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Action of Penicillin on Borrelia hermsii
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Borrelia hermsii, a spirochete and an etiological agent of relapsing fever, was
cultivated in modified Kelly medium. Studies of the action of penicillin on B.
hermsii strain HS1 revealed the following: (i) the in vitro minimum inhibitory
concentration and minimum bactericidal concentration of benzylpencillin for this
strain were 0.4 and 3.1 nmol/ml (0.15 and 1.1 pLg/ml), respectively; (ii) the primary
morphological responses at the minimum bactericidal concentration of benzylpen-
icillin were the formation of spheroplast-like structures and an increased number
of small, membranous blebs; (iii) radioactive benzylpenicillin bound to five
penicillin-binding proteins in the whole cells of B. hermsii. The 50% binding
concentrations of labeled penicillin for the five penicillin-binding proteins were
within a factor of five of the minimum inhibitory concentration. More than one-
half of the total bound labeled penicillin was associated with penicillin-binding
protein 1, the penicillin-binding protein with the largest apparent molecular weight
(90,000).

Pathogenic borreliae, the etiological agents of
relapsing fever, are susceptible to penicillin in
vivo. This has been observed during treatment
of infections of both humans and laboratory
animals (3, 9, 22, 24). Borrelia species thus
resemble other spirochetes, including Trepone-
ma pallidum, in their susceptibility to penicillin
(1, 2, 5, 10). However, little is known about the
mechanisms of action of penicillin on spiro-
chetes. This lack of knowledge has been due, in
part, to past difficulties in the cultivation of
many of these organisms. The ability to grow
pathogenic strains of Borrelia in vitro permits
examination of the effects of penicillin on this
representative of spirochetes. We have specifi-
cally studied Borrelia hermsii, a cause of relaps-
ing fever in North America. We have established
in vitro inhibitory and bactericidal concentra-
tions of penicillin for this Borrelia strain, demon-
strated the morphological effect of penicillin at
its minimum bactericidal concentration, and
identified the penicillin-binding proteins (PBPs)
in cells of this species.

MATERIALS AND METHODS

Conditions of growth. The origin of the strain of B.
hermsii used in these studies has been described (26,
27). It was designated strain HS1. The organisms were
kept at -70°C in media containing 10% glycerol. They
were passaged once in mice before in vitro cultivation.
Glass tubes (Pyrex no. 9826) were filled with Kelly
medium (18) containing 5% (vol/vol) CMRL medium
1066 (GIBCO Laboratories, Grand Island, N.Y., no.
330-1540) and 0.2% Yeastolate (Difco Laboratories,
Detroit, Mich.) (H. G. Stoenner, submitted for publi-

cation). After inoculation, the tubes were tightly
capped and incubated at 35°C. Under these conditions
and from an initital inoculum of 105 organisms per ml,
this strain achieved a density of 107 organisms per ml
after 48 h. Spirochetes were enumerated by dark-field
microscopy (26).

Antibiotics. The ethylpiperidium salt of [3H]benzyl-
penicillin ([3H]penicillin), with a specific activity of 31
Ci/mmol, was the generous gift of E. Stapley and P.
Cassidy, Merck & Co., Inc., Rahway, N.J. The potas-
sium salt of benzylpenicillin was obtained from Eli
Lilly & Co., Indianapolis, Ind. One nanomole of
benzylpenicillin is equal to 0.37 ±g.

