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The Escherichia coli UmuD)’ protein is a subunit of the
recently described error-prone DNA polymerase,
pol V. UmuD’ is initially synthesized as an unstable
and mutagenically inactive pro-protein, UmuD. Upon
processing, Umul)’ assumes a relatively stable con-
formation and becomes mutagenically active. While
UmuD and UmuD’ by themselves exist in vivo as
homodimers, when together they preferentially inter-
act to form heterodimers. Quite strikingly, it is in this
context that UmuD’ becomes susceptible to ClpXP-
mediated proteolysis. Here we report a novel targeting
mechanism designed for degrading the mutagenically
active UmuD’ subunit of the UmuD/D’ heterodimer
complex, while leaving the UmuD protein intact.
Surprisingly, a signal that is essential and sufficient
for targeting UmuD’ for degradation was found to
reside on UmuD not UmuD’. UmuD was also shown to
be capable of channeling an excess of UmuD’ to
ClpXP for degradation, thereby providing a mechan-
ism whereby cells can limit error-prone DNA repli-
cation.

Keywords: ATP-dependent protease/degradation signal/
SOS mutagenesis/UmuD

Introduction

The degradation of proteins is known to be an essential
regulatory mechanism vital for biological processes rang-
ing from apoptosis (Cohen, 1997; Grandgirard et al., 1998)
and cell-cycle progression (King et al., 1996) to DNA
repair (Kumar et al., 1999; Tinker-Kulberg and Morgan,
1999). A recurring theme in the degradation of labile
proteins is the involvement of regions near the N- or
C-terminus in protease recognition. For example, one of
the better characterized degradation signals is the peptide
tagging system encoded by Escherichia coli ssrA. This
system functions by identifying stalled ribosomes at the
3’ end of truncated mRNA and attaching an 11 amino acid
peptide (AANDENYALAA) to the C-terminus of the
respective truncated protein (Tu et al., 1995; Keiler et al.,
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1996). Addition of this SstA RNA-dependent peptide tag
allows for the rapid removal of the resulting protein fusion
(Keiler et al., 1996). The ClpXP and CIpAP proteases
were shown to be responsible for the degradation of SsrA-
tagged proteins (Gottesman et al., 1998); moreover, in a
separate study the FtsH protease was also found to be
capable of degrading SsrA-tagged proteins (Herman et al.,
1998). The non-polar nature of the SsrA-tag is essential for
protease recognition (Gottesman et al., 1998), and its
extension from the C-terminus of targeted proteins is
believed to make the SsrA-tag readily accessible to the
respective proteases.

Another well characterized degradation signal is a
component of the bacterial N-end rule degradation path-
way (Tobias et al., 1991). This pathway also illustrates the
importance of tail recognition in targeted proteolysis. The
N-end rule relates the metabolic stability of a protein to
the identity of the N-terminal amino acid. The pathway
was identified by following the stability of engineered
B-galactosidase fusions each exposing a different
N-terminal amino acid. The bacterial N-end rule is
hierarchically organized: primary destabilizing residues
(leucine, phenylalanine, tryptophan and tyrosine) impart
instability while the secondary destabilizing residues,
arginine and lysine, require the activity of the Leu,Phe-
tRNA-protein transferase for the conjugation of the
primary destabilizing residues leucine or phenylalanine
to the N-terminus before degradation occurs. As with the
SsrA-tag, the CIpAP protease is responsible for degrad-
ation of bacterial N-end rule substrates (Tobias et al.,
1991).

