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SUMMARY

In many organisms, hydroxyurea (HU) inhibits class I
ribonucleotide reductase, leading to lowered cellular
pools of deoxyribonucleoside triphosphates. The
reduced levels for DNA precursors is believed to
cause replication fork stalling. Upon treatment of
the hyperthermophilic archaeon Sulfolobus solfatar-
icus with HU, we observe dose-dependent cell cycle
arrest, accumulation of DNA double-strand breaks,
stalled replication forks, and elevated levels of
recombination structures. However, Sulfolobus has
a HU-insensitive class II ribonucleotide reductase,
and we reveal that HU treatment does not signifi-
cantly impact cellular DNA precursor pools. Profiling
of protein and transcript levels reveals modulation of
a specific subset of replication initiation and cell divi-
sion genes. Notably, the selective loss of the regula-
tory subunit of the primase correlates with cessation
of replication initiation and stalling of replication
forks. Furthermore, we find evidence for a detoxifica-
tion response induced by HU treatment.

INTRODUCTION

Hydroxyurea (HU) is widely used as a reagent to promote repli-

cation fork stalling in a range of organisms (Krakoff et al., 1968;

Young and Hodas, 1964). HU targets class I ribonucleotide

reductase (RNR), the enzyme that catalyzes the formation of de-

oxyribonucleotides from ribonucleotides (Jordan and Reichard,

1998). Inhibition of RNR results in lowered cellular pools of

deoxyribose nucleoside triphosphate (dNTPs) and thus leads

to stalling of replication forks. Although all organisms possess

RNR, the enzyme falls into distinct classes, classes I, II, and III.

Class I RNRs further subdivide into classes Ia and Ib and are

composed of a large R1 subunit and a small R2 subunit (Jordan

and Reichard, 1998). A metal-containing reaction center in the

R2 subunit generates a tyrosyl radical that is transferred to a

cysteine in the R1 subunit, thereby generating a thiyl radical
Cell Repo
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that, in turn, activates the substrate. HU acts to scavenge the

tyrosyl radical, thereby inhibiting the reaction. The basis whereby

inhibition of class I RNR leads to cell death has been established

in Escherichia coli by work from Walker and colleagues (Davies

et al., 2009). Depletion of dNTP pools leads to replication fork

stalling. This triggers induction of the MazF and RelE toxins

that in turn lead to improper translation of proteins and conse-

quent membrane stress. Perturbation of terminal cytochrome

oxidases leads to an increase in superoxide production. Upon

superoxide conversion to hydrogen peroxide, the reaction of

hydrogen peroxide with free ferrous iron leads to hydroxyl radical

generation via the Fenton reaction. This effect is likely exacer-

bated by an influx of iron, triggered by a response to the require-

ment to synthesize increased levels of RNR (Davies et al., 2009).

In addition to HU’s action via the class I RNRs, it has been re-

vealed that HU and its breakdown products can have a range

of additional effects on cells. Kuong and Kuzminov (2009) have

revealed that HU breaks down in aqueous solution to form

nitrous oxide, cyanide, and peroxides, leading to the proposal

that these compounds may contribute to the toxicity of HU.

In contrast to the class I RNRs, class II RNRs have a single

subunit and generate their thiyl radical by cleavage of an adeno-

sylcobalamin co-factor. Class II RNRs are not inhibited by HU.

Class III enzymes are inhibited by oxygen and are restricted to

obligate and facultative anaerobes (Jordan and Reichard,

1998). Interestingly, hyperthermophilic archaea of the genus Sul-

folobus encode a class II RNR but also possess an open reading

frame related to the NrdB R2 small subunit of a class I RNR (She

et al., 2001). We were therefore intrigued to determine whether

HU treatment of Sulfolobus had a physiological effect. How

archaea deal with stalled replication forks is essentially un-

known. Although the core archaeal DNA replication machinery

is fundamentally related to that of eukaryotes, the majority of eu-

karyotic DNA repair checkpoint signaling and cell cycle regula-

tors are not conserved between archaea and eukaryotes (Barry

and Bell, 2006). Archaea possess orthologs of Rad51 (termed

RadA in archaea), Rad50 and Mre11 and also the Hel308 heli-

case (Woodman and Bolt, 2009). Hel308 (also called Hjm) is

conserved between archaea and metazoa but, curiously, is

absent from yeast. It is a superfamily II helicase, and exten-

sive biochemical and structural studies with mammalian and
rts 17, 1657–1670, November 1, 2016 ª 2016 The Author(s). 1657
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archaeal Hel308 orthologs have revealed it to be a potent heli-

