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Most bacteriophages terminate infection by creating lesions in the cytoplasmic membrane, which not only 
cause immediate cell death but also allow escape of a phage-encoded endolysin. Destruction of the 
peptidoglycan and cell lysis follows very rapidly, allowing efficient release of the progeny virions. These 
membrane lesions are formed by a small integral membrane protein called a holin. Holins have highly 
charged carboxyl-termini that are thought to have two transmembrane a-helical domains. Holins are 
believed to oligomerize and form large holes in the inner membrane. The prototype holin is the S protein 
from bacteriophage X. Scheduling of the lytic event is determined in part by the “structure directed 
initiation” or sdi translational control region. Inductions of 5, cloned under a variety of native and 
nonnative promoters but with native translational control, resulted in cell lysis at about 1000 molecules of 
holin per cell, and thus do not produce biochemically useful amounts of S protein. By utilizing a plasmid- 
based system with the T7 RNA polymerase promoter in tandem with a consensus ribosome binding site, 
Coomassie blue-detectable quantities of S protein were obtained upon induction, corresponding to an 
approximately 100-fold increase over the normal lethal level of holin. Characterization of this expression 
system is presented and discussed with respect to the current model of holin function.

Holin Overexpression Bacteriophage lysis

HOLINS are small membrane proteins encoded 
by bacteriophages. The function of a holin is to 
form a membrane lesion to allow release of a 
phage-encoded bacteriolytic enzyme, or endo­
lysin, to the periplasm, causing degradation of the 
peptidoglycan and lysis of the cell (3). The mem­
brane lesion is of unknown structure and appears 
to be relatively nonspecific. For example, the 
holin S of phage lambda can allow release of the 
lambda R transglycosylase, the P22 lysozyme, and 
the T4 lysozyme (20). Formation of the “hole” oc­
curs at a precisely scheduled time in the infective 
cycle, and this timing is genetically programmed 
into the structure of the holin (1,18,19). Part of 
the regulation of S function stems from the “dual 
start” motif, which characterizes the S ribosome

binding site region (Fig. 1) (3). Two AUG start 
codons, at positions 1 and 3 of the 107 codon 
reading frame, are both active in vivo, leading to 
the synthesis of two different proteins, S107 and 
SI05 (named for their length in amino acid resi­
dues), from translational events at the two posi­
tions. Although the two proteins are identical ex­
cept for the N-terminal Met’Lys2 sequence present 
on SI07, they have opposing functions. SI05 is 
the lethal lysis effector, whereas S107 acts as an 
inhibitor of S105 (1,2,6). Normally, the ribosome 
binding region of the S mRNA, which has at least 
one stable stem-loop structure, is very inefficient 
in vivo, supporting the synthesis of less than one S 
protein per minute per S mRNA, at a ratio of 
about two S105 molecules per S107 (2,6). In in-
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FIG. 1. Diagram indicating native and artificial transcriptional and translational con­
trol of the S cistron in transcripts made from X and pET constructs. The N-terminal 
sequences of the three types of constructs, S107, S107mJ/, and S105 are indicated. The 
boxed sequences in the X mRNA indicate the Shine-Dalgarno sequences for the dual 
translational starts of the 5 gene, sdi is the genetic locus for single base changes causing 
dominant-negative lysis defects, one of two RNA stem-loop structures involved in 
translational initiation of 5 (2). The pR and tR promoter and terminator for the lambda 
late transcriptional unit are shown upstream of the EcoRI site. Restriction sites are 
indicated (H, Hindlll; RI, £coRI; RV, EcoRW; C, Cla\; N, Nde\\ B, BamHl). T ran­
scription in pET3 and pE T ll constructs is efficiently terminated by the T0 transcrip­
tional terminator located directly downstream of the cloned gene (21). pET3 and pETl 1 
constructs are distinguished by the hybrid promoter of pETl la in which the lac opera­
tor sequence is embedded adjacent to the T7 promoter. p E T lla  also harbors the lacl 
repressor gene to decrease basal level of transcription from pYllac. The pETl la expres­
sion system is further repressed by having T7 gene 1 under /tfcUV5 promoter control on 
the BL21 (DE3) chromosome.

duced X lysogens, hole formation occurs at about 
50 min, when about 103 molecules of S protein 
have accumulated in the membrane (6,13).

Mutational analysis of S structure and function 
has been convenient because 5 is lethal and small, 
thereby making the selection and mapping of mu­
tants relatively easy. Moreover, much of the S se­
quence is presumably dedicated to transmembrane 
helix structures, thus limiting the structure-func­
tion problem to manageable size, at least in princi­
ple. However, these features make for comple­

mentary difficulties in studying the function of the 
S holin in vitro. In particular, devising strategies 
to obtain biochemically useful amounts of S pro­
tein are severely constrained by the fact that S has 
evolved to kill Escherichia coli and can be ex­
pected to be a challenging candidate for overpro­
duction protocols. Moreover, S is equivalently le­
thal in yeast (10), probably reflecting the fact that 
all S needs to kill the cell is the membrane bilayer 
as a target. Here we report the construction of an 
overexpression system for S. Its characteristics are
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discussed in terms of current models for the func­
tion and regulation of S in particular and holins in 
general.

MATERIALS AND METHODS

Strains, Phages, Plasmids, Oligonucleotides, 
and Growth Media

The E. coli strains, bacteriophage, plasmids, 
and oligonucleotides used in this study are listed 
in Table 1. Oligonucleotides were purchased from 
the Gene Technologies Laboratory in the Depart­
ment of Biology at Texas A&M University. The 
pET plasmid vectors were acquired from Novagen 
(Madison, WI). Unless otherwise indicated, chem­
ical compounds were obtained from Sigma (St. 
Louis, MO). M9 maltose, TB maltose (TBM), and 
LB media were prepared as described by Miller 
(14).

