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ABSTRACT

A series of monocysteine derivatives of UmuD was constructed and characterized
and experiments were performed exploring the chemistry of the unique thiol group in
each derivative. Based on these results several inferences were made regarding the
relative proximity of certain residues to the UmuD dimer interface. In particular, we
propose that the region including the Cys24-Gly25 cleavage site, Va134, and Leu44 are
closer to the interface than the other positions tested.

We have also used the cysteine-specific photoactive crosslinker, p-
azidoiodoacetanilide (AIA) to explore UmuD interactions with RecA. VC34 and SC81
crosslinked most efficiently to RecA indicating that these residues are closer to the RecA-
UmuD interface than the other derivatives tested. SC57, SC67, and SC112 crosslinked
moderately efficiently with RecA. Neither C24, the UmuD derivative with a cysteine
located at the Cys24-Gly25 cleavage site, nor SC60, the UmuD derivative with a cysteine
substitution at the position of the putative active site residue, was able to crosslink to
RecA suggesting that RecA need not directly interact with residues involved in the
cleavage reaction. SC19, located in the N-terminal fragment of UmuD that is cleaved,
and LC44 also did not crosslink efficiently with RecA.

To follow up the previous study, a second set of monocysteine UmuD derivatives
with single cysteine substitutions at positions 30 to 42 was constructed. The observation
that purified proteins of the UmuD derivatives RC37 and IC38 could be disulfide
crosslinked quantitatively upon addition of iodine and yet be poorly modified with
iodoacetate led us to suggest that the pairs of residues at 37 and 38 are at the UmuD
homodimer interface.

Finally, selected UmuD derivatives were disulfide crosslinked in dimers by
exposure to oxidizing conditions and then incubated with activated RecA to determine
whether such crosslinked dimers could undergo RecA-mediated cleavage. Generally, we
found that the crosslinked UmuD2 derivatives were cleaved very poorly upon incubation
with activated RecA compared to a UmuD derivative lacking cysteines that had been
treated identically. However, if these disulfide crosslinked derivatives were incubated
with DTT prior to incubation with RecA, reducing the disulfide bonds, then the resulting
extent of cleavage dramatically increased for each derivatives. This result suggests that
the monomeric form of UmuD is a better substrate for the RecA-mediated cleavage
reaction than the dimeric form.

Thesis supervisor: Graham C. Walker
Title: Professor of Biology
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Introduction

The ability of an organism to respond favorably to challenges to its genetic
material is critical for its survival. Introduction of DNA lesions poses the threat of
decreased fidelity eventually leading to mutations, or interference with replication
leading to cell death. The cellular responses that cope with DNA lesions, best
understood in Escherichia coli, consist of those that result in accurate repair of

damaged DNA and those that result in the introduction of mutations. The strategies
that result in the accurate repair of damaged DNA by the direct reversal of or by
excision repair of the damage include photoreactivation of UV-induced pyrimidine

dimers, excision repair, post-replication repair, and mismatch repair (35). Cells

have also evolved other systems to cope with lesions introduced into their DNA

which are not repaired by other mechanisms. These damage tolerance mechanisms

include processes that repair single-stranded or double-stranded breaks in the DNA

as well as a process which appears to involve polymerization of DNA past a lesion

(translesion DNA synthesis) (35). In contrast to other mechanisms of coping with

damaged DNA, this cellular mechanism can be highly mutagenic, and in fact, is
required for most UV radiation and chemical mutagenesis (for extensive review, see
ref.(26, 35, 80)). Mutagenesis in E. coli resulting from exposure to UV light and
various chemicals is not a passive process but rather requires the participation of the

products of three genes - umuD, umuC, and recA - which are regulated as part of

the recA+lexA+-dependent SOS network. Thus, DNA lesions are not necessarily

mutagenic by themselves but must be processed by an induced cellular mechanism
in such a way that results in the introductions of mutations into the DNA.

Current model for the mechanism of the SOS regulation.
The recA+lexA+-dependent SOS network regulates the expression of more than

20 genes in response to lesions which are introduced into the DNA upon exposure
of E. coli to UV radiation and various chemicals (35). The increased level of
expression of these genes results in a complex set of physiological responses
known as the SOS response (53, 64, 80, 81, 82). In the uninduced state, the
expression of these genes, including the recA and lexA genes, are repressed by the
LexA protein. Exposure of E. coli to UV radiation or various chemicals causing
damage to its DNA or interference with replication of its DNA results in the
generation of an intracellular distress signal. Evidence suggests this signal to be



regions of single-stranded DNA generated when the cell attempts to replicate past

the damaged DNA or when its normal DNA replication process is interrupted (70).

RecA, in the presence of a nucleoside triphosphate cofactor (ATP) becomes

activated upon binding to these regions of single-stranded DNA and forming a

nucleoprotein filament. The activated form of RecA (RecA*) then mediates the

cleavage of LexA repressor (52) by facilitating the latent capacity of LexA to

autodigest (51). This cleavage, which occurs at a specific Ala84-Gly85 bond in a

hinge region between the amino and carboxy terminal domains of LexA (43),

inactivates LexA as a repressor thereby allowing an increased level of expression of

these genes. Several lines of evidence suggest that the mechanism of LexA

autodigestion at alkaline pH occurs by a mechanism related to that of serine

proteases in which Serl 19 acts as the putative nucleophile in the cleavage reaction

and Lys 156 functions as the activator (74). Thus, since the functional groups that

participate in the cleavage reaction are found in LexA, RecA* serves not as a

traditional protease but rather as a coprotease in the cleavage reaction.

Regulation of SOS mutagenesis as part of the SOS response

A correlation of increased survival and increased mutagenesis after exposure to

a DNA-damaging agent was first demonstrated by the analysis of the phenomena of

Weigle reactivation and Weigle mutagenesis. Both the survival of irradiated

bacteriophage k and its mutation frequency were shown to increase identically as a

function of increasing UV dosage to the infected bacteria. This evidence suggested

that the same inducible mechanism is responsible for both increased survival and

mutagenesis (67, 85). It was further shown that the irradiation of the bacteriophage

had no effect on its mutation frequency unless the bacterial host had also been pre-

irradiated (Weigle mutagenesis). These phenomena were later recognized to be

regulated as part of the recA+lexA+-dependent SOS regulatory network when it

was demonstrated that neither phenomena was observed in strains which carried

either recA(Def) or lexA(Ind-) mutations which prevent induction of the SOS

response (20).

Requirement of the umuD, umuC, and recA gene products in

mutagenesis

umuDC and naturally occurring umuDC analogs

Screening for E. coli mutants which were defective in SOS mutagenesis

induced by UV light and various chemicals led to the identification of the umuC



locus (46, 76) which was later found to consist of two genes, umuD and umuC,

organized in an operon (29, 47, 62). The umuDC operon is under the control of

recA+lexA+-dependent regulatory network (4). Many umuDC analogs have also

been found in a variety of enterobacteria (60, 72), and on several naturally

occurring wide host-range plasmids (39, 80, 87). Considerable effort has been

devoted to the study of the mucAB operon, an evolutionarily diverged analog of the

umuDC operon, borne on the naturally occurring plasmid pKM101 (63). Plasmid

pKM 101 has played an important role in the Ames test for detecting carcinogens as

mutagens, enhancing the sensitivity of the test by increasing the capacities for the

survival and mutagenesis in the tester strains after exposure to a variety of

mutagenic agents. Products of the mucAB operon suppress deficiencies of umuDC

mutants and this suppression is similarly under SOS regulation (28, 83). The

umuDC and mucAB operons have been cloned and their gene products identified.

Both operons encode proteins of molecular weights 15 kDa and 45 kDa. The

deduced sequences of MucA and UmuD are 41% identical at the amino acid level,

while the MucB and UmuC proteins are 55% identical (62). The structural and

functional similarities of MucAB and UmuDC suggest that they share a common

evolutionary origin (62). However, despite these similarities, it has been shown

that the MucAB system is much more efficient at mutagenesis, and in a recA430

strain which is deficient in coprotease activity, MucAB but not UmuDC can mediate

UV mutagenesis (10). In addition, though both systems are involved in

functionally similar roles, interactions between the components of the two systems

do not reconstitute activity in vivo. MucA cannot substitute for UmuD in a umuD-

umuC+ host and MucB cannot suppress the deficiency of a umuD+umuC- host.

This observation led to the suggestion that there might be a specific physical

interaction between the two gene products of each operon and that the two pairs

have diverged significantly so that interactions between UmuD and MucB, or

between MucA and UmuC are not productive (62).

RecA-mediated posttranslational cleavage of UmuD

Sequencing of UmuD revealed that UmuD shares homology with the carboxy-
terminal region of many bacteriophage repressors including the repressors of k ,
<80, 434, and P22, the LexA repressor, and the analogous proteins MucA and

ImpA (9, 27, 62, 71) (please see Fig. 1). This homology has been shown to have

functional significance in that cleavage of all of these proteins occurs at a specific

Ala-Gly or Cys-Gly bond, most probably by similar mechanisms . Lin and Little



demonstrated that RecA actually facilitates the otherwise latent capacity of LexA to

autodigest; incubation of LexA in alkaline pH results in its autodigestion to yield

identical cleavage products to those obtained upon incubation with RecA* at neutral

pH (51, 52). The cleavage reaction has been proposed to occur by a mechanism

similar to that of serine proteases in which a nucleophile, apparently a serine residue

conserved in all members of the family (Serl 19), is activated by a lysine residue

(Lys 156) (74). The putative nucleophile and activator corresponding to Ser60 and

Lys97 in UmuD respectively, have been shown genetically to be important in the

cleavage reaction as well (59).

Through a series of genetic experiments it was demonstrated that RecA-

mediated cleavage activates UmuD for it's role in mutagenesis (59). Using site

directed mutagenesis, a set of UmuD mutant derivatives were constructed which

were analogous to those in LexA and X repressor mutations that blocked both

autodigestion and RecA-mediated cleavage. These mutations largely abolished the

mutability of the strains (59), suggesting a correlation between the cleavage of

UmuD and its ability to function in mutagenesis. In addition, a umuD mutant was

constructed with overlapping termination and initiation codons introduced into the

umuD sequence at the site which corresponded to the putative cleavage site. The

plasmid carrying this engineered form of UmuD encodes two polypeptides which

are virtually the same as those that would result from cleavage of UmuD at the

Cys24-Gly25 bond. It was observed that the introduction of this plasmid to a

umuD44 nonmutable strain restored the UV mutability of the cell to that of the wild

type strain (59). This result ruled out the possibility that cleavage inactivates UmuD

for its role in mutagenesis. It was subsequently shown that a plasmid encoding

only the amino-terminal region of UmuD (amino acids 1 through 24) was not able

to suppress the nonmutability of a umuD44 strain but that a plasmid encoding only

the carboxy-terminal region of UmuD (amino acids 25 through 139) was able to

complement the UV nonmutability of the umuD44 strain (59). These experiments

indicated that RecA-mediated cleavage activates UmuD and that the carboxy-

terminal fragment (termed UmuD') is necessary and sufficient for its role in

mutagenesis. Thus, RecA plays a subsequent role in SOS mutagenesis by

mediating the cleavage of UmuD.

Another genetic study that offered insight into the regulation of UmuD activity

involved the isolation of a set of missense mutants of UmuD which were shown to

be defective in UV mutagenesis and in RecA-mediated cleavage in vivo. Most of

these mutants were dominant to the wildtype UmuD with respect to UV



mutagenesis but did not interfere with SOS induction (9). Cross-linking studies

using glutaraldehyde suggested that UmuD and UmuD' formed homodimers as

well as UmuD-UmuD' heterodimers but that at equilibrium, the UmuD-UmuD'

heterodimers were more stable (9). Taken together, these results suggest that intact

UmuD might play an additional role in modulating the activity of UmuD' by

sequestering UmuD' and affecting the pool of available UmuD' in the cell. This

might serve as another level of regulation in helping the cell return to the uninduced

state (9).

Requirement of other gene products

RecA in a third role in mutagenesis

The possibility that RecA plays a third role in mutagenesis besides mediating the

cleavage of LexA repressor and UmuD was raised by the observation that

introduction of a plasmid encoding UmuD' (the active form of UmuD) did not

suppress the UV nonmutability of a lexA(Def)A(recA-srlR)306::TnlO0 (59) and was

subsequently supported by other studies (6, 24, 25, 30, 78). Insights concerning

the nature of the third role of RecA in mutagenesis have been gained through the

study of partial-loss-of -function recA mutants. The production of UmuD' and

UmuC cannot restore the mutability phenotype of a recA1730 strain, which is

dominant for UV nonmutability even when the other SOS genes are expressed,

indicating this strain to be defective in this third role of RecA (5, 25). RecA1730

has a mutation within a pocket formed between two RecA monomers which has

been suggested to be the potential repressor and mutagenesis protein binding site

(25, 77). This mutation causes the RecA protein to be deficient in nucleoprotein

filament formation (24). In DNA mobility-shift assays, it was observed that the

RecA1730 nucleoprotein filament formed less stable interactions with UmuD than

the wild type RecA nucleoprotein filament (34). It was proposed from these results

that the third, direct role for RecA in mutagenesis is to target the UmuD/C protein

complex to the DNA and that this role requires the formation of RecA nucleoprotein

filaments (34). Other experiments have led to the suggestion that the interaction of

UmuD' and UmuC with the growing end of a RecA nucleofilament inhibits

recombination and switches the RecA-coated DNA from being a substrate for

recombination to being a substrate for bypass mutagenesis (75). This suggestion

was primarily based on the observations that the overproduction of UmuD' and

UmuC proteins in a Hfr x F- conjugal cross inhibits recombination but that this

recombination can be substantially suppressed by overproducing RecA.



DNA polymerase III

It appears that some form of DNA polymerase III holoenzyme, the major

replicative DNA polymerase of E. coli, is the polymerase involved in mutagenesis

by UV and various chemicals. SOS mutagenesis does not require DNA polymerase

I or DNA polymerase II since cells carrying a deletion of the gene encoding DNA

polymerase I (polA) (7) or a gene encoding a defective DNA polymerase II (polB)

(44, 48) were still able to perform in mutagenesis induced by UV light and various

chemicals. However, these experiments leave open the formal possibility that these

polymerases could participate in SOS mutagenesis if they were present. Limited

evidence has been provided for the involvement of DNA polymerase III in SOS

mutagenesis. Support for this hypothesis comes from genetic experiments

involving E. coli strains carrying a temperature-sensitive mutation in the dnaE gene

encoding the a subunit of DNA polymerase III (13), as well as experiments

involving strains carrying a temperature-sensitive mutation in dnaE and the pcbA]

mutation which allows DNA polymerase I-dependent replication of the bacterial

genome without a functional DNA polymerase III oa subunit (41). The pcbAl

dnaE (Ts) strains are able to survive at the restrictive temperature (43 °C) for DNA

polymerase III, but are non-mutable by UV light or certain chemicals at the

restrictive temperature even though the SOS genes are expressed (12, 16, 40). The

mutable phenotype is restored upon the introduction of a plasmid encoding the

wildtype DNA polymerase III (41). The interpretation of these results was that

DNA polymerase III was required for SOS mutagenesis. However, subsequent

studies revealed that a pcbAl dnaE (Ts) strain which also carried a mutation in the

gene encoding the protein responsible for excision repair (uvrA) are mutable by

EMS (58) at the restrictive temperature suggesting that the nonmutable phenotype

observed previously could be explained by an alternative mechanism. The

alternative interpretation is that the replication complex of a pcbAldnaE mutant

pauses at the DNA lesions for a longer period of time as compared to that of a

wildtype cell allowing the excision repair function to remove lesion more

completely (58). Biochemical evidence for the ability of DNA polymerase III to

function in SOS mutagenesis is described below.

GroEL and GroES

E. coli strains which overexpress the UmuD and UmuC proteins becomes cold

sensitive for growth, i.e. they grow at 42 'C but not at 30 'C. The finding that

mutations in groES and groEL suppress cold sensitivity stimulated further



experiments that led to the discovery that the GroES and GroEL proteins of E. coli

are normally required for mutagenesis (22). GroES and GroEL are E. coli heat

shock proteins which are homologous to members of the eukaryotic Hsp60 protein

family (36) and are thought to be molecular chaperone proteins involved in the

macromolecular assembly of protein complexes. groE mutants are defective in UV

mutagenesis and this deficiency can be partially alleviated by the increased

expression of umuDC (23). Coimmunoprecipitation of UmuC with GroEL with

anti-GroEL antibodies suggests a physical interaction of these proteins in vivo (23).

In addition, the half-life of the UmuC protein, expressed in the absence of UmuD

or UmuD', is shorter in a groE mutant (6 min compared to around 17 min for the

wildtype) suggesting that one possible role of the GroE proteins involves the

stability and proper folding of the UmuC protein (22). The finding that inactive

UmuC treated with Hsp70 and Hsp60 regains DNA binding activity and ability to

promote translesion synthesis is consistent with this role of such molecular

chaperones in their interactions with UmuC (65). Coexpression of umuD' with

umuC results in a reduced requirement for GroE proteins in UV mutagenesis and

also a significant increase in the half life of UmuC (23) suggesting that the GroE

proteins stabilize UmuC until it is able to complex with UmuD or UmuD'.

Interestingly, this requirement of UmuC for GroE function is not shared by its

analog, MucB, for UV mutagenesis, UV resistance, phage reactivation and cold

sensitivity (21).

Model for the molecular mechanism of SOS mutagenesis
Genetic and biochemical evidence support the following model for the

mechanism of SOS mutagenesis (Please see Fig. 2). When DNA lesions are

introduced by UV light or various chemicals, RecA is activated to RecA* in the

presence of a nucleotide triphosphate (ATP) and an inducing signal (single-stranded

DNA generated by the cell's attempt to replicate damaged DNA) (70). RecA*

mediates the cleavage of the major cellular repressor, LexA (52), thereby allowing

the increased transcription of various SOS genes including umuD, umuC, and

recA. RecA* then mediates the posttranslational cleavage of UmuD at its Cys24-

Gly25 in a manner mechanistically similar to the cleavage of LexA (17, 73). This

cleavage has been shown genetically to activate UmuD, the resulting carboxy-
terminal fragment (termed UmuD') being necessary and sufficient for its role in
mutagenesis (59). UmuC is unstable by itself but is stabilized by GroEL and
GroES until it can interact with UmuD or UmuD' (22, 23). Only the complex of



UmuC with UmuD'2 is active in mutagenesis. The dimer UmuD'2 associates with

UmuC and RecA* and this complex interacts with DNA polymerase III in such a

way that DNA lesions are bypassed at the expense of the introduction of mutations

(35, 68). SOS mutagenesis appears to be due to a process of translesion synthesis

in which the replicative machinery, involving UmuD', UmuC, RecA, and DNA

polymerase III, encounters a non-coding or miscoding lesion, inserts an incorrect

nucleotide across from the lesion and then continues elongation (35). Experiments

of UV irradiation and delayed photoreversal of pyrimidine dimers in E. coli cells

which are excision repair-deficient support a model for UV mutagenesis which

involves a two step mechanism: (i) a misincorporation step opposite the

photoproduct, and (ii) the bypass of the lesion which requires the UmuD, UmuC,

and RecA proteins (11, 14, 15). The finding that most mutations resulting from

SOS mutagenesis by UV light and various chemicals are targeted to the site of the

lesion is consistent with this model of translesion synthesis (55). That the

mutational spectra resulting from the exposure of cells to a specific mutagenic agent

depend on the type of mutagen is also supportive of a mechanism of translesion

synthesis in which the type of lesion that is present determines the base that is most

likely incorporated opposite the lesion (55, 56); i.e., that the replicative assembly

operating under SOS condition attempts to extract the available coding information

for the lesions it encounters. The roles of UmuD' and UmuC in this process are

still unclear. One possibility is that UmuD and UmuC function in altering the

behavior of DNA polymerase III on damaged DNA by altering the molecular

mechanism responsible for its processivity (8). This suggestion is based on the

observations of limited amino acid similarities of UmuD and UmuC to gp45, gp44,

and gp62, the DNA polymerase accessory proteins of bacteriophage T4. These T4

accessory proteins act together to make T4 DNA polymerase more processive.

Other possibilities include modulating the action of the 3' -> 5' proofreading

subunit (45, 49) or altering some other action of the polymerase that becomes

limiting on damaged DNA templates (35).

Biochemical approaches for the study of the mechanistic process of SOS

mutagenesis have recently been developed. Rajagopalan et al. (68) have

reconstituted limited replicative bypass in an in vitro system with purified UmuD',

renatured UmuC, RecA and DNA polymerase III proteins and a DNA substrate

with a single abasic lesion. In another approach, Cohen-Fix and Livneh (19) have

reported the development of a crude cell-free system made from SOS-induced cells



that is capable of processing UV-irradiated plasmid DNA to yield mutated DNA in a

fashion that requires the umuD, umuC, and recA gene products.

Interactions of UmuD

UmuD (15 kDa) and UmuD' (12 kDa) participate in a variety of protein-protein

interactions that appear to be important for their biological roles. Both proteins

form homodimers and heterodimers (86), and the interactions of the UmuD-D'

heterodimers are more stable than either of the homodimers (9). It seems likely that

all three forms of the dimers interact with UmuC (86) and may interact with one or

more components of DNA polymerase III holoenzyme (15, 42, 45, 54, 68). In

addition, intact UmuD interacts with RecA* in a fashion that results in cleavage of

its Cys24-Gly25 bond, and it is capable of autodigestion of the same bond if

incubated at alkaline pH (17).

The role of RecA* in mediating the cleavage of repressor and mutagenesis

proteins implies that a direct interaction between these proteins and RecA must

occur which leads to the cleavage of the protein. This class of interaction has been

visualized by electron microscopy for the complex of LexA with the RecA filament

(88). In the study, the LexA repressor was found to bind within the deep helical

groove of the activated RecA filament. The strikingly different effects of certain

RecA mutations on its ability to mediate the cleavage of different repressor and

mutagenesis proteins suggest that some contacts between the repressor or

mutagenesis proteins and RecA might be specific for a particular protein. This view

is supported by the observation that the RecA430 mutant (which has a glycine to

serine substitution at position 204) is deficient in mediating the cleavage of LexA,
very deficient in mediating the cleavage of UmuD (73) and X repressor (69) but is

proficient in mediating the cleavage of 080 repressor (27).

Other evidence suggests that direct physical interactions also occur between

RecA and the cleavage product of a mutagenesis protein (i.e., UmuD' or MucA').

In DNA mobility shift assays, UmuD' or MucA' as well as UmuD could be

crosslinked by glutaraldehyde to a RecA filament (34). In addition, it has been

observed that the overproduction of UmuD' and UmuC proteins in a Hfr x F-

conjugal cross inhibits recombination but that this recombination can be

substantially suppressed by overproducing RecA. This experiment has led to the

suggestion that the interaction of UmuD' and UmuC with the growing end of a

RecA nucleofilament inhibits recombination and switches the RecA-coated DNA

from being a substrate for recombination to being a substrate for bypass



mutagenesis (75). It is not yet understood whether the nature of the UmuD-RecA

interactions and UmuD'.RecA interactions are similar or different. One observation

which suggests that the interactions might be different is the finding that RecA430

fails to mediate the cleavage of UmuD, but is functional for mutagenesis when

UmuD' is directly produced (59).

Structural information for intact UmuD certainly would be valuable in

elucidating its roles and interactions in this complex process. In the current absence

of any direct physical information concerning the structure of intact UmuD, we

have initiated an approach for investigating the structure and interactions of UmuD

that is based on the construction of a set of derivatives differing only in the position

of the unique cysteine residue. With any missense mutant, one can carry out a

standard genetic characterizations of the mutant phenotypes and biochemical

characterizations of the mutant proteins. However, the power of the monocysteine

approach comes from the fact that one can also carry out an additional set of

chemical investigations that take advantage of the presence of the single thiol group

in each of the mutant proteins. These have the potential to yield insights into such

issues as accessibility of particular amino acids to solvent, conformational changes

undergone by the protein, and the nature of subunit interactions in multiprotein

complexes (1, 2, 3, 31, 32, 33, 57, 61, 79, 84). Since UmuD and UmuD' appear

to be involved in many protein interactions in this complex process of mutagenesis,

knowledge of its interactions with other proteins would be necessary for a detailed

understanding of its mechanism. This type of experimentation is not intended to

replace direct physical examinations of structure; moreover, if the three-dimensional

structure is eventually solved by crystallographic or nuclear magnetic resonance

techniques, it will be possible to use results obtained in these studies to evaluate the

proposed structure and to develop additional models concerning the nature of

UmuD's interactions with various proteins.

This thesis describes the construction and characterization of several UmuD

monocysteine derivatives and the inferences made regarding the closeness of certain

residues of UmuD to the UmuD homodimer interface. These inferences were

primarily based on the reactivities of the unique cysteines to the alkylating agent,

iodoacetate, and to different cysteine-specific crosslinkers: the zero-length

crosslinkers (which promote disulfide bond formation), iodine and oxygen in a



reaction catalyzed by copper/phenanthroline, and a 13 A homobifunctional

crosslinker, bis-maleimidohexane (Chapter 2).

In extending these investigations of UmuD interactions to analyze interactions
of UmuD with other proteins during mutagenesis using the monocysteine
derivatives, we have employed the use of a cysteine-specific photoactive
crosslinking reagent. Such a strategy does not require prior knowledge of the
interacting sites of adjacent proteins or a cysteine residue at the site of interaction or

mutagenesis of the interacting protein. Chapter 3 and Chapter 4 describe the

synthesis of a 9 A heterobifunctional cysteine-specific photoactive crosslinker, p-
azidoiodoacetanilide, and its use in further elucidating UmuD2 homodimer

interactions and in investigating UmuD-RecA interactions.

Some evidence supports the thought that the region near the amino terminus of
intact UmuD is involved in RecA-UmuD interactions and UmuD2 homodimer

interactions. This suggested to us that a closer analysis of the region between

amino acids 30 to 42 of UmuD by studying mutants with unique cysteines

substituted in this region might yield interesting insights into these interactions.
The characterizations of this new set of derivatives and inferences drawn from these

results are reported in Chapter 5.
Because both UmuD and UmuD' form homodimers and heterodimers (86) it is

unclear whether the substrate for the RecA-mediated cleavage reaction (which
converts UmuD to UmuD') is the monomeric form or dimeric form of UmuD. In
the case of X repressor which shares homology with UmuD, evidence has been

presented which suggests that the repressor monomer is the preferred substrate (18,
38, 66). We have devised a strategy using the monocysteine approach to address

the issue of whether UmuD is more efficiently cleaved as a monomer or a dimer.

These findings are discussed in Chapter 6.
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Fig. 1. Homology among the bacteriophage 080, 434, P22, and X repressors,

LexA, and the mutagenesis proteins UmuD, MucA, and ImpA. Amino acids that

are identical in four or more members of the set are shaded. Positions of X (37),

LexA (50), and UmuD (9, 59) where amino acids substitutions have been shown

to yield stable proteins that are defective in RecA-mediated cleavage are indicated

by squares. Positions of k repressor where an amino acid substitution has been

shown to interfere with dimer formation are indicated by circles (38). Amino

acids that are identical in the three mutagenesis proteins but are not shared with

LexA or the bacteriophage repressors are indicated by bold lettering. The

cleavage site is indicated by an arrowhead. This figure is reproduced from ref.

(9). Used by permission.



80 cI 84TVDAWDKNPTLPDDEVEVPRLKDIEFAC DGRVHDEDH
434 cI 63GTSDSNVRFVGHVEPKGKYPLIS- 4V SWCECEPY
P22 CII 68DLSQTNVAYHSRHEPRGSY.IS-WVSG.QWMKEVEPY

ScI 85YEMYEAVSMQPSLRSEYEY VFS-HS.. FPS'LRTF
LexA 58IVSGASRGIRLLQEEEEGLVD• PLLQQHI
UmuD IMLFIKPADL----REIVTF iFSDV S DYV
MucA 1MKVDIFESSG---ASVHSI FYLQRISAFRFPa.QGYE
ImpA iMSTVYHRPADP SGDDSYVRPL-iFADRCQAGF P•-ATDYA

NGFKLRFSKATLRRVGANSDGSGVLCFPASGDSME- V-----IPDG
DIKDIAEWYDSD----VNLLGNG-FWLKVE.DSMTS VGQ--SiPEG
HKRAIENWHDTT----VDCSEDS-E W LDVQGDSMTAADG--LSIPEG
KPZIQRWVSTTKKASAD------AF SM TGSIOSFPDG

EGHYQVD-PSLF-K PNAD--------D IG-----IMDG
EQRIDLN-QLLIQHPST.- ------ YFKA ID----.. - ISDG
KQELNLH-EYCVRRPSAT.------YFLRVSGSSMEDGR------IHDO
EQELDLN-SYCISR.P.A•.AT.-------FF.LRASGE-SMNQAG ----- VQNG

ATVA TGNKRNIDGELYAI-----NQGDL. RIKQ---QLYRKPGGI
HMVLV-TGREP-VNGSLV-•NKLTDAEAT•FKLVIDGGQKY-LKGLK
MII VPEVEPR-NGKLA.AKVEGENEATFI (LVMDAGRKFtK.LNP
MLIL . PEQAVEP -DFCIARIiG-D~F IRDSGQVQP IIP

AVHKTQDVR-NQVVARI--DDE RLKKQGNKVEILP ES
Di IVSAITAS-R DIVIAAV-- F LQRPTV-~IM~ S
iDVV mRSLTAS-S IV"ACI --HN VKRLLRPRPQC• MPMNK
tVV-DRAEKPQ-HGDI-IE I--DGLL R PLL RPA-.EPV-S

LIR-------S INRDYDDEEADEADVEI. IIG FWYSVLRYRR
PSWPMT----4I.GN-----------CKIIV1EARVKFV
QY-PMI----EINGN---------- CKIIGVDAKLANLP
QY-E.MI-----PCNES----------CSWVVi IASQWPEETFG
EFKPIV----VDLRQ--------QSFTI!E-LAVGVIRNGDWL
AYSPiIT----ISSED----------TLDVEOVIVVKAMR
DF-PýVYYID-PDNES-----------VETWiGWTHSLIEHPVCLR
DS-PEFRTLYPENI------------ICIFGVTRVIHRTRLR







Fig. 2. When DNA lesions are introduced by UV light or various chemicals,
RecA is activated to RecA* in the presence of a nucleotide triphosphate (ATP)

and an inducing signal (single-stranded DNA generated by the cell's attempt to

replicate damaged DNA) (70). RecA* mediates the cleavage of the major cellular

repressor, LexA (52), thereby allowing the increased transcription of various SOS

genes including umuD, umuC, and recA. RecA* then mediates the

posttranslational cleavage of UmuD at its Cys24-Gly25 in a manner

mechanistically similar to the cleavage of LexA (17, 73). This cleavage has been

shown genetically to activate UmuD, the resulting carboxy-terminal fragment

(termed UmuD') being necessary and sufficient for its role in mutagenesis (59).

