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ABSTRACT Chemotaxis and motility are important traits that support bacterial sur-
vival in various ecological niches and in pathogenic and symbiotic host interaction.
Chemotactic stimuli are sensed by chemoreceptors or methyl-accepting chemotaxis
proteins (MCPs), which direct the swimming behavior of the bacterial cell. In this
study, we present evidence that the cellular abundance of chemoreceptors in the
plant symbiont Sinorhizobium meliloti can be altered by the addition of several to as
few as one amino acid residues and by including common epitope tags such as
3�FLAG and 6�His at their C termini. To further dissect this phenomenon and its
underlying molecular mechanism, we focused on a detailed analysis of the amino
acid sensor McpU. Controlled proteolysis is important for the maintenance of an ap-
propriate stoichiometry of chemoreceptors and between chemoreceptors and che-
motactic signaling proteins, which is essential for an optimal chemotactic response.
We hypothesized that enhanced stability is due to interference with protease bind-
ing, thus affecting proteolytic efficacy. Location of the protease recognition site was
defined through McpU stability measurements in a series of deletion and amino acid
substitution mutants. Deletions in the putative protease recognition site had similar
effects on McpU abundance, as did extensions at the C terminus. Our results provide
evidence that the programmed proteolysis of chemotaxis proteins in S. meliloti is
cell cycle regulated. This posttranslational control, together with regulatory pathways
on the transcriptional level, limits the chemotaxis machinery to the early exponential
growth phase. Our study identified parallels to cell cycle-dependent processes dur-
ing asymmetric cell division in Caulobacter crescentus.

IMPORTANCE The symbiotic bacterium Sinorhizobium meliloti contributes greatly to
growth of the agriculturally valuable host plant alfalfa by fixing atmospheric nitrogen.
Chemotaxis of S. meliloti cells toward alfalfa roots mediates this symbiosis. The present
study establishes programmed proteolysis as a factor in the maintenance of the S. meli-
loti chemotaxis system. Knowledge about cell cycle-dependent, targeted, and selective
proteolysis in S. meliloti is important to understand the molecular mechanisms of main-
taining a suitable chemotaxis response. While the role of regulated protein turnover in
the cell cycle progression of Caulobacter crescentus is well understood, these pathways
are just beginning to be characterized in S. meliloti. In addition, our study should alert
about the cautionary use of epitope tags for protein quantification.
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A number of bacterial species can transition between motile and sessile lifestyles.
Factors that influence this behavior include nutrient availability, cell density, the

presence of solid surfaces, and their eukaryotic hosts (1–5). Many bacteria use flagella
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for motility to travel within their environment. By controlling flagellar rotational mode,
bacteria can move toward beneficial attractants and away from detrimental repellents
in a process called chemotaxis (6).

Sinorhizobium meliloti is a soil-dwelling alphaproteobacterium that has the ability to
live freely in the soil, in a biofilm on the surface of plant roots, or as a differentiated
bacteroid within specialized root organs called nodules (7, 8). The symbiosis of S.
meliloti with select legumes involves multiple developmental changes, leading to the
final development of nitrogen-fixing bacteroids (8–10). Biological nitrogen fixation
provides the host plant with ammonia, which greatly promotes plant growth. Before
the symbiotic relationship can be initiated, the bacterial symbiont uses chemotaxis to
sense chemical compounds exuded by the host, moves toward host roots, and colonize
them (11). The chemotaxis process is mediated by a two-component signaling system
using methyl-accepting chemotaxis proteins (MCPs) as chemoreceptors (for recent
reviews, see Wadhams et al. [6], Porter et al. [12], Hazelbauer et al. [13] and Salah Ud-Din
et al. [14]). Typically, MCPs are integral membrane proteins with a periplasmic ligand
binding domain (LBD), two transmembrane helices, and a cytoplasmic signaling do-
main. The LBDs are highly variable between receptors; this variation is reflected in a
diverse set of ligands (14, 15). In contrast, the cytoplasmic domains are highly con-
served, allowing them to interact with the same set of proteins in the cytoplasm. MCPs
assemble into a highly organized array architecture at the cell poles that allows for
cooperativity between receptors within the chemotaxis system (16, 17). Binding of a
ligand to the LBD changes the conformation of the MCP, thereby altering the activity
of the histidine autokinase CheA. Phosphorylated CheA transfers its phosphate group
to the response regulator CheY, which interacts with components of the flagellar
motor. This alters its rotational mode, resulting in a change in swimming behavior.
CheR and CheB are two enzymes utilized to maintain baseline activity of CheA. CheR is
a constitutively active methyltransferase, which adds methyl groups to conserved
glutamate residues on the cytoplasmic signaling domain of MCPs. CheB serves as an
antagonistic methylesterase when activated through phosphorylation by CheA-P.

Since the motility and chemotaxis machinery is not required during sessile life or in
planta, protein production and degradation in S. meliloti are strictly regulated (18–20).
One of the most important regulators in this transcriptional hierarchy is Rem. This
OmpR-like protein is a class IB regulator, controlled by the LuxR-type master regulator
VisNR (class IA), and is only synthesized during the exponential growth phase (18, 19).
Rem controls expression of class II motility genes, which dictate if class III genes are
expressed. Class III genes are responsible for assembly of the flagellum and the
chemotaxis machinery (11, 19). It is vital for bacterial survival that cellular differentiation
processes and cell cycle regulation are closely linked. Thus, the cell cycle master
regulator CtrA indirectly regulates the majority of genes involved in chemotaxis and
motility and also directly controls four MCPs and three flagellin-encoding genes (21).

