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ABSTRACT Symbiotic nitrogen fixation (SNF) in the interaction between the soil
bacteria Sinorhizobium meliloti and legume plant Medicago sativa is carried out in
specialized root organs called nodules. During nodule development, each symbiont
must drastically alter their proteins, transcripts, and metabolites in order to support
nitrogen fixation. Moreover, bacteria within the nodules are under stress, including
challenges by plant antimicrobial peptides, low pH, limited oxygen availability, and
strongly reducing conditions, all of which challenge proteome integrity. S. meliloti
stress adaptation, proteome remodeling, and quality control are controlled in part
by the large oligomeric protease complexes HslUV and ClpXP1. To improve under-
standing of the roles of S. meliloti HslUV and ClpXP1 under free-living conditions
and in symbiosis with M. sativa, we generated ΔhslU, ΔhslV, ΔhslUV, and ΔclpP1
knockout mutants. The shoot dry weight of M. sativa plants inoculated with each
deletion mutant was significantly reduced, suggesting a role in symbiosis. Further,
slower free-living growth of the ΔhslUV and ΔclpP1 mutants suggests that HslUV and
ClpP1 were involved in adapting to heat stress, the while ΔhslU and ΔclpP1 mutants
were sensitive to kanamycin. All deletion mutants produced less exopolysaccharide
and succinoglycan, as shown by replicate spot plating and calcofluor binding. We
also generated endogenous C-terminal enhanced green fluorescent protein (eGFP)
fusions to HslU, HslV, ClpX, and ClpP1 in S. meliloti. Using anti-eGFP antibodies, na-
tive coimmunoprecipitation experiments with proteins from free-living and nodule
tissues were performed and analyzed by mass spectrometry. The results suggest that
HslUV and ClpXP were closely associated with ribosomal and proteome quality con-
trol proteins, and they identified several novel putative protein-protein interactions.

IMPORTANCE Symbiotic nitrogen fixation (SNF) is the primary means by which bio-
logically available nitrogen enters the biosphere, and it is therefore a critical compo-
nent of the global nitrogen cycle and modern agriculture. SNF is the result of highly
coordinated interactions between legume plants and soil bacteria collectively re-
ferred to as rhizobia, e.g., Medicago sativa and S. meliloti, respectively. Accomplishing
SNF requires significant proteome changes in both organisms to create a microaero-
bic environment suitable for high-level bacterial nitrogenase activity. The bacterial
protease systems HslUV and ClpXP are important in proteome quality control, in
metabolic remodeling, and in adapting to stress. This work shows that S. meliloti
HslUV and ClpXP are involved in SNF, in exopolysaccharide production, and in free-
living stress adaptation.

KEYWORDS Medicago sativa, Sinorhizobium meliloti, ClpP, ClpX, HslU, HslV, protease,
protein-protein interaction, symbiosis, symbiotic nitrogen fixation

Symbiotic nitrogen fixation (SNF) is the process whereby inert atmospheric dinitro-
gen is reduced to ammonium by specialized prokaryotes living in partnership with

a eukaryotic host. In terrestrial systems, symbiotic interactions between alpha- and
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betaproteobacteria and various legumes result in the largest input of biologically
available nitrogen into the biosphere, making these interactions a critical component
of global nitrogen cycling and modern agriculture.

An agriculturally relevant example of SNF occurs between the Gram-negative
alphaproteobacterium Sinorhizobium meliloti and the pasture legume Medicago sativa
(alfalfa). This relationship has been studied as a model for SNF. The highly developed
symbiosis between these two organisms begins when the roots of nitrogen-deprived
alfalfa excrete a characteristic set of flavonoids into the surrounding rhizosphere. The
rhizobia are stimulated by these flavonoids to produce specific lipochitooligosaccha-
rides, which alter alfalfa root growth, morphology, and cell division. The chemical
dialogue results in the intracellular uptake of rhizobia into the root and the de novo
generation of a novel organ, the root nodule.

Within root nodules, S. meliloti and alfalfa reorganize their metabolism to establish
the conditions necessary for nitrogen fixation. We now understand that this metabolic
remodeling involves subjecting rhizobia to seemingly hostile cellular conditions, in-
cluding microaerobicity (1), challenge by plant-derived antimicrobial peptides (2) and
plant proteases (3), decreased pH (4), osmotic stress (5), and oxidative bursts (6). These
and other conditions result in terminally differentiated nitrogen-fixing forms of the
rhizobia called bacteroids. Relative to free-living bacteria, bacteroids are larger, are
often branched, and have undergone multiple rounds of endoreduplication. Nitrogen-
fixing bacteroids have been shown to have a drastically altered transcriptome (7, 8) and
proteome (9) compared to those of their non-nitrogen-fixing counterparts.

The unique metabolic conditions necessary for successful nitrogen fixation have
been studied extensively at the transcript level, but little is known about the role of
protein quality control and turnover in SNF. The rhizobial protein complexes HslUV
(SMc02577 and SMc02575, respectively) and ClpXP1 (SMc01904 and SMc01903, respec-
tively) form large oligomeric barrel-shaped structures composed of an unfoldase (HslU
and ClpX) and a protease (HslV and ClpP1). In both systems the unfoldase uses ATP
hydrolysis to linearize folded proteins and translocate these into the protease for
proteolysis (10). Bacterial HslUV and ClpXP1 complexes are orthologous to eukaryotic
26S proteasomes and function similarly to maintain the integrity of the cell’s proteome
by degrading damaged or misfolded protein. Furthermore, work in multiple bacterial
systems has shown that both protease systems carry out targeted degradation of
regulatory proteins and are involved in many cellular processes, including the SOS
response (11), cell cycle regulation (12), heat stress (13, 14), polysaccharide biosynthesis
(15), pilus formation and DNA transfer (16), RNA metabolism (17), and SNF (12).
Furthermore, exposing S. meliloti to conditions found within root nodules, including
incubation with legume host-derived antimicrobial peptide NCR335 (2) or shifting
growth media to acidic pH (18), results in increased expression of clpXP1 and hslUV.
Interestingly, clpX has been established as one of the minimal suite of genes necessary
for nitrogen fixation in the nonnodulating diazotroph Azotobacter (19) and is necessary
for cell growth in S. meliloti (12). S. meliloti contains other similar protease systems,
including ftsH (SMc04459) and lon (SMc01905), and the unfoldase clpA (SMc02109).
Unlike the case for clpX, hslU, and hslV, the S. meliloti genome contains two additional
clpP genes, clpP2 (SMc02720) and clpP3 (SMc03841). While clpXP1 and hslUV occur as
chromosomal operons, these clpP genes are located far from their cognate partner clpX.
Further, the SMc02720 and SMc03841 protein sequences show only 37% and 60%
identity with the canonical Escherichia coli ClpP, respectively, compared to a 72%
protein sequence identity of ClpP1.