UmuC is unstable by itself but is stabilized by GroEL and GroES until it can

interact with UmuD or UmuD' (22, 23). Only the complex of UmuC with

UmuD'2 is active in mutagenesis. The dimer UmuD'2 associates with UmuC and

RecA* and this complex interacts with DNA polymerase III in such a way that

DNA lesions are bypassed at the expense of the introduction of mutations (35,

68). SOS mutagenesis appears to be due to a process of translesion synthesis in

which the replicative machinery, involving UmuD', UmuC, RecA, and DNA

polymerase III, encounters a non-coding or miscoding lesion, inserts an incorrect

nucleotide across from the lesion and then continues elongation (35).
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Chapter 2

A monocysteine approach for probing the structure and interactions of

the UmuD protein.
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UmuD participates in a variety of protein-protein interactions that appear to be essential for its role in UV
mutagenesis. To learn about these interactions, we have initiated an approach based on the construction of a
series of monocysteine derivatives of UmuD and have carried out experiments exploring the chemistry of the
unique thiol group in each derivative. In vivo and in vitro characterizations indicate that these proteins have
an essentially native structure. In proposing a model for the interactions of UmuD in the homodimer, we have
made the following assumptions: (i) the conformations of the mutant proteins are similar to that of the wild
type, and (ii) the differences in reactivity of the mutant proteins are predominantly due to the positional effects
of the single cysteine substitutions. The model proposes the following. The region including the Cys-24-Gly-25
cleavage site, Val-34, and Leu-44 are closer to the interface than the other positions tested as suggested by the
relative ease of dimer cross-linking of the monocysteine derivatives at these positions by oxidation with iodine
(12) and by reaction with bis-maleimidohexane. The mutant with a Ser-to-Cys change at position 60 (SC60) is
similar in iodoacetate reactivity to the preceding derivatives but cross-links less efficiently by I2 oxidation. This
suggests that Ser-60, the site of the putative nucleophile in the cleavage reaction, is located further from the
dimer interface or in a cleft region. Both Ser-19, located in the N-terminal fragment of UmuD that is removed
by RecA-mediated cleavage, and Ser-67 are probably not as close to the dimer interface, since they are
cross-linked more easily with bis-maleimidohexane than with 12. The SC67 mutant phenotype also suggests that
this position is less important in RecA-mediated cleavage but more important in a subsequent role for UmuD
in mutagenesis. Ala-89, Gln-100, and Asp-126 are probably not particularly solvent accessible and may play
important roles in protein architecture.

The process of UV and chemical mutagenesis requires the
participation of the products of three genes, umuD, umuC, and
recA (15, 27, 46, 53, 57, 63, 64). The umuDC operon is
repressed by the LexA repressor (4, 15, 53) and is regulated as
part of the recA + lexA '-dependent SOS response (36, 46, 63,
64, 66). The SOS response is induced when RecA, activated by
single-stranded DNA generated by the cell's attempts to
replicate damaged DNA, mediates the proteolytic cleavage of
the bond between Ala-84 and Gly-85 of LexA (35), apparently
by facilitating the otherwise latent capacity of LexA to autodi-
gest (34). Activated RecA (designated RecA*) also activates
UmuD for its role in mutagenesis by mediating the posttrans-
lational cleavage of UmuD at its Cys-24-Gly-25 bond by a
similar mechanism (9, 52). The C-terminal fragment, UmuD',
has been shown genetically to be necessary and sufficient for its
role in mutagenesis (41).

Evidence has been presented suggesting that intact UmuD
functions as an inhibitor of mutagenesis (6, 47) and may be
important as part of a posttranslational mechanism to regulate
the cell's capacity to carry out SOS mutagenesis (6). UmuD
shares homology with the C-terminal regions of LexA, the
repressors of bacteriophages X, 480, 434, and P22, and with the
analogous mutagenesis proteins MucA and ImpA (6, 14, 45,
51). This homology has functional significance in that all these
proteins undergo RecA-mediated cleavage and autodigestion

* Corresponding author. Mailing address: Building 68, Room 630,
Department of Biology, Massachusetts Institute of Technology. 77
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Biology, School of Life Science, Tokyo College of Pharmacy, 1432-1
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at alkaline pH. The cleavage reaction for this family of proteins
is proposed to occur by a mechanism similar to that of serine
proteases in which the nucleophile, a conserved serine residue,
is activated by a lysine residue (54). Various genetic experi-
ments indicate that RecA has a third role in SOS mutagenesis
beyond mediating the cleavage of LexA and UmuD (13, 20, 41,
60).

Progress has been made recently in understanding the roles
of UmuD', UmuC, and RecA in SOS mutagenesis. Cohen-Fix
and Livneh (11) have reported the development of an extract
in which UV-irradiated plasmid DNA is processed to yield
mutated DNA. The extract is made from SOS-induced cells
and requires the umuD, umuC, and recA gene products.
Rajagopalan et al. (47) have demonstrated that the addition of
UmuD', renatured UmuC, and RecA will permit DNA poly-
merase III holoenzyme to carry out limited bypass synthesis on
a primed DNA substrate with a single abasic site in the
template strand. Experiments indicating interactions between
a RecA-single-stranded DNA complex and UmuD' (20) or
UmuC (21) have been used to suggest that UmuD' and UmuC
might play roles in targeting the polymerases to the lesions.
Sommer et al. (56) have suggested that binding of UmuD' and
UmuC to the RecA-coated single-stranded DNA at the site of
the lesion might cause it to switch from being a substrate for
recombination to being a substrate for bypass mutagenesis.
Other observations (5, 61) have led to the suggestion that
UmuD' and UmuC might alter the behavior of DNA poly-
merase III on damaged DNA by altering the molecular
mechanism responsible for its processivity.

UmuD (15 kDa) and UmuD' (12 kDa) participate in a
variety of protein-protein interactions that appear to be im-
portant for their biological roles. Both proteins form ho-
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TABLE 1. Bacterial strains and plasmids used in this study

pramidn or Relevant genotype or description or soeference

Strains
AB1157 argE3 15
GW3200 As AB1157, but umuD44 41
SG1611 JMI01 derivative; A(lac-pro) Agal Alon-510 supE thil(F' traD36 proAB ÷ lacPq lacZAM15) 24

Plasmids
pGW2101 umuDC containing Hpal-Hpal of pSE117 (15) cloned into EcoRV-PvuII fragment of pZ150 41

(69). rop gene of pBR322 has been deleted. Vector contains M13 ori
pGW2020 pGW2101 with umuC deleted 41
pGW2021 pGW2101 derivative with FspI site generated 2 nucleotides 5' to the initiation codon of umuD This work
pVSR pBR322 derivative carrying the T7 promoter and Shine-Dalgarno (SD) sequence with a HindIII 28

restriction site 5 bp 3' from the SD sequence
pAC-T7 Encodes IPTG-inducible T7 RNA polymerase, Kmr; pACYC184 derivative 28
pGW6050 pVSR derivative with umuDC under control of T7 promoter. umuDC subcloned from This work

pGW2021; Apr
pGW6060 pGW6050 derivative with umuC deleted This work
pGW6070 pGW6060 derivative with M13 ori. M13 ori from pZ152 This work
pGW6100 70TGT to GCC; Cys-24 to Ala; pGW6070 derivative; umuD131 This work
pGW6111 178TCT to TGT; Ser-60 to Cys; pGW6100 derivative; umuD132 This work
pGW6121 100GTIT to TGT; Val-34 to Cys; pGW6100 derivative; umuD133 This work
pGW6131 130TTG to TGT; Leu-44 to Cys; pGW6100 derivative; umuD134 This work
pGW6141 376GAT to TGT; Asp-126 to Cys; pGW6100 derivative; umuD137 This work
pGW6151 241AGC to TGC; Ser-81 to Cys; pGW6100 derivative; umuD136 This work
pGW6161 55AGC to TGC; Ser-19 to Cys; pGW6100 derivative; umuD138 This work
pGW6171 169AGT to TGT; Ser-57 to Cys; pGW6100 derivative; umuD139 This work
pGW6181 199AGT to TGT; Ser-67 to Cys; pGW6100 derivative; umuD135 This work
pGW6191 265GCT to TGT; Ala-89 to Cys; pGW6100 derivative; umuDI40 This work
pGW6211 298CAA to TGT; Gin-100 to Cys; pGW6100 derivative; umuD141 This work
pGW6221 334AGC to TGC; Ser-112 to Cys; pGW6100 derivative; umuD142 This work

modimers and heterodimers (68), and the interactions of the
UmuD -D' heterodimers are more stable than that of either of
the homodimers (6). It seems likely that all three forms of the
dimers interact with UmuC (40, 68). UmuD' also appears to
undergo a special interaction with the RecA filament (20) and
may interact with one or more components of DNA poly-
merase III holoenzyme (7, 25, 26, 37, 47). In addition, intact
UmuD interacts with RecA* in a fashion that results in
cleavage of its Cys-24--Gly-25 bond, and it is capable of
autodigestion of the same bond if incubated at alkaline pH (9).

Structural information for UmuD certainly would be valu-
able in elucidating its roles and interactions in this complex
process. In the current absence of any direct physical informa-
tion concerning the structure of UmuD, we have initiated an
approach for investigating the structure and interactions of
Escherichia coli UmuD that is based on the construction of a
set of monocysteine derivatives. This type of approach has
previously been used successfully in investigations of topogra-
phy and subunit interactions of such systems as chemoreceptor
proteins (16, 17, 38, 43), bacteriorhodopsin (3, 19), troponin C
(44, 62, 65), and subunits of the E. coli F, ATPase (1, 2). For
example, single cysteines were introduced into locations rep-
resentative of different structural domains of bacteriorhodop-
sin, and the topography as well as the orientation of the
at-helices in the transmembrane regions was investigated by
using various cysteine-specific reagents (19). In another exam-
ple, disulfide cross-linking of monocysteine derivatives of the
transmembrane portion of the E. coli Tar receptor led inves-
tigators to suggest a helical-bundle structure for the transmem-
brane region in which the four helices of this region are not
structurally equivalent, i.e., two helices interact closely, while
the other two are more peripherally located (43). With any
missense mutant, one can carry out standard genetic charac-

terizations of the mutant phenotypes and biochemical charac-
terizations of the mutant proteins. However, the power of the
monocysteine approach comes from the fact that one can also
carry out an additional set of chemical investigations that take
advantage of the presence of a single thiol group in each of the
mutant proteins (1-3, 16, 17, 19, 38, 44, 62, 65). These have the
potential to yield insights into such issues as the accessibility of
particular amino acids to solvent, conformational changes
undergone by the protein, and the nature of subunit interac-
tions in multiprotein complexes. This type of experimentation
is not intended to replace direct physical examinations of
structure; moreover, if the three-dimensional structure of
UmuD is eventually solved by crystallographic or nuclear
magnetic resonance techniques, it will be possible to use results
obtained in these studies to evaluate the proposed structure
and to develop additional models concerning the nature of
UmuD's interactions with various proteins. In the meantime,
since such a structural model for UmuD is not presently
available, the results obtained from studies of monocysteine
derivatives can be used to make significant inferences about
the nature of UmuD's three-dimensional structure in solution
and about the nature of its intermolecular interactions. In this
paper, we describe the construction and characterization of
these monocysteine derivatives and discuss the qualitative
structural inferences made from this type of experimentation.

MATERIALS AND METHODS

Construction of monocysteine umuD mutant plasmids and
characterization of in vivo UmuD mutant phenotypes. Table 1
lists the bacterial strains and plasmids described in the text. To
facilitate the overproduction and purification of the UmuD
mutant proteins, all the umuD mutants we constructed were
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under the control of the T7 promoter. pGW6050 was con-
structed by cloning the umuD-containing FspI-DraI fragment
of pGW2021 into the HindIII site of pVSR (28) by filling in the
5' overhangs at the HindIII restriction site and ligating the
blunt ends. pGW6060 was derived by deleting umuC from
pGW6050 by BamHI digestion, partial BglII digestion, and
religation. pGW6070 was constructed by cloning the umuD-
containing ApaLI-ApaLI fragment of pGW6060 into the
ApaLI-ApaLI fragment of pZ152 (69) containing the M13
origin of replication. Mutant derivatives of umuD were con-
structed by using an oligonucleotide-directed mutagenesis
system (Bio-Rad) with uracil-containing single-stranded DNA
and oligonucleotides 21 bases in length, and each construct was
confirmed by sequencing the entire umuD gene.

UV mutagenesis was carried out as described previously
(15). We found the mutability of a umuD44 strain producing
UmuD under T7 control in the absence of isopropyl-13-o-
thiogalactopyranoside (IPTG) to be only slightly greater than
that of the umuD44 strain producing UmuD under the control
of its own promoter (see Fig. 1).

In vivo RecA-mediated cleavage was assessed by the follow-
ing method. E. coli SG1611 cells (24) harboring helper plasmid
pAC-T7 encoding the IPTG-inducible T7 RNA polymerase
and a plasmid containing umuD under T7 control were grown
at 370 C in 2x YT broth (50) to an optical density at 600 nm of
1.0, after which production of UmuD was induced with a 0.5
mM final concentration of IPTG. After a 1-h incubation, cells
were centrifuged, resuspended in fresh 2x YT broth and
incubated for another hour. After UV irradiation of cells in
0.85% saline at 50 J/m2 , cells were centrifuged, resuspended in
2x YT broth, and incubated for 45 min. This procedure
produces roughly 10 to 20 times the number of UmuD
molecules in an induced cell. UmuD cleavage was assessed by
centrifuging the cells, resolving the protein from 5 x 109 cells
by electrophoresis on a 13% polyacrylamide gel containing
sodium dodecyl sulfate (SDS), transferring the protein to
polyvinylidene difluoride transfer membrane (Immobilon-P),
and blotting with affinity-purified antibodies raised against
UmuD'. The antibody reacted equally well with UmuD and
UmuD' at the 1:5,000 dilution used in these studies. Cross-
reacting material was visualized by chemiluminescence
(Tropix). Visualized UmuD and UmuD' bands were quanti-
tated by using the LKB Bromma 2202 Ultroscan Laser densi-
tometer.

Overproduction and purification of UmuD proteins. Over-
night cultures of SG1611 containing pAC-T7 and a umuD-
containing plasmid in M9-glucose medium (50) supplemented
with 0.1 mM CaCI2, 0.1 mM FeCl3 , 0.1 mM ZnSO4, 4 g of
glucose per liter, 5 pLg of thiamine per ml, 25 a.g of kanamycin
per ml, and 100 pLg of ampicillin per ml (for selection of cells
harboring pAC-T7 and the umuD-containing plasmid) were
diluted 1:20 into 2x YT broth supplemented with 100 jLg of
ampicillin per ml and 25 Rg of kanamycin per ml and incubated
at 370 C. At an optical density at 600 nm of 0.7 to 0.8, IPTG was
added to a final concentration of 0.5 mM to induce the
production of T7 RNA polymerase. After 1 h of incubation at
37'C, rifampin was added to a final concentration of 200 pg/ml.
Cells were harvested after an additional 4-h incubation, cen-
trifuged at 4,000 rpm in a Beckman J-6B centrifuge with a
JS-4.2 rotor at 40C, and resuspended in lysis buffer (50 mM
Tris, pH 8.0; 2.0 mM dithiothreitol [DTT]; 5 mM EDTA; 1
mM phenylmethylsulfonyl fluoride; and 10 pLg of pepstatin A
per ml). Cells were lysed by addition of 0.5 mg of lysozyme per
ml and 100 mM NaCI, incubation for 30 min at 00 C with
agitation, followed by addition of 10 pgg of DNase I per ml and
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10 mM MgCl,, incubation for 60 min at 00 C, and centrifugation
at 14,000 rpm.

UmuD in the supernatant was precipitated by the addition
of (NH 4)2SO 4 to 35% saturation and incubation with stirring
for 20 min. The pellet was resuspended in buffer HA (10 mM
Na phosphate, pH 6.8; 0.1 mM EDTA; 1 mM DTT; 100 mM
NaCI) and applied to a hydroxylapatite column. The column
was washed with buffer HA, and the proteins were eluted with
30 mM Na phosphate (pH 6.8)-0.1 mM EDTA-1 mM DTT-
100 mM NaCl. The UmuD-containing fractions were applied
to a Mono Q ion-exchange column, and the proteins were
eluted with a linear gradient of 100 to 460 mM NaCl in buffer
HA. The UmuD-containing fractions eluted at about 300 mM
NaCl. Buffer of UmuD-containing fractions was exchanged by
applying fractions to a 10-mi Bio-Rad Econopac 10 DG gel
filtration column and eluting with 10 mM Na phosphate, pH
6.8, containing 0.1 mM EDTA, 100 mM NaCl, and 0.1 mM
DTT.

In vitro RecA-mediated cleavage reaction. RecA protein was
purified as described elsewhere (12). Reactions were carried
out in buffer D (40 mM Tris-HCI, pH 8.0; 10 mM MgCl 2; 30
mM NaCl; 2 mM DTT) with 50 ng of a 20-mer oligonucleotide
per 20-pl sample volume and 1 mM adenosine-5'-O-[y-thio]
triphosphate (ATPyS) as described previously (9). UmuD (10
p.M) was incubated with 3.5 t±M RecA at 370C for 30 min. The
cleavage reaction was quenched by the addition of SDS sample
buffer with 10% 3-mercaptoethanol, the mixture was heated to
100'C for 5 min, and the proteins were resolved by electro-
phoresis on an SDS-13% polyacrylamide gel. The amounts of
UmuD and UmuD' were quantified from the Coomassie
blue-stained gels by using the LKB Bromma 2202 Ultroscan
Laser densitometer. In these studies, UmuD (CA24) (UmuD
with a Cys-to-Ala mutation at position 24) was found to behave
identically to the UmuD + protein. This single-time-point assay
does not necessarily reflect initial rates; therefore, differences
in cleavage rates may be underestimated in this assay.

Reactivity of mutant UmuD proteins to [3H]iodoacetate.
UmuD proteins at a 20 pLM concentration in 50 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH
8.1) containing 500 mM NaCi were incubated with a 40X
molar excess of [3H]iodoacetate (150 mCi/mmol; Amersham)
at 370C for 60 min in the dark (19). Reactions were quenched
by adding an equal volume of SDS sample buffer with 10%
3-mercaptoethanol to destroy the unreacted iodoacetate and

4% SDS to denature the protein. Reagents were separated
from samples by electrophoresis on a 13% polyacrylamide gel.
The extent of labeling was determined by staining the gel with
Coomassie blue, cutting out the band, and extracting the
protein from the band by incubating it at 550C for >18 h in 0.5
ml of Solvable (DuPont-New England Nuclear)-0.5 ml of
H2 0. Subsequently, 10 ml of Formula 989 (DuPont-New
England Nuclear) was added, samples were vigorously mixed,
and 3H disintegrations were counted with the Beckman LS
6000SC Liquid Scintillation counter.

Cross-linking of UmuD mutant derivatives with glutaralde-
hyde, 12, Cu2+-phenanthroline (CuP), and bis-maleimidohex-
ane (BMH). Glutaraldehyde cross-linking studies with UmuD
derivatives were carried out essentially as described previously
(6). Solutions of UmuD (10 ptM) in 10 mM sodium phosphate
buffer, pH 6.8-100 mM NaCl were incubated with a 0.05%
final concentration of glutaraldehyde (Sigma) for 5 min. The
reactions were quenched by the addition of 0.13 M Tris-HCl to
the SDS sample buffer. For the cross-linking of mutant UmuD
proteins with UmuD', equimolar amounts of the two proteins
were preincubated for 30 min at 370 C and then treated with
glutaraldehyde.
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FIG. 1. Effect of plasmids encoding UmuD mutant proteins on UV
mutagenesis in an AB1157 umuD44 strain (GW3200). Assays were
conducted in the absence of IPTG. Open squares, pGW2020
(UmuD +, under LexA control); solid squares, pGW6070, pAC-T7
(UmuD+ , under T7 control); solid triangles, pGW6100, pAC-T7
(UmuD [CA24], under T7 control); solid circles, pGW6111 (CA24,
SC60, under T7 control).

Disulfide formation reactions were carried out by treatment
of UmuD with iodine or CuP. Reactions with iodine were
initiated by the addition of 0.5 mM aqueous 12 to 10 l±M
UmuD (in 50 mM HEPES [pH 8.1]-100 mM NaC1), mixtures
were incubated at 220C for 20 min, and reactions were
quenched by the addition of 50 mM N-ethylmaleimide (NEM;
Sigma) to block the remaining free sulfhydryl groups and SDS
sample buffer (43). Oxidations with 02 catalyzed by CuP were
conducted by reacting UmuD (at 0.1, 1, and 10 LM) with 0.48
mM Cu2+ and 0.65 mM phenanthroline for 5 or 10 min at 0°C
and quenched by adding 10 mM EDTA to chelate the Cu 2 -, 50
mM NEM to block unreacted sulfhydryl groups, and sample
buffer (18). Reactions with CuP were conducted in 50 mM
HEPES-100 mM NaCl, pH 8.1, or 10 mM Na phosphate-100
mM NaC1, pH 7.3.

UmuD was cross-linked with BMH (Pierce) by the addition
of 1 mM BMH to 10 l.M UmuD (in 10 mM Na phosphate-100
mM NaCl, pH 7.3) and incubation for 5 min at 22 0C, and the
reaction was quenched by the addition of 50 mM DTT and
sample buffer. Cross-linked dimers of UmuD were resolved
from monomers by electrophoresis on a 13% polyacrylamide
gel. For I,, CuP, and BMH experiments, densities of Coo-
massie blue-stained bands corresponding to the monomeric
and dimeric forms were quantitated with the LKB Bromma
2202 Ultroscan Laser densitometer. For the experiments mea-
suring CuP cross-linking of UmuD at 1 and 0.1 pM concen-
trations, bands corresponding to the monomeric and dimeric
forms were visualized on a Western blot (immunoblot) by
chemiluminescence (Tropix). Visualized bands were then
quantitated with the densitometer.
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FIG. 2. Relative mutation frequency and in vivo and in vitro
RecA-mediated cleavage. Mutagenesis was determined for cells irra-
diated with a UV dose of 20 J/m 2. In vivo and in vitro RecA-mediated
cleavage assays were conducted as described in Materials and Meth-
ods. Solid bars, relative mutation frequency (percentage of wild-type
level); hatched bars, relative in vivo RecA-mediated cleavage (percent-
age of wild-type level); dotted bars, relative in vitro RecA-mediated
cleavage (percentage of wild-type level). Extent of in vivo RecA-
mediated cleavage for CA24 and UmuD + is 60%. Extent of in vitro
RecA-mediated cleavage for CA24 and UmuD' is 80%. Numbers
along the x axis represent amino acid positions.

RESULTS

Construction of a umuD mutant encoding a UmuD deriva-
tive without a cysteine. We constructed a series of umuD
derivatives that encode mutant UmuD proteins, each of which
has a single cysteine at a unique site. In order to do this, we
took advantage of the fact that the only cysteine in UmuD is
Cys-24 at the Cys-24-Gly-25 cleavage site. In the family of
phage repressors and mutagenesis proteins, most of the mem-
bers have an Ala-Gly cleavage site, but a subset, UmuD and
the bacteriophage 480 repressor, has a Cys-Gly bond as the
site for RecA-mediated cleavage. This suggested that changing
the Cys-24 to alanine would result in a fully functional protein
that contained no cysteine in its amino acid sequence. Site-
directed oligonucleotide mutagenesis was used to construct a
umuD derivative, umuD131, that encodes a mutant UmuD
protein that has an Ala-24-Gly-25 cleavage site.

We found the ability of the UmuD (CA24) derivative to
participate in UV mutagenesis in vivo to be essentially indis-
tinguishable from that of wild-type UmuD (Fig. 1). Further-
more, UmuD (CA24) behaved identically to the UmuD +

protein during purification and undergoes RecA-mediated
cleavage in an apparently identical fashion.

Activity of UmuD monocysteine mutant proteins in UV
mutagenesis and RecA-mediated cleavage. We then used site-
directed oligonucleotide mutagenesis to make 11 derivatives of
umuD131 in which a codon for some particular amino acid was
replaced by a cysteine codon. In order to maximize the
probability of obtaining biologically active UmuD proteins, we
chose (i) sites that were not strongly conserved within the
UmuD-MucA-LexA-phage repressor family of proteins (6),
(ii) sites of serine residues in UmuD, and (iii) sites of cysteine
residues in the homologous proteins (6). All the mutations
were confirmed by sequencing of the entire gene.

We then characterized the different in vivo properties of
these monocysteine UmuD derivatives and compared them
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with that of wild-type UmuD (Fig. 2). The ability of the mutant
UmuD proteins to participate in UV mutagenesis was deter-
mined by expressing them in the umuD44 strain and measuring
the reversion of an argE3 mutation to Arg +. Most of the
monocysteine UmuD derivatives retained substantial activity
for mutagenesis. The most severely impaired was the SC67
derivative, which was only 9% as active as the parental protein
UmuD (CA24) in UV mutagenesis. The next most impaired
derivatives (VC34, SC57, and SC60) still had about one-
quarter to one-third of the activity of the wild type in UV
mutagenesis.

Since RecA-mediated cleavage of UmuD is needed to
activate it for its role in UV mutagenesis, we also determined
the ability of the derivatives to undergo RecA-mediated cleav-
age in vivo. Cells carrying the UmuD mutant plasmids were
induced for UmuD production and irradiated with UV light at
a dose of 50 J/m 2 .After a 45-min incubation at 37°C, the extent
of cleavage was detected by Western blotting with affinity-
purified UmuD antisera (6) and was found to be -60% for the
wild-type UmuD under these conditions. Although we recog-
nize that this approach is not sensitive to small differences in
extent of cleavage, we did find, nevertheless, that the mono-
cysteine derivatives of UmuD were stable in vivo and, in
general, that the activity of the UmuD mutant proteins in UV
mutagenesis correlated well with their ability to undergo
RecA-mediated cleavage in vivo. The only exception was the
SC67 derivative, which was cleaved 60% as well as the parental
UmuD protein, UmuD (C-24), but was only 9% as active in
mutagenesis. This suggests that this position is important for
the subsequent role of UmuD' in mutagenesis. The reduction
in cleavage noted with the SC60 derivative was expected since,
by analogy to LexA, Ser-60 has been implicated as the possible
nucleophile in the RecA-mediated cleavage reaction activating
UmuD for its role in mutagenesis (54). Consistent with this
hypothesis, Nohmi et al. (41) had shown that SA60 and SC60
derivatives of wild-type UmuD showed an impaired ability to
participate in UV mutagenesis, while the SA60 mutation
introduced into the truncated protein, UmuD', was much less
deficient in mutagenesis. The strain expressing DC126 was
almost as mutable as a strain expressing the parental UmuD
protein, yet the DC126 derivative was cleaved only 25% as
much as the wild-type proteins were. A possible explanation is
discussed below (see Discussion).

RecA-mediated cleavage of the UmuD monocysteine mutant
proteins in vitro. All of the UmuD monocysteine derivatives
were purified to homogeneity by a set of procedures identical
to those used to purify both the wild-type UmuD and the
UmuD (CA24) proteins. We obtained the same level of
production for these derivatives in vivo as for the wild type,
indicating that they are similar in stability to the wild-type
protein. In addition, that they could be purified by the same
procedure as that used for UmuD' suggests that their confor-
mation is very similar to that of the wild-type protein. These
purified UmuD derivatives were assayed for their ability to
undergo RecA-mediated cleavage in vitro. As shown in Fig. 2,
the ability of the various UmuD derivatives to undergo RecA-
mediated cleavage in vitro correlated well with that deter-
mined in vivo.

