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During the SOS response of Escherichia coli to DNA
damage, the umuDC operon is induced, producing the
trimeric protein complexes UmuD2C, a DNA damage
checkpoint effector, and UmuD¢2C (DNA polymerase
V), which carries out translesion synthesis, the basis of
`SOS mutagenesis'. UmuD¢2, the homodimeric com-
ponent of DNA pol V, is produced from UmuD by
RecA-facilitated self-cleavage, which removes the 24
N-terminal residues of UmuD. We report the solution
structure of UmuD¢2 (PDB ID 1I4V) and interactions
within UmuD¢±UmuD, a heterodimer inactive in
translesion synthesis. The overall shape of UmuD¢2 in
solution differs substantially from the previously
reported crystal structure, even though the topologies
of the two structures are quite similar. Most signi®-
cantly, the active site residues S60 and K97 do not
point directly at one another in solution as they do in
the crystal, suggesting that self-cleavage of UmuD
might require RecA to assemble the active site.
Structural differences between UmuD¢2 and UmuD¢±
UmuD suggest that UmuD¢2C and UmuD2C might
achieve their different biological activities through
distinct interactions with RecA and DNA pol III.
Keywords: SOS response/structure/translesion synthesis/
UmuD

Introduction

During the SOS response of Escherichia coli to damage by
UV radiation or mutagenic chemicals, >40 proteins are
induced that enable the cell to survive (Sutton et al., 2000;
Courcelle et al., 2001). Among these are DNA repair
proteins and proteins that maintain genomic continuity
even at the cost of mutating the DNA. The latter include
UmuD, UmuD¢ (a truncated version of UmuD) and UmuC,
products of the umuDC operon. UmuD¢ and UmuC
constitute DNA polymerase V (UmuD¢2C), an error-
prone polymerase that bypasses DNA lesions that cannot
be replicated by DNA pol III (Reuven et al., 1999; Tang
et al., 1999, 2000). Because DNA pol V introduces
mutations into DNA, its level is regulated carefully by
both post-translational processing of UmuD to UmuD¢ and
regulated degradation of UmuD¢ and UmuD by the ClpXP

and Lon proteases (Frank et al., 1996; Gonzalez et al.,
1998, 2000).

Induction of the SOS response requires a cascade of
events. DNA damage results in a variety of lesions that
block replication by DNA pol III. When this polymerase
stalls, regions of single-stranded DNA form that are bound
by RecA, generating RecA::ssDNA nucleoprotein ®la-
ments. These ®laments facilitate site-speci®c autodiges-
tion of LexA, the repressor of the SOS regulon, at its
Ala84±Gly85 bond (Little, 1993). This cleavage in turn
relieves repression of the regulon, allowing expression of
the SOS operons including umuDC (Figure 1).

Induction of umuDC initially produces UmuD and
UmuC. These proteins form UmuD2UmuC (UmuD2C),
which effects a DNA damage cell cycle checkpoint
(Opperman et al., 1999). However, in the continued
presence of RecA::ssDNA nucleoprotein ®laments,
UmuD undergoes a self-cleavage reaction that removes
its N-terminal 24 amino acids, generating UmuD¢
(Burckhardt et al., 1988; Nohmi et al., 1988; Shinagawa
et al., 1988). This reaction is analogous to the cleavage of
LexA: both utilize a serine±lysine dyad (Slilaty and Little,
1987; Nohmi et al., 1988) and UmuD¢ is homologous to
the dimerization domain of LexA (Perry et al., 1985). As
this homology implies, UmuD¢ and UmuD are dimers,
both in complex with UmuC and when isolated in vitro
(Woodgate et al., 1989; Sutton and Walker, 2001). They
also form UmuD¢±UmuD heterodimers, which are more
stable than either homodimer (Battista et al., 1990). All
three dimers interact with UmuC, but only UmuD¢2C can
serve as DNA pol V in the presence of RecA and SSB
(Nohmi et al., 1988; Reuven et al., 1999; Maor-Shoshani
et al., 2000). UmuD¢2C is also uniquely capable of
inhibiting RecA-mediated recombination both in vivo,
when UmuD¢2C is constitutively expressed at elevated
levels (Sommer et al., 1993; Boudsocq et al., 1997), and
in vitro (Rehrauer et al., 1998). This may serve to turn off
recombination in favor of translesion synthesis.

Once SOS mutagenesis is no longer required, DNA
pol V activity must be switched off quickly. UmuD¢±
UmuD heterodimers are key to this process: once regions
of DNA that contain lesions are ®lled in, RecA::ssDNA
nucleoprotein ®laments do not form, UmuD is not cleaved
and UmuD¢±UmuD heterodimers form that inhibit trans-
lesion synthesis (Battista et al., 1990). Heterodimer
formation also targets UmuD¢ for degradation by the
ATP-dependent protease ClpXP, completely removing
UmuD¢ from the cell (Gonzalez et al., 2000). UmuD2 is
then degraded by Lon protease (Gonzalez et al., 1998),
shutting down the entire system.