Antibiotic susceptibility. Tubes of media containing
twofold dilutions of benzylpenicillin were inoculated
with exponentially growing cells to a final cell density
of 105 per ml. After incubation for 48 h, motile
spirochetes in the tubes were counted by dark-field
microscopy. The minimum inhibitory concentration
was the lowest concentration at which no growth
occurred, i.e., at which the spirochete count was 105
per ml or less. To estimate the bactericidal concentra-
tion of benzylpenicillin, we inoculated three 18-day-
old Swiss mice of the Rocky Mountain Laboratories
stock intraperitoneally with 0.1 ml of the antibiotic-
treated cultures at the time of enumeration of the
spirochetes. Preliminary studies showed that as few as
one to two organisms of B. hermsii inoculated intra-
peritoneally resulted in spirochetemia in this strain of
mice. The mice were bled from the tail vein on days 2,
4, 6, and 8 after inoculation. The blood was examined
by dark-field microscopy for the presence of motile
spirochetes. Twenty or more 125 x fields were exam-
ined in search of organisms. Mice inoculated with ten
or fewer borreliae and followed in this way had
detectable spirochetemia by day 4 to 5. The minimum
bactericidal concentration was the lowest concentra-
tion which prevented spirochetemia in all three mice.
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TABLE 1. Inhibitory and bactericidal
concentrations of benzylpenicillin for B. hermsii

strain HS1 in modified Kelly medium

Benzylpenicillin .No. of motile Spirochetemia in

Bencnzyleniclmln spirochetes per ml mice injected withconcn (nmol/ml) after 48 h 48-h culture

0 107 +

0.1 107 +
0.2 106 +
0.4 105 +
0.8 <104 +
1.6 <104 +
3.1 <104 _

Electron microscopy. Cultures in log-phase growth
containing 106 cells per ml were treated with benzyl-
penicillin. A control culture contained no antibiotic.
After 10 h of incubation, 8 ml of each culture was

centrifuged at 8,000 x g for 20 min at 4°C. The pellets
were immediately fixed for 30 min in 50 mM Na
cacodylate buffer (pH 7.4) containing 2 mM CaC12,
4% paraformaldehyde, 2% gluteraldehyde, and 0.02%
trinitrocresole, without previous resuspension. After
this primary fixation, the samples were rinsed in the
cacodylate buffer and postfixed for 30 min in the same
buffer containing 2% osmium tetroxide. The fixed
samples were dehydrated in a series of graded concen-
trations of ethanol and embedded in Spurrs embedding
medium. Thin sections were stained with uranyl ace-
tate and examined in a Hitachi HU-11 electron micro-
scope.
Binding of labeled pencillin to isolated membranes

and to whole cells. B. hermsii grown under the condi-
tions described above were harvested at a cell density
of 1 x 107 to 2 X107 cells per ml. After 200 ml of
pooled culture medium was centrifuged (8,000 x g for
20 min at 4°C), the cells in the pellet were suspended in

50 ml of cold phosphate-buffered saline (pH 7.4) and
recentrifuged. The pellet was resuspended in phos-
phate-buffered saline to a density of 109 cells per ml.
Cell membranes were isolated and then treated with
sodium lauroyl sarcosinate (Sarkosyl) by a modifica-
tion of the method of Spratt (25). Cells were disrupted
by sonication in the presence of 0.5% 2-mercaptoeth-
anol with six 15-s pulses with a Sonicator Cell Disrupt-
er (Heat Systems-Ultrasonics, Inc., Plainview, N.Y.)
Centrifugation at 8,000 x g for 20 min removed
unbroken cells. The cell membranes were pelleted out
of the supernatant by centrifugation at 46,000 x g for
60 min. They were washed with one volume of 50 mM
sodium phosphate buffer (pH 7.0) recentrifuged, and
suspended in one-half volume of phosphate buffer (pH
7.0) at a protein concentration of 2 mg/ml. Labeled
penicillin (20 RI1) in phosphate-buffered saline was

added to 200-,ul aliquots of whole cells at a density of
109 cells per ml or to 200-,ul aliquots of membranes.
The reaction was stopped after 15 min of incubation in
a 35°C water bath by the addition of 5 ,ul of unlabeled
benzylpenicillin (100 mg/ml) and 20 ,ul of 20% Sarko-
syl. After 30 min of incubation at room temperature,
the Sarkosyl-insoluble fraction was removed by cen-

trifugation at 128,000 x g for 30 min in a Beckman
Airfuge (Beckman Instruments, Inc., Fullerton, Calif.)