Formation of homodimers and heterodimers between
UmuD derivatives and UmuD'. To survey the abilities of the
UmuD mutant proteins to dimerize, we examined the abilities
of the UmuD derivatives to be cross-linked by glutaraldehyde
(6, 30). Glutaraldehyde cross-links the amino groups of pro-
teins, and this reaction is rapid and specific. We expected that
if the monocysteine derivatives retained structures that are
similar to that of the wild type, they would exhibit the same
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FIG. 3. Glutaraldehyde cross-linking of UmuD monocysteine mu-
tant homodimers and UmuD -UmuD' heterodimers. (A) Glutaralde-
hyde cross-linking of UmuD, was carried out by adding a final
concentration of 0.05% glutaraldehyde to 10 p.M UmuD and incubat-
ing for 5 min. Lanes: 1, CA24; 2, UmuD'; 3, VC34; 4, LC44; 5, SC60;
6, SC81; 7, DC126. (B) For cross-linking of mutant UmuD to wild-type
UmuD', 10 p.M UmuD derivative was incubated with 10 p.M UmuD'
for 30 min at 370 C and then treated with glutaraldehyde. Lanes: 1,
UmuD' only; 2, UmuD ÷ only; 3 to 8, UmuD' and UmuD derivatives
UmuD + (3), VC34 (4), LC44 (5), SC60 (6), SC81 (7), and DC126 (8).
Data shown are representative of duplicate experiments.

extent of cross-linking as the wild type did. We found that most
of the UmuD derivatives cross-link to the same extent as the
wild type, indicating that most monocysteine mutants retain an
essentially native structure that is able to dimerize effectively.
However, it is possible that small differences in dimerization
constants might have escaped detection by this approach,
because most of the UmuD protein under these conditions is
probably in dimeric form. Differences in dimerization con-
stants were detected in the LC44 and DC126 mutants, which
were observed to show a partial reduction in homodimer
formation (Fig. 3A).

We also surveyed the abilities of the monocysteine UmuD
derivatives to form heterodimers with UmuD'. Previously,
Battista et al. (6) had shown that glutaraldehyde cross-linking
experiments performed 15 min after mixing equimolar
amounts of UmuD 2 and UmuD' 2 homodimers resulted in the
detection of only UmuD - UmuD' heterodimers, a result which
indicated that the UmuD - UmuD' heterodimer is more stable
than either of the homodimers. Equimolar amounts of the
intact monocysteine UmuD proteins and wild-type UmuD'
protein were mixed and incubated at 370 C for 30 min in order
to allow them to reach equilibrium. All the derivatives formed
heterodimers (Fig. 3B). However, the AC89 (data not shown)
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FIG. 4. (A) Reactivity of UmuD monocysteine mutant proteins
with [3H]iodoacetate. The percentage of total protein modified by
iodoacetate in 60 min was measured. UmuD at a concentration of 20
p.M was incubated with a 40-fold molar excess of [3H]iodoacetate in 50
mM HEPES (pH 8.1)-500 mM NaCl for 60 min in the dark. The
counts determined for UmuD (CA24) were only slightly above back-
ground level (250 cpm in comparison with 16,500 cpm for fully reacted
UmuD) and were subtracted as background. (B) Percent UmuD
cross-linked by using iodine (1,). UmuD (10 p.M) was incubated with
0.5 mM iodine for 20 min at 220C as described in Materials and
Methods. (C) Percent UmuD cross-linked by using BMH. BMH (1
mM) was added to 10 gM UmuD, and the mixture was incubated for
5 min at 220C as described in Materials and Methods. (D) Percent
UmuD cross-linked by using CuP. Oxidations with O0 catalyzed by

and DC126 derivatives displayed a substantially decreased
ability to form heterodimers with UmuD'. The effects of both
of these mutations on heterodimer formation were greater
than their effects on homodimer formation. In contrast, the
LC44 mutation, which impaired homodimer formation, did not
appear to impair heterodimer formation. The observation that
both the UmuD 2 homodimer and the UmuD UmuD' het-
erodimer can be cross-linked with glutaraldehyde indicates
that most likely, the same general region is involved in
dimerization on UmuD and UmuD'. The different effects of
the different cysteine substitutions on homodimer and het-
erodimer formation, however, suggest the possibility that the
specific surface contacts in the homodimer and the het-
erodimer are different. Thus, while a slight conformational
change resulting from the introduction of a cysteine substitu-
tion might lead to either (i) a shift in the positioning of the
lysine residues involved in the cross-linking or (ii) a subtle
change in the protein's surface structure involved in ho-
modimer or heterodimer formation, these effects need not
affect the UmuD 2 homodimer or UmuD -UmuD' heterodimer
interface in the same way. A cysteine substitution at position 89
or 126 appears to affect the surface areas of UmuD involved in
interactions with UmuD' more dramatically than those in-
volved in interactions with UmuD, while a cysteine substitution
at position 44 seems to affect only the region involved with
homodimer formation. While further investigations are re-
quired to elucidate these subtle interactions, these data do
support the conclusion that these UmuD monocysteine deriv-
atives retain structures that are very similar to the structure of
the UmuD ÷ protein.

Cysteine-specific reactivities of UmuD monocysteine mutant
derivatives. In order to test for the accessibility and reactivity
of the unique cysteines in UmuD, the purified UmuD deriva-
tives were reacted with [3H]iodoacetate. Generally, the extent
of reactivity for each thiol group depends primarily on its
exposure to solvent and also on its particular local electrostatic
environment (16). In the case of UmuD, which favors dimer
formation, consideration must also be given to the possibility
that although a particular cysteine may be on the surface of the
protein in the monomer, its accessibility may be reduced if it is
located on the dimer interface where it may be partially
protected from reaction with iodoacetate.

The results of these studies are summarized in Fig. 4A. In
these studies, the control protein with no cysteine, UmuD
(CA24), was also treated with [3H]iodoacetate and the result-
ing counts were found to be only slightly above background
level (250 cpm incorporated in comparison with 16,500 cpm
incorporated for fully reacted wild-type UmuD). These counts
were subtracted as background to control for any nonspecific
reactions that might have occurred with this reagent. In most
cases, we have made the assumption that the differences in
reactivities primarily reflect differences in accessibility of the
sulfhydryl group for the reagent (16). The exception might be
the thiol group at position 60, which might have a higher
degree of inherent reactivity in its electrostatic environment
than the others because of the role of the serine in this position
as the putative nucleophile (see Discussion). In this study, we
found that SC19 is the most reactive, being almost completely
modified by iodoacetate during the 60-min incubation at 370 C.
SC19 is located in the 24-residue amino-terminal region of the

CuP were conducted by reacting 10 i.M UmuD with 0.48 mM Cu2'
and 0.65 mM phenanthroline for 10 min at 00C in 50 mM HEPES-100
mM NaCI, pH 8.1, as described in Materials and Methods.
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protein that is cleaved. The high-level reactivity of SC19 in this
fragment suggests that it is in a well-exposed region. Those
derivatives that have low reactivities, AC89, QC100, and
DC126, are most likely buried within the interior of the protein
or at least minimally exposed to the exterior environment.
Sulfhydryls located at any of the other locations on the protein,
i.e., positions 24, 34, 44, 57, 60, 67, 81, and 112, had reactivities
ranging from 40 to 80% modification in 60 min. We interpret
this as meaning that these sulfhydryls are quite exposed to the
solvent. The reductions in the reactivities of these sulfhydryls
compared with that of SC19 may be explained by one or more
of the following: (i) the sulfhydryl may not be fully exposed
because of the folding of the protein, (ii) the reactivity of the
sulfhydryl with iodoacetate could be slightly influenced by the
local electrostatic environment, or (iii) the sulfhydryl could be
partially protected from reaction with iodoacetate by the
dimerization of UmuD.

Disulfide cross-linking of UmuD monocysteine derivatives.
In order to gain information concerning the positions of the
various monocysteine substitutions relative to the dimer inter-
face, we examined the susceptibilities of the homodimers of
the UmuD monocysteine derivatives to becoming cross-linked
by disulfide bonds. This cross-linking reaction can be carried
out by the addition of iodine (I,) (43) or CuP (8, 16-18, 38).
The formation of disulfide-linked dimers of UmuD monocys-
teine derivatives occurs much more readily on the addition of
CuP than on addition of 12, and this difference is reflected in
the results shown in Fig. 4B and D. For reactions catalyzed by
CuP, mixtures were incubated at 0OC for 10 min before
quenching with EDTA and NEM, while reactions catalyzed by
iodine were carried out at 220C for 20 min before quenching
with NEM. Fig. 4B shows that disulfide formation upon iodine
treatment of monocysteine mutant homodimers occurs effi-
ciently for C-24, VC34, and LC44 (-30% cross-linked); mod-
erately for SC19 (10%); and appreciably less for the other
mutants (0 to 5%). The fact that the susceptibilities of the
various monocysteine derivatives to cross-linking upon iodine
treatment did not correlate at all with the susceptibilities of the
same proteins to reaction with iodoacetate strongly suggests
that the susceptibilities of the various derivatives to disulfide
cross-linking are a result of the differences in the positions of
the sulfhydryl pairs in the homodimers of the monocysteine
UmuD derivatives rather than of their accessibility to reagents
in solution. Thus, the observation that UmuD derivatives with
cysteine at positions 24, 34, and 44 were most efficiently
cross-linked suggests that the regions of these positions are
closer to the dimer interface than the other positions tested.
The less efficient cross-linking of SC19 compared with that of
the derivatives, C-24, VC34, and LC44, suggests that the pair
of sulfhydryls in the homodimer of this mutant might be
further apart than those of C-24, VC34, or LC44.

This interpretation is also supported by the data from CuP
cross-linking. Again, cross-linking occurs very readily for
UmuD derivatives having sulfhydryls at positions 24, 34, and
44, and in fact can be effectively driven to completion on
increase of the temperature from 0 to 220 C in the same
reaction time (data not shown). This high level of disulfide
cross-linking efficiency is consistent with the assignment of
these positions to the dimer interface, and in light of these
data, the modest reduction in iodoacetate reactivities of these
residues can be reasonably explained by hypothesizing that
dimerization causes the sulfhydryls in these positions to be
partially protected from reaction with iodoacetate. The inter-
mediate efficiency of cross-linking for SC19 with CuP is also
consistent with data obtained from iodine cross-linking.

Sulfhydryls at positions that we deduced were buried or only
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partially exposed (positions 89, 100, and 126) cross-linked
poorly with either reagent, as would have been expected.
Sulfhydryls located at positions 57, 60, 67, and 81 have
relatively high levels of reactivity to iodoacetate and yet
cross-link poorly with 12. A simple interpretation of these
findings is that these positions are located on surfaces of the
dimer that are exposed to solvent but are not sufficiently close
to form disulfide cross-links efficiently. They could be located
on the outer surface of the dimer away from the interface or
else in clefts that would make the thiol group unavailable for
cross-linking but still able to react well with iodoacetate.
However, addition of CuP resulted in more efficient cross-
linking of sulfhydryls at these positions. It is possible that the
increased formation of disulfide-cross-linked dimers could
have arisen either as a consequence of interdimer cross-linking
or as a consequence of structural fluctuations within the
UmuD dimer (17).

Dependence on UmuD concentration of disulfide cross-
linking of UmuD monocysteine derivatives by CuP. To test
whether the cross-linking by CuP resulted from inter- or
intradimer interactions, we conducted experiments to study
CuP cross-linking of the UmuD mutant derivatives at three
different concentrations: 0.1, 1.0, and 10 p.M UmuD. These
cross-linking reactions were conducted at both pH 8.1 and pH
7.3. For most mutants, the results in Fig. 5 show no significant
dependence of cross-linking ability of these mutant proteins on
concentration under the conditions and at the concentration
range tested. These results suggest that cross-linking of these
UmuD derivatives occurs as a result of intradimer rather than
interdimer disulfide bond formation.

It is interesting to note the difference in disulfide cross-
linking ability of SC67 at pH 8.1 and pH 7.3. That this
substantial difference in cross-linking ability is not evident in
the results obtained from other UmuD derivatives indicates
that this difference is not simply an artifact of the reagents or
conditions tested but is in fact due to the properties of the
specific monocysteine mutant protein. A possible explanation
for this result is that the local environment around the cysteine
substitution at position 67 is sensitive to changes in pH, such
that decreasing the pH makes the thiol group in this position
less susceptible to cross-linking with CuP by causing the
sulfhydryls to become less accessible to each other in the
dimer.

Cross-linking with BMH. Cross-linking UmuD with a cross-
linker having a greater molecular span relaxes the requirement
that the two sulfhydryls be within very close proximity. These
cross-linkers can be used to identify those pairs of sulfhydryls
that are within the maximum molecular span of the given
cross-linker and can give an indication of possible interresidue
distances. BMH used for these studies is a thiol-specific
cross-linker with a 6-carbon spacer and has a maximum span of
13.9 A (1.39 nm). However, because it is able to assume many
different conformational states due to free rotation around the
methylene carbons, it is very possible for this cross-linker to
join sulfhydryls within its maximum molecular span but not
beyond (67). The results of cross-linking with BMH are shown
in Fig. 4C. Derivatives that were found to readily form
disulfide bonds in the dimer were also found to cross-link
relatively efficiently with this reagent, indicating that they are
within the range of the cross-linking reagent. Positions of
efficient cross-linking include positions 24, 34, and 44, which
are probably close to the dimer interface, and also position 19
located in the N-terminal fragment. While the sulfhydryls of
SC19 did not form disulfide bonds as efficiently as those of the
derivatives which contain sulfhydryls in the dimer interface,
they did cross-link the most efficiently with this reagent. Both
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FIG. 5. Dependence of CuP cross-linking on UmuD concentration. Oxidations with O catalyzed by CuP were conducted by reacting UmuD
at 0. 1 .M (dotted bars), 1 ýpM (hatched bars), or 10 p.M (solid bars) with 0.48 mM Cu2' and 0.65 mM phenanthroline for 5 min at 00C as described
in Materials and Methods. Reactions were conducted in 50 mM HEPES-100 mM NaCl, pH 8.1 (A) or 10 mM Na phosphate-100 mM NaCI, pH
7.3 (B). No detectable cross-linking was observed for derivatives AC89, QC100, and DC126 at a 0.1 p.M concentration of UmuD (B).

SC67 and SC81, which have high reactivities to iodoacetate,
cross-link poorly with 12, and cross-link well with CuP, were
cross-linked to different extents on treatment with BMH; SC67
cross-linked rather well (33%), while SC81 cross-linked poorly
(6%). Mutants with sulfhydryls in several other locations,
including SC57, which is quite reactive with iodoacetate,
cross-linked poorly with BMH. The mutant with a sulfhydryl at
position 60, the site of the putative nucleophile implicated in
the cleavage reaction, also cross-linked very poorly with BMH.
As expected, those mutants with sulfhydryls at positions de-
duced from the iodoacetate reactivity studies to be buried
(AC89, QC100, and DC126) cross-linked poorly with this
reagent.

DISCUSSION

In the present study, we analyzed a set of monocysteine
derivatives of E. coli UmuD with the chosen sites of substitu-
tions spanning the entire length of UmuD. Our hope was to
gain information about the function and physical relationship
of different regions along the entire length of UmuD. In an
attempt to generate monocysteine derivatives that were bio-
logically active, we made cysteine substitutions at sites that
either (i) were not conserved in related proteins (UmuD
analogs and repressors subject to RecA-mediated cleavage) or
(ii) represent conservative substitutions. This strategy was
largely successful; nevertheless, certain of the monocysteine

derivatives had biological or biochemical characteristics that
shed additional light on the functional elements of UmuD. We
also have taken advantage of the chemical properties of the
unique thiol group in each of the derivatives to gain informa-
tion about the local environment around each unique cysteine.

Although this type of experimentation has certain inherent
ambiguities of interpretation, we have used simple interpreta-
tions of the results to make inferences concerning the three-
dimensional structure of the UmuD protein. The assumptions
we have made in interpreting our data are (i) that the proteins
are in conformations similar to that of UmuD+; (ii) that the
reactivity of the sulfhydryl group with iodoacetate is predom-
inantly influenced by its accessibility to iodoacetate (except in
the case of SC60, the putative nucleophile, which might be
more reactive to iodoacetate because of its local environment);
and (iii) that the cross-linking results primarily reflect inter-
residue distances in proteins with the same conformation.

Whether the information obtained in these studies pertains
to the most stable form of the dimer is unclear. Since UmuD
is posttranslationally modified and interacts with many differ-
ent proteins, it is possible that the structure of UmuD in
solution is not static. Certainly, for the LexA-Xcl-UmuD
family, it would be reasonable to suggest that upon interacting
with activated RecA, these proteins might undergo conforma-
tion shifts which are important for their proper functions
within the cell. Thus, the lowest-energy conformation of a
protein in a particular crystal form may not necessarily repre-
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sent the biologically most important, or even dominant, form
in solution. Two illustrative examples that are closely related to
the field of DNA repair are topoisomerase 1 (31) and the
carboxyl-terminal domain of Ada (39). In both these cases, the
protein crystallized in a form that does not allow a direct
explanation of its biological function and crystallographers
have had to postulate that the protein adopts one or more
alternative conformations that are different from that observed
in the crystal. Furthermore, even if a protein can be success-
fully crystallized and the structure can be solved, there may be
regions that are flexible. An example that is highly relevant to
this discussion is the disordered loops in the RecA crystal
structure (58). If one were to make monocysteine derivatives in
one of those loops of RecA, as we have done with UmuD, then
one might expect the results to be influenced by the flexibility
of that region of the protein. Information on such interactions
would be valuable in addressing questions of structure and
function. Since UmuD is by no means the only interesting
protein which has not been crystallized, the development of
this strategy for studying UmuD may be of some use for the
complementing of structural studies of proteins in other sys-
tems.

Cys-24, Val-34, and Leu-44: residues suggested by 12 cross-
linking to be closer to the interface than the other residues
tested. Our results suggest that amino acids at positions 24, 34,
and 44 are located closer to the interface of the UmuD,
homodimer than the other residues we tested. This conclusion
is based principally on the relative ease, in comparison with all
other monocysteine derivatives, with which homodimers of
UmuD ÷ (i.e., C-24), VC34, and LC44 could be cross-linked by
disulfide bridges under mild oxidizing conditions. The fact that
they could also be cross-linked by the cysteine-specific homo-
bifunctional reagent BMH much better than could certain
other derivatives that were equally reactive with iodoacetate is
consistent with this conclusion. All three positions appear to be
reasonably accessible to the solvent as judged by the reactivity
of the corresponding monocysteine derivatives with iodoac-
etate. Position 34 appears to be somewhat less exposed than
the other two, possibly because it is partially buried in the
UmuD, homodimer interface. A location of the Cys-24-Gly-25
cleavage site near the surface of the protein would be consis-
tent with the recent observation of Kim and Little (29) that
LexA can be cleaved in trans, implying that the corresponding
cleavage site in LexA (Ala-84-Gly-85) is near the surface of
the protein. A consensus Chou-Fasman secondary structure
prediction based on the analyses of the UmuD, MucA, LexA,
and Xhc proteins suggests that residues 28 to 37 of UmuD
might form an alpha helix.

The suggestion that the region from residues 24 to 44 is near
the dimer interface is consistent with the results obtained from
studies of both h repressor and LexA. In their study of h
repressor, Pabo et al. (42) found that a carboxyl-terminal
fragment from a papain partial digestion of h repressor
containing just a portion of this region (fragment b, including
residues 122 to 236) did not form dimers, while the carboxyl-
terminal fragment resulting from digestion at the normal
cleavage site, or a papain digestion removing this region
altogether (fragment c, including residues 132 to 236), resulted
in subunits that can dimerize. They postulated that the resi-
dues in this region (residues 122 to 131) are not folded in
fragment b as they would be in the native repressor and that
this interferes with dimer formation. Our results provide
additional evidence for the involvement of the residues in this
region in dimerization.

Interestingly, Sauer and Gimble found mutations within a
region in h repressor that interfered with RecA-mediated
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cleavage but not with autodigestion at alkaline pH and sug-
gested that this region is involved in interactions with RecA
(22). Assuming the amino acid alignment for UmuD and h
repressor discussed by Battista et al. (6), the mutations would
map to sites corresponding to A-30, E-35, R-37, 1-38, and L-40
of UmuD within the region possibly involved in dimer inter-
actions. Battista et al. (6) also reported other mutations in this
region of UmuD (PS27 and AT30) that impair RecA-mediated
cleavage. A simple interpretation of these observations is that
there may be elements that are very close to the interface of
the UmuD dimer that might also be involved in the interac-
tions between UmuD and RecA that lead to UmuD cleavage.
The observations that the VC34 mutant, which cross-linked
efficiently as a dimer, was the most severely deficient of all the
monocysteine derivatives in RecA-mediated cleavage is con-
sistent with the idea that residues in the region involved in
dimer interactions might also be involved in UmuD-RecA
interactions. Both LexA and X (10) repressor appear to be in
their monomeric form while they are undergoing the interac-
tion with activated RecA that leads to proteolytic cleavage.
One possible explanation for these observations is that the rate
of UmuD-RecA-mediated cleavage is controlled by the pro-
tection of elements of the RecA interaction site by dimeriza-
tion. It will be interesting to see whether studies directly
investigating the interactions of UmuD and RecA will be
consistent with such a hypothesis.

In their studies of the cleavage of LexA repressor, Roland et
al. (49) reported mutations in LexA which resulted in hyper-
cleavable repressors, presumably by causing a conformation
that is competent for cleavage. They proposed that RecA
favors this conformation and thus increases the rate of reac-
tion. The site of these mutations also lies within the region
corresponding to that in UmuD which we propose to be in the
dimer interface. It is possible that dimerization locks UmuD in
a form which is unable to be cleaved and that dissociation to
the monomeric form relaxes the stringency of conformation,
thereby allowing a conformational change that brings the
cleavage site to the active site, thus allowing cleavage to occur.

Ser-60, the putative nucleophile for the cleavage of the
Cys-24-Gly-25 bond. Others (32-34, 48, 54, 55) have assem-
bled evidence supporting the hypothesis that Ser-119 of LexA
(which corresponds to Ser-60 of UmuD) acts as the nucleo-
phile both in the RecA-mediated cleavage reaction and in the
RecA-independent alkaline cleavage reaction, as well as in the
recently discovered cleavage in trans reaction (29). We have
previously discussed experiments that support the hypothesis
that Ser-60 of UmuD functions analogously as the nucleophile
in the cleavage of the UmuD Cys-24-Gly-25 bond, and that
Ser-60 is not critical for the subsequent role of UmuD' in SOS
mutagenesis (41). Although the thiol group of SC60 reacts with
iodoacetate to approximately the same extent as the thiol of
C-24, which we have concluded is close to the dimer interface,
SC60 was not cross-linked efficiently by disulfide bridges under
mild oxidizing conditions (12) or by the thiol-specific homobi-
functional reagent BMH. These results suggest that the sulf-
hydryls at position 60 either (i) are too far apart to be disulfide
cross-linked or spanned by a BMH-derived cross-link; (ii) are
sterically hindered for cross-linking with this reagent; or (iii)
are located within a cleft region and are not accessible for
cross-linking.

For the related proteins LexA and h repressor, the third
possibility is particularly likely. Roland et al. (49) and Slilaty
and Little (54) hypothesized that the region containing the
nucleophilic serine in LexA, Ser-119, is probably not well
exposed to solvent. This conclusion is based on the finding that
previous attempts to inhibit LexA autodigestion with the serine
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protease inhibitor diisopropyl fluorophosphate were unsuc-
cessful (54) and that a much higher concentration of diisopro-
pyl fluorophosphate (20 mM compared with 1 mM previously
tried) is required to modify 50% of the LexA in the 10-min
incubation period and result in an inhibitory effect on autodi-
gestion (48). In addition, Sussman and Alexander (59), in their
analysis of the carboxyl terminus of X repressor by antipeptide
antibodies, also suggested that the region in X repressor
including the putative nucleophilic serine is not fully exposed
to external reagents. Using antipeptide antibodies specific for
a peptide containing the primary sequence of this region, they
observed that this region is less accessible to the antibodies in
the native state and does not become totally exposed even after
treatment in denaturing conditions. These results, in conjunc-
tion with the secondary-structure prediction for this region
consisting of a high turn index and high hydrophobicity, led
them to propose an internal structure for this region.

Our data are consistent with these interpretations; however,
the reasonable ability of the thiol groups in the UmuD
derivative SC60 to react with the smaller reagent, iodoacetate,
and to form disulfide bonds on addition of the stronger
oxidizing agent, CuP, shows that the sulfhydryls at position 60
in the dimer are not totally inaccessible. This inference is
consistent with Kim and Little's result that the corresponding
Ser-119 of LexA is able to catalyze peptide cleavage in trans
(29), an observation that implies that the residue is not entirely
buried in the protein structure. The ability of the sulfhydryls in
this position to cross-link in the presence of CuP indicates that
this region may have flexibility which, because of structural
fluctuations, allows the formation of disulfide bonds (17). We
have argued above that the cleavage site itself must be close to
the interface of the UmuD, homodimer. It will be interesting
to see whether Ser-60 is close to the Cys-24-Gly-25 cleavage
site or whether Ser-60 is brought into closer proximity to the
Cys-24-Gly-25 bond by a RecA-mediated conformational
change of UmuD.

Ser-19, a residue in the N-terminal domain of UmuD. Ser-19
is located in the N-terminal domain of UmuD that is removed
by RecA-mediated cleavage. The SC19 derivative was the most
reactive with iodoacetate of all the derivatives we tested,
suggesting that position 19 is very well exposed to solvent.
Although the SC19 UmuD2 homodimer was cross-linked by
disulfide bonds less well than the UmuD ÷ (C-24) protein and
the VC34 and LC44 monocysteine derivatives under mild
oxidizing conditions, it was the monocysteine derivative most
efficiently cross-linked by the cysteine-specific homobifunc-
tional reagent BMH. One reasonable interpretation of this
observation would be that, in the UmuD homodimer, the
serines at position 19 are farther apart than the amino acids at
positions 24, 34, and 44 but that they are close enough together
that their monocysteine derivatives can be bridged by a cross-
link created by reaction with BMH. (This interpretation would
suggest that the serines at position 19 are less than 13.9 A (1.39
nm) apart in the UmuD homodimer.) It was interesting that
the relatively conservative substitution of cysteine for serine at
position 19 resulted in a significant (70 to 80%) reduction in
RecA-mediated cleavage, indicating that alterations that affect
RecA-mediated cleavage can be located in the amino-terminal
side of the cleavage site as well as in the carboxyl-terminal side
(6). This is also consistent with the finding of Lin and Little
that mutations in the corresponding residue in LexA also
caused a severe impairment of the ability of the mutant
proteins to undergo RecA-mediated cleavage and autodiges-
tion (32, 33).

Ser-57, Ser-67, and Ser-81. Ser-57, Ser-67, and Ser-81 are all
located in the central region of the UmuD protein sequence,

and their corresponding monocysteine derivatives were fairly
reactive with iodoacetate, suggesting that they are reasonably
exposed to the solvent. The monocysteine derivatives of the
SC57, SC67, and SC81 UmuD2 homodimers could not be
efficiently cross-linked by disulfide bridges under mild oxidiz-
ing conditions. However, the SC67 derivative differed from the
other two in that it could be cross-linked by BMH to the same
extent as UmuD ÷ (C-24) and the VC34 and LC44 monocys-
teine derivatives. As for Ser-19, we suggest that in the UmuD2
homodimer, the serines at position 67 are too far apart for
their monocysteine derivatives to be cross-linked by a disulfide
bridge but are close enough for their monocysteine derivatives
to be cross-linked by BMH. Interestingly, Ser-67 is located
within the region of 11 amino acid residues, from positions 65
to 75, that is highly conserved within the family of UmuD
analogs that play roles in mutagenesis but not in the family of
related repressors (6). Our observation that the SC67 mutation
affects the UV mutagenesis phenotype much more dramati-
cally than it affects RecA-mediated cleavage suggests that it is
important for the subsequent role of UmuD' in SOS mutagen-
esis. One of the dominant negative mutations described by
Battista et al. (6), GR65, which is located within this region, is
defective in both RecA-mediated cleavage and mutagenesis. It
is possible that the amino acid at this position is also important
for a subsequent role of UmuD' in mutagenesis; however, the
radical substitution of arginine for glycine may cause such
changes within the local environment of the site that distin-
guishing between these roles may not be possible.

In their screen for second-site suppressors which restore the
ability of the X ind- mutant repressor GR185 to undergo
RecA-mediated cleavage, Gimble and Sauer (23) isolated
three independent revertants. Two of the three second-site
mutations (AT152 and PT158) were located in the C-terminal
fragment of X repressor in the corresponding region between
residues D-63 and S-67 of UmuD. These mutants were de-
scribed to be better substrates for RecA-mediated cleavage
because of their reduced ability to form dimers. Since the
structure of the C-terminal fragment of X repressor is not
known, it is not clear whether these mutations affect repressor
dimerization directly by interfering with interactions in the
interface or indirectly by causing conformational changes. Our
observation that SC67 does not cross-link well on addition of
iodine but does cross-link well on addition of BMH suggests
that the residues in this local region are not as close to the
dimer interface. However, efficient cross-linking with CuP
suggests potential flexibility in the region. Such an interpreta-
tion supports the possibility of indirect rather than direct
effects of the AT152 and PT158 of K on dimerization. Further
elucidation of the mechanism of these mutations affecting
dimerization await direct physical studies of the interactions of
UmuD.

Although neither the SC57 nor the SC81 monocysteine
derivative was significantly cross-linked by mild oxidizing treat-
ments or by exposure to BMH, and the SC57 derivative was
somewhat more reactive than the SC81 derivative to iodoac-
etate, the SC81 derivative was more efficiently cross-linked by
CuP treatment than the SC57 derivative. If the cross-linking
caused by CuP treatment represents the trapping of transient
intermediates of structurally fluctuating molecules (see above),
then these observations could be explained by postulating that
position 57 is exposed to solvent but located within a pocket or
cleft such that even transient movements bringing the sulfhy-
dryls together occur very infrequently or that position 57 is in
fact on the outer surfaces of the homodimer and is not
optimally positioned for disulfide bond formation within the
dimer. Position 81 is within a small region of amino acids that
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is not conserved within the UmuD-LexA family of proteins.
Furthermore, the SC81 derivative was quite proficient in both
RecA-mediated cleavage and mutagenesis. Taken together,
these results suggest that the small region around Ser-81 is not
critical for either of these UmuD functions.