Throughout this intricately regulated process, there are a
myriad of critical protein±protein interactions. These
include (i) formation of UmuD2 and UmuD¢2 and their
complexes with UmuC; (ii) the interaction of UmuD with

Converting a DNA damage checkpoint effector
(UmuD2C) into a lesion bypass polymerase
(UmuD¢2C)

The EMBO Journal Vol. 20 No. 15 pp. 4287±4298, 2001

ã European Molecular Biology Organization 4287



RecA::ssDNA ®laments required for cleavage to UmuD¢;
(iii) interactions of UmuD2 and UmuD¢2 with DNA pol III
subunits; (iv) UmuD¢2C interactions with RecA, SSB
and DNA polymerase III during translesion synthesis;
(v) UmuD¢2C interactions with RecA that inhibit homo-
logous recombination; and (vi) the interactions of UmuD2

and UmuD¢±UmuD with Lon and ClpXP. How do the
structures of the two small proteins UmuD¢ and UmuD
(115 and 139 residues, respectively) enable them to
participate in so many important interactions? Here we
report the solution structure of the UmuD¢2 homodimer,
which differs in striking and informative ways from the
crystal structure. In addition, we characterize interactions
within the UmuD¢±UmuD heterodimer. These studies,
together with previously reported cross-linking data,
suggest a model for UmuD cleavage in which the
interaction of UmuD2 with a RecA::ssDNA ®lament
creates the catalytic site in UmuD by bringing together
the serine±lysine dyad. This model may be relevant to the
RecA-facilitated cleavages of the LexA and l repressors,
and may provide additional insights into the structural
relationship between UmuD¢ and the signal peptidases.
The heterodimer interface also suggests that the surfaces
of UmuD¢2 and UmuD2 are quite different. This could
explain how two such closely related proteins function so
differently while interacting with many of the same partner
proteins.

Results

Determination of the UmuD ¢2 structure
Backbone resonance assignments for UmuD¢2 were
obtained using standard triple resonance experiments
(Kay et al., 1990; Montelione and Wagner, 1990;
Yamazaki et al., 1994), while side chains were assigned
from the HCCH-TOCSY and 13C-NOESY-HSQC spectra
(Fesik and Zuiderweg, 1988; Kay et al., 1993). Amides for
all but the two N-terminal residues and one loop residue

(S49) were observed, and complete side chain assignments
were made for all but 11 amino acids. Table I summarizes
the data used for structure calculations. Out of 100 starting
structures, 30 had no nuclear Overhauser effect (NOE)
violation or dihedral angle violation >0.5 AÊ or 5°,
respectively. The 20 lowest energy structures are shown
in Figure 2. Each monomer within the dimer is well
de®ned and consists of two lobes separated by a cleft

Fig. 1. Regulation of the expression and activities of UmuD2 and
UmuD¢2. Upon induction of the SOS response, LexA is cleaved,
allowing expression of UmuD2 and UmuC. The UmuD2C complex
effects a DNA damage checkpoint. Further processing of UmuD2 in the
presence of RecA ®laments yields UmuD¢2, which inhibits homologous
recombination by RecA and forms DNA polymerase V upon inter-
action with UmuC. UmuD and UmuD¢ also form heterodimers that
are not known to share any of the functions of the homodimers.

Table I. Statistics for the ®nal 20 structures of UmuD¢2

No. of restraints

Intra-monomer restraints
NOE distances

intra-residue 540
sequential 353
medium range (2 <|i ± j| <4) 137
long range (|i ± j| = 5) 277
hydrogen bond restraints (two per bond) 42

dihedral angles 117
total 1466

Inter-monomer restraints
NOE distance restraints 76
hydrogen bond restraints (two per bond) 12

Ambiguous NOEs 63
Total restraints for dimer 3083

Restraint violations

Distance restraint violations
no. of violations >0.3 AÊ 0±6
largest violation (AÊ ) 0.482
mean r.m.s. violation (AÊ ) 0.026

Dihedral angle restraint violations
no. of violations >3° 0±4
largest violation 4.16
mean r.m.s violation 0.41

R.m.s. deviations from ideal geometrya

Bond lengths (AÊ ) 0.0031
Bond angles (°) 0.59
Improper angles (°) 0.41

Ramachandran plotb

Most favorable region 59.1
Additionally allowed region 35.2
Generously allowed region 5.1
Disallowed region 0.6

Mean coordinate r.m.s. deviations from the mean structure (AÊ )

Secondary
structure

All
residues

Core of monomer (residues 80±130)
backbone 0.49 0.71
all heavy atoms 0.95 1.20

Dimerization interface (residues 38±75
and 131±139 of both monomers)
backbone 0.54 0.86
all heavy atoms 0.84 1.15

Complete dimer (residues 38±139
of both monomers)
backbone 0.95 1.20
all heavy atoms 1.25 1.52

aIdeal geometries were based on the X-PLOR parameters
(parallhdg.pro).
bPROCHECK_nmr was used to assess the stereochemical quality of the
structures (residues 38±139).

A.E.Ferentz, G.C.Walker and G.Wagner

4288



(Figure 2A). One lobe contains residues in the dimeriz-
ation interface and the catalytic S60, while the other
contains catalytic residue K97. Since the relative orient-
ation of the two regions is ¯exible, r.m.s. deviations were
calculated separately for the dimerization and the K97
subdomains (the dimer's `wings' in Figure 2B). The
backbone r.m.s. deviations for the secondary structure
elements within these regions are 0.54 and 0.49 AÊ ,
respectively. Complete structure statistics are given in
Table I.

Description of the structure and comparison with
the crystal structure
UmuD¢ is composed primarily of b-strands with two short
helical regions in the dimerization half of the protein. One
of these helices (a2) contains the catalytic S60 and is
connected to the rest of the dimerization region by loops
(Figure 3A). The remainder of the dimerization subdomain
comprises antiparallel strands b1 and b2, the C-terminus
of b7 and helix a1. The a1 helices pack against each other
in the dimerization interface, while the C-termini form
antiparallel b-strands, leading to a six-stranded b-sheet

spanning the two monomers (Figures 2B and 3A). Each
`wing' of UmuD¢ consists entirely of antiparallel b-strands
and loops, with two highly curved strands in the middle,
one of which contains K97 (b4). This structure con®rms
our previous identi®cation of the dimerization interface in
solution (Ferentz et al., 1997), which differs from the
originally reported crystallographic dimer (Peat et al.,
1996). In the following, the interface in solution will be
used in discussing both the solution and crystal structures.