While HslUV and ClpXP are known to play critical roles in prokaryotic protein
homeostasis and targeted protein degradation, little is known about their function in
SNF. In this study, we evaluated the transcriptional response of S. meliloti hslUV and
clpXP1 to various abiotic stresses and characterized the phenotypes of ΔhslU, ΔhslV,
ΔhslUV, and ΔclpP1 deletion mutants under free-living conditions and in symbiosis with
M. sativa. We were able to localize HslUV and ClpXP1 proteins within the nodule by
confocal microscopy of protein-green fluorescent protein (GFP) fusions. Finally, we
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present a list of proteins that coimmunoprecipitated with these GFP fusion proteins in
free-living and symbiotic cells and suggest ways that these may interact with the HslUV
and ClpXP proteasome systems.

RESULTS
HslUV and ClpXP respond transcriptionally to multiple stresses. Transcriptional

start site and promoter analysis suggested the hslUV and clpXP1 operons are under the
control of the RpoD, RpoH1, and RpoH2 transcription factors (20). To gain a more
comprehensive understanding of the transcriptional control of these genes, we sub-
jected wild-type S. meliloti to various stresses for 15 or 60 min and then isolated
bacterial RNA and used quantitative PCR (qPCR) to evaluate changes that had occurred
at these times (Fig. 1). As previously observed, both hslU and hslV were induced at
15 min after heat shock (21). The hslU and hslV genes were also induced by cold shock,
elevated salt stress, and, to a lesser extent, oxidative stress. The clpX and clpP1 genes
were moderately induced in response to heat shock but did not appear to be positively
or negatively regulated by elevated salt stress or H2O2 treatment. Interestingly, neo-
mycin stress appeared to lower clpXP1 expression. In most cases, transcript abundances
apparently returned to unstressed levels after 1 hour or were reduced to below
unstressed transcript levels. This suggests that during chronic heat and neomycin
stresses, either the clpXP1 genes are negatively regulated or their transcripts are less
stable than the reference transcript.

HslUV and ClpP1 contribute to normal growth, EPS production, and symbiosis.
To test the impact of functional HslUV and ClpXP1 systems in S. meliloti, we generated
ΔhslU, ΔhslV, ΔhslUV, and ΔclpP1 deletion mutants. It had been previously shown that
inactivating clpX is lethal to S. meliloti (12), which we also observed (data not shown).
Figure 2 shows the effects of various deletion mutations on doubling times of free-
living cells growing in nutrient-rich LB medium. Under normal laboratory growth
conditions, all deletion strains exhibited only minor growth defects. Despite the con-
tinued activity of the homologous clpP2 gene, growth of the ΔclpP1 mutant was most
impaired. Under elevated temperatures simulating a chronic heat stress, the growth of
each deletion mutant was inferior, with ΔhslU, ΔhslV, ΔhslVU, and ΔclpP1 strains
reaching final A600s of 0.12, 0.15, 0.21, and 0.08, respectively, compared to an A600 of
0.28 for wild-type Rm1021 (Fig. 2, middle panel). Similarly, addition of a sublethal
concentration of kanamycin caused poor growth of the deletion mutants, resulting in
final A600s for the ΔhslU, ΔhslVU, and ΔclpP1 strains of 0.16, 0.19, and 0.09, respectively,
compared to 0.27 for Rm1021. Interestingly, kanamycin did not impact the growth of

FIG 1 Transcriptional stress response of hslUV and clpXP1. The transcriptional response of hslUV and clpXP
was investigated by comparing RQ (2�ΔΔCT) values of stressed and unstressed cultures, in biological
triplicate, at 15 min and 1 h poststress. Error bars indicate the average RQ maximum and minimum values
for the biological triplicates. Neo, neomycin.
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the Rm1021 ΔhslV mutant, which reached a final A600 comparable to that of the wild
type (Fig. 2, bottom panel). Furthermore, under heat stress, the ΔhslVU double deletion
mutant reached a final A600 higher than that of either the ΔhslU or ΔhslV mutant.

Unfoldase and protease deletions also resulted in lower production of exopolysac-
charides (EPS) (Fig. 3). Synchronized cultures normalized to the same optical density
were spotted onto nutrient-rich and minimal media. On both media, the deletion
mutants appeared to produce significantly less exopolysaccharide. Succinoglycan (EPSI)
is a symbiotically important exopolysaccharide (22) that binds calcofluor, a fluorescent
whitener dye, and the interaction can be visualized by fluorescence under UV light.
Compared to that in the wild-type Rm1021, the level of succinoglycan-related fluores-
cence was lower in the ΔhslU, ΔhslV, ΔhslUV, and ΔclpP1 mutant strains on LB medium
and, to a lesser extent, on minimal medium supplemented with mannitol (MMNH4) (Fig.
3, bottom panels).