Ala-89, Gln-100, Ser-112, and Asp-126. The monocysteine
derivatives AC89, QC100, and SC112, which have alterations
in the carboxyl-terminal one-third of the UmuD protein, were
largely proficient in both RecA-mediated cleavage and SOS
mutagenesis. The relatively low reactivities of the AC89 and
QC100 monocysteine derivatives with iodoacetate and their
failure to be significantly cross-linked, even with CuP treat-
ment, are consistent with positions 89 and 100 not being very
accessible to the solvent. Both positions 89 and 100 flank the
region of conserved residues which include Lys-97, the UmuD
counterpart to the proposed proton acceptor Lys-156 of LexA,
but neither Ala-89 nor Gln-100 seems particularly important
for the cleavage reaction.

Ser-112 resembles Ser-67 in that the SC112 UmuD2 ho-
modimer is reasonably reactive with iodoacetate and efficiently
cross-linked upon exposure to either BMH or CuP but not by
exposure to mild oxidizing conditions. As for Ser-67, a simple
interpretation of these results would be that Ser-112 is reason-
ably exposed to the solvent and close enough to the UmuD,
homodimer interface that the corresponding monocysteine
derivatives can be cross-linked by BMH but not close enough
to be cross-linked by a disulfide bridge.

The DC126 monocysteine derivative of UmuD was the least
reactive to iodoacetate of all of the proteins we examined and
failed to cross-link significantly under any of the conditions
examined. We interpret this as meaning that position 126 is
buried within the folded UmuD structure or is completely
buried in the interface of the UmuD, homodimer. It is
interesting that substitution of cysteine for Asp-126 had a
modest effect on the stability of the UmuD 2 homodimer but
had a major effect on the ability of UmuD to form a stable
heterodimer with UmuD'. This impairment of DC126 in
heterodimer formation might account for the relatively high
UV mutability of a strain expressing the DC126 derivative
(91% of the wild-type level) in spite of its reduced ability to
undergo RecA-mediated cleavage (25% of the wild-type level).
Heterodimer formation has been proposed as a possible
mechanism for the shutoff of UV mutagenesis, with the intact
UmuD protein behaving like an inhibitor of UV mutagenesis
(6, 47). Decreased ability for heterodimer formation of DC126
would permit UV mutagenesis to proceed more efficiently at a
lower extent of UmuD cleavage. It is not yet clear whether the
effect on heterodimer formation caused by the DC126 muta-
tion is due to the loss of a specific contact or to an effect on
UmuD structure. Battista et al. (6) found that a mutation of
the conserved glycine at position 129 to aspartate also affected
RecA-mediated cleavage and hypothesized that this carboxyl-
terminal region of conservation may play an important role in
protein architecture.

The fact that UmuD, a 15-kDa protein, undergoes so many
different types of interactions (from the intramolecular auto-
digestion reaction to interactions in the UmuD 2 homodimer
and the UmuD- UmuD' heterodimer to interactions with
other proteins involved in mutagenesis such as UmuC, RecA,
and, possibly, components of DNA polymerase III) makes
UmuD an attractive model system for the study of structure-
function relationships. Using a monocysteine approach for the
investigation of the structure and interactions of UmuD, we
have developed a model for the topological arrangement of
certain residues in UmuD. Further elucidation of the proper-
ties of the UmuD monocysteine derivatives described here, for
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example, by probing the interactions with other proteins
involved in UV and chemical mutagenesis, should yield inter-
esting results and provide insights into possible mechanistic
roles for UmuD in mutagenesis.
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P-AZIDOIODOACETANILIDE, A NEW SHORT PHOTOCROSSLINKER THAT HAS
GREATER CYSTEINE SPECIFICITY THAN P-AZIDOPHENACYL BROMIDE AND P-
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An important criterion for a protein modifying agent is its residue selectivity. We report
the synthesis of a new photocrosslinking agent, p-azidoiodoacetanilide (AIA), which has a
greater specificity to modify cysteine residues than the widely used p-azidophenacyl bromide
(APB). Crosslinking of UmuD protein, which only has one cysteine, in the homodimer using
APB or AIA resulted in 39% and 30% crosslinking,respectively; however, crosslinking of
UmuD/C24A, a derivative with no cysteines, resulted in 16% crosslinked dimer using APB but
only 2% using AIA. In addition, incorporation of [2-14C]APB into UmuD/C24A was 43% the
amount of incorporation into wildtype UmuD, whereas incorporation of [2-14C]AIA into
UmuD/C24A was only 13% the amount incorporated into wildtype UmuD. We also examined
the cysteine specificity of p-azidobromoacetanilide (ABA) and found it to be less cysteine
specific than AIA. o 1995 Academic Press, Inc.

The use of heterobifunctional photoreactivatable cross-linkers is proving to be an
effective method for the investigation of both structural and functional properties of biological
targets (1,2). The strategy used in many investigations involves chemically modifying a unique
cysteine residue within the protein (3) or a phosphothioate residue in DNA (4) or 4-thiouridine in
tRNA (5) with the crosslinker and using the derivatized residue as a probe of the local
environment. The modified protein, DNA, or RNA is incubated with another protein or DNA of
interest. Exposure of the resulting complex to UV light results in covalent cross-linking of the
complex. For systems which take advantage of the reactivity of sulfhydryl groups, the
commercially available crosslinker, p-azidophenacyl bromide (APB) has been the reagent of
choice in several investigations of protein-protein (3) as well as protein-DNA (6-8) and protein-
tRNA interactions (9). The reported advantages of this reagent are i) its short length (9 A); ii) its
reactivity; and iii) its specificity for sulfhydryl groups.

We have also tried APB in our investigations of protein interactions of the UmuD
homodimer. UmuD plays important roles in the process of UV and chemical mutagenesis in
Escherichia coli (10-12). The UmuD protein has only one cysteine in its amino acid sequence
(13,14). Substitution of this cysteine by an alanine results in a derivative, UmuD/C24A, whose

* Corresponding Author. Fax: 617-253-2643.
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function is indistinguishable from wildtype (15). UmuD exists as stable homodimers in solution

(16,17). In the course of our investigations, however, we obtained evidence for some non-

specific incorporation of APB into a protein lacking cysteines and for subsequent crosslinking

after UV irradiation even when we employed conditions for modification and crosslinking

reported by other investigators (3,6-8). In particular, the UmuD derivative with no cysteines,

UmuD/C24A, was able to incorporate [2- 14 C]APB at 43% the rate of incorporation for the

wildtype protein. Furthermore, 16% of the modified UmuD/C24A protein became crosslinked in

the homodimer form after UV irradiation. Such non-specific incorporation and crosslinking may

not have been observed by other investigators since control experiments using a protein with no

cysteines were not performed or not reported in their cross-linking studies and because

nonradioactively labeled APB was employed (6-8).

Various cysteine-specific labeling agents contain the iodoacetamido functional group.

We therefore have designed and synthesized a new bifunctional photolabile reagent, p-

azidoiodoacetanilide (AIA) (Figure 1), which has a cysteine-specific iodoacetamido functional

group and an azido photolabile group. p-Azidoiodoacetanilide is comparable in length and

reactivity but has greater cysteine-specificity than APB. We report in this paper the synthesis of

AIA and the application of AIA in the crosslinking of UmuD homodimer.

o

N3  C-CH2-- Br
__ / 2 1

p-Azidophenacyl bromide (APB)

O

N NH- - CH2--Br

p-Azidobromoacetanilide (ABA)

o
II

N3  NH-C--CH2 -I
.... I 3 2 1

p-Azidoiodoacetanilide (AIA)

Fi. 1. Chemical structures of p-azidophenacyl bromide (APB), p-azidobromoacetanilide
(ABA), and p-azidoiodoacetanilide (AIA).
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Materials and Methods
UmuD and UmuD/C24A proteins were prepared as described (15). The unlabeled APB

was purchased from Sigma and the 14C-labeled APB was prepared by the method of Hixson and

Hixson (18). p-Azidobromoacetanilide (ABA) was prepared by condensing bromoacetic acid

with p-azidoaniline in the presence of dicyclohexylcarbodiimide (DCC) as reported (19).

Synthesis of p-azidoiodoacetanilide. p-Azidoaniline (20,21) 50 mg (0.373 mmole), iodoacetic

acid 69.4 mg (0.373 mmole), and DCC 154 mg (0.746 mmole) were dissolved in 2 ml dry THF

and stirred at room temperature for 5 hours. After the reaction was complete, the reaction

solution was filtered. The filtrate was either dried by rotary evaporation or over a tream of

nitrogen. The remainder was dissolved in 5 ml ethyl acetate; washed with 3 x 2 ml 2N HCl, 3 x
2 ml saturated NaHCO3, and dried over MgSO4. p-Azidoiodoacetanilide was purified by

applying the crude product to a silica gel column and eluting with 1:1 hexane and ethyl acetate.
We obtained 94 mg with a yield of 84%. 1H NMR (CDCl3): 8 ppm 7.50 (d, 2H), 7.00 (d, 2H),

3.85 (s, 2H). IR (cm- 1): 3290, 2082, 1649, 1550, 1506, 1298, 1086, 834, 798, 729, 684. MS(EI)
cald for C8H7IN 40: 302. Found 302.

Synthesis of 14C-labeled p-azidoiodoacetanilide. 100 gtCi Iodo[2- 14C]acetic acid (53

mCi/mmol, Amersham), 3.3 mg unlabeled iodoacetic acid, 2.5 mg p-azidoaniline and 7.5 mg

DCC were dissolved in 1 ml dry THF and stirred at room temperature for 5 hours. The reaction

was filtered through a Pasteur pipet filled with a small piece of cotton. The filtrate was dried
over a tream of nitrogen. The residue was dissolved in 2 ml ethyl acetate; washed with 3 x 1 ml
2 N HCI, 3 x 1 ml saturated NaHCO3, and dried over MgSO4. The radiolabeled p-azidoiodo[2-
14C]acetanilide was purified by applying the crude product to a silica gel column and eluting
with 1:1 hexane and ethyl acetate. We obtained 3.1 mg with a specific activity of 4.8 mCi/mmol,

a yield of 58%.

Incorporation of [2- 14C]p-azidophenacyl bromide or [2- 14C]p-azidoiodoacetanilide into the
UmuD protein. UmuD at a 20 jtM concentration in 50 mM HEPES (N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 8.0) containing 500 mM NaCl was

incubated with 20x molar excess of the appropriate reagent in the dark at 370C for 10, 30, 60,
and 120 minutes. To quench the reaction, an equal volume of SDS sample buffer containing
10% 8-mercaptoethanol was added to the reaction mixture. Reagents were separated from the
samples by electrophoresis on a 13% polyacrylamide gel. The extent of labeling was determined
by staining the gel with Coomassie blue, cutting out the band, and extracting the protein from the
band by incubating it at 550C for >18 hours in 0.5 ml Solvable (DuPont-New England Nuclear)-
0.5 ml H20. Subsequently, 10 ml of Formula 989 (Dupont-New England Nuclear) were added,
samples were vigorously mixed, and 14 C disintegrations were counted with the Beckman LS
6000SC Liquid Scintillation counter.

Crosslinking of UmuD with p-azidoiodoacetanilide, p-azidobromoacetanilide, and p-
azidophenacyl bromide. UmuD at a 40 jtM concentration in 50 mM HEPES (pH 8.0)
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containing 500 mM NaC1 was incubated with a 40x molar excess of AIA, APB, or ABA in the

dark at 37 OC for 1 hour. The reaction mixture was dialyzed in a microdialyzer for 30 minutes to

remove excess reagent and then exposed to UV light at 320 nm with a power output of 90

iLW/cm 2 on ice for 15 minutes to initiate the photolysis reaction. The reaction was quenched by

addition of an equal volume of SDS sample buffer containing 10% 8-mercaptoethanol.

Crosslinked species were resolved from non-crosslinked species by electrophoresis on a 13%

polyacrylamide gel. The protein bands were visualized by staining with Coomassie blue.

Results
The synthesis of p-azidoaniline is relatively simple and well documented (20,21). p-

Azidobromoacetanilide has been previously prepared by condensing p-azidoaniline with

bromoacetic acid and has been used to modify nucleic acids (19,22). In a similar fashion, we

synthesized p-azidoiodoacetanilide by condensing p-azidoaniline with iodoacetic acid in the

presence of DCC at room temperature for a few hours. The labeled p-azidoiodoacetanilide was

prepared by the same chemical procedures as used in the synthesis of unlabeled p-

azidoiodoacetanilide except that radiolabeled iodoacetic acid was included in the reaction. We

have prepared p-azidoiodo[2- 14C]acetanilide, but p-azidoiodo[1- 14 C]acetanilide and p-

azidoiodo[1- 3H]acetanilide can be prepared in a similar way.

APB has been previously used as a cysteine-specific photolabile crosslinker to study

protein-protein and protein-nucleic acid interactions (3,6-8). We examined the specificity of

APB, AIA and ABA by investigating the differences in their incorporation into UmuD and

UmuD/C24A. We also examined differences in the ability of the modified protein to become

crosslinked in the homodimer form after UV irradiation. UmuD has only one cysteine located at

position 24 in its amino acid sequence (13,14). This cysteine has been substituted by an alanine

in UmuD/C24A without affecting its biological activity (15). UmuD and UmuD/C24A were

modified by APB, AIA and ABA in 40x molar excess in 50 mM HEPES/pH 8.0/0.5 M NaCI

buffer at 370 C for 1 hour and subsequently UV irradiated at 320 nm for 15 minutes. As shown

in Fig. 2, UmuD was crosslinked by each of the three crosslinkers, with APB giving the highest

yield of crosslinking. UmuD/C24A, the derivative with no cysteine, can still be substantially

crosslinked by APB (16.5%) and ABA (15.2%) indicating APB and ABA can attach to other

nucleophilic residues besides cysteine. UmuD/C24A was crosslinked to a much lesser extent

with AIA (2%) than the wildtype UmuD suggesting that AIA preferentially modified the protein

at the cysteine residue with higher specificity than the other two reagents. This experiment

clearly shows a greater specificity of AIA for cysteine residues in UmuD compared to APB and

ABA. The high degree of crosslinking of UmuD after treatment with APB and UV irradiation

evidently resulted not only from the modification of cysteine-24 with APB but also from the

modification of other amino acid residues as well.

To explore this issue further, we directly measured the incorporation of APB and AIA

into UmuD and UmuD/C24A by using radiolabeled [2- 14 C]APB and [2- 14C]AIA. UmuD at a 20

giM concentration in 50 mM HEPES (pH 8.0) containing 500 mM NaCl was incubated with a
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Fig. 2. Crosslinking of UmuD and UmuD/C24A by AIA, ABA and APB. UmuD and
UmuD/C24A at 40 lM concentration were incubated with a 40x molar excess of AIA, ABA and
APB at 370 C for 1 hour. The reaction mixtures were dialyzed, UV irradiated and subject to
SDS-PAGE gel electrophoresis. Panel A, lane 1-3, UmuD crosslinking by AIA, ABA and APB;
lane 4-6, UmuD/C24A crosslinking by AIA, ABA and APB. The extent of UmuD and
UmuD/C24A crosslinked by AIA, ABA and APB quantitated by densitometry scanning of the
above Coomassie-stained gel (Panel B).

20x molar excess of the appropriate reagent in the dark at 37 'C for 2 hours. Samples were

quenched by the addition of an equal volume of SDS sample buffer containing 10% [3-

mercaptoethanol, and modified proteins were separated from excess reagent by electrophoresis

on a polyacrylamide gel. After a 2 hour incubation, the molar incorporation of [2- 14 C]AIA into

UmuD was calculated to be about 0.42 mol AIA/mol UmuD, and the molar incorporation of [2-
14 C]APB was calculated to be about 0.65 mol APB/mol UmuD. Results from the reaction of

each reagent with UmuD/C24A indicate the extent of non-specific incorporation of each reagent.

This incorporation was proportionally greater for the reaction using APB (approaching 43% the

extent of the incorporation of APB into the wildtype protein) compared to the reaction using AIA

which is about 13% the incorporation of AIA into the wildtype protein. This result suggests that

[2- 14 C]AIA has a much greater cysteine-specificity than [2- 14 C]APB.

We examined the time course of the reactions of UmuD with both [2- 14 C]AIA and [2-
14 C]APB (Fig. 3). Each reagent was allowed to react with UmuD following the same procedure

described above, and samples were taken and quenched at 10, 30, 60 and 120 minutes. The

reaction curve for both of the reagents seem to consist of two phases, a rapid incorporation phase

and a slower phase. Rapid incorporation of the radioactive reagent seems to occur within the

first 10 minutes of reaction after which time the incorporation occurs much more slowly. The

rapid phase of the reaction most likely corresponds to the reaction of the reagents to the cysteine

within UmuD. The slower phase probably is due to the reaction of the reagents to other
nucleophilic residues besides cysteine (perhaps lysine, arginine, serine, or tyrosine). The time

course of the reaction of each of the reagents with UmuD/C24A is also shown. The shape of
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Fig. 3. Time course of incorporation of [2-1 4C]AIA (A)and [2-14C]APB (B) into UmuD and
UmuD/C24A. UmuD and UmuD/C24A at 20 gM concentration were incubated at 370C with a
20x molar excess of [2-1 4C]AIA and [2-14C]APB for 10, 30, 60, and 120 minutes in the dark.
Samples were quenched by the addition of an equal volume of SDS sample buffer containing
10% -mercaptoethanol, and modified proteins were separated from excess reagent by
electrophoresis on a polyacrylamide gel. The radioactivity of the protein bands was determined
by liquid scintillation counting.

these curves roughly correspond to the shape of the slower phase of the reaction to UmuD. This

is consistent with the suggestion that the second phase of the reaction is due predominantly to the

non-specific modification of UmuD. The graphs of these results indicate that the rate of non-

specific incorporation for AIA is slower than that for APB, tapering off after the first 30 minutes

of reaction, whereas the rate of non-specific incorporation for APB is greater and continues to

steadily increase even after two hours of incubation.

From our crosslinking and incorporation experiments, we conclude that the use of a high

molar excess of APB to protein results in significant non-specific incorporation of APB into

UmuD. Under the same reaction conditions, AIA is a more highly cysteine specific

photocrosslinker with a crosslinking efficiency comparable to APB.

Discussion
For many investigations exploring specific interactions, one of the most important criteria

for a protein modifying agent is its selectivity. Applying a protein modifying agent without a
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high selectivity for a specific residue introduces ambiguities into the data and complicates the

interpretation of results. APB has been previously used as a cysteine-specific photocrosslinker to
investigate protein-protein and protein-nucleic acid interactions (3,6-8). As we demonstrated in
the Results section, APB does not react exclusively with cysteines in the UmuD protein. In their
original paper on the synthesis and application of APB, Hixson and Hixson (18) reported that
APB reacted rapidly with the active site of sulfhydryl groups and then reacted slowly with other

nucleophilic groups on the enzyme. They strongly suggested that "in experiments where only

one active site sulfhydryl group is to carry the photolabile group, an excess of the inhibitor
(APB) should not be employed." In practice it is difficult to maintain an exact 1:1 molar ratio.
Often a reducing agent like dithiolthreitol (DTT) or P3-mercaptoethanol is present in the buffer to

prevent the oxidation of the protein. The presence of a reducing agent in the buffer complicates
the calculation of the amount of reagent that should be used. Use of an excess amount (up to 40x

molar excess) modifying agent has been often reported in the literature (6-8). Non-specific
modification will likely occur under conditions where an excess amount of APB is used.

We have synthesized a new short cysteine-specific photocrosslinker, p-

azidoiodoacetanilide whose crosslinking ability is comparable to APB. We found that AIA, even
when used in 40x molar excess to the protein being modified, resulted in negligible non-specific

crosslinking. For applications which require a radiolabeled crosslinker, another advantage of
AIA is that it can be easily labeled with 14C or 3H using the commercially available iodo[l-
14C]acetic acid, iodo[2-14C]acetic acid, or iodo[ll- 3H]acetic acid. The labeling reaction is a
single step reaction that occurs at the last step of synthesis, and the subsequent workup and
purification of the labeled AIA are relatively simple. The synthesis of radiolabeled APB is

considerably more complicated.
ABA can be synthesized and labeled as easily as AIA, but we found ABA lacks the

cysteine selectivity of AIA. We have used AIA successfully to modify and crosslink UmuD in
the dimeric form. This reagent will prove useful in further studies of the interactions of UmuD
with other proteins involved in UV mutagenesis and should prove useful in other systems as
well.
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Chapter 4

Crosslinking of UmuD to RecA using the cysteine-specific photoactive

crosslinker p-azidoiodoacetanilide





Abstract. SOS mutagenesis in Escherichia coli requires the participation of
a specialized system involving the activated form of UmuD (UmuD'), UmuC,
RecA and DNA polymerase III proteins. In an effort to understand the
mechanism of UmuD in UV mutagenesis we have extended our investigations of
UmuD interactions using the monocysteine approach to study not only
interactions of UmuD in the homodimer but also of UmuD with RecA. We have
used the cysteine-specific photoactive crosslinker, p-azidoiodoacetanilide (AIA).
The extent of reaction of the UmuD derivatives with AIA was similar to the
reaction of UmuD with iodoacetate reported previously. Results of crosslinking
of the UmuD derivatives in the homodimer using AIA are also consistent with our
previously reported results of the relative closeness of the residues to the dimer
interface. With respect to the UmuD-RecA interface, VC34 and SC81 crosslinked

most efficiently to RecA indicating that these residues are closer than the other
derivatives tested. SC57, SC67, and SC112 crosslinked moderately efficiently

with RecA. Neither C24, the UmuD derivative with a cysteine located at the

Cys24-Gly25 cleavage site, nor SC60, the UmuD derivative with a cysteine
substitution at the position of the putative active site residue, was able to crosslink
to RecA suggesting that RecA need not directly interact with residues involved in
the cleavage reaction. SC19, located in the N-terminal fragment of UmuD that is
cleaved, and LC44 also did not crosslink efficiently with RecA.



Mutagenesis in Escherichia coli resulting from exposure to UV radiation and

various chemicals is not a passive process but rather requires the participation of a

specialized system involving the activated form of UmuD (UmuD'), UmuC, RecA

and DNA polymerase III proteins (10). The production of the UmuD, UmuC and

RecA proteins are regulated as part of the recA +lexA+-dependent SOS response

(10) which is induced when RecA, activated by single-stranded DNA generated

by the cell's attempt to replicate damaged DNA (27), mediates the proteolytic

cleavage of LexA at the Ala-84-Gly-85 cleavage site (19), apparently by

facilitating the otherwise latent capacity of LexA to autodigest (18). RecA*, the

activated form of RecA, also mediates the post-translational cleavage of UmuD at

its Cys24-Gly25 bond by a similar mechanism (4, 29), removing the first 24

amino acids and activating UmuD (designated UmuD') for its role in mutagenesis

(22). UmuD shares homology with the C-terminal regions of LexA, the

repressors of the bacteriophages X, 0 80, 434, and P22, and with UmuD analogs

that play roles in mutagenesis such as MucA and ImpA (1, 8, 24, 28). This

homology has functional significance in that all these proteins undergo RecA-

mediated cleavage and autodigestion at alkaline pH. The cleavage reaction for

this family of proteins is proposed to occur by a manner similar to that of serine

proteases in which a nucleophile, apparently a serine residue conserved in all

members of the family, is activated by a lysine residue (30). Various genetic

experiments indicate that RecA plays a third direct role in mutagenesis beyond

mediating the proteolytic cleavage of LexA and UmuD (7, 9, 22, 33).

The role of RecA* in mediating the cleavage of repressor and mutagenesis

proteins implies that a direct interaction between these proteins and RecA must

occur which leads to the cleavage of the protein. This class of interaction has

been visualized by electron microscopy for the complex of LexA with the RecA

filament (35). In the study, the LexA repressor was found to bind within the deep

helical groove of the activated RecA filament. The strikingly different effects of

certain RecA mutations on its ability to mediate the cleavage of different repressor

and mutagenesis proteins suggest that some contacts between the repressor or

mutagenesis proteins and RecA might be specific for a particular protein. This

view is supported by the observation that the RecA430 mutant (which has a

glycine to serine substitution at position 204) is deficient in mediating the

cleavage of LexA, very deficient in mediating the cleavage of UmuD (29) and X

repressor(26), but is proficient in mediating the cleavage of 080 repressor (8).



Other evidence suggests that direct physical interactions also occur between

RecA and the cleavage product of a mutagenesis protein (i.e., UmuD' or MucA').

In DNA mobility shift assays, UmuD' or MucA' as well as UmuD could be

crosslinked by glutaraldehyde to a RecA filament (9). In addition, it has been

observed that the overproduction of UmuD' and UmuC proteins in a Hfr x F-

conjugal cross inhibits recombination but that this recombination can be

substantially suppressed by overproducing RecA. This experiment has led to the

suggestion that the interaction of UmuD' and UmuC with the growing end of a

RecA nucleofilament inhibits recombination and switches the RecA-coated DNA

from being a substrate for recombination to being a substrate for bypass

mutagenesis (31). It is not yet understood whether the nature of the UmuD RecA

interactions and UmuD'-RecA interactions are similar or different. One

observation which suggests that the interactions might be different is the finding

that RecA430 fails to mediate the cleavage of UmuD, but is functional for

mutagenesis when UmuD' is directly produced (22).

SOS mutagenesis appears to be due to a process of translesion synthesis in

which the replicative machinery, involving UmuD', UmuC, RecA and DNA

polymerase III, encounters a non-coding or miscoding lesion, inserts an incorrect

nucleotide across from the lesion and then continues elongation (10).

Biochemical approaches for the study of the mechanistic process of SOS

mutagenesis have recently been developed. Rajagopalan et al. (25) have

reconstituted limited replicative bypass in an in vitro system with purified UmuD',

renatured UmuC, RecA and DNA polymerase III proteins and a DNA substrate

with a single abasic lesion. In another approach, Cohen-Fix and Livneh (6) have

reported the development of a crude cell-free system made from SOS-induced

cells that is capable of processing UV-irradiated plasmid DNA to yield mutated

DNA in a fashion that requires the umuD, umuC, and recA gene products.

In an effort to understand the mechanism of UmuD in UV mutagenesis by

gaining insight into its structure/function relationship and its interactions with

other proteins, we have initiated a monocysteine approach for studying the UmuD

protein. UmuD has one cysteine in its amino acid sequence located at the Cys24-

Gly25 cleavage site. The substitution of this cysteine with an alanine residue

results in a derivative whose function is indistinguishable from the wild type (14).

This observation has allowed us to construct a family of UmuD proteins differing
only in the position of the unique cysteine residue. In designing this set of
monocysteine derivatives, we attempted to maximize the probability of obtaining



biologically active molecules by making cysteine substitutions at sites which (i)

represented conservative substitutions or (ii) were located in regions of the amino

acid sequence which were not conserved in related proteins (UmuD analogs and

repressors subject to RecA-mediated cleavage). The locations of the cysteine

substitutions were also chosen to sample regions along the entire length of the

UmuD protein. From our initial characterizations of the UmuD monocysteine

derivatives, we had made several inferences concerning the relative topological

arrangement of certain residues of UmuD in relation to the homodimer interface

(14). The assignments were primarily based on the solvent accessibility of the

cysteines at these positions as determined by iodoacetate reactivities, and the

relative ease of homodimer crosslinking of the monocysteine derivatives by

formation of disulfide bonds upon mild oxidation with iodine, or by reaction with

the cysteine-specific crosslinker, bis-maleimidohexane. Specifically, we

suggested that Cys24 (of the Cys24-Gly25 cleavage site), Va134, and Leu44 are

closer to the homodimer interface than the other residues tested. We also

suggested that Ser60, the site of the putative nucleophile in the cleavage reaction,

is not as close to the dimer interface or located in a cleft region. Still others, such

as Serl9, located in the N-terminal fragment of UmuD that is removed by RecA-

mediated cleavage, as well as Ser57, Ser67, Ser81, and Serll2, in the central

region of the UmuD protein sequence, were suggested to be further from the

dimer interface.

We wanted to extend these investigations to study not only interactions of

UmuD in the homodimer but also of UmuD with RecA, and eventually with other

proteins involved in the complex process of UV-induced translesion synthesis.

Use of cysteine-specific homobifunctional crosslinking reagents, however, would

not be adequate in these studies since it would require the interacting protein to

contain a cysteine residue at the site of interaction. We therefore adopted a

strategy used in many investigations of protein-protein interactions which requires

neither prior knowledge of the interacting sites of adjacent proteins nor

mutagenesis of the interacting protein. This approach involves chemically

modifying a unique cysteine residue of one protein with a cysteine-specific

photoactivatable crosslinker and then using the derivatized residue as a probe of

the local environment when the protein interacts with other molecules (2). In

such experiments, the modified protein is first incubated with another protein (or

proteins) with which it can interact. Exposure of the resulting complex to UV

light results in covalent crosslinking of the complex. In systems in which a



sufficient amount of crosslinked complex is obtained, the site of crosslinking of
the interacting protein can then be identified by enzymatically digesting the
complex and isolating the crosslinked fragment. The identity of the crosslinked
peptide in the interacting protein can be determined by mass spectrometry and the
exact position of the crosslink determined by sequencing (3, 5, 15). In this paper,
we have extended our study of UmuD interactions by probing interactions of the
UmuD2 homodimer as well as interactions of UmuD with RecA. We have used

the cysteine-specific photoactive crosslinker, p-azidoiodoacetanilide, in these

investigations of UmuD interactions.



Materials and Methods

UmuD mutant derivatives were produced and purified as described (14).

Unlabeled p-azidoiodoacetanilide and [2- 14 C]p-azidoiodoacetanilide were

synthesized as described (36).