Alphaproteobacteria employ a regulatory network in cell cycle-dependent differen-
tiation and expression of motility genes (22–25). In Caulobacter crescentus, a freshwater
alphaproteobacterium with a motile and a sessile lifestyle, CtrA is regulated through
phosphorylation and targeted proteolysis upon the onset of DNA replication by ClpXP
(26). In addition, CtrA-dependent proteins in C. crescentus, such as the chemoreceptors
McpA and McpB, are also targets of ClpXP and are degraded during the course of the
cell cycle (27, 28). Notably, C. crescentus expresses two chemotaxis clusters (referred to
as major and alternate), both of which play a role in biofilm formation. However, only
the major chemotaxis cluster is cell cycle regulated and involved in the chemotactic
response (29). Furthermore, the degradation of proteins in C. crescentus is spatially
organized through the regulatory protein CpdR, which controls polar localization of the
protease (30, 31). In S. meliloti, CtrA is a key protein in cell cycle progression; its cellular
abundance is regulated not only on the transcriptional level but also posttranslationally
through proteolysis. While ctrA is an essential gene in S. meliloti, mutations prohibiting
CtrA proteolysis are also lethal (32, 33). CtrA is unstable during exponential growth, and
its degradation is regulated by the DifJ/PleC-like histidine kinase CbrA (31, 34). Proper
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timing of the S. meliloti cell cycle is critical to cell fate during asymmetric cell division
and in symbiosis (31, 35, 36).

The protease complex ClpXP is strictly required for growth and normal cell division
in C. crescentus, and the ClpX subunit has been shown to also be essential in S. meliloti
(20, 31, 37). This ubiquitous AAA� protease uses ATP binding and hydrolysis to
degrade proteins within the cell. During regulatory proteolysis, ClpX targets specific
degradation motifs, termed degrons, unfolds the target protein into a useable sub-
strate, and delivers it to ClpP, which hydrolyzes the unfolded chain. ClpXP has been
studied as model for other AAA� proteases like ClpAP, ClpCP, and HslUV (38). Degrons
for ClpXP are accessible and are preferentially positioned at the N or C terminus of a
target protein (39). One well-characterized degron is the C-terminal SsrA tag, which is
11 amino acid residues (sequence: AANDENYALAA) in length. It is fused to nascent
polypeptides to rescue a stalled ribosome that is in the process of translating a
truncated mRNA (40). While this system was discovered in Escherichia coli, it is used in
almost all bacteria and in some organelles to specifically direct the marked substrates
to ClpXP and ClpAP. Binding of the SsrA-tagged substrates to the principal protease
ClpXP is specifically mediated through interactions between the last three residues
(LAA) of the SsrA tag and the ClpX subunit (38, 40, 41). This short motif at the C
terminus appears to be common to an entire class of degrons. Several bacterial species
use ClpXP to degrade chemotaxis-related proteins, such as CtrA, McpA, and McpB in C.
crescentus and CheW in E. coli and Bacillus subtilis (42–44). C. crescentusMcpA and McpB
both possess hydrophobic regions characterized by alanine residues near the C termi-
nus, which are commonly found in degrons (27, 28, 45). However, little is known about
the degradation of chemotaxis and flagellar proteins by ClpXP in S. meliloti, with the
exception of one study that has identified flagellar proteins associated with ClpXP
through coimmunoprecipitation experiments. The same study reported a link between
CtrA and the protease HslUV (20).

In this work, we provide evidence that chemotaxis proteins in S. meliloti undergo
proteolysis through protease recruitment by specific recognition sites near their C
terminus and that this targeted proteolysis is cell cycle dependent. Using a combinatory
approach of quantitative immunoblot assays and targeted mutagenesis, we showed
that the C-terminal fusion of epitope tags frequently used for protein detection, as well
as the addition of single amino acid residues, enhance the stability of chemotaxis
proteins. Focusing on the amino acid receptor McpU, we further dissected and defined
the protease recognition site near the C terminus. Knowledge accrued from this study
will aid in a better understanding of the regulation of the chemotaxis machinery during
cell cycle progression and inform future research using epitope tags for cellular protein
quantification in alphaproteobacteria.

RESULTS
C-terminal fusion of commonly used epitope tags increases the abundance of

McpU in S. meliloti. During our analysis of chemoreceptor stoichiometry in S. meliloti
(46), we attempted to utilize epitope tags for the assisted quantification of individual
MCPs. However, we observed that the fusion of a 3�FLAG tag to the C terminus of
McpU, which adds 22 amino acid residues, substantially increased its abundance. To
determine whether this phenomenon was specific to the 3�FLAG tag, we constructed
two more epitope tag strains, one expressing McpU with a 1�FLAG tag (8 amino acids;
BS222) and one with another commonly used tag, the 6-histidine (6�His) tag (6 amino
acids; BS220) (Fig. 1). In each case, abundance of McpU bearing a C-terminal epitope
tag was greater than that of native McpU in the wild-type strain (RU11/001). Next, we
used comparative immunoblotting with purified anti-McpU polyclonal antibodies to
quantify the amount of McpU in each mutant strain. The McpU band intensity was
compared directly either to the intensity of native McpU or to that of mutant strain
lysates with added lysates of an mcpU deletion strain (RU11/828) in known ratios (Fig.
2 and 3). This experimental approach kept the amount of cellular material in each cell
lysate constant, which prevented the overestimation of McpU in mutant strains (47).
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The increase in McpU abundance was expressed as a fold change compared to the
amount of McpU in the wild type (Fig. 4). All three tags significantly increased the
amount of McpU; the 3�FLAG and 6�His tags increased abundance by 6.2-fold (�0.8)
and 6.0-fold (�1.9), respectively, and the 1�FLAG tag caused an 8.2-fold (�1.8)
increase over that of the wild type.