As with many temporally expressed systems, the
response to DNA damage involves the rapid induction of
proteins necessary for continued survival, followed by
inactivation of those response proteins no longer required
post-DNA repair. DNA damage in E.coli results in the
expression of a set of unlinked genes necessary for DNA
repair, cell division and damage tolerance that is often
referred to as the ‘SOS-response’ (Radman, 1974). The
prevailing hypothesis is that the SOS response evolved to
ensure that repair of damaged DNA is accomplished with
high fidelity (Friedberg et al., 1995). However, extensive
DNA damage can result in the saturation of the available
error-free repair systems, and cell survival becomes
dependent upon translesion DNA synthesis. Unlike normal
replication, which is highly accurate, synthesis of nascent
DNA opposite normally replication-blocking lesions
catalyzed by the UmuD’,C complex (DNA pol V) (Tang
et al., 1998, 1999, 2000; Woodgate, 1999) is highly error-
prone, resulting in a dramatic increase in the mutation rate
(Kato and Shinoura, 1977). While the advantage of such
error-prone replication is that it ultimately increases the
‘fitness’ of the organism (Radman, 1999), the levels of
both transcriptional and translational regulation employed
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to keep the activity of the Umu proteins to a minimum are
evidence that the cell uses the error-prone pathway only as
a last resort (Koffel-Schwartz ef al., 1996; Woodgate and
Levine, 1996). Post-translational regulation of UmuD and
UmuC is primarily achieved via their degradation by the
Lon protease (Frank et al., 1996a; Gonzalez et al., 1998a).
However, in cells that have incurred DNA damage, some
of the UmuD molecules escape Lon-mediated degradation
and instead are converted by a RecA-mediated self-
cleavage reaction to the mutagenically active UmuD’
protein. Unlike UmuD, UmuD’ is relatively insensitive to
Lon-mediated proteolysis and has a much greater half-life
in vivo (Frank et al., 1996a). Survival of UmuD’ could be
problematic for the cell as it would result in an increased
likelihood that error-prone pol V (UmuD’,C) will replicate
undamaged DNA (Fijalkowska et al., 1997). As a conse-
quence, E.coli appears to have evolved a novel mechanism
for targeting the mutagenically active UmuD’ protein for
proteolysis. UmuD’ is unstable only in the presence of
unprocessed UmuD, and is stabilized in E.coli strains
carrying either a clpX or clpP mutation. We proposed
earlier that UmuD’ becomes a substrate of the ATP-
dependent ClpXP protease when in a heterodimer with
UmuD (Frank et al., 1996a).

In order to elucidate the mechanism of UmuD’ degrad-
ation, we first established that the previously described
in vivo activity of ClpXP on the heterodimer is a direct
interaction of the protease with substrate. We then
identified the N-terminal region of UmuD, not UmuD’,
as a region essential for ClpXP-mediated degradation of
UmuD’ in a heterodimer complex. Furthermore, a 24
amino acid peptide corresponding to the N-terminus of
UmuD was shown to be all that is necessary to target
UmuD’ for degradation by ClpXP. Finally, we demon-
strated that UmuD is capable of shuttling excess UmuD’
towards degradation by ClpXP, offering an explanation as
to how cells return to a high fidelity mode of DNA
replication after repair of DNA damage.

Results

Specificity of UmuD/D’ degradation by the ClpXP
protease

Although both UmuD and UmuD’ can exist as homo-
dimers, when both are present, the heterodimer is formed
(Battista et al., 1990). We previously reported that in vivo
the heterodimer was specifically recognized by ClpXP, yet
ClpXP only degraded UmuD’ (Frank et al., 1996a). We
have now reconstituted this system in vitro, and have
shown that when highly purified UmuD/D’ heterodimer is
incubated with ATP, ClpP and ClpX, UmuD’ is degraded
(Figure 1A). No degradation of UmuD’ was seen when
ClpX was omitted from the reaction (Figure 1A). Under
the conditions used in Figure 1B in which UmuD/D’ was
subsaturating, the degradation rate for UmuD’ was
~0.4 min~! although the maximum degradation rate is
probably several times higher. Remarkably, degradation of
UmuD’ was subunit-specific, with ClpXP having no effect
on the UmuD component of the heterodimer.

Although the role of ClpXP in selective degradation is
well documented, the identification and subsequent bind-
ing of substrate amongst the vast number of stable proteins
in a cell remains unclear. Degradation signals recognized
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Fig. 1. In vitro degradation of UmuD’ in a UmuD/D’ heterodimer
complex by ClpXP. (A) Highly purified UmuD/D’ and ClpP

proteins were incubated at 37°C in the presence or absence of ClpX

as described. An aliquot was removed at the indicated time,
electrophoresed on a 16% SDS—polyacrylamide gel, and visualized
after staining with Coomassie Brilliant Blue. (B) The data were
generated by quantifying the gels described in (A) on a Chemilmager
4000 low-light imaging system. The following decay curves are for the
individual subunits of the heterodimer: (open squares) UmuD’ + ClpX;
(filled squares) UmuD’ — ClpX; (open triangles) UmuD + ClpX; (filled
triangles) UmuD — ClpX.

by ClpXP vary from the non-polar nature of the SsrA-tag
(Gottesman et al., 1998) to the positively charged MuA
C-terminus (Levchenko et al., 1995, 1997). The hetero-
dimer requirement for degradation therefore enabled us to
assess the specificity of the ClpXP protease in vitro. When
UmuD or UmuD’ homodimers were incubated separately
with ClpXP no degradation was observed (Figure 2). Thus,
ClpXP specifically degrades UmuD’ only when it is part of
the heterodimeric complex. These experiments demon-
strate the specificity of CIpXP and show that an otherwise
stable protein can be targeted for degradation through an
association with a protein that is itself insensitive to
proteolysis.

