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The cell envelope of Gram-negative bacteria is an essential organelle that is important for cell shape and protection from toxic
compounds. Proteins involved in envelope biogenesis are therefore attractive targets for the design of new antibacterial agents.
In a search for new envelope assembly factors, we screened a collection of Escherichia coli deletion mutants for sensitivity to de-
tergents and hydrophobic antibiotics, a phenotype indicative of defects in the cell envelope. Strains lacking yciM were among the
most sensitive strains of the mutant collection. Further characterization of yciM mutants revealed that they display a thermosen-
sitive growth defect on low-osmolarity medium and that they have a significantly altered cell morphology. At elevated tempera-
tures, yciM mutants form bulges containing cytoplasmic material and subsequently lyse. We also discovered that yciM geneti-
cally interacts with envC, a gene encoding a regulator of the activity of peptidoglycan amidases. Altogether, these results indicate
that YciM is required for envelope integrity. Biochemical characterization of the protein showed that YciM is anchored to the
inner membrane via its N terminus, the rest of the protein being exposed to the cytoplasm. Two CXXC motifs are present at the
C terminus of YciM and serve to coordinate a redox-sensitive iron center of the rubredoxin type. Both the N-terminal membrane
anchor and the C-terminal iron center of YciM are important for function.

Antibiotic resistance has become a worldwide problem that
threatens the effectiveness of many medicines used today to

treat bacterial infections. A particularly serious threat is the emer-
gence of Gram-negative pathogens, including Escherichia coli and
Pseudomonas aeruginosa, which are resistant to all of the available
antibacterial agents (1). It is therefore urgent to develop new an-
tibiotics active against Gram-negative bacteria, which requires a
deep understanding of the biology of these organisms. Proteins
playing a role in the assembly of the cell envelope are attractive
targets for antibiotic development because this structure is essen-
tial for viability and protection against toxic compounds such as
antibiotics.

The envelope of Gram-negative bacteria is characterized by the
presence of two concentric membranes, the inner membrane (IM)
and outer membrane (OM), which are separated by the periplasm,
a compartment that represents between 10 and 20% of the total
cell volume and contains the peptidoglycan layer, or sacculus (2–
4). The peptidoglycan sacculus is a heteropolymeric macromole-
cule composed of relatively short glycan strands and peptide
cross-links, which serve to maintain cell morphology and give
protection from turgor pressure. Although several proteins that
play a key role in the biogenesis of the cell envelope have been
identified recently (5–7), we have a poor understanding of how
this complex architecture is assembled and of how envelope bio-
genesis is coordinated with cell growth and division. For instance,
we do not know how the phospholipids that are present in the
inner leaflet of the OM are transported across the periplasm and
inserted in the membrane, and we have a partial understanding of
the mechanisms that ensure the transport and insertion of �-bar-
rel proteins in the OM (8).

A straightforward method to search for proteins involved in a

particular process is to screen for mutants that exhibit defects that
could result from an impairment of this process. As mutants with
a decreased integrity of the envelope typically display an increased
sensitivity to hydrophobic antibiotics and detergents (9), we
screened a systematic collection of E. coli deletion mutants (the
Keio collection) (10) for sensitivity to rifampin, a hydrophobic
antibiotic, and to SDS. In this screen, we found that the mutant
lacking yciM, a gene coding for a heat shock protein of unknown
function (11), was one of the most sensitive strains of the Keio
collection, suggesting severe defects in the cell envelope.

Further characterization of yciM mutants revealed that their
growth is severely affected both by the osmolarity of the medium
and by the temperature. Moreover, deletion of yciM leads to
changes in cell morphology and to the formation of bulges that
contain cytoplasmic material and cause cell lysis. We also uncov-
ered a genetic interaction between yciM and envC, a gene coding
for a protein involved in septation by controlling the activity of
peptidoglycan amidases (12). Altogether, these results indicate
that the presence of YciM is required for envelope integrity. The
biochemical characterization of YciM revealed that the protein is
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anchored to the IM via a highly conserved N-terminal segment
and that two C-terminal CXXC motifs serve to coordinate a re-
dox-sensitive iron center of the rubredoxin type. Both the N-ter-
minal transmembrane segment and the C-terminal iron center are
important for YciM function.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains are listed in
Table S1. Strains CB23, VN26, NR1681, and VN250 were constructed by
transferring the �yciM::kan, �pyrF::kan, �yciS::kan, and �envC::kan al-
leles, respectively, from the Keio collection (10) into the MC1000 wild-
type strain using P1 transduction standard procedures (13). The kanamy-
cin resistance cassette of strain CB23 was excised using pCP20 (14) to
generate NR1647. Double mutants VN64, VN90, VN94, VN110, VN255,
VN262, VN264, VN266, and VN268 were generated in the NR1647 strain
by P1 transduction using alleles from the Keio collection. Strain VN15 is
an araD� revertant of MC1000 selected on MacConkey agar supple-
mented with L-arabinose. The VN50 strain was constructed by transfer-
ring the �yciM::kan allele from the Keio collection into VN15 by P1 trans-
duction. Unless otherwise noted, cultures were grown in LB medium
(containing 1% NaCl) at 37°C. LB medium without NaCl (�0.2%) was
used for some experiments and is annotated as salt-free LB. When neces-
sary, medium was supplemented with ampicillin (200 �g/ml), kanamycin
(50 �g/ml), L-arabinose (0.2%), or D-glucose (0.2%). Growth was moni-
tored by the optical density at 600 nm. We were unable to generate a
�yciM �envC::kan double mutant by introducing into NR1647 the
�envC::kan allele via P1 transduction and directly selecting for kanamy-
cin-resistant transductants. However, we were able to construct the
�yciM �envC::kan double mutant by cotransduction of the �envC::kan
allele with a zib563::Tn10 allele (�35% linkage) when we selected for
tetracycline-resistant transductants.

