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Summary

When Escherichia coli grows in the presence of DNA-damaging agents such as methyl

methanesulfonate (MMS), absence of the full-length form of Translation Initiation Factor 2

(IF2-1) or deficiency in helicase activity of replication restart protein PriA leads to a considerable

loss of viability. MMS sensitivity of these mutants was contingent on the stringent response

alarmone (p)ppGpp being at low levels. While zero levels (ppGpp0) greatly aggravated sensitivity,

high levels promoted resistance. Moreover, M+ mutations, which suppress amino acid auxotrophy

of ppGpp0 strains and which have been found to map to RNA polymerase subunits, largely

restored resistance to IF2-1- and PriA helicase-deficient mutants. The truncated forms IF2-2/3

played a key part in inducing especially severe negative effects in ppGpp0 cells when restart

function priB was knocked out, causing loss of viability and severe cell filamentation, indicative

of SOS induction. Even a strain with the wild-type infB allele exhibited significant filamentation

and MMS sensitivity in this background whereas mutations that prevent expression of IF2-2/3

essentially eliminated filamentation and largely restored MMS resistance. The results suggest

different influences of IF2-1 and IF2-2/3 on the replication restart system depending on (p)ppGpp

levels, each having the capacity to maximize survival under differing growth conditions.
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Introduction

Successful chromosomal replication during cell growth requires mechanisms not only for

initiating DNA replication coordinated with growth rate but also for ensuring effective

remedies for accidents of replication forks. Regulation of the latter is most likely as

important as the former since the types of impediments encountered by replication forks will

vary under diverse conditions, whether the cells are in exponential growth phase or

*Corresponding author: nakaih@georgetown.edu, Telephone: 1 (202) 687-1442, FAX: 1 (202) 687-7186.

NIH Public Access
Author Manuscript
Mol Microbiol. Author manuscript; available in PMC 2015 April 01.

Published in final edited form as:
Mol Microbiol. 2014 April ; 92(1): 28–46. doi:10.1111/mmi.12538.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



stationary phase, in the presence of DNA-damaging agents, or under a stress condition such

as nutrient deprivation. Moreover, the optimal mechanisms for coping with accidents under

each condition and the risks associated with each are likely to differ.

In Escherichia coli various recombination, repair, and replication restart functions

effectively collaborate to cope with conflicts arising with DNA replication, eventually

repairing the template and restarting replication (Atkinson & McGlynn, 2009, Heller &

Marians, 2006b, Michel et al., 2004, Mirkin & Mirkin, 2007). Conflicts of DNA replication

with transcription are especially problematic in exponentially growing cells as stalled

transcription complexes accumulate at DNA lesions, but the stringent response induced by

nutrient stress can help to diminish such conflicts (Mahdi et al., 2012, McGlynn & Lloyd,

2000, Tehranchi et al., 2010, Trautinger et al., 2005). A key event in the stringent response

is the elevation of the signaling effector nucleotides pppGpp and ppGpp, the latter being the

predominant and more stable form derived from the former. (See (Potrykus & Cashel, 2008)

for a review; for simplicity, the alarmones will be predominantly referred to as ppGpp

although the collective term (p)ppGpp may be applicable in some cases. Generally, ppGpp

has been found to be more potent than pppGpp in growth inhibition, and it is more potent in

processes such as inhibition of transcription of rRNA in the presence of stringent response

regulator protein DksA (Mechold et al., 2013).) When ppGpp is absent, the ability of cells to

overcome DNA damage can be compromised: for example, UV sensitivity of a mutant

lacking the RuvABC Holliday junction resolvase activity is aggravated while its survival is

greatly enhanced at elevated ppGpp levels (McGlynn & Lloyd, 2000). At 0 ppGpp levels,

multiple RNA polymerase (RNAP) molecules can become stalled at DNA lesions and

accumulate as transcription arrays, which impede replication forks, and DksA, RNAP

elongation factors GreA/B, elevated ppGpp, and certain RNAP mutations can diminish the

accumulation of RNAP arrays to reduce transcription-DNA replication conflicts (Tehranchi

et al., 2010, Trautinger et al., 2005).

Recent evidence has indicated an important influence of translation initiation factor 2 (IF2)

and its various molecular weight forms on replication restart and the cell’s ability to grow in

the presence of DNA-damaging agents such as methyl methanesulfonate (MMS) (Madison

et al., 2012). The infB gene encodes the full-length form of 97.3 kDa (IF2-1) and two

truncated forms of 79.7 kDa (IF2-2) and 78.8 kDa (IF2-3), the latter two isoforms arising

from two internal, in-frame initiation codons (Laursen et al., 2002, Nyengaard et al., 1991).

The infB(del1) allele, which results in the loss of IF2-1, dramatically reduces the cell’s

viability on MMS plates even though the infB(del1) allele does not affect cell viability if

cells are first exposed to MMS and then allowed to recover and grow in its absence. In

contrast, infB(del2/3), which prevents expression of the two truncated forms IF2-2 and IF2-3

(IF2-2/3), supports high viability when grown on MMS plates. (Although del2/3 is not a

deletion mutation, consisting of mutations that inactivate the two internal start codons to

prevent expression of IF2-2/3, it is so named to simplify nomenclature as a contrast to del1,

which deletes the N-terminal coding region for IF2-1.) The restart allele priA300, which

introduces the K230R amino acid replacement to restart protein PriA to inactivate its

helicase activity (Zavitz & Marians, 1992), elicits the same characteristic for MMS

sensitivity as the infB(del1) allele, and these two alleles are epistatic with each other for this
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phenotype (Madison et al., 2012). That is, IF2-1 and PriA helicase appear to function in a

common pathway that allows growth with high viability in the presence of DNA-damaging

agents.

Genetic analysis has indicated the presence of two major restart pathways. This has initially

been indicated by the finding that the knockout of restart function priB or priC alone has

only a small effect whereas the knockout of both results in severe negative effects including

low viability, severe sensitivity to DNA-damaging agents, and constant SOS induction, a

phenotype that is even more severe than that of the priA or dnaT knockout (McCool et al.,

2004, Sandler, 2000, Sandler et al., 1999). PriA binds to D-loops and forked DNA structures

at which DNA synthesis can be initiated (Jones & Nakai, 1999, McGlynn et al., 1997). PriB

promotes formation of a complex of DNA-bound PriA with DnaT (Liu et al., 1996), a

process that leads to loading of the major helicase DnaB onto the lagging strand template of

the fork (Heller & Marians, 2005a, Jones & Nakai, 1999). PriC, on the other hand, can load

DnaB onto DNA in vitro from the DnaB-DnaC complex without PriA, PriB, and DnaT

(Heller & Marians, 2005a), with Rep or PriA helicase apparently playing an essential role

for PriC-dependent pathways (Sandler, 2000, Sandler et al., 2001). Thus, biochemical

analysis indicates two major systems for loading DnaB: one dependent on PriA/PriB/DnaT

(the PriA-PriB pathway) and the other on PriC (PriA-PriC and Rep-PriC pathways, hereafter

called the PriC system).

Deficiencies in the restart systems can lead to consequences not only from the inability to

recover from replication fork accidents but also from the cellular response to these accidents

(Sassanfar & Roberts, 1990). The latter includes the expression of the SOS gene sulA, which

encodes a cell division inhibitor causing cell filamentation and loss of viability (Gottesman

et al., 1981). Knockout of either priA or dnaT function results in a very severe negative

phenotype (Lee & Kornberg, 1991, McCool et al., 2004, Nurse et al., 1991). The

combination of the priB knockout and the priA300 allele, which inactivates helicase activity

but not PriA’s function of loading DnaB onto DNA (Zavitz & Marians, 1992), elicits a

severe negative phenotype comparable to that of the priA knockout whereas either allele

alone has a much smaller effect (Sandler et al., 2001). Thus, PriA helicase appears to play a

critical role in the PriC system even though either Rep or PriA helicases can support this

system in vitro (Heller & Marians, 2005b). PriB generally has a considerable impact under

genetic backgrounds and conditions where stalling of replication forks would be frequent,

with PriA helicase playing a significant role as well in some cases (Flores et al., 2002,

Grompone et al., 2003, Madison et al., 2012, Mahdi et al., 2012).

