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Introduction 
When cancers develop in tissues of non-dividing or slowly growing cells, the first 

cancerous cell must escape growth regulation and acquire mutations to become 
transformed. Mutational mechanisms specific to non-growing cells may facilitate this 
progression from quiescence to division. Similarly, when tumors develop resistance to 
chemotherapeutic drugs, such as mitotic inhibitors, they acquire mutations and other 
changes that allow growth in the presence of the drugs. Moreover, the growth stage 
when mutation is most active is not known. G0, the analog of bacterial stationary phase, 
could be an important period for spontaneous mutation. To understand these processes, it 
is important to elucidate the mechanism(s) of mutation in non-dividing and slowly 
growing cells. 

A mutation mechanism has been described in stationary-phase Escherichia coli 
that requires recombination proteins, and produces sequences different from growth- 
dependent mutations (7, 9, 10, 19, 20). Stationary-phase mutation is best understood in 
the E. coli Lac assay in which cells with a lac +1 frameshift allele on an F' plasmid 
generate Lac+ mutants upon starvation on lactose medium (2). The stationary-phase 
mutations, but not growth-dependent Lac+ mutations, require recombination proteins 
(RecA, RecBCD, RuvABC) and the bacterial SOS DNA damage-repair response (5, 9, 
10, 14). Furthermore, DNA mismatch-repair protein MutL is transiently limited during 
stationary-phase mutation (8, 13). Recently, our lab determined that error-prone DNA 
polymerase IV (encoded by dinB, the ortholog of DINB1 in humans) is the SOS 
component required for Lac+ stationary-phase mutation (15). 

The E. coli recombination and DNA repair proteins important for stationary-phase 
mutation have human homologs implicated in breast and other types of cancer. For 
example, Rad51, a homolog of E. coli RecA, interacts with breast cancer tumor 
suppressor proteins BRCA1, and BRCA2 as well as the p53 tumor suppressor protein 
(16, 21, 22). Mutations in these proteins are associated with predisposition to breast 
cancer. In addition, defects in human homologs of the E. coli mismatch repair proteins 
MutS and MutL underlie hereditary nonpolyposis colorectal cancer (HNPCC). 

Mutation mechanisms that occur in non-dividing or stationary-phase cells may 
generate ß-lactam antibiotic resistance mutations, ß-lactam antibiotics kill actively 
dividing bacteria, and so those cells that are not dividing have an opportunity to acquire 
resistance mutations via stationary-phase mutation. Chromosome-encoded AmpC ß- 
lactamases inactivate specific ß-lactam antibiotics and are widespread in enterobacteria. 
E. coli carries all of the genes required for ampC production except for ampR, the 
transcriptional activator of ampC. Loss-of-function mutations in ampD, an indirect 
regulator of ampR, are found in ß-lactam resistant pathogens and cause resistance in E. 
coli when the Enterobacter ampRC genes are expressed from a plasmid (12). The focus 
of this project is on the mechanisms of chromosomal ampD mutation in stationary-phase 
E. coli to improve the understanding of how antibiotic resistance mutations can arise in 
quiescent cells. 

Recently, our lab demonstrated stationary-phase mutation occurring directly on 
the E. coli chromosome (1). However, some targets on the E. coli chromosome are less 
prone than others to stationary-phase mutation (18). The reasons for this observation are 
not clear and probably relate to the fundamental mechanism underlying stationary-phase 



mutation. Many aspects of the mutation processes involved may be relevant to how 
oncogenic mutations occur in non-dividing cells in humans, and how tumors treated with 
drugs that kill dividing cells may still acquire mutations that enable the drugs to be 
evaded. 

Body 
Year 1 Key Research Accomplishments (items 1-5 published in Antimicrob. Agents 
Chemother. 46:1535-9: Appendix 1): 
• The ampRC genes were integrated into the E. coli chromosome. 
• Mutant alleles of the recA, recB, recG, lexA3, sulA, sulA lexA51, and dinB 

recombination and SOS genes were incorporated into ampi?C-containing cells. 
• Growth-dependent and stationary-phase mutation were quantified using this system. 
• Stationary-phase, but not growth-dependent, mutation requires recA and increases in 

recG-deficient cells. 
• 20 out of 20 growth-dependent AmpR mutations in rec* and recA cells occurred in 

ampD as determined by plasmid complementation and sequence analysis. 
• A sulA promoter-g/p fusion was constructed and integrated into the E.coli 

chromosome to isolate SOS-induced cells. 
• The sulA promoter-g/^ fusion was demonstrated to be LexA-regulated as intended. 

