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Temperature-sensitive mutants of Staphylococcus aureus H which require 1.0
M NaCl for growth at 42 C can be divided into two major classes. Most of the
mutants (class A) do not accumulate nucleotide precursors of cell wall biosyn-
thesis in the absence of salt at the nonpermissive temperatures, whereas the
class B mutants accumulate these precursors. The most extensively studied
mutant RUS 1 (carrying peg-1I) is defective in biosynthesis of peptidoglycan at
the nonpermissive conditions as evidenced by: (i) reduced incorporation of cell
wall precursors into peptidoglycan; (ii) accumulation of the nucleotide, uridine
diphosphate (UDP) muramyl-L-alanyl-D-glutamic acid; (iii) reduced specific
activity of UDP N-acetylmuramyl (MurNAc)-L-alanyl-D-glutamate : L-lysine li-
gase (EC 6.3.2.7); and (iv) an increased susceptibility to lysis with sodium do-
decyl sulfate. Addition of 1.0 M NaCl reverses these defects with the exception
of the specific activity of UDP-MurNAc-L-alanyl-p-glutamate: L-lysine ligase.
Nevertheless, the structure of the cell wall is normal at the nonpermissive con-
ditions if 1.0 M NaCl is present. An alteration in the binding of a fluorescent
dye, 8-anilino-1-napthalene-4-sulfonic acid at the nonpermissive conditions in
the absence of 1.0 M NaCl suggests that there may also be defects in the mem-

brane in this strain.

The chemical structure and the biosynthetic
pathways of bacterial cell wall are now well
established (24); however, relatively little is
known about the regulation of its synthesis.
One approach to this problem would be the
study of mutants defective in peptidoglycan
biosynthesis. Since the peptidoglycan layer
provides the strength and rigidity to the bac-
terial cell wall, one predictable phenotype of
mutant strains defective in peptidoglycan
would be development of osmotic fragility. In
recent years, mutant strains requiring osmotic
protection for growth have been described in
Bacillus subtilis (29, 30, 43) and Escherichia
coli (17, 18). Some of these mutants in B. sub-
tilis were defective in teichoic acid synthesis
(3; D. Brooks and F. E. Young, Bacteriol. Proc.,
p. 24, 1971). Others required the addition of
growth factors like glutamine to preclude the
need for osmotic stabilization, suggesting the
primary lesion was not in peptidoglycan syn-
thesis (31). To date, therefore, no well defined
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peptidoglycan mutants have been isolated in
B. subtilis despite efforts in this and other lab-
oratories. On the other hand, in E. coli pepti-
doglycan mutants have been isolated and pre-
liminary mapping studies have been presented
(18).

This paper describes the isolation and char-
acterization of temperature-sensitive (ts) mu-
tants of Staphylococcus aureus which become
osmotically fragile when grown at the nonper-
missive temperature with an associated inhibi-
tion of peptidoglycan synthesis. Thus, it is
possible at least in S. aureus, to select mutants
defective in either peptidoglycan or teichoic
acid synthesis (4). A preliminary account of
this work has already been published (Bac-
teriol. Proc., p. 49, 1971). Mutants of S. aureus
with similar phenotype were described simul-
taneously and independently by Good and-
Pattee (10; C. M. Good, D. J. Tipper, and P.
A. Pattee, Bacteriol. Proc., p. 50, 1971).

MATERIALS AND METHODS

Media and strains. The wild-type strain used in
this study was the streptomycin-resistant strain S.
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aureus H (Str). Its isolation and maintenance have
been described previously (4). The cells were grown
in the complex PYK medium (5) containing 0.2%
glucose. In some experiments a chemically defined
medium was used. This minimal medium (MAG
medium) contained the four cell wall amino acids
(glutamic acid, glycine, alanine, and lysine), glucose,
nicotinamide, thiamine, and inorganic salts buffered
to pH 7.0 (6).

Isolation of mutant strains. S. aureus H (Str)
was treated with N-methyl-N'-nitro-N-nitrosogua-
nidine as described previously (4); about 60% of the
cells were killed by the mutagen. Survivors were di-
luted into PYK medium and incubated at 30 C for 2
hr, and samples were plated on nutrient agar (NA)
at 30 C. After 48 hr, colonies were replicated on NA
with or without 1.0 M NaCl. After 16 hr at 42 C all
colonies which required NaCl for growth were tested
on PYK agar or Trypticase soy agar to confirm their
requirement for NaCl. Of the 36 original isolates
only 9 showed an absolute requirement for 1.0 M
NaCl for growth at 42 C. Sucrose (1.2 M) could re-
place NaCl. All these mutant strains were coagulase-
positive, streptomycin-resistant, and exhibited the
parental phage type (phages 52A, 79, and 80). They
will be designated as RUS for Rochester University
Staphylococcus and the defect will be designated
peg to denote abnormalities in biosynthesis of pepti-
doglycan.

Growth and viability studies. PYK medium
(supplemented when necessary with 1.0 M NaCl) was
used for growing both wild-type and mutant strains.
In all metabolic experiments a 4% inoculum of a 13-
to 15-hr culture was used. Cells were allowed to grow
for at least two generations before a temperature
shift (from 30 to 42 C) or addition of antibiotics and
radioactive amino acids. All cultures were grown
with shaking in New Brunswick G-76 (setting 5) or
in G-25 (200 rev/min) gyrotory shakers. Growth was
monitored by following the optical density (OD) at
585 nm. An OD of 0.44 was equivalent to 0.1 mg
cells (dry weight)/ml. Viable cell numbers were de-
termined by standard plating techniques on NA.

