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Most SOS mutagenesis in Escherichia coli is dependent on the UmuD and UmuC proteins. Perhaps as a
consequence, the activity of these proteins is exquisitely regulated. The intracellular level of UmuD and
UmuC is normally quite low but increases dramatically in lon− strains, suggesting that both proteins are
substrates of the Lon protease. We report here that the highly purified UmuD protein is specifically degraded
in vitro by Lon in an ATP-dependent manner. To identify the regions of UmuD necessary for Lon-mediated
proteolysis, we performed ‘alanine-stretch’ mutagenesis on umuD and followed the stability of the mutant
protein in vivo. Such an approach allowed us to localize the site(s) within UmuD responsible for Lon-mediated
proteolysis. The primary signal is located between residues 15 and 18 (FPLF), with an auxiliary site between
residues 26 and 29 (FPSP), of the amino terminus of UmuD. Transfer of the amino terminus of UmuD
(residues 1–40) to an otherwise stable protein imparts Lon-mediated proteolysis, thereby indicating that the
amino terminus of UmuD is sufficient for Lon recognition and the ensuing degradation of the protein.
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Exposure of Escherichia coli to DNA-damaging agents,
whether they be natural or man-made, invokes the in-
duction of a number of unlinked genes required for DNA
repair, cell division, and damage tolerance. This induc-
ible pathway is often referred to as the SOS response (for
review, see Friedberg et al. 1995; Koch and Woodgate
1998). One of the hallmarks of the SOS response is that
it is graded in such a way that error-free pathways of
DNA repair are induced early (so that DNA fidelity re-
mains high), whereas pathways that may ensure survival
under more severe conditions (but are error-prone) are
induced much later (Sommer et al. 1998). Key partici-
pants in the latter pathway, which is often called SOS
mutagenesis, are the UmuD8 and UmuC proteins (Wood-
gate and Levine 1996; Smith and Walker 1998). Together
with RecA and Ssb proteins, the Umu proteins allow
DNA polymerase III holoenzyme to traverse otherwise
replication-blocking lesions (Rajagopalan et al. 1992; Re-
uven et al. 1998; Tang et al. 1998), but with a concomi-
tant reduction in replication fidelity. As a consequence,
it is believed that the regulatory mechanisms that deter-

mine the expression and levels of these proteins have
evolved so that UmuD8 and UmuC are used only as a last
resort (Woodgate and Levine 1996).

To achieve such regulation, the cell utilizes transcrip-
tional control (the umu operon is one of the most tightly
regulated in the SOS regulon), together with a variety of
post-translational mechanisms to keep the activity of
the Umu proteins to a minimum. The pivotal step in
controlling the activity of the Umu proteins is the RecA-
mediated cleavage of UmuD. This cleavage reaction is
primarily intermolecular in nature (McDonald et al.
1998a) and results in the removal of the 24 amino-ter-
minal residues from UmuD to generate UmuD8 (Burch-
hardt et al. 1988; Shinagawa et al. 1988). Not only does
cleavage activate UmuD8 for its mutagenesis functions
(Nohmi et al. 1988), it also converts UmuD from a sub-
strate that is sensitive to the Lon protease to one that is
relatively insensitive to Lon (Frank et al. 1996a). The
increased stability of UmuD8 is problematic in that it is
likely to result in an increase in aberrant mutagenesis.
The cell generally avoids such problems, however, by
targeting UmuD8 for degradation by the ClpXP protease
(Frank et al. 1996a). Both UmuD and UmuD8 form ho-
modimers (Burckhardt et al. 1988; Woodgate et al. 1989;
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Battista et al. 1990); but under conditions of limited
cleavage (as might be expected in cells exposed to mild
DNA damage), UmuD8 preferentially interacts with the
more abundant UmuD protein to form a UmuD/D8 het-
erodimer and this complex directs ClpXP degradation of
UmuD8 (Frank et al. 1996a). All three dimer species of
UmuD and UmuD8 (the individual homodimers and the
heterodimer) are capable of interacting with UmuC but
with varying affinities (Woodgate et al. 1989; Frank et al.
1996a,b; Jonczyk and Nowicka 1996). The UmuC pro-
tein, in the absence of interacting partners, is also highly
labile and has also been shown to be a substrate of the
Lon protease in vivo (Frank et al. 1996a).

It is evident that the extent of SOS mutagenesis is
contingent on the proper protein–protein interactions
and the resulting stability of these complexes. The regu-
lated proteolysis of the Umu proteins therefore provides
a critical mechanism by which the cell maintains the
correct levels of the Umu proteins, both during and after
exposure to DNA damage (Gonzalez et al. 1998; Sommer
et al. 1998). The question remains as to what features
these proteins possess that specifically target them for
degradation. There are numerous reports implicating the
carboxyl terminus in protease recognition. For example,
mutants of the P22 Arc repressor or the lcI repressor
were found to be unstable, and this instability is depen-
dent on the carboxy-terminal 5 amino acids (Bowie and
Sauer 1989; Parsell et al. 1990; Keiler et al. 1995). These
5 amino acids are nonpolar residues, and any change in
them to a polar or charged carboxyl terminus make the
protein stable (Parsell et al. 1990; Keiler et al. 1995).
Similarly, recent work has demonstrated that addition of
a nonpolar 11-amino-acid carboxy-terminal sequence,
encoded by E. coli ssrA, to peptides results in their rapid
degradation (Tu et al. 1995; Keiler et al. 1996). The car-
boxyl terminus of the Mu transposase, MuA, is known to
have a role in ClpX recognition and disassembly of the
transposase–DNA complex as well as in its degradation
by ClpXP (Levchenko et al. 1995; Levchenko et al. 1997).
In contrast to the nonpolar nature necessary for recogni-
tion of the SsrA-tagged fusions, the MuA carboxyl ter-
minus is positively charged (Levchenko et al. 1995,
1997).

