‘Ll amemcan  Journal of
SOCIETY FOR ; ®
3 MICROBIOLOGY Bacterlology

RESEARCH ARTICLE

L)

Check for
updates

Lon Protease Removes Excess Signal Recognition Particle

Protein in Escherichia coli

Beate Sauerbrei,® Jan Arends,® Danja Schiinemann,® ©’Franz Narberhaus?

@Microbial Biology, Ruhr University Bochum, Bochum, Germany
bMolecular Biology of Plant Organelles, Ruhr University Bochum, Bochum, Germany

ABSTRACT Correct targeting of membrane proteins is essential for membrane in-
tegrity, cell physiology, and viability. Cotranslational targeting depends on the uni-
versally conserved signal recognition particle (SRP), which is a ribonucleoprotein
complex comprised of the protein component Ffh and the 4.5S RNA in Escherichia
coli. About 25 years ago it was reported that Ffh is an unstable protein, but the un-
derlying mechanism has never been explored. Here, we show that Lon is the pri-
mary protease responsible for adjusting the cellular Ffh level. When overproduced,
Ffh is particularly prone to degradation during transition from exponential to sta-
tionary growth and the cellular Ffh amount is lowest in stationary phase. The Ffh
protein consists of two domains, the NG domain, responsible for GTP hydrolysis and
docking to the membrane receptor FtsY, and the RNA-binding M domain. We find
that the NG domain alone is stable, whereas the isolated M domain is degraded.
Consistent with the importance of Lon in this process, the M domain confers syn-
thetic lethality to the lon mutant. The Ffh homolog from the model plant Arabidop-
sis thaliana, which forms a protein-protein complex rather than a protein-RNA com-
plex, is stable, suggesting that the RNA-binding ability residing in the M domain of
E. coli Ffh is important for proteolysis. Our results support a model in which excess
Ffh not bound to 4.5S RNA is subjected to proteolysis until an appropriate Ffh con-
centration is reached. The differential proteolysis adjusts Ffh levels to the cellular de-
mand and maintains cotranslational protein transport and membrane integrity.

IMPORTANCE Since one-third of all bacterial proteins reside outside the cytoplasm,
protein targeting to the appropriate address is an essential process. Cotranslational
targeting to the membrane relies on the signal recognition particle (SRP), which is a
protein-RNA complex in bacteria. We report that the protein component Ffh is a
substrate of the Lon protease. Regulated proteolysis of Ffh provides a simple mecha-
nism to adjust the concentration of the essential protein to the cellular demand.
This is important because elevated or depleted SRP levels negatively impact protein
targeting and bacterial fitness.

KEYWORDS proteolysis, SRP, protein targeting, heat shock protein, Lon protease,
heat shock

acteria employ several protein transport systems in parallel to target a large

amount of extracytoplasmic proteins to their appropriate destinations (1). Cotrans-
lational targeting of nascent proteins to the membrane has the advantage of protecting
the growing polypeptide chain from misfolding and aggregation while it travels from
the cytoplasm to the membrane. A key component of cotranslational targeting is the
signal recognition particle (SRP), which is found in all domains of life (2, 3). In bacteria,
it is a ribonucleoprotein composed of the universally conserved protein component Ffh
(fifty-four-homolog) and an RNA component, such as the 4.5S RNA in Escherichia coli.
Ffh contains two functional domains, the NG domain at the N-terminal end that is
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followed by the M domain. The methionine-rich M domain recognizes the signal
peptide of the nascent polypeptide emerging from the ribosome and interacts with the
RNA component. The NG domain has an intrinsic GTPase activity and interacts with the
homologous NG domain of the membrane receptor called FtsY. The 4.5S RNA accel-
erates SRP/FtsY complex formation and stimulates the GTPase activity of the complex,
which results in dissociation of the complex and release of the nascent chain to the
translocon machinery in the bacterial membrane (3, 4).

The SRP composition has undergone profound changes during evolution. In most
cases it is a ribonucleoprotein, although the size and composition of the complex varies
widely across species. A remarkable exception is the chloroplast SRP (cpSRP) of higher
plants, for example in the model plant Arabidopsis thaliana. The M domain of the Ffh
homolog cpSRP54 lost RNA-binding ability and an RNA component is absent in
Arabidopsis (5-7). Instead, cpSRP54 acts as protein-only particle and exists in two
distinct pools with different functionalities. Associated with ribosomes, it mediates
cotranslational targeting of central plastid-encoded photosynthetic proteins to the
thylakoid membrane. In complex with the chloroplast-specific cpSRP43 protein, it is
responsible for posttranslational targeting of nuclear-encoded light harvesting proteins
(8, 9). Evolutionary intermediate SRP variants exist in chloroplasts of lower plants, for
example in the moss Physcomitrella patens. This species contains cpSRP43 as well as an
RNA component with a large apical loop and relatively weak affinity for cpSRP54 (8, 10).