Isolation and characterization of nucleotide-
bound peptidoglycan precursors. A logarithmic-
phase culture of a peptidoglycan-defective mutant
RUS 1 (carrying peg-1) growing in PYK medium was
shifted from 30 to 42 C (at OD 1.20) and incubated
for an additional 90 min at the nonpermissive tem-
perature. The cells were then harvested by centrifu-
gation, the cell pellet was extracted with cold 5% tri-
chloroacetic acid, and the nucleotides were isolated
on a Dowex-1 column (36) except that the charcoal
step was omitted and the extract was first partially
purified over a Sephadex G-25 column (5). A single
peak of bound N-acetyl hexosamine was eluted from
the Dowex-1 column, was lyophilized and was resus-
pended in distilled water. The ultraviolet (UV) spec-
trum of this fraction was similar to uridine nucleo-
tides (at pH 7.0 the ratios were: 250 nm/260 nm =
0.72; 280 nm/260 nm = 0.40). After hydrolysis with
0.02 N HCI for 5 min at 100 C, the fraction was chro-
matographed in solvent A (isobutyric acid-0.5 M
NH,OH; 5:3, v/v) on Whatman no. 1 paper with uri-
dine mono- and diphosphate (UMP and UDP) as
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standards. The hydrolysate gave a single UV-ab-
sorbing spot which co-chromatographed with UDP.
The unhydrolyzed material gave a single UV spot in
two solvent systems: solvent A and solvent B (95%
ethanol-1 M ammonium acetate, pH 3.8; 7:5, v/v).
The ratio of bound N-acetyl hexosamine to phos-
phate to uridine (Epq.x at 262 nm = 9,800) was 1.00:
2.11:1.15. Identification and quantitative analysis of
the components was done on a Technicon amino
acid analyzer after hydrolysis with 6 N HCI for 11 hr
at 102 C. Results were computed from a standard
containing the wall amino acids and amino sugars
that had been hydrolyzed by an identical procedure.

Protein and peptidoglycan synthesis. Loga-
rithmic-phase cultures growing in PYK broth at 30 C
were divided into four equal parts. Two of these were
incubated at 30 C and the other two shifted to 42 C.
One flask at each temperature was supplemented
with 1.0 M NaCl. After 2 min, *H-L-lysine (0.1
uCi/ml) or *C-glycine (0.05 xCi/ml) was added to
each flask. Samples from these flasks were pipetted
at intervals into cold 10% trichloroacetic acid (final
concentration 5%), and incorporation into protein
and peptidoglycan fractions was determined after
Park-Hancock fractionation (25). Essentially all the
radioactivity in the protein or peptidoglycan frac-
tions could be recovered as lysine or glycine after
acid hydrolysis (6 N HCl, 105 C, 15 hr). In other ex-
periments, the cells growing at 30 C in PYK me-
dium were harvested and washed in phosphate
buffer (pH 7.0, 0.05 M), resuspended in the same
buffer, and added to the MAG medium which had
been prewarmed to 30 or 42 C. Thus, the incorpora-
tion of radioactive amino acids into cell walls and
proteins was determined in both a complex and a
chemically defined medium.

Fluorometry. Intensity of fluorescence of cell
suspensions in the presence of the fluorescent dye 8-
anilino-1-naphthalene-4-sulfonic acid (ANS) was
measured in an Aminco-Bowman spectrophotometer
(American Instrument Co.). A standard solution was
prepared by mixing 3.0 ml of bovine serum albumin
(BSA; 0.2 mg/ml) in tris(hydroxymethyl)amino-
methane (Tris) buffer (0.05 M, pH 7.2) with 0.1 ml of
ANS (1.0 mM) solution. The excitation and emission
wave lengths were set at 380 and 475 nm, respec-
tively. Fused quartz cells were used for all measure-
ments with the slit arrangement set for maximum
sensitivity. The spectrofluorometer was standardized
by adjusting the relative fluorescent intensity (RFI)
of the standard BSA solution to 90 by the sensitivity
setting. A 0.1-ml sample of ANS (1.0 mm) was added
to 3.0 ml of cells suspended in Tris buffer (pH 7.2,
0.05 M), and 0.1 ml of Tris buffer was added to an-
other 3.0-ml sample of cells. The RFI of each cell
suspension was corrected by the blank value from a
sample containing no ANS.