DNA Manipulations

Restriction enzymes were purchased from Pro- 
mega (Madison, WI) and restriction of DNA was 
performed as per manufacturer’s instructions. 
Mini-preparations of plasmid DNA were obtained 
either by a standard alkaline lysis method (22) or 
with the Qiaprep Spin Miniprep Kit (QIAGEN, 
Santa Clarita, CA). Fragments from acrylamide 
gels were excised, macerated, and extracted with 
elution buffer (0.5 M ammonium acetate, 10 mM 
magnesium acetate, 1 mM EDTA, pH 8.0, 0.1 % 
SDS) (22) by shaking 18 h at 37 °C. Alternatively, 
DNA fragments excised from agarose gels were 
purified using Qiaex gel extraction spin columns 
(QIAGEN) as per manufacturer’s instructions. 
The Rapid DNA Ligation Kit from Boehringer 
Mannheim (Indianapolis, IN) was used with a li­
gation incubation period of 5 min at room temper­
ature, as per manufacturer’s instructions. A stan­
dard calcium chloride procedure was used for E. 
coli competent cell preparation and transforma­
tion (22). The method of Chung et al. (7) was 
also used to produce competent cells for long-term 
storage at -8 0 °C .

Amplification o f  DNA

Polymerase chain reaction (PCR) was em­
ployed to amplify DNA fragments for subcloning 
and automated fluorescent sequencing. Typical 
100 fi 1 PCR reactions contained 5 units of cloned 
Pfu DNA polymerase (Stratagene, La Jolla, CA ), 
1 x cloned Pfu DNA polymerase buffer, 20 mM 
deoxyribonucleotide triphosphates (dNTPs), and

0.5 fiM each primer, forward and reverse. A stan­
dard program for amplification of 500 base pair 
(bp) sequence consisted of 32 cycles of 94 °C (melt­
ing) for 1 min, 50°C (annealing) for 1 min, and 
72°C (extension) for 2 min. PCR products were 
purified with QIAGEN PCR purification spin col­
umns according to manufacturer’s instructions.

Automated Fluorescent Sequencing

Sequencing reactions were performed using the 
ABI Prism™ Dye Terminator Cycle Sequencing 
Ready Reaction Kit (Perkin-Elmer, Foster City, 
CA) as per manufacturer’s instructions for 10-/d 
reactions. The samples were run on an ABI 373A 
DNA Sequencer (Perkin-Elmer, Foster City, CA) 
by the Gene Technologies Laboratory in the De­
partment of Biology at Texas A&M University 
and sequence data were analyzed using the ABI 
Sequencher™ software program. Templates were 
prepared by PCR amplification from plasmid or 
bacteriophage DNA (base pairs 45,186 to 45,506 
of X) with forward and reverse primers, SeqpET 
and ERevpET (Table 1). The amplification prim­
ers produced “landing sites” on the PCR products 
complementary to the respective sequencing prim­
ers. Seqman, also known as M13 universal primer, 
was used on PCR products amplified with SeqpET 
(Table 1). ERevBam was used for reverse direction 
sequencing on PCR products amplified with ERe­
vpET (Table 1).

\C E6 Purification

Mini-lysates were made by infecting 0.1 ml of 
an overnight MS59 TBM culture with a single 
picked plaque at 25°C, diluting 30-fold with TB 
plus 10 mM MgCl2, and rolling with good aeration 
at 37°C for 5-6 h or until complete lysis occurred. 
The mini-lysate procedure was repeated using the 
first mini-lysate to infect at a multiplicity of infec­
tion (moi) of 0.03 to improve lysate titers. By the 
same procedure, the second mini-lysate was then 
used to prepare large-scale lysates (0.5-1.0 liter) 
by infecting MS59. Phage particles were pelleted 
from lysates in four 100-ml polyethylene tubes in 
a Beckman JA14 rotor at 16,000 x g for at least 
12 h at 4°C. The concentrated phages were sub­
jected to isopycnic cesium chloride (CsCl) density 
gradient centrifugation (0.83 g/ml in 10 mM 
M gS04, 50 mM Tris-HCl, pH 7.5, 0.01% gelatin) 
at 45,000 rpm in a Beckman VTi 65.2 rotor for 16 
h at 4°C. The white phage band was collected and 
dialyzed against 1 M NaCl in 10 mM M gS04, 50 
mM Tris-HCl, pH 7.5, 0.01% gelatin (SM) (22) 
for 2 h, against 0.1 M NaCl in the same medi-
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TABLE 1
BACTERIAL STRAINS, BACTERIOPHAGES, PLASMIDS, AND OLIGONUCLEOTIDES

Strain Genotype/Relevant Features Source or Reference

Bacterial strains
BL21 (DE3) E. co li  B F ~ o m p T  Ion h sdS  g a l \ ( im m 21 nin5 in t::lac l-lac  p vws-T lg e n e ! ) 28
MC4100 E. co li  K12 F“ lacA Vi69ara D 1 3 9  relA  rpsL  th i 25
MS59 MC4100 su p F laboratory stock
XL 1-Blue 

Phage

E. c o li K 1 2  r e c A l e n d A l  g y r A 9 6  thi-1 h sd R 1 7 su p E 4 4  r e lA l  lac /  F 'p r o A B  
lacEZ&Mis'.iTiilO

Stratagene

\ S + c/857 laboratory stock
XCE6

Plasmids
c/857 nin5 S a m 7  in t: :T l  g e n e l 28

pBSM13_ T7 and T3 promoters; ApR (pUC derivative) Stratagene
pBSllO Derivative of pBSM13~, S R R z  gene cluster cloned under T7 transcriptional but 

cognate translational control
1

PBSS107 Derivative of pBSM13“, S 1 0 7 M 3 L R R z  cloned under T7 transcriptional but cognate 
translational control

5,6,16

pRGl Derivative of pBH20, S R R z  gene cluster cloned under plac transcriptional but cognate 
translational control

laboratory stock; 11

pJFl 18EH lac  promoter; ApR (pBR322 derivative) laboratory stock; 9
pRY93 Derivative of pJFl 18EH, S R R z  gene cluster cloned as £coRI/////idIII fragment under 

p tac transcriptional but cognate translational control
laboratory stock

pLS157 Derivative of pPLc236, S R R z  gene cluster cloned under pL transcriptional but cognate 
translational control

laboratory stock; 2

pET3a Expression vector containing T7 promoter and 010 ribosome binding site (pBR322 
derivative)