A principle limitation of cotranslational protein targeting is the slow translation rate
of the ribosome and the low concentration of the secretion machinery involved (4, 11).
In comparison to the ribosomes, the SRP complex is largely stoichiometrically under-
represented. In E. coli, there are roughly one Ffh and four 4.5S RNA molecules per 100
ribosomes (12, 13). To maintain efficient protein targeting, it is therefore crucial that
free SRP complexes rapidly reassociate with translating ribosomes. Although the num-
ber of SRP particles seems critically low, even lower levels can be tolerated (14, 15).
After 2 h of depletion of ffh expression, cells still contained a considerable amount of
SRP and the Ffh levels were kept at about 1% of the amount in control cells even after
prolonged depletion (16). This finding suggested homeostatic control mechanisms that
operate to maintain a certain threshold of SRP in the cell. Among the consequences of
SRP depletion is the slowdown of membrane protein biogenesis, as well as protein
misfolding and aggregation accompanied by the induction of the heat shock response
(15, 16). Interestingly, an excess of Ffh can also be deleterious because it selectively
inhibits the expression of membrane proteins (17). All these results suggest that cells
balance the amount of SRP by removing surplus Ffh on the one hand and by
maintaining a critical level of this essential protein on the other hand. It is thus not
surprising that it was reported a long time ago that free Ffh is prone to proteolysis with
a half-life of about 20 min (12). The question of which protease is responsible for Ffh
turnover has never been addressed and this information gap was the motivation of our
study.

There are five ATP-fueled proteases in E. coli, namely, FtsH, Lon, CIpAP, ClpXP, and
HslUV, which have numerous functions in protein quality control and regulated pro-
teolysis (18-21). FtsH is a membrane-anchored protease (22). It is the only essential
protease in E. coli due to its regulatory function in lipopolysaccharide (LPS) biosynthesis
(23). The remaining proteases are cytoplasmic. Lon is responsible for clearance of more
than 50% of all misfolded proteins (24). Apart from this considerable role in protein
quality management, it has numerous regulatory functions, including roles in stress
responses, metal homeostasis, biofilm formation, virulence, and persister cell formation
(25). In line with this broad functionality, the Lon protease has a promiscuous substrate
repertoire rather than a universal recognition motif. It recognizes either stably folded
proteins with special recognition tags or unfolded polypeptides with accessible hydro-
phobic residues that are otherwise buried in the native structure (26). ClpP-type
proteases also are important for the removal of misfolded proteins and for regulatory
purposes. They are composed of proteolytic rings of ClpP subunits associated with rings
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FIG 1 Stability of different Ffh variants at different growth phases. Protein stability was analyzed throughout all growth phases. Subcultures for half-life
determination were taken at the indicated growth phases (I to V). Translation was stopped by the addition of 300 ng/ml spectinomycin (Sp) and samples were
taken at the time points indicated. After SDS-PAGE, Western transfer, and immunodetection, protein half-lives (t;,,) and standard deviations were calculated
from three biological replicates. The ffh and ffs genes code for the Ffh protein and 4.5S RNA, respectively. (A) Plasmid-encoded Hisg-Ffh (pBO3630) was induced
by adding 50 ng/ul anhydrotetracycline hydrochloride (AHT) for 30 min in cultures grown at 37°C and detected by penta-His—-HRP conjugate. (B) Half-lives of
the plasmid-encoded temperature-sensitive Ffht338P M347T yariant (pSKPP10) were determined in E. coli SKP1101 at 30°C. (C) Stability of chromosomally encoded

Ffh was analyzed at 37°C. Ffh and Ffht338P M347T were detected by monoclonal anti-Ffh antibody.

of the ATPase subunits ClpX or ClpA, which are responsible for substrate recognition
and delivery (27).

The substrates of all these proteases are difficult to predict and their identification
requires experimentation, such as substrate-trapping approaches (28). In previous work,
we found Ffh trapped with an inactive variant of the FtsH protease (29). The protein
(derived from an expression plasmid from the ASKA collection) (30) was degraded both
in an E. coli wild-type strain and ftsH mutant, suggesting that not FtsH but another
protease was responsible for Ffh proteolysis. In this study, we set out to clarify which
protease is responsible for Ffh degradation and which region of Ffh is recognized. We
report that Ffh stability is differentially regulated and that Lon is the primary Ffh-
degrading protease. We also show that the M domain of Ffh is necessary for degrada-
tion and that it induces synthetic lethality in the lon mutant. We conclude that the M
domain is a multipurpose hub able to interact with various partners and thereby
directing Ffh to different fates.