Response to first year summary technical issues: 

The reviewer of the year one summary made several interesting and insightful comments 
that are addressed here. 

Technical issues: 

a) The reviewer commented on an apparent contradiction in mutation results reported in 
the recA backgrounds-Fluctuation tests were done in RecA" cells to show that 
recombination functions are not required for growth-dependent, spontaneous mutations in 
ampD. Spontaneous mutations are traditionally related to strand-slippage events and 
polymerase-errors and are not perceived to require recombination functions, such as those 
encoded by recA. These fluctuation tests were performed partly as proof-in-principle 
experiments for the chromosomal ampRC system, as well as to confirm our presumption 
that little or no recombination-dependent spontaneous mutation is occurring in these 
cells. 

The other mutation studies demonstrating recA dependence relate solely to mutation 
happening in stationary-phase cells after they are starved in the presence of lactose. In 
studies performed to date by our lab and others, mutation in stationary-phase cells is 
strikingly different to mutation in growing cells. One of the fundamental mechanistic 
differences is the requirement for recombination functions in stationary-phase, but not 
spontaneous (i.e. growth-dependent), mutation . 

b) The reviewer questioned how roles for the RecA and RecG proteins in stationary- 
phase mutation are assigned, as well as how will we determine which function(s) of the 
multi-purpose RecA protein is important for stationary-phase mutation.—Various genetic 



requirements for stationary-phase mutation were determined in experiments where strains 
isogenic to the parent ampRC+ E. coli were deleted for genes of interest (e.g. recA and 
recG). It was found that recA is absolutely required for ampD stationary-phase mutation, 
and deletion of the recG gene leads to a greater frequency of ampD mutation. As a 
result, recA is believed to be a primary component of the stationary-phase mutation 
mechanism, while the role of recG is not clear. 

As the reviewer points out, RecA is also a critical component of the bacterial SOS 
DNA damage-repair response. To discern which functions of RecA are required for 
stationary-phase mutation, genes specific to RecA-mediated DNA recombination/repair 
and genes belonging to the SOS response were deleted in isogenic ampRC+ strains and 
tested for their ability to undergo stationary-phase ampD mutation. It was found that 
both recombination and the SOS-induced dinB gene are required for mutation in this 
system (described below in Year 2 results). (DinB, or DNA polymerase IV, is an error- 
prone DNA polymerase which has homologs in all three domains of life [archaea, 
bacteria, and eukaryotes—including humans].) Therefore, it appears both the SOS 
inducing- and recombination functions of RecA are required for stationary-phase ampD 
mutation. 

c) The reviewer brought up complications with working with a starvation model for 
studying stationary-phase mutation, particularly the presence of free radicals, which may 
promote stress.-The role of damaging radicals and DNA base-analogs which may be 
present in higher quantities during starvation and/or stationary phase is of great interest to 
our laboratory in both the context of the original Lac system as well as our ampRC 
system and, of course, in eukaryotic cells. Preliminary Lac stationary-phase mutation 
studies have been initiated (by others in our lab) with strains deleted for genes involved 
in the repair of oxidative damage in the cell. These studies have generated potentially 
interesting results that need to be pursued in both the Lac and ampRC systems. The 
relevance to breast/eukaryotic cancer systems will be explored as well. 

Year 2 
The genetic requirements for ß-lactam resistance mutation was studied further in 

stationary phase cells starving on lactose. Among other interesting results, I found that 
DNA PolIV is required for stationary-phase ampicillin resistance mutation as it was 
found to be for Lac stationary-phase mutation. When the dinB gene is interrupted by a 
kanamycin-resistance gene cassette, mutation to ampicillin resistance drops to 
background levels in cells starving on lactose. Recent papers suggest the possible 
involvement of three of the four DinB (PolIV)/UmuDC superfamily polymerases present 
in vertebrates in somatic hypermutation of the immunoglobulin genes (3, 17, 23). 

I have also found that stationary-phase ß-lactam resistance mutation requires the 
DNA recombination protein recB which, when mutated, eliminates the RecBCD double- 
stranded DNA (dsDNA) helicase/exonuclease. RecBCD normally prepares DNA for 
recombination by unwinding dsDNA and loading RecA protein onto the newly created 
ssDNA to prepare it for recombination (4). The requirement of RecBCD suggests that 
DNA double-strand ends (DSEs) are an intermediate in the stationary-phase mutation 
mechanism.   How these DSEs are generated is of great interest and is currently under 



investigation. Damage from free radicals, as mentioned by the reviewer from my year 
one report, is one hypothesis that we are testing. 