Figure 3A shows the UmuD¢2 solution conformation
closest to the mean alongside the crystal structure in the
same orientation. The overall dimensions of the dimers are
strikingly different and the r.m.s. deviation between the
backbones of the two dimers (residues 40±139) is 4.59 AÊ ,
yet the secondary structures and topology of the protein in
solution are very similar to those of the crystal structure
(Peat et al., 1996). The main difference stems from the fact
that, in solution, the outer region of the protein is mobile
relative to the dimerization interface. When only the
dimerization subdomains are superimposed, the r.m.s.
deviation between the secondary structure elements of the
solution and crystal structures is 1.67 AÊ . This smaller

Fig. 2. Structure of UmuD¢. (A) Stereo depiction of the 20 UmuD¢ structures showing the backbone carbon and nitrogen atoms of residues 38±139 in
one monomer of the dimer. Only residues in the left lobe of the protein are superimposed. Molscript rendering of the UmuD¢ structure closest to the
mean. The unstructured residues 25±37 are not shown. (B) Stereo view of the UmuD¢2 structures with the dimerization interface superimposed.
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Fig. 3. Comparison of the solution and crystal structures. (A) Molscript renderings of the UmuD¢2 solution and crystal structures. (B) Stereo view of
the catalytic site in solution. (C) The catalytic site of the solution structure closest to the mean. (D) The corresponding region of the crystal structure.
In (C) and (D) green lines connect protons between which NOEs are observed, while short distances in the crystal are indicated by purple lines.
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difference is still signi®cant and primarily re¯ects the
different orientations of the a1 and a2 helices in the two
structures. Signi®cantly, in solution, residues near a2 do
not contact one another across the interface as they do in
the crystal (Figure 3A). Since a2 contains the catalytic
S60, this difference alters the con®guration of the active
site of the protein (Figure 3B±D).

The NOEs from a2 across the catalytic cleft clearly
distinguish the solution structure from the crystal struc-
ture: the NOEs between D63/G64 and V96/K97 are
inconsistent with the crystal structure and there are no
long-range NOEs from V96 to V54, A56, S57 and I66 or
from K97 to S60, as would be predicted from the crystal
coordinates (Figure 3C and D). These differences may
well re¯ect the malleability of UmuD¢, which is a small
protein with a great deal of surface area: only nine out of
115 residues are completely buried in the monomer, with
an additional ®ve residues of each monomer being buried
in the dimerization interface. UmuD¢ would thus be
particularly susceptible to crystal packing forces, which
primarily affect protein surfaces.

Another difference between the solution and crystal
structures that could be attributed to crystal packing affects
the catalytic K97 in b4. When the wings of the solution
and crystal structures are superimposed, the regions of
secondary structure differ by 1.95 AÊ , largely because of the
different orientations of b3, b4 and the intervening loop
(Figure 3A). Residues in b4 (93±102) are directly involved
in contacts across the crystallographic dimerization inter-
face: F94 is at the center of that interface, while E93
participates in a salt bridge to K55 in the adjacent
monomer (Peat et al., 1996). The resulting differences,
along with the altered orientation of a2, mean that the S60
and K97 side chains do not point directly at each other in
solution as they do in the crystal (Figure 3C and D). Thus
the catalytic dyad is not poised for cleavage as might be
inferred from the crystal structure. This point will be
discussed further below.

Resonance assignments of UmuD ¢ in the
UmuD ¢±UmuD heterodimer and identi®cation of
the UmuD-binding site
We were interested in comparing the structures of
UmuD¢2, UmuD2 and UmuD¢±UmuD to understand
how UmuD¢2 can participate in translesion synthesis
while UmuD2 acts in a DNA damage checkpoint and
UmuD¢±UmuD does neither. Possibly due to aggregation,
the UmuD2 spectra were too poor to assign, so UmuD2

could not be studied directly. The UmuD¢±UmuD spectra
were of high enough quality that most of the heterodimer
could be assigned, but a complete structure could not be
determined. Since UmuD¢±UmuD is more stable than
either UmuD¢2 or UmuD2, samples were prepared by
mixing equimolar quantities of the two homodimers
(Battista et al., 1990). Spectral analysis was simpli®ed
by labeling either UmuD¢2 or UmuD2, so that each half of
the heterodimer could be assigned separately.

When unlabeled UmuD2 was added to labeled UmuD¢2,
there were dramatic changes in the 15N-HSQC spectrum
(Figure 4A). The UmuD¢ side of the heterodimer was
assigned using standard triple resonance experiments
for the backbone and the CC(CO)NH-TOCSY and
HCC(CO)NH-TOCSY experiments for the side chains

