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Effective disruption of  Escherichia coli cells is achieved by the intracellularly accumulated recombinant murein
hydrolase ( Lactobacillus bacteriophage LL-H muramidase) after the addition of 5 mM thymol. Thymol destroys the
integrity and electric potential of the cytoplasmic membrane, and as a consequence the muramidase can access
and hydrolyze the cell wall murein leading to cell lysis. Lysis occurred within 5 min after the addition of thymol and
seemed to be efficient at high culture densities. This lysis method does not require cell harvesting or addition of
other cell wall weakening substances or exogenous enzymes. As a cell disruption method, thymol-triggered lysis

is as efficient as sonication in the presence of 1% Triton. Furthermore, thymol did not interfere with the purification
steps of Mur by expanded bed adsorption chromatography (EBA), suggesting that the lysis method presented here

is well suited for large-scale production and purification of intracellular proteins of E. coli.
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Introduction penetrate the cytoplasmic membrane. Accumulation of
S lysin inside the cell increases the cell's sensitivity to lysis
The cytoplasmic (_mner) membrane, the ce!l wall anq thelg chemicals (like EDTA or Tris) or physiologicyal an_
?ggegr%?é?:r%?etr("g ?ﬁacaesgr?; ?iraig;t_ neoaagggtgﬁgtefllﬁ)e? itions (eg, freeze-thawing or osmotic shock) that affect the
P P giany : ?ntegrity of the cytoplasmic membrane [4,19]. Chloroform

barriers have to be broken when purifying intracellular PrO 4 eatment causes very effective lysis of bacteria that have a

:)er”;zMrigt]iin(lgal (heegr;’g r:ncflw g(r)ezssn,]g)c)rgic;?ttjlotri]ért]) ?gt_r?;'gbigh intracellular content of lysin [19]. As a toxic material,
y 9, 99 lysozy P hloroform is not convenient for large culture volumes, and

usually require cell harvesting and resuspension into al : X i
appropriate buffer [3]. Some modern purification techno-t M&y severely disturb the subsequent protein purification

e I ; : teps [17].
logies like expanded bed adsorption [1] permit the use of The autolytic machinery oE. coli is not very efficient

e e b vosate e sl B overexpression ofconed phage s the amount o
' 9 9 urein hydrolyzing activity insid&. coli can be increased

fé?i& Igewsed‘i)rreo éﬁ'yn ir? Ltjrr]gliﬁlt%rrlep;?: ;gsﬁzh:ayﬁ:sé:; tsr;evi?]agg\'/vithoqt lysing the cell. Association with the energized cyto-
in time, energy, and costs during the downstream purifi—fézzrggctrzgemfrrgg? d<£5’r21] d?:]ayatéﬁv(i)tneo?]gggti?iglngj?;t ;li]ps
cation processes for intracellular proteins. 9 9 y y

Compared to mechanical disruption or addition of Iytic and phage lysins. Beet al [6] have suggested that break-

proteins, intracellular expression of genes encoding Iysiéagft :t:cot;]eo:cyls“;if] mreoTeti)rza?ﬁr Oajs;]) cgﬁgog, tgatlr;esrrgirlar%g;rls-
proteins (eg, membrane spanning toxic proteins or cell wal ysin p g ytop

hydrolases) is a more economical and better targeted lysi rane, is involved in lysis triggered by phage-encoded

method [4]. Membrane-spanning proteins trigger localize uﬁ?giﬂe'sopr?en dmt;]gthlgscl)f)szrr(\)/taetligi’tk?aotlgjt.ol-r 2:: 0\]{'8?'&5_
bacterial autolysis by permeabilizing the cytoplasmic mem- PP y Y

brane [12]. However, the stability of cloned membrane-POsitive bacteria, likacillus subtilis can be induced with

. . . .~ energy poisons (azide, cyanide) that reduce the electric
spanning encoding genes may be poor [4,13]. This functio . :
usually depends on the physiological state of the bacteri otential of the cytoplasmic membrane [11]. Alcohols are