The epistatic relationship of infB(del1) and priA300 mutations (Madison et al., 2012) raises

the question of how IF2 function might influence or interact with restart functions.

Bacteriophage Mu replication by transposition (see ref. (Chaconas & Harshey, 2002) for a

review), which relies on the cellular restart systems (Jones & Nakai, 1997), provides one

possible clue to a function for PriA helicase related to IF2 function. In the in vitro reaction,

IF2 plays an important role in the transition from strand exchange that integrate Mu DNA

into target DNA and the assembly of the replisome on Mu DNA. In this process, proteins

bound to the Mu ends (strand transfer complex) are progressively remodeled to a replisome,

and IF2 not only plays a critical role for removing protein impediments that prevent binding
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of replication proteins to Mu DNA but also prevents replisome assembly until it is removed

from DNA by PriA helicase action (North et al., 2007, North & Nakai, 2005).

In this paper we examine the varying effects of truncated and full-length IF2 isoforms,

depending on levels of ppGpp. E. coli, other members of the Enterobacteriaceae family, and

Bacillus subtilis have been characterized to express more than one molecular weight isoform

of IF2 (Hubert et al., 1992, Laursen et al., 2002, Nyengaard et al., 1991). The function of

having different isoforms has been largely a mystery. No clear differences in translation

initiation activity are evident, for even a 65-kDa C-terminal fragment present in both IF2-1

and IF2-2/3 has been found to have all translation initiation activities at a specific activity

essentially equivalent to that of IF2-1 (Cenatiempo et al., 1987). However, expressing IF2-1

or IF2-2/3 without the other from single-copy alleles can cause cold sensitivity at

temperatures below 42°C; for example, the doubling time is increased as much as two fold

over that of the wild-type strain at 37°C in LB medium (Sacerdot et al., 1992). Such single-

copy infB(del1) and infB(del2/3) alleles are known to maintain the respective isoforms at

60–70% the level of total IF2 in wild-type cells (Sacerdot et al., 1992), in which intracellular

IF2 concentrations can be reduced to 50% with little effect on growth rate (Cole et al.,

1987). Here, we demonstrate that IF2-1 and IF2-2/3 have differing effects on cell survival,

depending on ppGpp levels, by affecting function(s) closely related to replication restart. We

demonstrate how each isoform can have differing impacts, whether positive or negative,

depending upon the ppGpp levels and the status of restart functions.

Results

Use of relA and spoT alleles that progressively alter cellular levels of ppGpp

To examine the sensitivity of various mutants to DNA-damaging agents at ppGpp levels

from 0 to high, we made use of various relA and spoT mutants that have different basal

levels of (p)ppGpp in exponential growth phase (Sarubbi et al., 1988). The RelA protein

synthesizes most of the pppGpp, and the second protein SpoT has a lower level of synthetic

activity and also has the hydrolase activity that breaks down the nucleotides. The del(relA)

del(spoT), del(relA) SpoT+, RelA+ SpoT+, del(relA) spoT202, and del(relA) spoT203 have 0

to very high basal levels of ppGpp in ascending order. To simplify nomenclature, we will be

referring to these genetic backgrounds as corresponding to 0 (or ppGpp0), low (lo; 1X level

of ppGpp), wild type (wt; 1–2X levels), high (hi; 4.5–6X), and very high (hi*; 6–8X)

ppGpp, respectively (Sarubbi et al., 1988, Slominska et al., 1999). The del(relA) del(spoT)

strain (ppGpp0) lacks all capacity to synthesize ppGpp (Xiao et al., 1991) while the RelA+

SpoT+ strain (wt) in exponential phase and the del(relA) single mutant (low) have relatively

low levels of ppGpp. Although the methods for quantifying basal ppGpp levels in these

strains have yielded varying absolute values in different laboratories (Sarubbi et al., 1988,

Slominska et al., 1999), what has been clear is the relative ppGpp levels in these strains.

Sarubbi et al. (1988) have demonstrated that the relative ppGpp levels present in the lo to

hi* strains are clearly indicated by their growth rates (also reflected by colony size on LB

plates), which we verified after strain construction (see Experimental Procedures; for

example, see Figure S1A). For our analysis, the relative change in phenotype as ppGpp

levels change from 0 to higher levels in a given genetic background is what is relevant.
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Enhanced sensitivity of ppGpp0 strains for growth in the presence of DNA-damaging
agents, suppressed by mutations that suppress amino acid auxotrophy of ppGpp0

mutants

We first asked whether 0 or low levels of ppGpp could dramatically affect growth of

infB(wt) priA(wt) cells in the presence of 6 mM MMS or 10 μM nitrofurazone (NFZ),

comparing this with the effect of UV irradiation. MMS methylates nitrogen atoms in purine

residues, and the major error-free mode of repair is through base excision repair or direct

reversal of alkylated bases (Sikora et al., 2010), in contrast to the pyrimidine dimers formed

by UV irradiation and repaired by nucleotide excision repair (NER). NFZ causes lesions by

introducing N2-deoxyguanosine adducts, which are predominantly repaired by NER (Ona et

al., 2009). All three agents create DNA lesions capable of stalling both DNA replication and

transcription.

Cells progressively became more resistant to UV light as ppGpp levels were elevated from 0

to high and very high (Figure 1A). The enhanced UV sensitivity at 0 ppGpp levels and

increased resistance at elevated ppGpp levels has been previously observed (McGlynn &

Lloyd, 2000). Changes in UV sensitivity at varying ppGpp levels were nevertheless modest;

the ppGpp0 strain had a 10-fold lower viability at 68 J/m2 irradiation than the corresponding

strain with wt ppGpp levels. However, there can be a sharp contrast between UV survival, in

which cells are allowed to recover and grow after irradiation, and viability on MMS plates in

which cells must grow in the presence of a DNA-damaging agent. Such is the case with both

infB(del1) and priA300 mutants, which exhibit little UV sensitivity over wild type but have

very low viability on MMS plates (Madison et al., 2012). And indeed, viability of the

ppGpp0 strain (wild type for infB and restart functions) was reduced 5 orders of magnitude

on MMS plates while viability at wt ppGpp levels approached 100% (Figure 1B). Viability

of these strains on plates containing NFZ was similar (Figure 1C), with the strain that has lo

ppGpp levels exhibiting greater sensitivity to NFZ than to MMS. These results indicate that

the absence of ppGpp can severely affect the ability of the cells to grow in the presence of

DNA-damaging agents. It has been demonstrated that ppGpp effectively reduces the

accumulation of stalled RNAP arrays that can cause conflicts with DNA replication

(Trautinger et al., 2005). Thus there is a prominent possibility that such arrays accumulating

at 0 to lo ppGpp levels cause the high sensitivity to MMS and NFZ.

Enhanced sensitivity of ppGpp0 strains for growth in the presence of DNA-damaging
agents is largely attributed to expression of the truncated forms IF2-2/3

As the infB gene strongly affects the cell’s ability to grow in the presence of MMS, we

examined the effect of infB alleles that knock out the expression of the full-length form

IF2-1 (infB(del1)) or the truncated forms IF2-2/3 (infB(del2/3)) at varying ppGpp levels. For

this purpose we used infB mutants in which the natural infB has been knocked out

(del(infB)1::tet) and a single-copy infB allele has been inserted into a second site as part of

the nusA infB operon (flgJ::<nusA infB(wt, del1, or del2/3)>) (Madison et al., 2012). (We

will refer to this second site allele as “<infB(wt, del1, or del2/3)>”, and this will also

indicate that the natural wild-type infB allele has been deleted.) The <infB(del1)> and

<infB(del2/3)> cells still exhibited the slowing of growth rates in the hi versus the wt

ppGpp background (Figure S1C-E).
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We found that viability of the ppGpp0 <infB(del1)> strain on MMS plates (Figure 2A)

generally matched that of the ppGpp0 strain with the natural infB(wt) (Figure 1B) whereas

the ppGpp0<infB(del2/3)> strain had nearly 4 orders of magnitude higher viability. At wt

ppGpp levels the <infB(del1)> strain still exhibited significant sensitivity whereas the

<infB(del2/3)> strain was largely resistant as previously determined (Madison et al., 2012).