Novagen; 21

pET3S107 S + gene cloned by N d e l /B a m H l  into pET3a this work
pET3S105 Same as pET3S107, but fused at Met3 this work
PET3S107 m 3 l Same as pET3S107, but carries S  m 3 l allele this work
pETlla Expression vector containing hybrid T7-/tfcPO promoter, 010 ribosome binding site, 

and la c l  gene (pBR322 derivative)
Novagen

pETl 1S107 S+ gene cloned by N d e l /B a m H l  into pETl la this work
pETl 1S105 Same as pETl 1S107, but fused at Met3 this work
pETl 1S107 m 3 l Same as pETl IS 107, but carries S  m 3 l allele this work

Oligonucleotides Sequence and Relevant Features

RevSBam cgggatccG ACC ACGCC AGC AT AT
Reverse primer anneals downstream of S  (in R); creates a B a m H l site to subclone the S  gene

ForSwtNde cgaattcatATGAAGATGCCAGAAAAACATGACC
Forward primer anneals to S  gene start; creates an N d e l  site at the Metl codon to subclone S 107  (i.e., S+)

ForS107Nde cgaattcatATGAAGcTGCCAGAAAAACATGACC 
Same as above, but alters S Met3 to Leu to subclone S 107  m 3 l

ForS105Nde cgaattcatATGCCAGAAAAACATGACCTG
Same as above, but creates an N d e l  site at the Met3 codon to subclone S105

SeqpET tgtaaaacgacggccagttaatacgactcactatagggg
Forward primer anneals upstream of p l l - l a c  in pET vectors; contains Seqman priming site

ERevpET gcggatccagggcgagcgcgctagttattgctcagcgg
Reverse primer anneals upstream of T7 010 terminator in pET vectors; contains ERevBam priming site

Seqman tgtaaaacgacggccagt
Forward universal primer used for automated sequencing of PCR products

ERevBam gcggatccagggcgagcgc
Reverse universal primer used for automated sequencing of PCR products

Letters in small case represent either mismatches or insertions, and new restriction sites are indicated by boldface.
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um for 2 h, and finally against the SM medium 
alone for 2-4 h, to remove CsCl and avoid os­
motic shock of phage particles. The concentrated 
phage was stored in SM at 4°C at a titer of ap­
proximately 1012 plaque forming units per millili­
ter (pfu/ml).

Pulse Labeling

The culture growth for E . coli MC4100 carry­
ing pBS- or pET3a-derived S clones followed 
Studier and Moffatt (28) with minor modifica­
tions. The culture was inoculated at A600 =  0.04 
and aerated at 30°C in M9 maltose medium sup­
plemented with Ap. Glucose was added to a final 
level of 0.4% when A600 reached 0.3 and the cul­
tures were shifted to 37°C for another 1.5 h to 
reach a cell density of 5 x 108 cells/ml. MgCl2 
was added to a final concentration of 10 mM fol­
lowed by CsCl-purified XCE6 phage at an moi of 
5. For the time course pulse labeling experiment, 
0.5-ml culture was taken at various times after 
XCE6 infection and labeled with 10 txCi [35S]methi- 
onine at 37 °C for 5 min. The reactions were 
stopped by removing samples onto ice immedi­
ately after labeling. After cells were spun down, 
the pellets were resuspended in 1 x  sample buffer 
and boiled for 3 min. One third of each sample 
was used for SDS-PAGE.

Pulse-Chase Labeling

The XCE6 infection was performed as de­
scribed above. However, for pulse-chase labeling 
experiments, at 20 min after XCE6 infection, 5-ml 
aliquots of cell culture were labeled with 100 /xCi 
[35S]methionine for 10 min, and then chased with 
0 . 1% unlabeled methionine solution and 0.06 mg/ 
ml chloramphenicol dissolved in M9 medium. 
Samples were withdrawn at various times after la­
beling and prepared for SDS-PAGE as described 
above.

Induction o f  p E T ll Clones o f  the S Gene

The plasmid, pETlla (Novagen, Madison, WI) 
and derivatives with S inserts (see Table 1) were 
grown and induced as follows. Fresh transform­
ants were inoculated into 1-5 ml LB media supple­
mented with Ap (100 /ig/ml) and aerated at 37°C 
to an A550 not exceeding 0.8. The cultures were 
then subcultured into larger volumes (25-50 ml) of 
the same media. Upon reaching an A550 =  0.8, 
cultures were induced by adding the allosteric in­
ducer, isopropyl-/3-D-thiogalactopyranoside (IPTG) 
to a final concentration of 1.0 mM and continuing

incubation at 37 °C for the remainder of the exper­
iment. Viability was assessed by serially diluting 
small aliquots at defined intervals pre- and postin­
duction and plating for survivors on selective (Ap) 
noninducing medium at 37 °C.

Photomicroscopy

Images of cells were obtained using a Nikon 
Optiphot phase contrast microscope (Nikon Inc., 
Instrument Group, Melville, NY) equipped with 
a Nikon HFX automatic exposure system, and a 
Polaroid camera (Polaroid Corp., Cambridge, 
MA) mounted to the microscope with a 4 x cam­
era adapter. Images were acquired by oil immer­
sion using a Plan 100 DL objective with a phase 
contrast setting of 4 using Polaroid 667 black and 
white instant film.