Preparation and assay of UDP-MurNAc-L-
alanyl-pD-glutamate:L-lysine ligase (EC 6.3.2.7; L-
lysine adding enzyme). The L-lysine adding en-
zyme was partially purified from cell-free extracts by
a published method (13). Cell-free extracts were
made either by mechanical disintegration in a Braun
homogenizer (6) or enzymatically by lysing the cells
with lysostaphin (33). The assay was based on the
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formation of UDP-N-acetylmuramyl-L-alanyl-p-iso-
glutamyl-L-lysine (UDP-MurNAc-tripeptide) when
the precursors UDP-MurNAc-L-alanyl-p-isoglutamic
acid (UDP-MurNAc-dipeptide) and L-lysine were in-
cubated with the enzyme extract together with aden-
osine triphosphate (ATP) and magnesium chloride.
The precursor UDP-MurNAc-dipeptide was isolated
from S. aureus H cells which were incubated in
MAG medium in the absence of lysine (39). The con-
trol consisted of the incubation mixture minus the
UDP-MurNAc-dipeptide. The reaction was stopped
by heating to 100 C for 2 min. The whole reaction
mixture was then spotted on Whatman no. SMM
filter paper, and chromatographed in solvent A for
15 hr which separated lysine (Rr = 0.67) from UDP-
MurNAc-tripeptide (R; = 0.12). The marker com-
pound UDP-MurNAc-tripeptide was isolated and
purified from the wild-type cells by treating them
with D-cycloserine (40). After drying, the area corre-
sponding to the UDP-MurNAc-tripeptide was cut in
small strips and the radioactivity determined in a
scintillation counter. Quantitative assay of the
amount of product formed was based on the analysis
of an identical chromatogram containing lysine. of
known specific activity. Under the conditions used, 1
nmole of product had about 800 counts/min.

Assay of radioisotopes. Both aqueous solutions
and filter papers were counted with a toluene base
scintillation fluid (36). For aqueous samples a deter-
gent, Triton X-100, was added to the scintillation
fluid. All radioactivity was measured in a Beckman
LS 230 scintillation counter with correction for
quenching by an internal standard.

Other methods. Bound N-acetyl amino sugars, as
a measure of nucleotide-bound peptidoglycan pre-
cursors, were assayed by the Morgan-Elson reaction
(27) after hydrolysis with 0.01 N HCI for 4 min at 100
C. UDP-N-acetylglucosamine (UDP-GlcNAc) was
used as standard. Protein was determined by the
method of Lowry et al. (16) and phosphate by the
method of Chen et al. (7). Cell walls were isolated by
mechanical disintegration of cells with glass beads as
previously described (4). All quantitative analysis
was done on a Technicon amino acid analyzer. The
starting pH was 3.25, and the column was run at 60
C; an internal standard of norleucine was included
in every run. Cell walls were hydrolyzed for 15 hr at
105 C, and the nucleotide-bound peptidoglycan pre-
cursors for 11 hr at 102 C. All hydrolyses were done in
5 N HCl. The results were calculated from a stan-
dard mixture containing the cell wall amino sugars
and amino acids that were hydrolyzed and analyzed
by an identical procedure.

RESULTS

Growth and viability studies. All the nine
ts mutants grew normally at 30 C; however, at
42 C they exhibited osmotic fragility and loss
of viability after about one generation. This
effect was reversed by NaCl. The minimal
concentration of NaCl which could stabilize
the mutant was 0.4 M and the optimal concen-
tration was 1.0 M. Sucrose (1.6 M), but not
glycerol (up to 2 M), could replace NaCl. All
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this evidence was in general agreement that
the primary role of NaCl was of osmotic pro-
tection at the nonpermissive temperature.

Of these nine mutants, only one, peg-I
(which we shall use to designate peptidoglycan
mutants) accumulated nucleotide-bound pepti-
doglycan precursors when grown at 42 C. The
present study deals primarily with this mu-
tant. The effects of shifting an actively
growing culture of peg-1 from 30 to 42 C is
shown in Fig. 1. Although cultures supple-
mented with 1.0 M NaCl continued to grow
and divide normally (as judged by OD and
viability), the cultures without NaCl stopped
growing (as judged by OD) after about 1 hr and
eventually started to lyse. The viability in-
creased for the first 30 min (about one genera-
tion) and then decreased exponentially for the
next 60 min (Fig. 1). It is important to note
that this killing could be reversed in part by
diluting and by plating in media supple-
mented with 1.0 M NaCl. Addition of chloram-
phenicol (CAP; 80 ug/ml) at the time of tem-
perature shift prevented in part the dramatic

—‘A
9 -~
L -
10 o
e
/”’ E
z ———— c
B R 0
’F:” N \.‘\ o
(70} AN \\\ Q
w 108 \\\ \\\. :
z N
S o, lso®
. 5.0
-] \ P4
: ‘ :
W
-
S o 2
10 q1.0=
z [
a
o
61 1 i 1 1
10 30 0 30 120 O
TIME (min)

Fic. 1. Growth and viability of peg-1 at 42 C. A
logarithmic-phase culture of peg-1 in PYK broth at
30 C was split in two halves and one was supple-
mented with 1.0 M NaCl. The flasks were then
shifted to 42 C, and incubation was continued.
Growth was monitored by OD at 585 nm and via-
bility by plating suitable dilutions in 0.85% NaCl on
nutrient agar. Symbols: O, control culture; A, cul-
ture supplemented with 1.0 M NaCl; @, control cul-
ture diluted and plated in media containing 1.0 M
NaCl. Broken lines denote cell titer; solid lines de-
note OD.
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loss of viability under nonpermissive condi-
tions in the absence of 1 M NaCl (Table 1). At
42 C growth of the wild type was inhibited by
CAP; however, no decrease in viability oc-
curred if the CAP was diluted out within 2 hr.
This would suggest unbalanced growth at the
nonpermissive temperature as a major factor
in the loss of viability of the mutant strain.