To test the impact of these mutations on symbiosis, each deletion mutant was used
to inoculate M. sativa seedlings, and plants were grown for 28 days under optimal and

FIG 2 Growth curve phenotypes of protease and unfoldase mutants in liquid culture. Wild-type Rm1021
and deletion mutants were grown under optimal conditions (top), with chronic elevated heat (middle),
or at optimal temperature supplemented with kanamycin (bottom). While growth under optimal
conditions appears to have a mild impact on the final A600, the growth of each mutant is impaired by a
chronic heat stress and kanamycin stress (except for the ΔhslVmutant under kanamycin stress [bottom]).
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elevated temperatures. Figure 4 shows that the S. meliloti ΔhslU, ΔhslV, and ΔhslUV
mutants led to significant 22%, 21%, and 15% reductions in plant dry weight, respec-
tively (two-tailed t test, P � 0.001). The ΔclpP1 mutant had a larger effect, with a
significant 30% reduction in plant dry weight. The same phenotypic trend was ob-
served under heat stress conditions (Fig. 4, middle). As expected, the addition of a
chronic heat stress caused the shoot dry weights of plants inoculated with the ΔhslU,
ΔhslV, ΔhslVU, and ΔclpP1 deletion strains to decrease further, resulting in significant
29%, 29%, 17%, and 36% reductions, respectively.

HslUV and ClpXP protein distributions are not zone specific. Nodules formed in
the symbiosis between M. sativa and S. meliloti are indeterminate and form develop-
mental zones along the nodule longitudinal axis, each containing unique protein,
metabolite, and transcript profiles (8, 9). Therefore, if HslUV and ClpXP proteins accu-
mulate in particular zones within the nodule, this may indicate that they play a specific
role in SNF development or that their protein-protein interactions would be limited to
gene products in that region. To determine the locations of HslUV and ClpXP proteins,
we generated C-terminal enhanced GFP (eGFP) fusions to these proteins and homolo-
gously recombined the genes coding for these fusions into the genome in order to

FIG 3 Exopolysaccharide and succinoglycan are reduced in deletion strains. The production of total polysaccharide
(top row of plates) and succinoglycan (bottom row of plates) were visualized on both LB (left) and MMNH4 (right)
media for both wild-type Rm1021 and deletion strains. Supplementing the growth media with calcofluor white
allowed succinoglycan visualization under UV light. The brightness of each colony was measured using the Fiji
image analysis package and is represented as a fold change compared to the wild-type Rm1021 (bar graphs).

FIG 4 Effect of deletions and eGFP fusions on shoot dry weight. Deleting hslU, hslV, hslVU, and clpP1 led
to a significant decrease in shoot dry weight compared to that with wild-type S. meliloti Rm1021
(two-tailed t test, P � 0.05 [asterisks]). A similar but slightly greater inhibition was observed at elevated
temperatures. Fusing eGFP to the C terminus of HslU, HslV, ClpX, or ClpP1 or expression of eGFP from
the cspA2 promoter had no significant effect on plant dry weight (two-tailed t test, P � 0.05). NI,
noninoculated.
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make their expression depend on their endogenous promoters. These fusions did not
appear to affect symbiotic productivity, as shown in Fig. 4 (right), and no obvious
free-living growth phenotype was observed in solid or liquid media (data not shown).
Using confocal microscopy of M. sativa nodules, we located S. meliloti HslU-eGFP,
HslV-eGFP, ClpX-eGFP, and ClpP1-eGFP during symbiosis. Figure 5 shows that neither
HslUV, ClpXP, nor eGFP driven by the cspA2 promoter appeared to be located in
particular zones. Further, each protein occasionally appeared to be concentrated in
small, punctate domains (Fig. 5, arrows), a finding previously described for another
ClpXP system (12) and not observed in our cspA2p::eGFP samples.

HslUV and ClpXP interact with translation and protein folding machinery in
free-living and symbiotic life stages. To gain a better understanding of HslUV and

ClpXP function in rhizobia, we conducted native coimmunoprecipitation (co-IP) exper-
iments using HslU-eGFP, HslV-eGFP, ClpX-eGFP, and ClpP1-eGFP fusion constructs.
Using mass spectrometry (MS), we then determined which proteins were associated
with eGFP in free-living S. meliloti and in alfalfa nodules. As a control to determine
which proteins identified by co-IP and MS might be interacting directly with the
C-terminal eGFP tag, we constructed an S. meliloti strain in which an eGFP protein
without an N-terminal fusion was expressed under the control of the cspA2 (SMc01428)
promoter in a similar construct. Recombining sequences into the genome eliminated
issues with maintaining a plasmid for heterologous expression during symbiosis and
also provided ordinary control of copy number.

To identify weaker interactions that may occur on the exterior of the complex, as
well as stronger interactions that may occur within the complex, coimmunoprecipita-
tions with HslU-eGFP, HslV-eGFP, ClpX-eGFP, ClpP1-eGFP, and PcspA2-eGFP were per-
formed by using both a low-volume wash (2 � 10 column volumes) and a higher-
volume wash (2 � 100 column volumes). The effectiveness of the co-IP was monitored
by Western blot analysis using anti-eGFP antibodies (Fig. 6). Proteins that coprecipi-
tated with eGFP-tagged proteasome proteins were identified via MS (see Tables S2 and
S3 in the supplemental material), and their abundances were compared to those of
proteins isolated from the eGFP protein coprecipitation. Proteins were considered
identified when they were represented by two or more unique peptides and were
considered to be enriched when they were at least twice as abundant in the co-IP with
a specific protein-eGFP fusion than they were in the control co-IP with PcspA2-eGFP.