Identification of a region within UmuD that is
necessary to impart ClpXP-mediated sensitivity

to UmuD’

In addressing the question of how UmuD imparts ClpXP
sensitivity to UmuD’, we reasoned that a region unique to
the heterodimer might be essential for efficient degrad-
ation of UmuD’. The only difference in the amino acid
sequence between UmuD and UmuD’ is that UmuD retains
the N-terminal 24 amino acids lacking in UmuD’. This



UmuD UmuD' UmubD/D

{:lp}‘“?:___jL_ =+ = _+
- - - ClpX

= v o= o= = = CpP

== &= UmuD
— T — UmuD’

1004

o =l
(=] o
1 1

% Protein remaining
b
on
1

=
l

UmuD UmuD'" UmuD UmuD’
Homodimers Heterodimer

Fig. 2. Specificity of ClpXP-mediated degradation of UmuD’ in vitro.
(A) Purified UmuD, UmuD’ and UmuD/D’ were individually incubated
with ClpP in the presence or absence of ClpX at 37°C for 1 h. Reaction
mixtures were processed and proteins visualized as described in

Figure 1. (B) Quantitation of ClpXP-mediated degradation of
homodimeric UmuD and UmuD’ and heterodimeric UmuD/D’:

closed bars, —ClpX; open bars, +CIpX. The data were generated by
quantifying the gels described in (A) on a Chemilmager 4000 low-light
imaging system. Heterodimer stability was determined for both UmuD
and UmuD’ subunits.

N-terminal tail is important for both Lon-mediated
degradation of UmuD and its RecA-mediated conversion
to UmuD’ (Gonzalez et al., 1998a). We were therefore
interested in determining whether it might also be
important for UmuD’ degradation. To investigate this
possibility, we used plasmids expressing multiple alanine
mutants within the first 30 amino acids of UmuD
(Figure 3A) (Gonzalez et al., 1998a) and measured the
in vivo accumulation of UmuD’ after RecA-mediated
cleavage of the mutant UmuD protein (Figure 3B). To
ensure that our assay principally monitors ClpXP-
mediated proteolysis, we eliminated two additional levels
of regulation normally imposed on the UmuD protein by
utilizing isogenic AumuDC lexA51(Def) recA730 strains
that differ only in their clpX allele. The lexA51(Def)
mutation allows constitutive expression of LexA-regulated
genes, including umuD, in the absence of DNA damage,
while recA730 is an allele of recA that mediates
constitutive conversion of wild-type UmuD to UmuD’
(Shinagawa et al., 1988). In these strains, the wild-type
UmuD protein was converted to UmuD’ with >95%
efficiency, as was the UmuD9-4 mutant (Figure 3B).
Under these conditions, cleavage of UmuD to UmuD’ is so

ClpXP-mediated degradation of UmuD’
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Fig. 3. Effects of the UmuD multiple alanine mutants on ClpXP-
mediated proteolysis of UmuD’. (A) Areas boxed indicate the multiple
alanine substitutions made within the UmuD N-terminus. The RecA-
mediated posttranslational cleavage site within UmuD is located
between Cys24 and Gly25. (B) Western blot analysis of the ability

of the alanine stretch mutants to undergo RecA-mediated conversion
to UmuD’ cleavage was assayed in isogenic AumuDClexA51(Def)
recA730 strains that differed only in their c/pX allele (RW244-clpX™;
RW582-cipX). These strains constitutively express all LexA-regulated
genes, including the UmuD mutants, and promote the constitutive
cleavage of UmuD in the absence of an inducing signal. Strains were
processed as described in Materials and methods.

efficient that little or no UmuD/D’ heterodimers form, and
as a consequence, there is no in vivo (UmuD/D’) substrate
upon which ClpXP can act. In comparison, conversion of
UmuD26-4 to UmuD’ was obvious only in the clpX
background and not the clpX* cells (Figure 3B). We
believe that these observations can be explained by the fact
that conversion of UmuD26-4 to UmuD’ is greatly reduced
(even in the recA730 background) with the resultant
UmuD’ being ‘trapped’ in a heterodimeric complex with
unconverted UmuD26-4. As the heterodimer is degraded
rapidly by ClpXP, UmuD’ does not accumulate in the
clpX* cells but survives in clpX cells. Interestingly, when
the double mutant UmuD26/9 was expressed, UmuD’
accumulated in both the clp* and clpX background and
was similar to that observed with UmuD26-4 in a clpX
background. Based on these observations, we hypothesize
that the multiple alanine stretch found in UmuD9-4 affects
the ability of CIpXP to recognize the UmuD26-4/D’
heterodimer.