In year one, we analyzed growth-dependent ampD mutant sequences to ascertain 
the sequence spectrum of growth-dependent mutation in our system (Appendix 1). In 
year two, I began sequencing ampD mutants that were isolated from our stationary-phase 
mutation experiments to compare the sequence spectra of growth-dependent and 
stationary-phase mutation in our system. So far, I have collected 20 ampD stationary- 
phase mutant sequences and have found that the sequence spectrum appears significantly 
different in stationary-phase, compared to that of growth-dependent, mutants. Hotspots 
(where mutations seem to cluster) in the growth-dependent mutants, were non-existent in 
the stationary-phase mutants. Also, there is a high proportion of substitution mutations in 
the stationary-phase mutants compared to the growth-dependent mutants.   Among the 
substitution mutations, I found a high-proportion of G to T transversions. Interestingly, 
G-C to T-A transversions were found to be increased nearly 100-fold when PolIV is 
overexpressed in E. coli (11). Also, G to T transversions are found in cells unable to 
repair 8-oxyguanine oxidative damage. This sequence information therefore points 
to/supports two potential pathways leading to mutation: one through PolIV(already 
shown through genetic requirement testing), and one possibly through oxidative damage. 
The role of oxidative damage in the stationary-phase mutation pathway can be tested by 
deleting genes required for the repair of 8-oxyguanine damage (e.g. mutY—such 
experiments are underway in our laboratory ), however the results of such experiments 
have to be carefully interpreted and followed up, because as the reviewer from year 1 
mentioned, primary and secondary causes and effects of this mutation process will be 
detected in our system. 

We are currently conducting control experiments that will be necessary to present 
for publication of our findings. One major set of controls is reconstruction experiments 
to show that each of the ampicillin resistant mutants that arises is capable of growing in 
our test conditions in each of the genetic backgrounds we have examined. For example, 
it's possible that mutations in ampD, in a recA background, prohibit growth in our assay 
conditions and is what causes the decreased mutation phenotype we observe. To 
eliminate this possibility, we subject approximately 100 recAampD cells (or other 
relevant background) to the experimental conditions (i.e. starve on a lactose plate and 
overlay with ampicillin and glycerol after 4 days) and observe whether all, or only a 
fraction of, the cells plated are able to grow into colonies. This control is currently being 
repeated for each strain background I have examined. 

Another control I need to perform is one to eliminate the possibility that the 
ampicillin resistant mutants that arise are not mutators (capable of mutation at higher 
frequencies than the rest of the bacterial population—often the result of a defect in 
mismatch repair). It has been shown that, in a given bacterial population, there always 
may be a small percentage of cells that are mutator (6). Simple mutation experiments 
with ß-lactam resistant mutants compared to ß-lactam sensitive cells will easily discern 
whether or not mutator populations are skewing our results. (Preliminary data suggest 
that they are not.) 

Last year, I reported on a sulA promoter/g/p construct that will enable us to enrich 
for starving, stationary-phase cells undergoing an SOS response from cells which are not 
at different times during experimental trials. It is expected that the sorted cells that are 



green will demonstrate hypermutability to ß-lactam resistance and to Lac+ compared to 
cells sorted against. The DNA and proteins in this subpopulation can be purified to 
further examine the changes and signals occurring in these cells during stationary-phase 
mutation. Over the past year, I performed several follow-up experiments with these cells 
to help me ascertain whether future sorting experiments will be successful. In addition to 
the original sulA promoter/g/p construct, I have made recombination protein-deficient 
derivatives as controls and additional strains to test in our sorting experiments. These 
cells were examined by fluorescence microscopy to determine their level of SOS 
induction at the cellular level.   It was found that certain recombination-deficient 
backgrounds have a higher fraction of cells induced for the SOS response compared to 
the recombination-proficient parent strain. However, never were all cells chronically 
SOS-induced. These observations suggest that our construct will enable us to sort 
subpopulations of SOS-induced cells from those not experiencing an SOS response. 

Key Research Accomplishments: 
• Additional alleles have been introduced into the ampRC* tester strain including recB 

and ruvC 
• ß-lactam resistance mutation was shown to be PolIV, RuvC (Holliday Junction 

resolvase), and RecB dependent 
• Sequence spectra of stationary-phase mutants shows a different mutation pattern 

compared to growth-dependent mutants (supports PolIV requirement and suggests 
possible role of oxidative damage in stationary-phase mutation) 

• gfp- fusion studies show discrete levels of SOS induction within bacterial populations 
• Control experiments leading to the publication of our stationary-phase mutation work 

are underway 
• Paper describing the ampRC* system has been published {Antimicrob. Agents 

Chemother. 46:1535-9: Appendix 1) 

Reportable Outcomes: 

Abstract submissions: 

2002 Gordon Research Conference on Mutagenesis. July 28-August 2, Lewiston, Maine. 
E. coli DNA PolIV/DinB and recombination proteins are required for stress-induced 
antibiotic resistance mutations. 