Evidence of osmotic damage to mutant cells
grown at 42 C was shown by treatment with
sodium dodecyl sulfate (SDS). Bacterial cells
with a damaged peptidoglycan layer are lysed
preferentially by SDS (19). Table 2 shows that
a culture of peg-1 grown at 42 C was lysed by
SDS. It should be noted that this osmotic fra-
gility was comparable to cells grown at 30 C in
the presence of penicillin, a known inhibitor of
peptidoglycan synthesis (Table 2). No lysis
could be seen with peg-1 cells grown at 30 or
at 42 C when the medium was supplemented
with 1.0 M NaCl. Table 2 also shows that the
wild-type cells grown either at 30 or at 42 C
were resistant to lysis by SDS. Although CAP
appeared to overcome the loss in viability at
the nonpermissive temperature (Table 1), the
cell walls were still defective as evidenced by
lysis with SDS (Table 2).
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Accumulation of peptidoglycan precur-
sors. peg-1 accumulated nucleotide-bound
peptidoglycan precursors when grown at the
nonpermissive temperature. The rate of this
accumulation was determined by shifting log-
phase cultures of S. aureus from 30 to 42 C. At
suitable intervals, crushed ice was added to
the culture, the cells were harvested by centrif-
ugation and extracted with trichloroacetic
acid, the extract was partially purified by
chromatography on Sephadex G-25 column (as
described in Materials and Methods), and the
content of C-1 bound N-acetyl hexosamines
(as a measure of nucleotide-bound peptido-
glycan precursors) was determined. An iden-
tical procedure was carried out with the parent
strain treated with penicillin G. As shown in
Fig. 2, the rate and extent of accumulation of
bound N-acetyl hexosamines were strictly
comparable in both cases. There was no accu-
mulation when peg-1 was grown at 30 C. Accu-
mulation of peptidoglycan precursors (meas-
ured as C-1 bound N-acetyl hexosamines)
under various conditions by the wild type and
mutant strain is shown in Table 3. For the
parent strain (growing at 30 or 42 C) amount
of bound N-acetyl hexosamines per g of cells

TaBLE 1. Effect of chloramphenicol (CAP) on the viability of peg-1 cells growing at 42 C°

Viable cell titer at
Culture Conditions
0 min 30 min 60 min 120 min
peg-1 42 C 6.0 x 10°® 9.1 x 108 1.0 x 10® 1.3 x 10°¢
peg-1 42 C plus CAP 59 x 108 6.1 x 10° 4.0 x 108 1.1 x 10°®
at 0 min

2 A log-phase culture of peg-1 growing at 30 C in PYK broth was split into two, and both flasks were
shifted to 42 C (0 min) with continued shaking. CAP (80 ug/ml) was added to one flask at 0 min. Viable cell
titer was determined by dilution in 0.85% NaCl and plating on nutrient agar.

TaBLE 2. Sodium dodecyl sulfate (SDS)-induced lysis of wild-type and peg-1 cells

OD at 585 nm AOD
Strain Growth conditions® (OD H,0 -

In H,0 In SDS OD SDS)

Wild type 30C 0.450 0.466 -0.016
42C 0.470 0.488 -0.018

peg-1 30C 0.425 0.428 -0.003
30 C + penicillin G (10 ug/ml) 0.410 0.166 +0.244

42 C 0.395 0.110 +0.285

42 C + 5% NaCl 0.460 0.449 +0.012

42 C + chloramphenicol (80 ug/ml) 0.415 0.162 +0.253

@ A log-phase culture of wild-type strain growing in

PYK broth at 30 C was split in two and one was

shifted to 42 C. A similar culture of peg-I growing at 30 C was split into five portions; two of these continued
to be shaken at 30 C while the other three were shifted to 42 C. Additions of NaCl or antibiotics were made
at time of shift. All cultures were incubated further for 90 min. Two 10-ml samples of each culture were then
centrifuged. One was suspended in 10 ml of water and the other in 10 ml of SDS (0.02 M), and OD was deter-
mined after incubation of the cell suspensions at 37 C for 5 min.
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Fic. 2. Kinetics of accumulation of bound N-
acetyl hexosamine. Log-phase culture of wild type
growing in PYK broth at 37 C was treated with peni-
cillin G (10 ug/ml) and the shaking was continued at
37 C. A similar culture of peg-1 growing at 30 C was
split into two halves. One of these was shifted to 42
C and the other continued to be incubated at 30 C.
At the indicated times, 20-ml samples of each cul-
ture were poured into crushed ice, the cells were
harvested by centrifugation, and the bound N-acetyl
hexosamines accumulated in the cell pellets were
determined as in Materials and Methods. Symbols:
O—0O0, peg-1 incubated at 30 C; O- - -0, peg-1 incu-
bated at 42 C; A—A, wild type plus penicillin G (10
ug/ml). Precursor accumulation expressed as umoles
of bound N-acetyl hexosamine/200 ml of culture.

was approximately 2 umoles. This was in-
creased 10-fold by treatment with penicillin.
The accumulation pattern with the mutant
strain grown at 30 C was very similar to that
of the wild type (Table 3). However, peg-I
cells incubated at 42 C accumulated about 20
pmoles of bound N-acetyl hexosamines per g
of cells. This value is comparable to that in-
duced with penicillin. Addition of penicillin to
peg-1 growing at 42 C did not enhance the
amount of accumulation (A. N. Chatterjee,
unpublished data). It should be noted that the
wild phenotype was restored when 1.0 M NaCl
was added to a culture of peg-1 incubated at
42 C.

