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Streptococcus mutans is a cariogenic oral pathogen whose virulence is determined largely by its membrane composition. The
signal recognition particle (SRP) protein-targeting pathway plays a pivotal role in membrane biogenesis. S. mutans SRP pathway
mutants demonstrate growth defects, cannot contend with environmental stress, and exhibit multiple changes in membrane
composition. This study sought to define a role for ylxM, which in S. mutans and numerous other bacteria resides directly up-
stream of the ffh gene, encoding a major functional element of the bacterial SRP. YlxM was observed as a produced protein in S.
mutans. Its predicted helix-turn-helix motif suggested that it has a role as a transcriptional regulator of components within the
SRP pathway; however, no evidence of transcriptional regulation was found. Instead, capture enzyme-linked immunosorbent
assay (ELISA), affinity chromatography, and bio-layer interferometry (BLI) demonstrated that S. mutans YlxM interacts with
the SRP components Ffh and small cytoplasmic RNA (scRNA) but not with the SRP receptor FtsY. In the absence of FtsY, YlxM
increased the GTP hydrolysis activity of Ffh alone and in complex with scRNA. However, in the presence of FtsY, YlxM caused an
overall diminution of net GTPase activity. Thus, YlxM appears to modulate GTP hydrolysis, a process necessary for proper recy-
cling of SRP pathway components. The presence of YlxM conferred a significant competitive growth advantage under nonstress
and acid stress conditions when wild-type and ylxM mutant strains were cultured together. Our results identify YlxM as a com-
ponent of the S. mutans SRP and suggest a regulatory function affecting GTPase activity.

In bacteria, approximately 25% to 30% of proteins are translo-
cated to the membrane or beyond (1). Streptococcus mutans, the

acidogenic and cariogenic Gram-positive pathogen implicated in
human tooth decay, is no exception. Its ability to take up and
ferment dietary carbohydrates, quorum-sensing and signal trans-
duction mechanisms, competence pathways, and resilience to en-
vironmental stressors are in large part due to the composition of
its membrane (2).

The signal recognition particle (SRP) pathway is a cotransla-
tional translocation pathway conserved in all kingdoms of life that
is involved in proper biogenesis of membrane and secreted pro-
teins. In bacteria, the SRP pathway consists of a minimum of three
universally conserved components: Ffh, scRNA, and FtsY. Ffh has
GTPase activity and forms a stable complex with a 7S or 4.5S small
cytoplasmic RNA (scRNA) to form the SRP. The established view
is that the SRP binds to nascent polypeptide chains containing a
hydrophobic signal sequence as they emerge from the ribosome
exit tunnel (ribosome nascent-chain, or RNC, complex). The
SRP-RNC complex next interacts with the membrane-bound SRP
receptor (SR), termed FtsY in bacteria, also a GTPase. Upon in-
teraction of the SRP with FtsY, there is mutual stimulation of the
GTPase activities of Ffh and FtsY, bound GTP molecules are con-
verted to GDP, the RNC is transferred to the SecYEG translocase,
and translation continues with translocation to insert the poly-
peptide into or through the membrane (reviewed in reference 3).

Most of what we know about the bacterial SRP comes from
studies of Escherichia coli, where interactions of pathway compo-
nents have been characterized. Ffh and scRNA interact strongly to
form the SRP (4, 5). Functional activities of Ffh are ascribed to its
M and NG domains. The M domain interacts with the scRNA and
nascent polypeptides containing a hydrophobic SRP signal se-
quence (6–8). Ffh and FtsY interact with one another through

their highly similar NG domains. In each, the N domain is fol-
lowed by a GTPase G domain (9, 10). Efficient membrane protein
targeting requires that the targeting apparatus minimizes nonpro-
ductive cargo release, ineffective Ffh-FtsY interactions, and pre-
mature disruption of the RNC-Ffh-FtsY complex due to futile
GTPase activity. Defects in GTPase activity lead to protein trans-
location deficiencies (11).

S. mutans displays several attributes that make studies of its
protein translocation systems of interest. An unexpected finding
was that S. mutans survives in the absence of an SRP, in stark
contrast to findings for Escherichia coli and Bacillus subtilis (12–
14). Although SRP pathway mutants of S. mutans are viable, they
are sensitive to environmental stress (15). The closely related spe-
cies Streptococcus pyogenes can also survive disruption of the SRP
but with diminished virulence (16). Another distinguishing fea-
ture of S. mutans is that it and most other Gram-positive organ-
isms contain two paralogs of the Alb3/OxaI/YidC family of mem-
brane-localized protein insertases (YidC1 and YidC2 in S.
mutans). This is also in contrast to what exists in E. coli and other
Gram-negative organisms that contain a single YidC (15). S. mu-
tans YidC2 can substitute for the Saccharomyces cerevisiae mito-
chondrial homolog OxaI to mediate cotranslational translocation
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in the absence of an SRP pathway, a property lacking in E. coli
YidC (17).