case in vitro, adept at unwinding synthetic oligonucleotide repli-

cation fork substrates that contain a model nascent lagging

strand. However, the precise range of activities observed seems

to vary between different species and laboratories. Heterolo-

gous genetic assays have revealed that expression of archaeal

Hel308 in an E. coli dnaE486 strain resulted in synthetic lethality,

essentially phenocopying the effect of expressing the E. coli fork

regression helicase recQ in this background (Guy and Bolt,

2005). The E. coli dnaE486 strain has a mutation in the a-subunit

of DNA pol III that leads to elevated levels of stalled forks. These

data therefore implicate Hel308 in interaction with stalled forks.

However, Hel308 is essential for viability in archaea, and thus

its physiological role in archaeal cells remains enigmatic

(Woodman and Bolt, 2009; Zhang et al., 2013).

In the current work, we demonstrate that treatment of Sulfo-

lobus solfataricus cells with HU leads to dose-dependent accu-

mulation of DNA double-strand breaks and increases in early

S-phase cell populations. Strikingly, we observe no robust de-

creases of dNTP pools. Both two-dimensional (2D) agarose

gel electrophoresis and whole-genome marker frequency ana-

lyses reveal that replication initiation still occurs following low

doses of HU treatment, but the rate of fork progression is

impacted upon. Monitoring the levels of replication, chromatin,

cell division and repair-associated proteins, and their tran-

scripts reveals a subset of proteins to be selectively lost

following HU treatment. In particular, we demonstrate that HU

has a specific and direct effect on the DNA primase. We

observe elevated levels of X-shaped DNA-junction-containing

molecules, correlating with enhanced chromatin association

of Hel308 and RadA following HU treatment. Finally, RNA-

sequencing (RNA-seq) analyses reveal the induction of a set

of genes suggestive of an anti-oxidant and detoxification

response in Sulfolobus.

RESULTS

Sulfolobus Growth Is Inhibited by HU Treatment
Members of the hyperthermophilic archaeal genus Sulfolobus

encode a gene, annotated as nrdB, encoding a protein homolo-

gous to the class I RNR small subunit (open reading frame

SSO2498 in the S. solfataricus genome). However, the putative

RNR small subunit gene shows a very restricted phyletic

distribution within the archaea, being found in a subset of the

Sulfolobales and some Halobacteria of the euryarchaea (Fig-

ure S1). In contrast, the sole Sulfolobus large-subunit RNR ho-

molog (SSO0929) appears most closely related at the primary

sequence level to class II and is conserved across the archaeal

domain including many lineages that lack the R2-like proteins
Figure 1. Effects of Chronic and Acute Treatment of Sulfolobus solfata

(A) Serial dilutions of S. solfataricus cells were plated on media containing the in

(B) Viable cell counts measured by plating efficiency following the indicated dose

error bars are SDs. Results are expressed relative to untreated cells (set at 100%

(C) Flow cytometry profiles of cells following the indicated treatment and recove

(D) Agarose gel analysis of the integrity of genomic DNA isolated from cells follo

(E) Representative micrograph showing phase contrast and fluorescence imaging

FM-464.
(Figure S1). It was therefore unclear whether Sulfolobus RNR

would be sensitive to treatment of cells with HU.

First, we plated serial dilutions of Sulfolobus solfataricus P2 on

gelrite plates containing increasing concentrations of HU. As

seen in Figure 1A, chronic exposure to 5 mM HU completely in-

hibited growth. Next, we sought to determine the effect of acute

exposure to HU on cell survival. We incubated exponentially

growing S. solfataricus cells with 5 or 10mMHU for 4 or 7 hr (Fig-

ure 1B). HU treatment was clearly toxic to cells with 66% cells

remaining viable after 4 hr treatment with 5 mM HU, dropping

to 24% after 7 hr exposure. 10 mM HU showed a stronger effect

with 32% and 17% cells viable after 4 and 7 hr, respectively.