To validate the success of our co-IPs, we compared the proteins observed to
coprecipitate with our eGFP-tagged proteins with previously experimentally validated
interactors in Mesorhizobium loti (23). Because few studies of global protein-protein
interactions have been done in rhizobia, we also included proteasome interactions
identified in Escherichia coli (24–28). We also chose to compare our coprecipitated
proteins with those proteins that were confidently predicted (high confidence score of
�0.7) to interact with HslUV and ClpXP1 in the STRING database using Sinorhizobium
meliloti Rm1021 and Escherichia coli K-12 (29). The STRING database is a powerful tool
that uses text mining, coexpression, cooccurrence, and other analyses with data
compiled from a large number of organisms. A compilation of HslUV and ClpXP1
protein-protein interactions experimentally identified or confidently predicted by
STRING, as well as experimentally identified interactors in E. coli and Mesorhizobium, is
available in Table S4 in the supplemental material. As summarized in Fig. 7, our
free-living co-IPs identified many proteins that had previously been found to interact
with HslUV and ClpXP1. While many known interactors were identified in nodule co-IPs,
fewer of these proteins were �2-fold enriched compared to the background. Because
the HslUV and ClpXP1 systems function as oligomeric complexes, we compared the
proteins that were �2-fold enriched by association with the unfoldases, HslU-eGFP and
ClpX-eGFP, with results obtained using their partner proteases, HslV-eGFP and ClpP1-
eGFP, respectively. Figure 8 illustrates that under free-living conditions, 48% of the
proteins enriched in the HslU-eGFP co-IP were also enriched in the HslV co-IP, and 72%
of the proteins enriched in the ClpX-eGFP co-IP were enriched in the ClpP1-eGFP co-IP.
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FIG 5 Unfoldase- and protease-eGFP localization within the nodule. eGFP fluorescence was visual-
ized at a magnification of �250 (A, C, E, G, I, and K) (scale bars � 10 �m) or �10 (B, D, F, H, J, and
L) (scale bars � 1 mm) for nodules inoculated with Rm1021 hslU-eGFP (A and B), hslV-eGFP (C and
D), clpX-eGFP (E and F), clpP1-eGFP (G and H), or cspA2p::eGFP (I and J) or wild-type Rm1021 (K and L).
The appearance of punctate foci is marked with arrows. Fiji image analysis software tracks the total
fluorescence across the longitudinal axis of the nodules below each �10 image. CV, central vacuole.
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The overlap in similarly enriched proteins decreased in nodule experiments to 21% and
36% for HslUV and ClpXP1, respectively.

To understand whether HslUV and ClpXP1 preferentially targeted gene products
produced from the different megaplasmids, we conducted hypergeometric tests and
determined Bonferroni-adjusted P values. As summarized in Fig. S1 in the supplemental
material, proteins located on the chromosome were significantly overrepresented in
both HslUV and ClpXP1 co-IPs, with the exception of the HslV-eGFP nodule sample.
Proteins from pSymA and pSymB were significantly underrepresented under free-living
conditions but had no significant over- or underrepresentation in nodule co-IPs.

We also used gene ontology (GO) enrichment analysis to determine whether the
proteins that coprecipitated with HslUV or ClpXP1 were associated with specific bio-
logical processes (30). We found that under free-living conditions, HslU-eGFP, ClpX-
eGFP, and ClpP1-eGFP were enriched 2.6-, 6.7-, and 6.2-fold, respectively, for proteins
associated with translation (Fig. 9). In addition, ClpX- and ClpP1-eGFP were enriched
7.3- and 6.9-fold, respectively, for members of the protein-folding biological process.
Similarly, during symbiosis, HslU-eGFP, HslV-eGFP, and ClpX-eGFP were enriched for S.
meliloti translation-associated proteins by 6.9-, 5.5-, and 9-fold, respectively. HslU-eGFP
was also 8.8-fold enriched for bacterial glycolysis-associated proteins. The S. meliloti
HslV-eGFP nodule co-IP showed enrichment for a number of host plant M. sativa
proteins with biological processes including the tricarboxylic acid (TCA) cycle, glycol-
ysis, and H2O2 catabolism, as well as translation initiation and preinitiation complexes.

FIG 6 Western blot analysis of coimmunoprecipitation experiments. Each unfoldase- and protease-eGFP
fusion, as well as eGFP expressed from the PcspA2 promoter, was purified from spun lysates of free-living
S. meliloti (A) and alfalfa nodules (B) using camelid anti-eGFP agarose-conjugated antibodies. The
efficiency of the process was visualized using a Western blot probed with rabbit anti-eGFP. SL, spun
lysate; FT, flowthrough; E1L, elution low wash; E1H, elution high wash.

FIG 7 Enrichment analysis of known interactors. As described in the text, many proteins that are known
or predicted to interact with HslUV and ClpXP1 were identified in this study. Under free-living conditions,
most of those proteins are enriched above the background sample by �2-fold.
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Because our co-IPs used lysed nodule tissue and not isolated symbiosomes, it remains
a possibility that M. sativa plant proteins observed to interact with HslUV or ClpXP1
occurred only after nodule lysis. As a result, we have not evaluated the hypothesis that
these proteins are secreted into the symbiosome. However, all plant proteins identified
in this study were evaluated for the presence of an N-terminal secretion signal via the
SignalP (v4.1, default d-cutoff value), and these results are summarized in Table S3 (31).

FIG 8 Venn diagram showing overlap of �2-fold-enriched proteins in HslUV-eGFP and ClpXP1-eGFP coimmuno-
precipitations. Numbers outside the circles represent the number of proteins found exclusively enriched in that
sample. Numbers in the overlap represent the shared proteins.

FIG 9 Gene ontology enrichment of coimmunoprecipitated proteins. Gene Ontology Consortium terms
were used in an enrichment analysis of proteins that coimmunoprecipitated with eGFP-tagged HslU,
HslV, ClpX, or ClpP1 at least �2-fold compared to the eGFP control. The number of proteins contributing
to each ontological class is shown in parentheses for each row.
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All proteins that coprecipitated in the different co-IPs are included in Tables S2 and
S3. We have summarized these data graphically for each co-IP (Fig. 10; see Fig. S2 in the
supplemental material). Figure 10, for example, displays each coprecipitated protein as
a function of log2 fold enrichment on the x axis versus the log10 signal intensity on the
y axis. Proteins with �2-fold enrichment are shown as diamonds, while �2-fold-
enriched proteins are represented as circles. In all cases, only proteins with �2 unique
peptides are shown. For proteins that were not detected in the background eGFP co-IP
but were confidently identified in the unfoldase or protease co-IPs (i.e., sample signal/
background signal � 0), an arbitrary log2 fold change value was assigned to align each
feature on the far right of the x axis. The size of each feature reflects the number of
unique peptides that contributed to the identification of its parent protein. The color
of each feature represents a different protein ontology, and previously characterized or
predicted protein-protein interactions are overlaid as an “x” symbol.