Membrane Protein Sample Preparation

Cells were harvested by low-speed centrifuga­
tion (10,000 x g, Beckman JA20, 4°C), resus­
pended in French press buffer [100 mM sodium 
phosphate, pH 7.0, 100 mM KC1, 5 mM ethylene- 
diaminetetraacetic acid (EDTA), 1 mM dithio- 
threitol (DTT), 1 mM phenylmethylsulfonyl fluo­
ride (PMSF)] at one hundredth the original culture 
volume, and disrupted in a French pressure cell at
16,000 psi. The resultant inside-out vesicles were 
collected by centrifugation for 1 h at 100,000 x  g 
at 18°C (38,000 rpm/Beckman Ti50.1 or 55,000 
rpm/Beckman TLA100.3). Membrane pellets 
were subjected to differential solubilization in 
membrane extraction buffer (1% Triton X-100, 
10% glycerol, 20 mM Tris-HCl, pH 8.0, 0.5 M 
NaCl, 35 mM MgCl2) (17,24) for 2-18 h at 37°C 
with shaking. Detergent-insoluble material was re­
moved by centrifugation at 100,000 x g for 45 
min to produce a detergent-solubilized prepara­
tion of inner membrane proteins.

SDS-PAGE

Protein samples were routinely analyzed by 
Tris/Tricine 16.5% sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) 
according to the method of Schagger and von Ja- 
gow (23). Eight to 25% gradient PhastGels (Phast 
system; Pharmacia, Piscataway, NJ) and 16% 
Tris/Tricine precast gels (Xcell II Minicell; Novex, 
San Diego, CA) were also used routinely. The 
method of Wessel and Fliigge (30) was used to 
remove lipopolysaccharide (LPS) from samples in 
which it was known to obscure SI05 due to equiv­
alent mobilities on SDS-PAGE. Proteins were vis­
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ualized by staining with Coomassie blue in 10% 
acetic acid and then destaining with 30% metha­
nol, 10% acetic acid. Gels were fixed in 20% 
methanol, 5% glycerol, and dried between two 
sheets of cellulose (Promega).

In some cases, glycine-SDS-PAGE was per­
formed on 40-cm-long gels to enhance resolution 
of low molecular mass species. The resolving gel 
consisted of 17.5% total acrylamide (30:0.8 acryl- 
amide/bis-acrylamide), 1 M Tris, pH 8.8, and
0.1% SDS. The stacking gel consisted of 3.85% 
(30:0.8) acrylamide, 0.125 M Tris, pH 6.8, and 
0.1% SDS. Running buffer contained 0.2 M gly­
cine, 0.05 M Tris, and 0.1% SDS. Gels were 
loaded and subjected to 250 volts for approxi­
mately 18 h, or about 4000 accumulated volt 
hours, never exceeding 30 mA. Proteins were visu­
alized with Coomassie blue as previously de­
scribed.

Western Blotting and Immunodetection

For immunodetection of S protein, extracts and 
prestained molecular mass standards (Gibco BRL, 
Gaithersburg, MD) were resolved on 16.5% Tris/ 
Tricine gels as above. Proteins were then trans­
ferred to 0.1 pm nitrocellulose (Schleicher & 
Schuell, Keene, NH) and developed as described 
by Towbin et al. (29). Images of blots and stained 
acrylamide gels were digitally recorded with a 
Hewlett-Packard ScanJet Ilex scanner (Palo Alto, 
CA). Quantitative analysis of gel and immunoblot 
data was performed using the image analysis pro­
gram NIH Image (version 1.54) public domain 
software suite (W. Rasband, National Institutes of 
Health; wayne@helix.nih.gov).

Fluorescence Quenching

Inverted membrane vesicles (IMVs) obtained 
from cells containing S protein were analyzed for 
their ability to maintain a membrane potential 
based on the fluorescence quenching assay of 
Monticello and Brusilow (15). IMVs were pre­
pared from induced BL21 (DE3) cells harboring 
pETl la vector, pETllS107, or pETllS105 as fol­
lows. Cultures (150 ml) were induced and cells 
were harvested, resuspended in 1.5 ml of 50 mM 
3-[N-morpholino]propanesulfonic acid (MOPS), 
10 mM MgCl2, pH 7.0 (M&M buffer), and dis­
rupted in a French pressure cell at 16,000 psi. Un­
broken cells and large debris were removed by 
low-speed centrifugation and IMV were collected 
by centrifugation at 100,000 x g (Beckman 
TLA100.3, 60,000 rpm, 60 min, 4°C). The IMV 
pellet was resuspended and washed in 100 ml

M&M buffer and centrifugation was repeated. 
The IMV were finally resuspended at a final pro­
tein concentration of 20-40 mg/ml in M&M 
buffer (ca. 200 /d final volume) as determined by 
the Bio-Rad protein assay (Hercules, CA).

The fluorescence assays were performed in an 
SLM-Aminco AB2 Fluorescence spectrophotome­
ter (Spectronic Instruments, Rochester, NY) in a 
stirred 2-ml quartz cuvette as follows. Twenty to 
40 /d of IMVs (0.5 mg protein) was added to 2 ml 
of fluorescence quenching (FQ) buffer (20 mM 
Tris-HCl, pH 7.8, 200 mM KC1, 5 mM M gS04). 
The solution was adjusted to 5 /xM 9-aminoacri- 
dine (9 A A) by the addition of 1 mM 9AA in 100% 
ethanol. A stable fluorescent signal was obtained 
by exciting the sample with 410 nm light and ob­
serving light emission at 490 nm. This signal was 
defined as 100% relative fluorescence. 9AA fluo­
rescence is extremely sensitive to membrane poten­
tial (26). Quenching of the fluorescent signal was 
achieved by energizing the membranes with 0.5 
mM adenosine 5 '-triphosphate (ATP) as a sub­
strate for the F0F, ATPase or with 0.5 mM 0- 
nicotinamide adenine dinucleotide reduced form 
(NADH) as a substrate for NADH oxidase (12, 
15). ATP and NADH were added as 50 mM stocks 
in 20 mM Tris-HCl, pH 8.0, or M&M buffer, re­
spectively. In the control IMVs, the generation of 
a membrane potential by either method resulted in 
a quenched signal arbitrarily defined as 0% rela­
tive fluorescence. Any quenching induced by ATP 
or NADH could be immediately relieved by addi­
tion of 10 mM NH4C1 or 1 mM KCN, respectively. 
Fluorescence was monitored over a period of 5-15 
min and data were collected and plotted as relative 
fluorescence versus time.