2002 Era of Hope 2002 Department of Defense Breast Cancer Research Program Meeting, 
September 25-September 28, Orlando, Florida. Recombination proteins and the 
POIK ortholog, PolIV are required for stationary-phase antibiotic resistance mutation. 



2001 Molecular Genetics of Bacteria and Phages Meeting, July 31-August 5, University of 
Wisconsin, Madison. Resistance to ß-lactam antibiotics mediated by stationary-phase 
mutation. 

Publications: 

Petrosino J.F., Pendieton A.R., Weiner J.H., Rosenberg S.M. 2002. Chromosomal 
system for studying AmpC-mediated beta-lactam resistance mutation in Escherichia coli. 
Antimicrob Agents Chemother. 46:1535-9. 

Petrosino, J. F., Hastings, P. J., Rosenberg, S. M. (2001). RecBCD enzyme, pathway. 
Encyclopedia of Genetics. Sydney Brenner and Jeffrey H. Miller, Editors-in-chief. 
Academic Press, N.Y. 

Conclusions 
The genetic requirements observed for stationary-phase ß-lactam resistance 

mutation so far suggest that a similar mechanism underlies both the ampRC+ and the Lac 
systems. However, ampD mutation takes place on the bacterial chromosome and not on 
the F' and differences between mutation in these two regions is currently being 
investigated. The ampRC* system provides a first look at the full sequence spectra of 
recombination/PolIV-dependent stationary-phase mutation. The F' plasmid-based Lac 
and chromosomal TetR systems specifically select for -1 frameshift mutations and 
therefore display a strong bias when looking at their respective sequence patterns. Data 
thus far suggest that ampD stationary-phase mutations are significantly different from 
ampD growth-dependent, spontaneous mutations. The data supports the role of PolIV as 
the polymerase generating the mutations, and also hints at the role of oxidative damage as 
a potential component of the mutational mechanism as well. 

Preliminary experiments leading to flow-cytometry sorting of the hypermutable 
cell subpopulation show that DNA damage is constantly occurring in a fraction of a given 
cell population and that this fraction is different depending on the genetic background of 
the cells being observed. Actual sorting of the cells is scheduled for the upcoming year. 
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In some enterobacterial pathogens, but not in Escherichia coli, loss-of-function mutations in the ampD gene 
are a common route to ß-lactam antibiotic resistance. We constructed an assay system for studying mecha- 
nism (s) of enterobacterial ampD mutation using the well-developed genetics of E. coli. We integrated the 
Enterobacter ampRC genes into the E. coli chromosome. These cells acquire spontaneous recombination- and 
SOS response-independent ß-lactam resistance mutations in ampD. This chromosomal system is useful for 
studying mutation mechanisms that promote antibiotic resistance. 

Mutation is a primary cause of bacterial resistance to anti- 
biotics. Some mutations promote resistance directly (e.g., quin- 
olone resistance mutations in genes encoding its Escherichia 
coli targets, gyrA and gyrB [16]). Other chromosomal mutations 
can cause mutator phenotypes that increase the likelihood of 
acquiring a resistance mutation (42). Mutations also amelio- 
rate the otherwise deleterious effects on cell growth and phys- 
iology of some antibiotic resistance-conferring mutations (22). 
Although antibiotic resistance has been studied intensively, the 
mechanisms that generate resistance mutations are poorly un- 
derstood. 

In addition to spontaneous mutation in exponentially grow- 
ing cells (growth-dependent mutation), other mutation mech- 
anisms exist that may pertain to antibiotic resistance (34, 36, 
37). For example, factors such as antibiotic concentration (23), 
environmental conditions (12), or other stress-inducing phe- 
nomena (1, 34, 36) may enhance or repress mutational ma- 
chinery that leads to resistance mutations (for a review, see 
reference 31). Some mutation mechanisms or factors may 
be more important when the organism is under suboptimal 
growth conditions, as is probably the case during certain 
stages of an infection. In this study, we utilize a relatively 
well-described ß-lactam resistance pathway as a model system 
to begin dissecting the mechanism(s) of antibiotic resistance 
mutation using the tools of E. coli genetics. 