Incorporation of [2- 14 C]p-azido-iodoacetanilide into the UmuD protein.
UmuD mutant derivatives at a 20 gM concentration in 50 mM HEPES (N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 8.0) containing 500 mM

NaCi was incubated with a 10x molar excess of [2- 14C]azidoiodoacetanilide in

the dark at 370 C for 1 h. To quench the reaction, an equal volume of SDS sample

buffer containing 10% B-mercaptoethanol was added to the reaction mixture.

Reagents were separated from the samples by electrophoresis on a 13%

polyacrylamide gel. The extent of labeling was determined by staining the gel

with Coomassie blue, cutting out the band, and extracting the protein from the

band by incubating it at 550 C for >18 h in 0.5 ml Solvable (DuPont-New England
Nuclear)-0.5 ml H20. Subsequently, 10 ml of Formula 989 (Dupont-New

England Nuclear) were added, samples were vigorously mixed, and 14 C

disintegrations were counted with the Beckman LS 6000SC Liquid Scintillation

counter.

Crosslinking of UmuD with p-azidoiodoacetanilide. UmuD derivatives at

an 80 jgM concentration in 50 mM HEPES (pH 8.0) containing 500 mM NaCI was

incubated with a 10x molar excess of AIA in the dark at 37 'C for I h. The

reaction mixture was dialyzed in a microdialyzer for 40 min against 40 mM Tris

buffer (pH 8.0), 100 mM NaC1, 0.1 mM EDTA to remove excess reagent. UmuD

derivatives at a final concentration of 60 pgM were then exposed to UV light at

320 nm and a power output of 90 gW/cm 2 on ice for 15 min to initiate the

photolysis reaction. The reaction was quenched by removal from light and the

addition of an equal volume of SDS sample buffer containing 10% 6-

mercaptoethanol. Crosslinked species were resolved from non-crosslinked

species by electrophoresis on a 13% polyacrylamide gel. Densities of Coomassie

blue-stained bands corresponding to the monomeric and dimeric forms were

quantitated with the LKB Bromma 2202 Ultroscan Laser densitometer.

Normalization of UmuD homodimer crosslinking data. UmuD

crosslinking data was normalized to account for the differences in UmuD

modification by AIA. The maximum value for the percentage of UmuD

crosslinking for a given mutant derivative (based on 100% modification by AIA)



was obtained by dividing the actual percentage of crosslinked UmuD by the

percent of UmuD modified as described by the following equation:

% UmuD crosslinkedmax = (% UmuD crosslinkedobserved)
.100%

% UmuD modified by AIA

This equation was derived as follows:

Given that the fraction of modified UmuD (designated UmuD*) of the total

population is X, the fraction of unmodified UmuD is then, l-X. Most of the

UmuD proteins exist as dimers in solution (1, 34). A small percentage (< 1%) of

the UmuD derivatives C24 (wildtype UmuD) and VC34 was found in dimers of

dimers (UmuD4). To simplify calculations, this small population of UmuD4 for

these derivatives was not included in the equation. The population of modified

and unmodified dimers would therefore consist of the following: UmuD*2,
UmuD2, and UmuD*.UmuD. This population can be described by the following

equation:

X2 + (1-X) 2 + 2 -X(1-X) = 1,
where X 2 is the fraction of UmuD*2, (l-X) 2 is the fraction of UmuD2, and

2.X(1-X) is the fraction of UmuD* UmuD in the population. Let Y = the

maximum % UmuD crosslinked for 100% UmuD modification for a given UmuD

mutant derivative. Because the two proteins in UmuD*2 each has an attached

crosslinker and one protein in UmuD*-UmuD has an attached crosslinker, it is
reasonable to assume that the probability of UmuD*2 crosslinking on exposure to

UV light is 2 times the probability of UmuD* UmuD crosslinking. For a given

mutant UmuD derivative with a given degree of modification, the percentage of

UmuD crosslinked would be,

% UmuD crosslinked = Y .X2 + (Y/2).[2 X(1-X)], which simplifies to

% UmuD crosslinked = Y X.

Solving for Y, Y = % UmuD crosslinked - 100%

% UmuD modified by AIA

Crosslinking of UmuD derivatives to RecA using p-azido-iodoacetanilide.
UmuD derivatives were modified with AIA as described above for UmuD

homodimer crosslinking. After dialysis against 40 mM Tris buffer (pH 8.0), 100
mM NaCI, 0.1 mM EDTA, modified UmuD derivatives at a final concentration of



45 giM were incubated for 5 min at 37"C in the dark with 8 gM RecA activated in
the presence of 180 giM ATPyS, 8.8 ng/gl p(dT)27 (Pharmacia), and 18 mM

MgCl2. Reaction mixtures were then quickly transferred to a 96 well, tissue

culture serocluster with U-bottom wells (Costar) and exposed to 320 nm UV light
at a power output of 90 giW/cm 2 on ice for 15 min. The photolysis reaction was

quenched by removal from light and addition of 15 gll SDS sample buffer

containing 10 % P3-mercaptoethanol. Different molecular weight species were

resolved by electrophoresis on a 13% polyacrylamide gel containing sodium

dodecyl sulfate (SDS) and visualized by Coomassie staining or by Western

blotting by chemiluminescence. To visualize protein species by

chemiluminescence, samples of crosslinked mixtures from above reactions were

resolved by electrophoresis as described above, transferred to polyvinylidene

difluoride transfer membrane (Immobilon-P), and blotting with affinity-purified

antibodies raised against UmuD' or RecA. Cross-reacting material was visualized

by chemiluminescence (Tropix).



Results

Modification of UmuD derivatives with [14C]p-azido-iodoacetanilide
(AIA). We initially chose the commercially available photoactive crosslinker, p-
azidophenacyl bromide (APB), for these investigations because of its length (only
9 A) and the high reactivity of its photoactive end. However, crosslinking and
incorporation studies of CA24, the UmuD derivative with no cysteine, using APB
suggested that APB did not react exclusively with cysteines (36). We therefore
synthesized and used a new reagent, p-azidoiodoacetanilide (AIA), for the
following investigation (Fig.1). p-Azidoiodoacetanilide is comparable in length
and reactivity but has greater cysteine-specificity than APB (36).

We continued our investigations of UmuD interactions using the subset of
UmuD derivatives which reacted well with [3H]iodoacetate (14). Efficient
reactivity with iodoacetate implies that the sulfhydryl group is exposed and can be
readily modified by our crosslinking reagent. We used [14C]AIA to check the
extent of incorporation into each derivative. Length of incubation and conditions
were chosen to maximize specific incorporation and minimize non-specific
incorporation (36). UmuD mutant derivatives at a 20 gM concentration were
incubated with a 10x molar excess of [2-1 4C]AIA in the dark at 370C for 1 h.
The results are shown in Fig. 2. Most of the derivatives reacted to an extent of
60% to 80%. The reactivity of SC19 and UmuD wildtype were only slightly
lower, approximately 50% modification after 1 hour. The values for
incorporation of AIA into SC19 and UmuD are slightly lower than the values for
the extent of incorporation of iodoacetate; however, for the most part, AIA
reactivities are comparable to the [3H]iodoacetate reactivities of the UmuD
derivatives previously reported (14). This result is to be expected assuming that
the cysteine-specific functional group of the photocrosslinker reacts in a manner,
and with a reactivity, similar to iodoacetate. The small differences observed in
reactivity between the two reagents might be due to the negative charge on
iodoacetate or to the presence of the hydrophobic phenyl ring in AIA.

Crosslinking of UmuD derivatives in the homodimer using AIA. When a
UmuD derivative that has been modified with AIA is allowed to form a complex
with another protein (or proteins) and is UV irradiated, the photoactive end of the
crosslinker will react with any nucleophilic group in the vicinity. The
photoactivatable end of AIA is an azido group which, when activated on exposure
to UV light, is only reactive for about 0.1 to 5 gsec (2). Therefore crosslinking of



two interacting proteins using this reagent suggests a close spatial relationship of
the regions of the proteins which are crosslinked (within the 9A length of the

crosslinker). UmuD derivatives at a 80 pM concentration were incubated with a

10x molar excess of AIA in the dark at 37 'C for 1 h then dialyzed to remove
excess reagent. UmuD derivatives at a final concentration of 60 AtM were then

exposed to UV light on ice for 15 min to initiate the photolysis reaction. The

results of UmuD crosslinking in the homodimer using this reagent are shown in

Fig. 3, Panel A. A small percentage (< 1%) of the UmuD derivatives C24

(wildtype UmuD) and VC34 migrated to a position on the gel consistent with a
dimer of dimers (UmuD4) (data not shown).

These results were normalized to account for the differences in degree of

modification by [14C]AIA (Fig. 3, Panel B), since a population of UmuD with a

greater degree of modification will have a higher probability of being crosslinked

in the UmuD homodimer. The maximum percent crosslinking in the homodimer,

for a fully modified population, calculated as described in the Methods section, of

a given monocysteine derivative is proportional to the probability of crosslinking

for that monocysteine derivative.

The derivatives that crosslinked most efficiently were C24(wildtype), VC34

and LC44, which crosslinked to the extents of 32%, 26% and 34% respectively.

The efficient crosslinking of these derivatives is consistent with our previously

reported crosslinking results (14). Other UmuD monocysteine derivatives that

also crosslinked to a moderate extent were SC19 and SC57, which crosslinked

19% and 20% respectively. In the experiments examining crosslinking by

disulfide bridges after oxidation with iodine, SC57 resulted in very little

crosslinking (14). It is possible that the position of this substitution is in contact

with the adjacent UmuD though the point of contact may be too far from position

57 of the adjacent protein to permit disulfide bond formation. The other mutant

derivatives (SC60, SC67, SC81, and SC112) crosslinked to an extent of between

4% and 14%, just slightly higher than background levels (as determined by

crosslinking of the CA24 derivative which lacks cysteines). These results are

consistent with the previously reported results from iodine crosslinking. This

demonstrates the usefulness of this reagent in identifying the points of protein

interactions.
UmuD crosslinking to RecA* using AIA. For these experiments we wanted

to optimize conditions for UmuD interactions with RecA and as a result,

maximize their probability for crosslinking. Preliminary experiments examining



UmuD-RecA interactions under the conditions routinely used for RecA-mediated

cleavage (4) suggested that under these conditions at equilibrium, the UmuD-

RecA complex was not present in abundance. In studies of UmuD reactivities to

[3H]iodoacetate, addition of RecA* did not protect any of the UmuD

monocysteine derivatives from reacting with [3H]iodoacetate (data not shown).

In addition, we were not able to obtain significant crosslinking using either of two

commercially available homobifunctional crosslinkers, bis-maleimidohexane,

which crosslinks at cysteine residues, or glutaraldehyde, which crosslinks at

lysine residues. We therefore tried to optimize conditions by taking into account

the following factors: i) the molar ratio of UmuD to RecA in solution; ii) the

concentration of cofactor used for RecA activation; iii) length of time for

incubation of UmuD with activated RecA; iv) the temperature for the photolysis

reaction.

On the basis of their electron microscopic studies of RecA-LexA complexes,

Yu and Egelman (35) suggested that LexA does not bind RecA with a

stoichiometry of 1:1 but rather it binds with some cooperativity at random

locations along the RecA filament, saturating at about 40% occupancy. In their

image analysis of negatively stained filaments, they observed i) no binding with

3.4 pgM LexA fragment (with 6 jgM RecA) and ii) nearly saturating binding at 6

p.M intact LexA (with 1.5 gM RecA), assuming that the binding parameters are

the same for the intact LexA and the fragment. Their model of cooperative

binding predicted that in the first case they would have 18% occupancy of LexA

binding sites and 36% occupancy in the second case. Since a variety of lines of

evidence indicate that RecA mediates the cleavage of UmuD in a manner similar

to the manner by which it mediates LexA cleavage, we thought it possible that

this cooperative model for binding might also apply to the interaction of UmuD

with RecA. After unsuccessful attempts to crosslink UmuD to RecA using molar

ratios of UmuD:RecA less than 4:1, we found that we were able to obtain the

most successful crosslinking of these complexes using molar ratios of

UmuD:RecA greater than or equal to 4:1.

RecA requires the presence of single-stranded DNA (ssDNA) and a nucleotide

cofactor to be active for cleavage. We encountered two problems when utilizing
the commonly used cofactor, ATPyS, to activate RecA. First, the photoactive

azido group of AIA is very sensitive to, and can be quenched by, reducing agents
such as f3-mercaptoethanol or dithiothreitol (DTT) (2). We found that an excess
amount of ATPyS introduced a trace amount of reducing agent which seemed to



quench the azido group of the crosslinker during UV irradiation. Also, in
comparison to other cofactors, ATPyS seemed to be most efficient at activating

RecA for mediating proteolytic cleavage. We wanted to avoid excessive

conversion of UmuD to UmuD'. In an attempt to circumvent both of these

difficulties, we tried various other cofactors including dATP. In addition we tried
forming a RecA-ssDNA-ADP-AIF4- complex (20) with the hope of achieving a

more stable association of UmuD with the RecA nucleoprotein filament.

However, these methods did not seem to be as effective in promoting UmuD-

RecA interactions, as evidenced by a substantial decrease in the rate of RecA-

mediated cleavage and low yield of UmuD-RecA crosslinked complexes. We
therefore decided to use ATPyS, but at significantly reduced concentrations as

compared to the concentrations routinely employed in RecA-mediated cleavage

reactions (10 fold less), and to incubate the UmuD with activated RecA at 37"C

for a brief time period (5 min) to initiate formation of UmuD-RecA complexes yet

minimize cleavage.

We carried out a preliminary screen of the ability of the various UmuD

monocysteine derivatives modified with AIA to crosslink to activated RecA and

found VC34 to crosslink most efficiently. We therefore focused first on the VC34

derivative to test crosslinking conditions and to compare its crosslinking ability to

that of the UmuD derivative lacking cysteines, CA24. These two UmuD

derivatives at a concentration of 80 p.M were incubated with a 10x molar excess

of AIA for 1 hr at 370 C in the dark. Reaction mixtures were dialyzed to remove

excess reagent. Modified UmuD derivatives at a final concentration of 40 tgM

were then incubated at 37 'C for 5 min with 8 gLM RecA activated in the presence

of ssDNA and ATPyS. The mixture was then exposed to UV light (320 nm) for

15 min on ice. Fig. 4, Panel A shows representative crosslinking data of the

mutants VC34 and CA24. Photolysis of derivatized VC34 with activated RecA

(shown in lane 1) resulted in the appearance on the gel of several new higher

molecular weight species. The most prominent species had an approximate

molecular weight of 72 kD and comprised about 1% of the total protein in the
reaction. A crosslinked complex containing RecA (38 kD) and UmuD2 (30 kD)

would migrate to a position corresponding to this approximate molecular weight.

Other species which appear very faint on the Coomassie stained gel migrate to

positions corresponding to molecular weights of 64 kD, 97 kD, and greater than

100 kD respectively. It is unclear whether the different species represent

complexes differing in the number of UmuD monomers per UmuD-RecA



complex, different conformational isomers of the same UmuD RecA complex, or
different complexes containing UmuD and UmuD' crosslinked to RecA. Western
analysis of the crosslinking of the UmuD derivative, VC34, to RecA is shown in
Fig. 4, Panel B, lanes 1 and 3. The higher molecular weight species migrating to
positions described above crossreacted with both aUmuD (lane 1) and aRecA

(lane 3) antibodies supporting the suggestion that these complexes contain both
UmuD and RecA.

In Fig. 4, Panel A, lane 2, the VC34 derivative modified with AIA is
photoactivated for crosslinking in the absence of RecA. The absence of the
appearance of the same pattern of higher molecular weight species in this reaction
indicates that the formation of these complexes is dependent on the presence of
activated RecA. This result suggests that the presence of RecA* causes a
complex change in the ability of VC34 modified with AIA to react, possibly by
allowing UmuD to react with another UmuD in a new way, by allowing the
attachment of multiple UmuD monomers onto a single RecA monomer, or by
allowing a combination of these two events to occur. It seems unlikely that the
UmuD RecA complexes also contain DNA since the single crosslinker present on
VC34 must crosslink to another VC34 or RecA in order to become attached to the
complex. In addition, crosslinking of a UmuD derivative in the presence of DNA
and the absence of RecA did not result in new species which might be consistent
with UmuD-DNA complexes (data not shown). As suggested earlier, the
appearance of the faint band in the crosslinking reaction in absence of RecA*
which migrates to a position corresponding to about 72 kD is consistent with the
formation of crosslinked dimers of dimers (UmuD4 complexes).

Control experiments with CA24, the UmuD derivative that lacks cysteines are
shown in Fig. 4, Panel A, lane 3 and lane 4. The CA24 protein was treated
identically to the VC34 monocysteine derivative in that it was incubated with
AIA, dialyzed, and mixed with RecA*. Photolysis of this mixture did not result in
the appearance of any new crosslinked species. This is also evident from the
Western analysis of this reaction (Fig. 4, Panel B, lanes 2 and 4). This indicates
that protein-protein or protein-DNA crosslinking did not occur upon exposure of
the reaction mixture to UV light in absence of a photocrosslinker, and that the
formation of the new higher molecular weight complexes was not due to
RecA-RecA crosslinking. Furthermore, in the experiments involving the CA24
UmuD derivative, photolysis resulted in negligible homodimer crosslinking as
expected (see Fig. 4, Panel A, lane 4 and Fig. 4, Panel B, lane 2), thereby



demonstrating the specificity of the reagent. It is also interesting to note that in
the case of the CA24 derivative, incubation with RecA* resulted in some cleavage
of UmuD to UmuD' indicating that these reaction conditions for crosslinking were

favorable for RecA*-UmuD interactions (Fig. 4, Panel A, lane 3).

We next examined the rest of the set of UmuD monocysteine derivatives using

the same conditions. The results are shown in Fig. 5. The UmuD monocysteine

derivatives in this set, modified with AIA, displayed different abilities to crosslink

to RecA. Photolysis of the UmuD derivatives which were able to crosslink with

RecA resulted in the appearance of higher molecular weight complexes. The

most prominent species had molecular weights of approximately 64 kD and 72

kD, respectively. Apart from the differences in the overall efficiency of

crosslinking to RecA, the number of such species and their exact mobilities varied

quite strikingly between these derivatives. This observation suggests that the

position of the crosslinker on the particular UmuD derivative affects its ability to

react in particular ways with RecA and/or UmuD (i.e., it affects the position of the

specific attachment of the crosslinker onto a neighboring protein) which in turn

influences the exact mobility of the resulting complexes. Although we have

shown that AIA is considerably more specific than p-azidophenacyl bromide,

even this reagent is not perfectly cysteine-specific (36). The striking differences

between various monocysteine derivatives also indicate that the major complexes

we see are due to the presence of the reagent on the single cysteine rather than on

a non-cysteine residue. As discussed above, these multiple bands could result

from the following: (i) different conformational isomers of UmuD-RecA

complexes containing the same molar ratio of UmuD to RecA; (ii) complexes

containing UmuD, UmuD' and RecA; or (iii) complexes differing in the ratio of
UmuD to RecA (i.e., RecA-UmuD, RecA-UmuD2, RecA-UmuD4, and

RecA-UmuD6). It is possible that such complexes would not have the mobility

corresponding to their calculated molecular weight since such crosslinked species,

when denatured, will not assume a totally linear conformation. For example,

UmuD2, which has a calculated molecular weight of 30 kD, has a mobility on an

SDS acrylamide gel corresponding to approximately 40 kD.

With respect to the overall efficiency of crosslinking, VC34 and SC81 appear

to most efficiently crosslink with RecA. To a lesser extent, others (SC57, SC67,

SC112), also formed cross-linked species of approximately the same molecular

weight. SC19, C24, LC44, and SC60 did not result in significant crosslinking.

With the exception of SC19 and the wildtype protein, C24, all of the



monocysteine UmuD derivatives were modified by [14C]AIA to approximately
the same degree, therefore, the amount of crosslinked UmuD-RecA can be
qualitatively compared. SC19 and the wildtype UmuD incorporated roughly half
the amount of [14C]AIA of the other mutants. However, this lower degree of
AIA incorporation cannot fully account for the absence of the higher molecular
weight species corresponding to UmuD-RecA, since even with this level of
modification, a significant amount of crosslinked UmuD2 is present in the same

reaction mixture.

With respect to the formation of the different molecular weight complexes, the
crosslinking of the UmuD derivatives SC81, SC67, VC34, SC57 and SC112 (in
order of decreasing intensity) all resulted in the appearance of a species with a
molecular weight of around 64 kD. The mobilities of these complexes varied
within the range of 55 kD to 65 kD. A prominent band corresponding to a
molecular weight of around 67 kD to 73 kD was also present for the derivatives
VC34, SC57, SC67, SC81 and SC112. In the case of VC34, this band was of a
greater intensity than the lower molecular weight band, of approximately equal
intensity for SC67, SC81 and SC112, and of considerably lower intensity for
SC57. Crosslinking of the derivatives VC34 and SC81 to RecA resulted in the
appearance of a faint band corresponding to about 97 kD, and only crosslinking of
VC34 resulted in the appearance of a band corresponding to a molecular weight
greater than 100 kD.



Discussion

We have extended our investigations of the interactions of UmuD using the

monocysteine approach to study not only interactions of UmuD in the

homodimer, but also interactions of UmuD with RecA. We have used the

cysteine-specific photoactivatable crosslinker, p-azidoiodoacetanilide (AIA) (36),

for these investigations. All the monocysteine derivatives in this set had

previously been tested for their reactivity with [3H]iodoacetate and had been

found to be quite accessible to solvent (14). We found the reactivity of these

derivatives to [14C]AIA to be quite similar to their reactivities to iodoacetate with

most of the derivatives reacting to an extent of 60% to 80% in one hour. The

reactivities of SC19 and C24 (wildtype) were only slightly lower (approximately

50% modification after one hour). These results are consistent with our previous

inferences that the unique cysteines at these positions were exposed to solvent

(14). We observed small differences in relative reactivities for some of the

derivatives, particularly SC19 and C24(wildtype), which were relatively less

reactive with AIA than with iodoacetate. These small differences in reactivity

could be due to the small influences of neighboring residues in interacting with

the two different alkylating agents (AIA has a hydrophobic aromatic ring and

iodoacetate has a negative charge).

In contrast to the rather similar reactivities of the monocysteine derivatives to

iodoacetate and AIA, the various monocysteine derivatives modified with AIA

displayed striking differences in their ability to crosslink to another UmuD in the

UmuD2 homodimer and in turn differed in their abilities to crosslink into a RecA

containing complex if activated RecA is present. In interpreting these results we

have taken into account the following factors: (i) crosslinking is highly dependent

on the distance of the reactive radical of the activated crosslinker to the adjacent

residue because the half life of the activated AIA-derived crosslinker is rather

short (only 0.1 to 5 g sec) (2), and (ii) crosslinking is dependent on the chemical

nature of the residue with which it is to react (i.e., this residue must be

nucleophilic). AIA is only 9 A long; therefore, those monocysteine derivatives

which were able to be crosslinked by this crosslinker in the homodimer were

probably within about 9 A of the adjacent UmuD monomer. The results of the

ability of this set of monocysteine derivatives to be crosslinked using AIA support

previous inferences concerning the relative closeness of these positions to the

UmuD2 homodimer interface (14). We found the monocysteine derivatives, C24



(wildtype UmuD), VC34, and LC44 to crosslink most efficiently using this
reagent. On the basis of iodine and bis-maleimidohexane crosslinking (BMH) we
suggested that residues at positions 24, 34, and 44 are closer to the dimer interface
than the other residues tested. Our results of horfiodimer crosslinking using AIA
are consistent with this inference. UmuD2 homodimer crosslinking results using

AIA also suggest that the residue at position 57 is relatively closer to the dimer
interface. Because crosslinking using AIA does not require that there be a
cysteine residue in the other interacting protein, this strategy of probing protein
interactions may be a better predictor of the relative closeness of adjacent residues

than the use of cysteine-specific homobifunctional reagents. Thus position 57 in
one UmuD monomer might be fairly close to the dimer interface but not

necessarily as close to position 57 of the adjacent UmuD monomer. The
monocysteine derivative with a cysteine substitution at position 19 also
crosslinked with moderate efficiency. We found previously that SC19 was
crosslinked rather efficiently with BMH but was crosslinked less efficiently upon

oxidation using iodine (14). These observations led to the suggestion that the

serines at position 19 in the homodimer are not as close to the dimer interface as
residues 24, 34 and 44, but are within the 13.9 A span of BMH. The observation

that SC19 can be crosslinked in the homodimer with AIA (which is 9 A in length)
is consistent with this previous finding. Our present results also suggest that
residues at position 60, 67, 81 and 112 are relatively farther from the dimer
interface than the others tested and again this supports our previous inferences
made on the basis of iodine and BMH crosslinking (14).

Peat et al. (23) have recently solved the structure of the cleaved form of
UmuD, UmuD', to 2.5A. The structure of UmuD' consists of a globular head
(residues 50 to 135) and an extended amino terminal tail. Peat et al. have
proposed that UmuD' forms a filament with two types of interactions: interactions
between two UmuD' protomers (which they term the molecular dimer
interactions) and interactions between two UmuD'2 dimers (i.e., dimer of dimer

interactions, which they term the filament dimer interactions). In the molecular
dimer, residues Tyr52, Va154, Ile87, Phe94 and Phel28 are involved in
hydrophobic interactions at the dimer interface and Glu93 and Lys55 form salt
bridges with their dimer partners on both sides of the interface. The amino
terminal tails which include residues 25 through 44, protrude in opposite
directions in the UmuD'2 molecular dimer, precluding interactions of the residues
in this region within the molecular dimer. In the "filament dimer" associations,



however, the amino termini (one from each pair of dimers) interact with each

other at residues Leu40, Asn41, Leu43, Leu44, and Ile45. This is reminiscent of
our findings that the LC44 derivative of the intact UmuD2 homodimer can be

crosslinked. In fact, it is easier to rationalize all our observations using

monocysteine UmuD derivatives by a model for the UmuD interface that is more

closely related to the UmuD' "filament dimer" interface than to the UmuD'

"molecular dimer" interface. In such a model for the quaternary structure of

UmuD, the amino terminal region (including Va134 and Leu44) would be close to

or would compose part of the dimer interface. In addition, pairs of Ser67 and

Ser 112 residues in the UmuD dimer would not be located on opposite sides of the

dimer (as in the molecular dimer), but instead would be located on the "inner"

surfaces of the dimer perhaps closer together than in the filament dimer in the

UmuD' crystal. It would not be surprising to find the structure of intact UmuD to

be slightly distorted from what is seen in the crystal structure for the UmuD'

filament dimer. Our observations of poor disulfide crosslinking but efficient

crosslinking using bis-maleimidohexane in the UmuD dimer at positions 67 and

112 (14) would be simple to explain by hypothesizing that the carboxy terminal

globular heads are actually closer in the intact UmuD dimer than they are in the

UmuD' filament dimer. In addition, a parallel arrangement of the amino terminal

tails in the region including residues 34 to 44 might account for the efficient

crosslinking of the VC34 and LC44 derivatives with various reagents (14) as well

as for the efficient spontaneous oxidation of disulfide bonds in the dimer upon

dialysis for the derivatives with single cysteine substitutions within this region

(12).

If our hypothesis for the intact UmuD dimer interface is correct, it suggests

another level of subtlety in the modulation of UmuD activity. Intact UmuD forms

dimers which resemble the UmuD' filament dimers. Presumably, the residues that

are involved in the UmuD'2 "molecular dimer" interactions are not available in

intact UmuD. Perhaps these residues are buried in intact UmuD or else obscured

by the presence of the amino terminal 24 amino acids. Upon RecA-mediated

cleavage of the first 24 amino acids, the residues at the "molecular dimer"

interface become available for interaction. Consequently, the UmuD'2

homodimer adopts a different quaternary conformation than the intact UmuD2

homodimer using this alternative interface and forming the active species which is

observed in the crystal structure as "molecular dimers".



In the crosslinking of the derivatives C24 (wildtype) and VC34 using AIA, we
observed the appearance of higher order complexes consistent with the
crosslinking of dimers of dimers. One explanation is that, like UmuD' dimers,
UmuD dimers are able to undergo dimer dimer associations perhaps by an
interaction that bears some relationship to the molecular dimer interactions in the
UmuD' crystal (23). An alternative explanation is that the amino terminal region
of one UmuD dimer interacts with the active site of another UmuD dimer. Kim
and Little (13) have shown that LexA can serve as an enzyme in the cleavage of
other LexA repressors by demonstrating the ability of LexA to cleave in trans.
Thus it is possible for the amino terminal region of one UmuD molecule to
interact with another UmuD at its active site. Whether these complexes of UmuD
are physiologically significant requires further investigation. Only a small
proportion of UmuD was crosslinked in these complexes suggesting that the
UmuD dimer is the more prominent species in solution.