RESULTS

S Levels at Time o f  Lysis

In the course of our analysis of the role of the 
S105 and S107 proteins in the scheduling of lysis, 
constructs with the S gene under the control of 
various promoters had been prepared. By Western 
blotting, we determined that the amount of S pro­
tein present in the membranes of cells lysed by 
induction of these clones was approximately con­
stant, within a factor of two (Table 2). In none of 
these cases was sufficient S protein synthesized to 
appear as a prominent Coomassie blue-detectable 
band in SDS-PAGE analysis. These findings are 
consistent with the conclusions of Chang et al. 
(6), who, based on an analysis of lysis caused by 
induction of constructs in pL vector plasmids, con-
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TABLE 2
RELATIVE AMOUNTS OF S PROTEIN PRESENT 

IN VARIOUS MEMBRANES

Strain
Promoter and 

Lysis Genotype s

\ S + X c/857 sd i*  S * R * R z + 1.0
pRGl p ,n S d i+ S* R +R z + 2.0
pRY93 P M s d i+ S +R +R z + 1.8
pLS157 p, sd i*  S * R +R z + 1.1
pBSHO pT 7 s d i+ S * R +R z + 1.8

The relative amount o f  S protein present in the 
membranes o f cells lysed by induction o f  the listed 
lytic vector was determined by Western blotting. All 
values are normalized to the amount o f  S, both S105 
and S I07 forms, produced in thermally induced lyso- 
gens o f  X c/857 S + . In all cases listed above, the cog­
nate s d i  “dual start” m otif o f  the wild-type 5  gene was 
present (1,3,19).

eluded that the onset of lysis begins when a certain 
quantity of the S105 lysis effector accumulated 
in excess of the S107 inhibitor. In any case, the 
purification of biochemically useful amounts of 
functional S protein was impractical under all of 
these conditions.

S Fused to T7 <j>10 Ribosome Binding Site Leads 
to Production o f  Coomassie Blue-Detectable 
Quantities o f  Holin

It was hypothesized that an increase in S accu­
mulation in excess of the normal lethal concentra­
tion might be achieved if expression were raised to 
levels that might sequester a substantial propor­
tion of S protein intracellularly as denatured mate­
rial in inclusion bodies (8). The complex transla­
tional initiation region of 5, defined by the 
presence of the two start codons, two secondary 
structure elements, and also upstream RNA se­
quences (1,2,6,18,19), is extremely inefficient 
(6,33), such that even very high-level transcription 
of the lysis genes from a T7 RNA polymerase pro­
moter fails to result in significant accumulation of 
S protein (Fig. 1, Table 2). To eliminate these fac­
tors in the expression of 5, the entire S reading 
frame, beginning with the codon 1 AUG, was 
fused directly to the efficient ribosome binding 
site of the T7 <j>10 capsid protein gene in the pET3a 
expression vector (Novagen), resulting in pET3S107 
(Fig. 1). To permit expression of the lysis effector 
in absence of the inhibitor, a second construct was 
prepared in which codon 3 (AUG), the start codon 
for S105, was used, resulting in pET3S105 (Fig. 1).

We suspect that pET3S107 might produce a 
mixture of SI07 and SI05, because the second 
start codon is in such close proximity. To obtain a

construct in which the SI07 inhibitor form could 
be produced free of S105, pET3S107ra5/ was pre­
pared (Fig. 1). These plasmids were constructed in 
hosts lacking the T7 gene 7. Transformation of 
these constructs into the standard BL21 (DE3) 
host, which has T7 gene 1 under lacUV5 control, 
was uniformly unsuccessful (C.-Y. Chang and R. 
Young, unpublished data). This indicated that the 
basal level of T7 RNA polymerase in this back­
ground caused sufficient expression of S to be 
toxic. Expression of these constructs was achieved 
by infecting the primary hosts with XCE6, a trans­
ducing phage carrying T7 gene 1 (28). Cultures 
carrying the S constructs stopped accumulating 
culture mass soon after infection with XCE6 (by 
15 min for pET3S105 and by 26 min with 
pET3S107) and then exhibited a gradual loss of 
turbidity (Fig. 2). Microscopic examination of 
these cultures revealed that the loss of turbidity 
was accompanied by a conversion of normal rod­
shaped morphology to spherical structures, which 
gradually lost refractility (not shown). This morpho­
logical transition occurs for both the pET3S105 and 
pET3S107, although significantly more slowly and 
less drastically for the SI07 construct. This pheno­
type has been observed for infections of \R z  in the 
presence of millimolar concentrations of divalent 
cations (32), and also for the equivalent mutants 
of phage P22 in infections of Salmonella typhimu- 
rium (4). The conditions used here for expression

FIG. 2. XCE6 infection profiles o f  MC4100 harboring pET3a 
clones. A ^  values plateau between 30 and 40 min postinfection  
in the vector control, pET3a ( □ ) ,  whereas both pET3S107 ( ) 
and pET3S105 ( • )  display gradual decreases in absorbance.
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of the pET3 S clones did include the requisite diva­
lent cation (10 mM Mg2+). Although the infecting 
phage were genotypically Rz+, presumably the 
level of expression of the phage late genes is 
greatly suppressed by the dominant activity of the 
T7 RNA polymerase on the multicopy plasmid 
templates.

Cells carrying the vector showed no such mor­
phological change or loss of turbidity, although 
growth is significantly inhibited after infection 
(Fig. 2). Similar results were found for infections 
done in minimal medium, except that the loss of 
turbidity begins about 10 min later for each infec­
tion. Pulse labeling of the infected pET3S105 cul­
tures in minimal medium revealed that the SI05 
species reaches a peak of synthesis at about 10 min 
before the loss of turbidity begins and then rapidly 
declines (Fig. 3). Pulse-labeled samples from the 
infected pET3S107 cultures showed only S107 be­
ing made, reaching a maximum synthesis rate at 
about the same time as for S105 in the pET3S105 
culture, but continuing for much longer and de­
clining only gradually after 50 min of infection 
(Fig. 3).