(membrane lipid composition, growth temperature and cul- Iso capable of inducing small disruptions in biological

- - . . -_membranes leading to changes in the properties of mem-
ture density) [18]. Therefore efficient lysis by such proteins, ) . P - -
may be obtained only for low culture densities [8]. The brane-bound proteins, the ion-binding properties of proteins

. i ; .~ of membranes and changes in ion permeability. The aro-
bacteriophage-encoded cell wall murein hydrolyzmgmatic alcohol thymol (5-methyl-2-(1-methylethyl)phenol)

enzymes (generally called endolysins or lysins) are not ver . .
toxic for the host bacterium, because they are unable t?lﬂijces those changes at relatively low concentrations

In this study, we wanted to develop for the industrially
Correspondence: Dr A Vasala, Department of Biology, University ofOqu,'mportam baCter'umE' C,OI' a cell lysis ,S,yStem’ which
Oulu, FIN-90570 Finland should be functional at high culture densities and scaleable
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cell wall hydrolyzing activity inside the bacterial cell, we sodium azide (Sigma, 75 mM) and thymol (Merck, 1 and
used the induced expression of ttectobacillusphage LL- 5 mM) for bacterial lysis were studied. Thymol was added
H cell wall hydrolase genenur [16,17]. The cloned gene as 0.5 M stock solution in ethanol. For purification of Mur
mur can be relatively stably maintained in tke coli host, by expanded-bed adsorption, the bacterial cells were dis-
as Mur is inefficient on thee. coli cell wall. We wanted rupted with 5 mM thymol (for 30 min) and 1% Triton X-

to ensure that the presented lysis method for Ehecoli 100 (Merck, Whitehouse Station, NJ, USA, further 30 min)
system has no side effects for the downstream chromat@fter 4 h IPTG induction at an Qf, of 0.7.

graphic purification of intracellular proteins. Therefore we o ) ]

demonstrated an experimental cultivation of tBecoli  Estimating the efficiency of bacterial lysis

strain expressing the recombinant phage LL-H muramidasd he rate of lysis was followed by measuring the change
and purification of Mur by EBA [17]. of culture turbidity by a double beam spectrophotometer

(Beckman Coulter, Fullerton, CA, USA, Model 25) at 600

. nm. The efficiency of the release of intracellular proteins
Materials and methods by 5 mM thymol-treatment (30 min, followed by 30 min

Bacterial strains and DNA techniques incubation in the presence of 1% Triton X-100) was esti-

The DNA sequence of the lysin region of phage LL-H gen-mated by measuring the Mur activity [16,17] and R-
ome has been previously published (GenBank accessidg@lactosidase activity [13] released into the medium. As a
number M96254) [16]. The genmur was amplified by reference method, sonication in the presence of 1% Triton
polymerase chain reaction (PCR) using Dynazyme PCR(-100 (MSE Soniprep 150 apparatus, Sanyo Electric,
Polymerase Kit (Finnzymes Oy, Espoo, Finland) (30 cycle€Osaka, Japan, 2om amplitude, three bursts of 20's, 0.5 ml
of denaturation [92C, 1 min], annealing [48C, 1 min] and ~ culture volumes) was performed. Prior to enzyme analysis,
extension [72C, 2 min], 3 mM Mg* concentration) and intact cells and cell debris were removed by centrifugation
primers annealing upstream and downstream of the gerld0 000x g, 10 min at 4C).

mur. Phage LL-H DNA was used as a template for the _ .. . )
reaction. By modifying the upstream primer sequence ’s/r/f/cat/on of hMur by expanded-bed adsorption
(GGCGGTCGGAGCTCAAAAAAGAAAGAAGAAAGA  chromatography . .
AAATGTCAAG), we created recognition sites for the Purification of Mur was performed essentially as previously