Plasmid constructions. The plasmids and primers used in the present
study are listed in Tables S1 and S2, respectively, in the supplemental
material. Plasmid constructions are described in the supplemental mate-
rial.

Sensitivity to antibiotics, detergents, bile salts, and osmotic stress
conditions. To characterize the sensitivity of strains MC1000, CB23, and
NR1681 to antibiotics, bacteria were grown in LB medium at 37°C. After
16 h, 100 �l of culture inoculum was mixed with 3 ml of molten LB top
agar and poured over LB agar plates. BBL Sensi-Discs antimicrobial sus-
ceptibility test discs (6 mm) containing either rifampin (25 �g) or novo-
biocin (5 �g) were placed over the LB top agar, and the plates were incu-
bated overnight at 37°C. The diameter of the zone of inhibition of growth
around each disc was recorded in millimeters. The sensitivity to bile salts
and osmotic stress was assayed by streaking isolated colonies of wild-type,
yciM, yciS, and pyrF strains on MacConkey agar (which contains 0.15%
bile salts) or on LB agar either lacking or containing 750 mM NaCl.

Complementation assays. VN15 and VN50 carrying plasmids pVN2
(YciM), pVN182 encoding a truncated YciM protein lacking the first 22
amino acids (YciM*), or pVN173 encoding YciM in which the four cys-
teines of the CXXC motif are replaced by serines (YciMCC⁄SSSS) were
streaked on MacConkey agar or on salt-free LB agar and incubated at 22°C
and 42°C, respectively.

Expression and purification. BL21(DE3) harboring the expression
plasmid pHE72 encoding a C-terminally His-tagged version of YciM*

(YciMHis
* ), pVN55 encoding a C-terminally Strep-tagged version of YciM*

(YciMStrep
* ), pVN74 (YciM*), pVN147 encoding a His-tagged mutant of

YciM* in which the two cysteine residues outside the CXXC motif
(Cys184 and Cys258) were replaced by serines (YciMSS⁄CCCC�His

* ), or
pVN67 (YciMSS⁄CCCC�Strep

* ) was grown aerobically in LB medium at
37°C to an A600 of 0.5. Expression of the proteins was induced by add-
ing 0.2% L-arabinose for YciMHis

* and YciMSS⁄CCCC�His
* or 200 �g/liter

of anhydrotetracycline for YciMStrep
* , YciM*, and YciMSS⁄CCCC�Strep

* .
Shaking was resumed for 3 h. Cultures were then centrifuged for 20
min (8,000 � g at 4°C). From this point on, all steps were performed at

4°C. Bacteria expressing YciMHis
* and YciMSS⁄CCCC�His

* were resus-
pended in 25 ml of buffer A (50 mM NaPi, pH 8.0, 300 mM NaCl).
Bacteria expressing YciMStrep

* , YciM*, or YciMSS⁄CCCC�Strep
* were resus-

pended in 25 ml of buffer B (100 mM Tris, pH 8.0, 150 mM NaCl).
Bacteria expressing YciM* were resuspended in 25 ml of buffer C (25
mM Tris, pH 8.0). Cells were then disrupted by two passages through
a French press cell at 1,200 lb/in2, and the cell lysate was centrifuged for
40 min (20,000 � g at 4°C). The resulting supernatant was then loaded
on a 1-ml HisTrap HP column (GE Health Care) for YciMHis

* and
YciMSS⁄CCCC�His

* , on a 5-ml Strep-Tactin column (IBA Tools) for
YciMStrep

* and YciMSS⁄CCCC�Strep
* , or on a Q-Sepharose column (GE

Health Care) for YciM*. The columns were washed with buffer A, B,
and C, respectively. YciMHis

* and YciMSS⁄CCCC�His
* were eluted with a 0

mM to 300 mM imidazole gradient in buffer A, YciMStrep
* and

YciMSS⁄CCCC�Strep
* were eluted with 2.5 mM desthiobiotin in buffer B,

and YciM* was eluted with a 0 mM to 400 mM NaCl gradient in buffer
C. The fractions containing the proteins were concentrated using a
Vivaspin-15 device and desalted on a PD10 column (GE Health Care)
equilibrated with buffer C. The fractions containing YciMHis

* ,
YciMStrep

* , YciMSS⁄CCCC�His
* , or YciMSS⁄CCCC�Strep

* were then loaded onto
a Q-Sepharose column (GE Health Care) equilibrated with buffer C.
The column was washed with buffer C, and the proteins were eluted
with a 0 mM to 400 mM NaCl gradient in buffer C. The fractions
containing the proteins were pooled and concentrated by ultrafiltra-
tion in an Amicon cell. The five different solutions containing each
protein were then loaded on a Superdex 200 gel filtration column
equilibrated with buffer D (25 mM HEPES, pH 7.1, 100 mM NaCl) at
a flow rate of 0.5 ml/min. The fractions containing the proteins were
concentrated, and the pure proteins were stored in buffer D. Optical
spectra were recorded with a Varian Cary 50 Bio UV spectrophotom-
eter.

Anaerobic purification. YciMStrep
* was expressed aerobically as de-

scribed in the previous section. After centrifugation of the cultures for 20
min at 8,000 � g and 4°C, cells were broken anaerobically by two passages
through a French press cell at 1,200 lb/in2. The protein was then purified
as explained above in an anaerobic tent containing 95% N2 and 5% H2.
Optical spectra were recorded anaerobically with a Varian Cary 50 Bio UV
spectrophotometer.