Triton-soluble membrane extracts of these cells 
were analyzed by Tris/Tricine-SDS PAGE. Coo- 
massie blue-detectable bands with the expected 
mobilities of SI07 and SI05 were seen in these 
extracts, but not in the vector samples (Fig. 4A). 
No Coomassie blue-detectable material of the mo­
bility of S105 was detectable in the pET3S107 
sample, indicating that the efficient Shine- 
Dalgarno sequence of T7 gene 10 predominantly 
directs initiations to codon 1, despite the presence 
of another AUG codon at position 3. Densitomet- 
ric analysis of the stained gels was performed, us­
ing a panel of standard proteins as a Coomassie 
blue reference (data not shown). Assuming that S 
protein stains with Coomassie blue within the 
range of intensities observed for the panel of stan­
dard proteins, the yield of SI05 protein could be 
estimated at approximately 1.1 ^g per ml of in­
duced culture for the pET3S105 construct. This 
represents approximately 105 S molecules per in­
duced cell. By comparison, the amount of S pro­
tein detected in the membranes of the lysed cells 
after induction of an S+ lysogen was approxi­
mately 103 molecules per cell, as judged by com­
parative Western blotting (Table 1). Thus, relative 
expression of S in the pET3a system versus previ­
ous systems was about two orders of magnitude 
higher (Fig. 4B).

Hyperaccumulation o f S Protein
We hypothesized that the rate of S protein pro­

duction in the pET3a system was no longer the

pET3S107

pET3S105
IVT 0 5 10 15 20 30 40 50

FIG. 3. [35S]Methionine pulse labeling analysis of S gene ex­
pression from pET3 constructs. The first lane in the upper 
panel (pET3S107) contains in vitro-translated (IVT), radiola­
beled S protein from pET3S107. The same lane in the lower 
panel (pET3S105) corresponds to IVT S protein from pBSHO 
(6). The second lanes represent preinfection labeling and are 
denoted by a zero. Subsequent lanes are denoted as to postin­
fection addition of label by the times indicated in minutes.

rate-limiting step in the S-mediated lethality, 
which limits accumulation of S protein. To ad­
dress this question, it was necessary to have plas­
mid constructs capable of equivalently high level 
of S expression but not requiring infection by the 
XCE6 transducing phage, which would itself be 
lethal. We took advantage of the plasmid vector 
pETlla, which is under more stringent control by 
virtue of the hybrid Tllac promoter and a copy of 
the lacl gene in cis to the expression site on the 
plasmid (21). Constructs pETllS107, pETllS105, 
and pETl lS107ra5/, analogous to the pET3a con­
structs, were prepared in a host lacking T7 gene 1
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pET3a pET3 pBS pBS 
S1 07 S1 07 M13-

FIG. 4. Coomassie blue-stained SDS-PAGE. (A) Visible bands for S105 and S107 (glycine buffer system). pET3 clones were induced, 
membranes were collected, and proteins were extracted with 1% Triton X-100 and resolved by glycine SDS-PAGE as described in 
Materials and Methods. Lane 1 contains molecular weight markers with masses denoted on the left. Lanes 2-4 correspond to vector, 
S107, and S105, respectively. (B) Comparison of amounts of S107 accumulated in pET3S107 and pBS107 inductions. Whole-cell 
samples were resolved by glycine SDS-PAGE and visualized with Coomassie blue. Lanes 1 and 4: induced vector samples for pET3a 
and pBSM13", respectively; lane 2: pET3S107; lane 3: pBSS107. (C) Localization of hyperexpressed S105. Molecular mass is 
indicated on the left. Lanes 1, 3, 5, and 7: samples obtained from induction of BL21 (DE3) p E T lla ; lanes 2, 4, 6, and 8: induction 
of BL21 (DE3) pETllS105. Lanes 1 and 2 represent the pellets obtained from the low-speed centrifugation step to isolate inclusion 
bodies. Lanes 3 and 4 represent the supernatants (cytoplasmic and periplasmic fractions) from the 100,000 x g centrifugation step 
to isolate total membranes. Lanes 5 and 6 correspond to the Triton-magnesium-solubilized membrane pellets. Lanes 7 and 8 represent 
the delipidated, LPS-deficient, Triton-insoluble fraction, obtained by m ethanol/chloroform  extraction of the pellet from the Triton 
solubilization procedure. The arrow indicates the position of S105 (seen predominantly in lane 6).

(Fig. 1). Introduction of these plasmids into BL21 
(DE3) yielded transformants with distinctive plate 
phenotypes. Transformants with the pETllS105 
plasmid formed colonies that exhibited a viscous 
morphology and rapidly died on plates, indicating 
that, even with the pETlla negative control sys­
tem, the basal level of production of the S105 pro­
tein was very lethal to cells late in colony growth 
conditions. However, fresh transformants of 
pETllS105 could be grown in liquid culture. 
Western blot analysis of detergent solubilized 
membrane samples prepared from uninduced cul­
tures revealed that detectable levels of S protein 
were present for all three constructs (data not 
shown).

Induction of these constructs in broth yields, 
for all three 5 constructs, a relatively short period

when the culture mass continued to increase, after 
which a gradual loss of A550 is observed (Fig. 5). 
By 1 h after induction, a dramatic change in the 
refractility of the cells was noted by phase contrast 
microscopy, with the pETS105 cells becoming 
uniformly nonrefractile and both pETS107 and 
pETS107mJ/ cells also becoming translucent, al­
though less uniformly (Fig. 6). No spherical forms 
or lysed cells were detected, as expected, because 
endolysin and Rz genes are not induced (32). In 
contrast, cells carrying the vector plasmid suffer a 
reduction in growth rate after induction, presum­
ably as result of the exceedingly high level of tran­
scription by T7 RNA polymerase, with no change 
in cellular morphology or refractility. Remark­
ably, although culture mass continues to increase 
for 10-15 min after induction for the S clones,
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(m in )