Chromosomally encoded AmpC ß-lactamases confer ß-lac- 
tam antibiotic resistance in many pathogenic and opportunistic 
bacteria and are ubiquitous in enterobacteria, except for the 
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salmonellae, klebsiellae, Proteus mirabilis, Shigella flexneri, and 
Shigella dysenteriae (30, 32). Their expression is inducible in all 
but E. coli and the shigellae (30). In inducible strains, ampC 
transcription is controlled by the transcriptional activator 
AmpR (2). AmpR activity is regulated allosterically by two cell 
wall components, 1,6-anhydromuropeptide and UDP-JV- 
acetylmuramic acid-pentapeptide (UDP-MurNAc-pentapep- 
tide). The first allows, and the second blocks, AmpR tran- 
scriptional activator activity at ampC (19). AmpD converts 
(activator-promoting) 1,6-anhydromuropeptide to (activa- 
tor-blocking) UDP-MurNAc-pentapeptide, which then 
binds AmpR and blocks ampC transcription. Thus, loss-of- 
function mutations in ampD cause 1,6-anhydromuropeptide 
accumulation and constitutively induced AmpC ß-lactamase 
production (7, 20, 21, 27). ampD missense and nonsense mu- 
tations are common in AmpC-mediated, ß-lactam-resistant 
clinical isolates (25, 38). Also, some ß-lactam antibiotics can 
induce expression of ampC by causing an increase in the cyto- 
plasmic concentration of 1,6-anhydromuropeptide (7, 30). 

E. coli lacks ampR, and low-level ampC expression results 
from a promoter embedded in the overlapping fumarate re- 
ductase (frdABCD) operon (13). High-level ß-lactam resis- 
tance, mediated by ampD loss-of-function mutation, can be 
reconstituted in E. coli when the ampR and ampC genes of 
other enterobacteria are expressed from a plasmid (28, 35). 
We have integrated the ampRC genes from Enterobacter cloa- 
cae into the E. coli chromosome to assay ampD mutation, as 
selected by its ß-lactam resistance phenotype. Background re- 
sistance imparted by the native ampC gene does not interfere 
with assays involving the reconstituted system. Integrating the 
ampRC genes into the chromosome improves upon previous 
plasmid-based ampRC expression systems by allowing genetic 
analyses not possible previously, first, because many mutant 
alleles used to study DNA repair, recombination, and mutation 
cause plasmid instability (e.g., reference 6). Second, the single- 
copy ampRC locus more closely models the situation in clini- 
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TABLE 1. E. coli strains and plasmids 

Strain or 
plasmid 

Strains 
DM49 
FC526 
GY8322 

SMR821 
SMR1827 
SMR4562" 

SMR4649 
SMR5078 

SMR5156 

SMR5201 

SMR5222 

SMR5225 

SMR5578 

SMR5652 

SMR5701 
SMR5702 
SMR5715 

SMR5725 

SMR5749 

Relevant genotype 
Reference 
or source 

lexA3 
CvecG263::kan 
A(srlR-recA)306:-TnlO 

lexA3 malB::Tn9 
FC40 sulA2U 
rec+attk* 

FC40 sulA2Il lexASl 
recBll recC22 sbcBIS sbcC201 

hsdrK~mK* (Xxisl clts857) 
SMR4562 (\xisl c\ts857) 

recB2l recC22 sbcB15 sbcC201 
IxsdrK'mK* Aatt\:ximpRC 

SMR4562 hatt\::ampRC 

SMR5222 k(srlR-recA)306vJnlO 

SMR5222 ArecG263::kan 

SMR5222 &recG263::kan 
A(srlR-recA)306::TnlO 

SMR1827 (kxisl c\ts857) 
SMR4649 (Kxisl clts857) 
SMR5222 lexA3 mfl/B::Tn9 

SMR5222 sulA2U lexASl 

SMR5222 sulA211 

29 
11 
S. Sommer; ENZ280 

(8) carrying the 
K5353 mini-F 
plasmid (9) 

33 
33 
33; genotype identi- 

cal to FC40 (4) 
33 
14 

SMR4562 x 
(14) 