DISCUSSION

Symbiotic nitrogen fixation between rhizobia and legumes is a critical component of
global nitrogen cycling and agriculture. To accomplish SNF, both organisms must
coordinate and maintain a drastic metabolic shift from free-living individuals to a
symbiotic pair. While this shift has been studied extensively at the transcript level, little
is known about the role of protein quality control and turnover in symbiosis. Here, we
further characterized the roles of two S. meliloti operons that code for proteasomes,
hslUV (SMc02577 and SMc02575) and clpXP1 (SMc01904 and SMc01903), in free-living
cells and in symbiosis with M. sativa. We confirmed that under free-living conditions

FIG 10 Log-log bubble graph showing proteins enriched in HslU-eGFP coimmunoprecipitations. The intensities of proteins
that coprecipitate with S. meliloti HslU-eGFP target and cspA2p::eGFP background samples under free-living conditions
were expressed as a log2 fold change (target/background) along the x axis. Protein intensities were log10 transformed and
plotted along the y axis. Fold change values could not be calculated for proteins found in the target co-IPs but not in the
eGFP immunoprecipitation (i.e., target protein intensity/background protein intensity � x/0), so they were all assigned the
same arbitrary value at the far right of the x axis.
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both hslUV and clpXP1 respond transcriptionally to heat stress (20). We then showed
that hslUV transcription was induced by low temperature and high NaCl stress and to
lesser extent by treatment with H2O2. A recent mRNA microarray experiment following
H2O2 treatment showed signal log ratios of 2.1 and 1.8 for hslU and hslV, respectively,
which is in rough agreement with our findings (32). Furthermore, we showed that
clpXP1 expression was repressed by treatment with low concentrations of the amin-
oglycoside antibiotic neomycin, which was expected to increase the frequency of
amino acid misincorporation and thereby alter protein stability (33). Although we
anticipated induction of hslUV and clpXP1 in response to treatment with neomycin, it
has been shown that different aminoglycosides can have drastically different impacts
on expression of protein homeostasis genes in Bacillus subtilis (34).

To evaluate whether S. meliloti hslUV or clpP1 gene products were necessary for
free-living growth and efficient symbiosis with M. sativa, we generated ΔhslU, ΔhslV,
ΔhslUV, and ΔclpP1 knockout mutants. These had a minor decrease in free-living
doubling times without stress, but there was a much more drastic effect on growth rate
and yield when the mutants were subjected to heat or neomycin treatment. Interest-
ingly, the effect on growth at 30°C and 42°C after deleting both hslU and hslV (ΔhslUV)
was less severe than that of deleting each gene alone, suggesting aberrant activity by
the remaining subunit when it was not properly coupled to the missing component.
Similarly, growth of the ΔhslU, ΔhslUV, and ΔclpP1 mutants was severely inhibited in
response to kanamycin treatment, while the ΔhslV mutant grew at wild-type rates,
suggesting that ΔhslV was not involved in dealing with the consequences of kanamycin
treatment. Furthermore, each mutant exhibited a visible reduction in total EPS and EPSI
production. All mutation constructs had a statistically significant negative effect on
symbiosis with M. sativa. As with free-living growth curve experiments, the phenotype
of the ΔhslUV double deletion mutant was less severe than those of the individual
ΔhslU, ΔhslV, and ΔhslUV mutants. The symbiotic phenotype of these mutants may be
caused by decreased EPS or EPSI production, although we observed no difference in
total nodule numbers or color (data not shown). These findings strongly suggest that
hslUV and clpP1 play important roles in SNF.

Constructs containing S. meliloti HslU, HslV, ClpX, and ClpP1 proteins that had been
C-terminally tagged with eGFP were expressed from their native promoters and were
used to locate these proteins within root nodules. There appeared to be no zone
specificity of expression. ClpX-eGFP and ClpP1-eGFP formed punctate foci, as previ-
ously described (12). Interestingly, HslU- and HslV-eGFP also appeared to form punctate
loci, although to a lesser extent than ClpXP1-eGFP. The lack of zone specificity for
HslUV-eGFP and ClpXP1-eGFP was consistent with previous studies (8, 9).

To identify proteins that interacted with the proteasomes, we conducted a native
co-IP experiment using eGFP-tagged HslUV and ClpXP1 proteins present in S. meliloti
under free-living conditions and in symbiosis with M. sativa. As a control to identify
proteins carried into the proteomic analysis by interacting with the beads, tubes, or
eGFP, we also used an S. meliloti strain expressing eGFP from the cspA2 promoter
(cspA2p::eGFP). Our data supported many experimentally validated and computation-
ally predicted HslUV and ClpXP1 protein-protein interactions. Consistent with their
function as an oligomeric complex, we showed strong similarity in the proteins
enriched in the HslU-eGFP and HslV-eGFP co-IPs, as well as in the ClpX-eGFP and
ClpP1-eGFP samples. During symbiosis, however, the profile of HslU-eGFP and ClpX-
eGFP coeluting proteins was much different from that under free-living conditions,
suggesting additional roles outside their established partnerships. This observation,
however, may be influenced by large amounts of plant proteins brought into close
proximity with HslUV and ClpXP1 due to lysing of nodule tissue. Hypergeometric
statistical tests revealed that under all but one experimental condition, the HslUV and
ClpXP1 coeluting proteins were significantly overenriched for proteins encoded on the
chromosome. Proteins from pSymA and pSymB were significantly underrepresented in
free-living co-IPs but were neither over- nor underrepresented in nodule co-IPs.
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HslUV and ClpXP1 associate with ribosomal protein and nascent protein qual-
ity control systems. Nascent protein folding can be compromised by environmental
stresses, intrinsically unfavorable folding thermodynamics, translation of aberrant tran-
scripts, and other factors. Poor protein folding can lead to dysfunctional proteins,
aggregation, and cell death. It is therefore reasonable that the process of refolding or
degrading misfolded proteins must be immediate to ensure proteome integrity. In-
deed, the ribosome and its associated proteins are increasingly being recognized as a
central hub for the protein quality control machinery (35). Many proteins, including
trigger factor (TF) (36), DnaJ, DnaK, and GrpE (37, 38), GroEL and GroES (39, 40), and
SecA and SecB (41, 42), have been shown to act cotranslationally on nascent protein
exiting the ribosome.