Comparison of Lon substrates yields no identifiable
features that might function in substrate recognition.
The carboxyl terminus of the Lon substrate, SulA, was
demonstrated to be sufficient for recognition, but not for
degradation, of a fusion of b-galactosidase with the car-
boxy-terminal 20 amino acids of SulA (Higashitani et al.
1997).

In an attempt to identify the signal in UmuD that
targets it for degradation by Lon, we have used a dual
approach; first, we demonstrate that as predicted from
our previous in vivo studies (Frank et al. 1996a), highly
purified UmuD protein is a substrate of the Lon protease
in vitro; second, we use the in vivo assay to monitor the
susceptibility of various mutant UmuD proteins to pro-
teolysis by Lon. Our results suggest that certain regions
within the amino-terminal tail of UmuD are necessary
and sufficient for Lon-mediated degradation of UmuD

and that these signals can be transferred to an otherwise
stable protein to impart Lon-mediated proteolysis.

Results

In vitro degradation of UmuD

Previously, we have demonstrated that the UmuD pro-
tein is highly labile in vivo and is stabilized in lon− cells
(Frank et al. 1996a). To determine whether UmuD sta-
bility is directly related to the Lon protease, we incu-
bated highly purified UmuD and Lon proteins in the
presence or absence of exogenous ATP (Fig. 1A). To
maximize the in vitro activity of Lon (Van Melderen et
al. 1996), the reaction also utilized an ATP regeneration
system. As demonstrated clearly in Figure 1A, the Lon
protease degraded UmuD in the presence of ATP. No
detectable degradation products were observed, indicat-
ing that degradation proceeds in a processive manner
(data not shown). In contrast, no degradation was evident
in the absence of ATP. On the basis of these experi-
ments, we calculate that the in vitro half-life of UmuD is
∼30 min (Fig. 1B). These results clearly demonstrate, in
concordance with our in vivo observations (Frank et al.
1996a), that UmuD is specifically recognized and de-
graded by the Lon protease in vitro.

Specificity of Lon-mediated degradation of UmuD

The Lon protease has long been known for the house-
keeping role it has in the removal of abnormal or dam-

Figure 1. In vitro degradation of UmuD by Lon. (A) Highly
purified UmuD and Lon proteins were incubated at 37°C in the
presence or absence of ATP, as described in Materials and Meth-
ods. An aliquot was removed at the indicated time, electropho-
resed in 17% SDS–polyacrylamide gels, and visualized after
staining with Coomassie brilliant blue. (B) Kinetics of UmuD
degradation. These data were generated by quantifying the gels
described in A, on a ChemiImager 4000 low-light imaging sys-
tem.
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aged cellular proteins (for review, see Gottesman 1996).
Lon also functions in the selective degradation of pro-
teins such as SulA (Huisman and D’Ari 1981; Mizusawa
and Gottesman 1983), lN (Maurizi 1987), CcdA (Van
Melderen et al. 1996), RcsA (Torres-Cabassa and Gottes-
man 1987; Stout et al. 1991), and UmuC (Frank et al.
1996a). To date, little is known as to what ‘signature’
identifies a protein as a substrate of Lon. As noted above
(Fig. 1), UmuD is degraded by Lon in the presence of
ATP. To determine the extent of Lon specificity, we pu-
rified an engineered version of the post-translationally
processed UmuD protein, UmuD8, and examined the ef-
fects of Lon on the stability of UmuD8. In vivo, UmuD8
appears relatively insensitive to Lon degradation (Frank
et al. 1996a). We reasoned, therefore, that assaying the
stability of UmuD8 would be a rigorous test of the in
vitro specificity of the Lon protease. As shown in Figure
2A, the UmuD8 protein is relatively stable after a 1-hr
incubation in the presence of Lon, thus verifying our
previous observations in vivo (Frank et al. 1996a).

One possible explanation for these results is that
UmuD and UmuD8 possess very different tertiary struc-
tures (Guzzo et al. 1996). To test this hypothesis, we
examined the effect of chymotrypsin digestion on both
UmuD and UmuD8. Under limiting protease conditions,
UmuD was efficiently processed to a species of similar

electrophoretic mobility as UmuD8 (Fig. 2B). In contrast,
however, no significant degradation of UmuD8 was ob-
served. This suggests that the globular structures of
UmuD and UmuD8 (Peat et al. 1996a,b; Ferentz et al.
1997) are essentially similar and that the 24-amino-acid
amino terminus of UmuD does not destabilize UmuD
by imparting major structural changes not evident in
UmuD8. On the basis of these observations, the amino-
terminal 24 amino acids of UmuD appear to be all that is
efficiently cleaved by chymotrypsin during the 20-min
incubation time. Similar results were obtained after
tryptic digestion of UmuD (D. Wall and W. Hendrickson,
pers. comm.).