Amino acid positions in UmuD which are closer to the UmuD-RecA
interface than the others tested. We then used the AIA-modified UmuD
monocysteine derivatives to explore the nature of UmuD interactions with RecA.
When AIA-modified UmuD derivatives were incubated with activated RecA and
then irradiated with UV light to initiate the photolysis reaction, only a subset of
the modified derivatives crosslinked to activated RecA. Of these derivatives,
VC34 and SC81 seemed to crosslink the most efficiently. This suggests that
positions 34 and 81 are closer to the UmuD-RecA interface than the other residues
tested. The suggestion that position 34 is closer to the UmuD-RecA interface is
consistent with our previous characterizations of this derivative. In experiments
assessing ability to perform in mutagenesis and ability to undergo RecA-mediated
cleavage, we found VC34 to be impaired in mutagenesis and most severely
deficient of all the monocysteine derivatives in RecA-mediated cleavage. We
interpreted these results to suggest that this residue is important for the direct
interactions with RecA which lead to cleavage (14). As we have discussed
previously (14), position 34 is also found within a region corresponding to the
region in X repressor suggested by Sauer and Gimble to be involved in RecA

interactions (11).
In their study of UmuD', Peat et al. (23) suggested the importance of the

extended amino terminal region of UmuD' in contacting RecA. They observed
that while the wildtype UmuD' was able to be crosslinked to activated RecA using
glutaraldehyde, a UmuD' mutant lacking residues 25 to 45 crosslinked to RecA



much more poorly using glutaraldehyde. Taken together with our findings, this
suggests that this region is important for RecA interactions both in intact UmuD
and cleaved UmuD'. RecA possibly interacts differently with UmuD than it does

with UmuD'. In intact UmuD, the cleavage site must be brought to the active site

proteolytic residues at one end of a cleft in the globular structure (23). After

cleavage, the amino terminus extends out from the globular structure as observed

in the crystal and this extended amino terminal tail is thought to interact with

RecA.

We observed that SC81 was quite proficient in UV mutagenesis and RecA-

mediated cleavage. Interestingly, position 81 is found within a small region of

amino acids that is not conserved within the UmuD-LexA family of homologous

proteins. Crosslinking with RecA indicates that it is close to the UmuD-RecA

interface though this position may not be critical for mutagenesis or RecA-

mediated cleavage. It is possible that the small region around position 81

contributes to the specific interactions with RecA which distinguishes it from

other mutagenesis and repressor proteins.

The other residues which crosslinked moderately efficiently to RecA with

respect to overall efficiency were the residues located in the central region of the

UmuD amino acid sequence, SC57, SC67, and SC112. Since the incorporation of

[14C]AIA is roughly equivalent for each of these derivatives, the amount of

UmuD-RecA crosslinking can be qualitatively compared. SC67 seemed to

crosslink more efficiently than SC57 and SC112. Our observation that the SC67

mutation affects the UV mutagenesis phenotype more dramatically than it affects

RecA-mediated cleavage led us to suggest that this position is more important for

the subsequent role of UmuD' in mutagenesis than it is for the cleavage reaction

(14). Perhaps this role may involve interactions with RecA in its third role in

mutagenesis. Alternatively, SC67 may interact with RecA during RecA-mediated

cleavage, however, the substitution of serine for cysteine in this case does not

greatly affect the interactions of RecA with UmuD which result in cleavage.
Amino acid changes that affect RecA-mediated cleavage in LexA (16), .

repressor (11), and UmuD (1, 22) have been found in the regions of these proteins

that correspond to the Ser57 and Serl 112 regions of UmuD. These positions

correspond in UmuD to residues Val54, Lys55, Ala56, Gly58, Leul07 and

Asnll 1. SC57 and SC112 crosslink to RecA, albeit less efficiently than the

derivatives previously mentioned. These residues may be more important in



maintaining the whole architecture of the autocleavage domain than in the critical
contacts between UmuD and RecA.

If a plane is drawn longitudinally through the active site cleft in the UmuD'
crystal structure (23), Ser57, Ser67, and Serl 12 would be located on one side of
the cleft facing outward and Ser81 would be on the other side of the cleft, facing
outward. If UmuD resembles UmuD' in this region, this would suggest that
during RecA-mediated cleavage, RecA interacts with this region of UmuD.

Crosslinking of RecA to the UmuD derivatives VC34 and SC81 unexpectedly
resulted in the appearance of more than just the complexes which would be
consistent with RecA-UmuD and RecA-UmuD2. This observation suggests that

interaction with RecA causes a conformational change in UmuD that makes new

interactions possible besides simply RecA's interaction with a monomer or dimer

of UmuD. The new complexes arise only in the presence of activated RecA
indicating a dependence of the crosslinking of such complexes on the presence of
RecA*. Since the presence of each new crosslinker can only arise from the
introduction of an additional UmuD monomer to the complex, the presence of
RecA* may be causing a change in the ability of UmuD to interact, perhaps by

allowing UmuD to interact in a new way with another UmuD within the
RecA-UmuD complex, or alternatively, by allowing multiple UmuD proteins to
interact with a single RecA monomer.

Cys24 and Ser60: cleavage site and active site residues. In the UmuD'
crystal structure (23), the active site serine is located in a cleft. In light of the
suggestion mentioned above that RecA interacts on the face of UmuD around the
cleft region, it is interesting to note that SC60 did not crosslink to activated RecA
although with low efficiency, it can crosslink in the dimer. If UmuD is similar in
conformation to UmuD' in this region, the absence of crosslinking could be
explained by the inaccessibility of the cysteine at position 60 to be crosslinked to
RecA. One possibility is that as the cleavage site is brought near the active site in
the RecA-mediated cleavage reaction, the amino terminal region covers the active
site residues and hinders direct interactions with RecA. Interestingly, wildtype
UmuD with a cysteine at position 24 (of the Cys24-Gly25 cleavage site) also did
not crosslink to RecA but did crosslink very efficiently in the dimer. If, when
UmuD interacts with RecA, the cleavage site becomes buried within the active
site cleft region, this cysteine would also be inaccessible for direct interactions
with RecA. This is consistent with the role of RecA being a coprotease in
facilitating the otherwise latent capacity of UmuD to autodigest. Mutations have



been found at the cleavage site in LexA, X repressor, and UmuD which severely

affect the ability of these proteins to undergo RecA mediated cleavage (1, 11, 16,

22). Since our results suggest that Cys24 at the cleavage site does not directly

contact RecA, these mutations may affect cleavage by altering interactions
between the cleavage site and the active site (14, 17) rather than by altering direct
interactions with RecA.

Ser-19 and Leu-44. The relatively conservative substitution of cysteine for

serine at position 19 resulted in a significant (70 to 80%) reduction in RecA-

mediated cleavage (14). Mutations in the corresponding residue of LexA also

caused severe impairment of the ability of the mutant proteins to undergo RecA-

mediated cleavage and autodigestion (16, 17). However, the monocysteine

derivative with the cysteine substitution at position 19, SC19, did not crosslink

significantly with RecA. Assuming that the lack of crosslinking observed is

predominantly due to the distance of the crosslinker from a nucleophilic residue

on RecA, this result indicates that this position is farther from the UmuD-RecA

interface than the other derivatives tested. This suggests that the substitution of

cysteine for serine may not affect RecA-mediated cleavage simply by affecting

the direct UmuD-RecA interactions. Serl9 is located in the N-terminal domain of

UmuD which is removed by RecA-mediated cleavage. Perhaps this N-terminal

region is involved in maintaining the UmuD conformation which is distinct from

the UmuD' conformation. The introduction of amino acid substitutions may alter

the UmuD conformation that is favorable for interactions with RecA that lead to

cleavage and not necessarily alter the specific contacts between UmuD and RecA.

From the present and previous (14) crosslinking studies we proposed that

Leu44, along with Cys24 (of the Cys24-Gly25 cleavage site) and residue Va134,
is in the region which is closer to the UmuD2 homodimer interface. LC44,

however, did not crosslink to RecA in these experiments whereas VC34, which

also crosslinked very efficiently in the UmuD2 homodimer, crosslinked to RecA

the most efficiently of the UmuD monocysteine mutants we tested. This is

interesting considering that in the crystal structure of the cleaved from, UmuD'

(23), Leu44 appears to be located on the same face as Ser57, Ser67 and Serl 12

which we observed to crosslink with RecA. As suggested above, the amino

terminal region is probably brought near the active site cleft so that the cleavage

site can be properly positioned inside the cleft (23). This would necessarily entail

a conformational change from the structure observed in the crystal of UmuD' (23)

as well as the proposed structure of intact UmuD in the homodimer. Our results



suggest that Leu44 does not participate in RecA interactions as UmuD associates

with RecA in this new conformation.

The repressor binding site on the RecA nucleofilament. From their three

dimensional reconstruction of electron micrographs of the RecA-LexA complex,

Yu and Egleman (35) determined that LexA bound within the deep groove of the

activated RecA filament, with two strong contacts with the RecA filament surface

spanning adjacent RecA protomers. If UmuD also bound within the deep groove

of the activated RecA filament, our observation that residues from different sides

of the UmuD molecule crosslinked to RecA is not surprising. The first site, site

A, is a discreet contact on the inner surface of a pendulous lobe on each subunit.

The identification of this site is in agreement with the repressor binding site

proposed in the RecA crystal structure (32) including residues 229 and 243,

positions at which mutations in RecA affect repressor cleavage. The second

contact, site B, maps onto the region of the crystal structure containing residues

156 and 165 and an intervening disordered loop region, L1, which has been

suggested to be the secondary DNA binding site within the RecA filament (32).

Nastri and Knight (21) have introduced many single and multiple amino acid

substitutions using a combinatorial cassette mutagenesis procedure into the region

in RecA defined by the residues 152-159 overlapping the disordered loop region,

L1. They found that a few specific substitutions at Ile155 and Glu156, and a

number of different substitutions at Gly157 and Glu158, gave constitutive

coprotease mutants. From their results they suggested that many of the mutations

they found affect coprotease activity by altering part of the repressor binding site.

It is possible that residues in site A or site B of RecA interact directly with

UmuD and are crosslinked to UmuD by the photoactivatable crosslinker, AIA.

We have used AIA with the UmuD monocysteine derivatives to make inferences

regarding the regions within UmuD which might be closer to the UmuD-RecA

interface. Further experiments which include digesting the various RecA/UmuD

complexes, isolating crosslinked tryptic fragment and identifying the crosslinked

peptide using mass spectrometric techniques and sequencing may yield

biochemical results which would help to more specifically elucidate these UmuD-
RecA interactions.
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Figure 1. Chemical structures of p-azidophenacyl bromide (APB) and p-
azidoiodo-acetanilide (AIA).







Figure 2. Reactivity of UmuD monocysteine mutant proteins with [14 C]AIA.

The percent of total protein modified by AIA in 60 min. was measured. UmuD

mutant derivatives at a 20 g M concentration in 50 mM HEPES (pH 8.0)

containing 500 mM NaCl was incubated with a 10 fold molar excess of [2-14 C]p-

azidoiodoacetanilide in the dark at 37 TC for 1 h.
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Figure 3. Percent of UmuD crosslinked by using AIA. Panel A. Quantitation of

UmuD crosslinking from densitometric scans of Coomassie stained gels. UmuD
derivatives at a 80 giM concentration in 50 mM HEPES (pH 8.0) containing 500

mM NaCi was incubated with a 10 fold molar excess of AIA in the dark at 37 TC

for 1 h. The reaction mixture was dialyzed in a microdialyzer to remove excess

reagent. UmuD derivatives at a final concentration of 60 jiM were then exposed

to UV light at 320 nm on ice for 15 min to initiate photolysis reaction. Panel B.

Normalization of crosslinking data. UmuD crosslinking data was normalized to

account for the differences in UmuD modification by AIA. The maximum value

for the percent of UmuD crosslinking for a given mutant derivative was obtained

by dividing the actual percentage of the crosslinked UmuD by the percent of

UmuD modified as described in the Methods section.
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Figure 4. Crosslinking of the UmuD derivatives, VC34 and CA24, to RecA*

using AIA. UmuD derivatives at a concentration of 80 jgM were modified with

AIA then dialyzed to remove excess reagent. Modified UmuD derivatives at a

final concentration of 45 ptM were incubated with 8 mM RecA activated with in

the presence of ATP yS and ssDNA for 5 min at 37 TC in the dark, then exposed to

UV light for 15 min to initiate photolysis reaction. Panel A. Coomassie stained

gel of crosslinked species resolved by electrophoresis on an SDS-polyacrylamide

gel. Lanes: 1, VC34 in the presence of activated RecA; 2, VC34 only; 3, CA24

in the presence of activated RecA; 4, CA24 only. Panel B. Western analysis of

crosslinked complexes by blotting with aUmuD or aRecA antibodies and

visualizing with chemiluminescence. Lanes 1 and 2: samples were visualized

using aUmuD antibodies; Lanes 3 and 4: samples were visualized using aRecA

antibodies. Lanes 1 and 3: VC34 in the presence of activated RecA; lanes 2 and

4: CA24 in the presence of RecA.
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Figure 5. Crosslinking of UmuD monocysteine derivatives to activated RecA

using AIA. UmuD derivatives modified with AIA were dialyzed to remove

excess reagent then incubated with activated RecA for 5 min at 37 TC in the dark.

The photocrosslinking reaction was then initiated by exposing the reaction

mixtures to UV light for 15 min on ice as described in the Methods section. All

lanes contain both a UmuD derivative and activated RecA. Lanes are identified

by the position of the cysteine substitution of each particular monocysteine mutant

in the crosslinking reaction. CA24 is the UmuD derivative without cysteines.
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Chapter 5

Analysis of the region between amino acids 30 to 42 of intact UmuD

by a monocysteine approach

This work was done in collaboration with Angelina Guzzo and Karen

Oda.
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Abstract. Based on previous characterizations of our UmuD monocysteine
derivatives we suggested that positions 24, 34 and 44 were closer to the intact
UmuD homodimer interface than other positions tested. Because this region of
UmuD also appeared to be important for interactions with RecA, we followed up
our previous study by constructing a second set of monocysteine UmuD
derivatives with single cysteine substitutions at positions 30 to 42. The

observation that purified proteins of the UmuD derivatives RC37 and IC38 could

be disulfide crosslinked quantitatively upon addition of iodine and yet be poorly

modified with iodoacetate led us to suggest that the pairs of residues at 37 and 38

are at the UmuD homodimer interface. We assessed the ability of these UmuD

derivatives to perform in UV mutagenesis and in vivo and in vitro RecA mediated

cleavage and found monocysteine mutants with substitutions at positions 32, 33,

34, and 35 to be most severely affected by a cysteine substitution indicating that

the residues in this region are important for UV mutagenesis and RecA-mediated

cleavage. In addition we found LC40 to be deficient in UV mutagenesis and

RecA-mediated cleavage suggesting that a cysteine substitution for a leucine at

this position, conserved among the mutagenesis proteins, is also important for the

RecA-mediated cleavage and the cleaved UmuD' function in UV mutagenesis.
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The process of UV and chemical mutagenesis in Escherichia coli requires the

induction of cellular functions that facilitate translesion DNA synthesis; a process

that results in the introduction of mutations at the site of the lesion (36).

Genetically, this process was shown to require the expression of the products of

three genes: umuC, umuD and recA (20, 34), which are regulated as part of the

SOS regulon (17). The 15 kDa UmuD protein is subsequently cleaved in a RecA-

mediated fashion to yield the 12 kDa carboxy-terminal derivative, designated

UmuD' (9, 24, 32). Genetic evidence suggests that DNA polymerase I and II are

not required for mutagenesis (3, 29), and indicates that DNA polymerase III is

required (6, 7, 8). A reconstituted in vitro bypass assay using an abasic site as a

lesion showed that the proteins required for UV mutability included: UmuD',

UmuC, RecA and DNA polymerase III (27). UmuD was found to inhibit the

process. UmuD and UmuD' form homodimers, as well as a heterodimer. The

heterodimer was shown to be more stable in vitro (5), and has been postulated to

play a posttranslational role in negative regulation of UV mutagenesis which is

perhaps particularly important during the shut down of the SOS response.

RecA plays at least three roles in UV mutagenesis. After exposure to a

mutagen, RecA is activated to RecA* by binding to single-stranded DNA

generated during a cell's attempt to replicate its damaged DNA (30). RecA*

serves as a coprotease that facilitates the latent ability of LexA (23) and UmuD (9)

to autodigest. Cleavage of LexA is required for expression of several genes under

the control of the SOS regulon, including the umuDC operon (17). Cleavage of

UmuD to UmuD' (24, 32) activates the protein for its role in UV and chemical

mutagenesis (1, 24). The third role of RecA in SOS mutagenesis is not yet

known, but several recA mutants defective in this role have been isolated (2, 10,

24).

Several hypotheses have been proposed for the mechanism of SOS

mutagenesis including: i) UmuD' and UmuC affect the processivity of DNA

polymerase III (4, 35) ii) UmuD' and UmuC bind to the RecA-single-stranded

DNA causing it to switch from a recombinational to a mutagenic bypass mode

(33), and iii) UmuD' and UmuC inhibit the e (proofreading) subunit of DNA

polymerase III (14). Several experiments have indicated an interaction between

UmuD' (15) or UmuC (16) and a RecA-single-stranded DNA complex.

Furthermore, interactions between UmuC and UmuD or UmuC and UmuD' have

also been noted (38). The different interactions between UmuD/UmuD', UmuC

and a RecA-single-stranded DNA complex are consistent with the suggestion that
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these proteins are targeted to the lesion. The crystal structure of UmuD', solved

by Peat et al. (25), revealed that it forms filaments and they suggested that UmuD'

may form a scaffold on the RecA-DNA filament that positions UmuC

appropriately for interactions with the DNA polymerase III holoenzyme.

Other homologs of UmuD and UmuC have been identified. The best

characterized of these is the mucAB operon of the plasmid pKM101 that can

suppress the nonmutability of umuD and umuC mutant strains (37). Cloning and

sequencing of the mucAB operon from pKM101 and the E. coli umuDC operon

revealed that the UmuD and MucA proteins share homology with the carboxy-
terminal domains of the LexA repressor and the repressors of phage X, 434 and

P22 (26, 31).

In order to learn about the protein-protein interactions of UmuD, we have

initiated an approach based on the construction of a series of monocysteine

derivatives of UmuD. The mutant derivative of UmuD which contains an alanine

substituted for its single cysteine (designated CA24) is identical to wild-type

UmuD in all the properties that have been assessed. A series of UmuD

monocysteine mutants was then constructed from CA24 that spanned the linear

sequence of the protein (positions 19, 24, 34, 44, 57,60, 67, 81, 89, 100, 112, 126)

and several of their genetic and biochemical properties were characterized (21).

Oxidation with iodine of the purified monocysteine UmuD proteins revealed that

derivatives having a single cysteine at positions 24, 34 and 44 crosslinked into the

homodimer to a higher extent than the derivatives having cysteines at the other

positions tested. Interestingly, mutations in the corresponding homologous region

in X cI (111 to 132) were found to abolish RecA-mediated cleavage but not self-

cleavage ((18)), suggesting that this region may be involved in interactions with

RecA. Thus we followed up our previous study by constructing a second set of

monocysteine UmuD derivatives each containing a single cysteine at amino acids

30 to 42. In this paper we report our analyses of the effects of the single cysteine

changes on biological activity by assaying UV mutagenesis and the effect on

UmuD cleavage by RecA both in vivo and in vitro. We have also assessed the

relative proximity of the cysteines to each other in the homodimer by measuring

the ability of the cysteines to be crosslinked after oxidation with iodine and

copper phenanthroline. Moreover, the ability of the cysteines to spontaneously

crosslink in a dimer after dialysis into a buffer lacking DTT was assessed, and the

results obtained from the different methods of crosslinking were compared.

Inferences about the structure of intact UmuD made from these experiments are
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discussed in light of the crystal structure of UmuD' recently reported by Peat et al.

(25).
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Materials and Methods

Bacterial strains and media. Bacterial strains and plasmids are listed in
Table 1. Antibiotics were used at the following concentrations: ampicillin (100
gg/ml); chloramphenicol (30 gg/ml); kanamycin (50 Cgg/ml); tetracycline (12.5

gg/ml).
Construction of monocysteine umuD mutant plasmids and

overproduction and purification of UmuD. Construction of monocysteine

UmuD mutant plasmids was described elsewhere (21). All of the UmuD mutants

are under the control of the T7 promoter. Escherichia coli strain SG1611 was

used for the overproduction of the UmuD derivatives EC35, QC36, DC39, LC40
and GW8400 was used for the overproduction of the UmuD derivatives AC30,
AC31, DC32, YC33, RC37, IC38, NC41, and QC42. The monocysteine mutant
proteins were purified to homogeneity as previously described (21) except that the
buffer of the UmuD-containing fractions eluted from the Mono Q column was not

exchanged.

UV mutability and RecA cleavage assays. UV mutagenesis was carried out

according to Elledge and Walker (11) using strain GW3200. In vivo RecA-

mediated cleavage was performed by the following procedure using strain

GW8017. A saturated culture in minimal M9-glucose medium (28) supplemented
with 0.1 mM CaC12, 0.1 mM FeCl3, 0.1 mM ZnSO4, 0.4% glucose, 5 gg/ml

thiamine and antibiotics was diluted 1:10 into LB containing the appropriate
antibiotics. At an A600 of 0.4 to 0.6, IPTG was added to a 0.5 mM final

concentration. After 1 hour at 370C, the culture was washed twice with an equal

volume of 0.85% saline. The cells were UV irradiated at 50 J/m 2 , centrifuged at
4000 rpm for 10 min, resuspended in an equal volume of LB containing
antibiotics and incubated for 45 minutes at 370C. UmuD cleavage was assessed
by centrifuging the cells and resolving the protein from 0.05 A600 units of cells

by electrophoresis on a 15% SDS-polyacrylamide gel, transferring the protein to
polyvinylidene difluoride transfer membrane (Immobilon-P, Bedford, MA) and
blotting with a 1:10,000 dilution of affinity-purified antibodies raised against
UmuD'. Cross-reacting material was visualized by chemiluminescence (Tropix,
Bedford, MA) which was quantitated using the LKB Bromma 2202 Ultroscan
Laser densitometer.

In vitro RecA-mediated cleavage was carried out according to Lee et al. (21)
with some modifications. Reactions were conducted in 40 mM Tris-HCl (pH
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8.0), 6.8 mM MgCl2, 30 mM NaCi, 0.3 mM (dithiothreitol) DTT with 42 ng of a
20-mer oligonucleotide per 20 pl sample volume and 0.68 mM ATPyS. UmuD at
a concentration of 10 CgM was incubated with 3.15 gM RecA at 370C for 1 hour.

Reactivity of mutant UmuD proteins to [3H]iodoacetate and cross-linking
of UmuD mutant derivatives with iodine and copper phenanthroline.
Reactivity to [3H]iodoacetate was conducted as previously described (21) except
that 0.6 mM DTT was present in the reaction mixture. Reactions with iodine and
copper phenanthroline were performed as previously described (21) with the
following exceptions: reactions with iodine were initiated by the addition of 1
mM aqueous iodine to 10 glM UmuD in 50 mM HEPES (pH 8.1), 100 mM NaC1,
0.3 mM DTT. Oxidations with 02 catalyzed by copper phenanthroline were done
by reacting 10 gM UmuD with 1 mM Cu 2+ (as CuSO4) and 1.3 mM

phenanthroline for 10 minutes at 00 C in 50 mM HEPES (pH 8.1), 100 mM NaC1,
0.3 mM DTT.

Removal of reducing agent from UmuD solvent by dialysis. UmuD at a
concentration of 13 jtM in 10 mM Na-phosphate (pH 6.8), 100 mM NaCI, 0.4

mM DTT was dialyzed against 10 mM Na-phosphate (pH 6.8), 100 mM NaC1, 5

mM EDTA using the System 100 Microdialyzer (Pierce, Rockford, IL) at 40C for

2 hours. SDS sample buffer was added after dialysis and the proteins were
resolved by electrophoresis on a 13% SDS polyacrylamide gel. The Coomassie-

stained bands corresponding to the monomeric and dimeric forms of UmuD were
quantitated using the LKB Bromma 2202 Ultroscan Laser densitometer.
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Results

Activity of the UmuD mutant proteins in UV mutagenesis and RecA-
mediated cleavage. In this study, our strategy for choosing the sites for the
single substitutions in this set of derivatives differed from that described
previously (21). In that case we chose sites which would maximize the
probability of obtaining biologically active molecules spanning the entire length
of the UmuD protein (21), while in this study we chose a particularly interesting
region of UmuD to make successive single cysteine substitutions. Thus, some
derivatives have cysteine substitutions at sites which are conserved throughout the
set of analogous mutagenesis proteins. In addition, some derivatives have
cysteine substitutions that do not necessarily represent conservative substitutions,

i.e., a cysteine may be substituted for residues other than serine or alanine in many
cases. The effect that these mutations have on the ability of UmuD to perform in
various capacities such as UV mutagenesis and RecA-mediated cleavage have the
potential to yield insights regarding the significance of the residues in this
particular region of the UmuD protein. The ability of the mutant UmuD proteins
to participate in UV mutagenesis was determined by expressing them in a
umuD44 strain and measuring the reversion of an argE3 mutation to Arg+. Most
of the UmuD monocysteine derivatives tested retained a substantial ability to
participate in mutagenesis (40 to 90% of wildtype activity). The UmuD
monocysteine derivatives which were most severely impaired by the cysteine
substitution were DC32, YC33, EC35 and LC40 which retained less than 30% of
wildtype activity (Fig. 2), suggesting that the residues in these positions are
important for some function of UmuD in mutagenesis.

To test the ability of these monocysteine UmuD derivatives to productively
interact with RecA in a manner which leads to UmuD cleavage, both in vivo and
in vitro RecA-mediated cleavage of each of the monocysteine derivatives was
assessed. To determine the extent of RecA-mediated cleavage in vivo, a AumuDC

strain carrying a UmuD mutant plasmid was induced for UmuD production and
irradiated with UV light at a dose of 50 J/m2. After a 45 minute incubation at
370 C, the extent of cleavage was determined by Western blotting using affinity-
purified UmuD antisera (5) and was found to be around 75% for wild-type
UmuD under these conditions. In addition, the UmuD monocysteine derivatives
were purified to homogeneity and their ability to be cleaved by RecA in vitro was
assessed. We found that wild-type UmuD was cleaved to an extent of around
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60% in one hour under the conditions described in the Materials and Methods
section.

We found that, for many of the monocysteine derivatives, RecA-mediated

cleavage roughly correlated with UV mutability. Since RecA-mediated cleavage

is required to activate UmuD for mutagenesis, it is not surprising that those

derivatives which were defective in RecA-mediated cleavage should also be

defective in mutagenesis (5). One exception was the AC31 derivative, which

displayed a low UV mutability but a nearly wild-type ability to be cleaved by

RecA, both in vivo and in vitro. This observation suggests that this mutant could

be defective in a role in UV mutagenesis that occurs after cleavage of UmuD to

UmuD', such as in the interaction of UmuD' with other proteins. Other exceptions

were YC33 and LC40 which, although defective in UV mutagenesis and in vitro

RecA-mediated cleavage, were able to be cleaved efficiently by RecA in vivo. It

is possible that some factor in the in vivo reaction that is not present in the in vitro

reaction allows these derivatives to be cleaved more efficiently in vivo.

Furthermore, these mutants may be like AC31 in that they are impaired in their

ability to perform in some role of UV mutagenesis that occurs after the cleavage

of UmuD to UmuD'.

Solvent Accessibility of the UmuD derivatives. In order to test for the

accessibility and reactivity of the unique cysteines in UmuD, the purified UmuD

derivatives were reacted with [3 H]iodoacetate. The results are expressed as the

number of nanomoles of [3H]iodoacetate that reacted with 0.20 nmol of UmuD in

1 hour, where a fully modified population of UmuD would have incorporated 0.20

nmol of [3H]iodoacetate (Fig. 3A). Generally, the extent of reactivity for each

thiol group depends primarily on its exposure to solvent and also on its particular

local electrostatic environment (12). The mutants could be divided into three

classes of solvent accessibility. The UmuD derivatives that displayed a high level

of reactivity were AC30, AC31, YC33, EC35, DC39, LC40 and QC42; those

derivatives which had a moderate level of reactivity were C24 (wildtype UmuD),

DC32, VC34, QC36, NC41 and LC44; and the derivatives that reacted poorly

with [3H]iodoacetate were RC37 and IC38. Moderate or high reactivity suggests

that the thiol group of the UmuD derivative is accessible to solvent, whereas a low

reactivity suggests that the thiol group is buried within the interior of the protein

or possibly within the dimer interface.
Crosslinking of the UmuD monocysteine derivatives with iodine and

copper phenanthroline. In order to gain information concerning the positions of
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the various monocysteine substitutions relative to the dimer interface, we
examined the susceptibilities of the homodimers of the UmuD monocysteine
derivatives to become crosslinked by disulfide bond formation. This crosslinking
was carried out by the addition of iodine (Figure 3B) or copper phenanthroline
(Figure 3C). During the course of the purification of these monocysteine
derivatives, we found that a significant proportion of the UmuD proteins (in
particular, RC37 and IC38) spontaneously crosslinked in 0.1 mM DTT in the
absence of any oxidizing agents. When we increased the DTT concentration to 1
mM, however, no disulfide bond formation was detectable. We therefore
increased the concentration of DTT in the buffer of the stocks of the mutant
proteins to a 1 mM final concentration for all the UmuD mutant proteins in order
to be consistent throughout the study and subsequently diluted the protein stocks
into the appropriate reaction buffers. Thus reaction buffers for this study
contained higher DTT concentrations (0.3 mM final concentration) than
previously published reaction conditions (< 0.1 mM) (21). For this reason, the
experiments using the UmuD monocysteine derivatives, VC34 and LC44, were
repeated and included with the new series of monocysteine mutant derivatives.

When the monocysteine mutants were oxidized using iodine, both RC37 and
IC38 resulted in nearly quantitative crosslinking. In contrast, oxidation of the
remaining subset of monocysteine derivatives resulted in a considerably lower
level of cross-linking ranging from 4.5 to 45%. This is a striking result
considering the fact that most of the derivatives (with the exception of RC37 and
IC38) reacted quite well with iodoacetate indicating that the sulfhydryls were
reasonably exposed to solvent. Even within this small region, the position of the
cysteine substitution greatly affects the ability of the UmuD derivatives to be
crosslinked in the homodimer upon oxidation with iodine. As a control, this set of
monocysteine mutants was incubated in the presence of 0.3 mM DTT for I hour
at 370 C without any oxidizing agent, and no detectable disulfide bonds were
formed (data not shown), ruling out the possibility that the observed crosslinking
was due to spontaneous disulfide bond formation.