SMR5078 x 
from pJP2 

SMR 5156 x 
SMR5201 

SMR5222 X 
GY8322 

SMR5222 X 
FC526 

SMR5578 x 
GY8322 

SMR1827 X 
SMR4649 x 
SMR5222 x 

SMR821 
SMR5702 X 

SMR5201 
SMR5701 X 

SMR5201 

XSR446 

DNA 

PI 

PI 

PI 

PI 

\SR446 
\SR446 
PI 

E. cloacae ampRC* 
pTGV-light ampRC* 
pACYC184 ampD+ 

35 
This work 
This work* 

Plasmids 
pEclc 
pJP2 
pJP19   

" Full genotype is A(/ac-pra)XIII thi am RiF [F' a45, lacP lacI33MacZ]. 
'' Plasmid pJP19, carrying the E. coli ampD* gene and promoter, was created 

by amplifying ampD* from E. coli wild-type strain MG1655 (3) chromosomal 
DNA using primers AmpD no. 1, 5'-GGGTTTTCATGAGAGGCGGCATGT 
TAAAACTCCAG-3'; and AmpD no. 2, 5'-GGGTTTAAGCTTTCATGTTGT 
CTCCTTGCTGACCAG-3'. The primers incorporate terminal BspHl and Hin- 
dlll restriction sites at the 5' and 3' ends (respectively) of the amplified 
fragment. Amplified ampD+ DNA and pACYC184 DNA (5) were digested with 
BspHl and Hindlll, and the ampD* fragment was ligated into pACYC184. 
pJP19-mediated ampD expression was confirmed by complementation to ß-lac- 
lam sensitivity of four independent ampD ß-lactam-resistant mutants. 

cally relevant enterobacterial resistance (30). Third, this chro- 
mosomal system excludes mutations that confer ß-lactam 
resistance by increasing plasmid (and, therefore, ampC) copy 
number. 

An ampRC expression cassette in the E. coli chromosome 
was constructed as follows. The strains and plasmids used are 
shown in Table 1. SMR5222, an E. coli strain carrying the E. 
cloacae ampRC+ genes in the E. coli chromosome, was con- 
structed using the TGV (transgenic vector) system for integrat- 
ing linear DNA cassettes into the E. coli chromosome (14). E. 
cloacae strain MHN1 ampRC+ genes were isolated from plas- 
mid pEclc (35) by digestion with BarriHl and Sail and were 
ligated into Bglll- and ATioI-digested pTGV-light (14) plasmid 
DNA, creating pJP2. pJP2 was digested with Ndel to generate 
an ampRC+ fragment flanked on both sides by homology to 
the E. coli attachment site for phage \ (att\) for linear trans- 

formation in the TGV system (14). SMR5201, a transformant 
carrying ampRC+ replacing att\ (confirmed by PCR as de- 
scribed elsewhere [14]) was used as a PI donor to move 
att\::ampRC+ into SMR5156 by PI transduction (as described 
elsewhere [14]) to create SMR5222. Subsequent strains are 
isogenic to SMR5222 and were created using standard phage 
PI transduction (referenced elsewhere [14]), and the construc- 
tions are outlined in Table 1. 

We used the chromosome-based ampRC expression system 
to determine rates of spontaneous (growth-dependent) ampi- 
cillin resistance (Ampr) mutation in otherwise isogenic strains 

TABLE 2. Rates of ß-lactam resistance mutation in 
E. coli DNA repair-deficient mutants 

Mutation rate 
Relevant (mutations/ceii/ 
genotype ation, 
and expr irr71 

Rate relative 
to rec* within 

each expt 

Mean mutation Mean relative 
rate (mutations/ to rec+ within 
cell/generation, each expt 

10"7) ± SE ± SE 

1 
2 
3 
4 
5 
6 
7 

recA 
1 
2 
3 
4 
5 
6 
7 

recG 
1 
2 
3 

recA recG 
1 
2 
3 

lexA3 
5 
6 
7 

sulA 
5 
6 
7 

sulA lexAS 
(Def) 

5 
6 
7 

0.460 
2.18 
2.71 
1.10 
1.60 
0.632 
1.20 

0.242 
0.908 
2.72 
0.693 
0.950 
0.277 
1.24 

0.342 
3.20 
2.38 

0.235 
1.70 
1.79 

1.48 
0.362 
1.05 

1.05 
0.665 
1.29 

2.45 
0.895 
1.69 

1.4 ± 0.3 1.0 

1.0 ± 0.3 0.66 ± 0.1 
0.53 
0.42 
1.0 
0.63 
0.59 
0.44 
1.0 

0.74 
1.5 
0.88 

0.51 
0.78 
0.66 

0.93 
0.57 
0.88 

0.66 
1.1 
1.1 

1.5 
1.4 
1.4 

2.0 ± 0.8 

1.2 ± 0.5 

0.96 ± 0.2 

1.0 + 0.1 

1.7 ± 0.3 

1.0 ± 0.2 

0.65 ± 0.1 

0.79 ± 0.1 

0.93 ± 0.1 

1.5 ± 0.04 

" Strains used were SMR5222, rec+ (recombination and SOS response profi- 
cient); SMR5225, recA (recombination and SOS response deficient [40]); 
SMR5578, recG (recombination proficient, elevated for stationary-phase-muta- 
tion [11, 15]); SMR5652, recG recA (recombination, SOS, and stationary-phase 
mutation deficient [11, 15]); SMR5715, lexA3 (recombination proficient, SOS 
gene induction defective [40]); SMR5749, sulA (allows viability in the presence of 
a/ex4-null mutation [40]); and SMR5725, sui4 lexA51(Def) (SOS-induced genes 
expressed constitutively [40]). 

