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Single strains of Proteus mirabilis, Escherichia coli, and Staphylococcus
aureus were grown on filter membranes placed on agar containing concentration
series of mecillinam (FL 1060), 6-aminopenicillanic acid (6-APA), or ampicillin.
P. mirabilis and E. coli were also exposed to combinations of mecillinam or 6-
APA with ampicillin. Colony-forming units were counted, and cells were exam-
ined by interference phase-contrast and transmission electron microscopy. Me-
cillinam and 6-APA were very effective in reducing the viability of the two
gram-negative species, but they were less effective against S. aureus. Combina-
tions of mecillinam and 6-APA with ampicillin acted synergistically against the
gram-negative bacilli. When the antibiotics were presented consecutively, their
effects on viability were usually no greater than the effects of the individual
antibiotics acting alone. When P. mirabilis and E. coli were exposed to mecilli-
nam alone or in combination with ampicillin, the cells became rounded. 6-APA
alone or in combination with ampicillin produced elongated polymorphic cells in
these species. The most unusual morphological effects were ultrastructural.
Mecillinam and, to a lesser extent, 6-APA produced inward growth of numerous
pairs of trilamellar membranous structures within the cells. It is possible that
these membranes represent the growth initiation of aberrant cross walls. Both

mecillinam and 6-APA produced multiple, thick cross walls in S. aureus.

Mecillinam (FL 1060), a B-amidinopenicil-
lanic acid derivative, differs from the other
known penicillanic acid derivatives in its anti-
bacterial spectrum (1, 7, 19, 23) and in its mode
of action (16). Mecillinam is very active against
Escherichia coli and other gram-negative rods,
and it acts synergistically with ampicillin (1, 7,
23). Whereas subinhibitory concentrations of
most penicillins turn E. coli and other gram-
negative bacilli into filaments (2-4, 14), mecilli-
nam produces ovoidal forms and no filaments
(6, 17, 21). Subinhibitory concentrations of 6-
aminopenicillanic acid (6-APA) also produce
ovoidal forms in E. coli and Proteus mirabilis
(14, 21), and 6-APA acts synergistically with
ampicillin (L.D. Sabath, personal communica-
tion).

The present paper reports the effects of mecil-
linam and 6-APA on the morphology and via-
bility of E. coli, P. mirabilis, and Staphylococ-
cus aureus. Combinations of mecillinam or 6-
APA with ampicillin were also tested on P.
mirabilis and E. coli.

MATERIALS AND METHODS

Strain 209P (FDA) of S. aureus, strain K-12 of E.
coli, and a strain of P. mirabilis isolated from urine

(9) were grown for 24 h in Trypticase soy broth
(BBL) at 37°C. The minimum inhibitory concentra-
tions (MIC) of 6-APA, mecillinam, and ampicillin
were determined for each strain by using a twofold
agar dilution method (22).

Trypticase soy agar plates (BBL) containing con-
centration series of single drugs were prepared. For
each organism, the drug concentration ranged, in a
series of twofold dilutions, from 4x the MIC to 1/128
of the MIC. Mecillinam and 6-APA were also tested
in combination with ampicillin for their effects on P.
mirabilis and E. coli. Filter membranes (no.
PHWP047S0, Millipore Corp., Bedford, Mass.) were
placed on Trypticase soy agar, prewarmed for 1 h at
37°C, and inoculated with 0.1 ml of a 1:10 Trypticase
soy broth dilution of a 24-h broth culture of one of
the organisms. The inoculated membranes were in-
cubated on drug-free agar at 37°C for 90 min. They
were then transferred to agar containing the anti-
biotics and incubated at 37°C for another 6 h. Some
membranes, after exposure to mecillinam, were
transferred back onto drug-free agar and incubated
at 37°C for an additional 4 h. Inoculated control
membranes were transferred from drug-free agar to
drug-free agar at the same time that the test mem-
branes were transferred from drug-free agar to agar
containing antibiotic.

In an effort to examine the nature of the synergis-
tic effect, each component of the combination treat-
ment was presented consecutively. P. mirabilis and
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E. coli were exposed to ampicillin for 1 h and then to
6-APA or mecillinam for 5 h. The reverse sequences
were also carried out; that is, both species were
exposed to 6-APA or mecillinam for 1 h and then to
ampicillin for 5 h.