Identification of the regions in UmuD necessary
for Lon degradation

The fact that UmuD, but not UmuD8, is a substrate of
Lon suggests that the signal conferring Lon-mediated
proteolysis is most likely located in the very amino ter-
minus of UmuD that is naturally absent in UmuD8. To
identify these regions, we have taken advantage of
the fact that the orthologous Salmonella typhimurium
UmuD protein also appears to be a substrate of Lon
(Gonzalez et al. 1998). Therefore, we hypothesized that
the signal for Lon-mediated degradation would be lo-
cated within the amino-terminal residues of UmuD that
are identical in the two proteins. Overall, the two UmuD
proteins share 73% identity, but as seen in Figure 3A, the
amino termini are more diverged with only 54% identi-
cal residues in the region from the amino terminus to the
RecA-mediated post-translational cleavage site. To test
our hypothesis, we constructed plasmid-encoded mu-
tants of E. coli UmuD in which the wild-type residues
(identical or highly conserved in S. typhimurium UmuD)
were substituted with 4 alanine residues (Fig. 3B). Trans-
formed lon+ cells expressing the individual mutant
UmuD proteins were grown to early logarithmic phase at
which time chloramphenicol was added to block further
protein synthesis. Samples were taken at subsequent
time intervals and UmuD visualized by standard West-
ern blotting techniques. Figure 4A shows time course
experiments for the individual UmuD ‘alanine-stretch’
mutants. The half-life of wild-type UmuD was calcu-
lated to be ∼11 min and was similar to that of the
UmuD9-4 and UmuD26-4 mutants. In striking contrast,
the UmuD15-4 alanine mutant was appreciably stabi-
lized with a half-life of ∼38 min. In parallel experiments,
UmuD and all the UmuD alanine-stretch mutants were
further stabilized (half-life >60 min) in a lon− background
(data not shown). The marked stabilization of UmuD15-
4 indicates, therefore, that amino acids 15–18 (FPLF) of
UmuD are important for efficient Lon-mediated degra-
dation, but the increased stability noted in a lon− back-
ground suggests that other regions of UmuD are also
important for efficient Lon recognition.

To determine the region of UmuD that might be re-
quired for complete stabilization, we created plasmids
expressing UmuD mutants, each consisting of four ala-
nine stretches within two regions of the amino terminus

Figure 2. In vitro specificity of Lon. (A) Highly purified UmuD
and UmuD8 proteins were individually incubated with ATP in
the presence (open bars) or absence (stippled bars) of Lon at 37°C
for 1 hr. Reactions were processed, visualized, and quantitated
as described in Fig. 1. (B) Limited a-chymotrypsin digest of ei-
ther purified UmuD or UmuD8 was performed at 25°C for 20
min with increasing concentrations of a-chymotrypsin. The
concentrations of a-chymotrypsin used were 0 ng (lanes 1,6), 5
ng (lanes 2,7), 50 ng (lanes 3,8), 250 ng (lanes 4,9), and 500 ng
(lanes 5,10). Reactions were electrophoresed and visualized as
described in Materials and Methods. The positions of intact
UmuD and UmuD8 are indicated at left.
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(see Fig. 3B). The kinetics of degradation of the double
alanine-stretch mutant, UmuD15/9 were very similar to
that of UmuD15-4 (Fig. 4, cf. A and B), and therefore no
additional role in Lon-mediated degradation could be as-
signed to UmuD9-4. Likewise, UmuD26/9 behaved
identically to the individual alanine-stretch mutants
UmuD9-4 and UmuD26-4, resulting in a half-life of ∼12
min (Fig. 4B). However, substitution of four alanine
amino acids at residues 26–29 in the relatively stable
UmuD15-4 mutant resulted in a dramatic increase in
stability. The half-life of UmuD26/15 is >1 hr (Fig. 4B),
and the decay kinetics for UmuD26/15 in a lon+ back-
ground are similar to those of the wild-type UmuD pro-
tein in a lon− background (data not shown).

These data support a model in which the Lon protease
recognizes two specific regions within the amino termi-
nus of UmuD, the primary site being located between
residues 15 and 18 and the auxiliary site between resi-
dues 26 and 29. Note that the auxiliary site alone is
insufficient to target UmuD degradation (Fig. 4A), ex-
plaining why UmuD8 (which lacks the primary Lon rec-
ognition signal but possesses the secondary site) is in-
sensitive to proteolysis by Lon (Fig. 2A; Frank et al.
1996a).

Functional activity of the UmuD
alanine-stretch mutants

One possible explanation for our finding that certain mu-
tant UmuD proteins are rendered insensitive to Lon is
that we have grossly altered the conformation of the
UmuD protein and, as a consequence, made it less sus-
ceptible to Lon proteolysis. A critical step in the muta-
tional process is the RecA-mediated self-cleavage of mu-
tagenically active UmuD to mutagenically active
UmuD8 (Burckhardt et al. 1988; Nohmi et al. 1988; Shi-
nagawa et al. 1988). UmuD8 then associates with UmuC,
RecA, and DNA polymerase III to promote error-prone
trans-lesion DNA synthesis (Rajagopalan et al. 1992; Re-
uven et al. 1998; Tang et al. 1998). A simple, but indirect,
assay of the conformational structure of the various
UmuD mutants is, therefore, an ability to promote dam-
age-inducible SOS mutagenesis in vivo. Presumably
strains that are mutable express a UmuD protein that
can undergo cleavage as well as the subsequent protein–

Figure 3. Proteins used to identify the Lon recognition signal
of UmuD. (A) E. coli and S. typhimurium UmuD proteins are
both substrates of Lon (Gonzalez et al. 1998). Their primary
amino acid sequences were aligned using the program Gene-
works, and areas that are boxed indicate regions that are 100%
conserved between the two proteins. Overall, the proteins are
73% identical, but most divergence occurs in the amino- and
carboxy-terminal tails. (B) The amino terminus of the UmuD
alanine-stretch mutants. Areas boxed indicate the multiple ala-
nine substitutions made within the UmuD amino terminus for
each mutant protein. The normal post-translational cleavage
site is located between Cys-24 and Gly-25. The positions of the
genetically engineered silent restriction sites for NdeI and SacII
in the umuD gene are indicated at their approximate position in
the corresponding UmuD protein.

