Downloaded from genesdev.cshlp.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

RESEARCH COMMUNICATION

Latent ClpX-recognition
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The DNA-damage response genes in bacteria are up-
regulated when LexA repressor undergoes autocatalytic
cleavage stimulated by activated RecA protein. Intact
LexA is stable to intracellular degradation but its auto-
cleavage fragments are degraded rapidly. Here, both frag-
ments of LexA are shown to be substrates for the ClpXP
protease. ClpXP recognizes these fragments using se-
quence motifs that flank the auto-cleavage site but are
dormant in intact LexA. Furthermore, ClpXP degrada-
tion of the LexA-DNA-binding fragment is important to
cell survival after DNA damage. These results demon-
strate how one protein-processing event can activate la-
tent protease recognition signals, triggering a cascade of
protein turnover in response to environmental stress.

Received January 27, 2003; revised version accepted March 5,
2003.

Protein degradation plays a critical role in allowing cells
to adjust to changing conditions. Intracellular proteoly-
sis is an essential component of many response path-
ways that permit bacteria to survive or recover from
DNA damage, heat shock, or attack by reactive oxygen
species (Mizusawa and Gottesman 1983; Gerth et al.
1998; Roberston et al. 2002). In addition to stress-related
regulatory functions, proteases serve to degrade damaged
proteins as well as undamaged proteins that the cell
no longer needs under a new set of environmental con-
ditions. In each of these examples, one can ask the
same question: what mechanisms allow intracellular
proteases to degrade the appropriate substrates at the
right time?

In bacteria, many intracellular proteases (e.g., ClpXP,
ClpAP, and HslUV) divide the tasks of substrate recog-
nition and proteolysis between a hexameric AAA*
ATPase and a multisubunit peptidase with an internal
degradation chamber (for review, see Gottesman 1996).
The ATPase (ClpX, ClpA, or HslU) recognizes specific
substrates, unfolds these proteins, and translocates the
denatured polypeptide into the peptidase (ClpP or HslV)
chamber for degradation (Kim et al. 2000). In many in-
stances, the ATPase components recognize substrates
via specific peptide motifs, often at their N or C termini
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(Levchenko et al. 1995; Gonciarz-Swiatek et al. 1999;
Flynn et al. 2003). For example, the ssrA degradation tag,
an 11-residue C-terminal peptide sequence, targets pro-
teins for degradation by ClpXP and CIpAP (Gottesman et
al. 1998). For some substrates, such as the stationary-
phase sigma factor (0°), accessory proteins are needed for
efficient degradation, allowing regulation of proteolysis
through the synthesis or modification of these factors
(Becker at al. 1999; Zhou et al. 2001). Here we provide
evidence for an alternative mechanism of regulated deg-
radation: We find that complete degradation of the LexA
repressor requires an initiating cleavage event that is
regulated in response to DNA damage.

The SOS regulatory system in Escherichia coli con-
trols the cellular response to DNA damage. Under nor-
mal conditions, LexA repressor dimers negatively regu-
late the expression of genes involved in DNA repair, rep-
lication, and cell division (for review, see Freidberg et al.
1995). After DNA damage, single-stranded DNA is ex-
posed and is bound by the RecA protein. This event ac-
tivates RecA, which then stimulates the auto-cleavage of
LexA at a site between its N-terminal DNA-binding do-
main and its C-terminal dimerization domain (Philzicky
and Roberts 1981; Little 1984). The resulting N- and C-
terminal fragments are then degraded rapidly (Little
1983a). The C-terminal fragment is stabilized ~10-fold in
Lon-defective cells (Little 1983b), but the protease that
degrades the N-terminal fragment has not previously
been identified.