Addition of the single amino acid residue histidine or alanine but not glycine
increases McpU abundance. To test if less extensive modifications such as single
amino acid additions would elicit an increase in McpU abundance, three mutant strains
were constructed that added a single histidine (BS252), alanine (BS257), or glycine
residue (BS258) to the C terminus of McpU (Fig. 1). BS252 and BS257 both exhibited a
significant increase in McpU abundance, by 4.7-fold (�1.0) and 3.2-fold (�0.9), respec-
tively (Fig. 3). In contrast, BS258 displayed no significant difference in McpU abundance
(Fig. 2). In conclusion, changes of the C terminus as minor as the addition of an
individual amino acid residue can increase McpU stability. However, it appears that the

FIG 1 Mutational analysis of the C-terminal region of McpU and its effect on stability. Depicted is a diagram of the C-terminal region
of McpU (amino acids [aa] 666 to 707) and the extensions, deletions, and substitutions made in its native chromosomal locus (Table
1). Boxes in the wild-type sequence and the respective mutants indicate specific motifs and their substitutions, respectively. Black bars
represent extent of deletions. The column on the right symbolizes McpU abundance relative to that in the wild type; �, increase, �,
decrease; �/�, no change.

FIG 2 Representative immunoblots for direct comparison of McpU abundance in cell lysates of wild type
compared to that in mutant strains. Each lane contains cell lysates from 1ml of culture at an optical
density at 600 nm (OD600) of 0.25. Each panel is the result of different film exposures; therefore,
comparisons can be made only within a panel.
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size and/or nature of the modification is important, as the addition of an amino acid
without side chain did not alter McpU abundance.

Deciphering the putative protease recognition site in the C-terminal domain of
McpU. Evidence from McpU epitope tag fusions and single amino acid additions
suggested that the C terminus of McpU is critical in controlling its abundance, which
determined that the protein is specifically targeted by a protease. To decipher the
mechanism of target recognition, we identified three potential protease recognition
sites based on evidence from McpA and McpB in C. crescentus and known E. coli
degrons (48). In C. crescentus McpA and McpB, a short, alanine-rich motif is required for
its degradation by ClpXP (27, 28). We found two such putative protease recognition
motifs in the C-terminal domain of McpU, namely, motif I (AAL) and motif II (AAS) (Fig.
1). In analogy to Tsai and Alley (2001) (28), both motifs were mutated to ELD, resulting
in mutant strains BS268 and BS270. A third motif, named motif III (AA) and encom-
passing the last two residues, was mutated to DD (BS272) (Fig. 1). While motif I and II
variants were less (0.2-fold [�0.2]) or equally (1.5-fold [�0.3]) stable than the wild-type
McpU, the motif III variant exhibited a small but significant increase in protein abun-
dance by about 2.2-fold (�0.2) (Fig. 2). However, the increase was about three times
smaller than that of the maximally stabilizing tag fusion variants (Fig. 3). Finally, we
tested whether a combination of the motif III variant with the 3�FLAG epitope fusion
had an additive effect on McpU stability (BS273), but this was not the case. The
dialanine mutation in combination with the 3�FLAG tag increased McpU stability
approximately to the same level as that of the 3�FLAG epitope fusion alone, namely,
4.8-fold (�3.1) (Fig. 3). In conclusion, the C-terminal dialanine (di-Ala peptide) is
involved in McpU degradation, while the two other putative protease recognition sites
are not.

Identifying regions in the C-terminal domain affecting McpU stability. Since
specific mutations in the three protease recognition sites had no or only a moderate

FIG 3 Representative immunoblots used to quantify the relative abundance of McpU in cell lysates of the wild type compared to mutant strains. Lanes 1 to
3 contain RU11/001 lysates (WT) from 1ml of culture at an OD600 of 0.25. Lanes denoted by a wedge shape contain a mix of each mutant strain and RU11/828
(ΔmcpU) at ratios of 1:1, 3:1, 5.7:1, 7:1, and 9:1, yielding a total volume of 1 ml of culture at an OD600 of 0.25. The last lane in each panel contains lysates from
1ml of culture of the respective mutant strain at an OD600 of 0.25.
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effect on McpU stability, we hypothesized that additional residues within these regions
contribute to protease recognition. To test this theory, we deleted regions within the
C-terminal domain of McpU. In analogy to the C. crescentusMS-ring protein FliF, regions
were chosen to encompass the three dialanine-containing motifs putatively associated
with proteolysis (27, 28, 49). Initially, three mutant strains were created that expressed
variants of McpU that were C-terminally truncated by 9 (Δ amino acids [aa] 699 to 707;
BS266), 25 (Δ aa 683 to 707; BS267), or 39 (Δ aa 668 to 707; BS269) amino acid residues
(Fig. 1). The abundance of McpU truncated by 9 amino acids (BS266) was 6.6-fold (�0.4)
increased, which was comparable to that of epitope-tagged mutants. However, trun-
cating McpU by 25 amino acids increased its abundance by only 3.2-fold (�0.4), while
a 39-amino-acid truncation yielded a protein that was just 1.8-fold (�0.3) more abun-
dant than wild-type McpU (Fig. 2 and 4). These results indicate that the last 9 residues
play a central role in McpU stability. To further decipher the putative protease recog-
nition site, we deleted 16 amino acids preceding the 9 most C-terminal amino acids (Δ
aa 683 to 698; BS271). Interestingly, the modification resulted in a 0.14-fold (�0.1)
decrease in McpU abundance (Fig. 2 and 3). It is conceivable that this 16-amino-acid
region contains features supporting McpU stability, which would explain the gradually
decreased stability of McpU lacking the most C-terminal 25 or 39 amino acids, com-
pared to a 9-amino-acid truncation. However, the possibility cannot be excluded that
the internal 16-amino-acid deletion disrupted secondary structure elements and thus
proper folding of the mutated protein, leading to its instability. To summarize, deleting
the 9 most C-terminal residues, including motif III (di-Ala peptide), induced the most
dramatic increase in McpU abundance, suggesting that important determinants of the
protease recognition site are contained in this region.

