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A New Periplasmic Protein of Escherichia coli Which Is
Synthesized in Spheroplasts but Not in Intact Cells
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The gene spy from Escherichia coli has been cloned and sequenced. It encodes a precursor of a so far unknown
139-residue, rather basic periplasmic protein. It was not detectable immunologically in intact cells but was
produced abundantly in spheroplasts. It could be a stress protein specific for spheroplasting.

The subject of this communication was found accidentally.
We wished to study the location and regulation of synthesis of
a major protein of the Escherichia coli outer membrane,
OmpA, when produced in spheroplasts. Spheroplasts of strain
UH300 (15), a derivative of MC4100 (3), were prepared ac-
cording to the method of Osborn et al. (18) by treatment of
exponentially growing cells with lysozyme plus EDTA (2).

Figure 1 shows the protein composition of supernatants of
spheroplasts. Standard spheroplast preparations (fivefold con-
centrated with respect to a culture growing up to an optical
density at 600 nm of 0.8) were diluted twofold with 0.25 M
sucrose in L broth (16) and were incubated for 90 min at 37°C
in the absence or presence of 0.5% glucose. Spheroplasts were
removed by centrifugation, and proteins in the supernatants
were precipitated with ice-cold trichloroacetic acid (final con-
centration, 5%), washed with acetone, and solubilized by being
boiled for 5 min in sample buffer. Equivalent amounts of whole
cells were also boiled this way; insoluble material was removed
by centrifugation. Sodium dodecyl sulfate (SDS)-polyacryl-
amide electrophoresis was done with Laemmli-type gels (11).
An 18-kDa polypeptide, not present in this supernatant of
freshly prepared spheroplasts, appeared upon incubation of
the spheroplasts for 90 min at 37°C and became quite abun-
dant when glucose (0.5%) was present during this time. The
protein was eluted electrophoretically from such gels and sub-
jected to automated Edman degradation, which yielded the
N-terminal sequence ADTTTAAPADAKPMMMHH. This
sequence was not found in any database; hence, we were deal-
ing with an unknown protein, which we designated Spy
(spheroplast protein y). A rabbit was used for the preparation
of an antiserum (10). A library of chromosomal DNA from E.
coli in phage Agtl1 (24) was obtained commercially (Clontech,
Palo Alto, Calif.). Plaques of the recombinant phage on strain
Y1090 (25) were transferred to nitrocellulose filters (5) and
treated with the antiserum, followed by peroxidase-coupled
anti-rabbit immunoglobulin G serum (8). Although the anti-
Spy serum appeared to be monospecific, plaques were also
subjected to hybridization with a 21-mer degenerate oligonu-
cleotide prepared according to residues 10 to 16 of the N-
terminal sequence presented above. Hybridization (6) was per-
formed with an oligonucleotide labeled with digoxigenin-dUTP
and the DNA Labeling and Detection Kit (nonradioactive;
Boehringer Mannheim). Since, indeed, plaques existed which
reacted only with the antiserum, phage was isolated from a
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plaque reacting with both probes. The phage carried an insert
of 4 kb and, by using the oligonucleotide for Southern analysis
(21), the spy gene was located on an ~2.2-kb BsiWI fragment
which was ligated into the high-copy-number phagemid pBC
SK+ (Stratagene, Heidelberg, Germany), opened with Kpnl,
resulting in pSH1. It was sequenced (4, 19) with an A.L.F. DNA
sequencer (Pharmacia-LKB, Freiburg, Germany) with the ap-
propriate primers and the Auto Read Sequencing Kit of the
same company. The result is shown in Fig. 2. There is one
complete open reading frame (ORF) containing the N-termi-
nal sequence determined for the Spy protein (except that there
are only two instead of three methionines); the spy gene codes
for a preprotein with a typical signal peptide. The 139-residue
mature protein is highly charged (36% charged residues) and
rather basic (Table 1). A search in the EMBL and GenBank
databases revealed that 200 bases at the 3’ end of the insert are
completely identical to those of clone pYU14, which is located
at min 39.2 of the E. coli chromosome (22). Hence, spy is
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FIG. 1. Protein profiles. Lanes 1 to 5, polypeptides of supernatants of
spheroplasts; 1, from freshly prepared spheroplasts; 2 and 3, upon incubation
without or with glucose, respectively; 4 and 5, from spheroplasts carrying pSH2
incubated without or with glucose, respectively. Lanes 6 and 7 contain proteins
of intact cells harboring pSH2 grown in the absence or presence of glucose,
respectively. An electrophoretogram (12% gel) stained with Coomassie brilliant
blue is shown. Numbers in the right margin show the positions of molecular
weight marker proteins.
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Eco RI
1 GAATTCGGTG AAGCAAGGGA AACGTTATTG CCATAGCGAT ATGAATCGAA TGTTTGGCGG
N SV K Q GK RYC HSD MNRM F G G