In recent proteomic experiments, we identified tryptic
fragments from E. coli proteins that were trapped in vivo
within a proteolytically inactive ClpP variant (ClpP™*P)
and found that some peptides originated from LexA
(Flynn et al. 2003). Western blots of the undigested
trapped proteins indicated that the two auto-cleavage
fragments of LexA represented the dominant captured
forms. This result suggested that these auto-cleavage
fragments might be ClpXP substrates. Here, we show
that ClpXP degrades the auto-cleavage fragments of
LexA, but not full-length LexA, both in vivo and in vitro.
Recognition of these fragments for destruction occurs
via peptide signals created or exposed by the initial auto-
cleavage event. The use of these latent recognition sig-
nals allows specific recognition and degradation of the
LexA fragments by CIpXP at the biologically appropriate
time—after LexA has undergone RecA-stimulated self-
cleavage in response to DNA damage.

Results and Discussion

The LexA auto-cleavage fragments are
CIpXP substrates

Capture experiments using ClpP*"*? were performed in E.
coli exposed to the DNA-damaging agent nalidixic acid.
The ClpP™? is an inactive (S97A) affinity-tagged variant
of ClpP that, when expressed in cells, allows the capture
and purification of physiological CIpXP substrates
(Flynn et al. 2003). A Western blot of the trapped mate-
rial revealed two bands that cross-reacted with anti-
LexA antibodies and had the same electrophoretic mo-
bilities as the LexA'3* and LexA®%~2%% fragments gener-
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Figure 1. LexA auto-cleavage fragments are captured and de-
graded by CIpXP. (A) Western blot of the LexA species captured
by the ClpP"*? and generated by auto-cleavage in vitro. (B) The
proteolytic stability of LexA, LexA'™8* and LexA®%>2%% in vivo
was determined in cIpX* (MC4100) and cIpX~ (SG22101) strains
bearing plasmid pJL42. LexA, LexA'™®* and LexA®%2%% were
identified by comparison with auto-cleaved LexA (lane §). It is
difficult to see the continued disappearance of LexA, as ex-
pected from auto-processing, because the Western blots are
mildly overexposed to allow observation of the low levels of
LexA85292 (C) ClpXP degradation of purified LexA, LexAl8%
and LexA®>2%% in vitro. The band marked ATP-RS is creatine
kinase.

ated by auto-cleavage of purified LexA (Fig. 1A). No full-
length LexA was detected in the trapped material,
although we observed ~20 ng of each cleavage fragment
and could detect as little as 1 ng of LexA protein. Fur-
thermore, when purified LexA was added to a sample of
the trapped material and prepared for Western blotting,
this protein was efficiently detected, indicating that full-
length LexA could have survived this procedure. Trap-
ping required ClpX, as the LexA fragments were not de-
tected in material isolated from cIpX~ cells (Flynn et al.
2003). We conclude that ClpX recognizes the two auto-
cleavage fragments but not full-length LexA.

To determine the stability of the various forms of
LexA in vivo, we induced the DNA-damage response
with nalidixic acid, blocked protein synthesis, and
measured the half-lives of intact LexA and the two cleav-
age fragments. The N-terminal LexA'®* fragment was
rapidly degraded in a wild-type strain (half-life 2-5 min)
but was not degraded to any detectable extent in an
otherwise isogenic cIpX~ strain (Fig. 1B). The C-terminal
LexA®5292 fragment was also unstable in wild-type
cells (half-life ~1 min) but was only stabilized modestly
in the clpX~ cells (half-life ~2 min), presumably because
Lon protease also contributes to its degradation (Little
1983b). Full-length LexA appeared to be reasonably
stable to degradation in the wild-type and cIpX~ strains,
although it was susceptible to continued auto-cleav-
age (Fig. 1B).

To determine if the LexA fragments were indeed

Fragments of LexA are ClpXP substrates

ClpXP substrates, we assayed for degradation in vitro.
Purified LexA, LexA'®*, and LexA®52°%> were incubated
with CIpXP and an ATP-regenerating system, and
degradation was assayed by SDS-PAGE (Fig. 1C). ClpXP
degraded both fragments but not LexA in ATP-dependent
reactions. Hence, both auto-cleavage fragments of LexA are
ClIpXP substrates, whereas the full-length protein is not.