UDP-MurNAc-dipeptide was identified as
the major precursor that was accumulated by
S. aureus (carrying peg-1) growing at 42 C
(Table 4). It co-chromatographed in two sol-
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vents (A and B) with the authentic UDP-
MurNAc-dipeptide which was isolated from S.
aureus H cells incubated in MAG medium in
the absence of lysine (39). UDP-MurNAc and
UDP-MurNAc-L-ala (these were not resolved
on the Dowex-1 column) also accumulated to a
small extent (about 10% of the total). The
major precursor accumulated by incubating
peg-1 with penicillin at 30 C was identified as
the normal peptidoglycan precursor, UDP-
MurNAc-pentapeptide (Table 4).
Fluorescence studies. The fluorescent dye
ANS has been used as a probe to detect
changes on bacterial cell surfaces (12). This
dye has a weak fluorescence in aqueous solu-
tions but fluoresces strongly when adsorbed to
proteins (9). In the present study a differential
effect of ANS was observed with peg-1 grown
at 30 and 42 C. Thus, as shown in Table 5,
there was a marked increase in the RFI of peg-1
cells grown at 42 C, but there was no such
difference with wild-type cells. Table 5 shows
that the mutant phenotype was reversed when
peg-1 was grown at 42 C in the presence of 1.0
M NaCl. The last two lines in Table 5 give the
RFI of autoclaved cell suspensions which

TABLE 3. Accumulation of nucleotide-bound N-
acetyl hexosamines under different growth

conditions®
Micro-
moles of
bound
Strain Growth conditions 1\{;:::2: 1
amines/g
of cells
(dry wt)
Wild type 30C 1.8
42C 2.2
30 C + penicillin G 21.8
(10 pg/ml)
peg-1 30C 2.0
42C 21.8
30 C + penicillin G 19.8
(10 pg/ml)
42 C + NaCl (1.0 m) 1.8

¢ Log-phase cultures of wild type growing at 30 C
in PYK broth were divided into three equal portions
and one of these was shifted to 42 C while the other
two continued to be shaken at 30 C. A similar log-
phase culture of peg-1 growing at 30 C was divided
into four equal portions; two of these were shifted to
42 C while the other two continued to be shaken at
30 C. Penicillin G and NaCl were added at the
moment of shift. After an additional 90 min of incu-
bation at 30 or 42 C, the cells were centrifuged and
extracted with cold 10% trichloroacetic acid, and the
bound N-acetyl hexosamines were determined as in
Materials and Methods.
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TaBLE 4. Characterization of cell wall precursors of S. aureus®
Composition® (molar ratios)
. . Probable structure of major
Strain and growth conditions Mu- Glu-
precursor accumulated ramic | Alanine | tamic Lysine
acid acid
Wild type + penicillin G UDP-N-acetyl-muramyl-L-alanyl- 1.00 2.98 1.15 0.97
(10 pg/ml) at 37 C p-isoglutamyl-L-lysyl-p-alanyl-
D-alanine®
Wild type + p-cycloserine UDP-N-acetyl-muramyl-L-alanyl- 1.00 0.98 1.08 0.97
(75 pug/ml) at 37 C D-isoglutamyl-L-lysine®
peg-1 + penicillin G UDP-N-acetyl-muramyl-L-alanyl- 1.00 3.11 1.12 0.98
(10 pg/ml) at 30 C D-isoglutamyl-L-lysyl-p-alanyl-
p-alanine®
peg-1at 42 C UDP-N-acetyl-muramyl-L-alanyl- 1.00 0.99 1.11 | <0.05
D-isoglutamic acid®

¢ For details of isolation and characterization see Materials and Methods.
® Small amounts of UDP-N-acetyl-muramic acid and UDP-N-acetyl-muramyl-L-alanine also accumulate

under these conditions.
¢ Normalized to muramic acid = 1.00.

would represent the maximum values for these
cell suspensions as such treatment is known to
break down completely the permeability bar-
rier.

Protein and peptidoglycan synthesis. The
synthesis of protein and peptidoglycan in peg-1
was measured after allowing the cells to in-
corporate radioactive lysine or glycine. As
shown in Fig. 3, protein synthesis continued
when the temperature of the culture was
shifted from 30 to 42 C. The rate of protein
synthesis was not affected by the presence of
1.0 M NaCl. In striking contrast to this, the
rate of peptidoglycan synthesis was markedly
inhibited after 30 min at the nonpermissive
temperature, and there was virtually complete
inhibition within 60 min. Peptidoglycan syn-
thesis at 42 C continued normally when the
medium was supplemented with 1.0 M NaCl.
The rate of protein and peptidoglycan syn-
thesis in the parent strain at 42 C was not af-
fected by NaCl and was comparable to peg-I
when the latter was supplemented with 1.0 M
NaCl. Essentially similar results were obtained
when peptidoglycan synthesis was measured in
the chemically defined MAG medium. The
radioactive amino acids lysine and glycine
could be used interchangeably. The data in
Fig. 3 are with '*C-glycine because there are
five glycine per one lysine residue in the re-
peating unit of peptidoglycan.