(Lin and Wagner, 1999). Mapping the chemical shift
differences in the amide resonances onto the structure of
UmuD¢2 revealed that much of the UmuD¢ core is affected
by UmuD binding (Figure 4B and C). Such dramatic
differences could indicate a signi®cant change in the
structure of UmuD¢ upon binding to UmuD. Since
chemical shift index analysis indicated that the secondary
structures of UmuD¢ within the homodimer and hetero-
dimer are virtually identical (Figure 5), the chemical shift
changes could arise either from a slight rearrangement of
the secondary structure elements or from contacts between
UmuD¢ and UmuD. To distinguish between these scen-
arios, we mapped the dimerization interface of UmuD¢±
UmuD by identifying NOEs from UmuD¢ to UmuD in a
15N-NOESY-HSQC spectrum of [2H,15N]UmuD¢ mixed
with unlabeled UmuD. In addition to NOEs across the
C-terminal strands, which appear to be the same as in
UmuD¢2, there are NOEs from UmuD¢ to UmuD involving
residues near the a1 helices that differ from those
observed in UmuD¢2 and at many residues near the
catalytic cleft of UmuD¢ (Figure 6). The interface between
UmuD¢ and UmuD thus includes regions previously
identi®ed as the UmuD¢2 dimerization interface (Ferentz
et al., 1997) along with a large patch of the surface
adjacent to the intersecting a1 helices. The latter region
contains most of the residues showing chemical shift
changes, accounting for these data without altering the
core of UmuD¢.

Resonance assignments of UmuD in the
UmuD ¢±UmuD heterodimer
When labeled UmuD2 was mixed with unlabeled UmuD¢2,
the spectra for the UmuD side of the heterodimer were
consistently poorer than for the UmuD¢ side. Nonetheless,
most of the UmuD backbone could be assigned, and
chemical shift index analysis indicated that its secondary
structure is the same as that of UmuD¢ (Figure 5). Regions
that could not be assigned include the N-terminal 24
residues and several sets of residues in the core of the
protein (53±55, 72±74, 96±97, 121±122 and 132±134). Of
the latter, residues 53±55, 72±74 and 132±134 are next to
one other in the center of UmuD¢2 and residue 96 is also
buried. Since the UmuD in the sample was fully
deuterated, the absence of these resonances from the
spectra probably re¯ects the failure of the buried amide
protons to exchange with H2O after initial protein
expression in D2O. The absence of other amides could
be due to conformational exchange (Cavanagh et al.,
1996), but major structural changes near 121±122 are
doubtful since the chemical shifts of the surrounding
residues are not perturbed. Chemical shift differences
between the UmuD side of the heterodimer and UmuD¢2
are primarily near a1 (Figure 4B and D), consistent with
rearrangement of this region in the heterodimer.

Although the N-terminus of UmuD could not be
assigned, the data that could be obtained indicate that
the arm of UmuD contacts the core of UmuD¢ within the
heterodimer. The cores of UmuD¢±UmuD and UmuD¢2 are
very similar according to chemical shift analysis, so
UmuD¢2 is a good starting point for modeling the structure
of the heterodimer. The a1 helices are rearranged in the
heterodimer, as indicated by chemical shift differences
near a1 in both sides of UmuD¢±UmuD and the altered
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NOE patterns across the interface: NOEs from UmuD¢ to
UmuD are observed at residues 34 and 36±40, in contrast
to the contacts at residues 41 and 44 seen in UmuD¢2. In
addition, residues at the surface of UmuD¢ near the
catalytic cleft (Figures 4 and 6) interact with UmuD in the
heterodimer. Since there is no signi®cant chemical shift
difference between the cores of UmuD and UmuD¢2, the
only portion of UmuD that could make such contacts is the
N-terminal arm. We envisage that residues of UmuD
N-terminal to a1 fold down to make extensive contacts
with the adjacent region of UmuD¢. Thus, the arm of
UmuD is not entirely mobile, as had been suggested
previously (McDonald et al., 1999).

An intriguing feature of the new contact surface within
UmuD¢ is that it includes residues lying in what was

originally reported as the dimerization interface of
UmuD¢2 (Peat et al., 1996), an interface that is distinct
from that used for dimerization in solution (Ferentz et al.,
1997). Residues 52±55 and 94 lie in the heterodimer
interface determined here and were also involved in
UmuD¢±UmuD¢ contacts at the alternative dimerization
interface in the crystal. Thus, it is possible that the crystal
conformation of UmuD¢ better re¯ects the protein's
conformation in complex with UmuD than does the
solution structure, since crystal contacts are made to both
regions of UmuD¢ that interact with UmuD in solution.

A model for UmuD2

The extended heterodimer interface might also be used
by the UmuD2 homodimer. Although the spectra of

Fig. 4. Mapping the dimerization interface in the UmuD¢±UmuD heterodimer. (A) 1H,15N-HSQC spectrum of the UmuD¢ side of the heterodimer
(blue) superimposed on the spectrum of the UmuD¢2 homodimer (red). (B) Differences in backbone HN and N chemical shifts {calculated as
[(dHN

2 + dN
2/25)/2]1/2} between the UmuD¢ (top) and UmuD (bottom) sides of the UmuD¢±UmuD heterodimer and the UmuD¢2 homodimer. In (C)

and (D), chemical shift differences for the UmuD¢ (C) and UmuD (D) sides of the heterodimer are mapped onto surface and worm depictions of the
UmuD¢2 structure closest to the mean. Residues 1±24 of UmuD have been appended to one monomer in an arbitrary orientation to clarify visualization
of the heterodimer data. The color of a residue varies from white to red in proportion to the chemical shift difference. S60 of UmuD¢ and C24±G25 of
UmuD are in blue.
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UmuD2 were too poor to assign, cross-linking experi-
ments support such a model. The pattern of cross-linking
near the a1 helices in UmuD2 (Lee et al., 1994) agrees
well with the NOEs observed at the UmuD¢±UmuD
interface and is very similar to the cross-linking pattern for
the heterodimer (M.Sutton and G.Walker, in preparation).
Both differ clearly from the cross-linking pattern of
UmuD¢2: in both UmuD2 and UmuD¢±UmuD, single-
cysteine mutations at residues 37 and 38, which did not
cross-link in UmuD¢2, cross-link to one another, while
residue 44, which cross-linked ef®ciently in UmuD¢2,
shows almost no cross-linking in UmuD2 or UmuD¢±
UmuD. These observations are consistent with the inter-
monomer NOEs in both UmuD¢2 and UmuD¢±UmuD,
suggesting that the cross-linking data have predictive
value and that UmuD2 may closely resemble UmuD¢±
UmuD. In such a model, each N-terminal arm of

UmuD2 would contact the core of the opposite monomer
just as the N-terminus of UmuD contacts UmuD¢ in
UmuD¢±UmuD.