That is, the expression of IF2-2/3 without IF2-1 causes significant MMS sensitivity at lo and

wt ppGpp levels while expression of IF2-1 without IF2-2/3 largely restores resistance. The

<infB(del1)> strain also gained considerable resistance to MMS at hi ppGpp levels. We also

isolated three independent M+ suppressor mutants of the ppGpp0 <infB(del1)> strain and

examined their MMS sensitivity. These are suppressors of the amino acid auxotrophy of

double relA spoT knockout (Xiao et al., 1991), mutations that so far have been found to map

exclusively to RNAP subunit genes rpoB, rpoC, and rpoD (Cashel et al., 1996, Murphy &

Cashel, 2003). The M+ suppressor mutations increased the viability of the ppGpp0

<infB(del1)> strain on MMS plates by 4 to 5 orders of magnitude, viability that was

equivalent to or greater than that of the <infB(del1)> strain with hi ppGpp (Figure 2A).

While the ppGpp0 <infB(del2/3)> strain, which cannot express IF2-2/3, has a low level of

sensitivity with 10% of the cells viable on MMS plates, either hi ppGpp or the M+

suppressors could restore essentially 100% viability in MMS (Figure 2B). As some

proteolytic degradation of IF2-1 could potentially yield fragments with activity analogous to

IF2-2/3, we of course cannot rule out the possibility that the low level of MMS sensitivity of

the ppGpp0 <infB(del2/3)> strain could be attributed to these fragments. What is clear is

that blocking IF2-2/3 expression largely abrogates the extreme sensitivity of the ppGpp0 cell

for growth on MMS plates.

The high MMS and NFZ sensitivity of the ppGpp0 strain with the natural infB(wt) gene

(Figure 1B and C) suggests that it is the expression of IF2-2/3, not the absence of IF2-1, that

causes sensitivity. However, results with the <infB(wt)> strain (i.e., the strain with the wild-

type nusA infB operon inserted at flgJ and the natural infB gene deleted) did not necessarily

confirm this. The <infB(wt)> strain does not always behave exactly like the wild-type strain

with the natural infB gene as we have found previously (Madison et al., 2012). In the

ppGpp0 background, the <infB(wt)> strain had viability on MMS plates similar to that of

the <infB(del2/3)> strain (Figure 2C left panel, cf. with panel B), not the extreme sensitivity

displayed by the ppGpp0 strain with the natural infB (Figure 1B) or with <infB(del1)>

(Figure 2A). On the other hand, high sensitivity of the ppGpp0 <infB(wt)> strain to NFZ is

indeed similar to that of the <infB(del1)> strain (Figure 2C, right panel) and also similar to

that of the strain with the natural infB(wt) (Figure 1C). Thus, it is not clear whether IF2-2/3

has the dominant effect in being toxic and promoting high sensitivity to MMS and NFZ in

the ppGpp0 background or if IF2-1 has the dominant effect to promote resistance. The

balance of full-length (IF2-1) and truncated (IF2-2/3) forms synthesized from the infB

transcript, for example, may differ depending on whether it is transcribed from <infB(wt)>

or the natural infB gene, and the balance from <infB(wt)> may be optimal for conferring

relatively high resistance to MMS but not to NFZ. What is clear, however, is that the

presence of IF2-2/3 is necessary to exhibit the very high sensitivity to MMS and NFZ in the

ppGpp0 background.
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The negative effects of expressing IF2-2/3 can be exacerbated by deficiency in restart
function priB

The absence of PriB is known to cause significant loss of viability under growth conditions

and genetic backgrounds that promote replication arrest at high frequency (Flores et al.,

2002, Grompone et al., 2003, Madison et al., 2012, Mahdi et al., 2012). Moreover,

infB(del1) is synergistic with the priB knockout in increasing UV sensitivity (Madison et al.,

2012). We therefore examined how the del(priB)302 allele affects sensitivity to growth on

MMS and NFZ plates at varying ppGpp levels. At 0 and lo ppGpp levels, the del(priB) allele

did not significantly increase sensitivity of cells to MMS or NFZ (Figure 3A; gray bars, cf.

with Figure 1B and C). It is convenient to compare these results with MMS and NFZ

sensitivity of del(priC) strains (Figure 3A, stippled bars), which generally yielded results

that were quite similar to those of PriB+ PriC+ cells. At wt ppGpp levels, del(priB) cells

exhibited significantly higher sensitivity than del(priC) and PriB+ PriC+ cells, but higher

ppGpp levels conferred resistance. These results are consistent with those of Mahdi et al.

(2012), who have reported that the priB knockout in the wt ppGpp background elicits

moderate sensitivity for growth on media containing mitomycin C. Moreover, they

demonstrated that mutations in RNAP subunits, mutations (rpo*) that are a subclass of M+

mutations (McGlynn & Lloyd, 2000), could suppress the DNA-damage sensitivity of

del(priB) cells, consistent with our observation that elevated ppGpp could suppress MMS

sensitivity caused by del(priB). Both ppGpp and rpo* mutations are known to diminish

backed-up arrays of transcription complexes stalled at DNA lesions (Trautinger et al., 2005).

As we shall discuss below, the del(priB) allele in combination with infB(del1) can have a

significantly negative effect on the cell. However, the very low viability of infB(del1) cells

on MMS and NFZ plates was not dramatically changed by the del(priB) mutation (Figure

S2A). The presence of IF2-1 (<infB(del2/3)>) instead of IF2-2/3 (<infB(del1)>) still

increased viability by several orders of magnitude in the del(priB) background. So did hi

levels of ppGpp. These results suggest that the presence of IF2-1 and the absence of IF2-2/3

greatly alleviate transcription-DNA replication conflicts at 0 to wt ppGpp levels.

The combined effect of del(priB) and infB(del1) is more apparent when examining survival

to UV irradiation. In the wt ppGpp background, del(priB) by itself has little effect on UV

sensitivity (Sandler et al., 1999) but has a mildly synergistic effect with infB(del1) to

increase UV sensitivity (Madison et al., 2012). However, we found that this synergistic

effect is dependent on the ppGpp levels. In the ppGpp0 background the del(priB) allele

mildly enhanced UV sensitivity of the <infB(del1)> mutant (Figure 3B; cf. white bars at 0

levels of ppGpp in the del(priB) and PriB+ backgrounds) but not of the <infB(del2/3)>

mutant (cf. stippled bars at 0 levels of ppGpp). In the hi ppGpp background, the del(priB)

had no effect on the UV sensitivity of <infB(del1)> cells (cf. white bars at hi ppGpp levels).

UV sensitivity of the <infB(del2/3)> mutant instead was increased by the del(priB) allele in

this background (cf. stippled bars at hi ppGpp).

A question arises as to whether IF2-2/3 or IF2-1 expressed from the <infB(del1)> or

<infB(del2/3)> allele, respectively, is limiting in the ppGpp0 background or hi ppGpp

background, causing differing recovery from DNA-damaging agents during growth. Thus,
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we wished to examine the effect of the infB allele in a different context, especially harbored

on a plasmid vector where expression of the protein is likely to be higher. A much greater

effect of expressing IF2-2/3 alone was observed if the infB(del1) allele (as part of the nusA

infB operon) was harbored as the sole allele on a pSC101-based vector (see Experimental

Procedures), which is a plasmid of relatively low copy number (Stewart et al., 1999). In the

del(priB) ppGpp0 background, strains bearing pSPCinfB(wt) and pSPCinfB(del2/3) were

relatively resistant to UV light (68 J/m2), indistinguishable from the level of sensitivity of

the isogenic strain with the natural infB(wt) on the chromosome; in contrast, the

pSPCinfB(del1)-bearing strain was more sensitive to UV irradiation by greater than 3 orders

of magnitude (Figure 3C, left panel). In contrast, all three plasmid-bearing del(priB) strains

were relatively UV resistant at hi ppGpp, indistinguishable from the isogenic strain with the

natural infB(wt) allele (Figure 3C, right panel). That is, IF2-1 expressed from the plasmid

vector did not increase UV sensitivity in the hi ppGpp background whereas IF2-2/3 did in

ppGpp0. These results indicate that IF2-2/3 expressed from the pSPCinfB(del1) plasmid has

an inhibitory effect on recovery of the del(priB) ppGpp0 strain from UV irradiation, an

effect that is reversed by the presence of high ppGpp levels.