The new C-terminal sequence of LexA’~3

to CIpXP

targets it

RecA-stimulated auto-cleavage of LexA creates a Val 82—
Ala 83-Ala 84-COOH sequence at the end of the N-
terminal fragment, which is very similar to the Leu-Ala—
Ala-COOH sequence at the end of the ssrA degradation
tag (Tu et al. 1995; Keiler et al. 1996). These residues of
the ssrA tag are the principal determinants of recogni-
tion by ClpX (Flynn et al. 2001). To test the importance
of the C-terminal residues of LexA'™®* for ClpXP degra-
dation, we constructed a variant (LexA'~®4PP) with as-
partic acids replacing both alanines. In CIpXP degrada-
tion assays in vitro (Fig. 2A), LexA'#*PP was not de-
graded to any detectable extent, whereas LexA'®* was
degraded with a half-life of ~10 min. Thus, these alanines
play a major role in targeting the N-terminal LexA frag-
ment for degradation by ClpXP.

A *
] x *
100
L]
E a
L
2 80 LexA1-84DD 60
2 60 4 0 15 30 45 60 75
< Lexal-S7 @
5 40 [ o= o o - -
:-E] 0 15 30 45 60 75
o
g LexAl84 (0)
& 20+ [ ——
o 4 8 12 16 20
0 T T T T
0 20 40 60 80
Time (min)
B
100
] LI i
g € = .. -
%" . B ssrA peptide
E 909 g .
& .
E g .
I~ Q ® LexAl-84
<£ 80+ 3 Q
¥ g
£ | C
o n ¥ § LexAl-4DD
§ 4 Buffer
g » LexA
& 60 LexAl-87
50 T T T T
0 30 60 90 120
Time (s)

Figure 2. The new C terminus of LexA!'"%* directs its degrada-
tion. (A) A time course of ClpXP degradation of LexA!™8,
LexA'"%7, and LexA!'"%*PP was quantified after SDS-PAGE. (B)
ClpXP degradation of GFP-ssrA was measured by loss of fluo-
rescence at 511 nm in the presence of various forms of LexA at
20 uM. An effective inhibitor of GFP-ssrA degradation, the ssrA
peptide (20 pM), is included for comparison.
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Figure 3. Location of latent ClpX-recognition signals in the
structure of full-length LexA. The N-terminal domain is green
and the C-terminal domain is blue. The proposed ClpX-recog-
nition site in the C-terminal domain is labeled. The cleavage
site is indicated by an arrow. (Structure from Luo et al. 2001.)

To test whether these alanines need to be at the C
terminus for recognition, we constructed and purified a
variant, LexA'®’, extended by the next three residues
(Gly 85-Glu 86-Pro 87) of intact LexA. ClpXP did not
degrade this variant (Fig. 2A), revealing that the Val 82—
Ala 83-Ala 84 sequence must be at the C-terminal end
for efficient degradation. LexA'3* also inhibited degra-
dation of another ClpXP substrate, GFP bearing an ssrA
degradation tag, suggesting that LexA'™®* and ssrA-
tagged proteins compete for ClpX recognition or other
processes involved in degradation (Fig. 2B). In contrast,
LexA!'™84PP 1exA'™®, and full-length LexA failed to
inhibit GFP-ssrA degradation. Together, these results
demonstrate that LexA'™®* carries a functional ClpX-
recognition signal, whereas LexA'#PP LexA'™®”, and
the full-length protein lack an accessible or functional
signal.

The Val 82-Ala 83-Ala 84 sequence is within a folded
region in the LexA crystal structure, and the side chain
of Val 82 is buried and packs against residues in the
C-terminal domain (Luo et al. 2001; Fig. 3). As a conse-
quence, it seems likely that auto-cleavage results in ex-
posure and increased flexibility of the Val 82-Ala 83-Ala
84 sequence, allowing unimpeded interactions with
ClpX. However, as the LexA'=®” fragment is not a ClpXP
substrate, improved accessibility of ClpX to the Val 82—
Ala 83-Ala 84 sequence is not sufficient to explain how
auto-cleavage activates proteolysis of this domain. Based
on peptide studies, the a-COOH group of the ssrA deg-
radation tag has been shown to be an important deter-
minant for ClpX recognition (Kim et al. 2000). The re-
sistance of LexA'™®” to degradation strongly suggests
that the a-COOH group of Ala 84 is similarly important
for recognition of LexA'™#*. Thus, our results indicate
that auto-cleavage of the LexA Ala 84-Gly 85 peptide
bond directly creates an essential portion of the degrada-
tion signal for the resulting N-terminal fragment.