-~ ; i described [17]. A STREAMLINEM C50 column
restriction enzymeésad and replaced the ribosome-bindin L X
site of the ger)llemur by the ri%osome-binding site of the? (Pharmacia Biotech, Uppsala, Sweden) packed with 300 ml
phage LL-H holin gen@RF107(designated as ORF-2 by °f STREAMLINE'™ SP cation exchange resin was used.
Vasalaet al [16]) to improve the rate ofur-expression. rior to loading the mixture on the purification column,
The downstream  primer (CTTGGCCGTCGACA conductivity and pH of the bacterial culture (3 litres) lysed

: : I~ : 5 mM thymol and 1% Triton X-100 were adjusted to
GCTGCACTC) was designed to contain a recognition 5|teby ;
for the restriction enzym&al. The resulting PCR product correspond to 50 mM sodium phosphate, pH 5.6, 0.15 M

(purified with QIAquick PCR Purification Kit, Qiagen, NaC_I. The sample feed, wash, and elution (by 50 mM
Hilden, Germany) was cut with the appropriate restrictionSedium phosphate, pH 6.7, 0.35 M NaCl) were performed
enzymes, and ligated into the pET2%vector (Novagen, &S Previously described [17].

Madison, WI, USA) linearized wittSad and Sal using

standard protocols. In the resulting plasmid pET21[mur],Results

the genemur was located downstream of the T7 promoter.|n order to estimate the efficiency of the intracellularly
This plasmid was transformed into thE. coli strain  accumulated protein Mur and the autolytic systeniotoli
BL21(DE3) (Novagen). That strain, when treated withfor cell lysis, we treated bacteria with chloroform, which is
IPTG, produces T7 RNA polymerase needed for expressiog potent agent to trigger lysis of bacterial strains containing
of the genes cloned under control of the T7 promoter [15]an increased amount of cell wall hydrolase activities
For comparative analysis of the cell lysis properties, straif7,19]. Induced expression of the clonddactobacillus
BL21(DE3)pLysE (Novagen) constitutively expressing low phage LL-H genenur in the plasmid pET21[mur] did not
amounts of the phage T7 lysin and transformed with theetard the growth of bacteria (results not shown), but after

plasmid pET21¢, was used. the addition of chloroform (2% v/v final concentration), a

) S ) ) rapid decrease in absorbance was observed (Figure 1). The
Bacterial cultivation, induction of mur-expression, autolysin activity in the cloning host strain BL21(DE3), or
and lysis triggering the amount of the phage T7 lysin in the commercially avail-

Cultures originating from single colonies were grown in gple strain BL21(DE3)pLysE were too low for rapid lysis
Luria Broth (LB) supplemented with ampicillin (Sigma, St after chloroform treatment (Figure 1). These strains con-
Louis, MO, USA, 25ug ml™) at 37C in shake flasks tained the cloning vector pET2%cand were treated with

(three times 1-liter volumes for Mur-production, otherwiseg.5 mM IPTG as was thenurexpressing strain pET21
20-100 ml volumes). Induction of the expression of themur].

cloned genes was performed by addition of 0.5 mM IPTG

(technical grade, Calbiochem, San Diego, CA, USA) at theTriggering the lysis of muramidase-expressing E. coli
desired culture density. At 2.5 h after the induction, the cul-cells