In this study, we observed a significant enrichment for many proteins associated
with the GO biological process “translation” (predominately ribosomal proteins) in
free-living HslU-eGFP, ClpX-eGFP, and ClpP1-eGFP co-IPs, as well as in HslU-eGFP,
HslV-eGFP, and ClpX-eGFP nodule co-IPs. We also observed significant enrichment for
the GO biological process “protein folding” in free-living co-IPs of ClpX-eGFP and
ClpP1-eGFP. In many cases this includes the proteins TF, DnaJ, DnaK, GrpE, GroEL,
GroES, SecA, and SecB (see Tables S2 and S3 in the supplemental material). These data
implicate HslUV and ClpXP1 systems in the maintenance of the proteome integrity via
direct or indirect interactions with ribosomal protein complexes and other protein
quality control systems.

MATERIALS AND METHODS
Sinorhizobium meliloti and Medicago sativa growth conditions. The strains and plasmids used in

the study are listed in Table 1. S. meliloti was grown on minimal medium supplemented with mannitol
(1% wt/vol) (MMNH4) or in LB (43) unless otherwise noted. Seeds were surface sterilized as described
previously (9). M. sativa Ladak (Bruce Seed Farm, lot no. A6-008) was grown in closed Magenta boxes to
eliminate the risk of contamination with alternate S. meliloti strains. Each Magenta box contained plant
nutrient solution (PNS) (44) lacking a nitrogen source to encourage symbiosis with rhizobia. To inoculate,
rhizobia were grown to log phase in minimal medium, spun down, washed twice, and resuspended in

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Genotype or relevant featuresa Reference or source

Strains
S. meliloti
Rm1021 Wild-type rhizobial strain 22
Rm1021 ΔhslU Rm1021 lacking hslU gene, SMC02577 This study
Rm1021 ΔhslV Rm1021 lacking hslV gene, SMc02575 This study
Rm1021 ΔhslUV Rm1021 lacking both hslU and hslV genes This study
Rm1021 ΔclpP1 Rm1021 lacking clpP1 gene, SMc01903 This study
Rm1021 hslU-eGFP Rm1021 with integrated pK19, hslU-eGFP Kmr This study
Rm1021 hslV-eGFP Rm1021 with integrated pK19, hslV-eGFP Kmr This study
Rm1021 clpX-eGFP Rm1021 with integrated pK19, clpX-eGFP Kmr This study
Rm1021 clpP1-eGFP Rm1021 with integrated pK19, clpP1-eGFP Kmr This study
Rm1021 cspA2p::eGFP Rm1021 with integrated pK19, cspA2 promoter-eGFP fusion, Kmr

E. coli S17-1 pro hsdR recA [RP4-2(Tc::Mu) (Km::Tn7)] 47

Plasmids
pETGFP pET eGFP LIC u-msfGFP (Addgene plasmid no. 29772), Ampr Scott Gradia
pETGFP_UeGFP u-msfGFP containing Rm1021 hslU coding sequence, Ampr This study
pETGFP_VeGFP u-msfGFP containing Rm1021 hslV coding sequence, Ampr This study
pETGFP_XeGFP u-msfGFP containing Rm1021 clpX coding sequence, Ampr This study
pETGFP_PeGFP u-msfGFP containing Rm1021 clpP1 coding sequence, Ampr This study
pK19 mob sacB pUC19 derivative, lacZ� mob sacB, Kmr 49
pK19_UDEL 0.5-kb 5= and 3= flanking hslU fragments cloned into pK19 mob sacB This study
pK19_VDEL 0.5-kb 5= and 3= flanking hslV fragments cloned into pK19 mob sacB This study
pK19_PDEL 0.5-kb 5= and 3= flanking clpP1 fragments cloned into pK19 mob sacB This study
pK19_UeGFP hslU-eGFP subcloned from pETGFP_UeGFP into pK19 mob sacB This study
pK19_VeGFP hslV-eGFP subcloned from pETGFP_VeGFP into pK19 mob sacB This study
pK19_XeGFP clpX-eGFP subcloned from pETGFP_XeGFP into pK19 mob sacB This study
pK19_PeGFP clpP1-eGFP subcloned from pETGFP_PeGFP into pK19 mob sacB This study

aKmr, kanamycin resistance; Ampr, ampicillin resistance.
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0.85% NaCl to a final A600 value of 0.1, and then 1 ml of the resuspended cells was added to each box.
Plants were grown in a growth chamber with 24 h of light at 20°C.

eGFP tagging of endogenous S. meliloti HslUV and ClpXP unfoldases and proteases. To create
a C-terminal eGFP fusion of each protease and unfoldase, the hslU (SMc02577), hslV (SMc02575), clpX
(SMc01904), and clpP1 (SMc01903) coding sequences were cloned as amplified PCR products into the pET
eGFP ligation-independent cloning (LIC) vector u-msfGFP (Addgene plasmid no. 29772) using primers
listed in Table S1 in the supplemental material and the manufacturer’s protocol on LB containing
50 �g/ml ampicillin (45). The pET GFP LIC cloning vector was a gift from Scott Gradia. The hslU-eGFP,
hslV-eGFP, clpX-eGFP, and clpP1-eGFP sequences from the resulting plasmids were amplified from the
newly constructed u-msfGFP vectors using primers listed in Table S1, digested, ligated into pK19 mob
sacB, and selected for using LB containing 40 �g/ml kanamycin. The resulting plasmids were then
purified and transformed into the E. coli host S17-1, which was used to mobilize each new pK19 construct
into S. meliloti Rm1021 via biparental mating (46, 47). Selection for neomycin-resistant exconjugants was
accomplished using MMNH4 containing 200 �g/ml neomycin. These plasmids are unable to replicate in
S. meliloti, so this selection recovers cells in which the plasmids have integrated into the chromosome by
homologous recombination. To produce an S. meliloti Rm1021 strain constitutively producing eGFP from
the chromosome, we amplified the eGFP-coding sequence from u-msfGFP (primers eGFPa2F and
eGFPa2R), as well as the promoter region upstream of the S. meliloti Rm1021 cspA2 (SMc01428) gene
(genomic region spanning from position 2272810 to 2273098) using primers a2promF and a2promR.
These amplicons were digested and ligated together, and the cspA2p::eGFP fusion product was cloned
into pK19 mob sacB using digestion enzymes listed in Table S1. The cspA2 promoter was chosen because
it is highly active in free-living cells and in symbiosis (48). The cspA2p::eGFP construct showed no
observable impact on symbiosis (Fig. 4) or zone specificity at 30 days postinoculation (Fig. 5J) and no
free-living or symbiotic growth defects in mutants lacking the cspA2 gene (data not shown). As with
previous pK19 constructs, this plasmid was transformed into E. coli S17-1 and recombined into S. meliloti
Rm1021 via biparental mating. The position of each eGFP-tagged construct after homologous recom-
bination into the S. meliloti chromosome was confirmed using PCR with a forward primer located
upstream of the native gene (e.g., 600 bp upstream of SMc01903) and an eGFP reverse primer (GFPintegR
[Table S1]).