Subcellular localization of YciM. To determine the subcellular local-
ization of YciM, BL21(DE3) cells harboring either the pVN2 (YciM),
pVN182 (YciM*), or the pVN173 (YciMCC⁄SSSS) plasmid were grown in LB
medium at 37°C to an A600 of 0.5. Expression of the proteins was induced
by adding 0.2% L-arabinose. After 90 min, cultures were centrifuged for 20
min (8,000 � g at 4°C), and cell lysates were prepared as described above.
The cell lysates were then ultracentrifuged 1 h at 100,000 � g at 4°C. The
resulting supernatant containing the soluble proteins was stored. The pel-
let was resuspended in 15 ml of buffer A supplemented with 1% Triton
X-100 and incubated at room temperature for 90 min. The solubilized
proteins were then separated from the insoluble material by ultracentrif-
ugation for 1 h at 100,000 � g at 4°C. The resulting supernatant contain-
ing the solubilized membrane proteins was kept for analysis.

Topology of YciM. To determine the orientation of the C-terminal
part of YciM, BL21(DE3) cells harboring the pHE43 (YciMHis) expression
plasmid were grown aerobically in LB medium at 37°C until an A600 of 0.4
was reached. Expression of the protein was induced by adding 0.2% L-ar-
abinose. After 1 h, cells were centrifuged for 5 min at 8,000 � g, and the
pellet was resuspended in 500 �l of 50 mM Tris buffer, pH 8.0. Sphero-
plasts were prepared by adding 1 volume of SP buffer (50 mM Tris, pH 8.0,
1 M sucrose, 2 mM EDTA, 0.5 mg/ml lysozyme). The mixture was then
incubated at room temperature. After 15 min, MgCl2 was added to a final
concentration of 20 mM. Spheroplasts were collected by centrifugation at
13,000 � g for 10 min and resuspended in 500 �l of 50 mM Tris, pH 8.0,
with or without Triton X-100 (0.2%). Proteinase K (50 �g/ml) was added
to selected samples and incubated overnight at 37°C. Spheroplasts were
then precipitated with 10% trichloroacetic acid (TCA) and left for 1 h on
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ice. After a 10-min centrifugation at 16,000 � g, the precipitated material
was washed with 5% TCA and finally resuspended in Laemmli buffer (15).
Protein degradation was then analyzed by Western blotting using an anti-
YciM antibody produced from a rabbit immunized with the purified pro-
tein (Eurogentec, Liège, Belgium).

Metal analysis. For the determination of the metal content of YciM,
different preparations of YciM (50 �M each) were separated from exog-
enous metals by gel filtration using a PD10 column equilibrated with
metal-free buffer (50 mM NaPi, pH 8.0) prepared by incubation with
Chelex 100 resin. The samples were concentrated 2-fold by ultrafiltration
using a Centricon (Millipore) and analyzed using an inductively coupled
plasma mass spectrometer (Agilent 7500cx), located at the Laboratory of
Toxicology of the Université Catholique de Louvain in Brussels, Belgium.
The metal content of the protein-containing retentate was compared with
that of the filtrate. Zinc, nickel, iron, cobalt, arsenic, aluminum, selenium,
cadmium, barium, lead, chrome, and manganese concentrations were
measured. As additional controls, buffer samples were analyzed using the
same procedure.

PAR-PMPS assay. Zinc concentration was determined using the zinc-
complexing reagent PAR (4-(2-pyridylazo)resorcinol). PAR binds zinc to
form a Zn(PAR)2 complex, which absorbs strongly at 500 nm (ε � 66,000
M	1 cm	1 in HEPES, pH 7.0). To determine the amount of zinc bound to
the protein, p-hydroxymercuriphenylsulfonic acid (PMPS) was added to
release zinc from the zinc center and allow the formation of the Zn(PAR)2

complex. PMPS forms mercaptide bonds with thiols using the following
reaction mechanism: R-HgOH � P-SH¡R-Hg-S-P � H2O, where the R
stands for the phenylsulfonic acid group of PMPS and the P stands for a
protein. This reaction mechanism proceeds as a substitution reaction
whereby the hydroxyl anion is displaced by the thiol-containing protein to
form a mercuric sulfide derivative of the protein (R-Hg-S-P). If the thiols
on the protein are involved in coordinating a metal such as zinc, this
covalent modification leads to the release of the zinc. To determine the
number of cysteines involved in zinc binding, defined amounts of PMPS
are added, and the changes in A500 are recorded (16, 17).

Sulfur content analysis. The sulfur content of YciMStrep
* was deter-

mined using a colorimetric assay described by Beinert et al. (18). Standard
curves were established using a sodium sulfur solution (Na2S).

Microscopy. For cell length analysis using phase-contrast microscopy,
wild-type and yciM strains were grown at 37°C to exponential phase,
placed on a 2% LB agarose pad, and mounted on a Nikon Ti-Eclipse
inverted microscope equipped with a TI-CT-E motorized condenser and
a CoolSnap HQ2 FireWire charge-coupled-device (CCD) camera. The
cell length analysis was performed using the free, open-source software
MicrobeTracker (19). This software package was specifically designed to
detect and outline bacterial cells in microscopy images. To perform time-
lapse microscopy, wild-type and yciM cells were grown at 37°C to an A600

of 0.5 and placed on a microscope slide layered with a pad of 1% agarose
containing LB medium with different salt concentrations. These slides
were placed on a microscope stage at different temperatures. Samples
were observed using differential interference contrast (DIC) or phase-
contrast imaging on a Nikon Eclipse E1000 microscope with a 100� ob-
jective and monitored with a Hamamatsu ORCA-ER LCD camera. Im-
ages were taken every 3 min and then processed with NIS Elements AR,
version 3.0, software (Nikon). To generate images for Fig. S1 in the sup-
plemental material, strains were grown on LB plates at 37°C overnight.
Colonies were resuspended in LB medium, and cells were layered on an
1% agarose pad containing phosphate-buffered saline (PBS), pH 7.4 (137
mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 1.46 mM KH2PO4), and imaged
using phase-contrast with a 100� oil immersion objective lens and a
Nikon Eclipse Ti-E microscope equipped with a Nikon DS-QI1 cooled
digital camera.

