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1. Introduction

About 2 X 10° lipoprotein molecules [13 are co-
valently bound to the murein [2] {peptidoglycan) of
the outer membrane of E. coli and related enterobac-
teriaceae |3, 4]. Twice this amount of lipoprotein
was found free in the cell envelope [5] without speci-
fication whether the free-form oceunrs in the outer
membrane, the cytoplasmic membrane or in both. '
We found by immmunological means that more than -
90% of the total lipoprotein is localized in the ounter
membrane [6]. The lipoprotein most probably is
synthesized in the cytoplasm or the cytoplasmic side
of the cytoplasmic membrane and the question arises,
how it is iransferred throngh the eytoplasmic mem
brane into the outer membrane and how it is built
into the mursin? The two simplest alternatives are:

a murein-repeating unit is already fixed to the lipo-
protein in the cytoplasmic membrane and incorpo-
rated as such into the murein or the ipoprotein is
transferred 1o the preformed murein in the outer
membrane. In vitro studies with soluble and particu-
late enzyme systems revealed the pathway of murein
synthesis up to the stage where the repeating wnit, a
disaccharide—pentapeptide, is bound to a lipid carrier,
a Css-polyisoprenoid alcohol, by a pyrophosphate -

- linkage. Polymerisation of the lipid-linked repeating
unit to peptidoglycan chains and cross-linkage be-
tween peptidoglycan chaing, which is inhibited by
penicillin, was also achieved in vitro {sea review {7]).

Our in vivo studies described here were concerned
with the questlons whether ]xpoprotem is'already’

linked toa murein-repeating unit in the ; cytopl'asmm ‘L

‘membrane, whether mu:ropepndes are polymerized-

1302'

transferred as oligomer 1o the outer membrang and
whether lipoprotein is incorporated randomly or at
specific sites into the murein of the outer membrane.

2. Methods

2.1. Strains :
E. coli W7 {dap—, lys™) is 2 derivate of E. coli
'W173-25 {dap—) [8] and was obtained from Dr. U
Schwarz, Tubingen [9]. Strain W7-2 is a spontansous
revertant of W7 with a functional Dap-decarboxylase.

2.2, Labeling of ﬁymplasmw and outer membrane of
E, coliW? or E. coli W7-2 with 13H) diominopi-
melate

500 mi Cultures of £ coli W7-2 were grown at
37°C in minimal citrate [10], 0.1% casamino acids,

0.5% glucose supplemented with 10 ug diaminopime-

late. At Agyg = 0.4—0.44, cells were harvested, taken

up in 1/15 of the original volume madium and shaken
for 5 min. 5 uCi [3H] diaminopimeiate (5.5 ug) were

* added perml and incorporation stopped after 45 sec

by pouring onto ice + 0,1 M KCN {puise). §3}H] diami-
nopimelate was chased by diluting a sample of the 45
sec pulse mixture 4-fold into medium with 1.5 mgfmi

. of cold diaminopimelate. Membranes were prepared

dccording to Osborn [14]. Treatment of cells with
lysozyme was in some cases replaced by treatment of

~envelopes thh trypsin at pH 8. Treatment with nltra

sound, sucrose density. z;emnfugatmn ete. follovezd

" otherwise the lysozyme method of Osbora. The. tryp-
- sin version was first’ Idﬁveloped by R. Hartmann, R."
Hakenbeck and U, Schwarz (pefsonal commumca-
or cross-hnked in lhe icytoplasmlc membrane .and &hen ' ‘

non)
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2 3. Separation of PH] dam:zumpzmeiaz‘e and [3}-]]
Ipsine.