To investigate further the role of the UmuD9-4 mutation
in targeting UmuD’ for degradation by CIpXP, we
constructed low-copy-number vectors that co-express
each individual UmuD multiple alanine mutant in cis
with UmuD’ and measured degradation rates of the
expressed UmuD proteins in a AumuDC lexAS51(Def)
recA™ strain. Unlike recA730 strains, which constitutively
mediate conversion of UmuD to UmuD’, significant
UmuD cleavage only occurs in recA* cells exposed to
DNA damaging agents. As these experiments are per-
formed in the absence of DNA damage, there is no
spontaneous conversion of UmuD to UmuD’ in this
background. As found previously (Frank et al., 1996a),
both subunits of the wild-type heterodimer were labile
(Figure 4A). The stability of the UmuD26-4/D” complex
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Fig. 4. In vivo stability of UmuD’ when expressed in cis with
individual multiple alanine mutants of UmuD. The cultures were
grown at 37°C until early logarithmic growth when 100 pg/ml
chloramphenicol was added to the medium to block protein synthesis.
Aliquots were removed at the times indicated, and whole cell protein
extracts of an equivalent number of cells were electrophoresed on 16%
SDS—polyacrylamide gels and visualized as described in Materials

and methods. (A) The stability of UmuD’ in the presence of the
various UmuD multiple alanine mutants was analyzed by individually
introducing each respective plasmid into the strain EC10 [recA*
lexA51(Def) A(umuDC)-596::ermGT clp*]. (B) Kinetics of UmuD’
degradation when expressed in cis with the following UmuD species:
squares, wild type; circles, UmuD9-4; triangles, UmuD26-4; diamonds,
UmuD26/9. The data were generated by quantifying the gels described
in (A) on a Chemilmager 4000 low-light imaging system.
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mirrored that of the wild-type heterodimer, indicating that
the UmuD26-4 mutant is competent for heterodimer
formation and efficient recognition by the ClpXP protease
(Figure 4A and B). In contrast, both subunits of the
UmuD9-4/D” heterodimer displayed a significant increase
in stability (Figure 4A). The half-life of UmuD’ increased
from ~10 min in the wild-type complex to >60 min in
the UmuD9-4/D’” complex (Figure 4B). ClpXP was also
unable to degrade the UmuD26/9/D’ heterodimer
(Figure 4A and B). These findings confirm that the
UmuD9-4 region of UmuD is required for targeting
UmuD’ for degradation by ClpXP. The stability of the
full-length UmuD species also reflects the preferential
formation of the heterodimeric UmuD9-4/UmuD’ com-
plex in vivo, and the consequent protection of UmuD9-4
from degradation by the Lon protease (Frank et al., 1996a;
Gonzalez et al., 1998a) when UmuD’ is not degraded by
ClpXP.

Characterization of the UmuD9-4/D’ heterodimer
in vitro
To verify the role of the N-terminus of UmuD in
heterodimer formation and stability, we purified the
UmuD9-4 mutant and evaluated its ability to interact
with UmuD’ in vitro. To rule out the possibility that
UmuD9-4 (or UmuD26/9) is simply unable to form
heterodimers and, as a consequence, is unable to target
UmuD’ to ClpXP for proteolysis, we ran samples of
UmuD9-4 alone or pre-incubated with UmuD’ on a native
polyacrylamide gel. The sample of UmuD9-4 migrated as
a dimer much like wild-type UmuD (Figure 5A). When
pre-incubated with UmuD’, UmuD9-4 preferentially inter-
acted with UmuD’, with most of the protein migrating at a
position equivalent to that of the wild-type heterodimer,
and ~5% as a UmuD9-4 homodimer (Figure S5A).
UmuD9-4 appears, therefore, to be as efficient as wild-
type UmuD in forming heterodimers with UmuD’, and
thus we can rule out that the lack of ClpXP-mediated
proteolysis is due to inefficient heterodimer formation.
We next compared the in vitro degradation kinetics of
UmuD’ when complexed to either UmuD or UmuD9-4.
There was little difference in UmuD’ degradation between
heterodimers purified from cells and those formed in vitro
(Figures 1B and 5B). Furthermore, the in vitro degradation
kinetics of the UmuD9-4/D” heterodimer showed a similar
stabilization of UmuD’ to that observed in vivo (Figures
4B and 5B).