Gel electrophoresis and detection of PBPs. PBPs were
identified in the Sarkoysl-soluble fractions of whole
cells and isolated membranes with sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and fluo-
rography by methods described previously (4). The
exposure time for [3H]penicillin and presensitized Ko-
dak X-Omat AR film at -76°C was 7 days. The amount
of binding of [3H]penicillin to PBPs was estimated
from fluorograms by densitometric scanning with a
Joyce-Loebl microdensitometer. Integration of peaks
was performed with the aid of a Zeiss MOP 3 image
analyzer. The criteria for the saturation of and 50%
binding to PBPs were those previously reported (4).

RESULTS
Penicillin susceptibility. Table 1 shows the

minimum concentrations of penicillin that were
completely inhibitory to growth (0.4 nmol/ml or
0.15 jig/ml) and that were bactericidal (3.1 nmol/
ml or 1.1 p.g/ml). Growth inhibition was detect-
able but incomplete at 0.2 nmol/ml. Although 0.8
and 1.6 nmol/ml reduced the spirochete count to
undetectable levels, 10 or more organisms per
ml apparently survived and were able to produce
infections in mice. Borreliae exposed to 3.1
nmol/ml appeared to be either killed or rendered
noninfectious for this mouse strain.

Electron microscopy. Borrelia cultures were
treated with 0.03, 0.3, or 3.1 nmol of benzylpeni-
cillin per ml for 10 h and were examined by
phase contrast light microscopy. There was no
apparent morphological effect on organisms ex-
posed to 0.03 and 0.3 nmol/ml, but approximate-
ly one-half of the cells in the culture containing
3.1 nmol/ml showed one or two large blebs
associated with their surfaces. Untreated borre-
liae in late-log-phase growth (Fig. 1) and parallel
cultures of borreliae exposed to 3.0 nmol of
benzylpenicillin per ml for approximately one to
two generations (Fig. 2 and 3) were examined by
electron microscopy. Figure 1 shows longitudi-
nal and cross sections of untreated borreliae. An
axial filament runs the length of a cell. The
bundles of small, electron dense fibers located
eccentrically at the periphery of protoplasmic
cylinders are axial filaments in cross section.
The thin sections of treated borreliae revealed
numerous large ovoid and spherical forms that
were either separate from or still associated with
recognizable protoplasmic cylinders (Fig. 2). In
some cross sections two membranes surrround-
ed diffuse cytoplasmic material or remnants of
the cylinder (Fig. 3). Figure 4 shows the appar-
ent rupture of the protoplasmic cylinder at the
location of the axial filament. This was the most
common site for the large bulges to occur. We
did not observe extremely long spirochetes or
rod-shaped forms. An additional finding was
that of smaller spherical blebs of 80- to 100-nm
diameter in electron micrographs of both the
untreated and treated cultures; these smaller
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FIG. 1. Electron photomicrograph of a thin section of untreated B. hermsii cells. Longitudinal and cross
sections are illustrated. The arrow indicates a small membranous bleb, and the open triangle indicates an axial
filament in cross section. Bar = 1 p.m.

blebs were considerably more common in the
treated culture (Figs. 1 and 2).

Binding of labeled penicillin to PBPs of B.
hermsii. Figure 4 shows the PBPs when whole
cells of B. hermsii strain HS1 were incubated
with [3H]penicillin. The figure also shows the
location of the five PBPs in relation to Coomas-
sie blue-stained proteins in the Sarkosyl-soluble
fraction of whole cells that was subjected to
sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. The apparent subunit molecular
weights of the PBPs, when assessed by the
addition of molecular weight standards to the
gel, were 90,000 (PBP 1), 64,000 (PBP 2), 60,000
(PBP 3), 30,000 (PBP 4), and 29,000 (PBP 5). The
same number and sizes of PBPs were noted
when isolated membranes were used in place of

whole cells (data not shown). No bands were
seen when the Sarkosyl-insoluble fractions of
whole cells and isolated membranes were exam-
ined by gel electrophoresis and fluorography.