Interestingly, the oxidation reaction using iodine occurs so rapidly that we
were unable to follow the kinetics of the crosslinking reaction. Although under
our standard reaction conditions, the proteins are exposed to iodine at 220C for 20
minutes, we found no detectable difference in the amount of disulfide bond
formation even when the reaction was carried out at 40C for 1 minute (data not
shown). Furthermore, the amount of disulfide crosslinked dimers cannot be
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further increased upon a second addition of iodine. A possible explanation is the

following: iodine oxidation of the thiol group of the UmuD derivative, resulting

in a sulfenyl iodide intermediate (36), occurs very rapidly. The sulfenyl iodide

intermediate is very labile and susceptible to nucleophilic attack. A reaction with
another thiol group of the associating UmuD monomer results in the formation of

a disulfide bond and the crosslinking of the dimer. This reaction requires a close

proximal relationship between the two thiol groups (36). However, hydrolysis of

this compound results in the formation of a protein sulfenic acid which is no

longer available for crosslinking. Because this reaction proceeds very rapidly
(less than one minute), the extent of UmuD2 disulfide crosslinking promoted by

iodine probably closely reflects the proportion of cysteines that are in close

proximity in the dimer within a small window of time.

As observed previously (21), the copper phenanthroline catalyzed oxidation of

the UmuD monocysteine mutant proteins in the homodimer resulted in

crosslinking data that is consistent with that obtained from iodine oxidation

although the results are less striking. RC37 and IC38 are still the most efficiently

crosslinked; however, all of the other mutants were also able to crosslink with

moderate efficiency using this reagent. A simple explanation for these

observations is that local flexibility in this region allows two sulfhydryls to come

close enough for crosslinking during the more prolonged copper phenanthroline

catalyzed air oxidation of the thiol groups. No crosslinking was observed when

the UmuD derivative lacking a cysteine, CA24, was reacted with iodine or copper

phenanthroline (data not shown).

Spontaneous crosslinking of UmuD dimers after removal of DTT by
dialysis. Based on the observation that a significant proportion of a subset of

UmuD monocysteine derivatives spontaneously disulfide crosslinked in the

presence of low concentrations of DTT, we thought it would be interesting to

survey the ability of each of the UmuD monocysteine derivatives in this set, in

addition to those created previously, to spontaneously crosslink upon removal of

DTT by dialysis. The monocysteine derivatives in a buffer containing 0.4 mM

DTT was dialyzed for 2 hours at 4°C, and the resulting percent of disulfide

crosslinked dimers is plotted in Figure 4. Dialysis of the derivatives with cysteine

substitutions within the region between positions 37 and 41 resulted in a high

degree of crosslinking. Other derivatives which resulted in efficient dimer

crosslinking are C24 (wild type UmuD), AC30, AC31, and LC44. SC19, SC60,

SC 112 and DC126, and derivatives with cysteine substitutions within the region
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between amino acids 32 and 36, all have a moderate ability to spontaneously

disulfide crosslink in the dimer. Finally, QC42, SC57, SC67, SC81, AC89, and

QC 100 were able to crosslink poorly upon removal of the reducing agent.
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Discussion

Based on the crosslinking results of several monocysteine derivatives of
UmuD, we previously suggested that the region including the Cys24-Gly25
cleavage site, Va134 and Leu44 is closer to the UmuD homodimer interface than
the other residues tested (21). Other evidence also suggested this region to be
important for UmuD interactions with RecA(5, 18, 22). To further analyze the
interactions in this region of UmuD, we constructed a set of UmuD monocysteine
derivatives in which single cysteine substitutions were made in the region of

UmuD between amino acids 30 to 42 inclusively. We then genetically and

biochemically characterized all the mutant derivatives. Our results suggest that

Arg37 and Ile38 are very close to the dimer interface of UmuD. This inference is

based on the ease of disulfide crosslinking of these derivatives upon treatment

with iodine and copper phenanthroline and upon removal of reducing agent by

dialysis. Nearly quantitative disulfide crosslinking of the RC37 and IC38

derivatives occurred upon oxidation with iodine, in contrast to the crosslinking

efficiency of the other derivatives tested which ranged from approximately 10%

to 50%. Interestingly, when the ability of each of the mutants to be modified by
[3H]iodoacetate was assessed, we found that all of the purified monocysteine

derivatives except RC37 and IC38 were quite reactive to iodoacetate (Figure 3A).

A simple explanation for this observation is that these residues are buried within

the dimer interface and thus are less accessible for reaction with iodoacetate.

Peat et al. have solved the crystal structure of the cleaved form of UmuD,

UmuD' to 2.5 A (25). In the crystal structure of UmuD', the amino terminal tail

(including amino acids 30 to 42) extends outward in a random coil from a

globular head. Peat et al. propose that UmuD' participates in two types of dimer

interactions. The first type involves the association of two UmuD' monomers

(termed "molecular dimer" interactions). Residues Tyr52, Va154, Ile87, Phe94,

and Phe 128 from each protomer participate in the hydrophobic interactions of this

dimer interface. In addition, a salt bridge is formed between Glu93 and Lys55 of

the associating dimer. The amino terminal tails in this dimer protrude out in

opposite directions and do not participate in dimer interactions. To support the

hypothesis that this is the structure of the dimer found in solution, Peat et al.

constructed a UmuD' mutant lacking the amino terminal residues 25 through 45.

The resulting mutant retained the ability to dimerize in solution as suggested by

gel filtration, native gel electrophoresis, and glutaraldehyde crosslinking (25). In
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this model of dimer interactions, residues 30 through 42, in particular, residues 37
and 38, could not be involved in the dimer interactions observed in the UmuD'2
crystal structure.

However, the crystal structure of UmuD' (25) revealed a second type of

UmuD' dimer interactions, i.e., dimer of dimer interactions, which are referred to

by Peat et al. as "filament" dimer interactions. In these filament dimer

interactions, the amino termini (one from each pair of dimers) interact with each

other at residues Leu40, Asn41, Leu43, Leu44, and Ile45. Furthermore, amino

acids at the carboxy terminal end, particularly, residues 134 through 36, form

hydrogen bonds across the interface with residues 134 through 136 of the

associating UmuD' (25). The present and previous (21, 22) crosslinking results of

the UmuD monocysteine derivatives are more easily rationalized using a model

for the intact UmuD homodimer that more closely resembles the "filament dimer"

seen in the crystal structure. Based on these results we have proposed that the

structure of intact UmuD is actually slightly distorted from the structure of UmuD'

observed in the crystal (25). We have suggested that in the homodimer of intact

UmuD, the carboxy terminal globular domains are closer together than in UmuD'

and that a small region of the amino termini are arranged in parallel to each other

(22). Our suggestion that, in intact UmuD, Arg37 and Ile38 are involved in dimer

interactions is simple to explain using such a model for the quaternary

arrangement of UmuD.
Since Peat et al. observed that the extrapolated cleavage site from the UmuD'

crystal structure (Cys24-Gly25) is still remote from the active site cleft in UmuD',
they suggest that the UmuD conformation of this region is significantly different

from that of the UmuD' filament conformation seen in the crystal structure (25).

Their interesting observation that a mutant UmuD' lacking residues 25-45 can

crosslink with another mutant UmuD' or with wildtype UmuD' but not with

UmuD (25) is consistent with our inference that UmuD and UmuD' have different

structural characteristics in this region. These findings also suggest to us that the

homodimer interfaces of UmuD2 and UmuD'2 may be different.

To further study the structure and interactions of intact UmuD by analyzing

the region between residues 30 through 42 (which seems important not only for

UmuD dimer interactions but also for interactions with RecA (5, 18, 22)), our

strategy involved choosing this particularly interesting region of UmuD to make
successive single cysteine substitutions. Consequently, some derivatives have

cysteine substitutions at sites which are conserved within the set of analogous

123



mutagenesis proteins and other derivatives in this set have cysteine substitutions

which do not necessarily represent conservative substitutions (Fig. 1). When the

ability of the mutants to perform in UV mutagenesis and their ability to be

cleaved by RecA both in vivo and in vitro was assessed (Figure 2), we observed
that although many of the monocysteine derivatives retained a significant ability
to perform in these capacities, some derivatives were severely impaired (DC32,
YC33, EC35, and LC40) suggesting that the residues in this region are important
for UmuD and possibly UmuD' interactions with RecA. We found that the VC34

UmuD derivative was also impaired in its ability to perform in these functions

(21), consistent with the present results. In addition, we were able to crosslink the
VC34 derivative to RecA using the cysteine-specific photoactive crosslinker, p-
azidoiodoacetanilide (22). In a screen for X cI mutants with a reduced capacity

for RecA-mediated cleavage, Gimble and Sauer (18) found that more than 50% of

the mutants they obtained were still able to autodigest. These mutations include

EK117, TI122, GD124, DV125, DY125, DN125 and EK127 which correspond to

Ala30, Glu35, Arg37, Ile38, and Leu40 of UmuD.

In their analysis of the crystal structure of UmuD', Peat et al. (25) suggested

that the extended amino terminal tail (residues 25 to 45) in the UmuD' protein is

important in its interactions with RecA. Supporting this interpretation is their

observation that a UmuD' mutant lacking residues 25-45 crosslinked to a RecA

filament using glutaraldehyde much less efficiently than the wildtype UmuD'

protein. If residues 32-35, and 40 are important for the interactions of UmuD'

with RecA, this suggests that the cysteine substitutions for residues in this region

affect not only the interactions with RecA which lead to the initial cleavage

reaction but also may affect interactions with RecA which are important for the

subsequent role of UmuD' in mutagenesis. In addition, in the crystal structure of

UmuD', Leu40 is involved is various hydrophobic contacts in the filament dimer

of UmuD' (25). We infer from our observations that a substitution of a cysteine

for leucine at this position may disrupt some of these important interactions.

Although Ala30 and Gln36 are conserved throughout the set of mutagenesis

proteins (Fig. 1), we observed that a cysteine substitution for alanine at position

30 or for glutamine at position 36 did not significantly affect the ability of the

resulting derivative to participate in UV mutagenesis or RecA-mediated cleavage.

A previous screen for UmuD mutants which were defective in UV mutagenesis

yielded the mutant AT30 which was subsequently shown to also be defective in

RecA-mediated cleavage (5). It is interesting that the subtle differences in the
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side chain substitution at this position can significantly affect the activity of the

resulting derivative. In contrast, the mutant derivative AC31 has a cysteine

substitution at a position which is not conserved within the family of analogous
mutagenesis proteins. This derivative, however was more defective in its ability

to perform in UV mutagenesis than in its ability to participate in RecA-mediated
cleavage. This observation suggests that the mutation more severely affects the
function of UmuD' in mutagenesis, perhaps by affecting interactions in the
filament dimers of UmuD' (25). DC39, NC41, and QC42 all retain a reasonable
ability to be cleaved in the RecA-mediated cleavage reaction. NC41 is the most

defective of the three derivatives in participating in UV mutagenesis. In UmuD',
the asparagine residue at position 41 contributes to the stability of the UmuD'

filament dimer by making a hydrogen bond with the main chain nitrogen of an

associating UmuD' protomer (25). Our results suggest that a mutation at this

position may affect these interactions.

The ability of the UmuD monocysteine derivatives to crosslink in the dimer
was determined by three different means: oxidation with iodine, oxidation with

oxygen catalyzed by copper phenanthroline, and spontaneous oxidation with

oxygen upon removal of reducing agent by dialysis. Of the three methods for

discerning the relative proximity of cysteine residues by disulfide crosslinking,

iodine oxidation seemed the most discriminatory. From the iodine crosslinking

data, RC37 and IC38 clearly crosslinked the most efficiently of the derivatives

that we tested. Oxidation with copper phenanthroline also yielded the same

results, however, a cysteine substituted in other positions also formed disulfide

bonds in the dimer to a moderate degree. It is possible that this region (residues

30 to 42) is quite flexible - in the cleaved form, UmuD', this amino terminal tail

(residues 25 to 36) is thought to be disordered (25). If this is the case, then the

oxidation of the derivatives catalyzed by copper phenanthroline could be
capturing these transient intermediates when the residues of associating dimers are
brought close enough to be disulfide crosslinked (13, 21). Thus, we would expect
all the derivatives with cysteine substitutions in this region to react with about the
same efficiency unless the positions of the pairs of cysteines in the dimer were
particularly close in the native conformation as we suggest for Arg37 and 1e38.

Surprisingly, we found that the spontaneous oxidation of thiols to form
disulfide bonds during dialysis was not as discriminatory as the oxidation of thiols
using iodine. We expected that since spontaneous air oxidation of thiols appears
to be a very mild method of oxidation, this procedure would be highly selective
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for only those pairs of cysteines which are optimally positioned in the native

structure. Oxidation of monocysteine derivatives by dialysis has also been used in
structure/function investigations of the y8 resolvase protein (19) in which the

crystal structure of the catalytic subunit is known (29). Inspection of the crystal

structure and computer modeling was employed to identify positions for cysteine

substitutions which would minimize distortion of the dimer interface in the

disulfide crosslinked dimer. The engineered mutants were tested for their ability

to crosslink via disulfide bonds during a 12 h dialysis against buffer with air

bubbling through it. Two of the mutants crosslinked completely in the dimer and

one mutant crosslinked to a level of 50%. These results are consistent with what

was expected from computer modeling and suggest that oxidation of disulfide

bonds using the mild procedure of dialysis is a good method for identifying those

residues which are relatively close in the native conformation of the dimer.

However, in our investigations of derivatives with cysteine substitutions within

the region of amino acids 30 to 44, we found that, in addition to RC37 and IC38,

the UmuD derivatives AC30, AC31, DC39, LC40, NC41, and LC44 also disulfide

crosslinked quite efficiently during dialysis (Fig. 4). In our experiments, we only

allowed dialysis to proceed for 2 h although an additional 2 h of dialysis resulted

in a higher yield of crosslinked dimers (data not shown). Moreover, we found

that in addition to those derivatives in the first set of monocysteine proteins which

were expected to crosslink efficiently (SC19, C24, VC34, and LC44), the UmuD

derivatives SC60, SC112, and DC126 also appeared to crosslink relatively more

efficiently during dialysis than upon treatment with iodine (determined

previously) (21). These results suggest that inferences about the solution structure

made from the spontaneous disulfide crosslinking of a single pair of cysteines

should be made with caution. Efficient crosslinking in the dimer by this method

does not necessarily reflect a close spatial relationship as might be suggested in a

crystal structure. Although the dialysis experiments on resolvase are consistent

with what is observed in its crystal structure (19), a survey of the crosslinking of

derivatives with cysteines in other positions might have yielded misleading results

regarding the proximity of certain residues to the dimer interface. We suggest

from these results that for the purposes of discriminating the relative proximity of

cysteine residues, iodine oxidation is the superior method.

Structural information of UmuD' suggests that the interactions of the UmuD'

protomers in the UmuD' filament are more complex than might have been

expected. Whether intact UmuD also interacts in a complex like UmuD' is still
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unclear. Our results are more easily rationalized using a model for intact UmuD

which more closely resembles the "filament dimer" observed in the UmuD' crystal

structure (25). Thus an alternative hypothesis is the following: intact UmuD

forms a dimer which resemble the "filament dimer" of UmuD' with residues 37

through 41, particularly 37 and 38, participating in the dimer interactions at the

amino terminal region. This region has some flexibility, characteristic of a hinge

region in a protein structure. During RecA-mediated cleavage, amino acids 32

through 35 interact with RecA as a conformational change in UmuD brings the

cleavage site close to the active site cleft of the protein. Upon cleavage, UmuD'

forms a dimer using an alternative dimer interface, the "molecular dimer"

interface (25). Presumably, this interface is obscured in the intact UmuD form

and becomes available once the amino terminal 24 amino acids are cleaved. The
amino terminal tails of the active UmuD'2 molecular dimer (which protrude in

opposite directions from the globular structure) then interact with the activated

RecA filament for the subsequent role of UmuD' in mutagenesis (25).

It will be interesting to evaluate the structure of UmuD with results obtained

from this monocysteine approach. Furthermore, analysis of the UmuD' crystal

structure using a monocysteine approach will also provide insights regarding the

interactions of UmuD', not only in the "molecular dimer" and "filament dimer"

but also in interactions with other proteins involved in mutagenesis. A better

understanding of the mechanism of activation of UmuD to UmuD' upon RecA-

mediated cleavage might also be gained in a comparison of the structure and

interactions of UmuD and UmuD'.
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Table 1: Bacterial strains and plasmids

Strain or Relevant genotype or description Reference or source

plasmid

Strains

AB 1157

GW3200

SG1161

GW8017

GW8400

Plasmids

pGW6070

pGW6100

pGW7041

pGW7051

pGW7061

pGW7071

pGW7081

pGW7091

pGW7101

pGW7111

pGW7131

pGW7141

pGW7151

oGW7161

argE3

As AB 1157, but umuD44

JM101 derivative; A(lac-pro) Agal Alon510 supE thi/(F'

traD36proAB+ laclq lacZAM15)

As AB 1157, but A(umuDC)::camR

As SG1161, but recA::camR

UmuD expressed from T7 promoter

70TGT to GCC; Cys-24 to Ala; pGW6070 derivative

103GAA to TGT; Glu-35 to Cys; pGW6070 derivative

106CAG to TGT; Gln-36 to Cys; pGW6070 derivative

109CGC to TGC; Arg-37 to Cys; pGW6070 derivative

112ATC to TGC; Ile-38 to Cys; pGW6070 derivative

115GAT to TGT; Asp-39 to Cys; pGW6070 derivative

118CTG to TGC; Leu-40 to Cys; pGW6070 derivative

121AAT to TGT; Asn-41 to Cys; pGW6070 derivative

124CAA to TGT; Gln-42 to Cys; pGW6070 derivative

88GCA to TGC; Ala-30 to Cys; pGW6070 derivative

91GCA to TGC; Ala-31 to Cys; pGW6070 derivative

94GAT to TGT; Asp-32 to Cys; pGW6070 derivative

97TAC to TGT; Tyr-33 to Cvs; DGW6070 derivative
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-11D ELD -SYC 48

Figure 1: Amino acid alignment of proteins that are homologous to UmuD.

Shown is the region between amino acids 24 and 44 of UmuD. This figure is
modified from Battista et al. (5). Positions of XcI (18), LexA (25, 26), UmuD (5,

28) where amino acid substitutions have been shown to yield stable proteins that
are defective in RecA-mediated cleavage are indicated by squares. Positions of X
cI where an amino acid substitution has been shown to interfere with dimer

formation are indicated by circles (19) . Amino acids that are identical in the

three mutagenesis proteins but are not shared with LexA or the three
bacteriophage repressors are indicated by bold lettering.
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Figure 2: Relative mutation frequency and in vivo and in vitro RecA-mediated

cleavage. Mutagenesis was determined for cells irradiated with a UV dose of 20

J/m 2 . In vivo and in vitro RecA-mediated cleavage assays were conducted as

described in Materials and Methods. Solid bars, relative mutation frequency

(percentage of wild type level); hatched bars, relative in vivo RecA-mediated

cleavage (percentage of wild type level); dotted bars, relative in vitro RecA-

mediated cleavage (percentage of wild-type level). Extent of in vivo RecA-

mediated cleavage for UmuD+ was 74.5 ± 5.5%. Extent of in vitro RecA-

mediated cleavage for UmuD + was 60.5 ± 3.0%.
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Figure 3: lodoacetate reactivities and crosslinking ability of UmuD monocysteine

derivatives. A) Reactivity of UmuD monocysteine mutant proteins to

[3 H]iodoacetate. The amount of total protein modified by [3 H]iodoacetate (IAA)

in 60 minutes was measured. UmuD at a concentration of 20 gIM was incubated

with a 65-fold molar excess of [3 H]iodoacetate in 50 mM HEPES (pH 8.1), 500

mM NaC1, 0.6 mM DTT for 60 minutes in the dark at 370 C. The counts

determined for CA24 (UmuD without a cysteine) were only slightly above

background level and were subtracted as background. B) Percent UmuD

crosslinked by using iodine (12). UmuD (10 g.M) was incubated with 1 mM iodine

for 20 minutes at 220 C as described in Materials and Methods. C) Percent UmuD

crosslinked using copper phenanthroline (CuP). Oxidations with 02 catalyzed by

CuP were conducted by reacting 10 ptM UmuD with 1 mM Cu 2 + and 1.3 mM

phenanthroline for 10 minutes at 00 C in 50 mM HEPES (pH 8.1), 100 mM NaCl

as described in Materials and Methods.
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Figure 4: Crosslinking of the monocysteine UmuD derivatives in the homodimer

during dialysis. UmuD (13 gM) in a buffer containing 0.4 mM DTT was dialyzed

for 2 hours at 40 C against 10 mM Na phosphate (pH 6.8), 100 mM NaC1, 5 mM

EDTA as described in Materials and Methods.
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Chapter 6

Preferential RecA-mediated cleavage of UmuD monomers

This work was done in collaboration with Angelina Guzzo
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Abstract. We have applied the monocysteine approach for probing UmuD

protein interactions to a strategy which addresses the question of whether UmuD

is more efficiently cleaved as a monomer or a dimer. Selected UmuD derivatives

were disulfide crosslinked in dimers by exposure to oxidizing conditions and then

incubated with activated RecA to determine whether such crosslinked dimers

could undergo RecA-mediated cleavage. To maximize the probability of

obtaining disulfide crosslinked UmuD derivatives that were in their native

conformations, we chose those derivatives that had cysteine substitutions at

positions which were found previously to most efficiently crosslink by disulfide

bonds (8, 10) [C24 (wildtype UmuD), VC34, IC38 and LC44]. Generally, we

found that the crosslinked UmuD2 derivatives were cleaved very poorly upon

incubation with activated RecA compared to a UmuD derivative lacking cysteines

that had been treated identically. However, if these disulfide crosslinked

derivatives were incubated with DTT prior to incubation with RecA, reducing the

disulfide bonds and thereby allowing free conversion between the dimeric and

monomeric states, then the resulting extent of cleavage dramatically increased for

each derivatives. The level cleavage for each of the derivatives after reduction of

the disulfide bonds was comparable to the extent of RecA-mediated cleavage for

the respective UmuD derivatives which were not pretreated with either an

oxidizing or reducing agent. This result suggests that the monomeric form of

UmuD is a better substrate for the RecA-mediated cleavage reaction than the

dimeric form.
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SOS mutagenesis in Escherichia coli occurring after exposure to UV light

and various chemicals appears to result from a specialized process of translesion

synthesis which requires the participation of the product of three genes: umuD,

umuC, and recA. These genes regulated as part of the recA +lexA+-dependent

SOS response (5). and are induced when RecA, activated in the presence of

single-stranded DNA generated by the cell's attempt to replicate damaged DNA

(21) and a nucleotide cofactor, mediates the proteolytic cleavage of LexA by

facilitating an otherwise latent capacity of LexA to autodigest (14, 15). Activated

RecA, RecA*, also mediates the post-translational cleavage of UmuD at its

Cys24-Gly25 bond by a similar mechanism (2, 23), removing the first 24 amino

acids and activating UmuD (designated UmuD') for its role in mutagenesis (16).

New mutations in the cell arise when the replicative machinery involving UmuD',

UmuC, RecA and DNA polymerase III encounters a non-coding or miscoding

lesion, inserts an incorrect nucleotide across from the lesion, and then continues

elongation (5).

UmuD shares homology with the carboxyl-terminal regions of LexA, the
repressors of the bacteriophages X, J80, 434, and P22, and with the UmuD

anologs that play roles in mutagenesis such as MucA and ImpA (1, 4, 18, 22).

This homology has functional significance in that all these proteins undergo

RecA-mediated cleavage and autodigestion at alkaline pH. The cleavage reaction

for this family of proteins is proposed to occur by a manner similar to that of

serine proteases in which a nucleophile, apparently a serine residue conserved in

all members of the family, is activated by a lysine residue, also conserved in all

members of the family (24).

Both UmuD and UmuD' form homodimers and heterodimers (26), and the

interactions of the UmuD-UmuD' heterodimer are more stable than that of either

of the homodimers (1). Thus, it is unclear whether the substrate for the RecA-

mediated cleavage reaction (which converts UmuD to UmuD') is the monomeric

form or dimeric form of UmuD. In the case of X repressor which shares

homology with UmuD, evidence has been presented which suggests that the

repressor monomer is the preferred substrate (3, 7, 19). Phizicky and Roberts (19)

observed that the rate of RecA-mediated cleavage of X repressor decreased as the

concentration of X repressor was increased and suggested that X repressor

becomes a less efficient substrate for the cleavage reaction at higher

concentrations when it exists mostly as a dimer in solution. In other experiments,
characterizations of a hyperinducible X repressor, Xinds -1, revealed that (i) at
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concentrations at which most of wild type X repressor exists as dimers, a greater

proportion of inds -1 remains monomeric; and (ii) unlike wild type X repressor,

inds -1 undergoes RecA-mediated cleavage much more efficiently. These

findings are supportive of the suggestion that the repressor monomer is the

preferred substrate for the RecA-mediated cleavage reaction (3). In addition,
Gimble and Sauer (7) isolated three mutants of X repressor which were better

substrates for RecA-mediated cleavage and displayed a reduced ability to

dimerize. They suggested from their results that the hypersensitivity of these

mutants to RecA-mediated cleavage is due to the reduced ability of these mutants

to dimerize.

We have devised a strategy to address the issue of whether UmuD is more

efficiently cleaved as a monomer using the monocysteine approach for

investigating protein-protein interactions (10). UmuD has one cysteine in its

amino acid sequence located at the Cys24-Gly25 cleavage site. The substitution

of this cysteine with an alanine results in a derivative whose function is

indistinguishable from wild type (10). This observation has allowed us to

construct a family of UmuD proteins differing only in the position of the unique

cysteine residue. From our initial characterizations of the UmuD monocysteine

derivatives we had made serveral inferences concerning the relative topological

arrangement of certain residues of UmuD in relation to the dimer interface (10).

The assignments were primarily based on solvent accessibility of the cysteines at

these positions as determined by iodoacetate reactivities, and the relative ease of

homodimer crosslinking of the monocysteine derivatives by formation of disulfide

bonds upon mild oxidation with iodine or by reaction with the cysteine-specific

crosslinker, bis-maleimidohexane. From these results we suggested that Cys24

(of the Cys24-Gly25 cleavage site), Va134, and Leu44 are relatively closer to the

dimer interface than the others tested. In a follow up study characterizing UmuD

derivatives with single cysteine substitutions within the region of residues 30 and

42 of UmuD, we found that the UmuD derivatives RC37 and IC38 crosslinked

almost quantitatively upon iodine oxidation. Based on these findings we

suggested that Arg37 and Ile38 are particularly close to the UmuD interface (8).

Our strategy for determining the preferred UmuD substrate (the dimer or the

monomer) for the RecA-mediated cleavage reaction involved disulfide

crosslinking of certain UmuD monocysteine derivatives, removal of excess
reagents by dialysis, incubation of the disulfide crosslinked dimers with activated
RecA, and quantifying the resulting cleavage products. To maximize the

153



probability of obtaining disulfide crosslinked UmuD derivatives that were in their

native conformations, we chose those derivatives that had cysteine substitutions at

positions which we had inferred to be closer to the dimer interface than the others

tested, i.e., C24 (wild type UmuD), VC34, IC38, and LC44. The results of the

present study suggest that UmuD is more efficiently cleaved as a monomer.
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Materials and Methods

UmuD monocysteine mutant derivatives were produced and purified as

described (8, 10).

Disulfide crosslinking of UmuD derivatives using Cu2+/phenanthroline.
The oxidation of disulfide bonds in UmuD with oxygen catalyzed by
Cu2+/phenanthroline was conducted by reacting UmuD monocysteine mutant
derivatives at a concentration of 38 gM in 50 mM HEPES [pH 8.1]-100 mM NaCI

with 0.57 mM Cu2+ and 0.74 mM phenanthroline at 22 *C for 40 min (10). The

reaction mixtures were then dialyzed against 40 mM TRIS -0.1 mM EDTA and

100 mM NaCl, pH 8.0- to remove excess reagent.

RecA-mediated cleavage of disulfide crosslinked UmuD dimers or

reduced disulfide crosslinked dimers. To test whether UmuD is more

efficiently cleaved as a monomer or a dimer, disulfide crosslinked dimers of
UmuD monocysteine derivatives (prepared as described above) at a 20 RM

concentration were incubated with activated RecA at 37 "C for 1 h or were

reduced in the presence of 10 mM dithiothreitol (DTT) prior to incubation with
activated RecA. RecA, at a concentration of 5.2 gM was activated in the presence

of 0.11 mM ATPyS, 5.7 ng/gL p(dT)27 (Pharmacia), and 11.3 mM MgC12.
Reactions were quenched and proteins from the reaction mixture were resolved by

electrophoresis on a reducing or non-reducing 13% SDS polyacrylamide gel and

visualized by Coomassie staining. Control reactions of RecA-mediated cleavage
of untreated UmuD were performed as follows: 20 g M UmuD was incubated

with 5.2 gM RecA (activated as above) at 37 "C for 1 h. Cleavage products were

resolved by electrophoresis on reducing or non-reducing polyacrylamide gels as

described above. UmuD cleavage products were quantitated from the Coomassie

blue-stained reducing gels using the LKB Bromma 2202 Ultroscan Laser

densitometer.
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Results

The UmuD monocysteine derivatives at a concentration of 38 .tM were

incubated at 22 "C for 40 min with Cu2 +/phenanthroline to catalyze the air
oxidation of the disulfide bonds in the UmuD2 dimer. Of the reagents we had

tested (air oxidation catalyzed by copper/phenanthroline, iodine oxidation, and

spontaneous air oxidation) (8, 10), Cu2+/phenanthroline appeared to be the best

reagent for quantitatively oxidizing the thiols into disulfide bonds. Because

oxidation of thiols using iodine leads not only to the formation of disulfide bonds

but also to the formation of sulfenic acid (25), this reagent, although useful for

discriminating the relative proximity of cysteine residues, is not as suitable as

Cu2+/phenanthroline for the purposes of these experiments (8). As shown in Fig.