In S. mutans, ffh is contained within a five-gene operon named
sat (secretion and acid tolerance) (Fig. 1A) (18, 19). The functions
of the other genes within this genetic locus are unknown. ylxM is
present not only in S. mutans but also in all other streptococci,
where it is located immediately upstream of ffh. In fact, the pres-
ence of ylxM (see Fig. S1 in the supplemental material) and its
location upstream of ffh (Fig. S2) are highly conserved among
Gram-positive bacteria. The distribution of ylxM is not limited to
Gram-positive organisms. The genomes of the Gram-negative
coccus Veillonella parvula and the nonfirmicute Gram-negative
organisms Fusobacterium nucleatum and Thermovirga lienii also
contain ylxM. ylxM is almost always located in immediate prox-
imity to genes encoding SRP components, either ffh or ftsY (20)
and sometimes both (Fig. S2). The fact that ylxM is linked with
other SRP components in so many species across a range of phyla
suggests that it may play a role within the pathway.

While the existence of ylxM has been recognized for some time,
it has not been widely studied and no function has yet been estab-
lished (20–23). First reported in Mycoplasma mycoides, it was pre-

dicted to encode a 13-kDa protein with a helix-turn-helix (HTH)
domain that might act as a transcriptional regulator of SRP com-
ponents (20). Subsequently, an S. mutans strain lacking ylxM
demonstrated a modest growth defect in comparison to the
growth of the parental strain (19). Later, recombinant S. pyogenes
YlxM was crystallized and the presence of an HTH structure was
confirmed, suggesting that the protein binds DNA, although no
functional assays were performed (23). A more recent study re-
ported that deletion of ylxM led to increased detection of Ffh in B.
subtilis cell lysates by Western blotting, although no increase in ffh
message level was observed (24). Our initial experiments revealed
no evidence for YlxM as a transcriptional regulator; hence, we
speculated that YlxM might serve a role within the SRP pathway
itself. Here we present our results that identify interactions of S.
mutans YlxM with Ffh and scRNA and demonstrate that YlxM
functions to modulate the GTPase activity of SRP pathway com-
ponents.

MATERIALS AND METHODS
Bacterial expression strains. S. mutans ylxM was cloned into pET151D-
TOPO using primers PC178F (CACCATGGAGATCGAAAAAACCAA

FIG 1 Genetic locus and expression of ylxM in S. mutans. (A) Schematic representation of the 5-gene S. mutans sat operon and its genetic context. The locations
of previously identified promoters (19) are indicated by arrows. The locations of target regions 1, 2, and 3 used in electrophoretic mobility shift assays are
indicated in bold. OpuIG, opu operon intergenic region (target region 1); SatP1P2, sat operon promoter 1 (P1) and promoter 2 regions (target region 2); SatP3,
sat operon promoter 3 region (target region 3). (B) Colloidal gold total protein staining and Western blot analysis of YlxM in whole-cell lysates from the S. mutans
wild type and the �ylxM mutant. (C) The binding of YlxM to potential regulatory sites within or upstream of the sat operon was evaluated by electrophoretic
mobility shift assay. DNA mobility was evaluated in the presence (�) and absence (�) of YlxM. Target regulatory sites were as follows: 1, opu operon intergenic
region; 2, sat operon promoter 1 and promoter 2 regions; 3, sat operon promoter 3 region (as shown in panel A). (D) S. mutans ffh and ftsY expression was
evaluated by qPCR in wild-type and �ylxM mutant strains. Cultures were grown under nonstress (pH 7.0) or acid stress (pH 5.0) conditions.
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TCG) and PC178R (TTAGTCTCTATTATCAATAGTCGTC) with strain
UA159 genomic DNA as the template. The plasmid was used to transform
chemically competent E. coli BL21 Star(DE3) cells (Invitrogen, Carlsbad,
CA). Protein expression was induced with 0.5 mM IPTG (isopropyl-�-D-
thiogalactopyranoside) for 4 h at 37°C. The Ffh expression strain was
constructed using primers AH2F (TTTTCTGCAGTATATTGTGATCAT
AGCAATCCTT) and AH2R2 (TTTTTTTTTGCTCAGCTTTGTATTTT
ATTGGGAAGACCATTA). The PCR product was cloned into pET15b
and used to transform chemically competent E. coli BL21(DE3) cells (In-
vitrogen, Carlsbad, CA). Expression was induced overnight at room tem-
perature with 0.2 mM IPTG. ftsY was cloned and expressed similarly to ffh,
except that 0.5 mM IPTG was used for induction for 4 h at 37°C. Primers
for ftsY amplification were AH1F2 (TTTTTATGGATCCTATGGGTTTA
TTTAATCGCTTATTTGGT) and AH1R2 (TTTTCTGCAGTATATTGT
GATCATAGCAATCCTT). To complement the ylxM deletion in S. mu-
tans, ylxM was amplified by PCR using strain NG8 chromosomal DNA as
the template and primers MW36F (CTGGCGTCGACATGCATCATCAC
CATCACCATATGGAGATCGAAAAAACCAATC) and MW36R (CTGG
CGGATCCTTAGTCTCTATTATCAATAGTCG) and cloned into pVPT-
NT7 (25). The recombinant expression construct was used to transform
strain BK140 (19) to generate the strain denoted herein as �YlxM.