Fluorescence microscopy. To determine whether the bulges contain
cytoplasmic material, HE89 cells were grown in LB medium at 37°C until
an A600 of 0.5 was reached. Then, time-lapse microscopy was performed
by placing the strains on a microscope slide that was layered with a pad of

1% agarose-containing LB medium. After the temperature was shifted to
42°C, DIC and fluorescence images were taken every 3 min. Fluorescence
was observed with a BrightLine fluorescein isothiocyanate (FITC) filter
set. To determine the localization of YciM and YciM* with a C-terminal
fusion of the fluorescent protein mCherry (YciMmCherry and YciMmCherry

* ,
respectively), HE64 and VN237 cells were grown in LB medium at 37°C to
an A600 of 0.5. Production of YciMmCherry or YciMmCherry

* was induced by
adding L-arabinose to a final concentration of 0.2%. After 30 min, the
bacteria were placed on a microscope slide layered with a pad of 1%
agarose. Fluorescence was observed with a BrightLine TXRED-4040B fil-
ter set.

RESULTS
Deletion of yciM severely impairs the integrity of the cell enve-
lope. To identify new proteins involved in maintaining the integ-
rity of the cell envelope, we screened the Keio collection for sen-
sitivity to detergents and hydrophobic antibiotics, a phenotype
indicative of envelope defects (9). The Keio collection is a system-
atic collection of E. coli deletion mutants that contain disruptions
in 3,985 nonessential genes, including several hundreds of un-
characterized open reading frames (10). We streaked the mutants
on LB plates containing either rifampin, a hydrophobic antibiotic
which does not cross the OM easily (9), or a mixture of SDS and
EDTA. EDTA complexes the cations inserted between the lipo-
polysaccharide (LPS) molecules and therefore destabilizes the
OM, rendering the bacteria more sensitive to the detergent. Only
42 strains were sensitive to both SDS-EDTA and rifampin (see
Table S3 in the supplemental material). Most of the sensitive mu-
tants corresponded to genes already known to be involved in en-
velope assembly, such as mutants defective in LPS biosynthesis
(rfaC, rfaD, rfaE, rfaF, rfaH, rfaI, and rfaP mutants) or in �-barrel
insertion at the OM (surA, bamB, and bamE mutants), which val-
idated our experimental approach (20, 21). Four mutants lacked
proteins of unknown function (yciM, yfgC, yraP, and ybiX mu-
tants) although recently YfgC has been implicated in the degrada-
tion of misfolded �-barrel proteins at the OM (22). We tested the
sensitivity of these four mutants to other hydrophobic antibiotics
and found that strains lacking yciM were the most sensitive (see
Table S4), which prompted us to investigate the properties of the
yciM mutant and to characterize the corresponding protein.

Characterization of the yciM mutant. For our studies, we in-
troduced the �yciM::kan allele from the Keio collection into
MC4100 and MC1000, two well-characterized E. coli strains (23,
24). When we transferred the �yciM::kan allele in strain MC4100,
we observed that the resulting mutant exhibited growth defects
and accumulated suppressors rapidly. This strain was therefore
not retained for further studies. In contrast, the �yciM::kan allele
could be stably transduced into MC1000 (23). As shown in Table
1, and similar to the yciM strain from the Keio collection, the
MC1000 yciM mutant exhibits increased sensitivity to rifampin
and novobiocin, two hydrophobic antibiotics (Table 1), and to a
mixture of SDS and EDTA.

We then investigated the growth properties of the MC1000
yciM mutant under various temperature and culture conditions
and found that deletion of yciM causes a pleiotropic phenotype in
E. coli. First, yciM mutants are unable to grow at low temperatures
on MacConkey agar, a medium containing bile salts (Fig. 1A).
Second, yciM mutants are sensitive to high salt concentrations,
being unable to grow on LB medium containing 750 mM NaCl at
37°C (Table 1). Third, yciM mutants display a thermosensitive
growth defect in low-osmolarity medium, being unable to grow at
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42°C in low-salt LB liquid culture (Fig. 1B) and on salt-free LB
agar (Fig. 1C). These mutants also exhibit a heat-sensitive pheno-
type at 45°C in LB liquid cultures (data not shown). These pheno-
types are not caused by polar effects since mutants lacking pyrF,
the gene located immediately downstream of yciM on the chro-
mosome, are not sensitive to antibiotics, are able to grow on Mac-
Conkey plate at 22°C (Fig. 1A), and do not exhibit a thermosen-
sitive growth defect on salt-free LB agar (Fig. 1C). Furthermore,
expressing the wild-type YciM protein from a plasmid rescues the
inability of the yciM mutant to grow on MacConkey agar at 22°C
(Fig. 1A) and on salt-free LB agar at 42°C (Table 2). Thus, the
aforementioned phenotypes are the result of the loss of YciM.