The detrimental effect of IF2-2/3 expressed from pSPCinfB(del1) in the del(priB) strain was

also apparent from its very low viability even in the absence of DNA damaging agents (5 ×

106 cells per ml at OD600 of 0.4 compared with 1–2 × 108 cells per ml for the

corresponding pSPCinfB(wt) and pSPCinfB(del2/3) strains). The detrimental effects of the

multicopy infB(del1) however could be greatly alleviated by the presence of the single-copy

<infBdel2/3> allele (Figure S2B, left panel), indicating that the presence of IF2-1

counteracts the effects of elevated IF2-2/3. It is notable that the presence of the multicopy

infB(del1) caused a small increase in UV sensitivity to the <infB(del2/3)> ppGpp0 strain

(Figure S2B, left panel, cf. pSPCinfB(del1) with the empty vector) but promoted higher

resistance in the <infB(del2/3)>, hi ppGpp strain (Figure S2B, right panel). That is, while

IF2-2/3 may have a detrimental effect at 0 ppGpp, it can contribute to increased cell survival

after UV irradiation when ppGpp is at hi levels. At hi ppGpp, either the obstacles resulting

from DNA damage are changed or alleviated, or IF2-2/3 itself may be changed in function

or activity so that it can aid in cell recovery.

Cellular filamentation induced by the presence of IF2-2/3 and the absence of PriB

Disruption of DNA replication and the resulting SOS response can induce SulA expression,

which halts cell division and causes cellular filamentation (Huisman et al., 1984). Restart

mutants such as the priA knockout exhibit severe SOS induction even without DNA damage

(Nurse et al., 1991). We have previously reported that the <infB(del1)> del(priB)

combination leads to a low but significant level of sporadic SOS induction, with 0.13% of

the cell population producing filaments of greater than 30 nm in length (Madison et al.,

2012). We examined whether levels of ppGpp have a significant influence on the level of

cell filamentation without DNA damage.

Exponentially growing cells with the natural infB(wt) allele in the PriB+ PriC+, del(priB),

and del(priC) backgrounds displayed essentially no filamentation when levels of ppGpp

were at wt or high levels (Figure 4A, 100% of cells ≤ 8 μm). In the absence of ppGpp,
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however, some filamentation could be detected in all three backgrounds, the greatest in the

del(priB) cells and only a marginal amount in the PriB+ PriC+ cells. The tendency for

ppGpp0 cells to form filaments has been previously reported (Xiao et al., 1991). In the case

of the del(priB) cells, a lower but significant level of filamentation was also detected at lo

ppGpp levels.

To determine whether the filamentation in the del(priB) ppGpp0 background could be

further aggravated by knocking out IF2-1 and expressing only IF2-2/3 (infB(del1)), we

compared the filamentation of <infB(wt)>, <infB(del1)>, and <infB(del2/3)> strains in the

del(priB) ppGpp0 background (Figure 4B). Expression of IF2-2/3 only (<infB(del1)>) had

an especially severe effect, causing extensive filamentation where approximately 70% of the

cells were greater than 30 μm in length. The <infB(wt)> strain exhibited a much lower level

of filamentation while the <infB(del2/3)> strain, which expresses no IF2-2/3, exhibited

essentially no filamentation, indicating that the expression of IF2-2/3 is causing the

filamentation. Moreover, the extensive filamentation of the <infB(del1)> strain was not

observed with the PriB+ background (Figure 4B, PriB+). In the absence of PriB, the cell

largely depends on the PriC system to maintain full viability without general SOS induction.

The extensive filamentation exhibited by the <infB(del1)> del(priB) ppGpp0 strain suggests

that the absence of ppGpp and the presence of only truncated IF2 forms can lead to either

increased incidence of replication fork accidents or the inability to resolve them efficiently,

leading to SOS induction. The results are also consistent with the previous conclusion that

the presence of IF2-2/3 causes the enhanced sensitivity to DNA-damaging agents at 0

ppGpp levels. When its expression is blocked by the infB(del2/3) allele, no filamentation is

observed. In this regard, it is worth noting that the strains with the second site <infB(wt)>

allele exhibit much less filamentation than the corresponding strains with the natural

infB(wt) allele (cf. Figure 4B, top panel, with 4A, top two panels). This is consistent with our

finding that the <infB(wt)> ppGpp0 strain is more resistant to MMS than the analogous

strain with the natural infB(wt). The possibility is that <infB(wt)> has a different balance of

IF2-1 and IF2-2/3, favoring the former such that filamentation is not so severe.

When IF2-2/3 was expressed from a multi-copy plasmid (pSPCinfB(del1)) in the del(priB)

ppGpp0 strain, filamentation was even more severe, with almost 90% the cells forming

filaments of greater than 30 μm in length (Figure 4C, left panel, 0 ppGpp, del1). Clearly, the

effect of high IF2-2/3 levels was most pronounced for the del(priB) ppGpp0 strain as the

PriB+ version of this strain exhibited considerably lower levels of filamentation (Figure 4C,

right panel, del1 at 0 ppGpp). Consistent with the conclusion that IF2-2/3 is causing the

filamentation in the del(priB) strain, the analogous pSPCinfB(wt)-bearing strain, which

expresses both IF2-1 and IF2-2/3, also exhibited extensive filamentation but at a lower level

than the pSPCinfB(del1) strain while the analogous pSPCinfB(del2/3) strain exhibited

essentially no filamentation (Figure 4C, left panel). In the two strains expressing IF2-2/3, hi

ppGpp levels greatly suppressed filamentation although this was not sufficient to suppress

severe filamentation of the pSPCinfB(del1) strain completely. Interestingly, although

pSPCinfB(del1) caused less filamentation in the PriB+ ppGpp0 background,

pSPCinfB(del2/3) that expresses IF2-1 caused significant filamentation as well (Figure 4C,
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right panel), in contrast to what was seen in the del(priB) ppGpp0 background. As we shall

see, this effect was even more pronounced in the priA300 ppGpp0 background.

The effect of varying ppGpp levels and M+ suppressor mutations on the priA300 mutant is
analogous to their effect on the infB(del1) mutant

As the priA300 allele is epistatic with infB(del1) in eliciting MMS sensitivity at wt ppGpp

levels, the question arises whether ppGpp levels and M+ suppressor mutations affect the

priA300 mutant in the same way they affect the infB(del1) mutant. Indeed, the loss of

viability of the priA300 mutant on MMS plates could be aggravated by the ppGpp0

background while it could be largely suppressed by hi ppGpp (Figure 5A; 0 to hi).

Moreover, when three M+ suppressor mutants of the priA300 ppGpp0 strain were

independently isolated, all three were found to be essentially 100% resistant to MMS

(Figure 5A; M+). The varying ppGpp levels affected the priA300 mutant’s sensitivity to

NFZ in essentially an identical fashion (Figure S3). However, hi ppGpp had only a small

effect in alleviating both MMS and NFZ resistance if the priA300 strain also had a del(priB)

mutation (Figure S3, priB−).

While the <infB(del1)> mutant exhibited severe filamentation in the ppGpp0 background

only in combination with the del(priB) allele, the priA300 ppGpp0 mutant exhibited fairly

severe filamentation without an accompanying mutant infB allele; however, even lo ppGpp

levels completely eliminated any filamentation (Figure 5B, PriB+). In contrast, the priA300

del(priB) mutant exhibited severe filamentation even with the hi ppGpp background (Figure

5B, del(priB)), consistent with the high MMS and NFZ sensitivity of these cells (Figure S3)

and with previous findings that cells lacking PriB are highly dependent on PriA helicase for

normal viability (Sandler et al., 2001).

The results so far indicate that ppGpp0 cells are dependent on the presence of PriA helicase

to avoid severe filamentation, with IF2-2/3 aggravating filamentation when PriB is absent.