Discussion

Both UmuD2 and UmuD¢2 function within complexes that
include UmuC, the RecA::ssDNA nucleoprotein ®lament
and, quite probably, DNA pol III. Differences between
their structures dictate how the dimers contact these other
proteins, and ultimately how UmuD2 participates in a
DNA damage checkpoint while the closely related
UmuD¢2 acts in translesion synthesis and inhibition of
homologous recombination. There currently are no data
describing interactions with UmuC, but information is
beginning to accumulate on other interactions.

Fig. 5. Secondary structure comparison between the UmuD¢2 NMR structure, the UmuD¢±UmuD heterodimer and the UmuD¢2 crystal structure.
Secondary structure elements in the UmuD¢ and UmuD sides of the heterodimer are based on Ca, Cb and C chemical shifts. Open ellipses indicate
residues for which backbone assignments could not be obtained.

Fig. 6. The interface between UmuD¢ and UmuD. (A) Residues in UmuD¢ that show NOEs to UmuD within the UmuD¢±UmuD heterodimer, but do
not show inter-monomer NOEs in UmuD¢2 are indicated in green. (B) Model showing how the UmuD N-terminal arm might contact these regions of
UmuD¢. The model is based on the crystal structure of UmuD¢, which may better re¯ect the conformation of the protein when in contact with other
proteins.
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Unique interactions of UmuD ¢2 with RecA explain
how UmuD ¢2C can inhibit homologous
recombination and carry out translesion
synthesis while UmuD2C cannot
Our ®nding that the N-terminal arm of UmuD is partially
immobilized, while the N-terminus of UmuD¢ is free in
solution, offers insights into the different interactions of
these proteins with the RecA::ssDNA nucleoprotein
®lament. Such contacts are critical for the two activities
of UmuD¢2C, inhibition of homologous recombination and
translesion synthesis, and for self-cleavage of UmuD to
UmuD¢. Since the conformation of the N-termini is the
major difference between UmuD2 and UmuD¢2, contacts
involving the N-terminal arms or the region of the core
buried by the UmuD arm are expected to contribute to the
distinctive interactions of UmuD¢2. Indeed, most of the
mutations that enhance UmuD¢2C-dependent inhibition of
homologous recombination lie within the N-terminal arms
of UmuD¢2, with E35K having the greatest effect on
binding (Sommer et al., 2000). Since the corresponding
residues of UmuD2 would lie on opposite sides of the
dimer, our structure provides a reasonable model for how
UmuD¢2 could bind to the RecA ®lament using its free
arms, thereby inhibiting homologous recombination, while
UmuD2 cannot (Sommer et al., 1993; Rehrauer et al.,
1998). The only other mutation that enhances inhibition of
homologous recombination is T95R, which is at a position
available to contact RecA in UmuD¢2 but buried in
UmuD2. A low resolution picture of UmuD¢±RecA
interactions based on cryo-electron microscopy shows
that UmuD¢2C binds in the deep helical groove of the
RecA::ssDNA nucleoprotein ®lament, although no details
of the orientation of UmuD¢2 can be determined (Frank
et al., 2000). Based on our model, one attractive possibility
is that the N-terminal arms of UmuD¢2 might wrap around
the ®lament, holding the complex where it could com-
petitively inhibit binding of dsDNA for homologous
recombination.

Contacts between UmuD¢2 and RecA are also required
for translesion synthesis (Tang et al., 1998), but the exact
nature of these interactions is unknown. Many of the
UmuD¢ mutants that more strongly inhibit homologous
recombination also exhibit de®ciencies in SOS muta-
genesis, with the magnitude of the two effects being
roughly correlated (Sommer et al., 2000). This suggests
that tighter binding to RecA::ssDNA nucleoprotein ®la-
ments may reduce the availibility of UmuD¢2 for
translesion synthesis. The E35K mutant, which bound
RecA most strongly, is the only inhibitor of recombination
with a large enough defect in mutagenesis to be identi®ed
in non-mutability screens (Ohta et al., 1999). The
remaining mutations de®cient in SOS mutagenesis,
which are distinct from those that affect recombination
(McLenigan et al., 1998; Ohta et al., 1999), lie in the
dimerization interface of UmuD¢2 or on the surface of the
core near the base of the N-terminal arms, a region that is
buried by the extended N-termini in UmuD2. The latter
mutations could affect any number of interactions with
UmuD¢2 that are critical for translesion synthesis. Besides
contacting RecA, UmuD¢2 also interacts with UmuC and
the a-subunit of DNA pol III (Reuven et al., 1999; Sutton
et al., 1999; Tang et al., 1999). The regions of UmuD¢2
involved in these interactions have not been identi®ed, nor

is it known whether contacts with all of these proteins are
made simultaneously. Considering the small size of
UmuD¢2, it is possible that different interactions are
required at different stages of translesion synthesis.