Activity of L-lysine adding enzyme (UDP-
MurNAc-L-alanyl-D-glutamate : L-lysine li-
gase; EC 6.3.2.7). The development of osmotic
fragility and failure to synthesize peptido-
glycan at the nonpermissive temperature could
be due to a specific lesion(s) in the biosyn-

TaBLE 5. Penetration of 8-anilino-1-naphthalene-4-
sulfonic acid (ANS) into wild-type and peg-1 cells®

RFI of
Strain Growth conditions cell sus-
pensions
Wild type 30C 2.3
42 C 2.1
peg-1 30C 1.8
42C 5.9
42 C + 1.0 M NaCl 1.9
Wild type 30 C + autoclaved’ 16.6
peg-1 30 C + autoclaved® 15.8

° A log-phase culture of wild type growing at 30 C
in PYK medium was divided in two and one was
shifted to 42 C. A similar culture of peg-1 growing at
30 C was divided in three equal portions and two of
these were shifted to 42 C. NaCl was added to one
flask at the time of shift. After a further 90 min of
incubation at 30 or 42 C, the cells were harvested
and washed and the relative fluorescent intensity
(RFI) of the suspensions was determined as in Mate-
rials and Methods.

® Washed cell suspensions in Tris buffer auto-
claved at 120 C for 10 min.

thetic enzymes. Since peg-1 accumulated the
precursor UDP-MurNAc-L-alanyl-D-isoglu-
tamic acid when grown at 42 C, we studied the
activity of UDP - MurNAc - L - alanyl - p-
glutamate:L-lysine ligase (EC 6.3.2.7), the
enzyme which adds lysine to the incomplete
precursor UDP-MurNAc-dipeptide (13). As
shown in Table 6, the enzyme preparation
from the wild-type strain could actively syn-
thesize UDP-MurNAc-tripeptide from UDP-
MurNAc-dipeptide and lysine. The rate was
linear for 30 min and the synthesis was abso-
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F16. 3. Synthesis of protein and peptidoglycan by
peg-1 at 42 C. A log-phase culture of peg-1 growing
in PYK broth at 30 C was split into two halves and
one was supplemented with 1.0 M NaCl. Both flasks
were shifted to 42 C and shaking continued. **C-
glycine (0.05 uCi/ml) was added to each flask 2 min
after the temperature shift. At the indicated inter-
vals, 1.0 ml of each culture was pipetted into 1 ml of
10% trichloroacetic acid, and incorporation into pro-
tein and peptidoglycan fractions was determined
(see Materials and Methods). Symbols: O, incorpo-
ration in protein; A, incorporation in peptidoglycan.
Solid lines denote control culture; broken lines de-
note culture supplemented with 1.0 M NaCl.
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lutely dependent on added UDP-MurNAc-
dipeptide. In marked contrast, the enzyme
preparation from cultures of peg-1 grown at 42
C had no detectable activity. Unexpectedly,
the enzyme from the peg-1 grown at 30 C had
an extremely low activity (less than 5% of the
wild type). Addition of NaCl to the reaction
mixture, growing the mutant strain in media
containing 1.0 M NaCl, or lowering the temper-
ature of incubation to 30 C failed to restore
activity. The activity of the extract from the
wild type was not inhibited by the addition of
extract from peg-1 grown at 30 or 42 C, dem-
onstrating that an inhibitor of this enzyme was
not present in the extracts of this mutant. In
other experiments, the ammonium sulfate
fractionation step was omitted and cell-free
extracts of peg-1 (grown at 30 C and 42 C)
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were assayed directly for enzyme activity. All
such assays were uniformly negative though
significant activity could be readily detected
in similar extracts of the wild type.

Analysis of cell walls. Three independent
batches of cell walls were prepared from the
parent strain grown at 37 C and of the mutant
strain grown at 30 or at 42 C. These walls were
analyzed quantitatively in the amino acid ana-
lyzer after hydrolysis with HCl. As shown in
Table 7, cell walls of the mutant strain grown
at 30 and 42 C had the same quantitative and
qualitative composition, which was identical to
that of the wild-type wall as published pre-
viously (36). In addition, the phage-binding
capacity of the mutant cell walls (both 30 and
42 C) was similar to the parent strain (4), sug-
gesting a normal cell wall peptidoglycan (35)
and teichoic acid (4). Thus, despite the ap-
parent absence of the L-lysine adding enzyme,
the chemical composition and biological prop-
erties of the cell wall of peg-I (grown at 30 or
42 C) were similar to the parent strain.