Could it be that when ppGpp is absent, IF2-2/3 preferentially supports pathway(s) that are

not dependent on PriA helicase and tends to inhibit pathways that engage PriA helicase?

Since PriA helicase plays a significant part in maintaining cell viability and preventing

constant SOS induction with the PriC system (Sandler et al., 2001), this could be why the

absence of PriB in infB(del1) ppGpp0 cells promotes a high level of filamentation.

Additionally, since PriA helicase is needed for efficient growth on MMS and NFZ plates at

0 to wt ppGpp levels, the pathways favored by IF2-2/3 may not be robust enough to cope

with frequent DNA damage needed to grow on these plates. If this is indeed case, IF2-2/3

provided from a plasmid vector should not have a detrimental effect in the priA300 mutant

provided that it expresses PriB.

The pSPCinfB(del1) plasmid supplying the sole multicopy infB allele greatly alleviated

filamentation of the priA300 ppGpp0 mutant (Figure 5C, pSPCinfB(del1), 0 ppGpp) instead

of aggravating filamentation as it did in the del(priB) mutant. In contrast, pSPCinfB(del2/3)

caused severe cell filamentation of this mutant, filamentation that was prevented when

ppGpp was raised to wt levels (Figure 5C). Both the pSPCinfB(del1)- and pSPCinfB(del2/3)-

bearing strains with the priA300 background had very low viability on MMS plates, the

former (GTN1860) having survival of 0.16 ± 0.04% and the latter (GTN1800) 0.003 ±
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0.003%. That is, the strain bearing pSPCinfB(del2/3) and expressing IF2-1 is even more

sensitive to MMS than the one expressing IF2-2/3. The results indicate that under different

circumstances, both IF2-1 and IF2-2/3 when expressed from a multicopy allele can have

deleterious effects in ppGpp0 cells when one is expressed without the other—IF2-1 when

PriA helicase is inactive (and PriB is present) and IF2-2/3 when PriB is absent. They suggest

that these proteins inhibit recovery from replication fork accidents in distinct ways,

inhibition that is overcome by action of PriA helicase or the presence of ppGpp.

Impact of IF2 forms and ppGpp levels on Mu development

As bacteriophage Mu replication by transposition requires the host replication restart

system, we asked whether it is differentially influenced by the various IF2 forms and is

activated by elevated ppGpp levels. IF2-1 expressed from pSPCinfB(del2/3) in a priA300

ppGpp0 cell not only caused extensive filamentation (Figure 5C) but also diminished Mu

plating efficiency to less than 0.1% whereas IF2-2/3 expressed from pSPCinfB(del1) had no

effect on Mu plating efficiency in this background (Figure 6A, cf. pSPCinfB(del2/3) versus

pSPCinfB(del1) for priA300 ppGpp0; it should be noted that the pSPCinfB(del2/3) priA300

ppGpp0 strain had a reasonable cell viability in the absence of DNA-damaging agents, with

a viable count of 1 X 108 cells/ml in LB at OD600 of 0.4 and within the range of 1 to 2 X

108 cells/ml for most strains used in this work). In the PriA+ background, Mu plating

efficiency on the pSPCinfB(del2/3) ppGpp0 strain was largely restored to 10%—to 100%

with the lo ppGpp background (Figure 6A, PriA+, 0 and lo ppGpp levels). IF2-1 also caused

no decrease in Mu plating efficiency on the priA300 strain that had lo levels of ppGpp

(Figure 6A, IF2-1, priA300, and lo ppGpp).

IF2-2/3 had negative effects on Mu replication in the ppGpp0 del(priB) background. The

pSPCinfB(del1) strain with this background indeed plates Mu at very low efficiency, but it

has growth properties that include very low viability as stated earlier such that the

experiments were marred by its inability to form an even lawn of cells. We therefore

compared Mu plating efficiency in single-copy <infB(wt)>, <infB(del1)>, and

<infB(del2/3)> strains that are PriB+ or del(priB) at 0 or high ppGpp levels (Figure S4). The

differences were not so much in the number of plaques produced but in the sizes of plaques.

The size of plaques was most dramatically reduced with indicator strains that are ppGpp0

del(priB) <infB(wt or del1)—i.e., strains expressing IF2-2/3; there was barely any effect of

del(priB) on the <infB(del2/3)> mutant, which does not express IF2-2/3 (Figure S4; cf. row

1 with 3). The hi ppGpp background generally improved the apparent Mu plating efficiency,

and the del(priB) mutation had a smaller effect in decreasing plaque size in this background

(Figure S4; cf. row 2 with 4). These results are consistent with an activating effect of ppGpp

and an inhibitory effect of IF2-2/3 at 0 ppGpp levels when Mu development proceeds in the

absence of PriB.

Effect of ppGpp on the in vitro Mu replication system

As we will describe more fully in the Discussion, ppGpp binds to a number of proteins to

exert various effects. This includes IF2, whose G domain binds not only GTP but also

ppGpp, the latter inhibiting it as a translation initiation factor (Milon et al., 2006). Thus, the

question arises as to what effect the presence of ppGpp has on the reconstituted Mu
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replication system where IF2 plays an essential role. This system is reconstituted using

IF2-2 by a PriA-PriC pathway (North et al., 2007), the PriC system where PriA helicase

plays an essential role, and the effect of 1 mM GTP, GDP, or ppGpp was examined. The

standard Mu replication system includes 0.1 mM GTP, which was present in all reactions.

Thus, the guanine nucleotides were first mixed together with IF2-2 on ice (pre-mix) before

addition of the strand transfer complex and other components of the replication system. The

level of Mu cointegrates (the Mu transposition and replication product) produced in this

reaction was highest with ppGpp and the lowest with GTP (Figure 6B).

Although the level of Mu replication was only about 4-fold higher with ppGpp than with

GTP, this was most significant for the fact that ppGpp activates rather than inhibits the Mu

replication reaction. To determine whether IF2 function in Mu replication is indeed not

inhibited by the presence of ppGpp, we examined binding of S-tagged IF2-2 (S-IF2-2) to

Mu DNA in the presence of the three guanine nucleotides at 1 mM. Following the

disassembly of the Mu transpososome from the forked Mu ends created by Mu strand

exchange, a new nucleoprotein assembly is formed, allowing the binding of IF2-2 (North et

al., 2007). The presence of ppGpp allowed maximal binding of S-IF2-2 to Mu DNA at a

level that was approximately 2 fold higher than the amount bound in the presence of GTP or

GDP (Figure 6C). Once again, what was most relevant here was that ppGpp increased rather

than decreased S-IF2-2 binding to Mu DNA. These results raise the possibility that IF2 and

ppGpp may have a positive modulatory effect on the replication restart system, but more

importantly, they indicate that the assembly of restart proteins under the influence of IF2 is

not necessarily inhibited by ppGpp, which does inhibit its capacity to form translation

initiation complexes (Milon et al., 2006).

Discussion

The functions of PriA helicase and IF2 isoforms relative to the effect of varying ppGpp
levels and the M+ suppressor mutations

Both the infB(del1) mutation, which knocks out expression of IF2-1, and the priA300

mutation, which inactivates PriA helicase, cause sensitivity to DNA-damaging agents such

as MMS in a specific way. While the cells readily recover from exposure to MMS if allowed

to recover and grow in its absence, the mutants are not able to maintain high viability if they

must grow in its presence (Madison et al., 2012). The results of the present work indicate

that MMS sensitivity resulting from either mutation can be suppressed by elevated ppGpp

levels. Alternately, M+ mutations, which suppress amino acid auxotrophy of the ppGpp0

mutant and which so far have all been found to map in genes encoding subunits of RNAP

(Cashel et al., 1996, Murphy & Cashel, 2003), effectively suppress DNA damage sensitivity

of both the priA300 and infB(del1) mutant with the ppGpp0 background. And even though

the ppGpp0 mutant generally exhibited very high sensitivity to growth in the presence of

DNA-damaging agents, the expression of only IF2-1 (and the absence of IF2-2/3) largely

suppressed sensitivity.