The N-terminal 24 amino acids of UmuD is all that
is necessary for targeting UmubD’ for degradation

The N-terminus of UmuD plays an important role in the
regulation of error-prone translesion synthesis. It functions
in targeting UmuD for degradation by the Lon protease
(Gonzalez et al., 1998a), regulates the levels of RecA-
mediated self cleavage of UmuD (McDonald et al., 1998),
and as we demonstrate in this report, it depletes the levels
of UmuD’ during non-inducing conditions. The import-
ance of this region directed us to consider that the
N-terminal 24 amino acids of UmuD might be all that is
necessary to impart ClpXP-mediated degradation on
UmuD’. To test this hypothesis, a 24 amino acid peptide
corresponding to the N-terminus of UmuD was synthe-
sized and pre-incubated with UmuD’ prior to the addition
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Fig. 5. In vitro characterization of the UmuD9-4/D’ heterodimer.

(A) Heterodimerization of UmuD9-4 with UmuD’. UmuD and
UmuD9-4 were each individually incubated with UmuD” at 25°C for
30 min and electrophoresed through a 12% native polyacrylamide gel.
UmuD, UmuD9-4 and UmuD’ were also electrophoresed to determine
mobility of the homodimer species. Visualization of the reactions was
accomplished by staining with Coomassie Brilliant Blue. The UmuD/D’
sample was purified from E.coli as a heterodimer complex (Woodgate
et al., 1989). Migration of the homodimer species and UmuD/D’ is
indicated. Concentrations of the various components are described in
Materials and methods. (B) In vitro stability of UmuD9-4/D” in the
presence of ClpXP. Purified UmuD or UmuD9-4 was incubated in the
presence of UmuD’ at 25°C for 30 min, followed by incubation with
ClpP = CIpX at 37°C for the designated times. Reactions were
stopped with the addition of 4X SDS sample buffer, followed by
freezing in dry ice. Samples were electrophoresed, visualized, and
quantitated as described in Figure 1. Kinetics of degradation are

for UmuD’ in each respective heterodimer. UmuD is unaffected

by ClpXP. Open squares, UmuD/D’ + ClpX; filled squares,

UmuD/D’ — ClpX; open triangles, UmuD9-4/D” + ClpX;

filled triangles, UmuD9-4/D” — ClpX.

of ClpXP and ATP to initiate degradation. At stoichio-
metric levels (10 uM), the peptide was capable of
promoting UmuD’ degradation by ClpXP (Figure 6).
Approximately 40% of the UmuD’ protein is degraded
within 1 h; no increase in degradation was seen at higher
peptide concentrations (Figure 6). In contrast, the peptide
did not stimulate ClpXP activity towards AO or a cI-SsrA
fusion protein (M.Maurizi, unpublished results), indicating
that the peptide-stimulated proteolysis is specific to
UmuD’. Furthermore, the peptide does not appear to result

ClpXP-mediated degradation of UmuD’
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Fig. 6. The role of the N-terminus in ClpXP-mediated degradation of
UmuD’. UmuD (squares) and UmuD9-4 (triangles) peptides, at the
concentrations indicated, were incubated with UmuD’ at 25°C for

30 min, followed by the addition of ClpXP. After addition of ClpXP
the reactions were incubated at 37°C for 1 h and the samples were
electrophoresed on a 16% polyacrylamide gel. Samples were processed,
visualized and quantitated as described in Figure 1. These experiments
reveal that the N-terminal 24 amino acids of UmuD are sufficient to
target UmuD’ for ClpXP-mediated proteolysis.

in the monomerization of UmuD’ (M.Gonzalez and
R.Woodgate, unpublished results), suggesting that it
binds to a UmuD’ homodimer rather than to a UmuD’
monomer. Experiments are currently in progress to test
this hypothesis as well as to determine the fate of the
peptide after ClpXP proteolysis of UmuD’. In complete
agreement with our expectations, incubation with a variant
peptide corresponding to the UmuD9-4 mutant had no
stimulating effect on UmuD’ degradation (Figure 6). These
peptide studies, together with the in vitro and in vivo
results described above, establish that residues 9—12 of
UmuD are required to generate the degradation signal that
imparts susceptibility to ClpXP-mediated proteolysis upon
UmuD’.