61 TCGTTGGCAG CTATTTGCTG AAAGCGGAGA AACCTGTCGG GCGCGCGAAC TGGAACAGTG
R WQ L FAE S GE TCR ARETL EQC

121 CCTGGAAGAT TTTTATGACC AGGGCAAAGA ATCTGTGCGC TGGCACCTTG ATCTACATAC
L ED FYDJQ GKE S VR WHLD L HT

181 CGCAATTCGT GGCTCCTTGC ATCCGCAGTT CGGTGTATTA CCGCAACGCG ACATTCCCTG
A I R G S L H PQF GV L P QRD I P W

241 GGACGAGAAA TTTCTGACGT GGCTGGGTGC GGCGGGGCTG GAGGCGCTGG TGTTCCATCA
D EK FLTW L GA AGUL EALUV F HQ

301 GGAACCTGGT GGTACGTTTA CCCATTTCAG CGCCAGACAT TTTGGCGCGC TGGCCTGTAC
E PG G T F T HF S ARH FGAL ACT

361 GCTGGAACTT GGCAAAGCGT TGCCCTTTGG GCAAAACGAT CTTCGCCAGT TTGCAGTAAC
L EL G K AL PFG Q@ ND L RQF A VT

421 TGCCAGCGCA ATTGCTGCGC TGCTATCTGG TGAGAGTGTC GGTATCGTGA GAACACCGCC
A S A I AAL L SsS G E SV G I VR TP P

481 GCTCCGTTAT CGGGTGGTTT CGCAAATTAC TCGCCACTCG CCGTCCTTCG AAATGCATAT
LRY RVVS QIT RHS PSFE MHM

541 GGCAAGTGAC ACGCTGAATT TTATGCCGTT TGAGAAAGGA ACATTGCTGG CGCAGGACGG
A S D TLNVF MPF EXKG TLL A Q DG

601 AGAGGAACGT TTTACCGTAA CCCATGATGT AGAGTATGTG TTATTCCCTA ATCCGTTGGT

EER F TV T HDV EYV L F PN PLV
661 AGCGTTGGGA TTACGCGCGG GATTAATGCT CGAAAAAATA AGCTAATACT TACCCGCAGA
L R A G L ML E K I -

721 AATCATTCTG CGGGTATTAA GTTGCTTTCT TATAAATTAA TACAGATTAA TCCTGGTTAT
781 TTGCTTTATT TATCACCAGT CATCCGGTAT AGTTCTTCAT AATCTCTGCA AAATCATCGT

841 GTTGTATTCT CTCATCACTC TCCATCAAAT TTTCTTTTTT TCTCCATAAT TGGCGCAAAG
=35
901 TGTTTTTTAC ACTTTCATTG TTTTACCGTT GCTCTGATTA ATTGACGCTA AAGTCAGTAA
-10 Afl II
961 AGTTAATCTC GTCAACACGG CACGCTACTT AAGAAAGCCG TAATAAATAA CTGAAAGGAA