Figure 4. Stability of the UmuD mutants in a lon+ strain. Cul-
tures were grown in LB medium at 37°C to logarithmic phase at
which time chloramphenicol was added to block protein syn-
thesis. An aliquot was removed at the indicated times thereaf-
ter. Whole cell protein extracts from an equivalent number of
cells were electrophoresed in 17% SDS–polyacrylamide gels,
blotted onto an Immobilon P membrane, probed with anti-
UmuD antibody, and quantitated as described in Materials and
Methods. (A) Single region (4-alanine stretch) mutants of
UmuD. (s) Wild-type UmuD; (n) UmuD9-4; (h) UmuD15-4;
(L) UmuD26-4. (B) The double region (4 plus 4 alanine stretch)
mutants of UmuD. (s) Wild-type UmuD; (m) UmuD15/9; (l)
UmuD26/9; (j) UmuD26/15. All experiments were performed
two to three times with no significant variation in results.
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protein interactions necessary for trans-lesion DNA syn-
thesis. Such analysis revealed, however, that the major-
ity of the UmuD alanine-stretch mutants do not pro-
mote significant levels of SOS mutagenesis (Fig. 5A). The
lone exception is UmuD9-4, which displays a slightly
greater mutation frequency than wild-type UmuD.

Such findings prompted us to directly assay the ability
of the mutant UmuD protein to be processed to UmuD8
(Fig. 5B). In a recA730 background, wild-type UmuD is
converted to UmuD8 with >90% efficiency (Fig. 5B; Shi-
nagawa et al. 1988; Woodgate and Ennis 1991). In con-
cordance with the in vivo mutagenesis assay, UmuD9-4
was converted to UmuD8 with efficiency similar to that
of the wild-type protein. Interestingly, despite its inabil-
ity to promote mutagenesis, ∼50% of UmuD26/9 was
converted to UmuD8, indicating that the mutant protein
probably retains the same overall structure as the wild-
type UmuD protein. Given that the resultant UmuD8
protein (UmuD826-4) remains functionally inactive for
mutagenesis (Fig. 5A), it would argue that residues 26–29
are important for the subsequent activity of UmuD8.
These residues are absolutely conserved in all of the
bona fide UmuD(D8) homologs identified to date
(Woodgate and Levine 1996).

We have recently demonstrated that UmuD cleavage
predominantly occurs via an intermolecular reaction in
vivo (McDonald et al. 1998a). That is, one monomer of
UmuD (or UmuD8) can act as an enzyme to facilitate the
cleavage of another substrate UmuD monomer (McDon-
ald et al. 1998a). Given the fact that the alanine-stretch
mutants are in close proximity to (or actually span) the
cleavage site, we hypothesized that such changes might
simply alter the ability of the protein to act as a substrate
molecule. However, if the mutant protein retains the
same overall globular structure of the wild-type protein,
it should still be capable of acting as an enzyme in the
intermolecular cleavage reaction (McDonald et al.
1998a). To test this hypothesis, the mutant plasmids
were cotransformed with pKSD10 (a compatible low-
copy-number plasmid expressing UmuDK97A) into a
recA730 strain. The UmuDK97A protein expressed by
pKSD10 is unable to undergo intramolecular self-cleav-
age because it has a mutation at the catalytic active site
but is able to undergo intermolecular cleavage as a sub-
strate molecule if a UmuD enzyme is provided in trans
(McDonald et al. 1998a). As shown in Figure 5C, all of
the alanine-stretch mutants (15-4, 26-4, 15/9, and 26/15)
are able to act as enzymes in the intermolecular cleavage
reaction.

The assays described above not only allow us to con-
clude that the globular bodies of the mutant 15-4, 26-4,
15/9, and 26/15 UmuD proteins are similar to that of the
wild-type protein, they also reveal the multiple types of
interactions that are mediated by the amino terminus of
UmuD (see Discussion).

Transfer of the UmuD degradation signal

Our finding that the mutant UmuD proteins appear to
retain the same overall structure as the wild-type protein
supports our notion that the region of UmuD identified
in our mutational studies is a bona fide Lon recognition/
degradation signal. One obvious test of this hypothesis is
an ability of these sequences to impart instability on an
otherwise stable protein. To test this hypothesis, we
constructed a plasmid (pKSD–PRP) expressing a chi-