Construction of Rm1021 deletion mutants. To investigate the extent to which HslUV and ClpP1 are
involved in symbiosis, we constructed deletions of hslU, hslV, and clpP1 and a double deletion of hslUV
using the double homologous recombination method (46). Briefly, �500 bp upstream and �500 bp
downstream of the target gene were amplified, digested, and ligated together. This ligation product was
then cloned into pK19 mob sacB (49), transformed into E. coli S17-1, and biparentally mated into S.
meliloti Rm1021. MMNH4 containing 200 �g/ml neomycin was used to select for S. meliloti containing the
pK19-derived plasmid integrated into the chromosome as a result of homologous recombination
between the S. meliloti sequences on the plasmid and similar sequences in the chromosome. The Neor

S. meliloti strains isolated in this way were then grown on LB agar plus 1% sucrose to select for loss of
the sacB gene carried on pK19 via a second homologous recombination. Colonies were then screened
for recombinants that lacked the corresponding target gene (e.g., hslU, hslV, or clpP1) using PCR to
confirm the absence of the target gene in S. meliloti with upstream and downstream primers listed in
Table S1.

Free-living growth curves and EPS visualization. Wild-type S. meliloti Rm1021 and the ΔhslU,
ΔhslV, ΔhslUV, and ΔclpP1 deletion mutants were grown overnight as biological triplicates in 100 ml of
MMNH4 to produce large cultures synchronized to the same growth phase. The cultures were then spun
down, washed with and resuspended in 0.85% NaCl, normalized by A600 to a value of 1.0, and used to
inoculate 5-ml subcultures at a 1:100 ratio in the case of cultures grown at both 30°C and 37°C and at
a 1:20 ratio for cultures grown in LB at 30°C supplemented with kanamycin at 50 �g/ml. Cultures were
allowed to continue shaking at 250 rpm at either 30°C, 45°C, or 30°C with 50 �g/ml kanamycin. To
visualize the exopolysaccharide (EPS) phenotypes of the deletion mutants compared to the wild type,
spot tests were performed by a procedure similar to that described previously (50). Briefly, ΔhslU, ΔhslV,
ΔhslUV, ΔclpP1, and wild-type Rm1021 were each grown in biological triplicate 5-ml MMNH4 cultures to
an A600 of 0.5. Each culture was then spun down, washed twice with and resuspended in 0.85% NaCl, and
normalized by A600 to a value of 0.5. These cultures were then serially 5-fold diluted in a 96-well plate
and spotted using a 96-prong inoculating manifold onto both LB and MMNH4 plates, both with and
without 0.02% calcofluor white (Fluorescent Brightener 28; Sigma no. F3543) (50). These plates were then
incubated at 30°C for an additional 48 h and visualized under UV light. The intensity of each colony was
analyzed using the Fiji image analysis package (51).

HslUV- and ClpXP-eGFP nodule visualization. Twenty-eight-day-old nodules were excised from
roots and bisected longitudinally using a scalpel. Each half was then placed into a depression well slide
submerged in Prolong Gold with 4=,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific no.
P36935). Each sample was visualized using a Leica SP8-X fluorescence microscope at magnifications of
�20 and �200. Images were analyzed using Leica Analysis Suite version 2.0 and the Fiji image analysis
package (51).

Co-IP. For free-living coimmunoprecipitations (co-IPs), S. meliloti Rm1021 strains containing endog-
enously eGFP-tagged hslU, hslV, clpX, and clpP1, as well as cspA2p::eGFP, were grown on MMNH4 at 30°C
with shaking until they reached an A600 of 0.7. The cells were then spun at 6,000 � g, washed once, and
resuspended in ice-cold lysis buffer (20 mM Tris [pH 7.5], 150 mM NaCl, 1 mM dithiothreitol [DTT], 0.1%
Tween 20). Cells were sonicated on ice 4 times for 10 s at amplitude 10 using a QSonica model Q700
sonifier. For nodule co-IPs, approximately 50 nodules were collected from M. sativa plants at 28 days
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postinoculation with each eGFP-tagged strain. These nodules were pulverized in a bead mill (TissueLyser
II Retsch MM400; Qiagen) and resuspended in ice-cold lysis buffer (as described above). For both
free-living and nodule co-IPs, the cell lysate was spun at 45,000 � g for 15 min at 4°C. The supernatant
was then incubated with anti-GFP nano-antibody-conjugated agarose beads (Allele Biotechnology no.
ABP-nAb-GFPA050) for 15 min and then split into two different tubes. The first tube was washed twice
with 10 resin bed volumes of wash buffer (lysis buffer without Tween 20). The second tube was washed
twice with 100 resin bed volumes of wash buffer. The two wash methods were used to investigate both
weak and strong protein-protein interactions. Samples were then eluted with twice the resin bed volume
of elution buffer (200 mM glycine, pH 2.5), which was immediately neutralized using 1 M Tris (pH 9.5) to
generate a final concentration of 100 mM Tris and a pH of �8.0.