RESULTS

Plasmid-derived Ffh is subject to growth phase-dependent proteolysis. The
previously reported half-life of overproduced free Ffh (20 min) was determined at a
single time point in exponential phase (12). For a more comprehensive picture, we
monitored Ffh stability along the entire growth curve (Fig. 1). Samples for stability
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measurements were taken in early (I), mid (Il), and late (lll) exponential-growth phases,
as well as in early (IV) and late (V) stationary-growth phases. To analyze the stability of
plasmid-encoded His,-Ffh, gene expression was induced by anhydrotetracycline hy-
drochloride (AHT) for 30 min prior to translation inhibition. The plasmid-derived
Ffh338P M347T variant with low RNA-binding capacity and the chromosome-encoded
Ffh did not require external inducers. In all cases, translation was stopped by the
addition of spectinomycin (Sp) and samples were taken and prepared for SDS-PAGE
and Western transfer.

The half-life (t, ,) of plasmid-derived Hiss-Ffh produced in E. coli MC4100 cells grown
at 37°C varied greatly with the growth phase (Fig. 1A). The protein was very stable in
early exponential-growth phase (t,, of almost 2 h), but rapidly degraded in late-
exponential- and early-stationary-growth phase with half-lives around 15 min before
stability increased again toward late stationary phase. These results are consistent with
previous pulse-chase experiments showing half-lives of approximately 20 min in
exponential-growth phase (12), but go beyond them in revealing growth-phase mod-
ulated turnover of the SRP protein.

Since several studies have suggested that the RNA-binding capacity of Ffh
influences its stability (12, 31), we analyzed the growth-phase related stability of a
temperature-sensitive Ffh variant carrying point mutations in the M domain that
reduce the affinity to 4.5S RNA and render it more unstable than the wild-type
protein (32). Ffhl338P M347T was constitutively expressed from a medium-copy-
number plasmid in an ffh mutant strain viable at 30°C. The Ffh variant was indeed
degraded much faster than wild-type His,-Ffh during the early and mid phases of
exponential growth but likewise stabilized toward stationary phase (Fig. 1B).

Finally, we assayed whether chromosomally encoded Ffh is subject to proteolysis
over the entire growth range and found that it is barely degraded in early and
mid-exponential-growth phases (t,,, of around 1.5 h), and fully stable with half-lives of
more than 2 h in later growth phases (Fig. 1D). We conclude that Ffh is particularly
prone to degradation when it is overabundant in the cell.

Lon is the primary protease responsible for Ffh degradation. Since the identity
of the protease(s) responsible for Ffh degradation is not known, we monitored the
stability of plasmid-derived His,-Ffh throughout the growth curve in various protease-
deficient E. coli strains and their corresponding parental strains. The growth phase-
dependent degradation pattern described above for E. coli MC4100 (Fig. 1A and graphic
representation in Fig. 2) was similar in all E. coli wild-type strains (MG1655, W3110, and
BW25113) (see Fig. S1 in the supplemental material). As observed previously (29), Ffh
is still degraded in the AftsH strain, which grows poorly since the membrane-anchored
FtsH protease is essential because of its role in LPS biosynthesis. The strain is viable only
at low temperatures and in the presence of a suppressor mutation in the phospholipid
biosynthesis pathway (23, 33). In the hs/UV and clpP mutants, Ffh degradation resem-
bled the wild-type pattern in being stabilized in early exponential (I) and late stationary
(V) phase and being degraded in the intermediate growth phases (Fig. 2). These results
indicate that the cytosolic HsIUV and CIpAP or ClpXP proteases do not play a major role
in Ffh turnover. In the lon deletion strain, however, Ffh was considerably stabilized in
all tested growth phases. Even in mid-exponential phase (lll), the half-life was around
1 h instead of 15 to 20 min in the wild-type (Fig. TA). Since Ffh was not completely
stable in the lon mutant, we used a strain lacking the nonessential cytosolic proteases
Lon, ClpAP/XP, and HslUV because it is known that E. coli proteases share some of their
substrates. Ffh was about 1.5- to 2-fold more stable in the triple mutant than in the Alon
background alone (Fig. 2), demonstrating that Ffh degradation is primarily executed by
the Lon protease and that ClpAP, ClpXP, and HslUV play a minor role as a backup
system.

The amount of chromosome-encoded Ffh is modulated during bacterial
growth. Having determined the growth phase-dependent half-lives of Ffh, we won-
dered whether its steady-state levels fluctuate during growth. First, the relative
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FIG 2 Stability of plasmid-derived His,-Ffh in protease-deficient E. coli strains. The half-life of plasmid-derived Hisg-Ffh in the
wild-type MC4100 (data from Fig. 1A) and in the AftsH, AhsIUV, AclpP, Alon, and Alon AhsIUV AclpP strains was measured as

described in the legend to Fig. 1. Standard deviations derive from three biological replicates.

amounts of chromosomally encoded Lon and Ffh were compared in E. coli MC4100 (Fig.
3) from samples taken in growth phases | to V (Fig. TA). Protein amounts measured by
Western blotting were calculated relative to the amount in exponential-growth phase
(1), which was set to 100%. The cellular amount of the Lon protease stayed almost
constant throughout all growth phases (Fig. 3A). In contrast, the Ffh amount was
highest during early exponential growth and then gradually decreased to about 30% in
the subsequent growth phases (Fig. 3B). This results shows that the cellular Ffh levels
are adjusted to the growth phase. In the Alon mutant, the Ffh amount decreased only
to about 65%, consistent with the major contribution of the Lon protease to intracel-
lular Ffh modulation.