UmuD is capable of channeling excess UmuD’ for
degradation by CIpXP in vitro
Degradation of UmuD’ is important for E.coli to minimize
mutagenesis both during normal growth and after repair of
DNA damage. We have shown that ClpXP plays a role in
removal of UmuD’ generated by spontaneous RecA-
mediated cleavage of UmuD under non-inducing condi-
tions (Gonzalez et al., 1998b). Because heterodimers
were readily formed from mixtures of homodimers, we
reasoned that following repair of DNA damage when the
levels of UmuD’ are relatively high in relation to UmuD,
UmuD might act in multiple cycles to promote degradation
of the excess of mutagenically active UmuD’ homodimers.
Indeed, as seen in Figure 7, UmuD was able to promote
degradation of a 3-fold molar excess of UmuD’. This result
provides strong support for a mechanism whereby, in vivo,
mutagenic UmuD’ homodimers, which are not directly
susceptible to degradation, can be efficiently eliminated if
small amounts of UmuD are present (Gonzalez et al.,
1998b).

Such a mechanism provides the cell with an opportunity
to temporarily postpone error-prone translesion replication

5255



M.Gonzalez et al.

min 0 20 40 60 80

UmuD s s s S
UmuD' s e e

Fig. 7. The role of UmuD in removal of excess UmuD’ by ClpXP-
mediated degradation. Purified UmuD/D’ was mixed with UmuD’ and
incubated in the presence of ClpXP at 37°C for the indicated times.
Aliquots were removed, processed and visualized as described in
Materials and methods. In this experiment, UmuD’ was targeted for
ClpXP-mediated proteolysis despite the fact that it is in a 3-fold molar
excess over UmuD. Similar results were also obtained when UmuD’
was in 6-fold excess over UmuD (not shown).

in favor of error-free DNA repair. If damage persists
in vivo however, the increased rate of RecA-mediated
conversion of UmuD to UmuD’ results in fewer UmuD/D’
heterodimers and a concomitant reduction in ClpXP-
mediated degradation of UmuD’. As a result, intracellular
levels of homodimeric UmuD’ increase, allowing it to
interact with UmuC and form pol V, where it promotes
error-prone translesion DNA synthesis (Tang et al., 1999).
Once DNA repair has occurred, the inducing signal wanes
and so does RecA-mediated cleavage of UmuD to UmuD’.
UmuD/D’ heterodimers prevail once more and the intra-
cellular concentration of UmuD’ is returned to a basal level
by the action of ClpXP (Gonzalez et al., 1998b).

Discussion

Understanding the mechanisms by which proteases select-
ively recognize and degrade substrates is important in
determining how they act in a temporal fashion to regulate
biological processes. We have discovered a novel mechan-
ism for destabilizing an otherwise stable protein through a
protein—protein interaction that provides protease recogni-
tion in trans. How might ClpXP recognize the heterodimer
and not the respective homodimers? One model is that
each subunit of the heterodimer provides a portion of the
degradation signal recognized by ClpXP. For example,
neither region alone is capable of directing ClpX recogni-
tion, but together they create a protein environment
conducive for CIpX recognition. A second possible
model is based on the assumption that the binding of the
UmuD N-terminus to UmuD’ promotes a conformational
change that exposes a degradation signal normally masked
in the UmuD’ homodimer. Either mechanism described
above presents the challenge to identify the cognate
region(s) of UmuD’ necessary for ClpXP-mediated
degradation.

As with many labile proteins, the stability of the UmuD/
D’ heterodimer is also contingent on the presence of a
destabilizing motif at the N- or C-terminus. The UmuD/D’
heterodimer deviates from other examples of destabilizing
termini in that it is the N-terminus of UmuD, not the
substrate UmuD’, that is required for degradation by
ClpXP. Our work implicates amino acids 9—12 of UmuD
as necessary for UmuD’ instability. It is of particular
interest to note that a region of the N-terminus of UmuD
(amino acids 15-19) is also vital for the Lon-mediated
degradation of UmuD (Gonzalez et al., 1998a). Despite the
close proximity of these putative degradation signals, the
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UmuD9-4 homodimer is degraded by Lon with the same
efficiency as the wild-type UmuD homodimer, suggesting
that the Lon degradation signal does not overlap the
ClpXP component located at amino acids 9-12 (Gonzalez
et al., 1998a). We are currently assessing the role, if any,
of amino acids 15-19 of UmuD in ClpXP-mediated
degradation of the UmuD/D’ heterodimer. The proximity
of these degradation signals could allow regulation of the
sequence of proteolytic attack by the respective proteases
on the UmuD/D’ heterodimer. We show that stabilization
of UmuD’ in the UmuD9-4/D” heterodimer (Figure 4A), or
the wild-type heterodimer in a clpX background (Frank
et al., 1996a), also results in an increase in stability of the
UmuD species of the heterodimer. Because ClpXP has no
significant effect on the stability of the UmuD homodimer
(Figure 2), stabilization of UmuD suggests that in a
heterodimer UmuD’ must first be degraded by ClpXP
before Lon can effectively act upon the UmuD species. By
ordering the accessibility of protease recognition motifs
the cell ensures that the mutagenically active UmuD’ is
removed before any response is generated against
mutagenically inactive UmuD.