Different contacts with DNA pol III enable UmuD ¢2
to promote translesion synthesis and UmuD2 to
effect a DNA damage checkpoint
Both UmuD¢2 and UmuD2 interact with the catalytic (a),
proofreading (e) and processivity (b) subunits of pol III
(Sutton et al., 1999), but they do so in distinctive fashions
that result in different biological outcomes. In a compari-
son of the af®nities of UmuD2 and UmuD¢2 for each
subunit of pol III, UmuD¢2 interacted most strongly with
the a-subunit, while UmuD2 bound most tightly to the b
sliding clamp (Sutton et al., 1999). Although the regions of
contact have not yet been identi®ed, the distinct binding
patterns of UmuD¢2 and UmuD2 are likely to be due to the
differences in their surfaces. Binding to UmuD¢2 might
involve the extended N-termini or residues that are buried
in UmuD2; UmuD2 contacts could utilize the folded down
N-terminal arm and adjacent sections of the core
(M.Sutton and G.Walker, submitted). Exploring the details
of such interactions will be an interesting area for further
investigation.

RecA could bring together the active site for
cleavage of UmuD
When UmuD2 interacts with the RecA::ssDNA nucleo-
protein ®lament, it is cleaved to UmuD¢2. Since the
extended N-terminal arms of UmuD2 fold over near the
catalytic cleft, the cleavage site of UmuD2 (the C24±G25
amide bond) could lie near the catalytic site, ready to be
cleaved. Cleavage of one monomer of UmuD2 by the other
is supported by the ®ndings that cleavage can be inter-
molecular, both in vitro and in vivo (Ferentz et al., 1997;
McDonald et al., 1998), and that it can occur within a
dimer (McDonald et al., 1999). Yet in the solution
structure, the catalytic residues S60 and K97 are not
poised for cleavage (Figure 3B). In contrast, within the
crystal, the terminal amino group of K97 points directly at
the hydroxyl of S60, as if ready to deprotonate it. The
difference between these conformations is that in the
crystal the two sides of the catalytic cleft have been pushed
together relative to the NMR structure. It is quite possible
that crystal packing may mimic one role of RecA in
facilitating self-cleavage of UmuD, that of squeezing the
catalytic residues together.

Existing data on UmuD±RecA interactions support such
a model. Cross-linking studies of UmuD with the
RecA::ssDNA ®lament have indicated that residues 57,
67, 81 and 112 of UmuD lie near the RecA interface (Lee
and Walker, 1996). More recently, mutational studies have
shown the importance of residues 101 and 102 in UmuD
cleavage (Sutton et al., 2001). These residues all lie in
solvent-accessible loops of UmuD and thus could interact
with other proteins (Figure 7). This suggests that UmuD
might be cradled within the RecA::ssDNA nucleoprotein
®lament with contacts on both sides of the catalytic cleft
but not within it (no cross-linking was observed to residues
19, 24 or 60). RecA contacts could squeeze together the
two sides of the cleft, bringing K97 and S60 together. If the
cleavage site of UmuD were already near the active site,
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cleavage could proceed immediately upon deprotonation
of K97, an event that may also be induced by RecA. This
contrasts with the previous proposal that interactions with
the RecA ®lament recruit the otherwise mobile N-terminal
arm of UmuD to the active site (McDonald et al., 1999).

Although the serine±lysine catalytic dyad found in the
UmuD/LexA family of proteins is also used by the signal
peptidases, the latter enzymes do not require RecA for
cleavage. The signal peptidases are considerably larger
than UmuD, yet the recent structure of the E.coli signal
peptidase shows that its catalytic domain strongly resem-
bles that of UmuD¢ (Paetzel et al., 1998; Paetzel and
Strynadka, 1999). Intriguingly, the residues of UmuD
implicated in contacts with RecA are all at sites occupied
by extra residues or domains of the signal peptidase. These
regions of the protein might hold together the active site,
eliminating the need for RecA. The additional residues in
the signal peptidase also provide a highly hydrophobic
environment for the catalytic lysine that lowers its pKa,
keeping it deprotonated and activated for cleavage.
Meanwhile, the active site serine is attached to the rest
of the enzyme by a loop, as in UmuD¢. Flexibility in this
region could help accommodate a range of substrates and
might also attenuate the activity of a catalytic site that
would otherwise be poised for instant cleavage at all times.

A model for the N-terminal arm of UmuD and the
LexA family linker
Although the C24±G25 amide bond of UmuD must be
located at the catalytic serine during cleavage, the exact
orientation of the cleavage site within the catalytic cleft
has not been established. A reasonable model for the
N-terminal arms of UmuD2 could offer insights into
interactions of UmuD2 with other proteins, the cleavage
reaction to form UmuD¢, and serve as a model for the
linker regions of the homologous repressors.

The inter-monomer NOEs observed in UmuD¢±UmuD
identify the region of the core occluded by the N-terminal
arm of UmuD, but do not allow the arm to be positioned

precisely. Since the bases of the arms are the top of
UmuD¢2 as viewed in Figure 6A, the simplest model would
have the N-terminal arm of one UmuD monomer folding
over into the catalytic cleft of the opposite monomer,
leaving the N-terminus projecting from the bottom of the
dimer. The other possibility is that the arm folds down near
the dimerization interface and then forms a tight turn to
come up through the catalytic cleft (Figure 6B). There are
several reason to favor the perhaps less intuitive second
model. First, in this case, the orientation of the cleavage
site would agree with the model that Paetzel and Strynadka
(1999) have proposed based on the orientation of an
inhibitor bound to the active site of the E.coli signal
peptidase. Secondly, this orientation of the arm would
account for why the UmuD/LexA family has highly
conserved residues N-terminal to the cleavage site (resi-
dues 22 and 24 in UmuD) that are important for cleavage:
these residues would ®t into the catalytic cleft, while
residue 23, which is frequently charged, could point out
into the solvent. If the arm pointed in the opposite
direction, these residues would not contact the dimer core,
so there would be no apparent reason for them to be
conserved. Thirdly, in this model, the two highly con-
served prolines (P27 and P29) C-terminal to the cleavage
site are perfectly positioned to bend the peptide chain up
into the catalytic cleft (Figure 6B). Finally, this model
would require that the a1 helices be reoriented so that the
arm could extend far enough down to approach the
catalytic cleft from below, and the NMR data suggest that
there must be some such rearrangement.