The Lon-mediated depletion of Ffh levels was much more evident when Hisg-Ffh
was produced (Fig. 3C). Compared to endogenous Ffh, the Hiss-Ffh levels were more
than 20-fold higher in MC4100 and more than 30-fold higher in the Alon mutant in
growth phase I. During growth, excess Hisg-Ffh was rapidly removed in MC4100 and
reached a final concentration only about 3-fold higher than endogenous Ffh in late
stationary-growth phase (V). In contrast, degradation of Hisg-Ffh in the Jon mutant was
much less efficient and left a 15-fold excess of Hiss-Ffh compared to endogenous Ffh.

Overall, these results show that the cellular Ffh amount is highly dynamic and
adjusted by regulated proteolysis. Overproduced SRP protein was most abundant (Fig.
3) and most stable (Fig. 1) in the beginning of exponential phase when growth starts
to accelerate and the demand for membrane protein targeting is high. Rapid proteol-
ysis at late exponential and early stationary phase with half-lives in the 15 min range
depleted the Hiss-Ffh concentration to almost physiological levels. Stabilization of the
protein in late exponential phase (Fig. 1) is probably necessary to avoid reaching
concentrations that are too low. Interestingly, Ffh levels were always reduced toward
stationary phase, i.e., when protein biosynthesis slows down, regardless of whether Ffh
was chromosome or plasmid encoded (Fig. 3B and C), suggesting that the cell closely
monitors and balances the Ffh concentration in response to the physiological demand.

The M domain of Ffh is the target of the Lon protease. Next, we wanted to
determine which Ffh region the Lon protease recognizes. The Ffh protein can be
divided into two functional domains, the N-terminal NG domain and the C-terminal M
domain. The methionine-rich M domain binds signal sequences of nascent proteins at
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FIG 3 Cellular amounts of Lon and Ffh during growth. The relative protein amounts were analyzed by quantitative Western blot
analysis. Samples were taken at defined time points of bacterial growth (I to V) as shown in Fig. 1. (A) The cellular Lon amount in E.
coli MC4100 was immunologically detected with an anti-Lon antibody. (B) The cellular Ffh (cFfh) amount in MC4100 and Alon was
determined by a monoclonal anti-Ffh antibody. (C) The expression of plasmid-encoded His,-Ffh was induced by addition of 50 ng/ul
AHT for 30 min and the protein was detected by a monoclonal anti-Ffh antibody. Quantification is based on three biological replicates
and the samples of cellular Ffh or Lon in phase | were set to 100%. A section of a Coomassie-stained SDS gel at about 70 kDa is shown

as loading control.

the ribosome and interacts with the 4.5S RNA (Fig. 4A), whereas the GTPase-harboring
NG domain interacts with the membrane-anchored SRP receptor FtsY. We analyzed the
stability of the isolated Ffh domains in E. coli strain MC4100 by in vivo degradation
experiments at different growth phases (Fig. 4B). Each domain was produced as an
N-terminally His,-tagged variant from plasmids with an AHT-inducible promoter.
His-NG was a completely stable protein with half-lives longer than 2 h (Fig. 4C). In
contrast, His,-M was prone to proteolysis and degraded under all conditions, with
half-lives between 20 and 50 min (Fig. 4D). Like the full-length protein, the stability of
the M domain was highest in phase I. Stabilization toward late stationary phase was not
observed with the domain alone. Repeatedly, the protein was not detectable at all in
this growth phase. Overall, the separation of Ffh into its two functional domains
suggests that the M domain rather than the NG domain is responsible for proteolysis.

The E. coli M domain induces a lethal phenotype in the lon mutant. During our
attempts to confirm that the Lon protease is responsible for proteolysis of the M
domain, we made an unexpected observation. Despite repeated attempts, we were
unable to transform plasmids expressing the M domain into the lon mutant. To further
investigate this synthetic lethal phenotype, we determined the transformation frequen-

cies of various Ffh constructs in E. coli wild type and the Jon mutant.