1, each of the UmuD monocysteine derivatives was able to be disulfide

crosslinked almost quantitatively (from 80% to 90%). Control reactions using

CA24, the UmuD derivative with no cysteine, were also performed under the

same conditions and, as expected, did not crosslink at all. The crosslinked

derivatives were then dialyzed to remove the Cu2+/phenanthroline.

To test whether RecA* was able to mediate the cleavage of these disulfide

crosslinked UmuD derivatives, an aliquot of each of the disulfide crosslinked

dimers at a concentration of 20 pgM was incubated with 5.2 gM activated RecA at

37 "C for 1 h. An equivalent aliquot of crosslinked dimers was preincubated with

10 mM DTT to reduce the disulfide bonds prior to incubation with RecA. After

the reaction, the protein mixtures were resolved by electrophoresis on a non-

reducing (Fig. 2, Panel A) and a reducing (Fig. 2, Panel B) gel and visualized by

Coomassie staining. In a control experiment, UmuD derivatives which were not

initially treated with any oxidizing or reducing agents were also incubated with

activated RecA for 1 hr. As shown in Fig. 2, Panel C, CA24, C24 (wild type

UmuD), IC38, and LC44 were cleaved to similar extents (about 90% of the

UmuD present in the reaction) and VC34 was cleaved to a lesser extent (around

50%). The crosslinked dimers which were reduced prior to their incubation with

RecA were able to undergo cleavage to approximately the same extent in 1 hr as

the UmuD derivatives which were not initially treated with any oxidizing or

reducing agents indicating that successive oxidation and reduction of these

derivatives did not significantly affect their ability to be cleaved in a RecA-

mediated fashion (compare Fig. 2, Panel B with Fig. 2, Panel C).
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As another control, CA24 (the derivative with no cysteine) was treated
identically to the other derivatives. We found that CA24 treated with
Cu2+/phenanthroline and then dialyzed, was able to undergo RecA-mediated
cleavage in the absence and presence of DTT, however, the amount of cleavage in
the absence of DTT was about 35% of the amount in the presence of DTT.
Perhaps this is not surprising given that RecA has three cysteines in its amino acid
sequence. Nevertheless, this result indicates that the reaction conditions could
accommodate RecA-mediated cleavage of UmuD and that the reaction conditions
did not significantly perturb the native structure of UmuD (Fig. 2, Panel A and
Panel B).

Without prior reduction of the disulfide bonds in the UmuD dimers, the
disulfide crosslinked dimers exhibited a significant reduction in their ability to

undergo RecA-mediated cleavage (see Fig. 2, Panel A and Panel B). As shown in

Fig. 2, Panel A, lanes 2 and 3 and Fig. 2, Panel B, lanes 2 and 3, incubation of
crosslinked dimers of C24 (wild type) and VC34, respectively, with activated
RecA did not result in the appearance of any detectable UmuD'. However, the
appearance of a small amount of UmuD' can be detected for the crosslinked
derivatives, IC38 and LC44. Since CA24 was cleaved to about 35% under these
conditions, we expected that if crosslinking the dimers had no effect on its ability
to be cleaved, these crosslinked dimers would also cleave to 35%. Normalizing
the cleavage data to this amount, crosslinked IC38 was cleaved to 28% and LC44
was cleaved to 10% under these conditions. This cleavage may be due to a small
amount of cleavage of crosslinked IC38 or LC44. Alternatively, these derivatives
could be cleaved as monomers which, as a result of disulfide exchange, become
covalently linked in the dimer. About 10% of the crosslinked IC38 preparation
was not crosslinked in the dimer and about 20% of the crosslinked LC44
preparation was not crosslinked in the dimer. Nevertheless, the disulfide
crosslinked derivatives which were incubated with 10 mM DTT prior to
incubation with RecA increased dramatically in their ability to undergo RecA-
mediated cleavage, their efficiency of cleavage approaching that of the UmuD
monocysteine derivatives in the control reactions which were not treated with
either an oxidizing or a reducing agent (Fig. 2, Panel C). The amount of UmuD
cleavage products for each of the reactions was quantitated and the results are
summarized in Fig. 3. These results suggest that prior reduction of the disulfide
bonds is necessary for RecA to efficiently mediate the cleavage of UmuD and that
the UmuD derivatives are less efficiently cleaved as a dimer.
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Discussion

We have applied the monocysteine approach for probing UmuD protein

interactions to a strategy which addresses the question of whether UmuD is more

efficiently cleaved as a monomer or a dimer. Selected UmuD derivatives were

disulfide crosslinked in dimers by treatment with an oxidizing agent and then

incubated with activated RecA to determine whether such dimers could undergo

RecA-mediated cleavage. We had hoped that the crosslinking of these selected

UmuD monocysteine derivatives would not significantly perturb their native

dimeric conformation. Therefore, we chose those derivatives which were found

previously to crosslink by disulfide bonds most efficiently (8, 10) [C24 (wild type

UmuD), VC34, IC38 and LC44]. IC38, for instance, spontaneously crosslinks in

dimers almost quantitatively upon removal of the reducing agent by dialysis, and

crosslinks completely in the dimer upon oxidation with iodine (8). The relative

ease of disulfide bond formation in the dimer for each of the derivatives suggests

(i) that the residues are relatively closer to the dimer interface (8, 10); or (ii) that

the positions of the cysteine substitutions are in regions of local flexibility which

allow frequent encounters of the two cysteine residues within the dimer. Either

possibility suggests that the formation of the disulfide bonds in the dimer does not

impose significant strain on the conformation of UmuD so that the basic structure

of UmuD which interacts with other proteins, particularly RecA, is still intact.

Thus, in simplifying the interpretation of these results, we have assumed that the

crosslinked UmuD dimer resembles an untreated UmuD dimer in its

conformation.
Generally, we found that the crosslinked UmuD2 derivatives were cleaved

very poorly upon incubation with activated RecA. Incubation of crosslinked C24

(wild type UmuD) with activated RecA resulted in no detectable cleavage. A

reasonable explanation for this observation is that the crosslinking of the cysteines

at the cleavage site stearically hinders the interactions of the cleavage site with the

active site. Mutations have been found at the cleavage site of the LexA repressor

(12), X repressor (6), and UmuD(1, 16) which abolish the ability of these proteins

to be cleaved in a RecA-mediated fashion. These mutations have been

hypothesized to interfere with the interaction of the cleavage site with the active

site of the different proteins (13). Peat et al. (17) have solved the crystal structure

of the cleaved form of UmuD, UmuD' to 2.5 A. In the structure, the putative

active site residues are located at one end of a cleft region in the globular domain
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of the molecule. An amino terminal tail (including residues 25 to 45) extends
outward from the globular domain. Based on their observations of structural
similarities between this structure and other serine proteases they suggest that the
cleavage of the UmuD/LexA/, cI family of proteins occurs by a similar

mechanism. The cleft region is proposed to be the binding site of the amino
terminus where the cleavage site is located. Presumably, the cleavage site must
be properly located within the active site cleft in order for cleavage to occur.
Crosslinking at the cleavage site might preclude these interactions by preventing a
necessary conformational change or stearically hindering the residues from
occupying the correct positions within the cleft.

The crosslinked VC34 derivative also was not able to be cleaved in a RecA-

mediated fashion. VC34 (which has a cysteine substitution within the region
corresponding to the region suggested in X repressor to be involved in RecA-

mediated cleavage (1, 6)) (i) is severely defective for RecA-mediated cleavage
compared to other monocysteine derivatives (10); and (ii) can be crosslinked to
activated RecA using the photoactivatable crosslinker, p-azidoiodoacetanilide
(11). These observations led to the suggestion that there might be elements close
to the UmuD2 homodimer interface which might also be involved in interactions

with RecA (10, 11). Va134 appears to be important in both UmuD dimer
interactions as well as UmuD interactions with RecA. Thus, crosslinking at this
position might affect cleavage by stearically blocking sites of UmuD interactions
with RecA, thereby preventing interactions which lead to UmuD cleavage.

Interestingly, incubation of the crosslinked IC38 and LC44 derivatives with
activated RecA resulted in a small amount of cleavage (28% and 10% of CA24
treated under identical conditions, respectively). Since a small proportion of these
derivatives were not disulfide crosslinked, one possibility is that free UmuD
molecules are cleaved in a RecA-mediated fashion and are subsequently
crosslinked in a disulfide exchange reaction with a crosslinked UmuD
homodimer. An alternative explanation is that the UmuD dimer can be cleaved in
a RecA-mediated fashion, although with greatly reduced efficiency. If this is true,
it suggests that although the UmuD derivatives IC38 or LC44 are locked in the
dimer by the disulfide crosslink, all the essential interactions that lead to RecA-
mediated cleavage can still occur.

Peat et al. have proposed that UmuD', the cleaved form of UmuD, forms a
filament with two types of interactions: interactions between two UmuD'
protomers (which they term the "molecular dimer" interactions) and interactions
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between two UmuD'2 dimers (i.e., dimer of dimer interactions, which they term

"filament dimer" interactions). We have found it easier to rationalize our

crosslinking studies of the intact UmuD dimer by using a model for the intact
UmuD dimer that is more closely related to the UmuD' "filament dimer" (8, 11).
In the "filament dimer" associations of UmuD', the amino termini (one from each
pair of dimers) interact with each other at residues Leu40, Asn41, Leu43, Leu44,

and Ile45. Moreover, the active site cleft, which is covered by the dimer interface

in the "molecular dimer", is exposed in the "filament dimer". Since, in this

quaternary structure of UmuD, much of the active site is still exposed, it is

possible for the amino terminal region of UmuD to find either its own active site

cleft, or the active site of a different UmuD molecule (reminiscent of the cleavage

of LexA in trans (9)) and be cleaved in a RecA-mediated fashion. Such a

reaction is not expected to be very efficient but might account for the small

amount of cleavage observed. The RecA-mediated cleavage of crosslinked LC44

derivative is probably mechanistically similar to that of the IC38 derivative. The

difference in efficiency of cleavage most likely reflects the positional effect of the

cysteine substitution and of the disulfide crosslink.

Incubation of the disulfide crosslinked derivatives with DTT prior to

incubation with RecA, reducing the disulfide bonds and thereby allowing free

conversion between the dimeric and monomeric states, resulted in a dramatic

increase in the extent of cleavage for each of the derivatives. The level of

cleavage for each of the derivatives after reduction of the disulfide bonds was

comparable to the extent of RecA-mediated cleavage for the respective UmuD

derivatives which were not pretreated with either an oxidizing or reducing agent.

This result suggests that the monomeric form of UmuD is a better substrate for the

RecA-mediated cleavage reaction than the dimeric form. From their analysis of

mutant LexA proteins with an increased rate of cleavage, Roland, et al. (20)

proposed a model for the cleavage of LexA which involves a conformational

change that creates a local environment around the cleavage site and active site

that is favorable for cleavage. They proposed that RecA preferentially binds to

LexA proteins that are in the conformation that is favorable for cleavage. It is

likely that the cleavage of LexA and UmuD are mechanistically similar. If the

cleavage of these proteins does require a conformational change, such changes

could be hindered by the dimerization of UmuD. Our present results suggest that

the monomeric form of UmuD can more freely interconvert between the different
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conformational states and therefore has a higher probability of interacting
favorably with RecA than the dimeric form.
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Fig. 1. Disulfide crosslinking of UmuD derivatives. UmuD monocysteine mutant

derivatives at a concentration of 38 grM in 50 mM HEPES [pH 8.1]-100 mM NaC1

was incubated with 0.57 mM Cu2 + and 0.74 mM phenanthroline at 22 TC for 40

min (10). The reaction mixtures were then dialyzed against 40 mM TRIS -0.1

mM EDTA and 100 mM NaC1, pH 8.0- to remove excess reagent.
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Fig. 2. RecA-mediated cleavage of crosslinked UmuD dimers. Disulfide

crosslinked dimers of UmuD monocysteine derivatives at a 20 gM concentration

were incubated with 5.2 gM activated RecA at 37 TC for 1 h or were reduced in

the presence of 10 mM dithiothreitol (DTT) prior to incubation with activated

RecA. Reactions were quenched and proteins from the reaction mixture were

resolved by electrophoresis on a non-reducing (Panel A) or reducing (Panel B)

SDS polyacrylamide gel and visualized by Coomassie staining. Control reactions

of RecA-mediated cleavage of untreated UmuD were performed by incubating 20

gM UmuD with 5.2 gM activated RecA at 37 TC for 1 h. Cleavage products were

resolved by electrophoresis on a reducing polyacrylamide gel (Panel C).
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Fig. 3. Quantitation of UmuD RecA-mediated cleavage products. Cleavage

products from each of the reactions were quantitated from the reducing

polyacrylamide gel using a densitometer. Solid bars: RecA-mediated cleavage of

crosslinked UmuD derivatives; hatched bars: RecA-mediated cleavage of

crosslinked UmuD derivatives which were reduced with DTT prior to incubation

with activated RecA; Dotted bars: RecA-mediated cleavage of UmuD

derivatives which were not treated with either an oxidizing agent or reducing

agent prior to incubation with activated RecA.
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Conclusions

In this thesis, we have described the utilization of the monocysteine approach
to investigate different interactions of the UmuD protein. Our hope was to gain
information about the function and physical relationship of different regions along
the entire length of UmuD. In an attempt to generate monocysteine derivatives
that were biologically active, we made cysteine substitutions at sites that either (i)
were not conserved in related proteins (UmuD analogs and repressors subject to

RecA mediated cleavage) or (ii) represented conservative substitutions. Although
this strategy was largely successful, certain of the monocysteine derivatives did

have biological or biochemical characteristics that shed additional light on the

functional elements of UmuD. We have also taken advantage of the chemical
properties of the unique thiol group in each of the derivatives to gain information
about the local environment around each cysteine. We have used simple

interpretations of the results to make inferences regarding the three-dimensional

structure of the UmuD protein and its interactions within the homodimer and with
activated RecA. The assumptions we have made in interpreting our data are (i)
that the UmuD derivatives are in conformations similar to the wild type UmuD;
(ii) that the reactivity of the sulfhydryl group with iodoacetate and the cysteine-
specific photoactive crosslinker, p-azidoiodoacetanilide (AIA), is predominantly

influenced by its accessibility (except for the case of SC60 , the putative

nucleophile, which might be more reactive because of its local environment); (iii)
that the crosslinking results primarily reflect inter-residue distances in proteins

with the same conformation. In interpreting the results using the cysteine-specific
photoactive crosslinker, p-azidoiodoacetanilide (AIA), we also have taken into
account the following factors: (i) because the half-life of the activated AIA-
derived crosslinker is rather short (only 0.1 to 5 gsec, crosslinking is highly

dependent on the distance of the reactive radical of the activated crosslinker to the
adjacent residue, and (ii) crosslinking is dependent on the chemical nature of the
residue with which it is to react (i.e., this residue must be nucleophilic).

Interactions of UmuD in the homodimer. All of the monocysteine
derivatives were tested for solvent accessibility using [3H]iodoacetate and
[14C]AIA. We found most derivatives reacted with either reagent to an extent of
40% to 80% indicating that the sulfhydryls in these positions were quite exposed
to solvent. The exceptions were AC89, QC100, and DC126 which had relatively
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low reactivities suggesting that the residues in these positions are most likely

buried within the interior of the protein or at least minimally exposed to the

exterior environment. We observed small differences in relative reactivities for

some derivatives between these two reagents, particularly SC19 and C24

(wildtype UmuD), which were less reactive with AIA than with iodoacetate. We

suggested that these small differences are due to the small influences of

neighboring residues in interacting with the two different alkylating agents.

The relative closeness of certain residues to the dimer interface was

investigated using various cysteine-specific reagents: the zero-length crosslinkers

(which promote disulfide bond formation), iodine and oxygen in a reaction

catalyzed by copper/phenanthroline or in a spontaneous oxidation reaction in the

absence of reducing agent; a 13 A homobifunctional crosslinker, bis-

maleimidohexane; and a 9 A heterobifunctional photoactive crosslinker, p-

azidoiodoacetanilide. The observation that the ability of the monocysteine UmuD

derivatives to be crosslinked differed from their ability to be modified by the two

different alkylating agents suggests that the susceptibility of the derivatives to be

crosslinked depends on the differences in the positions of the sulfhydryl groups

rather than on the accessibility of the derivatives to reagents in solution.

On the basis of these crosslinking results we have made several inferences

concerning the relative topological arrangement of certain residues of UmuD in

relation to the dimer interface. We suggested that C24 (of the Cys24-Gly25

cleavage site), Va134, and Leu44 are closer to the homodimer interface than the

other residues tested based on the results of efficient crosslinking using each of

the different crosslinkers. In contrast, the observation of poor crosslinking using

the various reagents led us to suggest that Ser60, the site of the putative

nucleophile in the cleavage reaction, is not as close to the dimer interface or is

located in a cleft region. Poor disulfide crosslinking using iodine or upon removal

of the reducing agent, but efficient crosslinking with BMH suggests that Serl9

(located in the N-terminal fragment of UmuD that is removed by RecA-mediated

cleavage), Ser67, and Serl 12 are further from the dimer interface, but that the

pairs of serines in the UmuD2 homodimer at positions 19, 67 and 112 are less

than 13 A apart. Interestingly, of these three derivatives, SC19 crosslinked the

most efficiently with the photoactive agent AIA and SC67 crosslinked the least

efficiently suggesting that Serl9, but not Ser67, is within 9 A of the UmuD dimer

interface. The serine to cysteine substitution at position 67 appeared to affect the

UV mutagenesis phenotype much more dramatically than it appeared to affect
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RecA-mediated cleavage suggesting that this position is important for the

subsequent role of UmuD' in mutagenesis. The UmuD derivative, SC57 did not

readily form disulfide bonds within the homodimer upon oxidation with iodine or

copper phenanthroline or upon removal of the reducing agent. However, the

observation that SC57 also crosslinked efficiently with AIA suggests that Ser57 is

relatively close to the dimer interface. Because crosslinking using AIA does not

require that there be a cysteine residue in the other interacting protein, this

strategy of analyzing interactions might be a better predictor of the relative

closeness of adjacent residues than the use of homobifunctional reagents. Thus

Ser57 might be fairly close to the dimer interface but not necessarily close to

position 57 of the adjacent UmuD monomer. The observation that SC57 does not

crosslink well with BMH is consistent with this inference. SC81 did not crosslink

efficiently upon oxidation with iodine or upon removal of the reducing agent by

dialysis and also did not crosslink efficiently using BMH or the photoactive

crosslinker, AIA. These observations suggest that SC81 is farther from the
UmuD2 homodimer interface than the other residues tested. Finally, the UmuD

derivatives, AC89, QC100 and DC126, did not react well with any of the

crosslinking reagents, consistent with the suggestion that the cysteines at these

positions are not as accessible to solvent.

Because the region of UmuD including residues at position 24 to position 42

appeared to be important for both UmuD homodimer interactions and interactions

with RecA, we felt that a closer study of this region using the monocysteine

approach would yield interesting insights regarding these interactions. A set of

monocysteine derivatives was constructed in which each derivative had a single

cysteine substitution for a residue in this region. As with the first set of

monocysteine derivatives, we assessed the ability of these UmuD derivatives to

perform in UV mutagenesis and in vivo and in vitro RecA mediated cleavage.

We found monocysteine mutants with substitutions at positions 32, 33, 34, and 35

to be most severely affected by the cysteine substitution indicating that the

residues in this region are important for UV mutagenesis and RecA-mediated

cleavage. In addition we found LC40 to be deficient in UV mutagenesis and

RecA-mediated cleavage suggesting that a cysteine substitution for a leucine at
this position, conserved among the mutagenesis proteins, is also important for

UmuD function in UV mutagenesis and RecA-mediated cleavage. The
observation that purified proteins of the UmuD derivatives RC37 and IC38 could
be disulfide crosslinked quantitatively upon addition of iodine and yet be poorly
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modified with iodoacetate led us to suggest that the pairs of residues at 37 and 38

are very close in the UmuD homodimer and in fact may be buried within the

homodimer interface.

Crystal Structure of UmuD'
For the most part, the inferences drawn from the experiments described in this

thesis were made in the absence of a UmuD crystal structure. During the writing

of this thesis, the crystal structure of the cleaved form of UmuD, UmuD', was

solved to 2.5 A (1). As discussed in previous chapters, the amino terminal tail in

the UmuD' crystal structure (including amino acids 30 to 42) extends outward in a

random coil from a globular head. Peat et al. propose that UmuD' participates in

two types of dimer interactions. The first type involves the association of two

UmuD' monomers (termed "molecular dimer" interactions) (Please see Fig. 1).

Residues Tyr52, Va154, Ile87, Phe94, and Phe 128 from each protomer participate

in the hydrophobic interactions of this dimer interface. In addition, a salt bridge is

formed between Glu93 and Lys55 of the associating dimer. The amino terminal

tails in this dimer protrude in opposite directions and do not participate in dimer

interactions. To support the hypothesis that this is the structure of the dimer

found in solution, Peat et al. constructed a UmuD' mutant lacking the amino

terminal residues 25 through 45. The resulting mutant retained the ability to

dimerize in solution as suggested by gel filtration, native gel electrophoresis, and

glutaraldehyde crosslinking (1).

The crystal structure of UmuD' (1) revealed a second type of UmuD' dimer

interactions, i.e., dimer of dimer interactions, which are referred to by Peat et al.

as "filament" dimer interactions (Please see Fig. 2). In these filament dimer

interactions, the amino termini (one from each pair of dimers) interact with each

other at residues Leu40, Asn41, Leu43, Leu44, and Ile45. Furthermore, amino

acids at the carboxy terminal end, particularly, residues 134 through 36, form

hydrogen bonds across the interface with residues 134 through 136 of the

associating UmuD' (1).
The observation that the amino termini of UmuD' interact with each other is

reminiscent of our findings that the LC44 derivative of the intact UmuD2

homodimer can be crosslinked. In fact, it is easier to rationalize all our

observations using monocysteine UmuD derivatives by a model for the UmuD

interface that is more closely related to the UmuD' "filament dimer" interface than

to the UmuD' "molecular dimer" interface. In such a model for the quaternary
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structure of UmuD, the amino terminal region (including Va134 and Leu44)

would be close to or would compose part of the dimer interface. In addition, pairs
of Ser67 and Serl 12 residues in the UmuD dimer would not be located on

opposite sides of the dimer (as in the molecular dimer), but instead would be
located on the "inner" surfaces of the dimer perhaps closer together than in the
filament dimer in the UmuD' crystal. It would not be surprising to find the
structure of intact UmuD to be slightly distorted from what is seen in the crystal

structure for the UmuD' filament dimer. Our observations of poor disulfide

crosslinking but efficient crosslinking using bis-maleimidohexane in the UmuD

dimer at positions 67 and 112 would be simple to explain by hypothesizing that

the carboxy terminal globular heads are actually closer in the intact UmuD dimer

than they are in the UmuD' filament dimer. In addition, a parallel arrangement of

the amino terminal tails in the region including residues 34 to 44 might account

for the efficient crosslinking of the VC34, RC37, IC38 and LC44 derivatives with

various reagents as well as for the efficient spontaneous oxidation of disulfide

bonds in the dimer upon dialysis for the derivatives with single cysteine

substitutions within this region.

If our hypothesis for the intact UmuD dimer interface is correct, it suggests

another level of subtlety in the modulation of UmuD activity. Intact UmuD forms
dimers which resemble the UmuD' filament dimers. Presumably, the residues that
are involved in the UmuD'2 "molecular dimer" interactions are not available in

intact UmuD. Perhaps these residues are buried in intact UmuD or else obscured
by the presence of the amino terminal 24 amino acids. Upon RecA-mediated

cleavage of the first 24 amino acids, the residues at the "molecular dimer"
interface become available for interaction. Consequently, the UmuD'2
homodimer adopts a different quaternary conformation than the intact UmuD2
homodimer using this alternative interface and forming the active species which is
observed in the crystal structure as "molecular dimers". This hypothesis has been

discussed at greater length in the previous chapters.

Interactions of UmuD with RecA. We have also extended our study of
UmuD monocysteine derivatives to explore interactions with RecA. Using the
photoactivatable crosslinker, p-azidoiodoacetanilide (AIA), we identified regions
of UmuD which probably interact with RecA. With respect to overall efficiency
of crosslinking, VC34 and SC81 seemed to crosslink the most efficiently
suggesting that positions 34 and 81 are closer to the UmuD-RecA interface than
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the other residues tested. The other derivatives which crosslinked to RecA with
moderate efficiency are SC57, SC67, and SC112. Interestingly, neither the
wildtype protein, with a cysteine located at the cleavage site, nor SC60, the
derivative with a cysteine substitution at the position of the putative nucleophile
crosslinked significantly to RecA using AIA. This suggests that RecA needs not
directly interact with the residues involved in the RecA-mediated cleavage

reaction, consistent with the role of RecA being a coprotease in facilitating the

autodigestion reactions of these repressors and mutagenesis proteins. SC19 and

LC44 also did not significantly crosslink with RecA. From these results we are

beginning to make inferences regarding the residues which are in the regions of

UmuD homodimer interactions and UmuD-RecA interactions. The relationship

of these interactions to the crystal structure of UmuD' have been discussed in

detail in the previous chapters.

To further investigate RecA interactions with UmuD, we utilized the

monocysteine approach in a strategy which addresses the question of whether

UmuD is more efficiently cleaved as a monomer or a dimer. Selected UmuD

derivatives were disulfide crosslinked in dimers by treatment with an oxidizing

agent and then incubated with activated RecA to determine whether such

crosslinked dimers could undergo RecA-mediated cleavage. To maximize the

probability of obtaining disulfide crosslinked UmuD derivatives that were in their

native conformations, we chose those derivatives that had cysteine substitutions at

positions which were found previously to most efficiently crosslink by disulfide

bonds [C24 (wildtype UmuD), VC34, IC38 and LC44]. For the most part, the

crosslinked UmuD2 derivatives were cleaved very poorly upon incubation with

activated RecA. However, if these disulfide crosslinked derivatives were

incubated with DTT prior to incubation with RecA, reducing the disulfide bonds

and thereby allowing free conversion between the dimeric and monomeric states,

then the resulting extent of cleavage dramatically increased for each derivatives.

The level cleavage for each of the derivatives after reduction of the disulfide

bonds was comparable to the extent of RecA-mediated cleavage for the respective

UmuD derivatives which were not pretreated with either an oxidizing or reducing

agent. This result suggests that the monomeric form of UmuD is a better substrate

for the RecA-mediated cleavage reaction than the dimeric form.

Future directions. UmuD undergoes many different types of interactions
(from the intramolecular autodigestion reaction to interactions in the UmuD2

homodimer, and the UmuD UmuD' heterodimer to interactions with other proteins
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involved in mutagenesis such as UmuC, RecA and possibly components of DNA
polymerase III). These interactions may be similar to or different from the
interactions of the cleaved and active form of UmuD, UmuD'. Use of the
monocysteine approach for the investigations of the structure and interactions of
UmuD has yielded insights into a subset of these interactions. Further elucidation
of the properties of UmuD and UmuD' using a monocysteine approach to probe
the interactions of UmuD and UmuD' with other proteins involved in SOS
mutagenesis should shed additional light on the possible mechanistic roles of
UmuD and UmuD' in mutagenesis.

Reference

1. Peat, T. S., E. G. Frank, J. P. McDonald, A. S. Levine, R. Woodgate and
W. A. Hendrickson. 1995. Structure of the UmuD' protein as related to its role
in the response to DNA damage. Nature Submitted.

183







Figure 1. Crystal structure of the cleaved form of UmuD, UmuD' at 2.5 A, view

of the molecular dimer interactions of UmuD' as a worm representation. The blue

region of the structure includes residues 32 through 45. A mutant with a deletion

of this region retains the ability to dimerize in solution as suggested by gel

filtration, native gel electrophoresis, and glutaraldehyde crosslinking (1). About

1100 ?2 of accessible surface area is buried when two protomers form a

molecular dimer. Hydrophobic residues are in green, acidic residues are in red,

basic residues are in blue, and all other residues are in yellow. UmuD' monomer

A is in orange and UmuD' monomer B is in green. This figure was reproduced

from ref. (1). Used by permission.
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Figure 2. Crystal structure of the cleaved form of UmuD, UmuD' at 2.5 A, view

of the filament dimer interactions of UmuD' as a worm representation. The blue

region of the structure includes residues 32 through 45. UmuD' monomer A is in

orange and UmuD' monomer B is in green. Hydrophobic residues are in green,
basic residues are in blue, and all other residues are in cyan. The amino termini

(one from each pair of dimers) interact with each other at residues Leu40, Asn41,

Leu43, Leu44, and Ile45. Furthermore, amino acids at the carboxy terminal end,

particularly, residues 134 through 136, form hydrogen bonds across the interface

with residues 134 through 136 of the associating UmuD'. About 1700 A2 of

solvent accessible surface is buried when two protomers form a filament dimer.

This figure was reproduced from ref. (1). Used by permission.
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