Sequences that target the C-terminal LexA fragment
to CIpXP

Although most LexA8°2%% molecules seem to be de-
graded by Lon protease in vivo (Little 1983b), our experi-
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ments show that LexA®°2%% is also degraded by ClpXP
(Fig. 1B,C). To search for peptide sequences within
LexA%5292 that might mediate ClpX recognition, we
tested which regions of this fragment bound to ClpX (Fig.
4A). We prepared a covalent array of synthetic 12-residue
peptides of the LexA® 29> fragment, each sharing a 10-
residue overlap with its sequence neighbors. The peptide
filter was incubated with ClpX and washed, and bound
ClpX was detected using an anti-ClpX antibody. Peptides
corresponding to the first 26 amino acids of LexA% 202
bound ClpX poorly. In contrast, a cluster of adjacent pep-
tides containing sequences from 103 to 126 bound ClpX
reasonably well. Hence, this region of the LexA sequence
may contain a ClpX-recognition signal.

To investigate the function of this sequence, we con-
structed two fusion proteins consisting of LexA residues
85-103 or 85-126 attached to the Arc-stll protein, a
variant of the Arc repressor with a stabilizing C-terminal
sequence (Milla et al. 1993). CIpXP degraded the
LexA®5!2¢ fusion protein with a half-life (50 + 9 min)
similar to the half-life for LexA®2°% (60 + 3 min; Fig.
4B). This result shows that sequence information be-
tween residues 85 and 126 of LexA is sufficient to target
a protein to ClpXP for degradation. In contrast, the
LexA®519% fusion protein was degraded substantially
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Figure 4. Identification of residues in LexA%~2°% important for
ClpXP recognition. (A) An array of LexA peptides was incubated
with purified ClpX protein, and bound ClpX was detected using
anti-ClpX antibody. The chart shows the relative intensity of
ClpX binding to individual sequences. The starting amino acid
positions of the 12-residue peptides are listed below the chart.
The signal intensity of the peptide beginning at residue 115 may
be artificially high. In other experiments, we have observed high
signals from different peptides with the same three initial resi-
dues (VSG). (B) Degradation of LexA®2%2 and LexA-Arc-stll
fusion proteins by CIpXP in vitro.
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more slowly (t,,, = 184 + 24 min), indicating that the
most important determinants for ClpXP degradation are
located between residues 104 and 126, and not between
residues 85 and 103.

The 104-126 region contains a sequence (Leu 112-Leu
113-Arg 114-Val 115-Ser 116) with some similarity to a
peptide motif proposed to function as a ClpX-recognition
sequence (Flynn et al. 2003). To test the importance of
the LexA sequence motif, we constructed LexA®°~2¢ fu-
sion proteins containing the Arg 114 — Asp or Val
115 — Asp mutations and found that both slowed ClpXP
degradation (t,;,, =118 +22 and 122 =30 min, respec-
tively; Fig. 4B). Taken together, these data support the
conclusion that ClpX recognizes a region of the polypep-
tide chain about 30 residues distal from the new N ter-
minus of LexA%292 Other sequences, however, may
also contribute to ClpX recognition of LexA®>~292,

Unlike LexA'™* the ClpX-targeting signal on the
C-terminal domain is not directly adjacent to the site
of auto-cleavage. To account for the fact that intact
LexA, which contains the same peptide sequences as
LexA®57292 does not interact with ClpX, we propose that
auto-cleavage disrupts the structure of the C-terminal
domain in some fashion, helping to expose the 112-116
peptide signal. Although we do not know the structure of
the isolated C-terminal domain, it is reasonable to pro-
pose that the 112-116 region will be more flexible and
exposed after cleavage. In the structure of the full-length
protein, a B-strand (B3) from the N-terminal domain
forms an integral part of the C-terminal domain and con-
tacts the proposed recognition signal. The loss of these
contacts following cleavage may result in exposure of
this signal to CIpXP (Fig. 3).