As yciM has been reported to form a heat-inducible operon
with yciS (11, 25), a gene encoding a small-membrane protein of
unknown function (26), we investigated the phenotypes of the
yciS mutant. Note that yciS is located upstream of yciM on the
chromosome. Although yciS mutants are moderately sensitive to
antibiotics and detergents (Table 1), their growth is not affected by
modulating the salt concentration of the medium (Table 1) or the
temperature (data not shown), indicating that YciS is not required
for the full function of YciM. Thus, yciS was not considered fur-
ther in the present study.

yciM mutants have an increased cell length and form bulges
at elevated temperatures. We then explored the morphology of
the yciM mutants microscopically. First, we observed that there is
a significant heterogeneity in the cell length of yciM mutants com-
pared to the wild type (Fig. 2A) and that the average length of yciM
mutant cells is �1.7-fold increased (n � 300) compared to the
length of wild-type cells (from 4.45 
 0.84 to 7.57 
 3.98 �m; n �
300). The increase in length does not seem to result from failures
in the division process as yciM mutant cells divide normally (see
Movie S1 in the supplemental material). Moreover, using time-
lapse microscopy, we observed that bacteria lacking yciM form
bulges that are mostly localized at the division site and whose
formation leads to cell lysis. Whereas only a small number of
the cells (�3%) were found to form bulges at 37°C, the number
of bulging cells increases about 3-fold at 42°C (Fig. 2B). To
check if the bulges contain cytoplasmic materials, green fluo-
rescent protein (GFP) was constitutively expressed in the cyto-
plasm. The fluorescent protein was clearly visible within the
bulges and then scattered in the environment upon lysis (Fig.
2D). This result strongly suggests that bulge formation involves
both the IM and the OM and indicates that the bulges contain
cytoplasmic materials.

We also explored the effects of various salt concentrations on
the growth and morphology of the yciM mutant at the single-cell
level. On salt-free LB agar at 42°C (Fig. 2C), we observed that yciM

TABLE 1 Sensitivity of the MC1000 yciM and yciS mutants to
antibiotics, SDS-EDTA, and osmotic stress conditions

Strain

Inhibition zone (mm)
with: Growth on LB plates with:a

Rifampin
(25 �g)

Novobiocin
(5 �g)

0.05% SDS–
1.25 mM EDTA 750 mM NaCl

Wild type 12 
 0.5 � 6 ��� ���
yciM strain 16 
 1.2 19 
 3.1 	 	
yciS strain 13 
 1.2 7.6 
 1.5 � ���
a Strains were streaked on plates containing the additives shown. Growth is reported
from normal growth (���) to no growth (	) after overnight incubation at 37°C.

FIG 1 Characterization of the yciM mutant. (A) The growth of wild-type (1),
yciM (2), and pyrF strains (3) on MacConkey agar was evaluated at 22°C. The
ability of the various YciM constructs to complement the growth defect of
yciM mutants on MacConkey agar at 22°C was tested by expressing YciM (4),
YciM* (7), or YciMCC⁄SSSS (8). Wild-type (6) and yciM mutant (5) strains har-
boring the control pBAD-HisB plasmid were also analyzed. (B) Growth curves
of wild-type (�) and yciM (Œ) strains at 42°C in LB medium (filled symbols)
or in salt-free LB medium (open symbols). (C) The growth of wild-type (1),
yciM (2), and pyrF (3) strains was evaluated at 42°C on salt-free LB plates.
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mutant cells have irregular shapes and lyse after a few cell divisions
(Fig. 2C). When grown on LB with high salt concentrations at
37°C, cells lacking yciM also rapidly lyse, sometimes following
bulge formation (not shown).

yciM envC null alleles exhibit a synthetic phenotype. The
phenotypes of the yciM mutant described above are consistent
with defects in the envelope, suggesting that loss of YciM alters
envelope integrity. To obtain more information on the envelope
assembly process specifically impacted by yciM deletion, we inves-
tigated whether yciM exhibits genetic synthetic interactions with
null alleles of genes involved in envelope biogenesis. We focused
on genes involved in LPS biosynthesis (rfaQ, rfaP, asmA, and rfaI)
and peptidoglycan assembly (prc, envC, mrcA, ponB, pbpC, and
nlpD) because the increased sensitivity to antibiotics and lysis re-
ported above could result from defects in either pathway. Out of
the 10 alleles tested, we found that only the inactivation of envC in
the yciM mutant results in a synthetic phenotype. Initially, we
were unable to introduce the �envC::kan allele using P1 transduc-
tion by directly selecting for kanamycin resistance, suggesting that
these alleles might be a synthetic lethal pair. However, we could
generate the �yciM �envC::kan double mutant by cotransducing

at the expected �35% frequency the �envC::kan allele with a
nearby zib563::Tn10 allele when we selected for tetracycline-resis-
tant transductants. This indicates that yciM and envC are not syn-
thetic lethal. However, as shown in Fig. S1 in the supplemental
material, yciM envC mutant cells exhibit aberrant morphology
and often lyse, suggesting that they have severe cell envelope de-
fects.

TABLE 2 Complementation assays on salt-free LB medium

Strain
Growth on salt-free LB
plates at 42°Ca

Wild type (pBAD-HisB) ���
yciM (pBAD-HisB) strain 	
yciM (pBAD-HisB-YciM) strain ���
yciM (pBAD-HisB-YciM*) strain 	
yciM (pBAD-HisB-YciMCC/SSSS) strain 	
a The ability of the various YciM constructs to complement the growth defect of yciM
mutants on salt-free LB medium at 42°C was tested. Wild-type and yciM mutant strains
harboring the control pBAD-HisB plasmid were also analyzed. ���, normal growth;
	, no growth.