It is quite possible that this picture of the N-terminal arm
of UmuD may be relevant to the linker regions of the LexA
family of repressors. These proteins are all dimers, and a
recent crystal structure of the dimerization domain of l
repressor indicates that it uses the same dimerization
interface as UmuD¢2 (Bell et al., 2000). Most repressor
mutations that affect dimerization map onto the dimeriz-
ation interface of the UmuD¢2 solution structure (Ferentz
et al., 1997), but a recent study of 434 repressor has
revealed that several mutations near the catalytic cleft also
affect dimerization (Donner et al., 1998). These mutations
correspond to residues 53 and 55 of UmuD¢ and to an extra
loop that precedes residue 93 in UmuD¢, and thus are all in
the region of the core that is buried by the N-terminal arm
of UmuD. Analogous contacts between the linker of 434
and its dimerization domain could explain why this region
of the repressor is important in mediating dimerization.

Structural basis for regulation of UmuD and
UmuD ¢ levels in vivo
Perhaps as critical as regulation of the production of
UmuD and UmuD¢ during the SOS response is regulation
of the proteins' removal from the cell at the end of the
response. The Lon and ClpXP proteases provide tight
control of SOS mutagenesis by degrading UmuD and
UmuD¢, respectively, but there is no physical model for
how the proteases discriminate between these targets. Our
model for the N-terminus of UmuD provides a possible
picture of the unique recognition of UmuD by the Lon
protease. Lon recognizes two speci®c sites within the
N-terminus of UmuD, a primary site between residues 15
and 18 (FPLF) and an auxiliary site between residues 26
and 29 (FPSP) (Gonzalez et al., 1998). If the UmuD

Fig. 7. Contacts between UmuD and RecA. Residues that cross-link to
RecA are indicated in blue, while sites of mutations defective in UmuD
cleavage are in red.
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N-terminus contacts the core of UmuD¢ with the cleavage
site near the active site, residues 15±18 would lie just
beyond the catalytic cleft, while residues 26±29 would be
at the other end of the cleft (Figure 6B). Thus both sites
would be on the same side of UmuD2, in a ®xed orientation
relative to one another, and at least the auxiliary site would
have a de®ned structure. Lon might recognize the primary
site, test whether the auxiliary site is in the right place and
is shaped correctly, and then degrade the protein.

In contrast to Lon, ClpXP degrades UmuD¢ not UmuD,
and only within the context of the UmuD¢±UmuD
heterodimer (Frank et al., 1996). During the course of
investigating ClpXP degradation, Gonzalez et al. (2000)
discovered (i) that residues 9±12 of UmuD were required
for proteolysis and (ii) that a peptide comprising the
N-terminal 24 amino acids of UmuD is able to earmark
UmuD¢2 speci®cally for degradation. The latter obser-
vation could be explained by our model for the N-terminal
arm of UmuD: residues ~19±24 would be expected
to interact with the core of UmuD¢2, mimicking the
N-terminal arm of UmuD and providing the recognition
site on UmuD that targets UmuD¢ for degradation.

Conclusions
The solution structure of UmuD¢2 and the mapping of the
UmuD¢±UmuD interface, along with the model of the
N-terminus of UmuD, provide a structural basis for
visualizing many phases of the SOS response of E.coli
to DNA damage. UmuD and UmuD¢ serve as components
of several different protein machines throughout the SOS
response, and it is the plasticity of their structures, as we
have observed in solution, that enables them to function in
so many roles. Initially, autocleavage of LexA, a repressor
with homology to UmuD, in the presence of RecA::ssDNA
nucleoprotein ®laments initiates the entire response. By
analogy to UmuD2 cleavage, RecA might bring together
the serine±lysine catalytic dyad for cleavage of LexA.
Once LexA repression of the umuDC operon is relieved,
UmuD2 is expressed with its N-termini folded over near
the catalytic cleft. After RecA-induced autocleavage of
UmuD removes the 24 N-terminal residues producing
UmuD¢, the new N-terminus of UmuD¢ is released from
the active site and becomes mobile. This results in major
differences between the structures of UmuD2 and UmuD¢2
that affect their interactions with other proteins and thus
their biological roles. Contacts to the free arms of UmuD¢2
or to the region of UmuD¢2 that was buried by the extended
UmuD2 N-termini can be used to distinguish UmuD¢2 from
UmuD2. Such interactions make UmuD¢2 uniquely capable
of inhibiting homologous recombination through inter-
actions with RecA. Distinctive interactions between
UmuD¢2 and UmuD2 and subunits of DNA pol III enable
UmuD¢2 to participate in translesion synthesis and UmuD2

to effect a DNA damage checkpoint. The exact nature of
the protein±protein interactions leading to the unique
biological roles of UmuD¢2 and UmuD2 will be an
intriguing area of further investigation.