Aliguots of the (:yitoplasmm and outer membrane
were hydrolyzed with 2 mt 6 N HCI for 20 hr at
105°C. They were then evaporated to dryness and ap-
plied to a4 X 0.7 cm Dowex 50 X 2 column which
had been eguilibrated with 0.1 M pyridine formate,
pH 3.0 and washed twice with 1 m] wates. Afier ap-
plication of the sample the column was rinsed twice
with 1 ml 0.1 M pyridine form: e pH 3.0, 4 times
with 1 mi of 0.3 M pyridine forinate pH 3.5 and 4
times with 1 ml of 2 M pyridine formate pH 5.0.

1 m) fractions were collecied separately in counting
vials and counted after addition of 10 m] Aguasol.
Diaminopimelate and lysine appzar mainly in frac-
tions 5 and 9 respeciively and are compietely sepa-
rated. 10 columns can easily be handied at once and
the separation is finished within 1.5 hr.

2.4. Mispellaneous procedures

Preparation of [3H] diaminopimelate labeled
murein—lipoprotein complex {111 and degradaiion
by lysozyme and pronase have been described [12,
13]. Incubation of the cytoplasmic membrane with
lysozyme and pronase followed these procedures.

3. Resnlts and discussion

The murein of the diaminopimelate auxoiroph
which also lacks diaminopimelats decarboxylase can
be specifically labeled with [H] diaminopimelate.
E. coli' W7 harbors a large cytoplasmic pool of diami-
nopimelate and therefore a revertant which has no
pool since it decarboxylates diaminopimslate to ly-
gine was used for pulse and chasze sxperiments, The
amount of labeled lysine was determined in acid
hydrolysates of envelopes after separation from dia-
minopimelate on a small Dowex-50 column. It
amounted 1o only 5% of the radioactivity in the cy-
top]asmiwc membrane after a 45 sec pulse of logarith-
mically growing cells. Incubation with lysozyme re-
leased about 80% of the diaminopimelate label from
the envelope in the form of muropeptides. The lyso-
zyme-treated envelope was separaieﬁ into eytoplasmic

“and onter membrane by sucrose density centrifuga- -
tion. 70% of the remaining 20% label were found in
the cytoplasmic membrene (fig. 1, L + 1, bands),
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of the gradient of the grodient

Fig. 1. Pulse labeimg of cyioplasmic and outer membrane of
E. ooli W7-2 with [°B]disminopimelate. Logarithmically
srowing cells were harvesied, taken up in 115 of the original
volume of medium, then shaken for 5 min at 37°C before ad-
dition of 5 pCh diaminopimelate/ml. After 45 sec shaking they
were poured into ice + 0.1 M XCN. Cells were digested with
lysozyme, treaied with uliza sound and separaied on a suCIose
density gradient as described by Osborn {14]. The gradient
was ecollected in 25 drop fractions, 50 pl aliguols from each
fraction were dilured with 0.5 ml H-O and radicactivily mea
sured in the Nuclear Chicazo Isocap/300 with 5 ml Agasol
seintillation fluid (New England NMuclear Corp.). Peak rac-
tions were collected, diluted with water and spun down al
140 000 g for 2 hr.

the rest was in the outer membrane (fiz. 1. H-band).
Muropeptides sometimes remaining after washing of
the envelope stayed at the top of the gradient. When
a sample of the cytoplasmic membrane bands L, or
L, {fig. 1} was chromatographed on paper {fig. 2),
only one component was observed whizh had an R
value identical to the lpid carrier-linke 3 muropeptide
[7]. But surprisingly lipoprotein-linkec muropsptides
dimer had the same R ~value. This was found by lyso-
zyme digestion of isolated [3H] diaminopimelate la-
beled murein—lipoprowin of E. ¢oli W7: When the
producis were chromatographed in the same sysiem,
they moved to positions as indicated in fig. 2. We
therefore digested the cytoplasmic membrane with
pronase o degrads hpapz@tem. This, K}D‘WEVEJ, han no