All plasmids encoding the His,-tagged variants of Ffh or the NG or M domains (Fig.
5A) were transformable into E. coli strain MC4100. Plating efficiencies were comparable
for the empty vector control (His,-EV) and the plasmid encoding the NG domain and
about 2-fold lower for the plasmid encoding full-length Ffh (Fig. 5B). Colonies were also
obtained with the M domain-encoding plasmid, although the transformation efficiency
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FIG 4 Stability of the NG and M domains of Ffh. (A) Schematic illustration of E. coli SRP composed of the Ffh protein and
the 4.55 RNA. The N, G, and M domains from the N to C terminus are indicated; sym and asym in the 4.55 RNA denote
the symmetric and asymmetric loop, respectively. (B) Growth curves of E. coli MC4100 producing plasmid-encoded
His-tagged NG or M domains. Subcultures for half-life determination were taken at the indicated growth phases (I to V).
The stability of the NG domain (C) and M domain (D) was determined by Western blotting as described for the His-tagged
full-length protein in Fig. 1. Half-lives and standard deviations were calculated from at least three biological replicates
except for samples IV and V in panel D, for which protein bands were not detectable in the late growth phases in several

replicates.

was about 1,500 times lower than the empty vector. Microscopic inspection of the cell
morphology of plasmid-carrying MC4100 cells in exponential- and stationary-growth
phases revealed a normal appearance of bacteria with the empty vector or producing
full-length Ffh or its NG domain (Fig. 5G). In contrast and indicative of severe growth
defects, cells with the plasmid-encoded M domain were elongated in exponential
phase and filamentous in stationary phase.

Transformation efficiencies in the Alon strain were generally about 3-fold lower than
in MC4100 (Fig. 5C). Nonetheless, Hisg-EV-, Hisg-Ffh-, and the Hisg-NG-encoding plas-
mids were easily transformable. In contrast, numerous attempts to transform the M
domain-encoding plasmid into the /on mutant failed, suggesting synthetic lethality of
the M domain in the absence of the Lon protease.

A single colony was obtained in one of the multiple transformation experiments of
the M domain plasmid into the Alon strain. Sequencing of the insert of the plasmid
from this clone provided insights into the region responsible for the lethal phenotype.
The plasmid carried a large deletion covering the region for amino acids (aa) 388 to 453,
in which the RNA-binding motif of the M domain (aa 382 to 407) is located. Apparently,
the inactivated RNA-binding motif was able to reverse the lethality of the M domain in
the lon mutant.

To investigate whether the lethality induced by the M domain can be blocked by the
presence of additional N- or C-terminal domains that might induce conformational or
functional changes of the M domain, we tested constructs of a bacterial one-hybrid
system initially established as an approach to screen for protease inhibitors (34) and
previously used to screen for proteolysis-resistant variants of the heat shock sigma
factor RpoH (35). In this system, a gene or gene fragment of interest is flanked by the
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FIG 5 Transformation efficiencies of plasmid-encoded Ffh and its functional domains. Transformation efficiencies were
determined for Ffh and its functional domains, NG or M domain, as His tag constructs or one-hybrid constructs. (A) Hisg
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a tet promoter (P,.,). (B and C) Transformation efficiencies were determined for His, tag constructs in the E. coli MC4100
strain (B) and Alon mutant (C). (D) Plasmids of the one-hybrid constructs encoding the T25 and T18 domains of the
adenylate cyclase cyaA from B. pertussis and the corresponding gene sequence was cloned between both domains under
the control of a lac promoter (P,,.). Transformation efficiencies of the one-hybrid constructs were also determined in the
E. coli MC4100 strain (E) and Alon mutant (F). (G) Light microscopy of E. coli MC4100 carrying His, tag constructs. Cells
transformed with the empty vector (EV), plasmid-encoded Ffh, plasmid-encoded NG domain, or plasmid-encoded M
domain were grown to exponential- or stationary-growth phase prior to light microscopy at 100-fold magnification. The
scale bars correspond to 5 um.
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FIG 6 Transformation efficiencies of plasmid-encoded Arabidopsis cpSRP54 protein or its M domain into E. coli

strain MC4100 or the Alon mutant. (A) The chloroplast SRP complex from A. thaliana consists of two

protein

components, the highly conserved cpSRP54 and the additional cpSRP43. (B and C) Transformation efficiencies are
shown for plasmid-encoded His,-tagged full-length cpSRP54 (His,-cpSRP54) (B) or its M domain (Hiss-M54) (C). The
constructs were cloned as shown in Fig. 5A. For each construct and strain the corresponding empty vector (EV) was

used as a control. Transformation efficiencies were calculated from three independent experiments.

open reading frames of the T25 and T18 domains of the adenylate cyclase from
Bordetella pertussis (Fig. 5D). When the M domain was encoded in this context, the
plasmid could be transformed with almost equal efficiency as the other plasmids into
E. coli MC4100 (Fig. 5E). Interestingly, the T25-M domain-T18 fusion construct could also
be transformed into the lon mutant almost as efficiently as the other constructs (Fig. 5F)
and the cells were normal in length and morphology (data not shown).