ture pH was adjusted to 6.0, and the contributions of chloroDestruction of the membrane energy potential, followed by
form (Merck, 2% v/v), potassium cyanide (Sigma, 10 mM), the activation of the membrane-associated cell wall
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2 2% chloroform BL21(DE3)pLysE decreased the turbidity only slightly
\b (results not shown), indicating the necessity of adequate
amounts of intracellular cell wall hydrolase activity. The
M addition of the nonionic detergent Triton X-100 (1% v/v)
e to the thymol-treateé. coli culture improved the solubiliz-
= e ation of Mur, but also increased the turbidity of the culture
I I T TN S AR (results not shown). At temperatures lower thafQQclari-
T : . fication of the culture was observed. The energy poisons
° cyanide (10 mM) and azide (75 mM), which efficiently trig-
8 ger lysis of Bacillus subtilis did not trigger lysis of the
‘ mur-expressinge. coli. Addition of the non-ionic detergent
ee---e Triton X-100 led to lysis of azide-containing sample sug-
. ‘ ‘ . . ‘ ‘ . gesting that the bacterial outer membrane is not permeable
0 30 60 90 120 150 180 210 to azide.
Time (min) To estimate the efficiency of thymol-triggered bacterial
Figure 1 Intracellular accumulation of the cell wall hydrolase Mur lySiS at different cell Qensities, We measured the-levels of
mgkesE. coli cells sensitive to chloroform-triggered Iysis.y0.5 mM IPTG Mur. and_p-galactosidase activities released into the
was added at time point 0, the addition of chloroform (2% viv) was perfor-Medium (Table 1). As a control treatment, thorough sonic-
med at 150 min. —@-— Mur; —-¥— — control; — l—— T7 lysin. ation (two times 1 min) in the presence of 1% Triton X-
100 was employed. Enzyme activities were measured from
the supernatant after removal of the cell debris by centrifug-

e e s oo aagion 10000+, 10 min). Equal lvel o galaciosidase
Y Pp J tivities were released into the medium by sonication

gSiS of bacLeriabinfeCFeld by bgcteriophages [6,20].dFohr control) and thymol treatment. On the other hand, higher
amaging the bacterial membranes, we compared t o ' . P s
- . vels of Mur-activity could be released into the medium
%fgc;ir(}cgz?df ec ?Il(?)r?;?\;n;r%(y;g /%)'\,/lthrg se nee gﬁl\y eﬁ)o)'zcﬁ]réstﬁy?nnc;lby thymol treatment suggesting that Mur retains its activity

» Fesp Y YMOhetter after this treatment. It should be noted that the deter-

1 and 5 mM) as lysis triggering agents for tineir-express- . : .
i(ng cells. Thi/molyinducgg a rgpig decrease in CLE)Iture grJent Triton X-100 (1% final concentration) was used for

bidity at a concentration of 5 mM (Figure 2). A slower b?;?Eitnrsatments in order to solubilize membrane-bound
decrease was observed at 1 mM thymol. Formation of '
filamentous aggregates, similar to those resulting in coex;

. . . Protein purification from the E. coli cell lysate
pression of the phage LL-H lysin and holin genasuf and G
ORF107 in E. coli, were produced [17]. This suggests In order to detect possible influences of added thymol on

. . e chromatographic purification of intracellular proteins,
membrane damage, leakage of Mur into the periplasm an e . § :
the start of cell wall murein hydrolysis. The addition of we performed thymol-triggered lysis for tiheur-expressing

: E. coli culture and purification of Mur by EBA using the
thymol to  the control strains  BL21(DES) or cation exchange resin STREAMLINE as described by

Vasalaet al [17]. The purity of the eluted Mur was as

2 A

high as when sonication or coexpression of the phage LL-
1% Triton X-100 H holin gene ORF107j was used as a lysis method [17].
v Extremely stable bed expansion was achieved, and no Mur-
) - M activity was detected in the flow-through (results not
Tl v v ——v shown).
o.. LE '
600 om N
1 e AN
AN
L AN Table 1 Efficiency of thymol-triggered lysis ofmur-expressinge. coli

\\ m N at different cell densities. Release of intracellular proteins from the bac-

k \\ terial cells expressing phage LL-H lysin was obtained with 5 mM thymol

\\ D — ,:;f_f:_% or sonication (both in the presence of 1% Triton X-100). The values given
XS/Q\O“O;-B:—"D’—' are proportional to the enzyme activities obtained by lysing the cells by

o o-—0 R
‘- sonication
0 : - - : - - :
0 10 2 0 40 50 60 0 Culture density Relative activity
Time (min) at time point of
IPTG-induction ; i
Figure 2 Triggering the lysis ofmur-expressing. coli cells with com-  (op_ B-galactosidase Muramidase (Mur)