Protein—protein interactions have long been known to
influence selective degradation. In many cases, inter-
actions involving a labile protein lead to its stabilization
(Gottesman and Maurizi, 1992). For example, the
Saccharomyces cerevisiae MAT transcription factors, o2
and al, are rapidly degraded in haploid cells (Johnson
et al., 1998). In a/o diploids, al and o2 form hetero-
dimers that are more resistant to degradation by the
ubiquitin—proteasome pathway (Johnson et al., 1998).
Other examples of this phenomenom found in E.coli
include the stabilization of the antidote protein of the ccd
post-segregation  killing system, CcdA, by CcdB
(Van Melderen et al., 1996), the stabilization of the
positive regulator of capsular synthesis, RcsA, by RcsB
(Stout et al., 1991) and the stabilization of the phage Mu
replication protein, MuA, by MuB (Levchenko et al.,
1997). Examples of targeting proteins for degradation by
trans recognition are much rarer. The example for
which frans recognition was defined is the targeting of
[B-galactosidase subunits carrying a ubiquitylation site
but lacking an N-end degradation signal by associated
subunits carrying the N-end degradation signal but lacking
the ubiquitylation site (Johnson et al., 1990). Another
instance occurs in human cells upon infection with HIV-1.
The virus-encoded protein Vpu interacts with B-TrCP, but
it is the associated receptor protein, CD4, that is
ubiquitylated and degraded rather than the Vpu
(Margottin et al., 1998). Trans recognition in the case of
UmuD/D’ is mediated directly through the protease and, in
this way, is more reminiscent of ubiquitin—conjugate
recognition by the proteasome. Ubiquitin binding to a
component of the regulatory complex positions the tagged
protein for unfolding and degradation by the base complex
and proteasome; ubiquitin itself is released and not
degraded (Hershko and Ciechanover, 1998). Interest-
ingly, two examples of trans-targeting in E.coli involve
the ClpXP protease: degradation of MuC repressor in
hetero-complexes with mutant MuC subunits (Welty et al.,
1997) and degradation of the sigma factor, RpoS,
complexed with RssB (Bearson et al., 1996; Muffler
et al., 1996; Pratt and Silhavy, 1996; S.Wickner, Y.Zhou,



M.R.Maurizi and S.Gottesman, unpublished results).
Trans recognition by ClpXP implies that there are subsites
on the protease that recognize different elements in protein
complexes, and that translocation and degradation proceed
from some binding sites but not others. Elucidation of the
specificity of these sites and their location in the ClpXP
complex will help us understand the complex process of
selective protein degradation in vivo.

Materials and methods

Bacterial strains and plasmids
All strains carry a lexA51(Def) mutation, which results in constitutive
expression of LexA-regulated genes (including the umu operon) in the
absence of exogenous DNA damage. They also carry a deletion of the
chromosomal umu operon (either AumuDC595::cat or AumuDC596::
ermGT). Strain EC10 [relevant genotype: recA* lexA51(Def)
A(umuDC)::ermGT] (Frank et al., 1996a) was used to characterize the
stability of the heterodimer mutants. To determine the ability of the
various UmuD multiple alanine mutants to undergo RecA-mediated
cleavage to UmuD’, we utilized strains RW244 [recA730 sriC300::Tnl0
lexA51(Def) AumuDC::cat] (McDonald et al., 1998) and RWS582
[recA730 sriC300::Tn10 lexA51(Def) AumuDC::cat clpX::Kan].
Plasmid pET-D9 expresses the UmuD9-4 protein from an isopropyl-B-
D-thiogalactopyranoside-inducible T7 promoter and was constructed by
digesting pKSD9-4 with Ndel and HindIIl and cloning the resulting
613 bp fragment into the similarly digested plasmid pET22b. All of the
remaining plasmid constructs described below express their respective
proteins from the native umu operon operator-promoter. Construction of
all heterodimer expressing plasmids was accomplished by digesting the
respective pBR322-derived UmuD multiple alanine expressing plasmids
(Gonzalez et al., 1998a) with Agel, blunt ending with Poll (Kf), and
subsequently digesting with EcoRI. The resulting ~545 bp fragment was
then subcloned into the Pmil and EcoRI digested low-copy-number
plasmid, pRW66, which expresses UmuD’. pKSD16 expresses wild-type
UmuD in cis with UmuD’; pKSD17 expresses UmuD9-4 in cis with
UmuD’; pKSD20 expresses UmuD26-4 in cis with UmuD’; and pKSD21
expresses UmuD26/9 in cis with UmuD’.