To corroborate that an intact RNA-binding motif is responsible for the lethal
phenotype in the E. coli lon mutant, we used the Arabidopsis cpSRP54 protein, a natural
variant without RNA-binding capacity (see below). Instead of an RNA component, the
M domain of cpSRP54 interacts with a protein partner called cpSRP43 (Fig. 6A). We
determined the transformation efficiencies of plasmid-encoded Hisg-cpSRP54 (the full-
length protein) and Hisg-M54 (the M domain of cpSRP54) in MC4100 and Alon. Plating
efficiencies of both constructs into MC4100 were comparable to those of the full-length
E. coli Ffh construct (Fig. 6B, compare with Fig. 5B). A remarkable difference was
observed in the Alon strain (Fig. 6C). Here, it was possible to transform the His,-M54
plasmid with equal efficiency as the plasmid coding for the full-length protein. This
result further supports the hypothesis that an intact RNA-binding motif in the M
domain induces the lethality in the lon mutant.

RNA-binding capacity is necessary for Ffh degradation. Our combined results
suggested that the M domain is responsible for Ffh degradation and that it is toxic in
the absence of the Lon protease when it has a functional RNA-binding region. To
further address whether an intact RNA-binding motif is necessary for Lon-mediated
degradation, we followed two strategies as follows: (i) we introduced point mutations
into the RNA-binding region of E. coli Ffh and (ii) we used the Arabidopsis cpSRP54
protein, a natural variant without RNA-binding capacity.

For the first strategy, we introduced point mutations in E. coli Ffh leading to amino
acid exchanges in S382, G405, and C406 (Fig. 7A and B). These residues are directly
involved in RNA binding (36). The His-Ffh variants S382V or C406S had no influence on
the growth phase-dependent degradation pattern in E. coli MC4100 (Fig. S2). These
variants had short half-lives in the intermediate growth phases and were stable in early
exponential and late stationary phase. The half-lives of the double mutant in phases Il
to IV were slightly higher than in the single mutants, but the overall pattern resembled
that of the wild-type protein (Fig. 2). In contrast, exchanges at position G405 led to
more stable proteins (Fig. S2), suggesting that Ffh residue G405 is involved in recog-
nition by the Lon protease. We interpret these results cautiously because the G405
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FIG 7 Point mutations in the M domain impact degradation of the SRP protein. (A) Domain arrangement of the
E. coli Ffh protein. The G domain contains four conserved GTP-binding motifs (I, II, I, and IV). The helix-turn-helix
motif (HTH) in the C-terminal M domain is responsible for 4.55 RNA-binding. (B) Schematic overview of the
organization of the E. coli M domain (aa 296 to 453). The HTH consists of four helices. The RNA-binding motif is
located between amino acids 382 to 407. Asterisks in the alignment mark conserved amino acids. The indicated
point mutations S382V, G405D, and C406S (red) are responsible for the loss of RNA binding in cpSRP54 from A.
thaliana. The protein model showing the RNA-binding of E. coli Ffh was generated based on the structural analysis
(PDB ID: 2XXA) by Ataide et al. (63). (C and D) Stability of cpSRP54 from A. thaliana was determined by in vivo
degradation experiments as described in Materials and Methods.

variants tended to be insoluble. Therefore, we employed an independent line of
evidence to show an involvement of the RNA-binding region in Ffh turnover and
exploited a natural Ffh variant without RNA-binding activity. The cpSRP protein from A.
thaliana shows high sequence similarity to E. coli Ffh but lacks RNA-binding ability due
to two amino acid substitutions in the RNA-binding domain where the SM---GXG motifs
are exchanged to VM---DXG (Fig. 7B) (37). We found that cpSRP54 is a poor protease
substrate in E. coli (Fig. 7C and D). It was degraded slowly in early growth phases
(half-life between 70 and 80 min) and even more stable later on. Thus, the growth
phase-dependent degradation as described for E. coli Ffh does not apply to chloroplast
SRP54.

DISCUSSION

Although cotranslational delivery of inner membrane proteins is an essential pro-
cess, E. coli tolerates large variations in SRP levels without dramatic effects on viability
of the cell (14, 15). Nonetheless, the SRP amount in the cell must be calibrated because

July 2020 Volume 202 Issue 14 e00161-20

Journal of Bacteriology

jb.asm.org 10


http://www.rcsb.org/pdb/explore/explore.do?structureId=2XXA
https://jb.asm.org

Lon Protease Removes SRP Protein Surplus

severe depletion of either Ffh or the 4.55 RNA have profound effects on membrane
protein homeostasis (16, 38). Our results show that the Lon protease balances the
cellular Ffh levels and that the M domain is the target of proteolysis.

Interplay between the Lon and FtsH proteases. Our initial motivation to look into
the proteolysis of Ffh was the recent finding that the protein was associated with an
inactive FtsH variant in an in vivo substrate-trapping approach (29). It was therefore
plausible to believe that FtsH is the protease responsible for the previously reported
instability of free Ffh (12). Instead of FtsH, we report here that Lon is the primary
protease for Ffh degradation. The HslUV and ClpXP/AP systems may join in as backup
systems. Such substrate sharing with different preferences among the proteases is a
well-established phenomenon. For example, the zinc-responsive transcription factor
ZntR is degraded by Lon and ClpXP (39). The related copper efflux regulator CueR is
primarily a Lon substrate but also moderately stabilized in the c/pP mutant (40). Quality
control pathways also heavily rely on substrate sharing, with the goal to remove
aberrant and mislocalized proteins efficiently. For example, SsrA-tagged proteins, which
are marked for degradation by the trans-translation system, are directed toward ClpXP,
ClpAP, FtsH, and Lon (41-43).