In the absence of a DNA-damaging agent, expression of IF2-2/3 without IF2-1 in the

del(priB) ppGpp0 background elicits a phenotype that would be consistent with the

processing of the stalled fork being obstructed such that it cannot efficiently proceed to
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restart, causing accumulation of single-stranded DNA and SOS induction. IF2-1 does not

elicit the same phenotype in this background; in the absence of IF2-2/3, the cells exhibit

essentially no filamentation. Expression of IF2-2/3 from the multicopy pSPCinfB(del1)

allele instead of the single-copy <infB(del1)> allele resulted in even more severe

filamentation and low viability of del(priB) ppGpp0 cells, suggesting an inhibitory effect of

IF2-2/3 rather than simply the absence of an activity only present in IF2-1. The presence of

ppGpp, especially at high levels, prevents the detrimental effects of expressing only IF2-2/3

in the del(priB) cell, suggesting that it prevents the obstruction of replication from occurring

at high frequency or endows IF2-2/3 with the capacity to better cope with accidents of

replication forks.

Possible role of IF2 forms in promoting optimal recovery from DNA damage during growth
depending on physiological condition

The different effects of IF2-1 and IF2-2/3 indicate distinct influences, dependent on status of

restart functions and ppGpp levels, in how obstructions to DNA replication are created or

how replication forks recover after arrest during cell growth. The effects we have observed

would be compatible with a model in which IF2-2/3 in the ppGpp0 cell has a reduced

capacity to promote recovery from replication fork accidents by PriA helicase-dependent

mechanisms, even being inhibitory for PriC-dependent mechanisms that require the helicase.

Elevated ppGpp from the stringent response alleviates this problem, either by making the

repair, recombination, or restart system more active or by lessening the obstacles that the

replication forks would encounter. Although ppGpp (and pppGpp) are bound by a number of

proteins to exert various effects (see (Kanjee et al., 2012) for a review), the suppression of

DNA-damage sensitivity of both infB(del1) and priA300 mutants by M+ mutations focus

attention on two major suspects: IF2 and RNAP.

There are conceivably four general ways that IF2 forms can exert differing effects at 0 to

low ppGpp levels to affect sensitivity to DNA-damaging agents. The two forms could affect

gene expression differently either by acting as transcription factors (Figure 7A, i) or by

influencing which mRNA transcripts are translated preferentially (ii), modulated by ppGpp

levels. The expression of proteins promoted by IF2-1, but not by IF2-2/3, may enhance

recovery of cells from the effects of MMS and NFZ during rapid growth. Alternatively,

IF2-2/3 may be a more potent transcriptional activator at certain operons than IF2-1

(opposite of the regulation shown in Figure 7A, i), intensifying DNA-replication

transcription conflicts. While it has been reported that IF2 can increase transcription of

rRNA in vitro (Travers et al., 1980), it is not known if the various IF2 forms can have

differential effects in promoting this process. Nor is it known if the IF2 forms can

differentially influence which mRNA transcripts are chosen for translation to alter gene

expression.

The role of IF2 in promoting bacteriophage Mu replication by restart proteins also suggests

possible activities of IF2 at DNA forks that result from replication arrest, acting on proteins

bound to the fork and even binding there itself. Its activity as a molecular chaperone (Caldas

et al., 2000) can potentially remodel protein assemblies at the fork, influencing what protein

functions are active there. For example, if IF2-2/3, but not IF2-1, inhibited fork regression
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after replication arrest at transcription complexes (Figure 7A, iii), it may greatly diminish

the cell’s capacity to cope with transcription-replication conflicts. Experiments examining

the collisions of replication forks head on with transcription of an inverted rRNA operon

have suggested such conflicts generally lead to fork regression, DNA processing that

requires the RecBC functions and that creates a fork, and replication restart (De Septenville

et al., 2012). (See Figure 7B. In this model, transcription is shown to be proceeding in the

same direction as DNA replication. Various mechanisms for overcoming transcription-

replication conflicts are reviewed in (Merrikh et al., 2012).) These results have suggested

that fork regression and subsequent DNA processing are essential steps toward restarting

replication forks better able to cope with a high level of conflict with transcription

complexes (De Septenville et al., 2012). The disadvantage of having only IF2-2/3 available

may be that it binds to the fork or does not enable proteins such as the replisome

components to disassemble efficiently, thus interfering with fork regression and the

subsequent assembly of a more resilient replisome. IF2-1 on the other hand may not bind at

such an arrested fork or may bind but is readily removed; alternatively it may enable other

proteins to be efficiently removed from the fork such that fork regression proceeds

unimpeded.

A closely related model is one in which IF2-1 plays a more direct role in the assembly and

activation of accessory proteins that render the replisome more resilient to transcription

complexes (Figure 7A, iv). The accessory replicative helicases Rep, DinG, and UvrD enable

the replisome to overcome transcriptional obstacles (Baharoglu et al., 2010, Boubakri et al.,

2010, Guy et al., 2009). De Septenville et al. (2012) have proposed that a replisome with not

only Rep but also a second accessory helicase (DinG or UvrD) is assembled during restart

after replication arrest at transcription complexes, fork regression, and DNA processing,

allowing the reassembled replisome to better displace formidable transcription obstacles.

IF2-1 may play a role as molecular chaperone in promoting association of the second

accessory helicase or other proteins that may render the replisome more resilient. PriA

helicase may activate this process in conjunction with IF2-1; if it displaces IF2 bound to the

fork as proposed for Mu replication, IF2-1 disassembly may be coupled to the binding of the

accessory proteins. IF2-2/3 may not be able to promote association of the additional

accessory proteins, thus leading to additional and frequent replication arrest. Similarly, in

the absence of PriA helicase activity, the removal of IF2-1 from the fork and assembly of

resilient replisomes may be inefficient.

Because of IF2’s role as translation factor and its potential influence on gene expression, the

loss of IF2-1 or IF2-2/3 can have pleiotropic effects that lead to DNA-damage sensitivity or

resistance, respectively, at 0 or low ppGpp levels. Thus, a combination of effects including

those depicted in Figure 7A may be applicable. Nevertheless, from the characteristics of the

infB(del1) and infB(del2/3) mutants, we favor a model in which full-length isoform allows

efficient recovery of replication forks stalling at transcription arrays whereas the truncated

isoforms are better suited to promoting recovery of forks colliding directly with DNA

lesions (Figure 7B versus C, respectively). As pointed out by Trautinger et al. (2005), a

significant difference between conditions of low and high ppGpp levels is that the

replication fork is more likely to collide with a stalled transcription array at 0 or low levels
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and directly with the DNA lesion at high levels. Fork regression that follows collision of the

fork with transcription complexes would disassemble the replisome and re-establish the fork

away from the point of conflict (De Septenville et al., 2012) (Figure 7B), and the full

reassembly of a replisome, which may be more resilient to conflict with transcription, would

be required. Thus, if IF2-2/3 were unable to efficiently allow the assembly of such a resilient

replisome, 0 and low ppGpp levels would lead to frequent replication arrest, a condition

known to cause strong dependence on PriB (i.e., the PriA-PriB pathway) for cell viability

(Flores et al., 2002, Grompone et al., 2003, Mahdi et al., 2012).

In contrast, when a replication fork collides directly with the DNA lesion (Figure 7C), the

capacity to overcome a transcriptional obstacle is not needed, and replisome disassembly

and fork regression do not necessarily occur. For example, the E. coli translesion DNA

polymerases can exchange places with DNA polymerase III in the replisome without

collapsing the fork, a switch that can be regulated by RecA, to enable DNA synthesis

through the lesion (Figure 7C) (Indiani et al., 2009, Indiani et al., 2013). Even if translesion

DNA synthesis is not catalyzed by the replisome, the DNA polymerase does not necessarily

disassemble from the fork (see (Yeeles et al., 2013) for a review). When DNA polymerase

III holoenzyme encounters a lesion on the leading strand template, the replisome can remain

strongly associated with the fork, and leading strand synthesis can be reinitiated with the

laying down of a primer downstream (Yeeles & Marians, 2011). And if DnaB helicase is

disassembled, a PriC-dependent mechanism can reload it for reinitiation in this fashion

(Heller & Marians, 2006a). That is, under conditions where forks are likely to collide

directly with the DNA lesion rather than a transcription array, the need to reassemble a

replisome may be relatively infrequent. The requirement for the PriA-PriB pathway,

hypothesized to be the most robust one essential for replication restart at high frequency

(Flores et al., 2002, Grompone et al., 2003), would then be reduced.