Effect of C-terminal 3�FLAG tag fusions on the abundance of four additional
chemoreceptors and the coupling protein CheW1. We next asked whether the
positive effect of epitope tags on protein stability was unique to the S. meliloti

FIG 4 Relative abundance of McpU in mutant strains compared to that in the wild type. Asterisks indicate
quantifications obtained through direct comparison (Fig. 2); all other values were obtained through
generation of a standard curve (Fig. 3). The dashed line represents wild-type abundance of McpU. Values
and error bars are the means and standard deviations from three biological replicates. Statistical
significance was determined by a two-tailed Student t test (P � 0.05). All values but those marked by an
octothorpe denote statistically significant differences from the wild type.
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chemoreceptor McpU. Therefore, we chose two cytosolic chemoreceptors, McpY and
IcpA, the high-abundance receptor McpV, and a receptor that was below the limit of
detection, McpT (46), as well as the major receptor-CheA coupling protein CheW1, for
stability assays. We constructed strains through allelic exchange that encode proteins
with C-terminal 3�FLAG tag fusions in their native chromosomal locus and quantified
protein abundance in cell extracts as described above (Fig. 5A to D). Table 1 lists the

FIG 5 Representative immunoblots used to quantify chemotaxis proteins with C-terminal 3�FLAG fusions. (A) Lanes 1 to 3 contain BS193 (McpY-3�FLAG
expressing strain) cell lysate from 1ml of culture at an OD600 of 0.25, and wild type (WT) � McpV-3�FLAG lanes contain RU11/001 (WT) cell lysate from 1ml
of culture at an OD600 of 0.25 with McpV-LBD-3�FLAG (0.4, 0.3, 0.2, 0.01, 0.05, and 0 ng). (B) Lanes 1 to 3 contain BS194 (McpT-3�FLAG-expressing strain) cell
lysate from 1ml of culture at an OD600 of 0.25, and WT � McpV-3�FLAG lanes contain RU11/001 (WT) cell lysate from 1ml of culture at an OD600 of 0.25 with
McpV-LBD-3�FLAG (1.8, 1.5, 1, 0.5, 0.3, and 0 ng). (C) Lanes 1 to 3 contain BS201 (CheW1-3�FLAG-expressing strain) cell lysate from 1ml of culture at an OD600

of 0.25, and WT � McpV-3�FLAG lanes contain RU11/001 (WT) cell lysate from 1ml of culture at an OD600 of 0.25 with McpV-LBD-3�FLAG (8, 6.5, 5.2, 4, 2.6,
and 0 ng). (D) Lanes 1 to 3 contain BS203 (IcpA-3�FLAG-expressing strain) cell lysate from 1ml of culture at an OD600 of 0.25, and WT � McpV-3�FLAG lanes
contain RU11/001 (WT) cell lysate from 1ml of culture at an OD600 of 0.25 with McpV-LBD-3�FLAG (10, 8, 6, 4, 2, and 0 ng). (E) Direct comparison of McpV
abundance in cell lysates of the wild type compared to those of BS221. Each lane contains cell lysates from 1ml of culture at an OD600 of 0.25.

TABLE 1 Absolute protein abundance of chemotaxis proteins with C-terminal 3�FLAG
epitope

Native protein
No. of molecules
per cell

Epitope-tagged
protein

No. of molecules
per cell

Fold
increase

CheW1 189a CheW1-3�FLAG 367 � 97 1.9 � 0.5
IcpA 17b IcpA-3�FLAG 468 � 155 27 � 9
McpT �0.36 (BDLb,c) McpT-3�FLAG 76 � 42 210 � 118
McpU 47b McpU-3�FLAG 291 � 36 6.2 � 0.8
McpV 299b McpV-3�FLAG 314d �3 1.05 � 0.1d