Purification of proteins. Recombinant proteins were purified using
metal ion affinity chromatography. YlxM and FtsY were purified from
whole-cell lysates using HisPur cobalt resin (Thermo Scientific, Rockford,
IL). Most Ffh produced in E. coli was insoluble; therefore, protein was
extracted from inclusion bodies using the BugBuster protein extraction
reagent (Novagen, Darmstadt Germany) before purification on nickel-
nitrilotriacetic acid (Ni-NTA) agarose (Qiagen, Hilden, Germany) under
denaturing conditions in the presence of 8 M urea. Ffh preparations in-
cluded RNase to prevent copurification of scRNA. Ffh was refolded by
dialysis into renaturation buffer (200 mM NaCl, 2 mM MgCl2, 50 mM
glycine, 10% glycerol, pH 7.6). Proper refolding was confirmed by circular
dichroism (data not shown), reconstitution of GTPase activity (see Fig. 4),
and interaction with FtsY (see Fig. S5 in the supplemental material). All
proteins were dialyzed into HM buffer (10 mM HEPES, 10 mM MgCl2,
pH 8.0) before use.

Anti-YlxM, Ffh, and FtsY antisera. Polyclonal rabbit antisera were
generated against purified recombinant YlxM, Ffh, and FtsY (Lampire
Biological Laboratories, Pipersville, PA). The anti-FtsY antiserum was
exhaustively adsorbed with purified Ffh to eliminate cross-reactive anti-
bodies. The anti-Ffh antiserum did not cross-react with FtsY, so no cross-
adsorption was necessary. Anti-YlxM antibodies were affinity purified
using purified YlxM covalently coupled to Sepharose beads as described
below. The specificities of the Ffh, FtsY, and YlxM antisera and levels of
background reactivity are shown in Fig. S3 in the supplemental material.

Western blot detection of YlxM in S. mutans. Whole-cell lysates of
exponential-phase cultures were prepared from S. mutans strain UA159
and a corresponding �ylxM strain (kindly provided by Robert Quivey,
University of Rochester) by glass bead breakage in a Mini-Beadbeater 8
apparatus (BioSpec Products, Inc., Bartlesville, OK). Cell lysates were
electrophoresed through 12% sodium dodecyl sulfate (SDS)-polyacryl-
amide gels, transblotted onto Immobilon polyvinylidene difluoride
(PVDF) membranes (Sigma-Aldrich, St. Louis, MO), reacted with anti-
YlxM affinity-purified antibodies followed by horseradish peroxidase-la-
beled anti-rabbit IgG, and developed using the enhanced-chemilumines-
cence (ECL) Western blotting system (GE Healthcare) and Hyperfilm
(GE Healthcare) according to the manufacturer’s instructions. As a load-
ing control, total protein staining was performed using colloidal gold
(Bio-Rad, Hercules, CA).

qPCR. To measure the levels of ffh and ftsY mRNA, real-time quanti-
tative reverse transcriptase PCR (RT-qPCR) was performed with S. mu-
tans RNA prepared as described elsewhere (26). Briefly, RNA was purified
from UA159 and the �ylxM mutant and was grown to mid-exponential
phase under nonstress (pH 7) or acid stress (pH 5) conditions. cDNA was
synthesized using 200 ng of total RNA and a SuperScript III first-strand

synthesis system (Invitrogen, Carlsbad, CA). Target-specific primers used
for real-time qPCRs were as follows: RTffhFWD (AGGGTTGAGCGGTG
CTAATA), RTffhRVS (GTTTCATAGCAAATTCGCCG), RTylxMFWD
(TCTGACTACGTCGTCCGC), and RTylxMRVS (TCAATATGGAAAT
CTTGTTCTG). Copy numbers of target genes were determined using the
iQ SYBR green supermix (Bio-Rad) in an iCycler iQ real-time PCR detec-
tion system (Bio-Rad). Cycling conditions were as follows: 1 cycle of 95°C
for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. All
expression data were normalized to the copy number of 16S rRNA in each
sample. qPCR data were derived from two separate experiments. Each
experiment consisted of triplicate PCRs from duplicate RT reactions. Stu-
dent’s t test was used to assess statistical significance.

EMSAs. To determine if YlxM binds to regulatory sequences in the
vicinity of ffh, potential target regions within and upstream of the sat
operon were PCR amplified with 5=-end-biotinylated primers. These in-
cluded three promoters previously identified within the sat operon and an
intergenic region within the upstream opu operon (Fig. 1A) that was iden-
tified as a potential target of regulation using the Inverted Repeats Finder
and RibEx (19, 27, 28). Target site 1 was the upstream opu intergenic
region. An �330-bp probe was generated with primers MW17F (GGAG
ATGACTTTGCTTTTTCAC) and MW17R (TGGTGAGATGTTTTATT
TCAAGTT). Target site 2 included the promoter 1 and 2 regions of the sat
operon. An �150-bp probe was created using primers MW18F (GAAGG
TTGCATCTTGGACAAG) and MW18R (AAGCGCATTCATTCGATTG
GTT). Target site 3 was promoter 3 of the sat operon. An �200-bp probe
was made using primers MW19F (CCATCATTGTCATTATCGTAACT)
and MW19R (GATCGCCAATAATAGCGATGTA). Binding reactions
were performed with 20 fmol of biotinylated target DNA mixed with 26
pmol recombinant YlxM (rYlxM) in electrophoretic mobility shift assay
(EMSA) binding buffer (10 mM Tris, 50 mM KCl, 10 mM dithiothreitol
[DTT], pH 7.5) for 30 min prior to electrophoresis on a nondenaturing
6% polyacrylamide gel. Samples were electroblotted onto PVDF and de-
veloped using the LightShift EMSA kit with appropriate internal controls
(Thermo Scientific, Waltham, MA).

