and 10 min and compared to a control
exposed to enzyme buffer only, by serially diluting a 10-pl
aliquot in saline and plating it on 5% Columbia blood agar,
with a detection limit of 10* CFU/ml.
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FIG. 1. Killing of five strains of S. pneumoniae with 1-U/ml con-
centrations of Pal, Cpl-1, or a combination of both in 30 s. The com-
bination of the two enzymes shows more than additive killing on a
logarithmic scale. Open bar, DCC 1335; hatched bar, DCC 1355;
stippled bar, DCC 1420 filled bar, DCC 1494; and cross-hatched bar,
DCC 1490.

In 30 s, 1 U of Pal per ml reduced the bacterial titer of the
four strains by a median of 1.34 log,, CFU/ml (range, 0.38 to
1.81 log,, CFU/ml), while Cpl-1 at 1 U/ml reduced the titers by
0.83 log,, CFU/ml (range, 0.52 to 1.31 log;, CFU/ml). The
combination of both enzymes reduced the titers by 2.40 log,,
CFU/ml (range, 0.98 to 3.34 log,, CFU/ml) (Fig. 1). After 10
min, the medians and ranges of reduction in log,, CFU/ml
were 1.99 (0.73 to 2.54), 1.44 (1.32 to 2.65), and 3.15 (2.50 to
5.28) for Pal, Cpl-1, and the combination, respectively. In other
words, mixing 0.5 U of each enzyme/ml increased killing effi-
cacy by a median log,;, CFU/ml of 1.07 (at 30 s) to 1.31 (at 10
min) relative to Pal alone and by log,, 1.58 to 1.72 (30 s and 10
min) relative to Cpl-1 alone. By one-way analysis of variance
and the Bonferroni posttest for the comparison of the three
treatment groups, the killing efficacy of the combination of
enzymes was always significantly higher than that of both single
enzymes (P < 0.05) at both time points, except for that of
strain DCC 1494 at 30 s.

Next we performed time-kill studies with longer exposure
(up to 19 h), using only strains DCC 1355 and DCC 1494.
Bacteria were grown to mid-log phase in cation-adjusted Muel-
ler-Hinton broth with 2.5% lysed horse blood and resuspended
in fresh medium at a titer of 1 X 107 CFU/ml. Pal, Cpl-1, or a
combination of both were added at 0.25 times the MIC (Pal
and Cpl-1 at 12.5 U/ml for strain DCC 1355 and 12.5 U of
Pal/ml and 6.25 U of Cpl-1/ml for strain DCC 1494). Samples
were taken at 0, 4, §, and 19 h, serially diluted, and plated on
Columbia blood agar for titer determination, with a detection
limit of 100 CFU/ml. The usual definition was used for the
determination of synergy, namely, a titer reduction by the
combination of =2 log;, CFU/ml more than that by the single
most active agent. Figure 2 illustrates the results, which show
synergy for both strains.

We then applied the well-described checkerboard broth mi-
crodilution method, which allows for the concurrent determi-
nation of the MIC of each agent tested (2). Testing was per-
formed repeatedly with all five strains described above in
cation-adjusted Mueller-Hinton broth supplemented with 5%
lysed horse blood, with a final inoculum of 5 X 10* CFU per
well. Both enzymes were assayed at concentrations between
200 and 3.125 U/ml. Plates were incubated at 37°C for 18 h in
ambient air and examined visually for growth by using a re-
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FIG. 2. Time-kill curves for S. pneumoniae strains DCC 1355
(A) and DCC 1494 (B) with Pal (filled circles), Cpl-1 (open circles),
and a combination of both (asterisks) at 0.25 times the MIC of each
(12.5-U/ml concentrations of Pal and Cpl-1 for DCC 1355 and 12.5 U
of Pal/ml and 6.25 U of Cpl-1/ml for DCC 1494).

flective viewer. The fractional inhibitory concentration index
(XFIC) was calculated. A XFIC of =0.5 was interpreted as
synergy. The MICs were 50 to 200 U/ml for Pal and 25 to 50
U/ml for Cpl-1 in all tested strains. Transcription of the en-
zyme concentrations along the inhibitory line on the microtiter
plate into an isobologram revealed curves with a shape char-
acteristic of synergy. The results for strains DCC 1490 and
DCC 1355 are shown in Fig. 3. The SFIC for all strains was
=0.5.

The combination of the two lytic bacteriophage enzymes Pal
and Cpl-1 appears to have synergistic activity on several S.
pneumoniae strains, including those that are penicillin resis-
tant, in vitro. This positive interaction could be due to either
the increased access of these enzymes to the respective cleav-
age sites or the enhanced destructive effect of a two-dimen-
sional digestion in the three-dimensional peptidoglycan. Al-
though they are effective in mice, the in vivo efficacy and
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FIG. 3. Isobologram of the checkerboard synergy testing method,
showing results for S. pneumoniae strains DCC 1490 and DCC 1355.
For each well along the inhibitory line, enzyme concentrations (frac-
tions of the enzymes’” MICs) were entered in an x/y plot. Error bars
show standard errors of means. The two dashed lines illustrate theo-
retical curves.
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absence of toxicity of this novel class of antimicrobials remains
to be shown in mice.
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