To select the samples appropriate for ultrastruc-
tural examination, the organisms on each mem-
brane were inspected by interference phase-contrast
microscopy, and the number of colony-forming units
(CFU) per membrane was counted. One concentra-
tion of mecillinam and one concentration of 6-APA
that produced representative morphological changes
in P. mirabilis were selected and one concentration
of mecillinam that produced morphological changes
in S. aureus was selected; the organisms grown on
these membranes were examined by electron mi-
croscopy. The bacterial cells were fixed for 1 h in 5%
glutaraldehyde in 0.067 M phosphate buffer, pH 7.4.
They were centrifuged, rinsed in buffer, and fixed
for 30 min in 1% osmic acid in chromate buffer, pH
7.4. The bacteria were then treated with 0.5% ura-
nyl and lead salts. Details of the CFU counting and
the electron microscopy fixation procedures were
described previously (11).

RESULTS

The viability curves for P. mirabilis and E.
coli treated with decreasing concentrations of
mecillinam, 6-APA, ampicillin, and combina-
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tions of mecillinam and 6-APA with ampicillin
are shown in Fig. 1. S. aureus viability in the
presence of mecillinam and 6-APA is shown in
Fig. 2. There were large quantitative differ-
ences between the drug concentrations and the
magnitude of the viability responses of E. coli
and P. mirabilis.

When P. mirabilis was grown on Trypticase
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Fic. 2. Effect of mecillinam and 6-APA on the

viability of S. aureus. The MICs were: mecillinam,
100 pg/ml; 6-APA, 25 ug/ml.
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Fic. 1. Effect of mecillinam, 6-APA, and their combinations with ampicillin on the viability of P.
mirabilis (A and D) and E. coli (B and C). The MICs were: P. mirabilis to ampicillin, 3 ug/ml; 6-APA, 100
pg8Iml; mecillinam, 800 ug/ml; E. coli to ampicillin, 12 ug/ml; 6-APA, 100 ug/ml; mecillinam, 0.5 ug/ml.
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soy agar containing 1/8 of the MIC of mecilli-
nam, the CFU per membrane were 1.7 x 107,
CFU per membrane for the control were 10".
Interference phase-contrast microscopy showed
that this treatment turned P. mirabilis into
round cells 7 to 12 wm in diameter (Fig. 3). The
reversibility of this response was indicated
when P. mirabilis exposed to 1/8 of the MIC of
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mecillinam for 6 h was transferred to drug-free
agar, incubated for 4 h at 37°C. The number of
CFU increased to 108, and the organisms re-
turned to rodlike forms. ’

P. mirabilis grown on Trypticase soy agar
containing 1/4 of the MIC of 6-APA for 6 h had a
CFU count of 1.6 x 10% the control had a CFU
count of 10'°, Although some organisms resem-

Fic. 3. (Top) P. mirabilis grown on drug-free agar. (Bottom) Agar containing 1/8 of the MIC (100 ug/ml)
of mecillinam produced round and ovoid cells. Interference phase contrast ( x1,200).
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: ¥ - _
‘Fi16. 5. P. mirabilis grown on agar containing 1/4 of the MIC (0.75 pgiml) of ampicillin produced
filaments. Interference phase contrast ( x1,175).
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bled the round cells produced by mecillinam,
most 6-APA-treated bacilli became elongated
polymorphic cells 8 to 15 um long and 2 to 5 um
wide (Fig. 4).

Ampicillin treatment (1/4 of the MIC) of P.
mirabilis reduced CFU per membrane to 1.5 x
10°. Figure 5 shows the filaments produced by
this treatment. The morphology of P. mirabilis
exposed to ampicillin in combination with me-
cillinam or 6-APA resembled round cells or
elongated polymorphic cells, respectively.

The morphological responses of . coli to all
three antibiotics and to the ampicillin combina-
tions with mecillinam and 6-APA were very
similar to the responses of P. mirabilis dis-
cussed above.

The S. aureus grown on Trypticase soy agar
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containing 1/4 of the MIC of mecillinam or 6-
APA produced 2 x 107 or 1.4 x 107 CFU/mem-
brane, respectively. Compared with a CFU
count of 6 x 108 for the control, this indicated a
weak antibacterial effect. Both drugs produced
cells with irregular forms (Fig. 6).