DISCUSSION

Functionally, the bacterial cell wall is com-
posed of two different kinds of heteropolymers.
One of these, the peptidoglycan, is ubiquitous
in nature and responsible for the strength and
rigidity of the cell. The second group, which
comprises a large variety with specialized
structure and function, could be regarded as
accessory or special polymers. By using phage
resistance as a tool, we have in the past been
able to isolate and study mutants in teichoic
acid (an accessory polymer), both in S. aureus
(4, 36) and B. subtilis (3, 42). Mutants of B.
subtilis defective in glucosylation of teichoic
acid or in synthesis of polymerized teichoic
acid were isolated readily. However, this ap-
proach has failed so far for isolation of pepti-
doglycan mutants, presumably because this
layer is less frequently exposed. Since muta-
tions leading to a defective peptidoglycan
would probably be a lethal event, we have
sought to isolate ts mutants which would grow
normally under permissive conditions but
would make a defective peptidoglycan and be
killed at the nonpermissive temperature. The
results presented in this paper indicate that S.
aureus (peg-1) is a ts mutant defective in pep-
tidoglycan synthesis at the nonpermissive
temperature. Thus the mutant cells failed to
grow after one generation and eventually
started to lyse when shifted from 30 to 42 C.
Viability dropped more drastically than tur-
bidity (Fig. 1). At first glance, failure of the
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TaBLE 6. Activity of UDP-MurNAc- L-alanyl-D-glutamate: L-lysine ligase (ADP) (EC 6.3.2.7) ( L-lysine

adding enzyme)
Amount of UDP-M}erAc-tripeptide

Enzyme preparation® Reaction mixture (nmoles/mg protein) formed after:

15 min 30 min 60 min
Wild type grown at 37 C Complete 21 39 49
Minus UDP-MurNAc-dipeptide <1 <1 <1

peg-1 grown at 30 C Complete 1.2 1.8 1.8

Minus UDP MurNAc-dipeptide <1 <1 <1
peg-1 grown at 42 C Complete <1 <1 <1

¢ The complete incubation mixture contained 20 pliters of ATP (0.01 M), 5 uliters of MgCl, (0.1 M), 5 uli-
ters of Tris buffer (pH 8.5, 0.5 M), 20 uliters of *H-L-lysine (0.001 M 18,000 counts/min), 20 uliters of UDP-
MurNAc-dipeptide (0.001 M), and enzyme in a total volume of 100 uliters. Incubation was at 37 C. Incorpora-
tion of *H-lysine in UDP-MurNAc-dipeptide was measured after separating the product by paper chroma-
tography (Materials and Methods). Cell-free extract in each case was prepared with lysostaphin.

TaBLE 7. Cell wall composition of wild type and peg-1 grown at the permissive and nonpermissive

temperatures
Wild type grown peg-1 grown peg-1 grown
at 37 C at 30 C at42C
Wall component analyzed

umoles/mg Molar pmoles/mg Molar wumoles/mg Molar
of wall ratio® of wall ratio® of wall ratio®
Muramicacid ................ .. ... . 0.52 0.94 0.48 0.90 0.53 0.96
Glucosamine ................. ... ... 0.96 1.81 0.93 1.75 0.98 1.80
Glutamicacid...................... 0.53 1.00 0.53 1.00 0.55 1.00
Glycine ........................... 2.33 4.40 2.22 4.19 2.22 4.04
Alanine ............... ... ... ... ... 1.31 2.47 1.26 2.50 1.28 2.33
Lysine ............................ 0.58 1.09 0.56 1.06 0.52 1.06
Phosphate ......................... 0.94 1.77 0.96 1.81 0.96 1.75

@ Molar ratio expressed with glutamic acid = 1.00.

cells to lyse actively at 42 C is disturbing, but
we have found a very similar picture when the
culture is treated with a specific inhibitor of
peptidoglycan synthesis, e.g., penicillin G or p-
cycloserine. Presumably, the observed lysis in
other systems where peptidoglycan synthesis is
similarly inhibited is primarily due to the ac-
tion of autolytic enzymes (28). In fact, the dif-
ficulty in isolating peptidoglycan-deficient
mutants in B. subtilis may be related to the
more active autolysin(s) in this organism. The
killing of cells at 42 C could be partially re-
versed when the cells were diluted and plated
in the presence of 1 M NaCl. A similar re-
covery of osmotically damaged cells was re-
ported by Schuhardt and Klesius (34). Direct
osmotic damage was shown by exposing the 42
C grown cells to SDS (Table 2). Thus, while
the wild-type cells grown at 42 C or the mu-
tant cells grown at 30 C are resistant to SDS,
the mutant cells grown at 42 C are lysed on
exposure to SDS. A similar sensitivity to SDS

was observed by Good and Pattee (10). The
enhanced binding of the fluorescent dye (ANS)
at 42 C by peg-I indicates an altered permea-
bility of mutant cells at the nonpermissive
temperature. Increased binding of fluorescent
dyes has been observed when the surface struc-
tures of bacteria were damaged or modified by
antibiotics (23), heat or cold sbock (1, 32), or
by parasitization with Bdellovibrio bacterio-
virus (8). A specific alteration in membrane
proteins was demonstrated in mutants of E.
coli with defective deoxyribonucleic acid syn-
thesis. These strains showed an increased up-
take of ANS at the nonpermissive temperature
(12, 37). The strongest evidence that peg-1 is a
peptidoglycan mutant comes from the studies
on in vivo peptidoglycan synthesis and pre-
cursor accumulation at 42 C. In S. aureus
carrying peg-1, peptidoglycan synthesis is in-
hibited specifically at 42 C (Fig. 3). There is a
time lag of about 30 to 40 min before this in-
hibition becomes significant. Complete inhibi-
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tion occurs after about 1 hr of incubation at 42
C. Such a time lag in the onset of inhibition is
also seen in its growth characteristics (OD and
viability) and probably is a measure of the half
life of the temperature-sensitive protein at the
elevated temperature.