Binding of [3H]penicillin to the five PBPs did
not detectably occur when cells or membranes
were incubated with unlabeled penicillin at a
concentration of 10 ,umol/ml, boiled for 5 min, or
solubilized in 1% sodium dodecyl sulfate in
phosphate-buffered saline before exposure to
labeled penicillin. Additional PBPs that may
have bound penicillin unstably were not detect-
ed when the incubation period for membranes
and labeled penicillin was shortened to 30 s or to
2 min. To assess the release of labeled penicillin
from PBPs, a 1,000-fold excess of unlabeled
penicillin was added to the [3H]penicillin-mem-
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FIG. 2. Electron photomicrograph of a thin section of B. hermsii cells exposed to 3.1 nmol of benzylpenicillin
per ml for 10 h. Large ovoid and spherical structures are illustrated; an open triangle points to one example.
Arrows indicate small membranous blebs. Bar = 1 plm.

brane reaction mixture. There was no detectable
release of label from any PBP when excess
unlabeled penicillin was present for up to 40
min.
The 50% binding concentration of [3H]penicil-

lin for the five PBPs in whole cells were 0.3, 0.9,
0.8, 0.1, and 0.1 nmol/ml, respectively. At a
concentration of 3.1 nmollml, the percentages of
total [3H]penicillin bound to individual PBPs in
whole cells were 56, 7, 19, 13, and 5% respec-
tively.

DISCUSSION
We examined three aspects of the exposure of

B. hermsii to penicillin: the in vitro antibiotic
susceptibility of the strain, the morphological

response of these spirochetes to penicillin, and
the PBPs in the cells. B. hermsii strain HS1 was
inhibited in its growth and killed by benzylpeni-
cillin at micromolar concentrations; the predom-
inant morphological response at the minimum
bactericidal concentration was the formation of
spheroplasts and small blebs; and the minimum
inhibitory concentration was within a factor of
five of the 50% binding concentrations of labeled
penicillin for the five PBPs.
The in vivo effectiveness of penicillin for

borrelial as well as other spirochetal infections
has been well documented (3, 5, 9, 24). In vitro
susceptibility assessments of ,B-lactam and other
antibiotics have been performed on the in vitro-
cultivable treponemes and oral borreliae (1, 2,
10), but they apparently have not been per-
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FIG. 3. Electron photomicrograph of a thin section of a B. hermsii cell exposed to 3.1 nmol of benzylpenicillin
per ml for 10 h. The arrows indicate the inner membrane, and the open triangles indicate the outer membrane. A
closed triangle points to a small bleb associated with the membranes. Bar = 0.1 ,um.

formed on relapsing fever borreliae. A compari-
son of our findings with studies of in vitro-
cultivable treponemes and oral borreliae shows
that B. hermsii resembles the majority of other
spirochetes in being inhibited in its growth by
0.1 to 1.0 nmol of benzylpenicillin per ml (1).
The finding of a minimum bactericidal concen-
tration no more than eightfold higher than the
minimum inhibitory concentration is similar to
that of Abramson and Smibert in the case of
Treponema vincenti (2).

Benzylpenicillin at its minimum bactericidal
concentration induced formation of large spheri-
cal structures. These structures were bounded
by one or both cellular membranes and, in some
thin sections, appeared to contain material from
disrupted protoplasmic cylinders. Joseph et al.