Protein interaction studies. (i) Capture ELISA. Ninety-six-well poly-
styrene plates (Costar, Corning, NY) were coated with 200 ng of purified
recombinant YlxM or maltose binding protein (MBP) as a negative con-
trol. Wells were blocked with PBST (phosphate-buffered saline contain-
ing 0.3% Tween 20). Twofold serial dilutions of Ffh, beginning at 200 ng,
were added to the wells and incubated for 2 h at 37°C. Unbound proteins
were removed by washing them with PBST. Bound Ffh was detected with
specific rabbit antisera, followed by horseradish peroxidase (HRP)-la-
beled goat anti-rabbit IgG and development with o-phenylenediamine.

(ii) Affinity capture on YlxM-Sepharose. Four milligrams of purified,
recombinant YlxM was covalently coupled to 1 ml cyanogen bromide-
activated Sepharose 4B (Sigma-Aldrich) beads according to the manufac-
turer’s instructions. Unreacted sites were blocked with ethanolamine. S.
mutans cells harvested from a 100-ml stationary-phase culture were lysed,
and the whole-cell lysate was reacted with the YlxM matrix or a no-protein
bead-only negative-control matrix for 16 h at 4°C on a rotator. The Sep-
harose matrix was placed in a column, and unbound proteins were re-
moved by extensive washing with PBS. Bound proteins were eluted using
0.2 M glycine-HCl (pH 2.5) and were immediately neutralized by collec-
tion in 100 mM Tris, 0.2% sodium azide (pH 8.0). The unbound proteins,
wash, and elution fractions were separated by electrophoresis through
4-to-20%-gradient SDS-polyacrylamide gels (Bio-Rad, Hercules, CA),
transferred to PVDF, and visualized by Western blotting with rabbit poly-
clonal antisera against Ffh, FtsY, affinity-purified anti-YlxM antibodies,
or a commercially available murine anti-6His antiserum (Invitrogen).

BLI experiments. The scRNA DNA was PCR amplified from S. mu-
tans strain UA159 using primers MW28F (TAATACGACTCACTATAG
GGGGAGCAACAGCTTTGCGT) and PC62R (AGAGCACACAGCTTA
CATC). Underlined bases indicate the T7 promoter region required for in
vitro transcription (IVT). SRP RNA was transcribed using the
MEGAshortscript T7 IVT kit (Ambion, Carlsbad, CA). The IVT scRNA
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was biotinylated using the RNA 3=-end biotinylation kit from Pierce
(Thermo Scientific, Waltham, MA). Bio-layer interferometry (BLI) ex-
periments were performed on an Octet QKe instrument (FortéBio, Menlo
Park, CA). Streptavidin-coated sensor tips were wetted in 1� kinetics
buffer (1 mM phosphate, 15 mM NaCl, 0.002% Tween 20, 0.005% so-
dium azide, 0.1 mg/ml bovine serum albumin [BSA], pH 7.4) prior to
exposure to the biotinylated scRNA. After incubation with 25 �g/ml of
scRNA, unreacted streptavidin molecules on the tips were quenched with
50 �g/ml biocytin. The loaded tips were equilibrated in 1� HM buffer
and then reacted with purified Ffh or YlxM at 1 �M concentrations. Bind-
ing was measured over 15 min, followed by a 30-min dissociation period
in HM buffer without protein. Controls included a sample lacking protein
(buffer only) and a sample with no scRNA on the sensor. Affinity calcu-
lations were performed using FortéBio Octet data analysis software. The
following fit parameters were utilized: Savitzky-Golay filtering, a 1:1 bind-
ing model, and global fitting. Only data with an R2 of 	0.90 were included
to ensure quality. The BLI measurements were repeated three times for
Ffh and five times for YlxM.

GTP hydrolysis assays. Recombinant Ffh and FtsY were assayed for
GTPase activity individually and in combination with S. mutans scRNA
and/or recombinant YlxM. An endpoint colorimetric assay was used to
measure hydrolysis in solution, as reflected by the amount of inorganic
phosphate (Pi) released by GTP hydrolysis, as described previously (29–
31). Assays containing a 360 nM final concentration (each) of Ffh, FtsY,
and/or YlxM and 2 mM GTP were brought to a final volume of 150 �l in
HM buffer and incubated at 30°C for 1 h. scRNA was included where
indicated in the figures at a concentration of 13.3 �M. Following incuba-
tion, SDS was added to a final concentration of 6% to stop GTP hydrolysis.
Ascorbic acid and ammonium molybdate were added to 6 and 1%, respec-
tively, and the mixture was incubated for 5 min. Sodium citrate, sodium
(meta)arsenite, and acetic acid were then added to a final concentration of
1% and a final reaction volume of 1.05 ml. The absorbance of each reac-
tion mixture was measured at 850 nm. A standard curve of inorganic
phosphate was linear from 2 to 150 nmol of Pi and used to determine the
amount of Pi released from each assay. Substrate-only controls lacking
protein and reaction components and a time zero control with 6%-SDS-
denatured proteins were used to correct for nonspecific hydrolysis and
background. Experiments were performed in triplicate. Statistically sig-
nificant differences between groups were determined by two-way analysis
of variance (ANOVA) using GraphPad Prism 5 (La Jolla, CA). Nonmatch-
ing parameters and Bonferroni posttests were used to determine differ-
ences among the groups.