FIG 2 Loss of YciM causes morphological defects. (A) Wild-type and yciM strains grown at 37°C to exponential phase were placed on a 2% LB agarose pad.
Phase-contrast images of 300 random cells were recorded, and the MicrobeTracker open-source software (19) was used to determine the length of individual
cells. (B) yciM mutants were placed on a microscopy slide layered with a 1% agar pad containing LB medium. Bacteria were grown for 3 h at 42°C, and pictures
were taken every 3 min using DIC. Bulges appear after about 60 min and are indicated by the black arrows. A enlarged image is shown in the lower part of the
panel. (C) Phase-contrast images of wild-type (lower row) and yciM strains (upper row) grown on salt-free LB-agar medium at 42°C. yciM mutant cells have an
altered morphology and lyse after a few divisions, whereas growth of the wild-type strain is only slightly affected. (D) DIC and fluorescence image (GFP) of strain
HE89 (yciM mutant constitutively expressing cytoplasmic GFP from pFPV25) grown at 42°C. The displayed sequential images were taken 51 min after the shift
from 37°C to 42°C. The presence of GFP in the bulges indicates that they involve both the IM and the OM and contain cytoplasmic materials. The cells numbered
1 and 2 lyse following bulge formation.
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As the function of EnvC is to activate AmiA and AmiB (12),
two peptidoglycan amidases that cooperate in septal peptidogly-
can splitting, we tested whether yciM also genetically interacts
with the genes coding for these two hydrolytic enzymes. We could
construct the yciM amiA and yciM amiB double mutants. How-
ever, we were unable to construct the yciM amiA amiB triple mu-
tant by selecting for kanamycin-resistant �amiA::kan transduc-
tants using a yciM amiB strain as recipient. Because yciM and envC
are not synthetic lethal, the inability to construct this yciM amiA
amiB triple mutant strain is likely caused by the same unknown
reason for which we cannot select for kanamycin-resistant
�envC::kan transductants in a yciM mutant. Together, these phe-
notypes suggest that YciM is connected to peptidoglycan homeo-
stasis (see Discussion).

YciM localizes to the IM. YciM is a 44.5-kDa protein (Fig. 3A)
which is annotated in the databases as a protein secreted to the
periplasm. YciM presents, indeed, a highly hydrophobic N-termi-
nal domain predicted to be a signal sequence by several computa-
tional methods such as Psort and SignalP (27). However, most
periplasmic targeting sequences consist of a short, positively
charged amino-terminal segment, followed by a longer hydro-
phobic domain (28). It is the hydrophobic character of this do-
main that is usually conserved, rather than the amino acid se-
quence. The sequence of the N-terminal domain of YciM does not
fit well with that description: no positively charged residue is pres-
ent among the first 20 amino acids. Moreover, although the se-
quence of the predicted export signal is hydrophobic, it is highly
conserved among YciM homologues (Fig. 3B). These observations
suggest that, instead of corresponding to a signal sequence that is
released from the protein after export, the N-terminal segment of
YciM could serve as a transmembrane �-helix anchoring the pro-
tein in the IM. We expressed both the full-length protein and a
truncated version lacking the first 22 amino acids (YciM*) and
studied their subcellular localizations. The wild-type protein was
present in the membrane fraction, whereas YciM* was found in
the soluble fraction (Fig. 4A). In a parallel approach, we fused
the C terminus of YciM to the fluorescent protein mCherry. As
shown in Fig. 4B, YciMmCherry localizes in the membrane while
YciMmCherry

* localizes in the cytoplasm. Thus, YciM is a membrane
protein that is anchored in the IM by its N-terminal sequence.
Interestingly, expression of YciM* is unable to rescue growth of
the yciM mutant on MacConkey agar at 22°C (Fig. 1A), indicating
that the N-terminal domain that anchors YciM to the membrane
is required for its activity.

The presence of two arginine residues (Arg21 and Arg22) lo-
cated immediately after the transmembrane �-helix suggests that
the protein is oriented toward the cytoplasm (28). To confirm this
topological orientation of YciM, spheroplasts were prepared from
cells expressing YciM and incubated with proteinase K. As shown
in Fig. 4C, YciM becomes accessible to the protease only when the
membrane is solubilized with Triton X-100, thus confirming the
cytoplasmic orientation of the protein.

YciM is a metal-binding protein. There are two CXXC motifs
at the C terminus of YciM (Fig. 3B). BLAST searches using the
carboxy-terminal part of YciM revealed that this region is con-
served in all YciM homologues (Fig. 3B) and aligns with the
zinc-binding cysteine residues of the DNA repair protein RadA
(not shown) (29). To test whether the CXXC motifs of YciM are
also involved in zinc binding, we prepared a C-terminally His-

tagged version of YciM* (YciMHis
* ) to purify the protein by af-

finity chromatography. The fractions containing YciMHis
* were

then successively loaded on a Q-Sepharose anion-exchange
chromatography column and a Superdex S200 gel filtration
column. After these steps, the protein was pure to near homo-
geneity (one minor contaminant, identified as the chaperone
DnaK, was also present in the YciM-containing fractions) (see
Fig. S2 in the supplemental material). The purified protein was
then used to study the metal content of YciM. YciMHis

* was
separated from free metals by gel filtration against metal-free
buffer, and the metal content was analyzed by inductively cou-
pled plasma-high-resolution mass spectrometry (ICP-HRMS).
We found that zinc is present in the protein in a 1:1 molar
stoichiometry (1.1 zinc/protein). No other metals were de-
tected in the protein preparation.

Cysteines and histidines are frequently involved in zinc coor-
dination. YciM contains six cysteine residues, including four in
the carboxy-terminal region, and eight histidine residues. To de-
termine if and how many cysteine residues are involved in zinc
binding, we used the PAR/PMPS assay (16, 17). PAR is a dye that
chelates zinc to form a red Zn(PAR)2 complex. This complex ab-
sorbs at 500 nm, and its formation can therefore be easily moni-
tored. However, because the affinity of PAR for zinc (affinity con-
stant [Ka], 2 � 1012 M	1) is lower than the affinity of most protein
zinc centers (usually 1014 M	1), tightly bound zinc cannot be
extracted by PAR, and thiol-modifying reagents such as PMPS are
used.