found similar structures among free-living spiro-
chetes exposed to 5 mg of penicillin per ml (17).
Although we have not assessed the amount of
peptidoglycan in these large spherical struc-
tures, they are consistent in appearance with
spheroplasts (20, 29). The presence of two mem-
branes in the envelopes of these spherical struc-
tures distinguishes them from "spherical bod-
ies," which occur when some spirochetes are
suspended in hyperosmotic media (28). Spheri-
cal bodies represent separations of the outer
membrane (envelope) from the underlying pepti-
doglycan-cytoplasmic membrane complex (28).
A prominent electron microscopic finding was

the abundance of small membranous blebs or
vesicles in the penicillin-treated culture. Bleb-
bing of the outer membrane is said to occur
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a b e d~ e f
FIG. 4. Fluorograms of PBPs and Coomassie blue-

stained proteins of B. hermsii cells. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis of the Sar-
kosyl-soluble fraction of whole cells was from top to
bottom. Track a contains proteins stained with Coo-
massie blue R-250. Tracks b through g contain fluoro-
grams of PBPs. The following concentrations (nano-
moles per milliliter) of [3H]penicillin were incubated
with the preparations: b, 0.012; c, 0.05; d, 0.2; e, 0.4; f,
0.8; and g, 1.6. The molecular weight standards (Sigma
Chemical Co., St. Louis, Mo.) were bovine serum
albumin (66K), ovalbumin (45K), and trypsinogen
(24K).

when spirochetes are under "adverse condi-
tions" (16). An examination of the mechanisms
of blebbing of gram-negative bacteria provided
possible explanations for this phenomenon in
the less extensively studied spirochetes. Outer
membranes blebs of approximately the same
size as noted in B. hermsii cultures are produced
by Escherichia coli (15). Bleb production by E.
coli increases under conditions that slow protein
synthesis (19). Wensink and Witholt have pro-
posed, in the case of E. coli, that outer mem-
brane vesicles form when the outer membrane
expands faster than the underlying peptidogly-
can layer (30). If, as appears to be the case for
spirochetes (21), the association between the
outer membrane and peptidoglycan is normally
weak, then spirochetes may form many blebs as
a result of inhibition of peptidoglycan synthesis.
A possible consequence of penicillin-induced

membrane vesicle formation is the Jarisch-Herx-
heimer reaction, the systemic reaction that often
follows treatment of relapsing fever with antibi-
otics (22). Some investigators have demonstrat-
ed endotoxin-like material in the sera of humans

and animals with borrelial infections (6, 12, 31)
and in the sera of humans with Jarisch-Herx-
heimer reaction after treatment with penicillin
for secondary syphilis (13). A release of numer-
ous blebs containing such material conceivably
could precipitate the Jarisch-Herxheimer reac-
tion. Alternatively, the blebs may be the "non-
endotoxin particulate pyrogen" described by
Butler et al. (7). Further studies are planned on
the nature of the small blebs and their possible
association with the Jarisch-Herxheimer reac-
tion.
We identified five PBPs in the Sarkosyl-solu-

ble fraction of B. hermsii. The lack of binding of
labeled penicillin to proteins of boiled mem-
branes, sodium dodecyl sulfate-solubilized
membranes, and membranes pretreated with ex-
cess unlabeled penicillin suggested that we had
detected true PBPs (8). The similar 50% binding
concentrations of labeled penicillin for the five
PBPs in whole cells and for the minimum inhibi-
tory concentration indicated that one or more of
the PBPs were probably penicillin targets. The
narrow range of 50% binding concentrations for
the five PBPs, however, makes the assignment
of any PBP to a certain function in peptidogly-
can synthesis or modification impossible at this
time. We can, however, compare the apparent
molecular weights of B. hermsii PBPs with those
of PBPs of other genera of bacteria. The number
and the range of molecular weights of B. hermsii
PBPs are similar to those found in other nonco-
cal bacteria (14, 25). What is unique is the
abundant binding of penicillin to the largest PBP
(PBP 1) in B. hermsii. In view of the phylogenet-
ic distance of the spirochetes from the purple
photosynthetic group of eubacteria, which in-
clude the Enterobacteriaceae, and from gram-
positive bacteria (11, 23), further study of spiro-
chetal PBPs and their functions may be of
interest.
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