Competition assays. To determine if ylxM confers a competitive ad-
vantage in S. mutans, ylxM-positive (wild-type-NG8 [WT-NG8]) and
�ylxM (with a kanamycin resistance cassette in place of ylxM) strains were
grown separately to mid-exponential phase in Todd-Hewitt broth (Ther-
moFisher, Waltham, MA) supplemented with 0.3% yeast extract (THYE
broth), pH 7.0, at 37°C. Cell numbers were normalized by determining
the optical density at 600 nm (OD600), and the two strains were mixed in
a 1:1 ratio, placed in fresh THYE (pH 7.0 or pH 5.0, i.e., under nonstress or
acid stress conditions, respectively) at 37°C and allowed to grow to sta-
tionary phase before serial dilution and plating onto THYE agar (pH 7.0
or pH 5.0) in triplicate. Total numbers of CFU were determined, and
plates were replica plated onto THYE agar plates with 500 �g/ml kanamy-
cin to determine the number of colonies that were wild type versus lacking
ylxM. Similar experiments were also performed using the complemented
ylxM mutant (�YlxM) strain, as well as other SRP mutants (�ffh, �ftsY,
and �scRNA gene strains) in the presence of appropriate antibiotics (15).
Each experiment was plated in triplicate and performed three times.
Numbers from all plates were averaged and are reported as percentages of
the total number of colonies. Student’s t test was used to determine sig-
nificance.

PTS assay. As an indirect measurement of membrane protein inser-
tion, the ability of S. mutans cells to take up sorbitol by the sorbitol phos-
phoenolpyruvate-sugar phosphotransferase system (PTS) was evaluated

as described elsewhere (32) using wild-type, �ylxM, �ffh, and �YlxM
strains grown in defined media containing 1% sorbitol.

RESULTS
YlxM is produced as a detectable protein in S. mutans. To begin
our studies, we confirmed that ylxM is expressed and produced as
a protein in S. mutans. Affinity-purified rabbit anti-YlxM anti-
bodies were used to identify YlxM contained in S. mutans cellular
lysates by Western blotting. A 13-kDa band, consistent with the
predicted size of YlxM, was identified in whole-cell lysates pre-
pared from the wild-type strain but not in samples prepared from
a �ylxM mutant strain (Fig. 1B).

YlxM is not a transcriptional regulator of ffh or ftsY in S.
mutans. We evaluated known and putative regulatory regions
within and near the sat operon that might serve as potential targets
of YlxM binding but found no evidence to suggest any such activ-
ity when electrophoretic mobility shift assays were performed
(Fig. 1C). In addition, we used quantitative real-time PCR to eval-
uate the effect of the presence or absence of ylxM on the transcrip-
tion of ffh and ftsY under both nonstress and acid stress growth
conditions. No significant differences in ffh or ftsY expression
were detected when wild-type and �ylxM mutant strains were
compared (Fig. 1D). Neither ffh nor ftsY expression was influ-
enced by acid stress. Furthermore, in contrast to a previous report
on B. subtilis (24), neither Ffh nor FtsY protein production ap-
peared to be substantially altered in the absence of ylxM (see Fig.
S4 in the supplemental material).

YlxM interacts with Ffh but not FtsY. Since YlxM did not
appear to function as a transcriptional regulator, we next evalu-
ated whether it might serve a role within the SRP pathway. To
determine whether YlxM interacts with known SRP components,
6-histidine-tagged recombinant proteins were purified. A capture
ELISA demonstrated a YlxM-Ffh interaction (Fig. 2A). In con-
trast, YlxM did not interact with FtsY (see Fig. S5 in the supple-
mental material), which shares homologous domains with Ffh,
indicating that the YlxM-Ffh interaction is specific. To determine
whether the interaction of YlxM with Ffh could also occur within
the context of other streptococcal proteins, purified YlxM (Fig.
2B) was covalently coupled to a Sepharose matrix, and an S. mu-
tans cellular lysate was applied to the column. FtsY, Ffh, and YlxM
were all present in the cellular lysate and detectable in the column
flowthrough (Fig. 2C). In the case of Ffh, the high level of reactiv-
ity with the anti-Ffh antiserum caused quenching of the detection
reagent in the flowthrough fraction. Western blot analysis also
demonstrated the presence of a 56-kDa Ffh band, but not FtsY, in
the elution fraction (Fig. 2C). In addition, a 13-kDa band was
detected with anti-YlxM antibodies in the elution fraction. This
band was not recognized by an anti-His antibody, indicating that
it represented the untagged, native S. mutans protein derived from
the cell lysate rather than the His-tagged recombinant protein
used to make the column. Hence, S. mutans Ffh and YlxM were
both captured and eluted from a purified rYlxM affinity column.
No SRP proteins were captured by the bead-only negative control
(Fig. 2C).