FIG. 5. Profiles of BL21 (DE3) p E T ll inductions. Growth 
curves are indicated by open symbols and viability curves are 
denoted with filled symbols. Cells harboring the plasmids 
p E T lla  ( ♦ ,  0  ), pETl IS 107 ( ■ ,  □ ) , p E T l \S\01m3l (▼, V), 
and pETllS105 ( • ,  O) were induced at time zero and fol­
lowed for 1 h. Initial viability dilution and plating were per­
formed 2 min prior to induction.

viability drops nearly five orders of magnitude 
within 5 min for the induced pETl 1S105 cells (Fig. 
5). Killing is slower for the pETllS107ra5/ con­
struct (100-fold in 5 min), and slower still for the 
pETllS107 construct (30-fold in 5 min), but in 
both cases viability ultimately is reduced to less 
than 0.1% at 1 h after induction. We conclude 
that under hyperexpression conditions, the SI07 
protein, which acts as a nonlethal inhibitor of 
S105 function under physiological conditions (1),

can act as a lethal holin, apparently forming the 
same kind of membrane lesions that allow loss of 
intracellular contents, as detected by loss of refracti- 
lity. Moreover, the M3L change apparently some­
what increases the lethality of the SI07 molecule, at 
least under hyperexpression conditions.

Subcellular Localization o f S Protein
The yield and subcellular localization of S pro­

tein was determined for the pETll inductions by 
differential sedimentation and detergent solubili­
zation of lysates produced by passage through a 
French pressure cell. The crude lysate from the 
pETllS105 induction, but not the pETlla vector 
control, was cloudy, and inspection of these sam­
ples by phase contrast microscopy revealed the 
presence of large numbers of irregular-shaped par­
ticles approximately one tenth the size of E. coli 
cells, which were presumed to be inclusion bodies 
(data not shown). Surprisingly, however, when the 
inclusion bodies were harvested by low-speed cen­
trifugation and analyzed by SDS-PAGE, they 
were found to contain only a minor amount of S, 
if any (Fig. 4C, lane 2). (The minor amount de­
tected may in fact be present in the small numbers 
of unlysed cells, which persist in the lysate.) In­
stead, multiple protein species are present, and the 
SDS-PAGE staining profile was very similar to 
that of the soluble fraction from the vector sample 
(compare lanes 2 and 3 of Fig. 4C). This suggests 
that much of the soluble protein component of the 
pETllS105 sample was segregated into the inclu­
sion bodies, a notion supported by the depletion 
of soluble species in these cells (Fig. 4C, lane 4). 
The great bulk of S protein was found in the inner 
membrane fraction, as determined by detergent

FIG. 6. Phase contrast micrographs depicting cell morphologies of induced p E T lla  
derivatives. (A), (B), (C), and (D) represent BL21 (DE3) harboring the plasmids pETl la, 
pETllS105, pETllS107, and pETl lS107ra3/, respectively. At 1 h postinduction, cells 
harboring the vector, p E T lla , appear dense and retractile. In contrast, cells containing 
overexpressed S105, and to a lesser extent S107 or S\01m3l, appear translucent and 
nonrefractile.
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solubilization in the presence of MgCl2 to stabilize 
the outer membrane component (Fig. 4C, lane 6). 
Thus, the unexpected overaccumulation of S pro­
tein far beyond its lethal limits is not due to a 
sequestration of the bulk of S into insoluble and 
inactive aggregates.

Assessing Permeability o f  Membranes 
After Hyperexpression

The state of membranes containing hyperex- 
pressed levels of S protein was assessed by generat­
ing IMVs from the induced cells and performing 
fluorescence quenching assays. When exposed to 
9AA, IMVs from induced cells harboring pETl la, 
pETllS107, and pETllS105 all displayed a char­
acteristically intense fluorescent signal (Fig. 7). 
Upon addition of ATP or NADH, the pETlla  
IMV fluorescent signal was completely quenched, 
reflecting the hydrolysis of ATP or oxidation of 
NADH, concomitant transfer of protons into the 
vesicles, and subsequent rapid quenching of the 
membrane-associated fluorophore, 9AA. Fluores­
cence was restored by addition of a proton pump
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FIG. 7. Fluorescence quenching analysis of membranes con­
taining S. Vesicles were prepared from induced BL21 (DE3) 
cells harboring the pETlla vector, pETllS107, and 
pETllS105 as described in Materials and Methods. Mem­
branes from the vector-containing cells displayed optimal fluo­
rescent quenching when treated with ATP (A) and NADH (B), 
indicating sealed membrane structures capable of supporting a 
membrane potential or proton gradient. This signal was de­
fined arbitrarily as 0% relative fluorescence. Fluorescence is 
restored to approximately 75 % by addition of 10 mM NH4C1 
(A) or 1 mM KCN (B). By comparison, vesicles containing 
SI07 were approximately twofold less quenchable, which could 
be relieved as with the vector controls. S105-containing mem­
brane vesicles failed to support a significant membrane poten­
tial.

inhibitor (NH4C1) or an energy poison (KCN). 
IMVs harboring S105 protein exhibited less than 
5% quenching when exposed to ATP or NADH 
(Fig. 7), suggesting that protons pumped into the 
vesicles by the F,F0 ATP synthase or cytochrome 
oxidase could not be retained, but immediately 
diffused out of the vesicles. This is direct evidence 
that S protein accumulated in the cytoplasmic 
membrane is functional even after cellular disrup­
tion, at least to the extent that lesions still exist in 
these membranes that can destroy the permeability 
barrier to protons. The fluorescence signal from 
IMVs containing S107 was quenched approxi­
mately 50% by addition of ATP and NADH. This 
partially quenched signal was restored by addition 
of the inhibitors, NH4C1 and KCN.