1021 GGATATAGAA TATGCGTAAA TTAACTGCAC TGTTTGTTGC CTCTACCCTG GCTCTTGGCG
- R X L T A L F V A S T L AL G A

1081 CGGCTAACCT GGCCCATGCC GCAGACACCA CTACCGCAGC ACCGGCTGAC GCGAAGCCGA
A DT T T A A P A D A K P M

1141 TGATGCACCA CAAAGGCAAG TTCGGTCCGC ATCAGGACAT GATGTTCAAA GACCTGAACC
M HH K G K F G P H Q DM M F K DL NIL

1201 TGACCGACGC GCAGAAACAG CAGATCCGCG AAATCATGAA AGGCCAGCGT GACCAGATGA
T DA Q K Q@ ©Q I RE I MK G QR D QMK

1261 AACGTCCGCC GCTGGAAGAA CGCCGCGCAA TGCATGACAT CATTGCCAGC GATACCTTCG
R P P L E'E R RAM HDI I A S DTFD

1321 ATAAAGTAAA AGCTGAAGCG CAGATCGCAA AAATGGAAGA ACAGCGCAAA GCTAACATGC
K VK A E A Q I A K M EE QR X A NMIL

1381 TGGCGCACAT GGAAACCCAG AACAAAATTT ACAACATCCT GACGCCGGAA CAGAAAAAGC
A HM ETOQ NK I Y NIUL TUPE Q KK Q

1441 AATTTAATGC TAATTTTGAG AAGCGTCTGA CAGAACGTCC AGCGGCAAAA GGTAAAATGC

FNA NFE KRULT ERTP AAK G KMT@P

------ Af] II--==zmsvmmzmmmmmmomoooo

1501 CTGCAACTGC TGAATAATCT TTCAGCCAAA AAACTTAAGA CCGCCGGTCT TGTCCACTAC
AT A E -

1561 CTTGCAGTAA TGCGGTGGAC AGGATCGGCG GTTTTCTTTT CTCTTCTCAA ACAGTTGTAA
Ava I
1621 AAAAAGCCTG ATCACCACTA ACGTAAATCA CCCGAGTTGC CGATAACCAT CCACGGTTAC

1681 CTGAACGATA ACAATGAAAA GAACGGGCCG GGAGCGAGTA TGGAATACTT TGATATGCGT
E Y F D M R

1741 AAAATGTCGG TGAATCTGTG GCGAAATGCT GCCGGTGAAA CGCGCGAAAT TTGCACGTTC
K M sV NLW RNA AGET RETI CTTF

1801 CCACCGGCAA AACGTGATTT TTACTGGCGT GCCAGCATTG CATCCATCGC GGCGAATGGG
P P A K RDVF Y WUR A S IA S I A A NG

1861 GAGTTTTCTT TGTTTCCCGG CATGGAAAGG ATAGTGACGT TGCTGGAAGG CGGCGAGATG
E F s L F PG MER I VTUL L EG G EM

1921 CTCCTTGAAA GCGCAGACCG CTTTAACCAT ACCTTAAAAC CGTTCCAGCC TTTTGCCTTT
L LES ADR FNH TLIKUP F QP F ATF

1981 GCAGCGGACC AGGTGGTAAA AGCGAAACTG ACGGCAGGGC AGATGTCGAT GGATTTCAAC
A ADGQ VVEK AKL TAGU Q M SM DFN
BsiW I/ Kpn I
2041 ATCATGACAC GCCTGGATGT CTGTAAGGCG AAAGTCAGAA TTGCCGAACG TACG
I M TR LDV CKA KVURTI AETR T

FIG. 2. DNA sequence of the BsiWI fragment and deduced amino acid
sequences. The signal peptide of Spy and the restriction sites used are under-
lined. The EcoRI site at position 1 is that of Agt11. The potential —35 and —10
regions are indicated (consensus sequences, 5'-TTG ACA and 5'-TAT AAT,
respectively [9]); the dashed arrows delineate the candidates for palindromic
transcription terminators (nucleotides potentially involved in base pairing within
the terminators are shown in boldface type).
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TABLE 1. Amino acid composition of Spy

. No. of
Residue mol/mol of Spy
Al e ... 19
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located at this position. A potential gene fragment upstream
from spy may code for 234 C-terminal residues; this sequence
did not possess any significant identity with known polypep-
tides (SwissProt database). The gene fragment downstream
from spy could code for 125 N-terminal residues of a protein.
This sequence exhibits 39% identity in a 69-residue overlap
with an ORF potentially coding for a 190-residue polypeptide
of unknown function at the hutC region of Pseudomonas putida
(1). Apparently, spy is not part of an operon encompassing one
or the other of adjacent ORFs. The noncoding area upstream
from spy possesses several characteristics of a promoter (Fig.
2). In addition, the ORF possesses a fairly strong (AG = —16
kcal) palindromic transcriptional terminator. This most likely
is also true for spy: between nucleotides 1537 and 1593, a
GC-rich palindrome (AG = —34.4 kcal) is followed by a
poly(U) stretch typical for a rho-independent terminator. The
orientation of spy in pSH1 is shown in Fig. 3. In order to avoid
an influence of the lac promoter on the expression of spy, the
gene was inverted. pSH1 was cleaved with XmnI plus Aval, and
the 0.93-kb fragment was made blunt ended with the Klenow
fragment of DNA polymerase I. It was then ligated into pBC
SK+ opened with Smal; the orientation of the insert in pSH2
(Fig. 3) was identified by restriction analyses. It was used for
most further experiments.