McpY 0.33b McpY-3�FLAG 15 � 6 45 � 19
aValue from Arapov et al. (82).
bValue from Zatakia et al. (46). BDL, below detection limit.
cValue represents the maximum amount of McpT (Zatakia et al. [46]). This value was deduced from the
minimal amount of enhanced green fluorescent protein (EGFP) required for detection, namely, 5 pg or the
equivalent of 0.36 molecule per cell, detected in immunoblot assays performed under standardized
conditions compared to the lack of an McpT-EGFP band in cell extracts.
dValue is derived from direct comparison of band intensities between native McpV and McpV-3�FLAG
(Fig. 5E) and does not a represent a statistically significant change. Number of molecules per cell is based
on this value.
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number of molecules per cell and the ratio between native and tagged proteins. Four
of the five proteins were more abundant with the C-terminal epitope tag, with ratios
ranging from 2-fold (�0.5) to 45-fold (�19). The change in abundance of McpT could
only be estimated to be at least 210-fold (�118) because the amount of untagged
protein was below the limit of detection (Table 1) (46). In contrast, a direct comparison
of band intensities in cell extracts from strains expressing McpV or McpV-3�FLAG
indicated the presence of very similar protein amounts (Fig. 5E). In conclusion, the
fusion of a C-terminal 3�FLAG tag increases the in vivo abundance of at least four S.
meliloti chemoreceptors and one chemotaxis protein.

Chemotaxis in strains with increased McpU abundance is unaltered. To inves-
tigate whether increased McpU stability and abundance due to the addition of epitope
tags enhances the chemotaxis response to attractants senses by McpU, we tested the
behavior of S. meliloti wild-type and stability mutant strains in low-percentage-agar
swim plate assays with tryptone-yeast extract (Bromfield) and with defined Rhizobium
basal (RB) medium containing 10�4 M lysine. Lysine was chosen as the carbon source
as it is known to be a sole ligand for McpU (50, 51). As previously described, the
deletion of mcpU (RU11/828) resulted in a reduced swim ring diameter (50, 52).
Although McpU abundance increased 6-fold with C-terminal 3�FLAG and 6�His-
epitope tags (Fig. 3), swim ring diameters were either slightly reduced (BS207) or similar
to those of the wild type (BS220) (Fig. 6). The slight decrease in chemotaxis of BS207
with 3�FLAG-tagged McpU versus BS220 with 6�His-tagged McpU might be due to
the larger size of the 3�FLAG tag (22 amino acids). We observed previously that a
C-terminal fusion of enhanced green fluorescent protein (EGFP) to McpU caused a small
reduction in swim ring size (53). In conclusion, abundance of McpU does not correlate
with chemotactic performance.

DISCUSSION

Proteolysis is an important process in all living cells that allows for a fast but
irreversible response to a changing environment. General and regulatory proteolysis in

FIG 6 Relative swim ring diameter of S. meliloti mutant strains in Bromfield and in Rhizobium basal
medium containing 10�4 M lysine. Plates containing 0.3% agar were inoculated with 3 �l stationary-
phase TYC culture and incubated for 3 and 5 days, respectively, at 30°C. Dark and light gray bars
represent results obtained in Bromfield and Rhizobium basal medium with 10�4 M lysine, respectively.
Values are the means, and error bars reflect the standard deviation from five replicates. Statistical
significance was determined by a two-tailed Student t test (P � 0.05). Asterisks denote statistically
significant differences from the wild type.
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bacteria is essential for many physiological processes. As a result, it is tightly controlled.
Contributing proteases are known to bind and degrade only a subset of protein
substrates (54). During regulatory proteolysis, specific removal of native proteins is
controlled through degrons, which are freely accessible motifs at either N or C termini
(39). We documented that introduction of epitope tags to the C terminus of several S.
meliloti chemotaxis proteins effectively disrupted normal in vivo proteolysis, likely by
shielding of the degron at the C terminus.

The role of the C-terminal domain in McpU degradation. Addition of charged
epitope tags and single-amino-acid residues to the C terminus of McpU increased
abundance of the protein up to 8-fold. Larger and charged tags had a greater effect on
abundance than single amino acids, and larger and charged amino acids had a greater
effect than smaller ones (� His � Ala � Gly). An analogous effect has been described
for C. crescentus FliF (55). We therefore hypothesize that charged amino acids abolish
degradation by blocking access of the protease to the hydrophobic degradation signal.
This is supported by the fact that the addition of glycine, which lacks a side chain, did
not stabilize McpU (Fig. 2). The presence of a hydrophobic degradation signal contain-
ing an AAL or AVA motif has been reported for C. crescentus McpA and McpB (27, 28).
Of the three putative motifs in McpU, only mutations of the C-terminal di-Ala peptide
affected McpU stability (Fig. 2 and 3). The importance of this motif for protein stability
in conjunction with residues in the preceding region allowed the conclusion that a
protease recognition site exists in the C-terminal domain of McpU. Yet it is unclear
which exact residues are critical for recognition. Deletion of the di-Ala peptide together
with the preceding 7-amino-acid region is sufficient to promote protein stability, a
result that is in agreement with the degradation scheme of C. crescentus FliF (55).
However, we cannot dismiss the possibility that additional residues in the larger
aliphatic C-terminal region of McpU are contributing to an extended protease recog-
nition site. Analyses of targeted protein degradation in E. coli and C. crescentus suggest
that the terminal di-Ala peptide in McpU could be part of a larger SsrA-degron like
motif (41, 56). ClpXP, as well as other proteases such as HslUV, is known to bind to the
11-amino-acid SsrA degron (20, 57). A di-Ala peptide motif is present in the C-terminal
domain of S. meliloti and C. crescentus CtrA and is important for its ClpXP-dependent
proteolysis (35, 49). The nature of the degradation signal does not seem to be based on
a distinct primary sequence. Rather, ClpXP appears to recognize short clusters of
aliphatic residues in the hydrophobic, disordered C-terminal domain of McpU, similar to
C. crescentus FliF (55).

