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Shn‘ri stretehes ol similar sequences have been deteeted in unrelated bucterial outer membeanc proteins (Nikaldo snd Wu (1984) Proc. Natl, Acad.
Sei, USA 81, 1048-1052), In the most pronounced similarity reglon, only a glyeine residue is absolutely censarved. To investigate whether this
glyeine residue iy essentia! fer outer membrane incurporation, eliganueleatide-dirested mutugenesis was applied 10 replace this residue, ie. Gly-144, .

us well px two other Gly-residucs In pore pratein PhaB. Substitution of Gly-52 and Gly-288 by Ala and Vul, respectively, did not influenee auter -

~ membrane incorperation. However, the substitution of Gly-144 by Leu affected (he ¢ficieney of outer membrane incorporation. After in vitro
aynihesid this muuint protein wis less eMicienty preeipilated with menoclona! untibodies that fecogniat conformaanal ¢pitepes than wikd: lype ‘
PhoB, shcwinu thal the mulutten Interferes with corrccl folding af the protein,

Ouler membrane pratein; Protein soning: Protein l'oldmg;‘sttc-directed mutugenesis; PhoE protein, Excherichio coli

1. INTRODUCTION |

~ Exported proteins in Gram-negative bacteria are syn-
thesized with an N-terminal signal sequence, The signal

segquence is essential for translocation. across the

¢ytoplasmic membrane but it dogs not contain sorting
information required for the ultimate localization in the
cell envelope [1]. The nature of sorting information in
. outer membrane proteins seems to reside in the overall
conformation of the protein, rather than in a short
stretch of amino acid residues {2,3]. Nevertheless, short
stretches of similarity have been observed in the
primary sequences of unrelated outer membrane pro-

teins [4], suggesting that they may contain sorting infor-

mation. Some evidence for the involverent of the most
pronounced similarity region in the sorting process has
been obtained in case of OmpA protein [5]. Mutant
proteins in which segments including amino acids
[60-172 were deleted, accumulated in the periplasm
- whereas deletions elsewhere in the protein prevented

proper insertion in, but not association to the outer

membrane, Sequence comparisons have recently been

updated [6] and it appears that only a glycine residue,

corresponding to Gly-144 in PhoE protein, 1s absolutely
conserved in this segment,

PhoE protein of Escherichia coli is a pore-forming

~ outer membrane protein, The native form of the pro-
tein is a trimer, The synthesis of the protein is induced
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when cells are grown under phosphate limitation [7].
According to a model proposed for the topology of
PhoE, the protein traverses the outer membrane 16
times mostly as amphipathic 8-sheets (8], Gly-144 is
located in this model at the periplasmic side of the mem- :
brane and might be involved in the formation of a
reverse turn, in the present study, we have investigated

% role of Gly-144 in the biogenesis of PhoE, This -

residue and two other glycine residues which may also
be involved in the formation of reverse turns at the
periplasmic side of the membrane were replaced by

‘turn-blecking residues and the effect of these mutations

on PhoE biogenesis was ;tud:ed.

2. MATERIALS AND METHODS
2.1, Bacterial strains, phages anel growth conditiens
&, cofi K-12 strains CE1224 [1] and CE 1248 [9] are deleted for the

" pho£ gene and do not produce OmpF and OmpC proteins due to

ompR mutations, Strain CE1248 contains in addition a phoR muta-
tion, resulting in constiturive expressnon of the pio regulon Phage
TC45hrN3 [9], which uses PhoE proiein as receptor, is from our

. laboratory. stock, Phage sensitjvity of strains was determined by
.testing for plaque formation. Unless otherwise indicated, ceils were

grown under aeration at 30°C in yeast broth or in a synthetic medium

" 'in which the phosphate concentration can be varied [10], When

necessary, the medla wery supplemented with chloramphenicol (25
pg/ml).

2.2. DNA rechniques and plasmids ‘
Plasmid DNA was prepared as described by Birnboim and Doly
[11], followed by CsCi/ethidium bromide Isopycnic centrifugation,

" Recombinaiit DNA technigues were performed essentially as deserib-
. ed by Maniatis et al. {12]. For site-directed mutagenesis, mutani iden-

tification and sequencing the same methods were used as previously

[13]. The sequence analysis revealed no other mutations than the
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devired substinntlon, {e. codon 82 fram GOT w JCT, codon J44
from GGG 1@ CTC and codon 358 fram GGT 18 GTT (where coden

I correspunds ta the cedan Tar (he fira amine agld of mature PhaR),

The murations resulted in the vabstitatlan af the Qly resiclues by Ala,
Leu and Val residues, respectively. The mutuions were Inrodueed in-
1o the Phok ¢xpression plasmid pJP29 |}) by exchanging the vor:
rasponding restriction fragments, The plavmids were derignated wy
pIP29-A51, pIP29:L 144 and p) P29 V2SR, respectively.
pJPI70 was creaved by inserung a canridge In pJP29 (14). 1 ¢n.
“¢oues a PhoE protein in which the signal seyuence is replaced by only
1we residues, Met and Ser. Similarly, thiy cnnrid;c was m:ened le
pJPz‘J-LI-H yleldinu pIP37N.