Materials and methods

Sample preparation
UmuD¢ and UmuD were overexpressed in E.coli BL21(DE3) and puri®ed
as described previously (Lee et al., 1994; Ferentz et al., 1997).

Isotopically enriched samples were puri®ed from cells grown on M9
minimal medium containing 0.5 g/l [15N]NH4Cl and 2 g/l [13C]glucose
and a suitable D2O:H2O ratio. Samples were dialyzed against 150 mM
NaCl, 10 mM sodium phosphate pH 6.0, 1 mM dithiothreitol (DTT),
0.1 mM EDTA and concentrated to 1±4 mM in monomer. UmuD¢±UmuD
heterodimer samples were prepared by adding unlabeled UmuD to
labeled UmuD¢ in equimolar quantities. The presence of heterodimer was
con®rmed by 15N-HSQC spectra. Heterodimer samples were 1 mM in
UmuD¢.

NMR spectroscopy
Assignment of the UmuD¢ homodimer has been reported previously
(Ferentz et al., 1997). Distance constraints for structure calculations were
obtained from 70 and 120 ms 15N-NOESY-HSQC spectra on a
15N-labeled sample, a 120 ms 15N-NOESY-HSQC on a 50% 2H-, 100%
15N-labeled sample, a 120 ms 15N-NOESY-HSQC on a mixture of 100%
2H, 15N-labeled UmuD¢ and unlabeled UmuD¢, an 80 ms 13C-NOESY-
HSQC spectrum and an 80 ms 2D NOESY in D2O, all of which were
acquired at 30°C on a Varian UnityPlus750 spectrometer.

Spectra of the UmuD¢±UmuD heterodimer were acquired at 30°C on
Varian Inova 500, Inova 750 and Bruker Avance 500 spectrometers.
Backbone resonance assignments for UmuD¢ within the UmuD¢±UmuD
heterodimer were obtained from HNCA, HN(CO)CA, HN(CA)CB,
HN(COCA)CB, HNCO and HN(CA)CO spectra on a sample containing
2H-, 15N-, 13C-labeled UmuD¢ and unlabeled UmuD (Yamazaki et al.,
1994; Matsuo et al., 1996). Partial side chain assignments were obtained
from CC(CO)NH-TOCSY and HCC(CO)NH-TOCSY experiments
(Lin and Wagner, 1999) on a sample containing 70% 2H-, 100%
15N-, 13C-labeled UmuD¢ and unlabeled UmuD. Inter-monomer NOEs
were obtained as described previously using samples containing 100%
2H-, 15N-labeled UmuD¢ mixed with unlabeled UmuD and a 120 ms
15N-NOESY-HSQC (Talluri and Wagner, 1996).

Partial backbone and side chain assignments of UmuD within the
UmuD¢±UmuD heterodimer were obtained similarly from HNCA,
HN(CO)CA, HN(CA)CB, HN(COCA)CB, HNCO, CC(CO)NH-
TOCSY, CCNH-TOCSY and HCC(CO)NH-TOCSY spectra, with
inter-monomer NOEs being identi®ed from a 200 ms 15N-NOESY-
HSQC on a sample containing 100% 2H-, 15N-labeled UmuD mixed with
unlabeled UmuD¢.

Data were processed with FELIX (Molecular Simulations, Inc.) and
analyzed using XEASY (Bartels et al., 1995).

Structure calculations
Distance restraints were derived from NOESY data by integrating the
cross-peaks in the 70 ms spectra using XEASY, either manually or with
the peakint program, and using CALIBA (GuÈntert et al., 1997) to convert
the volumes to distances. 15N-NOESY-HSQC peak volumes were
referenced to daN(i,i + 1) distances of 2.3 AÊ within b-strands, while
2D NOESY and 13C-NOESY-HSQC spectra were referenced to Hd±He
distances in aromatic rings and to Ha±Ha distances between antiparallel
b-strands. Cross-peaks visible only at longer mixing times were classi®ed
as 5.0 AÊ distance constraints (WuÈthrich, 1986). NOEs observed in the
mixing experiment were assigned unambiguously as inter-monomer
restraints (Ferentz et al., 1997). Other NOEs involving residues at the
dimerization interface were treated as ambiguous unless examination of
preliminary sets of structures clearly indicated that they could be assigned
unambiguously as inter- or intra-monomer. Distance restraints were
supplemented with hydrogen bond restraints within b-sheets and helices.
Restraints are summarized in Table I.

Dihedral angle restraints for f and c1 were obtained from analysis of
HNHA (Vuister and Bax, 1993), and HNHB (Archer et al., 1991) and
15N-NOESY-HSQC spectra, respectively. Additional f and y angle
restraints were derived using TALOS (Cornilescu et al., 1999).

Structures were calculated with X-PLOR 3.851 on Silicon Graphics
R10000 workstations (BruÈnger, 1987). Starting structures were generated
by randomizing the f and y dihedral angles in a monomer chain,
duplicating those coordinates and translating the second set of
coordinates 100 AÊ from the original position. Each pair of monomers
was then subjected to simulated annealing (50 000 steps of 5 fs at 3000 K
and 50 000 cooling steps) using NMR-derived restraints and generated
symmetry restraints for residues 40±139 (Nilges, 1993). The resulting
structures were viewed with InsightII (Molecular Simulations, Inc.) and
the quality of the structures was assessed by PROCHECK (Morris et al.,
1992). R.m.s. deviations were calculated using Superpose (Diamond,
1992). Figures were created using InsightII, Molscript (Kraulis, 1991) and
GRASP (Nicholls, 1993). Atomic coordinates and distance restraints are
deposited in the Protein Data Bank (PDB ID 1I4V).
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