ClpX helps cells survive DNA damage

To test the importance of ClpX in the overall cellular
response to DNA damage, we assayed cell survival after
exposure to increasing doses of UV irradiation (Fig. 5A).
These experiments showed that cIpX~ cells were more
sensitive to UV irradiation than their wild-type counter-
parts, with the effect being most pronounced at the high-
est UV doses. When exposed to a UV dose of 200 J/m?,
clpX~ cells had a roughly 10-fold lower survival fre-
quency than wild-type cells. Because the N-terminal
DNA-binding domain of LexA can function as a repres-
sor on its own (Schmidt-Dorr et al. 1991), one interpre-
tation of this result is that ClpXP degradation of this
fragment may be required to allow maximal expression
of one or more DNA-damage inducible gene products,
thereby improving survival following near-lethal UV
doses. Alternatively, the loss of ClpX could perturb the
levels of proteins other than the LexA'~8*, thus affecting
survival.

To determine if excess levels of LexA'™®* causes in-
creased UV sensitivity, we tested the effect of expressing
LexA'#* and LexA'#PP on the percentage of cells sur-
viving a fixed UV dose. We assayed survival of wild-type
cells containing plasmid-borne genes for either LexA'8*
or LexA'3*PP under the control of the native LexA pro-

Fragments of LexA are ClpXP substrates
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Figure 5. Cells accumulating LexA'"#* are UV sensitive. (4)
Survival after UV irradiation of clpX* (MC4100) and clpX~
(SG22101) cells. The percentage of surviving cells is plotted
against UV dose. Each point is the average (+S.D.) of three trials.
(B) Survival of cells containing the empty parent vector or plas-
mids directing expression of LexA!™#* or LexA1#*PP was com-
pared at a UV dose of 100 J/m>.

moter (Fig. 5B); Western analysis revealed that these frag-
ments were modestly overexpressed (two- to fourfold,
with LexA!'"8*PP accumulating to higher levels than
LexA'®*) compared with the chromosomal-encoded
LexA (data not shown). Cells expressing LexA' 8PP had
~10-fold lower survival than those with the LexA'-84-
producing plasmid. Furthermore, both strains were more
sensitive to UV irradiation than cells bearing the empty
plasmid. Thus, accumulation of the LexA DNA-binding
domain is deleterious to cell survival after DNA damage.

These data reveal that timely destruction of LexA'™8*
following damage-induced auto-cleavage is likely to play
an important biological role. We suggest that failure to
degrade the LexA'™®* fragment following DNA damage
results in the retention of some repressor activity and a
consequent failure to fully induce one or more DNA-
damage genes. This residual repressor activity, in turn,
may account for our finding that ClpX improves bacte-
rial survival following near-lethal UV doses. Our obser-
vation that cells expressing even modest levels of the
nondegradable LexA'8*PP are more sensitive to UV ir-
radiation than those expressing LexA'™®* supports this
theory, although we cannot currently rule out more in-
direct explanations. In preliminary work, we did not de-
tect reproducible differences in expression of the LexA-
controlled sulA, recA, and uvrA genes following DNA
damage in wild-type versus ClpX-defective cells (data
not shown), but there are more than 20 genes under LexA
control and some may be more sensitive than others to
repression mediated by the LexA'™®* fragment.