S. mutans YlxM associates with the 4.5S scRNA. Given that
YlxM contains an HTH motif suggestive of a nucleic acid binding
function, we also tested whether it is capable of interacting with
the SRP scRNA. The S. mutans scRNA was transcribed in vitro and
biotinylated before being immobilized on streptavidin-coated
sensor tips. Binding of Ffh and YlxM to the immobilized scRNA
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was evaluated by bio-layer interferometry (BLI) (Fig. 3). As ex-
pected, Ffh bound to the immobilized scRNA. The calculated
equilibrium dissociation constant of this interaction was 3.75 

0.38 nM and is consistent with previously published values ob-
tained using other methods (4, 5). YlxM also bound to the immo-
bilized scRNA. Because YlxM is substantially smaller than Ffh, 13
kDa compared to 56 kDa, the optical thickness measured at the
biosensor tip was less. In the case of YlxM, the calculated dissoci-
ation constant was 76.60 
 3.98 nM.

The GTPase activity of SRP components is modulated by
YlxM. Ffh and FtsY are GTPases that form a heterodimer and
mutually stimulate one another, leading to the hydrolysis of GTP
to GDP. This hydrolysis is fundamental to the recycling of SRP
pathway components and reflects their functional activities. Ffh
exhibited intrinsic GTPase activity in the absence of additional
components (Fig. 4), consistent with previous reports on Strepto-
coccus pneumoniae, Mycoplasma mycoides, and Mycobacterium tu-
berculosis (5, 33, 34). The GTPase activity of Ffh was significantly
increased in the presence of scRNA or FtsY, with maximal activity
measured in the presence of all three components. The GTPase
activity of Ffh alone, as well as that of Ffh/scRNA, was also signif-
icantly increased upon addition of YlxM. However, when YlxM
was added to Ffh or Ffh/scRNA in the presence of FtsY, there was
a significant decrease in measured GTPase activity.

YlxM confers a competitive growth advantage to S. mutans.
The high degree of evolutionary conservation of ylxM within ge-
netic loci containing ffh and/or ftsY suggests that it confers a se-
lective advantage to organisms that contain it. To test the fitness of
wild-type S. mutans relative to that of a �ylxM mutant, the two
strains were mixed at a 1:1 ratio and cultured to stationary phase
prior to being plated. The �ylxM mutant was clearly outcompeted
by the parental strain (Fig. 5). At the end of the incubation period,
almost 90% of the recovered organisms grown under nonstress
conditions represented the wild type. Under acid stress condi-
tions, over 90% of the recovered organisms were wild type (see
Fig. S6 in the supplemental material). The presence of the kana-
mycin marker used to identify the ylxM mutant has no measurable
effect on the growth characteristics of S. mutans (data not shown).
Complementing the �ylxM strain with YlxM expressed from a
plasmid restored the fitness of the strain. We also tested mutants
lacking other known SRP components to assess their competitive
ability. Like the �ylxM strain, the �ffh and �ftsY strains repre-
sented approximately 10% of the recovered cells when grown in
competition with the wild type, whereas the �scRNA gene strain
represented approximately 30% of the recovered cells (Fig. 5).

YlxM affects membrane protein insertion in S. mutans. To
evaluate whether YlxM affects the efficiency of membrane protein
insertion in S. mutans, we measured sorbitol uptake via the sorbi-

FIG 2 Identification of a YlxM and Ffh interaction. (A) ELISAs showing immobilized YlxM (or MBP as a negative control) incubated with serial dilutions
of Ffh. Bound protein was detected with monospecific polyclonal rabbit anti-Ffh antisera. (B) Coomassie blue stain of purified recombinant YlxM
(rYlxM) that was covalently coupled to Sepharose to generate the affinity matrix. (C) Western blot analysis of S. mutans whole-cell lysates applied to
the YlxM affinity matrix (Beads with YlxM) or a bead-only control. Captured proteins were eluted as described in Materials and Methods and subjected
to SDS-polyacrylamide gel electrophoresis, electroblotted onto a PVDF membrane, and reacted with polyclonal rabbit anti-Ffh, -FtsY, -YlxM, or -6His anti-
bodies.
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tol phosphoenolpyruvate-sugar phosphotransferase system (PTS)
as an indirect measure. Uptake of sorbitol, unlike that of other
sugars that can be taken up by more than one of the 14 known
PTSs in S. mutans, is mediated by way of a single PTS via the
membrane protein EIIC (35–37). Sorbitol uptake was impaired in
the ylxM mutant and was restored by complementation of YlxM
by plasmid-based expression (Fig. 6), which is similar to results
seen with the ffh mutant. This suggests that YlxM contributes to

the efficiency of SRP-mediated membrane protein insertion. Not
surprisingly, sorbitol uptake was not completely eliminated in the
ffh or ylxM mutant strains since S. mutans possesses YidC2, which
can support cotranslational membrane protein insertion in the
absence of an SRP (17). As with our previous results in which
simultaneous deletion of ffh and yidC2 was lethal (15), double

FIG 3 Evaluation of the interactions of S. mutans Ffh and YlxM with scRNA by bio-layer interferometry. Association and dissociation curves of Ffh or YlxM, with
scRNA coated on the sensor tip, are shown. Calculated equilibrium dissociation constants 
 standard errors of the mean are shown in the table.

FIG 4 YlxM affects the GTPase activity of SRP components. An endpoint
colorimetric assay was used to detect the amount of inorganic phosphate (Pi)
released upon hydrolysis of GTP to GDP after 1 h by Ffh and/or FtsY in the
presence of YlxM and/or scRNA. Assays were performed in triplicate. Signifi-
cant differences were determined by two-way ANOVA. � indicates a signifi-
cant increase in activity, and # indicates a significant decrease in activity (P �
0.01).