‘effeéct on the Rj-v;a}ue of the fast running [3}1] diami-

nopnneiate-labeleﬂ comps:mem Thusz hpopmtpm-
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Fig. 2. Paper chromatography of cytoplasmic membrane pulse
Tabeled for 45 sec with [[3MH diaminopimelate. Cytoplasmic
membiane (L4 or L of fip. 1) was chromatographed on
Whaiman No. 3 paper with the system isobutyric acid — 1 M
ammtonia {5 = 3) [7] for 18 hr. The paper was dried, pieces

2 cm square were cnt out and the radioactivity measured with
Aguaso] seintillation flnid. Cytoplasmic membrane untreated

{o—0), Cytoplasmic meml‘:nmne treated for 15 min with 0.1 N

HCl at 1035°C (8——®).

linked muropeptide was excluded. Weak acid hydro-
lysis {0.1 N HICL, 15 min, 105°C) known to cleave
the pyrophosphate bond between the carrier lipid
‘and the muropeptide [7] gave rise to a new compos
nent which chromatographed at the position ofa .
muropeptide subun:t (fig. 2, (¢--#)) (Ry0.27). This -
shows that the only diaminopimelate-labeled com-
“pount in the cytoplasmic membrane is the lipid car-
rier-linked murein-repeating unit. Cross-linked muro-
peptides run at the position of muropeptide dimer in
Hig. 2(Ry 10.125). The smzll amount detectable at this
. posmon is due to mcomple*te ‘hydrolysis of the pyro-
'p‘losphate bond probably resulnng in a :noncmss-
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{inked mumpeptxde_phmphaie_ ‘This is conv:]uded
from a set of hydrolysis experiments with 10% acetic
acid instead of 0.1 N HCL After 15 min at 105°C
mainly the componsni with an Rj—va]ue of 0.125 be-
side the lipid carrier-linked muropeptide {50%) is ob-
tained. The Jatter dasappears by longer incubation as
does the R;0.125 component, and at the end (60
min}) only the muropeptide is left. The cross-linking
peptide bond betwesn murein-repeating units is not
hydrolysed under these conditions. The resuilts so far
show that after lysozyme digestion of the envelope
pnly the lipid carried-linked muropeptide is detectable
in the cytoplasmic membrane and no lipoprotein-lin-
ked or cross-linked muropeptide.

Lysozyme treatment of the envelope, a necessary
step in the Osborn procedure for separating the mem-
branes, would prevent detection of polymerized
murein in the cytoplasmic membrane. We therefore
vsed trypsin instead of lysozyme. This approach is
based on our observation that the cytoplasmic mem-
brane detaches from the outer membrane when the
envelope is treated with trypsin for 2 short period [1].
The lipoprotein molecules are released from the
murein since the C-terminal arginyl-lysine bond is
cleaved [4, 12]. A pulse cytoplazsmic membrane was
obtained separated from the outer membrane, The
vield was about 70% of that obiained with Iysozyme.
Afiter paper chromatography of the cyioplasmic
membrane, two [2H] diaminopimelate-labeled com-
poneniz were obtained, One remained at the start
{30—50%%), the other moved like the lipid carrier-
linked muropeptide. The latter disappeared by weak
acid hydr(ﬂysm and gave rise to only one component
at the chromatographic position of the murein-repeat-
ing unit. The material remaining at the origin was un-
affected by weak acid hydrolysis. 1t was converted by
treatment with lysozyme into two components which
chromatographed at the positions of the uncross-

‘linked and the cross-linked muropeptides. No lipid
_carrier-linked_muropeptide was observed whmh

would have been expected if the polymer at the start

© was 11p1d~11nked Instead contamination from the -
outer memb'ane accounts for this amount of murein

polymer in the cytoplasmm membzane. Abont 80%

_of the {3H]diaminopimelate label was in the outer
‘membrane when cells were pulsed for 45 sec with