When freshly purified YciM was incubated with PAR, we did
not observe a significant increase in the A500, indicating that
PAR was unable to extract the zinc from the protein. Stepwise
additions of PMPS led to a progressive increase in the A500 (see
Fig. S3 in the supplemental material), and zinc was fully re-
leased when four cysteine residues were titrated. This indicates
that zinc is coordinated to YciM via four cysteine residues.

To determine whether the zinc-binding cysteine residues cor-
respond to the four cysteines of the CXXC motifs, we purified a
mutant version of YciM* in which the two cysteine residues out-
side the CXXC motifs (Cys184 and Cys258) were replaced by
serines (YciMSS⁄CCCC�His

* ). ICP-HRMS analysis showed that
YciMSS⁄CCCC�His

* contains zinc in a 1:1 ratio, indicating that zinc is
bound to YciM via the cysteines of the two CXXC motifs. This is
consistent with the fact that Cys184 and Cys258 are not highly
conserved (Fig. 3B), in contrast to the cysteine residues of the
CXXC motifs.

YciM contains an iron cluster. In the course of the project, we
serendipitously purified YciM on a Strep-Tactin column by taking
advantage of a Strep tag fused at the C terminus of the protein
instead of a His tag. Surprisingly, the protein that eluted from the
Strep-Tactin column, which was pure to near homogeneity, ap-
peared bright pink, suggesting that it might bind iron (see Fig. S4
in the supplemental material). Whereas no peaks were observed in
the visible range for YciMHis

* , the absorbance spectrum of purified
YciMStrep

* (Fig. 5A) shows a large peak around 500 nm and a
smaller, narrow peak around 410 nm. We determined the metal
content of YciMStrep

* and found that both iron and zinc were pres-
ent in 0.11 and 0.44 molar ratios, respectively. We tested whether
Cys184 and Cys258 are involved in iron binding by expressing
YciMSS⁄CCCC

* fused to a Strep tag (YciMSS⁄CCCC�Strep
* ). However, re-

placement of Cys184 and Cys258 by serine residues does not alter
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FIG 3 Structural features of the YciM sequence. (A) YciM is a multidomain protein: the N-terminal part (transmembrane, TM) anchors the protein in the IM,
the central part of the protein presents several TPR motifs that most likely mediate protein-protein interactions, and the C terminus presents two CXXC motifs
that bind iron (Fe). (B) Multiple sequence alignment of E. coli YciM with homologous proteins from other Gram-negative bacteria from the Alpha-, Beta-,
Gamma-, and Deltaproteobacteria. The N-terminal domain (underlined with the dashed line) is hydrophobic and highly conserved. All YciM proteins contain
seven TPR motifs (marked from 1 to 7). The conserved iron-binding CXXC motifs are present at the C terminus (cysteine residues are marked with arrows). The
sequences of Escherichia coli (UniProtKB accession no. P0AB58), Salmonella enterica (B5PPH9), Haemophilus influenzae (Q4QJV0), Colwellia psychrerythraea
(Q482G0), Ralstonia eutropha (Q0KDH3), Cupriavidus taiwanensis (B3R3B7), Plesiocystis pacifica (A6G5X1), and Ehrlichia canis (Q3YT24) were aligned using
Clustal W2.
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the pink appearance of the protein and has no impact on the metal
content, indicating that iron is also bound to YciM via the two
C-terminal CXXC motifs. We confirmed the results obtained on
YciMStrep

* by purifying a nontagged version of the protein (YciM*).
After purification of YciM* to homogeneity using ion exchange
and size exclusion chromatography, the protein was found to con-
tain iron and zinc in a ratio similar to that of YciMStrep

* . Thus, the
CXXC motifs of YciM are able to bind iron and/or zinc. In the Dis-
cussion, we explain why we think that iron, not zinc, is the metal
which is coordinated by YciM in vivo. From now on, we will refer
to YciM as an iron-binding protein. Because iron-binding centers
are usually sensitive to oxygen, we also purified YciMStrep

* anaero-
bically to see whether purification of the protein in the absence of
oxygen would increase the iron-to-zinc ratio, which was not ob-
served. Interestingly, while YciM is a slightly yellow protein under
anaerobic conditions, exposure to oxygen turns it into a pink pro-
tein displaying the typical absorbance peak around 500 nm (Fig.
5B). This indicates that the iron center of YciM is redox sensitive.

YciM has an iron center of the rubredoxin type which is re-
quired for protein stability. CXXC motifs have been shown to be
involved both in the coordination of iron-sulfur clusters and in
the coordination of iron centers of the rubredoxin type (30). Anal-
ysis of the sulfur content of YciM by a colorimetric assay revealed
that YciM does not contain any inorganic sulfur (data not shown),
indicating that YciM binds an iron center of the rubredoxin type.
This is further supported by the fact that the absorbance spectrum
of YciMStrep

* resembles that of other rubredoxin proteins (31, 32).
We produced a mutant version of YciM in which the four cys-
teines of the CXXC motifs are replaced by serines (YciMCC⁄SSSS).
This mutant mostly accumulates in inclusion bodies (data not
shown), indicating that the metal center is required for the stabil-
ity of the protein. However, as a significant portion of YciMCC⁄SSSS

still localizes to the membrane, we tested whether it can rescue the
growth defect of the yciM mutant on either MacConkey agar at
22°C or salt-free LB at 42°C. As shown in Fig. 1A and Table 2, we
observed that the fraction of YciMCC⁄SSSS present in the membrane
is unable to complement the yciM mutant, suggesting that the
redox-sensitive iron center of YciM is important for YciM func-
tion.