Effect of epitope tags on other S. meliloti chemotaxis proteins. The presence of
C-terminal epitope tags impacted not only the stability of McpU but that of four of the
five S. meliloti chemotaxis proteins assayed. The abundances of McpT, McpY, IcpA, and
CheW1 were increased to various degrees between 2-fold (CheW1) and an estimated
210-fold (McpT) when a 3�FLAG tag was fused to their respective C termini (Fig. 5,
Table 2). An alignment of the C-terminal domains revealed that only CheW1 possesses
a C-terminal di-Ala peptide that was determined to mediate degradation of McpU (Fig.
7). However, the C-terminal domain of all analyzed proteins are rich in aliphatic residues
(Fig. 7), which could explain their tendency to targeted proteolytic degradation.
Additionally, we identified putative protease recognition sites near the C terminus of
McpY and McpT, analogous to C. crescentus McpA and McpB (27, 28) (Fig. 7). In general,
the prediction of specific protease recognition sites in S. meliloti chemotaxis proteins is
still challenging.

Chemoreceptor degradation and cell cycle control. The majority of the chemo-
receptors in S. meliloti are unstable during exponential cell culture growth. While this
posttranslational regulation appears to be inefficient, recent evidence from E. coli
suggests that the investment in chemotaxis and motility is proportionally increased
with the reproductive fitness advantage derived from the ability to follow a nutrient
gradient (58). Therefore, the cost of protein synthesis and degradation should not be
higher than the potential benefit that a specific chemoreceptor can provide. In fact, C.
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crescentus not only degrades the chemoreceptor array during the course of the cell
cycle but releases an entire macromolecular machinery by ejecting its flagellum (59, 60).
While these studies were performed with synchronized C. crescentus cells, a compre-
hensive investigation of the cell cycle-dependent degradation of chemotaxis proteins
in S. meliloti remains an aim for future investigations.

The pathways for regulating cell division in S. meliloti continue to be explored in
detail, but similarities to C. crescentus exist, such as asymmetric cell division and
regulation of CtrA stability via proteolysis (33, 34, 49, 61). Timing of the S. meliloti cell
cycle is critical to cell fate during division and in symbiosis (31, 35, 36). In particular, S.

TABLE 2 Bacterial strains and plasmids

Strain or plasmid Relevant characteristicsa Source or reference

E. coli
ER2566 ion ompT lacZ::T7 New England Biolabs
S17-1 Tpr Smr recA endA thi hsdR RP4-2 Tc::Mu::Tn7 Simon et al. (83)

S. meliloti
RU11/001 Smr; spontaneous streptomycin-resistant wild-type strain Pleier et al. (76)
RU11/828 Smr ΔmcpU Meier et al. (50)
BS193 Smr McpT-3�FLAG This work
BS194 Smr McpY-3�FLAG This work
BS201 Smr CheW1-3�FLAG This work
BS203 Smr IcpA-3�FLAG This work
BS207 Smr McpU-3�FLAG This work
BS220 Smr McpU-6�His This work
BS221 Smr McpV-3�FLAG This work
BS222 Smr McpU-1�FLAG This work
BS252 Smr McpU-1�His This work
BS256 Smr McpU-2�His This work
BS257 Smr McpU-1�Ala This work
BS258 Smr McpU-1�Gly This work
BS266 Smr; McpU Δ aa 699–707 This work
BS267 Smr; McpU Δ aa 683–707 This work
BS268 Smr; McpU aa 679–681 AAL mutated to ELD This work
BS269 Smr; McpU Δ aa 668–707 This work
BS270 Smr; McpU aa 695–697 AAS mutated to ELD This work
BS271 Smr; McpU Δ aa 683–698 This work
BS272 Smr; McpU aa 706–707 AA mutated to DD This work
BS273 Smr; McpU-3�FLAG Δ aa 706–707 AA mutated to DD This work

Plasmids
pK18mobsacB Kmr mob sacB, vector used for homologous allelic exchange Schäfer et al. (84)
pBS459 pTYB11-McpV-LBD-3�FLAG This work

aTpr, trimethoprim resistant; Smr, streptomycin resistant; Kmr, kanamycin resistant; aa, amino acid(s).

FIG 7 Comparison of the region comprising 47 amino acid residues proximal to the carboxy terminus of C.
crescentus McpA and McpB, five S. meliloti MCPs, and CheW1. Residues critical for correct proteolysis are indicated
by shaded boxes according to Tsai et al. (28), Potocka et al. (27), and this work. Putative residues important for
proteolysis are marked by unshaded boxes. Numbers at the end of each sequence reflect overall protein length.
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meliloti downregulates motility and chemotaxis genes when attaching to root hairs
and, at later stages, in nodules (62, 63). However, negative regulation of these genes
occurs much sooner during planktonic growth, specifically during early exponential
growth. We have shown that transcription, and presumably posttranslational regula-
tion, of Rem, the main activator of motility, is growth phase dependent (18). Remark-
ably, the two chemoreceptors whose stability were most greatly affected by the
presence of the 3�FLAG tag, McpT and McpY, exhibit a certain degree of uncoupling
from Rem regulation (46). It would be interesting to assess the molecular mechanisms
for the differential degradation of these chemotaxis proteins in the future. Detailed
knowledge about the molecular mechanisms of cell cycle-dependent, targeted, and
selective proteolysis in S. meliloti is important to understand the mechanisms of
maintaining receptor stoichiometry, which is pertinent for receptor cooperativity and
signal propagation.