Figure 5. Functional activity of the UmuD alanine-stretch mu-
tants. (A) The ability of the alanine-stretch mutants to function
in SOS mutagenesis was assayed using strain RW126 harboring
the low-copy-number UmuC-expressing plasmid pRW274 and a
compatible plasmid expressing each of the individual UmuD
alanine mutants. Strain RW126 carries an ocher mutation in
hisG [hisG4(Oc)] that renders it auxotrophic for histidine. In the
presence of functional Umu proteins it can, however, revert to
His+. The number of His+ revertants per plate after exposure to
MMS represents the mean number from a minimum of three
cultures. (B) Western blot analysis of the RecA-mediated self
cleavage reaction in vivo. The ability of the alanine-stretch mu-
tants to undergo post-translational cleavage was assayed in the
lexA51(Def) recA730 strain RW244. This strain constitutively
expresses all LexA-regulated proteins (including the Umu pro-
teins) and promotes constitutive cleavage of UmuD in the ab-
sence of exogenous DNA damage. The positions of UmuD and
UmuD8 are indicated by arrows at left. (C) The ability of the
UmuD alanine mutants to act as an enzyme in the intermo-
lecular UmuD cleavage reaction. The UmuDK97A protein can-
not undergo intramolecular cleavage because it carries a muta-
tion at the active site of UmuD. It can, however, serve as a
substrate in the intermolecular cleavage reaction if a UmuD
enzyme is provided in trans (in our case, the various alanine-
stretch mutants). Cleavage of the UmuDK97A protein was
monitored in strain RW244 in the absence or presence of the
individual UmuD alanine mutants and visualized by Western
blot analysis as described in Materials and Methods. The posi-
tions of UmuD and UmuD8 are indicated by arrows at left.
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meric gene encoding the first 40 amino acids of UmuD
fused to a 7-amino-acid linker joined to the entire Strep-
toalloteichus hindustanus Ble protein. The S. hindusta-
nus ble gene encodes a small, stable protein that pro-
vides resistance to the antibiotics of the phleomycin
family (Dumas et al. 1994; Gatignol et al. 1988). For con-
venience, the S. hindustanus ble gene product will be
referred to as the phleomycin resistance protein (or PRP).
The wild-type PRP is itself quite stable when assayed in
our wild-type background (data not shown). In contrast,
the UmuD–PRP fusion is unstable in the lon+ back-
ground and displays a half-life of ∼9 min (Fig. 6). Inter-
estingly, UmuD–PRP demonstrates a marked increase in
stability when assayed in a lon− strain (half-life of ∼38
min), indicating that the UmuD–PRP fusion is degraded
in a Lon-dependent fashion (Fig. 6). Furthermore, subse-
quent experimentation demonstrated that residues 1–29
of UmuD are sufficient to impart Lon recognition and
degradation of the PRP similar to that seen with the
40-amino-acid fusion (data not shown). By comparison, a
UmuD–PRP fusion protein containing the two alanine-
stretch mutants located between residues 15 and 18 and
26 and 29, was stable, and the decay kinetics of the
UmuD26/15–PRP fusion in a lon+ background (half-life
of ∼30 min) were similar to those of the wild-type
UmuD–PRP fusion in the lon− background (Fig. 6). It is
important to note, however, that the UmuD–PRP fusion,

as well as the UmuD26/15–PRP fusion, is obviously de-
graded by at least one additional protease other than Lon.
These results therefore confirm our hypothesis that resi-
dues 15–19 and 26–29 of UmuD are recognized by Lon
and that these sequences confer Lon-mediated instabil-
ity on an otherwise stable protein.

Discussion

Trans-lesion DNA synthesis in E. coli involves numer-
ous protein–protein interactions, all of which are vital
for ensuring continued survival of the organism when
challenged with various stressful conditions. Many of
the protein–protein interactions function in maintaining
the proper equilibrium of the Umu proteins so that SOS
mutagenesis occurs only as a last resort. The E. coli Lon
protease contributes to this process by regulating the lev-
els of the UmuD and UmuC proteins in vivo (Frank et al.
1996a). Our studies demonstrate that the degradation of
UmuD is directly related to the proteolytic action of Lon
and occurs in an ATP-dependent fashion. Furthermore,
we have shown that the Lon protease displays striking
specificity for UmuD in vitro, thereby mirroring our pre-
vious observations in vivo (Frank et al. 1996a). The rela-
tive rate of degradation of UmuD, however, is much
more rapid in vivo (Fig. 4) than in vitro (Fig. 1A), but such
findings are also characteristic of other Lon substrates
such as lN (Maurizi 1987), CcdA (Van Melderen et al.
1996), and a SulA fusion protein (Sonezaki et al. 1995).

There is an emerging consensus that the termini of
labile proteins, both amino and carboxyl, have a vital
role in the targeting of many proteins for rapid degrada-
tion. For example, a carboxy-terminal tagging system in
E. coli is dedicated to identifying stalled ribosomes at the
38 end of a truncated mRNA and tagging the carboxyl
terminus of the respective truncated protein with a non-
polar 11-amino-acid (AANDENYALAA) peptide (Tu et
al. 1995; Keiler et al. 1996). This carboxy-terminal addi-
tion, a function of the SsrA RNA, results in the rapid
degradation of the fusion protein (Keiler et al. 1996).
Moreover, Gottesman et al. (1998) identified the prote-
ases responsible for the degradation of the SsrA-tagged
peptides as the ClpAP and ClpXP proteases. In addition,
the membrane-bound HflB protease of E. coli is also
known to degrade SsrA–tagged peptides (Herman et al.
1998). Because HflB is membrane-bound, Herman et al.
(1998) postulate that the primary role of HflB is to act
upon abnormal membrane proteins. The SsrA tag is com-
posed primarily of nonpolar amino acids that are nor-
mally found buried within the protein. The nonpolar na-
ture of the SsrA tag is therefore likely to resemble ex-
posed areas of damaged and/or denatured proteins that
are known to be rapidly degraded by many of the E. coli
cytoplasmic proteases, possibly including ClpAP and
ClpXP (for review, see Gottesman 1996).

The bacterial N-end rule reflects a proteolytic pathway
whose specificity is dictated by the amino-terminal
amino acid (Tobias et al. 1991). The pathway was iden-
tified by assessing the stability of engineered b-galacto-
sidase fusions, each beginning with a different amino