FIG 5 YlxM confers a competitive advantage to S. mutans. Wild-type and SRP
mutant strains were mixed at a 1:1 ratio and grown to stationary phase
before being plated onto THYE agar. The experiments were performed in
triplicate, and the data are reported as the percentage of total colonies of
each strain recovered. Significant differences between the recovery of the
wild type and that of the SRP mutant strains were detected as follows: for
the �ffh strain, P was �0.01; for the �ylxM strain, P was �0.01; for the
�ftsY strain, P was �0.01; and for the �scRNA gene strain, P was equal to
0.02. There was no significant difference in wild-type values compared to
�YlxM values (P � 0.34).
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deletion of ylxM and yidC2 proved to be fatal (see Fig. S7 in the
supplemental material). This suggests that S. mutans can survive
deletion of yidC2 only if the SRP is fully operational. In contrast,
while more impaired than the ylxM single mutant, a ylxM yidC1
double deletion mutant was still viable (Fig. S7). This is consistent
with the viability of an ffh yidC1 double deletion mutant (15).

DISCUSSION

Prior literature on YlxM suggested that it functions as a transcrip-
tional regulator of SRP components (20, 23). We found that this is
not the case in S. mutans. Instead, YlxM interacted with Ffh and
the scRNA and modulated the net GTPase activity of pathway
components. This activity suggests a functional role for YlxM
within the SRP pathway.

The bacterial SRP machinery has been extensively character-
ized in E. coli, where the pathway is subject to complex spatial and
temporal regulation through a series of defined checkpoints (re-
viewed in references 3 and 38 to 41). These checkpoints involve
highly choreographed interactions with a number of external fac-
tors, including signal peptides, ribosome nascent-chain com-
plexes, membrane lipids, and the SecYEG translocon (38, 42–45).
Fewer studies have been performed with Gram-positive organ-
isms. Although there are apparent similarities in SRP machineries
across species, unique characteristics have been found as well,
highlighting the need for further study among different bacteria.
Reports on E. coli described a role for the scRNA and its interac-
tion with the M domain of Ffh in the formation of Ffh/FtsY com-
plexes and subsequent GTPase activity of SRP pathway compo-
nents (4, 43, 44). However, studies of Streptococcus pneumoniae
and Mycoplasma mycoides reported that the scRNA-Ffh interac-
tion is not an absolute requirement for Ffh/FtsY complex forma-
tion nor for GTPase activity (5, 34). Thus, it has been postulated
that scRNA may have a regulatory role that is not as significant in
some organisms as it is in E. coli (5, 34). In our competitive-fitness
assays, we found that a lack of scRNA was less detrimental than a
loss of YlxM, Ffh, or FtsY when the bacteria were grown under
nonstress conditions; however, under acid stress conditions, the

scRNA mutant was almost as impaired as the ylxM, ffh, and ftsY
mutants. In S. mutans, the SRP pathway can be eliminated alto-
gether and viability maintained, albeit with severe consequences
(15). In this organism, deletion of ffh, ftsY, or the scRNA gene
results in a pronounced growth defect and sensitivity to acid and
osmotic stress, whereas elimination of ffh also confers sensitivity
to oxidative stress.

While bacterial SRP is composed minimally of Ffh, FtsY, and
scRNA, it should not be surprising to identify the presence of
additional accessory proteins. In mammalian systems, the SRP
pathway is much more complex. Proteins such as SRP68/72,
SRP9/14, and SRP19 all contribute to the regulation of the path-
way in ways that are not completely understood (reviewed in ref-
erence 3). It has been predicted that as-yet-unknown proteins may
work in concert with the scRNA to regulate bacterial Ffh/FtsY
activity (46, 47). It appears that YlxM represents such an accessory
factor. In ELISAs, S. mutans YlxM and Ffh interacted with one
another without the need for additional proteins or cofactors. In
addition, Ffh from S. mutans cell lysates was captured using a
recombinant YlxM affinity column. Bio-layer interferometry ex-
periments with in vitro-transcribed S. mutans scRNA confirmed a
high-affinity interaction with Ffh, and a lower-affinity interaction
of scRNA with YlxM in the absence of Ffh was also identified. In B.
subtilis, the histone-like protein HBsu complexes with the Alu
domain of its larger 7S scRNA and is presumed to function as part
of the SRP, since HBsu mutants show reduced translocation effi-
ciency of a model substrate (48, 49). While the S. mutans genome
contains a gene encoding a protein similar to HBsu (the nucleoid-
associated protein HU), S. mutans scRNA does not contain an Alu
domain. The interaction of YlxM with the scRNA therefore likely
occurs via a mechanism different from that of HBsu. As stated
above, YlxM contains a predicted HTH domain, and such a struc-
ture has been clearly identified in YlxM from S. pyogenes (23).
Although traditionally thought of as a DNA binding element, the
HTH domain of Ffh has been shown to interact with the scRNA
(6). It will be important in future structural studies to delineate
how YlxM interacts with the scRNA and determine whether its
HTH domain is critical for this binding.