* Data preceded by the same experiment number were gathered in parallel. 

> 
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00 
00 

o       o  g a 
1  gggtattagc accacatata aggagatcct qdäTcjttqtt agaacagggg tggctggttg 

Met gg 
gg 

Aca 
61 gcgcgcgccg cgttccctca ccacattacg attgccgccc ggatgacgaa acacccaccc 

IS1 
t 

121 tgctggtggt gcacaatatt agcctgccgc caggcgagtt tggcggtccg tggatcgacg 
I o 

IS5 IS3 

181 cattattcac tggaactatt gatccgcagg cacatccttt ctttgctgag atcgcccatt 
Aca 

a   t 
241 tgcgcgtctc cgctcactgt ttgattcgcc gtgatggtga aatagtccag tatgttcctt 

+l(a) 

301 tcgataaacg tgcatggcat gcgggagtct ctcagtatca ggggcgcgaa cgctgcaatg 

361 atttttctat tgggattgag cttgaaggca ccgatacgct ggcgtatacc gatgcgcagt 

IS IS 
t 
 duplication       Agatt 

421 atcaacagct tgcggcggtt acgcgggcac tgattgattg ctatccggat atcgctaaaa 

IS, IS IS eg 
ca 

481 acatgaeggg ccattgtgat attgegcegg ateggaaaac cgatcccggt ectgeatttg 

541 attgggcacg gtttcgtgtg ctggtcagca aggagacaac a|tga| 

STOP 

FIG. 1. Location oiampD mutations. Forty independent Ampr mutants (20 from rec+ strain SMR5222 and 20 from recA strain SMR5225) were 
screened for ampD mutations by complementation to ß-lactam sensitivity using pJPl 9 (Table 1). Apparent ampD mutations were sequenced (Lone 
Star Labs, Houston, Tex.) from PCR products using primers AmpD no. 3, 5'-GCGCGTCTCCGCTCACTGTTT-3'; and AmpD no. 4, 5'-GCA 
TGCCATGCACGTTTATCG-3'. The PCR products were generated with primers AmpD no. 1 and AmpD no. 2 (legend to Table 1). The E. coli 
ampD sequence is given, along with 32 bp upstream of the ATG start codon. Mutations found in rec+ mutants are indicated above, and mutations 
found in recA mutants are shown below, the sequence. IS, insertion sequence. 

lacking various recombination and SOS genes. Growth-depen- 
dent mutation rates were measured in 15 tube fluctuation tests. 
Fifteen independent cultures for each strain were grown to 
saturation in 5 or 10 ml of Mueller-Hinton (MH) broth 
(Difco), shaking at 37°C. Cultures were diluted 10-fold, and 50 
u,l was plated in duplicate on MH agar plates containing 100 
|xg/ml ampicillin. The plates were incubated overnight at 37°C, 
and Ampr colonies were counted. Viable cell counts of the 
saturated cultures were from dilutions plated on MH incu- 
bated overnight at 37°C. Mutation rates were calculated by the 
method of the median (26). 

The recombination and SOS genes examined—recA, recG, 
recA recG, lexA3(lnd~), sulA, and sulA lexA(Def)—are not 
required for most growth-dependent mutation; however, they 
are required for a mechanism of mutation observed under 
growth-limiting conditions of carbon starvation (for a review, 
see reference 37; see also references 41 and 43). Moreover, the 
SOS response controls several mutation-promoting proteins 
(40) whose possible involvement in ß-lactam resistance muta- 
tion we wished to test. The ß-lactam resistance mutation rate 
in recombination- and SOS-proficient (rec+) cells is about 1.4 
X 10~7 cell"1 generation-1 (Table 2). The strains tested dis- 
played only small differences in growth-dependent mutation 
rates, indicating that recombination and SOS genes are not 
important for most growth-dependent ß-lactam resistance mu- 
tation (Table 2). 