Changes in environmental conditions often result in
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the modification of regulatory proteins by phosphoryla-
tion or proteolytic cleavage. Similarly, protein-binding
partners often change during the progression of a bio-
chemical pathway. The results presented here show that
ClpXP degrades the two LexA cleavage fragments but
not the intact protein. By mapping recognition signals in
LexA'™#* and LexA®%2%2, we show that auto-cleavage
activates otherwise dormant protease recognition signals
in both fragments. Our analysis of the mechanisms used
to target LexA to ClpXP thus highlights how changes in
protein primary or tertiary structure can be coupled to
the exposure of recognition signals for a destructive pro-
tease, thereby triggering a cascade of protein turnover in
response to environmental change.

LexA is a member of a protein family that includes
several phage repressors that also undergo RecA-medi-
ated auto-cleavage (Sauer et al. 1982; Little 1984; Eguchi
et al. 1988). It will be interesting to see if CIpXP plays a
role in degrading the auto-cleavage fragments of these
proteins. The fragments of unrelated proteins that un-
dergo proteolytic processing events may also be targeted
for degradation by a similar mechanism. For example,
RseA is an antisigma factor that is sequentially cleaved
by two membrane proteases in response to periplasmic
stress (Alba et al. 2002). The N-terminal cytoplasmic do-
main of RseA released by cleavage is captured by ClpXP =P
(Flynn et al. 2003) and has been proposed to contain a
Val-Ala-Ala-COOH sequence identical to the signal
that targets LexA'®* for ClpXP degradation (Alba et al.
2002). Thus, we suspect that dormant degradation sig-
nals like those we have characterized in LexA will be
used to couple the destruction of other proteins to
changes that occur in the intracellular or extracellular
environment.

Materials and methods

Strains and plasmids

Strains MC4100 and SG22101 (MC4100 clpX::kan) were used
in UV survival assays. The pBR322-based plasmid pfJWL42 con-
tains wild-type lexA under the control of its native promoter
(Markham et al. 1981). Plasmid pJWL228 was a construct for
overexpression of LexA and consisted of wild-type lexA under
the control of the T7 promoter (Shepley and Little 1996). Plas-
mids pSBN15 and pSBN24 were used for overexpression of
LexA'"®* and LexA'"®’, respectively and were derivatives of
pJWL228. Stop codons were inserted in the coding sequence
after LexA residue 84 or 87, respectively, using a Quickchange
kit (Stratagene). Plasmid pSBN16 was derived from pJWL228 for
overexpression of the N-terminal fragment of LexA with aspar-
tates replacing the two terminal alanines (LexA!'*PP) using
Quickchange. The plasmid for the expression of LexA8529%
(pSBN17) was constructed by PCR amplification of the se-
quence coding for amino acids 85-202 from pJWL228. The re-
sulting PCR product was digested with BamHI and Ndel and
ligated into BamHI/Ndel-digested pET11a. Plasmid pSBN19
was created for the expression of a fusion of LexA amino acids
85-126 to Arc-stl1 (LexA®12°_Arc). It was made by amplifying
the region of LexA coding for amino acids 85-126, digesting
with Ndel and Nhel, and ligating into Ndel/Nhel-digested
pET11a-arc-stll (Flynn et al. 2003). The resulting N-terminal
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sequence was MGEPLLAQQHIEGHYQVDPSLFKPNADFLLRV
SGMSMKDIGIMASMGK (LexA in italics, Arc in bold). Plasmid
pSBN20 consisted of LexA residues 85-103 fused to Arc-stll
using an oligonucleotide cassette. The N-terminal sequence of
this fusion was MGEPLLAQQHIEGHYQVDPSMGK. Plasmids
pSBN21 and pSBN22 were R114D and V115D variants, respec-
tively, of the LexA portion of pSBN19 and were constructed
using the Quickchange kit. Plasmids pSBN22 and pSBN23 are
variants of pJL42 for the expression of LexA'#* and LexA!-84PP,
respectively, under the control of the native promoter and were
constructed as per pSBN15 and pSBN16. All constructs were
verified by DNA sequencing.