The synergistic effect of combining mecilli-
nam with ampicillin was striking for P. mirabi-
lis. Viability was reduced to 1 log below control
levels when 1/2,048 of the mecillinam MIC was
combined with 1/128 of the ampicillin MIC.
These concentrations were also the lowest that
produced morphological changes (Table 1). The
synergistic effect was also seen with E. coli
(Table 1, Fig. 1).

Consecutive exposure of P. mirabilis or E.
coli to ampicillin/6-APA or ampicillin/mecilli-

Fic. 6. S. aureus grown on agar containing 1/4 of the MIC (25 pg/ml) of mecillinam produces cells with
irregular forms, Inset is control grown on drug-free agar. Interference phase contrast (x1,200).

TABLE 1. Lowest concentration of drug to produce a change in morphology

Ampicillin (am) plus  Ampicillin (am) plus

Mecillinam 6-APA Ampicillin mecillinam (mec) 6-APA (ap)
Species -
ng/ Fraction pug/ Fraction pug/ Fraction Fraction Fraction
ml  ofMIC ml ofMIC ml ofMic ME™ Toemic  HEML e
P. mirabilis 0.80 1/1,024 6.2 1/16 0.38 1/8 0.022 am 1/128 0.38 am 1/8
0.400 mec  1/2,048  25.00 ap 1/4
E. coli 0.05 1/8 12.5 1/8 1.50 1/8 0.75 am 1/16 0.75 am 1/16
0.05 mec 1/8 12.50 ap 1/8
S. aureus 6.20 1/16 0.75 1/16
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some membranous structures (x8,100). Bar, 1 um.

nam did not produce a synergistic decrease in
viability. Table 2 shows that the viability ef-
fects were, in every case except one, equal to or
less than the viability reductions produced by
the drugs separately. The one exception, 1-h
exposure to mecillinam and 5-h exposure to
ampicillin, produced the same response as the
response seen after exposure to the mecillinam/
ampicillin combination, that is, a 5-log reduc-
tion compared to the control.

Electron microscopy of P. mirabilis exposed
to mecillinam at a concentration of 1/8 of the
MIC showed round cells with cell walls that
appeared as a dense layer of 10 to 15 nm. Most
of the cells contained paired trilamellar mem-
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Fi1c. 7. P. mirabilis grown on agar containing 1/8 of the MIC (100 ug/ml) of mecillinam. Most cells contain

branes, some of which appeared to be membra-
nous intrusions of the peripheral cytoplasmic
membrane (Fig. 7 and 8). Many of the mem-
branes were surrounded by clusters of ribo-
somes in greater density than in the rest of the
cell (Fig. 9). Electron microscopy of P. mirabilis
exposed to 6-APA showed elongated cells of
various irregular shapes. The cell wall was of
normal appearance; some cells contained mem-
branous structures (Fig. 10 and 11).

Electron microscopy of the filaments induced
in P. mirabilis by ampicillin showed a normal
cell wall and some decrease in density of the
ribosomes compared with the control. The effect
has been described previously (15).
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TABLE 2. Effect of consecutive exposure of P. mirabilis and E. coli to mecillinam or 6-APA and ampicillin

Exposure
Species 1h 5h CFU/membrane
Antibiotic pg/ml Antibiotic pug/ml
P. mirabilis
Inoculum, 1.7 x 107 per Mecillinam 6.2 Ampicillin 0.38 2.8 x 10°¢
membrane
Control at 1.5 h, 3.2 x 107 6-APA 25 Ampicillin 0.38 3.9 x 10°
per membrane
Controlat7.5h (1.5 + 6), 1.6 Ampicillin 0.38 Mecillinam 6.2 5.5 x 108
X 10" per membrane
Ampicillin 0.38 6-APA 25 6 x 10°
E. coli
Inoculum, 7.0 x 10° per Mecillinam 0.1 Ampicillin 1.5 2.7 x 108
membrane
Control at 1.5 h, 2.5 x 107 6-APA 25 Ampicillin 1.5 1.8 x 10°
per membrane
Controlat 7.5h (1.5 + 6), 4.5 Ampicillin 1.5 Mecillinam 0.1 7.5 x 108
x 10" per membrane
Ampicillin 1.5 6-APA 25 4.2 x 10°