2.3, Isolarion tmd eharavrrrizmion of vell fraciions

Cell envelopes were jselated by differentinl cenirifugation afler.

uitrasonic disintegration of the ¢elis {1 8), The aceessibilivy of prateins
in eell envelope fractions for trypsin.was tesled as deseribed provious-
ly [15). The protein patterns wers analysed by sadiun dodeeyl sulfite
polyaérylamide gel electrophoresis (SDS:PAGE (15,

2.4, Pulse-lubel and pulse-chase experimenis ‘

Cells, grown under phasphate starvation, were libelled with
¥'S)methioning for 305 a1 30°C and subsequently chmed with an ex-
cexs af non-radicactive methioning ay described (3], .

To measure the kinetics of assembiy of PhoE inta a trypsin:
resistant form, eells were radislabeiled for 30 ¢ at 28°C. After a chuse
period at the same temperature, samples were rapidly frozen in liquid
nitrogen. The cells were petieted by centrifugation and resuspended in
0.5 m! 100 mM Tris-HCl (pH 8,0}, s mM EDTA, 2.5% Triten X-100
and 30 ug Trypsin {Serva). The suspension was kept anige for 30 min,
Subsequently, a 3-fold excess of Trypsin Inhibitor (Sesva) was added.

The pellet obtained afier' 10 min centrifugation in an Eppendorf cen:

trifuge was rasuspended in sample buffer and incubated for 30 min at

37*C. The samples were analysed by SDS-PAGE und

. autoradiography.

2.5, In vitrd synthesis, immunoprecipitation and trimerization
/Conditions for the in vitro synthesis of PhoE proleins, the outer
-membrang-induced trimerization and. immunoprecipitation with
monoclonal anlibadies (mAbs) which recognize conformational
“apitopes [17], were as deseribed [18].

3, RESULTS

3.1, Expression of mutant proteins ‘
- The plasmids pJP29-AS2, pJP29-L144 and
pIP29-V258, encoding mutant PhoE proteins with
substitutions of the Gly residues in positions 52, 144
and 258 by Ala, Leu and Val, respectively, were con-

structed as described in section 2.2. The plasmids were
introduced into phoR strain CE124B. Cell énvelopes of -

cells grown overnight at 30°C in yeast broth were
isolated and analysed by SDS-PAGE (Fig. 1). Whereas
the amounts of the pJP29-A52 and pJP29-V258 encod-
ed proteins are comparable to the wild type PhoE pro-
tein level, there was substantially less pIP29-L144 en-
coded PhoE protein present in the cell envelopes, This
- effect was even more pronounced when cells were
grown at 42°C (Fig. 1).
" To investigate whether the reduced amount of ‘the
Ll44-mutant protein was due to reduced synthesis,
pulse-label and pulse-chase expériments were performs-
- ed. CE1224 cells, carrying the pJP29 derivatives, were
grown under phosphate limitation and radio-labelled
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'shown). Thus,
-replacements on the kinetics of outer membrane incor-
-poration can be studied by testing the trypsinsensitivity
of the mutant proteins in pulse-chase experiments.

February 19_91‘
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Fig. 1. SDS.PAGE paterns of cell envelope prateing of plavmid-
conlainiivg derivatives af strain CE1248 alter grawih of the ¢ells ar
107C or 29C, Plasmids prasent were: (3] pIP29; (b) pIP29:AS2, (c)
pJP2Y.L 144 and (d) p) P19:V23%, The position of the whldstype PhoE

‘ protein Is indieated,

for 308, followed by 0, 3, or 10 min chase period. The

radiolabelled proteins were analysed by SDS-PAGE
and autoradiography. No differences In the amounts of
the mutant proteins and the wild-type PhoE protein
were observed at any of thesa time points (not shown)..
Apparently, the mutations do not affect the synthesis of
the proteins, The reduced amount of the pJP29-L.144
encoded protein in the cell envelope fraction of an over-
night.culture (Fig. 1, lana ¢) must therefore be explained
by slow partial proteolytic degradation in the cell. The

. processing kinetics of wild-type and mutant PhoE pro-
“teins were all similar (results not shown}), suggesung

normal export from the cytoplasm.