Figure 6. The amino-terminal 40 amino acids of UmuD are
sufficient to target the PRP for degradation by Lon in vivo. The
amino-terminal 40 amino acids of UmuD were fused to the
amino terminus of PRP to create a UmuD–PRP fusion protein.
Western blot analysis of UmuD–PRP stability was determined
in lon+ (EC10) and lon− (EC18) cells. Stability of the plasmid
expressed UmuD26/15-PRP fusion protein was also assessed in
the lon+ strain (EC10). UmuD26/15-PRP describes a similar fu-
sion construct except that the first 40 amino acids of UmuD
contain the UmuD26/15 alanine-stretch mutations described
in Figure 3B. Cultures were grown in LB medium at 37°C to
logarithmic phase at which time chloramphenicol was added to
block protein synthesis. An aliquot was removed at the indi-
cated times thereafter. Whole cell protein extracts from an
equivalent number of cells were electrophoresed in 17% SDS–
polyacrylamide gels, blotted onto an Immobilon P membrane,
and probed with antibodies directed against the amino-terminal
24 amino acids of UmuD. This antibody demonstrated limited
cross-reactivity with the 8-alanine-substituted UmuD26/15-
PRP, and as a consequence, the UmuD26/15-PRP mutant pro-
tein was visualized using anti-PRP antibodies.
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acid. The protease in E. coli responsible for the degrada-
tion of the unstable N-end rule substrates was identified
as ClpAP (Tobias et al. 1991). This protease was also
shown to be responsible for the degradation of a fusion
protein consisting of the first 40 amino acids of ClpA
fused to the amino terminus of b-galactosidase (Gottes-
man et al. 1990). When wild-type ClpA stability was as-
sessed in vivo, it was found to be unstable, albeit at a
much reduced degradation rate when compared to the
rate of degradation of the ClpA–b-galactosidase fusion
(Gottesman et al. 1990). Much like the SsrA tag de-
scribed above, the ClpA–b-galactosidase fusion presum-
ably places the ClpAP recognition signal in a context
allowing greater accessibility.

The amino- and carboxy-terminal recognition path-
ways described above most likely function because ter-
minal recognition signals provide easier access for the
protease. The UmuD8 crystal structure was determined
recently and the amino-terminal region (starting at resi-
due 32) of UmuD8 was described as extended and un-
structured (Peat et al. 1996a,b). Therefore, if one assumes
that UmuD and UmuD8 share the same globular struc-
ture (Fig 2A; Ferentz et al. 1997), the entire amino ter-
minus (residues 1–40) is likely to be extended and pos-
sibly unstructured. The experiments presented here sug-
gest that this extended amino terminus of UmuD is
essential for efficient Lon-mediated degradation. Using
alanine-stretch mutagenesis, we have localized the pri-
mary Lon recognition signal in UmuD to residues Phe-
15, Pro-16, Leu-17, and Phe-18. Multiple alanine substi-
tutions at these residues result in significant stabiliza-
tion of UmuD, strongly suggesting that this specific
region of the UmuD protein is recognized by the Lon
protease. Interestingly, multiple alanine mutations at
residues 15–18 in unison with alanine substitutions at
residues 26–29 result in almost complete stabilization of
UmuD. In contrast, multiple alanine mutations span-
ning residues 26–29 had no apparent affect on UmuD
degradation. This suggests that residues 26–29 can func-
tion in either stabilizing the Lon–UmuD interaction at
the putative Lon recognition site (residues 15–18) or in
maintaining the accessibility of the amino terminus for
Lon recognition. The 26-4 site is therefore considered an
auxiliary site in that it only functions in Lon-mediated
proteolysis in concert with the primary site.

As noted earlier, the S. typhimurium UmuD protein is
also a substrate of Lon (Gonzalez et al. 1998). The aux-
iliary site (residues 26–29) in the S. typhimurium UmuD
protein is identical to that of the E. coli protein. By com-
parison, the primary site is not identical but is highly
conserved (FPLF(Ec) → LPFF(St)). Moreover, the UmuD
homolog RumA, which is found on the incJ plasmid
R391 as part of the RumAB operon, also has an identi-
cal auxiliary site and a highly conserved primary site
(FPLF(Ec) → IPLF(RumA)) (Kulaeva et al. 1995). RumA,
however, is not degraded by the Lon protease (M. Gonza-
lez, unpubl.). A possible explanation for this finding is
that the amino acid sequences immediately surrounding
the primary site of RumA are highly charged in compari-
son to the same region in the E. coli and S. typhimurium

UmuD proteins (Woodgate and Levine 1996). Such find-
ings suggest, therefore, that the major determinants lead-
ing to Lon-mediated proteolysis are not primary amino
acid sequences per se but, rather, an exposed stretch of
nonpolar amino acid residues and the surrounding pro-
tein environment. Site-directed mutagenesis of the pri-
mary and auxiliary sites, as well as mutagenesis of the
surrounding residues, should further elaborate the Lon–
UmuD interaction necessary for degradation.

The amino terminus of UmuD assumes no identifiable
secondary structure, and no sequence similarity is evi-
dent between UmuD and other known substrates of Lon.
Higashitani et al. (1997) identified a region of similarity
between two Lon substrates, the l N protein and the E.
coli SulA protein. However, whereas fusion of the car-
boxy-terminal 20 amino acids of SulA to the carboxyl
terminus of b-galactosidase was sufficient for Lon bind-
ing, it was not enough to promote Lon-mediated prote-
olysis (Higashitani et al. 1997). In contrast, our results
demonstrate that fusion of the amino terminus of UmuD
(residues 1–40) to an otherwise stable PRP is all that is
necessary to target the protein for Lon-mediated prote-
olysis (Fig. 5). Furthermore, mutations in the amino ter-
minus of the UmuD–PRP fusion, identical to those
found in the stable UmuD26/15 mutant, inhibited Lon-
mediated degradation (Fig. 5). The ability to transfer the
Lon recognition signal of UmuD and thereby provoke
Lon-mediated degradation signifies that the amino ter-
minus of UmuD not only comprises the information
necessary for binding but also provides the foundation
for degradation of the substrate.