2 Round cells with irregular surfaces.
® Round cells with smooth surfaces.

a ‘ EO S R, : X
Fi1c. 8. P. mirabilis grown on agar containing 1/8 of the MIC (100 ug/ml) of mecillinam. (a) Membranes
are surrounded by a dense zone of ribosomes. Some opaque material as well as some vacuoles are present
(x14,880). (b) A pair of intruding membranes, which appear to be a continuation of the peripheral
cytoplasmic membrane, are surrounded by a dense zone of ribosomes (x55,800). Bar, 1 um.
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F1c. 9. P. mirabilis grown on agar containing 1/8 of the MIC (100 ug/ml) of mecillinam. A pair of
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membranes surrounded by ribosomes traverses the cell in a septum-like manner (x77,400). Inset is control

grown on drug-free agar. Bar, 1 um.

On electron microscopy, S. aureus exposed to
mecillinam or 6-APA had changed into large
cells of 1.5 to 3.5 um in diameter. These cells
were crisscrossed by thick cross walls 0.1 to 0.4
um wide (Fig. 12).

DISCUSSION

The synergism of mecillinam with g-lactam
antibiotics against Enterobacteriaceae has been

well documented (1, 7, 23). The results of the
present study show that for the strain of P.
mirabilis investigated, the lowest active syner-
gistic combination of mecillinam and ampicillin
(as a fraction of the MIC) involves lower con-
centrations of mecillinam than have been re-
ported previously. In fact, the lowest mecilli-
nam concentration that, in combination with
ampicillin, produced an effect on the structure
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some of which contain membranous structures. Inset is control grown on drug-free agar. (x7,515) Bar,1 um.
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Fic. 11. P. mirabilis grown on agar containing 1/8 of the MIC (12.5 ug/ml) of 6-APA. (a) One oval cell and
other polymorphic cells. Two cells contain some membranous structure ( x13,920). (b) A normal cell wall and
a membranous structure (x52,200). Bar, 1 um.

and growth rate of P. mirabilis was the small-
est fraction of the MIC of any drug ever investi-
gated in this laboratory (10, 11, 13, 14).

The consecutive exposure of P. mirabilis and
E. coli to the synergistically effective drugs
had, with one exception, the same or less effect
on viability that each drug acting separately
had. This indicates that the simultaneous ac-
tion of both drugs is necessary to produce the
synergistic effect.

The effects of B-lactam antibiotics on the
morphology of E. coli appear to be related to the
affinity of these drugs for three different pro-
teins (20). The morphological changes induced
by mecillinam, 6-APA, and ampicillin in the P.
mirabilis strain used in the present study sug-
gest that a similar mechanism may also be
present in this species.

It has been shown that the exposure of S.
aureus to subinhibitory concentrations of peni-
cillin or oxacillin leads to the formation of large
cells containing many thick cross walls (11, 12).
In this study, subinhibitory concentrations of
mecillinam and 6-APA had the same effect.
Because the structural effects of mecillinam
and 6-APA are the same as those of penicillin,
the mode of action on S. aureus may also be
similar to that of penicillin.

Polymyxin is known to produce alterations of
the cytoplasmic membrane in gram-negative
bacteria (5). In this study, the most unusual
structural alterations produced by mecillinam
and, to some extent, by 6-APA were the pairs of
trilamellar membranes inside the cells. Many
of these membranes appeared to grow inward
as an intrusion from the periphery of the cyto-
plasmic membrane. One might suggest that
these membranes are deteriorating structures
inside a dying organism. However, the quan-
tity of membrane in some cells was greater
than can be accounted for by the sloughing off
of cytoplasmic membrane alone. Furthermore,
the regional clustering of ribosomes in the vi-
cinity of the membranes suggested a recent or
ongoing transfer of proteins into functional
membranes (8, 18). Finally, the 1-log increase
in CFU after 4 h of growth on drug-free agar
showed that these organisms are not dying
cells. It is possible that these paired mem-
branes represent the growth initiation of aber-
rant cross walls. No other B-lactam antibiotic
has shown this effect.
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F1c. 12. S. aureus grown on agar containing 1/4 of the MIC (200 ug/ml) of mecillinam produced large cells
containing multiple, wide cross walls (x21,160). Inset is control grown on drug-free agar. Bar, 1 um.
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