The following experiments demonstrated that the ß-lactam 

resistance mutations are in ampD. Based on prior observations 
in an E. coli model and in clinical isolates of enterobacterial 
pathogens (7, 27), we expected most of the ß-lactam resistance 
mutations to be in ampD, To test this, 20 independent ampi- 
cillin resistant mutants (each from a separate independent 
culture) from the rec+ and recA fluctuation test experiments 
were examined further. ß-Lactam sensitivity was restored to 
each of the 40 mutants by transforming each with pJP19 (Table 
1) carrying the ampD+ gene. This complementation test shows 
that the ampicillin resistance mutations of the 40 independent 
mutants are recessive, loss-of-function mutations in ampD. 

We determined the ampD sequences for each of the 40 
mutants. Little difference was found between the rec+ and recA 
backgrounds (Fig. 1), suggesting similar mutation mecha- 
nism^) in each. Many different mutations and insertions in 
ampD conferred AmpC-mediated ß-lactam resistance. 

Among the eight substitution mutations identified here, two 
were identified previously from ß-lactam resistant isolates. A 
Trp7Gly substitution in AmpD occurred in both the rec+ and 
recA strains (Fig. 2) and previously in E. coli ampicillin-resis- 
tant mutants of cells expressing the E. cloacae ampRC genes 
from a plasmid (18). Also, we found Aspl64Glu and 
Aspl64Ala in both rec+ and recA. Aspl64Glu was found pre- 
viously in Citrobacter freundii (39). Both previous ampD muta- 
tions were shown to cause full derepression oiampC, as ampD- 
null mutations do (28, 39). 

Other    ampD    substitution    mutations    found    include 
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G 

E. coll 
S. typh. 
C. freu. 
E. cloa. 
V. chol. 
P. aeru. 
A. vine. 
A. acti. 
R. sola. 

E. coll 56 
S. typh. 56 
C. freu. 56 
E. cloa. 56 
V. chol. 56 
P. aeru. 58 
A. vine. 57 
A. actl. 61 
R. sola. 57 

E. coll 116 
S. typh. 116 
C. freu. 116 
E. cloa. 116 
V. chol. 116 
P. aeru. 118 
A. vine. 117 
A. actl. 121 
R. sola. 117 

E. coll. 175 iVLHjKETT  
S. typh. 175 ItÄÄLSSHKEMT  
C. freu. 175 ■LMPSSHKEMT  
E. cloa. 175 ■MHTSSDKEIT  
V. chol. 176 ■GJKS  
P. aeru. 178 HGmDSKEET  
A. vine. 177 PAHDPGDIR  
A. acti. 181 LH  
R. sola. 174   LPRGIGDGAVPISSRVAPN 

FIG. 2. Amino acid substitutions, insertions, and deletions identified in the rec+ and recA mutants aligned with the ampD genes from nine 
enterobacteria Also included are previously identified ampD mutant proteins from other laboratories (10,18, 24, 28). rec+ mutations are in black, 
recA mutations are in red, and previously identified mutations are in blue. Insertions are indicated by a plus sign ( + ), deletions are indicated by 

Ralstonia solanacearum. Alignment was performed using ClustalW (17) and formatted using BOXSHADE. 

Ser37Arg, Arg80His, Gly82Cys, Ala94Val, and Leull7Arg 
(Fig. 2). Although these might or might not inactivate ampD 
fully, substitutions that alter or abolish AmpD function reveal 
amino acids that are important for AmpD structure and/or 
function. Conservative substitutions, such as Ala94Val or 
Aspl64Glu, highlight the specific steric and/or chemical re- 
quirements of the wild-type amino acids. For example, the 
intolerance for Ala94Val suggests that the smaller size of ala- 
nine is important here, because both amino acids are similarly 
hydrophobic. The Aspl64Glu substitution involves similar 
charges, suggesting that this amino acid position makes impor- 
tant catalytic or structural contacts disrupted by the larger 

glutamic acid side chain. Aspl64 is probably not simply a 
surface amino acid, because it has a seemingly stringent size 
requirement and because alanine at this position is also not 
tolerated. 

Alignments show that ampD is highly conserved among var- 
ious bacteria (e.g., Fig. 2). Aspl64, Ala94, and the other sub- 
stituted amino acids from our mutation studies are highly con- 
served among the aligned ampD sequences (Fig. 2) and further 
highlight their potential structural and/or functional impor- 
tance. 

The variety of loss-of-function mutations observed in this 
system suggests its utility for studying many kinds of mutation 
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mechanisms. This system may be useful additionally for study- 
ing the forward mutation spectra caused by potential damaging 
agents and environmental factors, because mutations in the 
small ampD gene are easily selected and sequenced. 
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