McpV stability and cell cycle control. The only chemotaxis protein in our assay
that did not significantly increase in abundance as a C-terminal 3�FLAG tag fusion was
McpV (Fig. 5, Table 1), although it terminates in a di-Ala peptide, and its C-terminal
domain contains several other putative degradation motifs (Fig. 7). Interestingly, McpV
is the most abundant MCP within the S. meliloti cell, accounting for approximately 70%
of all MCPs (46). A study by Pini et al. (2015) (21) indicated that transcription of mcpV
is not regulated by CtrA, while other chemoreceptor genes (icpA, mcpT, mcpU, mcpX,
and mcpZ) are under direct or indirect control of CtrA (21, 32). Commonly, proteins that
are encoded by genes in a regulon under the control of the same transcriptional
regulator are also degraded by a shared protease (48). For instance, E. coli ftsZ, dps, katE,
and glpD are all transcribed under the control of �S, and their gene products, including
�S, are degraded by ClpXP (48). It is conceivable to propose that the lack of cell
cycle-related control of mcpV transcription by CtrA exempts it from the proteolytic
mechanism governing the other receptors, which would explain its high abundance. In
C. crescentus and related alphaproteobacteria, a complex proteolytic hierarchy exists,
which allows for targeted degradation of proteins (64). Since S. meliloti motility and
chemotaxis are limited to early exponential growth, transcriptional and posttransla-
tional regulatory controls are in place to negatively regulate the chemotaxis machinery
at later stages of growth (18, 53). We envision a mechanism in the S. meliloti chemotaxis
system to selectively target a subset of receptors for proteolysis. At this point, however,
it is challenging to make predictions based on primary sequences alone.

Implications of regulated proteolysis for cell cycle control. Alphaproteobacteria,
including S. meliloti, divide asymmetrically, producing two genetically identical daugh-
ter cells of distinct morphology (22, 65–67). C. crescentus displays the best-known
example of asymmetric division, with dramatic morphological differences between
swarmer and stalked cell types. The larger stalked cell can immediately enter the
prokaryotic S phase, while the smaller swarmer cell stays in the G1 phase before
differentiation into a stalked cell. (25). S. meliloti does not undergo such an obvious
differentiation, but asymmetric cell division produces two progeny cells of different
sizes (22, 67). The underlying molecular mechanisms associated with asymmetric
division appear to be conserved and tied to the cell cycle within the class of alpha-
proteobacteria (33, 61, 68). This type of differentiation potentially allows bacteria to
increase their fitness when exposed to stress by enriching the diversity of their
phenotypes. Asymmetric cell division is an important individual-level bet-hedging
strategy for planktonic S. meliloti cells (69). The same cell cycle control mechanisms that
regulate asymmetric division in S. meliloti are influential in expression of motility and
chemotaxis genes (21, 22, 32, 34). Thus, it is plausible that chemotaxis and motility
could also be important for bet-hedging (21, 68). The previous observation of a mixed
population of motile and nonmotile cells during exponential growth could be an
evidence for bet hedging (46). Programmed proteolysis of the chemoreceptor array is
an important step in C. crescentus cell type differentiation (27, 28, 44). Differentiation of
asymmetrically dividing S. meliloti cells has received relatively little attention outside
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the symbiosis process (62, 63). The current study presents evidence that regulated
proteolysis of the S. meliloti chemotaxis machinery is tied to the cell cycle and therefore
linked to asymmetric cell division in alphaproteobacteria.

General conclusions on the use of epitope tag fusions. Engineered peptide
epitope tags are sensitively and specifically recognized by commercially available
antibodies to facilitate the detection, localization, and purification of proteins (70, 71).
Mostly, epitope tags have either no effect or a detrimental effect on protein stability
(72). However, it has been reported that the presence of a tag can also increase the
thermal stability of a particular protein, suggesting that tag fusions have a variety of
outcomes (73). Although epitope tags typically do not disrupt normal protein functions,
we showed that they can alter protein stability in the chemotaxis system of S. meliloti.
Our present study asserts that the presence of C-terminal epitope tags disrupts cell
cycle-regulated proteolysis in the chemotaxis system of S. meliloti and induces an
accumulation of the tagged proteins. These results are supported by similar findings in
another alphaproteobacterium, C. crescentus, specifically the flagellar protein FliF (55).
The C. crescentus receptor McpA has been widely used as a model substrate for protein
degradation during the course of the C. crescentus cell cycle (30, 74, 75). Researchers
interested in pursuing similar cell cycle experiments in S. meliloti or other alphapro-
teobacteria should be aware of the possible effect of epitope tags on their experimental
outcomes.