Differences between IF2-1 and IF2-2/3 in their ability to cope with frequent DNA damage

during growth at various ppGpp levels may reflect different strategies to enhance cell

survival whether the cell is in the growth or maintenance modes—what has been described

as the directing of metabolic and energy resources to either reproduction or the preservation

of the soma (Nystrom, 2004). IF2-2/3 may be especially important under conditions of stress

such as when ppGpp levels are high. IF2-1 levels are known to be proportional to growth

rate (Howe & Hershey, 1983), and while IF2-2/3 levels are generally equivalent under these

conditions (Sacerdot et al., 1992), the ratio of IF2-2/3 to IF2-1 rises in response to cold

shock (Giuliodori et al., 2004). Under nutrient limitation or cold shock, growth rate and

DNA replication would be at relatively low levels, and replication forks may also stall at a

high frequency even without DNA-damaging agents due to obstacles such as the dearth of

nucleotides that halt DNA synthesis. At high ppGpp levels new rounds of replication at oriC

and chromosomal segregation are prevented (Ferullo & Lovett, 2008, Levine et al., 1995,

Levine et al., 1991, Schreiber et al., 1995, Zyskind & Smith, 1992). While IF2-2/3 may

exert an effect that aggravates transcription-replication conflicts, these same effects may be

beneficial when replication forks are more likely to collide directly with DNA lesions.

Effects such as the inhibition of fork regression or assembly of replisomes without

additional accessory proteins may enable more efficient resumption of DNA synthesis under
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these conditions. This may ensure completion of replication forks and entry into a

maintenance mode that preserves genome integrity.

No matter what the underlying mechanism for the differences between IF2-1 and IF2-2/3,

each has considerable impact for cell survival depending on whether the growth rate is high

or low, indicating differential functions for the IF2 forms in preserving genome integrity by

a process adaptable to environmental and physiological conditions.

Experimental Procedures

Bacterial strains

All strains are derivatives of E. coli K-12 and are listed in Table S1. Strain constructions and

verification were mostly carried out as previously described (Madison et al., 2012).

Sequencing of dnaC was routinely conducted with mutants potentially defective in

replication restart to ensure that no suppressor mutations had arisen. PCR primers

GTTGCGATTTGCCGATTTCGGCAGGTCTGGTCCCT and

CCCTTTCCTCAAACCGCTATCATATGTAGATACAG were used to verify knockout of

relA. Upon introduction of a relA knockout allele, the resulting strain was subjected to the

SMG growth test, which verifies the inability of a relA mutant to grow in minimal media

containing serine, methionine, and glycine (Uzan & Danchin, 1976).

GCTATTGCTGAAGGTCGTCGTTAATCACAAAGCGG and

GCATTTCGCAGATGCGTGCATAACGTGTTGGGTTC were used to verify knockout of

spoT, and the former oligo was also used to sequence spoT to verify spoT202 and spoT203

alleles. The varying ppGpp levels promoted by the various relA and spoT alleles were

further verified by the inverse linear relationship between growth rates and ppGpp levels

(Sarubbi et al., 1988). Double relA spoT knockout mutants were routinely streaked on Davis

minimal media (Difco) supplemented with thiamine and any amino acid(s) specified by

other auxotrophic markers to ensure no suppressor mutations that allow growth on this

media had arisen (Xiao et al., 1991). Suppressor mutants (M+) were isolated by selecting on

this medium. For each independent isolation, a suppressor-free ppGpp0 colony was used to

inoculate 5 ml LB, which was grown up by shaking overnight at 37°C. The culture was

passaged 3 times or more in 5 ml LB at 37°C before selection for M+ mutants.

Plasmids

The pSPCnusAinfB plasmids (simply referred to as pSPCinfB in the main text), which bear

various infB alleles, were constructed as previously described (Madison et al., 2012).

Briefly, these have the nusA infB operon inserted into the NsiI-BamHI site of pBAD43, a

relatively low copy number plasmid with a pSC101 origin (Stewart et al., 1999). Sequences

required for arabinose-based gene expression in pBAD43 have been replaced by the operon

and are absent from all pSPCinfB plasmids. All plasmid-bearing strains have a knockout of

the natural infB site (del(infB)1::tet), and where indicated, a second infB allele was

introduced as a nusA infB operon inserted into the flgG gene (flgG::<nusAinfB>).
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Plasmid pTYB12-S-IF2-2 was constructed by cutting out the S-tagged IF2-2 (S-IF2-2)

coding sequence from pBAD24-S-IF2-2 (North et al., 2007) with NdeI and SpeI, and the

DNA fragment was ligated into the NdeI-SpeI site of pTYB12 (New England Biolabs).

Proteins

All proteins were purified as previously described (North et al., 2007). S-IF2-2 was

expressed in intein-tagged form from pTYB12-S-IF2-2 and was purified by the same

procedure that we used to purify untagged IF2-2 from intein-tagged form (North et al.,

2007).

Bacteriophage Mu DNA replication in vitro

The in vitro transposition reaction was performed in two stages: strand transfer and DNA

replication. Reaction conditions for each have been previously described (North et al., 2007,

North & Nakai, 2005). Purified proteins used in the second stage include ClpX, IF2-2, and a

set of purified replication proteins (gyrase A and B subunits, SSB, primase, β subunit of pol

III holoenzyme, pol III*, DNA ligase, DNA pol I, PriA, PriC, DnaT, and the DnaB-DnaC

complex). In reactions containing GDP, GTP, or ppGpp, 50 ng purified S-IF2-2 was

assembled on ice with GDP, GTP, or ppGpp in 5 μl strand transfer reaction buffer for a final

concentration of 1 mM in 50-μl replication reaction mixtures. This 5-μl mixture of S-IF2-2

and guanine nucleotides were assembled just before starting the replication reaction, being

allowed to sit on ice for a uniform 5 min before use. Quantified levels of Mu DNA

replication are the average of six determinations with error expressed as ± SD.

ppGpp was a generous gift from Dr. Michael Cashel (National Institutes of Health).

Experiments were also repeated using ppGpp purchased from TriLink Biotechnologies.

S-IF2-2 binding assay

Binding of S-IF2-2 to the Mu STC was assayed by a two-stage procedure. In stage one,

STC-DF nucleoprotein complexes were formed in a strand transfer reaction mixture (50 μl)

containing 40 μg/ml pGG215 donor DNA, 80 μg/ml pACYC184 target DNA, 20 μg/ml

MuA, 12 μg/ml MuB, and 7.6 μg/ml HU, 24 μg/ml ClpX protein, and 40 U/ml MRFα-DF;

all other components were identical to the standard strand transfer reaction mixture (North &

Nakai, 2005), which includes 2 mM ATP and an ATP-regenerating system. The reaction

mixture was incubated at 37°C for 30 min. The resulting complex (STC-DF) was purified

from unbound proteins on a 1 ml Bio-Gel A-15m column equilibrated in 25 mM Hepes

(K+), pH 7.5, 12 mM magnesium acetate, 5 mM dithiothreitol (DTT), 50 μg/ml BSA, and 50

mM potassium chloride at room temperature. The DNA-containing fractions in the void

volume (three peak fractions of 40 μl each) were pooled. For the second stage, a 5 μl mixture

that includes purified S-IF2-2 (50 ng) and GDP, GTP, or ppGpp (for a final concentration of

1 mM in the final binding reaction mixture) was assembled in reaction buffer on ice (such

mixtures were on ice for a uniform 5 min before the next step). It was then added to 45 μl of

the isolated STC-DF. The mixture was incubated at 37°C for 30 min, and the resulting

complexes were purified from unbound proteins on a 1 ml Bio-Gel A-15m column

equilibrated in 25 mM Hepes(K+), pH 7.5, 12 mM magnesium acetate, 5 mM DTT, 50 mM

potassium chloride at room temperature. The DNA-containing fractions in the void volume
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(three peak fractions of 40 μl each) were pooled and resolved on a 12.5% SDS-

polyacrylamide gel for Western blot analysis, using the S-tag HRP LumiBlot kit (Novagen)

as previously described (North et al., 2007).