Proteins/peptide array

Purification of GFP-ssrA, Arc-st11l, ClpX (Flynn et al. 2003 and
references therein), and ClpP (Kim et al. 2000) have been de-
scribed. LexA85292 LexA, LexA'®* and LexA!'-8PP were puri-
fied from overproducing strains essentially as described for
LexA (Little et al. 1994). A LexA peptide array was prepared by
the MIT biopolymers facility using an Abimed instrument. Pep-
tides interacting with ClpX were detected as described (Flynn et
al. 2003).

Trapping/detection of LexA

Trapping was carried out essentially as described using strain
JF162 (Flynn et al. 2003) except that cultures were treated with
50 pg/mL of nalidixic acid for 2 h before expression of the
ClpP™*? was induced. ClpP cross-reacts with the LexA antibody
and therefore was removed before Western blotting. Samples
were dialyzed against 8 M urea for 6 h, then incubated with
Ni-NTA beads (Quiagen) with rocking for 1 h. Supernatant was
removed, dialyzed against LexA storage buffer, concentrated us-
ing a centricon YM-3 concentrator (Microcon), and used for
Western blotting (see following). In a control experiment, this
treatment did not affect our ability to detect full-length LexA,
indicating that the protein is stable under these conditions.

Degradation in vitro and in vivo

For in vitro degradation, ClpX, (0.3 um), ClpP,, (0.8 pm), and an
ATP-regenerating system (4 mM ATP, 50 pg/mL creatine ki-
nase, 2.5 mM creatine phosphate) were incubated in buffer NB
(50 mM Tris-HCI, 100 mM KCl, 10 mM MgCl,, ] mM DTT) at
30°C for 2 min. Substrate (10 nm) was added, and samples were
removed at specific times, added to SDS loading buffer, and
frozen on liquid nitrogen. After heating at 100°C for 5 min,
samples were analyzed by 15% (N-LexA, C-LexA, Arc fusions)
or 12.5% (LexA) SDS-PAGE. Gels were visualized by staining
with Sypro orange (Molecular Probes) and scanning on a Mo-
lecular Dynamics Fluorimager 595. Imagequant (Molecular Dy-
namics) was used to quantify degradation. Inhibition of GFP-
sstA degradation was measured as described using 0.5 nM GFP-
ssrA and 20 pM inhibitor (Flynn et al. 2001).

For in vivo degradation, samples were prepared from MC4100
and SG22101 cells containing plasmid pJL42. Cultures at an
ODgqq of 0.2 were treated with 50 ng/mL nalidixic acid (Sigma)
and incubated with shaking at 37°C for 30 min, then chloram-
phenicol (Sigma) was added to 100 pg/mL to stop protein syn-
thesis. For each time point, cells were harvested by centrifuga-
tion, resuspended in SDS loading buffer, and rapidly frozen on
liquid nitrogen. Cells were lysed by boiling and centrifuged in a
microfuge at top speed for 5 min, and the resulting extract was
separated by 15% SDS-PAGE. Western blots were performed
with an ECF Western blotting kit in accordance with the manu-
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facturer’s guidelines (Amersham) using rabbit polyclonal LexA
antibody at a 1:5000 dilution (John Little). Blots were imaged
using a Molecular Dynamics Fluorimager 595. LexA fragments
were prepared from purified LexA as described (Little 1984).

UV survival assays

Cells were grown to an ODg, of 0.5 in Luria broth (LB), gently
pelleted, washed once, and then resuspended in an equal vol-
ume of 0.85% saline. Suspensions were irradiated at a UV dose
of 1.5 J/m?/sec for set times using a 15W GI15T8 germicidal
lamp (GE). The UV intensity was measured using a UVX radi-
ometer (UVP). Appropriate dilutions were plated on LB agar
plates (or LB agar plus 100 ng/mL ampicillin, as appropriate) and
colonies were counted after 24 h. The decreased plating effi-
ciency of cells carrying the pBR322 plasmid, compared with the
nonplasmid-containing cells, was attributed to the need to
maintain selection for the plasmid, based on parallel platings on
media lacking antibiotic. Each assay was done at least in trip-
licate.
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