Derivatives of strain CEl1248 cacrylng pJP29.‘
pJP29-A52, pJP29-L 144 and pJP29-V258 were all sen-
sitive to the PhoE-specific phage TC45hrN3. However,
cells expressing the L144-mutant protein gave turbid
plaques, This is in agreement with the reduced amount
of this mutant protein, detected ‘in the cell envelope
preparations (Fig. 1), Nevertheless, these experiments
show that the mutant proteins are correctly incor-

- porated into the outer membrane. This result wascon-

firmed in ELISA experiments {19], which showed that

“the binding of three mAbs, PP1-4, PP2-1 and PP3-4

{17,19) which recognize conformational eépitopes on the
cell-surface exposed part of PhoE protem, 144} mtact
cells was not affected by the mutahons

3.2, K inerics of outer membrane assembiy

Wild-type PhoE protein, imbedded as a trimer in the
outer membrane, is protected against trypsin activity
[20]. Trypsin treatment of the cell enveIOpes. shown in
Fig. 1, demonstrated that the mutant proteins are also
resistant to the protease in this conformation (not
-possible effects of the glycine

CE1224 cells carrying pJP29, plP29-A52, pJP29.L144
and pJP29-V258 were radio-labelled for 30 s at 25°C,
This low temperature was chosen to slow down the very
rapid assembly process. After different chase periods
with non-radioactive methionine, the cells were lysed

- and incubated with trypsin as described in section 2.
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Fig. 2. Autoradiogram of [**Simethianing labeélled proieins from cells of strain CE1224 sepnralcd by SD%. PAGE Plasmids present were pJP29. _
pIP29.A352, pIP29.L144 and pIP29.V258. The cells were starved for phosphate and pulse-labelled with {¥*S)methionine for 30 5. The pulse wax

fellawed by n chaseperiod of 05, 15 £, 45 5, 2 min, 8 min and 30 min in Tanes a, b, €, d, ¢ and 1, respeetively. Subsequently the cells were |ysed
 and incubnted with trypsin. The samples were solubllized in sample burrer for JD min ar 37°C. The positien of the Phol: trimers is indleated.

Proteins  were analysed ‘ by SDS-PAGE  and
autoradiography (Fig. 2}, After a 2 min chase period,

small amounts of the proteins encoded by pJP29,
- plP29-A52 and pJP29-VZ58 were protected against -

trypsin activity and present in a trimeric conformation.
The amount of protecied trimers increased during the 8
~and 30 min chase periods. The assembly of the

A | B

14—

mAb:PP1-1
PP3-1

Fig. 3. lmmunoprecipitations of wild-type (Panel A) and
Lidd-mutant PhoE protein (Panel B). Plasmids pJP370 and pJP371
were used to direct the synthesis of quasi-mature FhoE proteins.
" Symples of 1 ul are shown in lanes a. Samples of 40 ui were used for

- immunoptecipitations with tnAbs PP, (lanes b) or PPy, (lanes d) or

.in the absence of PhoE-specific antibodies (lanes c). At the left, the
‘positions of molecular mass standard proteins {in kDa) and of PhoE
and chloramphenicol transacetylase (Cat) are indicated.

“_ pIP29-L144 encodcd protein appears to be re:arded

Only after an 8 min chase period a small amount of this
protein was found to be protected against the protease
activity. This amount increased slightly during a 30 min:
chasc penod ‘ '

3.3, In Vitro foiding af L144 muram protein

Recently, we have developed a system to study the
folding and trimerization of PhoE protein in vitro
[14,18). In this system, the folding of in vitro synthesiz~
ed PhoE protein is probed with mAbs which recognize
conformational -epitopes.” The immuno-precipitated
PhoE represents a folded monomer. The addition of
outer membranes tothe in vitro system is required toin-

* duce trimerization. This in vitro system was applied to

study -the nature of the assembly defect of the

Lld44.mutant protein, Since the signal sequence in-

terferes with the efficiency of folding {18], plasmids

pJP370 and pJP371 were constructed (see section 2.2.)
and used to direct the synthesis of quasi-mature forms .
of wild-type and Li44-mutant PhoE in vitro (Figs 3A
and B, lane @), The mutant protein was immuno-

precipitated with the two different mAbs tested, but the

efficiency was much reduced (7%) as compared to the

wild type protein (Figs 3A and B, lanes b and d). This
shows that the Gly-144~Leu substitution interferes

with the folding of the monomer. QOuter membrane-

induced trimerization was apparently not affected by

the mutation, since the amounts of wild-type and mu- -
tant trimers were proportional to the amount of folded

monormers detected (result not shown).

4. DISCUSSION
We have shown that Gly-144 of PhoE protein, which

.is highly conserved in a short stretch of sequence
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'simﬂnrity betwwn different outer membmne prating
(6], in essentinl for erficient outer membrane incorpora-

tion. However, it seemx unlikely that this resiclue is part

of n sorting signal in the primary sequenee. Ravher, it
appears that «he Gly-14d4=Leu substitution interferes

witly the foldiug of the proteln, and thus prevents effi-

cient outer  meubrane incorporation, The turn.
promating capeoility of glycine residues may be impor-
tant incthis respect. However, it should be noted that the
substitution of two other glycine residues, which are
- also supposed to be involved in the formation of reverse
wurns at the periplasmice side of the membrane, did not
affect ouley membrane: incorporation significantly,

Therefore, Gly-144 s2ems to be of‘ specml importance

for PhokE- folding

Aékm.lw!wfgenmu.' We thank T. Clnassen for assistance in some of

‘the gxperiments,
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