Other methods

Size ranges of bacterial cells grown in LB and Mu plating efficiency on various strains were

measured as previously described (Madison et al., 2012). All plating efficiency is expressed

relative to the number of plaques obtained on a lawn of GTN932 (arbitrarily set to 100%).

All results are the average of at least 3 determinations with the error expressed as ± SD

unless otherwise indicated. Viability of cells during growth in MMS and NFZ were

measured by plating on LB plates containing 6 mM MMS and 10 μM NFZ, respectively.

MMS plates were used within 6 hours of preparation and NFZ plates within 24 hours. UV

irradiation at 254 nm and all other procedures are as previously described (Madison et al.,

2012).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Impact of ppGpp on survival after UV irradiation and growth in the presence of DNA-damaging agents
A. UV sensitivity. Irradiation was at 254 nm at 68 J/m2. The surviving cells were scored on LB plates.

B. MMS sensitivity.

C. NFZ sensitivity.

Plating was on LB plates with or without 6 mM MMS or 10 μM NFZ. The genotype associated with each ppGpp level is

described in the text. Strains used in this analysis are, in order of ascending ppGpp levels: GTN704, GTN701, GTN932,

GTN722, GTN723. As indicated under Experimental Procedures, all results are reported as the mean of 3 experiments ± SD.
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Figure 2. Sensitivity of cells to MMS and NFZ as influenced by IF2 forms and ppGpp levels and suppressed by M+ suppressors
A. MMS sensitivity of the <infB(del1)> strain.

B. MMS sensitivity of the <infB(del2/3)> strain.

C. MMS sensitivity of the <infB(wt)> strain and comparison of NFZ sensitivity of <infB> mutants.

The specific strains, listed in ascending ppGpp for each group, are <infB(del1)>: GTN1701, GTN1114, GTN1704;

<infB(del2/3)>: GTN1702, GTN1115, GTN1705; <infB(wt)>: GTN1700, GTN1050, GTN1703. Three M+ suppressors of

GTN1701 and GTN1702 were independently isolated for the analysis shown in panel A and B, respectively.
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Figure 3. Very high sensitivity to DNA-damaging agents in the presence of truncated IF2 isoforms and the absence of both ppGpp and
PriB

A. MMS and NFZ sensitivity of del(priB) and del(priC) mutants at various ppGpp levels. The specific strains, listed in

ascending ppGpp order, are del(priB): GTN703, GTN700, GTN394, GTN724, GTN726; del(priC): GTN1896, GTN1829,

GTN1821, GTN1765, GTN1872.

B. Comparison of UV sensitivity of <infB> mutants in the del(priB) and PriB+ backgrounds. Irradiation with UV was at 68

J/m2. The specific strains (each pair having 0 and hi ppGpp, respectively) are <infB(wt)> del(priB): GTN1498, GTN1502;

<infB(wt)>: GTN1700, GTN1703; <infB(del1)> del(priB): GTN1537, GTN1503; <infB(del1)>: GTN1701, GTN1704;

<infB(del2/3)> del(priB): GTN1499, GTN1505; <infB(del2/3)>: GTN1702, GTN1705.

C. Comparison of UV sensitivity of del(priB) strains bearing the indicated plasmids. The specific strains (each pair having 0 and

hi ppGpp, respectively) are pSPCinfB(wt): GTN1480, GTN1466; pSPCinfB(del1): GTN1610, GTN1541; pSPCinfB(del2/3):

GTN1539, GTN1543; natural infB(wt): GTN1486, GTN1487.
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Figure 4. High cellular filamentation in the presence of truncated IF2 and in the absence of ppGpp
Analysis of each strain grown in LB was conducted by examining 10,000 cells, which were scored and classified into one of

three indicated size ranges by brightfield microscopy.

A. Size classes of PriB+ PriC+, del(priB), and del(priC) mutants at varying ppGpp levels. Strains, listed in order of ascending

ppGpp levels for each group, are PriB+ PriC+: GTN704, GTN701, GTN932, GTN722, GTN723; del(priB): GTN703, GTN700,

GTN394, GTN724, GTN726; del(priC): GTN1896, GTN1829, GTN1821, GTN1765, GTN1872.

B. Filamentation of <infB> mutants in the PriB+ and del(priB) backgrounds at 0 and high ppGpp. The strains from left to right

for each group are <infB(wt)>: GTN1700, GTN1703, GTN1498, GTN1502; <infB(del1)>: GTN1701, GTN1704, GTN1537,

GTN1503; <infB(del2/3)>: GTN1702, GTN1705, GTN1499, GTN1505.

C. Filamentation resulting from IF2-2/3 expressed from a plasmid vector in a del(priB) strain. Strains from left to right are

GTN1480, GTN1466, GTN1610, GTN1541, GTN1539, GTN1543, GTN1698, GTN1943, GTN1679, GTN1675, GTN1957,

GTN1681.
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Figure 5. Effect of ppGpp on the priA300 mutant
A. Effect of ppGpp and M+ suppressor mutations on viability on MMS and NFZ plates. The strains are from left to right:

GTN1867, GTN1713, GTN381, GTN1717. Three M+ suppressor mutants were independently isolated from GTN1867.

B. Effect of ppGpp levels on cellular filamentation of the priA300 mutant. Cells were analyzed as described in the legend to

Figure 4. The strains are from left to right: GTN1867, GTN1713, GTN381, GTN1717, GTN1789, GTN1811.

C. Effect of IF2-1 and IF2-2/3 expressed from a plasmid vector on the cellular filamentation of the priA300 mutant. The strains

are from left to right: GTN1860, GTN1858, GTN1856, GTN1800, GTN1757, GTN1759.
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Figure 6. Reduced Mu replication in the presence of truncated IF2 at 0 or low levels of ppGpp
A. Phage Mucts62 plating efficiency on priA300 strains expressing IF2-1 or IF2-2/3 from plasmid vectors pSPCinfB(del2/3 or

del1). Strains (from left to right): GTN1800, GTN1757, GTN1759, GTN1860, GTN1858, GTN1856, GTN1675, GTN1957.

B. Levels of Mu replication in vitro with IF2-2 and 1 mM GTP, GDP, and ppGpp. The amount of replication obtained without

the added 1 mM guanine nucleotides was set to 100 units (approximately 25% of total Mu DNA replicated).

C. Effect of GTP, GDP, and ppGpp on the binding of S-IF2-2 to Mu DNA in vitro. The level of binding when no nucleotides

were present is set to 100 units.
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Figure 7. Model for the influence of ppGpp and IF2 forms in recovery from DNA damage
Depiction of transcription-DNA replication conflicts and recovery of replication forks is based on models by Trautinger et al.

(2005) and De Septenville et al. (2012).

A. Possible activities of IF2 and potential differences between IF2-1 and IF2-2/3 accounting for their differential effects.

Activities are hypothesized for 0 levels ppGpp, where the function and activity of IF2 isoforms are potentially modulated by

ppGpp. i) IF2 as transcription factor. IF2-1 and IF2-2/3 may have differential activity as transcription factors at various

promoters. IF2-1 activates transcription at a promoter whereas IF2-2/3 may not have this activity and may even inhibit this

process. Alternatively, the roles of IF2-1 and IF2-2/3 may be reversed. ii) IF2-1 and IF2-2/3 having differing preferences for

mRNA transcripts, preferences that may be changed by ppGpp. iii) IF2-2/3 as inhibitor of fork regression. iv) After fork

regression and DNA processing, IF2-1, but not IF2-2/3, promotes loading of accessory proteins (DinG as shown, UvrD, or other

proteins) with the replisome during restart, enabling efficient replication through transcription obstacles. PriA helicase activity is

hypothesized to have an activating effect on this process.
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B. Events during DNA replication-transcription conflicts, most frequent during exponential growth and low ppGpp levels.

NusA, Mfd: proteins involved in transcription-coupled repair (Cohen et al., 2010, Selby & Sancar, 1993).

C. Events after direct collision of fork with a DNA lesion, more frequent during nutrient stress and high ppGpp levels. See text

for further details as well as alternative mechanisms.
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