S. aureus peg-1 accumulates nucleotide-
bound hexosamines when grown at 42 C. Accu-
mulation of such compounds in S. aureus by
penicillin (followed later on by other antibiot-
ics) and the kinetics of such accumulation (38)
was one of the key points for the hypothesis
that this antibiotic is a specific inhibitor of
peptidoglycan synthesis (26). The verification
of this hypothesis occurred much later in both
in vivo and in vitro studies (15, 41). Figure 2
shows that such compounds begin to accumu-
late within 15 min of the temperature shift to
42 C. Furthermore, the kinetics and also the
extent of accumulation closely parallel that
induced by penicillin. In the present study we
have tried to compare the phenotypic effects of
penicillin on the wild type to that of a temper-
ature shift on peg-1, and in every case we have
found the two effects strictly comparable. Sim-
ilarly, Good et al. reported that phenocopies of
their osmotically fragile mutants could be
made by treating the parent strain with p-cy-
closerine (10).

Of the nine ts mutants isolated, only peg-I
accumulated nucleotide-bound peptidoglycan
precursors when grown at 42 C. The other
properties of these eight mutants were very
similar to those described for peg-1. Mutants
accumulating different cell wall precursors
have been described both in S. aureus (10) and
E. coli (18). Good and Tipper (personal com-
munication) have obtained similar variation in
nucleotide accumulation with a larger series of
mutants.

The major precursor accumulated by peg-I
was identified as UDP-MurNAc-dipeptide
(Table 5). A similar precursor was isolated
from ts peptidoglycan mutants in E. coli, and
this was shown to be due to the inactivation of
the meso-diaminopimelic acid synthesizing
enzyme at 42 C (18). In the case of peg-1 the
defective locus (or loci) could be the L-lysine
adding enzyme. It could also be at some later
stage in the biosynthetic process. It should be
emphasized that in most studies with anti-
biotics there are several intervening steps be-
tween the enzyme(s) inhibited and the pre-
cursor that is accumulated. The activity of the
L-lysine adding enzyme in a cell-free extract
could be readily demonstrated in the parent
strain (Table 6) at levels similar to that re-
ported by Ito and Strominger (14). To our sur-
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prise, the enzyme isolated from the mutant
strain even under permissive conditions was
virtually inactive (Table 6). We have repeated
the assay more than a dozen times with dif-
ferent batches of cells grown at different tem-
peratures in media supplemented with or
without NaCl but the results were uniformly
negative. This suggests that the enzyme in
peg-1 is already damaged at 30 C so that, al-
though it can function in vivo, any effort to
extract it results in an almost complete loss of
activity. In the only work with partially puri-
fied L-lysine adding enzyme from S. aureus
(14), there was no specific mention of its being
a relatively unstable enzyme. Since our experi-
ments with the dye ANS indicated that the
membrane might be damaged in the mutant
strain, the intracellular localization of the L-
lysine adding enzyme in the wild type was
studied. Virtually all of the activity could be
recovered in a supernatant fraction, suggesting
a cytoplasmic localization of the enzyme (A.
N. Chatterjee, unpublished data). The L-lysine
adding enzyme must be able to function ade-
quately in vivo in the mutant strain at 30 C as
shown by its ability to synthesize normal
amounts of UDP-MurNAc-pentapeptide when
treated with penicillin G (Tables 3 and 4).
Also, the mutant strain is able to grow and
synthesize peptidoglycan at a normal rate at
30 C (Fig. 1 and 2). The cell wall composition
of the mutant strain grown at 30 and at 42 C is
very similar to that of wild type (Table 7),
which is confirmed by the ability of these walls
to bind phages, indicating a normal content of
phage receptor sites. As the phage receptor site
in 8. aureus is located both in the teichoic acid
(4) and the peptidoglycan (35), the rate of
phage binding by isolated walls is a rapid and
sensitive assay for detecting any abnormalities
in cell wall composition. We are now analyzing
these walls in detail for peptide and polysac-
charide chain lengths and N- and C-terminal
groups.

The ability of NaCl to reverse the mutant
phenotype at 42 C is similar to the osmotic
remedial auxotrophic mutants reported in
yeast (2, 11), Neurospora (20) and E. coli (12).
NaCl was chosen as the osmotic stabilizer be-
cause of its known ability to protect proto-
plasts of S. aureus (21, 22) and also because it
does not inhibit growth of the wild type at
concentrations needed for osmotic stabiliza-
tion. The lowest concentration of sucrose that
could replace NaCl was 0.8 M. Since sucrose
inhibited growth in liquid media at these con-
centrations it could only be used on plates.
Other stabilizing agents like raffinose and fi-
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coll, diethylene glycol, KC], and LiCl inhibited
growth of the wild type. The use of MgCl, or
CaCl, at high concentrations was precluded by
their tendency to remove phosphate from the
medium. Glycerol was the least inhibitory at
high concentrations. This could not replace
NaCl (up to a concentration of 2.0 M), which
correlates with the known inability of glycerol
to stabilize S. aureus protoplasts (22). The
phenotypic reversions of osmotic remedial
mutants reported in the literature can be af-
fected by various inorganic and organic solutes
including glycerol (11). Although the exact
mechanism of osmotic correction of these de-
fects is unknown, it is generally believed that
these are due to suppression of a missense
mutation. Studies are in progress to determine
more precisely the role of NaCl in the repair of
this biosynthetic defect.
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