(0]
pounds that affect the integrity or energy state of the cytoplasmic mem-
brane. Expression of the cloned phage LL-H gemar in the strain

BL21(DE3) was induced with 0.5 mM IPTG at cell density 1.0 (measured Sonication - Thymol  Sonication  Thymol
at 600 nm). Two hours later (time point 0 min), the lysis triggering agent0-4 100041 95041 100043 1450A’
was added. At 40 min, 1% Triton was added to the samples containing" 100% 99% 100% 131%

100% 104% 100% 157%

cyanide and azide (indicated by arrows).@— Control; —O— 2% . . . .
chloroform; —¥——- 10 mM cyanide; -Vv— 75mM azide; — - — 2.1 100% 106% 100% 181%
1 mM thymol; —+1—— 5 mM thymol.
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Discussion production of recombinant proteins, high bacterial culture
densities are preferred. The thymol-triggered lysis system
Autolysin activity inE. coliis too low for thymol-triggered described in this study is insensitive to the culture growth
lysis. Nor was there enough murein-degrading activitystate (if enough cell wall hydrolase activity is present in
present even in the commercial strain BL21(DE3)pLysE cells), and thus may be applicable for lysis of large volume
which constitutively produces small amounts of phage T7E. coli cultures with high cell densities. The time point after
lysin (Figure 1). Mur is relatively inefficient on the purified induction of the lysis gene’s expression when the amount
E. coli cell wall murein [16]. This can be regarded, how- of the intracellularly accumulated cell wall hydrolase is suf-
ever, as a benefit in the following respects: ifiyr-express-  ficient for thymol-triggered lysis can be rapidly determined
ing clones can be relatively stably maintained, especiallyoy treating small (a few millilitres) samples with thymol.
when cultivating bacteria in a minimal medium Thymol-triggered lysis may be used for purification pro-
(unpublished results); and (2) high amounts of the intra-cesses of other intracellular components, for example poly-
cellularly accumulated Mur are tolerated By coli (up to  saccharides. This disruption method may not be, however,
5% of the total soluble proteins). Sufficient accumulationvery applicable for purification of nucleic acids (eg,
of murein-degrading enzyme activity for thymol-triggered plasmids). In typical purification methods for nucleic acids,
lysis can be achieved by induced expression of the clonethe bacterial cell walls are first digested with an added
phage LL-H lysin genamur. enzyme (typically hen’s egg lysozyme) in an osmotically
Autolysis is not generally used as a cell disruptionbuffered solution in order to prevent too early lysis and the
method forE. coli, as efficient mechanical protocols for consequent release of nuclease activity from the broken
cell disruption are available. Due to the thin cell wall andcells. Rapid lysis is thereafter obtained by addition of a
thus lower amount of autolytic enzymes (compared todetergent (typically sodium dodecyl sulphate) that disrupts
Gram-positive bacteria), the study of mechanisms that trigthe membranes and denaturates the proteins. On the con-
ger the lysis ofE. coli has not received much attention. trary, the addition of thymol first disrupts the bacterial
Lysis of the cells with a high concentration of accumulatedmembranes, after which gradual (although rapid) digestion
phage lysin can be obtained by treatment with chlorofornof the cell wall murein by the intracellular murein hydrolase
(Figure 1) or toluene, by change of osmolarity, or by the(Mur) occurs.
addition of cell wall weakening compounds like EDTA [4].  For mechanical disruption, bacteria are usually harvested
In the present study, we were able to trigger lysis byby ultrafiltration and/or centrifugation. Such concentrating
addition of thymol and lyse the bacteria directly to the cul-steps may require 2—3 hours, and the mechanical disruption
ture medium. Thymol is aromatic, aseptic and generallyl or 2 more hours. Concentrated samples are difficult to
regarded as a non-toxic substance. Its induced lesions inttandle because nucleic acid released from the broken cells