The fact that YlxM interacted with both of the minimally con-
served components of the SRP suggested that it contributes a
functional role to the pathway. The GTPase activities of Ffh and
FtsY are necessary for recycling of pathway components, and mea-
surement of GTPase is a common measure of SRP pathway activ-
ity (3, 29, 40, 42, 50). We therefore performed GTPase activity
assays on purified recombinant S. mutans proteins and confirmed
that, as in other organisms (5, 34, 51), S. mutans Ffh GTPase
activity is significantly increased upon the addition of its het-
erodimer partner FtsY. We also observed intrinsic GTPase activity
associated with Ffh alone, a property that has been reported for
several bacteria (5, 33, 34, 50). Values from our colorimetric assays
were comparable to those published in studies of the chloroplast
SRP (29, 30). As expected, the addition of scRNA to Ffh or to
Ffh/FtsY resulted in a significant net increase in GTPase activity.
The presence of YlxM also significantly enhanced the GTPase ac-
tivity of Ffh, both alone and in combination with scRNA. How-
ever, in the presence of FtsY, for example, when YlxM was added
to Ffh/FtsY or to Ffh/FtsY/scRNA, a significant inhibitory effect
on net GTPase activity was observed. Thus, YlxM appears to have
a bifunctional role, as it can increase or decrease net GTPase ac-

FIG 6 Sorbitol uptake in S. mutans is influenced by YlxM. Wild-type, �ylxM,
�ffh, and �YlxM strains were assayed for sorbitol PTS activity as described in
Materials and Methods. Each bar represents the average of results from three
replicates. Shown are P values as determined by Student’s t test. N.S. (not
significant), P 	 0.05.

YlxM Modulates SRP Pathway Function

June 2014 Volume 196 Number 11 jb.asm.org 2049

http://jb.asm.org


tivity depending on the presence or absence of other pathway
components.

The underlying reason for an SRP pathway-modulating factor
such as YlxM is not immediately apparent. Unlike with the elim-
ination of the known SRP pathway components Ffh, scRNA, and
FtsY, deletion of the S. mutans gene encoding YlxM does not result
in pronounced stress sensitivity, and only a modest effect on
growth is observed (19). Still, ylxM is highly conserved in Gram-
positive bacteria, and a number of Gram-negative bacteria harbor
the gene. Our current results indicate that YlxM is physiologically
relevant, as direct competition experiments demonstrated that the
presence of ylxM in S. mutans conferred an obvious advantage to
the cells. Interestingly, under both nonstress and acid stress con-
ditions, elimination of ylxM was found to be as detrimental to the
competitive fitness of S. mutans as was elimination of ffh or ftsY.
This suggests that the SRP pathway must be not only operational
but also optimally efficient to confer a selective advantage to the
bacteria. Use of the S. mutans sorbitol uptake pathway as an indi-
rect measure of proper membrane protein insertion confirmed
that YlxM contributes in a meaningful way to the functional ac-
tivity of the SRP pathway. Furthermore, we found that a ylxM
yidC2 double deletion mutant is not viable. This result is similar to
results with yidC2 ffh, yidC2 ftsY, and yidC2 scRNA gene double
mutants, which also are not viable (15). The lethality of simulta-
neous elimination of ylxM and yidC2 suggests that less-than-full
operational efficiency of the SRP is fatal when YidC2 is not pres-
ent. Taken together, these results suggest that the improved SRP
function in the presence of YlxM is sufficient to warrant its reten-
tion in a myriad of bacterial genomes.

YlxM may have a function analogous to that of YlxH, an acces-
sory protein recently found to regulate the activity of FlhF, a pro-
tein involved in flagellar biosynthesis in B. subtilis (46). Like Ffh
and FtsY, FlhF is a member of the SIMIBI family of GTPases. A
similarity between the ylxH flhF and ylxM ffh (ftsY) genes is their
frequent juxtaposition. YlxH utilizes its activator helix to promote
homodimerization of FlhF. Although YlxM and YlxH share little
sequence homology and do not demonstrate any obvious con-
served domains, YlxM’s measurable influences on the GTPase ac-
tivities of Ffh and Ffh/FtsY suggest that it too may influence ho-
modimer and/or heterodimer formation or stability, likely in the
presence of the scRNA. Such speculation will require in-depth
structural studies in the future. The potential for alternative inter-
actions and outcomes of SRP pathway components is beginning to
be reported; hence, YlxM’s participation in membrane protein
insertion and secretion may be unconventional. For example, an
alternative SRP pathway model that docks SRP/FtsY complexes at
the membrane prior to the recruitment of RNCs has been pro-
posed (52). It is thought that the docked Ffh/FtsY complex may
forgo its GTPase activity to prevent premature dissociation of Ffh
and FtsY. The presence of a negative regulator of Ffh/FtsY GTPase
activity, such as YlxM, may provide an explanation for how such
events in a membrane-associated SRP pathway might occur. An-
other model proposes that FtsY alone recruits RNCs to the mem-
brane and that the interaction of Ffh with nascent polypeptide and
FtsY occurs after RNCs are docked at the membrane (53). Even
within the conventional pathway, the entire series of events from
the initial interaction of the SRP with RNCs through docking and
cargo handover and release are not fully understood. As stated by
Akopian et al., the increased complexity stemming from the pres-
ence of additional factors within the mammalian SRP adds layers

of nuance and regulation that remain to be elucidated (3). Our
studies reveal a further layer of complexity within the S. mutans
SRP pathway and identify YlxM as a contributing functional com-
ponent. This new information will aid in the design and interpre-
tation of studies of the SRP pathway in the many bacteria that
contain it.
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