Our finding that the two regions of the UmuD amino
terminus necessary for Lon-mediated degradation span
the UmuD cleavage site (Cys-24 → Gly-25) raises the in-
triguing possibility that Lon recognition and degradation
of UmuD is in direct competition with the RecA-medi-
ated self-cleavage of UmuD that occurs during the SOS
response (Fig. 7). Such competition allows exquisite
post-translational regulation of UmuD and provides
yet another mechanism by which Umu-dependent error-
prone trans-lesion DNA synthesis is regulated (Wood-
gate and Levine 1996; Sommer et al. 1998). Clearly, rec-
ognition of protein termini is a common mechanism
employed by many proteases. The targeting of the Lon
protease to the UmuD amino terminus is one of the criti-
cal mechanisms that ensures cell survival in the face of
irreparable DNA damage at minimal mutational cost.

Materials and methods

Bacterial strains and plasmids

Four E. coli K-12 strains were utilized to investigate Lon-medi-
ated degradation of UmuD in vivo. All four strains carry a lexA-
(Def) mutation (either the mis-sense lexA51(Def) allele or the
Tn5 insertion allele, lexA71(Def)::Tn5), which results in consti-
tutive 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
DumuDC595::cat or DumuDC596::ermGT) that allows us to as-
say the stability of our various plasmid-encoded umuD mutants
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in the absence of contaminating chromosomally encoded
UmuD. Strains EC10 [relevant genotype: recA+ lexA51(Def)
DumuDC596::ermGT] and EC18 [recA+ lexA51(Def) Dumu-
DC596::ermGT lon146::Tn10] (Frank et al. 1996a) were used to
characterize the stability of the UmuD alanine-stretch mutants
and the UmuD–PRP fusions. RW126 [recA718 srlC300::Tn10
lexA71(Def)::Tn5 DumuDC595::cat hisG4(Oc)] (Ho et al. 1993),
harboring pRW274 (see below), was used to measure damage-
induced Umu-dependent mutagenesis. To determine the ability
of the various UmuD alanine-stretch mutants to undergo RecA-
mediated cleavage to UmuD8, we utilized strain RW244
[recA730 srlC300::Tn10 lexA51(Def) DumuDC595::cat]. In a
wild-type background, UmuD cleavage is normally damage in-
ducible, but in certain coprotease-proficient recA mutants, like
recA730 (Shinagawa et al. 1988; Woodgate and Ennis 1991), it is
rendered constitutive.

All of the plasmid constructs described below express their
respective protein from the natural LexA-regulated umu operon
promoter–operator. Normally, expression of the Umu proteins
is damage inducible, but as noted above, all of the strains used
in this study carry lexA(Def) mutations, thereby resulting in
damage-independent constitutive expression of the various
Umu proteins.

Construction of all of the alanine-stretch mutants, except
pKSD15/9, was accomplished by digesting the pBR322-derived
UmuD-expressing plasmid pJM125 (McDonald et al. 1998b)
with NdeI and SacII, and the resulting ∼90 bp fragment contain-
ing the 58 end of the umuD gene was replaced with four an-
nealed oligonucleotides (of ∼90 bp) corresponding to the mul-
tiple desired alanine changes (Fig. 3B). For the ease of identifi-
cation, the DNA sequence coding for the 4 alanine substitutions
also created a novel NotI restriction site in the umuD gene.
pKSD15/9 was created by digesting pKSD15-4 with NotI and
NdeI, and the ∼42 bp fragment was replaced with two annealed
oligonucleotides (of ∼42 bp) that encoded the UmuD15/9 mu-
tations. All of the UmuD alanine-stretch mutant plasmids were
sequenced (Lark Technologies Inc., Houston, TX) to ensure that
they did not contain any additional nucleotide changes.

The UmuD–PRP-expressing plasmid (pKSD–PRP) was con-
structed by cloning the appropriately modified ∼617-bp BclI–
NotI fragment from pUT649 (Cayla, Toulouse, France) into the
BsaBI-digested plasmid pJM125 (McDonald et al. 1998b). The
resultant plasmid pKSD-PRP is a pBR322-based vector express-
ing the amino-terminal 40 amino acids of UmuD fused to a
7-amino-acid linker followed by the entire PRP. pKSD26/15–
PRP, which creates the alanine-stretch mutations in pKSD–PRP
identical to those mutations in pKSD26/15, was constructed by
ligating a ∼790-bp SacII–PvuI fragment from pKSD26/15 into
the similarly digested pKSD–PRP vector.

pKSD10 (UmuDK97A) was constructed by cloning the ∼1 kb
BglII fragment from pRW414 (McDonald et al. 1998a) into
the BglII–BamHI-digested vector pRW362 (Frank et al.
1996b). pRW274 (umuC+) was constructed by digesting pRW134
(umuD8C+) (Ennis et al. 1995) with NcoI and the site blunt-
ended with Pol I (Kf) so as to introduce a frameshift mutation in
the religated umuD8 gene. Both pKSD10 and pRW274 are de-
rived from the low-copy-number spectinomycin-resistance
plasmid pGB2 (Churchward et al. 1984) and are compatible with
the pBR322-derived plasmids described above.

Proteins

Purified Lon protease was a gift from Michael Maurizi (National
Institutes of Health, Bethesda, MD). UmuD and UmuD8 were
purified as described (Frank et al. 1993). Creatine kinase was
purchased from Sigma (St. Louis, MO), and the a-chymotrypsin
from bovine pancreas was purchased from Boehringer Man-
nheim (Indianapolis, IN).

In vitro protein degradation

Purified UmuD (12.5 µM) was incubated with Lon (0.5 µM) in
buffer containing 50 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 1 mM

DTT, 50 mM creatine phosphate, and 80 µg/ml creatine kinase.
In the reactions containing ATP the concentration of ATP was
4 mM. The reaction mixture was incubated at 37°C and a 25-µl
aliquot was removed at the specified times and added to 4× SDS
sample buffer (Sambrook et al. 1989). Samples were subse-
quently visualized by 17% SDS-PAGE, stained with Coomassie
Blue R-250. Identical reaction conditions (UmuD or UmuD8 at
12.5 µM ± Lon 0.5 µM were employed when assaying Lon speci-
ficity except that only a 1 hr time point was assayed.