PBH) diaminopilemate. One has 1o stress that these
o -membranes were not "treated thh ]ysozymea Cross- .
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Fig. 3. SDS-polyacrylamide gel slectrophoresis of membranes:
A) [°H]diaminopimelaie labeled murein—lipoprotein digested
with lysozyme: B) cytopiasmic membrans; ) onter rnemnbrans
after a 45 sec incorporation of H3M3 diaminopimelate and

D) onter membrane after a2 2.5 min chase was heated in "%
SDR {sodium dodecylsulfate), 6.1 M Tris—HCipH 7 for

5 min at 1007C. They were then applied to 15% polyacryla-
mide gels which conizined D.01 M Tris—HCl, 0.01 MEDTA,
0.1% SDS, pH 7.9. The same buffer was filled inlo the slec-
trode chambers. Electrophoresis was performed at a constant
current of 3 mAjfeel uniil the tracking gye bromophencl biue
{B) had moved to 1 cm from the end of the gel. Otherwise

the method followed that described by Weber and Osbom
f157. The gels were out into 35 eguel picces, sxtracted over-
mgh; at 60°C with 0.5 m1 0.3% SDS in counting vials and

. tonnted axier addition of 10 m1 Aguasol,

- gontamination of the cytoplasmic and outer mem-
brane of abount 10% was found by us and others [14]
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and this accounis for the murein polymer found in
the cytoriasmic membrane of nypsm- reated enve-
lopes.

Lipoprotein in new and old murein: Lysozyms
cleaves the glycan chains of murein. Depending on
the degree of cross-linkage between the glyean chains,
cleavage products of differeat size are formed. Arourd
the lipoprotein attachment sites lysczyme does not
cleave, probably for steric reasons, so that 2—3
murgin-repeating units remain boungd to the lipopro-
tein [1, 4, 13). The pretreatment of cells before the
membranes are separaied involves lysozyme digesiion
between 0—4°C. From this it can be expected that
depradation of murein with lysozyme is not com-
plete. When the murein surrounding the lipoprotein
is studied in [H] diaminopimelate pulse-labeled znd
chased merbranes, striking differences have been ob-
served. Such membranes were treated for 5 min in 1%
SDS and then separated by SDS-polyacrylamide get
electrophoresis. In fig. 3 A the electrophoretic mok:i-
lity of muropeptides and lipoprotein-linked muropsp-
tides as they resuit from a 15 hr digestion of isolated
[3H] diaminopimelate-labeied murein-lipoprotein
complex at 37°C is shown. In fig. 3 B the electsopho-
retic patiemn of a 45 sec pulsed cytoplasmic mem-
brane is shown. The position of added ¢yt. ¢ and the
tracking dye bromophenol blue are marked as C resp.
B. Only the lipid-inked muiopeptide is seen which
runs in this system siightly faster than oyi. o In the
pulsed outer membrane a somewhat bioad psak at the
position of liperpotein-linked murapeptides is ob-
served {fig. 3 ). A very different patiern is seen when
the outer membrane of a 2.5 min chase experiment is
Tun on SDS-gels (fig. 3 D). An even more striking dif-
ference can be seen after paper chromatography as
described in fig, 2. The pulse outer membrane forms
one peak with an R svalue of 0.5. The chase outer
membrane, however, remained to 305 on the origin,
These results are taken as evidence that the lipopro-
fein is not randomly incorporated into pre-existing
murein but rather in newly made, less cross-inked
murein. As the degree of cross-linkage between glycan

_chains increasss and as probably ths glvean chains
_ grow longer and more lipoproiein is atded, the enzy-

matic attack by lysozyme is rerdered more difficolt.
This leads to larger polymers with a lower electro-
phoretic mobility in SDS-gels and a low Ryvalue on
paper. These tentative interpretations have to be sub- -

305



fvaume 38, puTber 2

fr stantxated by further expenmenis They open the po&

sibility to siudy the- mode of growth of the murein

macromolecule which spans around the whole cell by
investigating the murein suxrpunﬁmg the hpmpmtem o

of pu]sed amd chasod ceLs.
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