Spy is a secreted protein, and this secretion is dependent on
the Sec machinery (20); the presence of 10 mM sodium azide
(17) in the medium of spheroplasts completely blocked secre-
tion of Spy and caused accumulation of its precursor (data not
shown). With Western blots (23) of electrophoretograms
(SDS-polyacrylamide gels) of whole cells, the protein could not
be detected, and it could also not be detected in cells lysogenic
for the relevant recombinant Agtll, irrespective of whether
glucose was present in growth medium. The protein was also
not produced in cells incubated in the presence of 0.5 M
sucrose or 0.35 M NaCl. Mutants have been described which
are leaky for periplasmic proteins; among these are tolB236,
tolA1, and pal852 (11a, 12). These strains also did not produce
Spy, not even when they carried spy on the low-copy-number
plasmid pCL1920 (about five copies per cell [13]). Hence,
neither osmotic stress nor a defective outer membrane caused
expression of spy. However, in cells carrying the multicopy
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FIG. 3. Structures of pSH1 and -2. The cloned DNA in pSHI1 is that shown in Fig. 2. In pSH2, spy P indicates the area between Xmnl and the ATG start codon

for Spy synthesis (Fig. 2).

plasmid pSH2 (Fig. 3), Spy was easily detectable (Fig. 1) and
could be identified by immunoelectron microscopy (Fig. 4).
The polypeptide was located exclusively in the periplasmic
space, an association with the plasma or outer membrane was
not observed, and inclusion bodies were not apparent. We
conclude that Spy was localized to the periplasmic space. The
regulation of synthesis of Spy appears to be multifaceted. It

k.

FIG. 4. Location of Spy in plasmolyzed cells carrying pSH2. Cells were grown
in the absence of glucose (Fig. 1, lane 6) and processed for immunoelectron
microscopy as described previously (14). Lowicryl HM20 sections were treated
with Spy antiserum and labeled with 15-nm-diameter gold particles bound to
protein A. Bar, 0.5 pm.

was induced by spheroplasting, and this production was further
increased in the presence of glucose (described above). A
similar effect was found in spheroplasts carrying pSH2; how-
ever, exactly the opposite occurred in whole cells harboring
this plasmid (Fig. 1). In trying to determine the function(s) of
Spy, a spy null mutant was constructed. A deletion of spy was
introduced into pSH1 by digestion with Af/II and religation
(Fig. 2). The DNA with the deleted spy gene was cloned as a
HindIII-BamHI fragment (restriction sites in the vector) into
plasmid pMAK?705 (7), which was transformed into strain
MC4100. The deletion was transferred to the chromosome by
the method developed by Hamilton et al. (7). In brief,
pMAK?705 has a temperature-sensitive replicon and specifies
resistance to chloramphenicol. Selection for this resistance at
44°C yields chromosomal cointegrates which grow very poorly
at 28°C, and thus growth of these at 28°C in the presence of the
antibiotic selects for resolution with either the wild-type or the
deleted gene on the plasmid. This protocol resulted in both
types of plasmids. A strain carrying the wild-type-size plasmid
was cured by growth at 44°C in the absence of chlorampheni-
col. Chromosomal DNA of this strain was digested with vari-
ous restriction enzymes. Electrophoretograms of the fragments
were probed with the AfIII fragment (Fig. 2), labeled with
digoxigenin-dUTP (described above). In contrast to DNA
from strain UH300, there was no signal, and spheroplasts of
the mutant did not produce Spy. Hence, the Aspy mutant was
viable. It had no obvious phenotype. The cells exhibited nor-
mal morphology and did grow in minimal medium (M9 [16])
with glucose, glycerol, succinate, acetate, or Casamino Acids as
carbon sources at 28 or 44°C. There was no indication for a
defect in the outer membrane. The mutant and the parental
MC4100 did not differ in resistance or sensitivity to SDS, Zwit-
tergent (Calbiochem), or dodecyltrimethylammonium bromide
(the detergents were applied as 0.25 M aqueous solutions to
filter paper on petri dishes). Spheroplasting may represent a
new stress situation for E. coli, and induction of Spy synthesis
could be part of a relevant response. It is anticipated that a
detailed study of the function(s) of the spy promoter region will
help reveal the physiological role of Spy.

Nucleotide sequence accession number. The BsiWI frag-
ment sequence data appear in the EMBL, GenBank, and
DDBIJ nucleotide sequence databases under accession number
YO07714.

We thank M. Inouye and S. R. Kushner for providing plasmids
(pCL1920 and pMAKT705, respectively) and J. C. Lazzaroni for pro-
viding bacterial strains.
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