Limited a-chymotrypsin digests (10 µl) contained 65 µM pro-
tein substrate (either UmuD or UmuD8) and increasing concen-
trations of a-chymotrypsin (0, 5, 50, 250, and 500 ng final con-
centration) in a buffer containing 20 mM Tris-HCl (pH 7.5), 50
mM NaCl, 1 mM DTT, and 0.1 mM EDTA. The reactions were

Figure 7. Lon degradation vs. RecA processing of the UmuD
SOS mutagenesis protein. Competition for UmuD by Lon and
RecA provides one mechanism whereby the level of mutageni-
cally active UmuD8 protein is kept to a minimum. In the ab-
sence of exogenous DNA damage, the equilibrium of the reac-
tion favors Lon degradation and most of the UmuD protein is
rapidly degraded before it is converted to UmuD8 (Gonzalez et
al. 1998). After DNA damage, when the need for functional
Umu proteins increases, the equilibrium begins to shift toward
the RecA-mediated cleavage of UmuD to UmuD8. This cleavage
reaction most likely occurs as a consequence of RecA altering
the conformation of UmuD8s amino-terminal tail so as to bring
the cleavage site of UmuD into close proximity with the active
site (McDonald et al. 1998a). Initially, most of the UmuD8 re-
associates with the more abundant UmuD protein to form a
UmuD/D8 heterodimer that targets UmuD8 for proteolysis by
ClpXP (Frank et al. 1996a) (not shown). If cellular damage is
severe, more UmuD8 is generated than is degraded, and these
will associate to form a stable UmuD8 homodimer (Frank et al.
1996b).
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incubated at 25°C for 20 min and visualized by a 17% SDS–
polyacrylamide gel stained with Coomassie blue.

Measurement of UmuD mutant stability

The stability of the UmuD alanine-stretch mutants, as well as
UmuD fusions, was assayed as described previously (Frank et al.
1996b). Briefly, cells were grown in Luria–Bertani medium at
37°C until they reached early exponential phase. At time zero,
100 µg/ml chloramphenicol was added to the medium to block
protein synthesis and a 1.5-ml aliquot was removed at the in-
dicated times. Cells were harvested by centrifugation and the
resulting cell pellet resuspended in 4× SDS sample buffer. Ali-
quots representing equal cell numbers were electrophoresed on
17% SDS–polyacrylamide gels. Proteins were transferred to an
Immobilon P membrane (Millipore) and subsequently probed
with polyclonal antibodies raised against UmuD/UmuD8

(Frank et al. 1996b). Visualization of the UmuD–PRP protein
was performed using polyclonal antibodies to the extreme 24-
amino-acid N-terminus of UmuD raised in rabbits by Covance
Laboratories (Vienna, VA). Because of limited cross-reactivity of
the UmuD antibodies with UmuD26/15-PRP, UmuD26/15-
PRP was visualized using polyclonal anti-PRP antibodies
(Cayla, Toulouse, France). The transferred proteins were visu-
alized on Kodak Bio-MaxMR film using the Western light che-
miluminescent assay (Tropix, Bedford, MA). Quantitation was
performed on a ChemiImager 4000, low-light imaging system
(Alpha Innotech Corporation, San Leandro, CA). All experi-
ments were performed two to three times with no significant
variation in results.

Ability of UmuD mutants to undergo RecA-mediated
intermolecular cleavage

RecA-mediated cleavage of various UmuD alanine-stretch mu-
tants was followed in strain RW244 essentially as described
above. However, because this assay only determines the steady-
state level of the UmuD (or UmuD8) protein, no chlorampheni-
col was added to the reaction and only one time point was taken
at time zero.

The ability of the various alanine-stretch mutants to act as an
enzyme and promote intermolecular UmuD cleavage was as-
sayed in strain RW244/pKSD10 (UmuDK97A). UmuDK97A has
a mutation at the active site of UmuD that inactivates its abil-
ity to function as an enzyme in the intermolecular cleavage
reaction. It does, however, still posses a functional cleavage site
so that it can serve as a substrate if an active UmuD (or UmuD8)
enzyme is provided in trans (McDonald et al. 1998a).

Ability of the UmuD mutants to promote
damage-inducible mutagenesis

The ability of the various plasmid-encoded UmuD mutants to
function in SOS mutagenesis was assayed in strain RW126/
pRW274. This strain carries a chromosomal deletion of the en-
tire umu operon, but cellular mutagenesis can be restored in
trans by introducing compatible plasmids expressing UmuC
(pRW274) and UmuD (UmuD8). Briefly, bacterial cultures were
grown overnight in LB medium containing the appropriate an-
tibiotics. A 1.0-ml aliquot was centrifuged and resuspended in
an equal volume of SM buffer (Sambrook et al. 1989). The ability
of particular plasmid bearing strains to promote Umu-depen-
dent SOS mutator activity was judged by plating a 100-µl ali-
quot on Davis and Mingioli minimal agar plates containing a

trace amount of histidine (1 µg/ml) (Ho et al. 1993). A small
sterile disk was placed in the center of the plate, and 5 µl of a 1:5
dilution of methylmethane sulfonate (MMS) (Sigma, St Louis,
MO) in dimethylsulfoxide (Sigma, St Louis, MO) was added to
the disk. MMS-induced His+ mutants were scored after 4 days of
incubation at 37°C. The results represent the average number of
His+ colonies from at least three cultures from each strain, with
six plates per culture.
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