the bacterial cytoplasmic membrane and formation of filaincreases the viscosity. Also the risk of proteolytic degra-
mentous aggregates mimic the influence of coexpression afation of proteins increases. Therefore mechanical disrup-
phage LL-H lysin and holin genes (genesur and tion is often performed at low temperature in the presence
ORF107. As distinct from Bacillus subtilis azide and of (expensive and poisonous) protease inhibitors. By the
cyanide did not induce lysis ofmurexpressingE. coli.  thymol-triggered lysis method, the purification process can
When supplemented with 1% detergent (Triton X-100), 75be started very soon (immediately in the case of a stirred-
mM azide triggered lysis suggesting that its penetratiortank adsorption system) after the addition of thymol. Short
through the outer membrane or cell wall Bf coli occurs  processing time may significantly reduce the risk of degra-
inefficiently. Thymol, as a more hydrophobic compound,dation of the proteins being purified. Both the lysis and
may permeabilize the outer membrane and cell wallthe purification (eg, by EBA) can be performed at room
efficiently. temperature. However, the cell wall hydrolase Mur is active
Small damages in the cytoplasmic membrane followedver a wide temperature range (1026). Consequently,
by rapid reduction of its energy potential are involved inthe operating temperature for thymol-triggered lysis can be
bacterial lysis induced by membrane channel-forming prooptimized in respect to maximal stability of the proteins
teins like bacteriocins [2] and bacteriophage holin proteindeing purified. Thymol treatment was at least as efficient
[20]. Cell wall hydrolase activity may be required for the as a cell disruption method as sonication (Table 1). Unlike
final lysis, as cell wall degradation products are observeahloroform, thymol did not reduce expansion of the adsorb-
after lysis by small bacteriophages (likX174) that do ent bed during the sample feeding in EBA. Nor was the
not encode their own lysin [12]. Unfortunately, as the adsorption of the protein Mur to the cation exchange resin
membrane-spanning proteins are toxic for the host bacSTREAMLINESF disturbed by the presence of thymol.
terium, the stability of the genes encoding them may be
poor [13,19,20]. The membrane-spanning step of Iytic PrO=onclusions
teins like colicins requires high membrane energy, which
is present in actively growing cells [2,10]. Lysis by phage Expression level of the clonedactobacillusphage LL-H
holin is also affected by the membrane composition, memiysin genemur sufficient for efficient lysis oE. coli could
brane fluidity and inhibitory heat shock proteins [18]. As be obtained with IPTG even at relatively high culture den-
a consequence, lysis triggering by holin genes may beities. After intracellular accumulation of Mur, rapid and
efficient only for low culture densities. Also the holin/lysin efficient lysis ofE. coli could be triggered by the addition
system of phage LL-H cloned int&. coli proved to be of 5mM thymol. Thymol, at 5 mM, did not interfere with
sensitive to the culture growth state [17]. For large-scaledownstream purification of the intracellular proteins by
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expanded bed adsorption. The presented thymo|_triggered’ Doermann AH. 1948. Lysis and lysis inhibition &scherichia coli

; ; ; ; bacteriophage. J Bacteriol 55: 257-276.
lysis method is therefore extremely suitable for the lysis of 8 Henrich B and R Plapp. 1984. Use of a cloned bacteriophage gene to

!E. coli_cells |n th_e culture medium and for Iarge—sca!e disrupt bacteria. J Biochem Biophys Meth 10: 25-34.
industrial purification processes of heterologous proteinsg Henrich B, B Binishofer and U Bt 1995. Primary structure and
produced inE. coli. functional analysis of the lysis genesladctobacillus gassetbacterio-
phagegadh. J Bacteriol 177: 723-732.
10 Jetten AM and MER Jetten. 1975. Energy requirement for the initiation
of colicin action in Escherichia coli Biochim Biophys Acta 387:
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