MATERIALS AND METHODS
Bacterial strains and plasmids. Derivatives of E. coli K-12 and S. meliloti MV II-1 and the plasmids

used are listed in Table 1. RU11/001 is a spontaneous streptomycin-resistant derivative of MVII-1 (76).
Media and growth conditions. E. coli strains were grown in lysogeny broth (LB) (77) at indicated

temperatures. S. meliloti strains were grown in TYC medium (0.5% tryptone, 0.3% yeast extract, and 0.13%
CaCl2·6H2O [pH 7.0]) (78) or Sinorhizobium motility medium (SMM) {RB [6.1 mM K2HPO4, 3.9 mM KH2PO4,
1 mM MgSO4, 1 mM (NH4)2SO4, 0.1 mM CaCl2, 0.1 mM NaCl, 0.01 mM Na2MoO4, 0.001 mM FeSO4, 2 �g/
liter biotin, and 10 �g/liter thiamine] (79), 0.2% mannitol, and 2% tryptone-yeast extract (TY)} or
Bromfield medium (0.04% tryptone, 0.01% yeast extract, and 0.01% CaCl2·2H2O) (18). Motile cells for
immunoblots were grown in SMM for 2 days, diluted to an optical density at 600 nm (OD600) of 0.02 and
incubated at 30°C to an OD600 of 0.25. The following antibiotics were used in their final concentrations:
ampicillin at 100 �g/ml and kanamycin at 50 �g/ml (for E. coli) and neomycin at 120 �g/ml and
streptomycin at 600 �g/ml (for S. meliloti). S. meliloti cell culture used within the motility assays was
grown in 3 ml TYC for 2 days at 30°C.

Motility assays. Swim plates (0.3% Bacto agar) containing Bromfield medium or RB minimal medium
supplemented with lysine (10�4 M) were inoculated with 3 �l stationary-phase bacterial cell culture
grown in TYC to an OD600 of approximately 2.0. Bromfield plates were incubated for 3 days and RB-lysine
plates for 5 days, both at 30°C.

Genetic and DNA manipulations. S. meliloti mutants listed in Table 2 were created by allelic
replacement essentially as laid out previously (46, 80, 81).

Purification of recombinant McpV-LBD-3�FLAG. McpV-LBD-3�FLAG was purified using the Im-
pact (NEB) system. McpV-LBD-3�FLAG was expressed from pBS0459 in E. coli ER2566 as described in
Zatakia et al. (46). Expression was induced at an OD600 of 0.6 to 0.8 by addition of 0.3 mM isopropyl-�-
D-thiogalactopyranoside (IPTG), and growth was continued at 16°C for 16 h. Cells were harvested,
suspended in Impact buffer (500 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 20 mM
Tris-HCl [pH 8.0]), and lysed by three passages through a French pressure cell at 20,000 lb/in2 (SLM
Aminco, Silver Spring, MD). The cleared lysate was loaded on a chitin-agarose (New England Biolabs)
column (6 cm by 5 cm), and intein-mediated cleavage was induced by addition of Impact buffer with
50 mM dithiothreitol and incubation overnight at 4°C. The protein was eluted with Impact buffer. Pooled
protein fractions were then subject to size exclusion chromatography using a HiPrep 26/60 Sephacryl
S-200 high-resolution (HR) column (GE Healthcare). The column was developed in phosphate-buffered
saline (PBS) (100 mM NaCl, 80 mM Na2HPO4, and 20 mM NaH2PO4 [pH 7.5]) with 5% (vol/vol) glycerol.
Protein concentrations were obtained by quantitative amino acid analyses after total acid hydrolysis
performed at the Protein Chemistry Lab, Texas A&M University.

Immunoblotting. Polyclonal antibodies were raised against the ligand binding domain of McpU
or McpV (McpU-LBD or McpV-LBD) and then subsequently purified as described in Scharf et al. (46,
78). Cell extracts were prepared as follows. Wild-type and deletion strains were grown in SMM to an
OD600 of 0.25 � 0.05. Aliquots (1 ml) were then pelleted by centrifugation at 21,000 � g for 10 min
at room temperature, suspended in approximately 15 �l of the supernatant and 15 �l of Laemmli
buffer (4.5% SDS, 18.75 mM Tris-HCl [pH 6.5], 43.5% glycerol, 0.0125% bromophenol blue, and 5%
�-mercaptoethanol). Samples were boiled for 10 min and stored at �20°C. For the relative quanti-
fication of McpU abundance, mutant and deletion strains were grown to an OD600 of 0.25 � 0.05,
mixed in specified ratios prior to centrifugation, and then treated as described above. Relative
differences in abundance were derived from three biological replicates for each mutant. For the
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quantification of IcpA-3�FLAG, McpT-3�FLAG, McpY-3�FLAG, and CheW1-3�FLAG in cell extracts,
defined amounts of purified McpV-LBD-3�FLAG were added to wild-type extracts to create a
standard curve. Means were derived from six biological replicates.

Blotting was performed in the same manner as described by Zatakia et al. (46). Cell extracts were
separated by SDS-polyacrylamide gel electrophoresis and transferred onto 0.45-�m nitrocellulose mem-
branes. Membranes were blocked for 2 h or overnight with 5% nonfat dry milk in PBS-0.1% Tween 20 and
probed with a 1:200 dilution of affinity-purified antibodies or a 1:20,000 dilution of monoclonal anti-FLAG
M2 antibody (Sigma-Aldrich). Blots were washed for 30 min with PBS-0.1% Tween 20 with four buffer
changes and then probed with a 1:1,500 dilution of donkey anti-rabbit polyclonal antibodies linked to
horseradish peroxidase or a 1:4,000 dilution of sheep anti-mouse antibodies linked to horseradish
peroxidase. The blots were then washed for 30 min with PBS-0.1% Tween 20 with four buffer changes.
Detection was performed by chemiluminescence (Amersham ECL Western blotting detection kit; GE
Healthcare) using Hyperfilm ECL (GE Healthcare). Images were scanned with an Epson Perfection 160SU
scanner, and pixel intensities were then quantified with ImageJ. The number of molecules per cell was
calculated using the quantified number of cells per volume for S. meliloti previously determined in
Zatakia et al. (46).
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