Western blot visualization of proteins. Protein samples were first separated using NuPAGE 10%
Bis-Tris protein gels (Thermo Fisher Scientific, NP0301BOX) containing MES (morpholineethanesulfonic
acid) buffer. Protein was then transferred by electrophoresis for 1 h at 30 V (DC) (�170 mA) in transfer
buffer (25 mM Tris base, 200 mM glycine, 20% methanol) onto Immobilon polyvinylidene difluoride
(PVDF) membranes (EMD Millipore, IPVH15150). Membranes were then blocked for 2 h using TBST buffer
(25 mM Tris base, 150 mM NaCl, 0.1% Tween 20, pH 7.2) containing 5% (wt/vol) powdered milk. Blocked
membranes were then probed overnight with chromatin immunoprecipitation (ChIP) grade rabbit
anti-GFP primary antibodies (Abcam, ab290) at a dilution of 1:5,000 in TBST containing 2.5% (wt/vol)
powdered milk. After three 15-min washes with TBST, the membranes were probed for 1 h with
horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (Abcam, ab97080). The mem-
branes were washed in TBST and visualized using SuperSignal West Pico Plus chemiluminescent
substrate (Thermo Fisher Scientific, catalog no. 34580) according to the manufacturer’s protocol.

Stress tests, cDNA synthesis, and qPCR. Biological triplicates of S. meliloti Rm1021 were grown in
5 ml liquid MMNH4 cultures at 30°C with shaking at 250 rpm until they reached an A600 of 0.5. One set
of biological triplicates was allowed to continue growing under these conditions, while the other sets of
biological triplicate cultures were subjected to different stresses, including heat shock (45°C), cold shock
(4°C), elevated salt shock (from 85 mM NaCl to a final concentration of 300 mM), neomycin shock
(200 �g/ml neomycin), and treatment with H2O2 (final H2O2 concentration of 1 mM). At 15 and 60 min
poststress, each “stressed” culture, as well as the unstressed control, was rapidly cooled in an ice-water
bath for 5 min to halt transcription, spun down, washed once in ice-cold phosphate-buffered saline (PBS)
(pH 7.5), and sonicated on ice 4 times for 10 s. The lysed cells were then centrifuged at 15,000 � g for
10 min, and the resulting supernatant was added to TRIzol at a ratio of 1:10. Chloroform was then added
to the TRIzol-lysate mixture at a ratio of 1:5 of the starting TRIzol volume (i.e., 200 �l chloroform to 1,000
�l TRIzol). This was shaken vigorously and spun at 12,000 � g for 15 min at 4˚C. The aqueous top layer
was isolated, and the RNA was precipitated using isopropanol at a ratio of 1:2 ml TRIzol reagent used for
initial extraction. The RNA pellet was then washed with 75% ethanol, resuspended in RNase-free water,
and quantified using a Nanodrop spectrophotometer. Conversion of RNA to cDNA was accomplished
using the Superscript III first-strand synthesis system (Invitrogen, 18080-400) using the manufacturer’s
protocols and random hexamer primers. qPCR was conducted using Fast SYBR green master mix (Applied
Biosystems no. 4385612) with 23S rRNA as an endogenous control (SMc02939). All relevant primers used
for qPCR are listed in Table S1.

LC-MS/MS parameters. Protein eluted from coimmunoprecipitation experiments was quantified
with the Qubit protein assay kit (no. Q33211) using a Qubit 2.0 fluorimeter. Each sample was then
normalized to contain the same amount of protein, subjected to trypsin digestion with Pierce MS grade
trypsin protease (90057) using the manufacturer’s protocols, and subsequently dried under vacuum. The
dried samples were dissolved in 4% acetonitrile containing 0.1% formic acid (FA). The tryptic peptide
mixtures were separated on a Thermo Fisher Scientific PepMap 100 C18 column (2 �m; 50 �m by 25 cm)
using an Easy-nLC 1000 ultra-high-pressure liquid chromatograph (LC) and then analyzed on a Thermo
Fisher Scientific Orbitrap Fusion Tribrid mass spectrometer. The peptides were separated over a 100-min
gradient eluted at 300 nl/min with 0.1% FA in water (solvent A) and 0.1% FA in acetonitrile (solvent B)
(3% to 35% B in 100 min, followed by 35% to 93% B over 5 min and holding the 93% B for 10 min). MS1
data were acquired on the Orbitrap with a full-scan method using the following parameters: scan range,
m/z 400 to 1500; Orbitrap resolution, 120,000; AGC target, 2.0 � 105; and maximum injection time,
100 ms. The precursors were selected using monoisotopic peak determination with a charge state of 2
to 7 and filtered by a dynamic exclusion window of 60 s with an intensity threshold of 4.0 � 103. MS2 was
performed on the top 20 data-dependent scans that had been detected in the ion trap and collected
using the following parameters: quadrupole isolation mode, isolation window of 1.6m/z, HCD collision
energy of 35%, AGC of 1.0 � 104, and maximum injection time of 35 ms.

Using Thermo Scientific Proteome Discoverer software (version 2.1), the obtained LC-MS/MS spectra
were searched for matches in a FASTA file of protein sequences generated from UniProtKB/Swiss-Prot
databases of S. meliloti Rm1021 for free-living samples or in a FASTA file that combined S. meliloti Rm1021
and Medicago truncatula protein predictions in the case of nodule samples (52). The searching param-
eters included a maximum missed cleavage of 2, a precursor mass tolerance of 10 ppm, and a
fragmentation mass tolerance of 0.6 Da. The static peptide modification was carbamidomethylation
(�57.021 Da) on cysteine. The dynamic modifications included acetylation (�42.011 Da) on N termini
and lysine, oxidation (�15.995 Da) on methionine and lysine, and phosphorylation (�79.966 Da) on
serine, threonine, and tyrosine. The target false-discovery rates (FDR) for decoy database search were 1%
for strict and 5% for relaxed.
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