FIG 4 YciM is an inner membrane protein. (A)E. coli cells expressing YciM
(VN241) or YciM* (VN198) were fractionated. YciM and YciM* were detected
using an anti-YciM antibody (lane 1, soluble fraction; lane 2, membrane frac-
tion). (B) DIC images (upper panel) and the corresponding fluorescence im-
ages (lower panel) of HE64 (expressing YciMmCherry) and VN237 (expressing
YciMmCherry

* ) strains. YciMmCherry localizes in the membrane (left panel),
whereas YciMmCherry

* is present in the cytoplasm (right panel). Images were
taken 30 min after the induction of the fluorescent proteins by addition of
0.2% L-arabinose. (C) Spheroplasts prepared from bacteria expressing YciM
(VN241) were solubilized or not with Triton X-100 (1%) and then incubated
with proteinase K (PK) as indicated. YciM was detected by Western blotting
using an anti-YciM antibody. The fact that YciM is not degraded by proteinase
K in the absence of Triton X-100 indicates that YciM is oriented toward the
cytoplasm. DsbD, an inner membrane protein, was used as a control. DsbD
was detected using an anti-DsbD antibody.

FIG 5 YciM is a metal binding protein. (A) UV-visible light absorption spec-
tra of purified YciMStrep

* and YciMHis
* (150 �M). The absorbance was measured

between 250 nm and 750 nm. The spectrum of YciMStrep
* shows a large peak

around 500 nm and a smaller one around 410 nm (marked with asterisks). (B)
YciMStrep

* was purified on a Strep-Tactin column under anaerobic conditions.
The protein that eluted from the column was yellow, and its absorbance spec-
trum presented a peak at 410 nm (lower curve). Exposure of the protein to
oxygen turned it pink, presenting an absorbance peak around 500 nm (upper
curve, � O2). The protein concentration was about 250 �M.
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DISCUSSION

In this study, we have demonstrated that YciM, a protein required
for maintenance of cell envelope integrity in E. coli, contains two
domains essential for function: an N-terminal transmembrane
domain that anchors YciM to the IM and a C-terminal cytoplas-
mic domain that contains seven tetratricopeptide repeat (TPR)
motifs and an iron cluster required for function. We have also
described phenotypes associated with the loss of YciM that reveal
both OM and peptidoglycan defects. Furthermore, its cellular lo-
calization and structural features suggest that YciM is likely to
function in envelope biogenesis in association with other proteins
that are yet to be identified.

YciM is anchored to the IM by a hydrophobic N-terminal do-
main that contains residues highly conserved among bacterial spe-
cies from the Alpha-, Beta-, Gamma-, and Deltaproteobacteria
(Fig. 3B). This high degree of conservation and the fact that this
domain is required for YciM function suggest that it might medi-
ate interactions between YciM and other polypeptides present in
the IM. YciM also contains seven TPR motifs localized to the cy-
toplasm (Fig. 3B). TPR motifs serve in a variety of protein-protein
interactions (33), which further suggests that YciM is involved in
a multiprotein complex. Future studies targeting the identifica-
tion of putative interacting partners may reveal the function that
YciM plays in envelope biogenesis.

Another structural feature of the C-terminal portion of YciM is
a metal center coordinated by four cysteine residues. Although we
first identified zinc as the metal coordinated by the two CXXC
motifs present in YciM, the protein also binds iron when the His
tag is removed. Our results suggest that the His tag, which is lo-
cated immediately downstream of the metal-chelating cysteines,
interferes with the stability of the iron center in YciM, leading to
the replacement of iron by zinc. The low iron content of YciMStrep

*

and YciM* very likely results from the notoriously low stability of
iron centers, which often leads to the replacement of iron by zinc
during protein overexpression and purification (34–36). Impor-
tantly, we have demonstrated that this iron center is essential for
YciM function although whether it plays a structural or redox-
related role remains unknown.

The sensitivity of yciM mutants to hydrophobic antibiotics and
detergents results from an increased permeability of the OM, sug-
gesting a defect in OM biogenesis (9). However, we have also
uncovered phenotypes indicating that yciM mutants have defects
in peptidoglycan biogenesis. First, the fact that yciM mutants have
irregular shapes and lyse following bulge formation supports the
presence of defects in the peptidoglycan layer (37). It has indeed
been shown that bulge formation results from a defective pepti-
doglycan assembly leading to the formation of a weakened area in
the peptidoglycan layer. For instance, treatment of E. coli with
antibiotics that inhibit peptidoglycan synthesis, such as �-lac-
tams, as well as overexpression of inactive variants of enzymes
involved in peptidoglycan assembly causes bulge-induced lysis
(38–40). Second, the sensitivity of the yciM deletion mutants to
low-osmolarity medium is also consistent with defects in the pep-
tidoglycan as a similar phenotype has been reported for mutants
impaired in peptidoglycan assembly and/or cell division (41, 42).
For instance, cells lacking FtsEX, an IM complex that recruits
EnvC to the septum, also display a division defect in LB medium of
low osmotic strength (43). Third, the facts that the simultaneous
deletion of yciM and envC, a gene coding for a regulator of pepti-

doglycan hydrolysis (44, 45), leads to severe morphological de-
fects and that yciM mutants are more sensitive to �-lactams (46)
also support a role for YciM in peptidoglycan assembly. Neverthe-
less, although these phenotypes indicate that the loss of YciM leads
to defects in peptidoglycan, we have also observed the aforemen-
tioned permeability phenotypes that are consistent with OM de-
fects. In Gram-negative bacteria, the OM and peptidoglycan layer
are intimately associated. For example, the Lpp OM lipoprotein
covalently anchors the OM to the peptidoglycan layer (47, 48),
while the OM lipoproteins LpoA and LpoB are needed for the
proper synthesis of the peptidoglycan layer (49, 50). Conse-
quently, defects in the biogenesis of one can affect the biogenesis
of the other. Because the present studies cannot discriminate
which of the reported defects are the primary consequence of the
loss of YciM, additional work is required to understand the role
that YciM plays in envelope biogenesis.
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