It remains an open question why Ffh was found in a substrate-trapping approach
with FtsH but not with Lon (29, 44). A possible explanation is the close connection
between protein translocation and the heat shock response. In E. coli, regulation of the
heat shock response depends on the sigma factor ¢32 (RpoH), which associates with the
RNA polymerase to initiate transcription of heat shock genes. Adjustment of the cellular
RpoH level occurs at the transcriptional, translational, and posttranslational levels (45).
The activity and abundance of RpoH is controlled by a homeostatic control mechanism,
making sure that the sigma factor is inactive and eliminated when the demand for
chaperones and proteases is low. This feedback process involves the chaperone sys-
tems DnaK/Dnal/GrpE and GroEL/ES and the FtsH protease (46-48). In the absence of
stress, the chaperones titrate the sigma factor away from the RNA polymerase and
deliver it to FtsH. The proteases Lon, HslUV, and ClpXP can compensate for FtsH to
some extent, providing another example of substrate sharing (49, 50). The accumula-
tion of misfolded proteins under stress conditions occupies the chaperone machineries
and releases RpoH for interaction with the RNA polymerase. The RpoH region respon-
sible for targeting it to FtsH is region 2.1 and several point mutations in this region
stabilize the sigma factor (35, 51). In the context of this study, it is interesting that this
homeostatic control region in RpoH is able to interact with the M domain of Ffh. In turn,
SRP directs the heat shock sigma factor to the inner membrane via the FtsY receptor for
FtsH-dependent proteolysis (52, 53). Since approximately 50% of cellular RpoH is
associated with the inner membrane (52), it is plausible that trapping of Ffh by FtsH was
due to the protein-protein interaction network between Ffh, RpoH, and FtsH.

Based on this and previous studies, it emerges that the secretory pathway in E. coli
is under close surveillance by the FtsH and Lon proteases. While Ffh is a substrate of
Lon, several subunits of the Sec translocon are FtsH substrates (Fig. 8). The core Sec
translocon formed by the membrane-spanning SecYEG complex mediates the insertion
of inner membrane proteins and the transport of proteins across the inner membrane.
Two proteins of the heterotrimeric complex are subjected to FtsH-mediated proteolysis.
SecY is degraded when it is not assembled with SecE (29, 54, 55). SecE is another Sec
protein stabilized in an ftsH mutant, whereas SecG is not (56). Among the auxiliary
proteins, SecD was also found to be an FtsH substrate, whereas YidC was not (29).

Ffh proteolysis correlates with the cellular demand. Consistent with a previous
report (12), we find that the half-life of over-overproduced Ffh is around 20 min in
exponential growth phase. Tracking the half-life (Fig. 1) and steady-state level (Fig. 3)
of Ffh over the entire growth curve provided interesting insights into the variability of
Ffh proteolysis. The high concentration and stability of Ffh at the very early growth
phase is counteracted thereafter by accelerated degradation, which removes excess Ffh
until only slightly elevated levels have been reached. The increase in Ffh stability in
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FIG 8 ATP-dependent proteolysis in protein translocation. The Sec translocon consists of the core
proteins SecYEG and the ancillary proteins SecD, SecF, YajC, and YidC mediating protein translocation in
or across the inner membrane. As part of protein quality control, the membrane proteins SecY, SecE, and
SecD (in bold) are subjected to FtsH-dependent proteolysis. This study shows that the Lon protease
controls the cotranslational protein-targeting pathway by degrading Ffh, the protein component of the
signal recognition particle (SRP complex).

stationary phase might prevent it from dropping to levels too low for maintaining
membrane homeostasis.

How is this growth-phase dependent process controlled? The most likely explana-
tion already proposed by Jensen and Pedersen in 1994 is that Ffh is unstable when its
concentration exceeds that of the 4.55 RNA (12). The principal function of the Lon
protease, then, is to eliminate the pool of free, nonfunctional Ffh. Consistent with the
previously reported 4-fold molar excess of 4.55 RNA to Ffh protein, which does not
seem to fluctuate much through the curve (see Fig. S3 in the supplemental data), we
found that the amount of overexpressed Ffh protein did not drop below a roughly
3-fold excess of the chromosomally provided Ffh. It thus appears that one function of
the 4.5S RNA is to protect Ffh from proteolytic attack in order to maintain a sufficient
amount of functional SRP in the cell.