Proteins and peptides

ClpX (Grimaud et al., 1998), ClpP (Maurizi et al., 1994), UmuD
(McDonald et al., 1998), UmuD9-4 (McDonald et al., 1998), UmuD’
(McDonald et al., 1998) and UmuD/D’ (Woodgate et al., 1989) were all
purified as previously described. The UmuD wild-type peptide was
synthesized by Covance Laboratories (Vienna, VA). The UmuD9-4
peptide was synthesized on an Applied Biosystems 431A synthesizer,
cleaved, and deprotected prior to reverse-phase HPLC purification.

In vitro protein degradation

Purified UmuD, UmuD’ and UmuD/D’ (9 uM) were each individually
incubated with CIpXP (0.35 uM) in buffer containing 50 mM Tris—HCl
pH 8.0, 100 mM KCI, 4 mM ATP, 10 mM MgCl,, 1 mM dithiothreitol
(DTT). The reaction mixture was incubated at 37°C and a 25 pl aliquot
was removed at the specified times, added to 4 X SDS buffer, and frozen
in dry ice. After heating at 100°C for 5 min, proteins were run on a 16%
SDS—polyacrylamide gel and visualized after staining with Coomassie
Blue R-250. Identical reaction conditions (UmuD, UmuD’ or UmuD/D’ at
9 uM, *=0.35 uM CIpXP) were employed when assaying ClpXP
specificity except that only a 1 h time point was assayed. Degradation
of heterodimer in the presence of excess UmuD’ was performed as
follows. The reaction mixture (40 pl) contained UmuD/D’ (15 puM),
additional UmuD’ (16 uM), ClpXP (1.0 uM), 50 mM Tris—HCI pH 8.0,
100 mM KCI, 8 mM ATP, 15 mM MgCl,, | mM DTT, 50 mM creatine
phosphate and 3 g of creatine kinase. Reactions were incubated at 37°C,
and at the indicated times 7 pl aliquots were removed, processed and
visualized as described above. Peptide-mediated degradation of UmuD’
was similar to that described above, except that each peptide was pre-
incubated with UmuD’ (10 uM) for 30 min at 25°C at the indicated
peptide concentrations before ClpXP (0.70 uM) was added.

Heterodimerization of UmuD9-4 with UmuD’

UmuD (6 uM) and UmuD9-4 (6 uM) were each individually incubated
with UmuD’ (6 uM) at 25°C for 30 min and electrophoresed through a
12% native polyacrylamide gel (Novex, San Diego, CA) as recommended

ClpXP-mediated degradation of UmuD’

by the manufacturer and visualized after staining with Coomassie Blue
R-250. UmuD (6 pM), UmuD9-4 (6 uM) and UmuD’ (6 uM) were also
electrophoresed to determine mobility of the homodimer species.

In vivo measurement of heterodimer stability and UmuD
cleavage

The stability of the heterodimers (both wild type and mutant) and the
cleavage of UmuD were assayed as previously described (Frank et al.,
1996a). Briefly, cells were grown in Luria-Bertani media at 37°C until
they reached early exponential phase. At time zero, 100 pg/ml
chloramphenicol was added to the medium to block protein synthesis
and a 1.5 ml aliquot was removed at the time indicated. To monitor the
RecA-mediated conversion of UmuD, chloramphenicol was omitted and
only a single sample processed as described here. Cells were harvested by
centrifugation and the resulting cell pellet resuspended in 4 X SDS sample
buffer. Aliquots representing equal cell numbers were electrophoresed in
16% SDS-PAGE gels. Proteins were transferred to an Immobilon P
membrane (Millipore) and subsequently probed with a mixture of
polyclonal antibodies raised against the N-terminal 24 amino acids of
UmuD (Covance, Vienna, VA) and the full-length UmuD’ protein (Frank
et al., 1996b). The transferred proteins were visualized on Kodak Bio-
MaxMR film using the CPSD-Western light chemiluminescent assay
(Tropix, Bedford, MA). Decay curves were generated by quantitating
multiple exposures of the blots to assure that the relative intensity of
UmuD and UmuD’ was within a linear range. All time points were
normalized to the zero time point (100% protein) of each respective decay
curve.

Quantitation for each experiment was performed on a Chemilmager
4000, low-light imaging system (Alpha Innotech Corporation, San
Leandro, CA). All experiments were performed two to three times with
no significant variation in results.
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