DISCUSSION

Overview

We have constructed plasmid clones in which 
the S gene encoding the X holin is placed under the 
powerful T7 class III promoter and the perfectly 
consensus 4>10 translational initiation site. Basal 
level expression of the version of this construct 
carrying the S105 reading frame, beginning with 
codon Met3, is highly toxic, so much so that trans­
formant colonies only a few hours old rapidly lose 
viability and change morphology. Induction of the 
SI05 clone is rapidly lethal, with more than five 
orders of magnitude of killing, as defined by loss 
of colony-forming units, by 5 min after induction 
(Fig. 5). Surprisingly, both S107 and S\01m3l al­
leles in isogenic constructs also cause rapid lethal­
ity, with 95-99% of cells nonviable after 5 min of 
induction. Thus, at very high levels of synthesis, 
SI07 is capable of quantitative lethality, despite 
its inhibitory role under physiological conditions. 
IMVs containing S107 appear to be reduced in 
their capacity to maintain a membrane potential 
according to the fluorescent quenching data. It is 
unclear whether this result reflects the state of the 
SI 07-dependent holes or the distribution of SI 07 
in the population of vesicles. S105-containing 
IMVs, on the other hand, are incapable of estab­
lishing or maintaining a significant proton gradi­
ent, suggesting that the S “holes” are present in all 
vesicles.

Heretofore, S protein could not be readily visu­
alized by Coomassie blue after normal S-mediated 
lethality in the plasmid or phage contexts. In all of 
the pET constructs, we find that SI05 or SI07 
protein accumulates to Coomassie blue-detectable 
quantities. To our knowledge, this is the first time
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that the accumulation of biochemically useful quan­
tities of a holin protein has been reported and sug­
gests that purification and functional analysis of the 
X holin may be feasible. In principle, the same kind 
of protocol could be applied to any of the many 
different holin proteins currently known (3,31).

Triggering o f  S Lethality as a Function 
o f  Concentration

The most surprising aspect of this work is the 
fact that under these hyperexpression conditions, 
the amount of S present in the membrane of the 
killed cells is nearly two orders of magnitude 
higher than in membranes from cells lysed by X 
phage or by induction of lysis genes expressed 
from a70-dependent promoters and under the con­
trol of the cognate ribosome binding sites. The 
simplest interpretation is that, although the 
amount of S normally required to trigger hole for­
mation and consequent physiological death is syn­
thesized within seconds, nevertheless, at this rate 
of synthesis, the supply of S is no longer limiting 
for S-mediated lethality. Presumably, steps in­
volving aggregation and conformational changes 
within the inner membrane bilayer must take 
place, and that process cannot occur any faster 
than about 10 min after induction, irrespective of 
the concentration of S. Viability is lost much more 
quickly because once a cell has produced a certain 
amount of S, it is committed to cell death. How­
ever, during the delay mandated by the putative 
“hole formation” step within the membrane, de­
tectable quantities of S protein accumulate. This 
interpretation is consistent with the results of 
Chang et al. (6), who found inverse dependence of 
lysis time on the amount of SI05 protein in excess 
of SI07, with the curve monotonically approach­
ing approximately 10 min. Although the system 
used for that work was different, a pL-mediated 
thermoinducible vector for the expression of the 
S alleles, ultimately the minimum time to “hole 
formation” after induction of an S gene appears 
to be independent of the expression system and 
thus probably reflects a rate-limiting step that is 
independent of the rate of supply of S monomers 
to the membrane.
“ In the process of subcellular localization it was 
discovered that hyperexpression of S protein in­
duced the formation inclusion bodies. Surpris­
ingly, however, S localized completely to the 
membrane, and little if any S was found in the 
inclusion bodies. We are aware of no precedent 
for such a phenomenon. According to the current 
model, S creates holes in the inner membrane suf­
ficiently large to allow endolysin indiscriminate

transit into the periplasm as a fully folded enzyme. 
We suspect that such a serious membrane insult 
results in abnormal oxidative, ionic, and osmotic 
conditions being imposed in the cytoplasm in an 
extremely saltatory fashion, which leads to large- 
scale aggregation of cytoplasmic proteins.

The fact that both SI07 clones also cause lethal­
ity and the characteristic nonrefractile cellular 
morphology is also unexpected. Furthermore, the 
fluorescence quenching data indicate that SI07 is 
capable of causing lesions at least large enough 
to allow the release of protons. Paradoxically, it 
appears that at rates of expression that allow cells 
to accumulate 100-fold higher than normal levels 
of S, the S107 protein loses its inhibitor function, 
becoming capable of the lethal, hole-forming step 
normally effected by SI05. The SI07 protein is 
identical to SI05 except for its two N-terminal res­
idues, and it has been demonstrated that the oper­
ational difference that confers the inhibitor capac­
ity on SI07 is the positively charged lysine residue 
at position 2 (1). Moreover, when S107 was pro­
vided in trans to an S+ allele in sufficient quantity 
to block lysis and then the cells were treated with 
cyanide as an external trigger, the rate of lysis was 
more rapid than with the wild-type allele alone, 
indicating that the SI07 protein could participate 
in hole formation (1). The picture that emerges is 
that SI07 is a much less active form of SI05, with 
dominant character. Under normal rates of S ex­
pression and in the context of the time scale of the 
normal lambda vegetative cycle, SI07 functions as 
an inhibitor, possibly because its intrinsic propen­
sity for hole formation is so low that it poisons the 
process of assembly of the oligomeric structures, 
which must be on the hole formation pathway. 
Interestingly, S107m5/ appears to be more lethal 
than SI07 at these nonphysiological levels of ex­
pression. This may represent an extension to the 
findings of Blasi et al., who found that charge 
changes in the N-terminal region of S resulted in 
phenotypes similar to that of S107 (27). That is, 
in general, changes that increase positive charge 
retard the onset of lysis after induction of the 
S gene, whereas changes that increase negative 
charge accelerate the onset of lysis. The simplest 
interpretation of the increased lethality of M3L is 
that increasing the hydrophobic character of the 
residue at position 3 makes the protein more le­
thal. Taken together, these findings can be taken 
as support for the notion that the N-terminus must 
traverse the membrane bilayer at some point in the 
hole formation pathway. In any case, the ability 
to accumulate the S protein in the membrane to 
levels orders o f magnitude higher than the normal 
lethal level of S makes it feasible to begin develop­
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ing an in vitro system for the study of the lysis 
phenomenon at the molecular level. Experiments 
in this line are underway in this laboratory.
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