Apart from Ffh, several other E. coli proteins are controlled by proteolysis to meet
the acute cellular demand. For instance, LpxC, an essential enzyme catalyzing the first
committed enzyme in lipopolysaccharide biosynthesis, is degraded by FtsH during slow
growth when continued LPS production would be detrimental (57). YfgM, an ancillary
SecYEG translocon subunit (58) and a negative regulator of the RcsB-dependent stress
response, is degraded in stationary phase by FtsH to relieve inhibition of the stress
response pathway and permit adaptation (59, 60). The reverse is true for the DNA
replication inhibitor CspD. To adjust replication to the growth status, the Lon protease
degrades CspD in fast-growing cells when rapid DNA replication is required, but leaves
it intact in poorly growing cells (61). Hence, the growth phase-controlled proteolysis of
Ffh adds a new example to the list of proteins that are removed when they are in excess
and/or detrimental to growth under the prevailing condition.

The M domain is a multifunctional hub that determines the fate of Ffh. A
separate analysis of the two subdomains of Ffh revealed that the M domain but not the
NG domain is the target of proteolysis. This assigns yet another function to the M
domain, which serves as a hub for various ligands and thereby routes Ffh toward
different pathways. In total, the M domain has at least four potential interaction
partners: the 4.5S RNA, the signal peptide of the nascent polypeptide, the heat shock
sigma factor RpoH, and the Lon protease. Association with the 4.5S RNA and the signal
peptide directs a membrane protein to the SRP receptor FtsY via interaction with the
NG domain of Ffh. Apart from this canonical SRP function, the M domain is crucial for
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two alternative pathways. As described above, an interaction with RpoH transports the
transcription factor to the membrane where it is degraded by the membrane-anchored
FtsH protease.

The new functionality discovered in this study is the role of the M domain in
proteolytic Ffh turnover by the Lon protease. The M domain must be removed from the
cell because it inhibits the expression of membrane proteins (17). A growth defect
associated with the production of the M domain was clearly visible in MC4100 wild-type
cells, which formed elongated filaments (Fig. 5G). The lon mutant did not even tolerate
transformation of the M domain-encoding plasmid without inducer. This synthetic
lethality was overcome in several ways: (i) when the RNA-binding region was destroyed
in a mutant that we obtained fortuitously; (i) when the M domain was blocked in a
one-hybrid construct; (iii) when critical residues in the RNA-binding domain were
exchanged; and (iv) when a natural non-RNA-binding Ffh homolog from Arabidopsis
was used. These four lines of evidence support that Lon is the protease responsible for
degradation of not only full-length Ffh but also the isolated M domain.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. All bacterial strains, vectors, and plasmids used in this study
are listed in Tables S1, S2, and S3, respectively, in the supplemental data. Oligonucleotide sequences
used for PCR and cloning are available upon request. E. coli cultures were grown at the indicated
temperatures either on solid LB agar plates or in liquid LB medium supplemented with appropriate
antibiotics if required (62).

Molecular biology methods. Molecular cloning of appropriate ffh fragments into expression vectors
and site-directed mutagenesis were performed according to standard protocols (62). The correct
sequences of plasmid inserts were validated by Sanger sequencing.

Determination of transformation efficiency. The plating efficiencies after transformation of empty
vectors or plasmids encoding full-length Ffh, its NG domain or M domain, or cpSRP54 from A. thaliana
were determined in E. coli MC4100 and Alon strains. For each construct, 100 ng of plasmid DNA and 100
wul of competent cells were used. After regeneration in 900 ul of liquid LB medium for 60 min at 37°C,
cell suspensions were diluted from 10° to 10~* and 100 ul of each dilution were plated on solid LB agar.
Colonies were counted after incubation at 37°C for 24 h. To calculate transformation efficiencies
([transformants/bacterial titer]/nanogram of DNA), the bacterial titer of the competent MC4100 and Alon
cells was determined after plating of 10° to 10~2 dilutions.

Light microscopy. E. coli cultures were inoculated at 37°C until exponential- and stationary-growth
phases. Eight hundred microliters of a 1.5% agarose solution was applied on microscopy slides. The
bacterial cultures were diluted to an optical density at 580 nm (OD.g,) of about 0.5 and 10 ul were
applied to the prepared slide and covered by a coverslip. Cells were inspected with an Olympus BX51
microscope at 100-fold magnification.

Western blot analysis and in vivo degradation experiments. To determine the stability of cellular
Ffh or recombinant Hiss,-tagged proteins, samples were taken at different growth phases (Fig. 1A) and
subjected to in vivo degradation experiments as described previously for other Lon substrates (44).
Briefly, translation was blocked with spectinomycin (300 ug/ml) and aliquots were taken at different time
points and frozen in liquid nitrogen. Cell pellets were resuspended in TE buffer (10 mM Tris-HCI [pH 8],
1 mM EDTA) according to the OD.g, (100 ul TE buffer per OD,g, = 1) and mixed with protei