Next, we evaluated the effect of HU treatment on cell cycle

phase distribution in the population (Figure 1C). A dose-depen-

dent response could be observed with increasing one chromo-

some (1C) populations and elevated S-phase populations

discernable by 5 mM HU; at 10 mM HU, we observed yet further

elevation of the 1C population and the appearance of a popula-

tion of cells with less than 1C genome content as adjudged by

the shoulder appearing on the left slope of the 1C peak. Next,

we tested the ability of S. solfataricus to recover from acute

HU treatment. The cells treated with 0, 5, or 10 mM HU for 4 or

7 hr, were then pelleted, washed, resuspended in fresh medium,

and grown for 7 hr, and cell cycle progression was monitored by

flow cytometry (Figure 1C). Following recovery from a 4-hr treat-

ment with 5 mM HU, the majority (>90%) of the population

showed a normal cell cycle profile. However, treatment with

5 mM HU for 7 hr or 10 mM HU for either 4 or 7 hr resulted in

appearance of enhanced signals of <1C content material, indic-

ative of extensive cell death in the cultures. Significantly, DNA

recovered from cells revealed a loss of integrity, with a smear

of lower molecular weight material, indicative of accumulation

of double-strand breaks, appearing following treatment with 10

or 5 mM HU for 7 hr (Figure 1D).

UV irradiation of Sulfolobus has also been shown to give rise to

DNA damage; however, the cellular response to UV appears to

be distinct from that to HU treatment (Götz et al., 2007). UV expo-

sure leads to the gradual accumulation of cells with greater than

two chromosome content and also induces a clumping response

due to the induction of pili that appear to facilitate DNA transfer

between cells (Ajon et al., 2011; Fröls et al., 2008). In contrast, we

observe a HU dose-dependent decrease of DNA content and fail

to detect any significant alterations in gross cell morphology or

clumping following HU treatment (Figure 1E).

HU Treatment Leads to Alteration in Levels of a Subset
of DNA Replication and Cell Division Proteins
Given the perturbation to the cell cycle profile of the population

following HU treatment, we profiled relative levels of a number
ricus with Hydroxyurea

dicated concentrations of HU.

s of HU; assays were performed in triplicates and the bars indicate the mean;

).

ry times.

wing exposure to 5 or 10 mM HU for 4 or 7 hr.

of treated or untreated cells. DNA was stained with DAPI and membranes with
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of DNA replication, DNA repair, and cell division-associated pro-

teins following HU treatment. Initially, we tested the effect of 7-hr

exposure to 10mMHU (Figures 2A and 2B). Many of the proteins

that we tested showed no significant changes in level following

HU treatment (Figure 2A). These included replication fork-asso-

ciated proteins such as the single-strand DNA binding protein

(SSB); the replicative helicase MCM; the MCM-interacting factor

Gins23; sliding clamp subunits PCNA1, 2, and 3; DNA ligase;

replicative DNA polymerase polB1; and the clamp loader RFC.

In addition, levels of WhiP, a homolog of the eukaryal pre-repli-

cative complex protein Cdt1 that acts as the initiator protein

that governs oriC3 (Robinson and Bell, 2007; Samson et al.,

2013); the chromatin protein Alba (Bell et al., 2002); the candi-

date fork regression helicase Hel308; and the recombinase

RadA (the RAD51/RecA ortholog) were unaltered in their levels

following treatment with HU.

However, a number of proteins were less abundant after treat-

ment (Figure 2A); these included the replication initiators, Orc1-1

and Orc1-3, and the cell division protein Vps4 (Samson et al.,

2008). The antisera that we have raised against the DNA primase

recognized both catalytic subunit, PriS, and the PriL accessory

subunit (Lao-Sirieix and Bell, 2004). Although levels of the cata-

lytic subunit were unaltered, the regulatory subunit was highly

reduced following treatment. This initial screen was performed

with treatment by 10 mM HU for 7 hr, which results in significant

cell death in the culture. We therefore tested the effect of 7-hr

exposure of varying concentrations of HU on the levels of pri-

mase, Orc1-1 and Orc1-3 (Figure 2C). Selective depletion of

Orc1-1, Orc1-3, and the regulatory subunit of DNA primase

can be seen at 5 mM HU. Notably, the effect on Orc1-3 was

more severe than that on Orc1-1 with minimal levels reached

at 5 mM HU for Orc1-3. We also tested the effect of varying

the time of exposure to 10mMHU (Figure 2D). We could observe

depletion of these proteins by 5 hr, preceding the accumulation

of cell debris.

Next, we tested the effect of 4-hr treatment with 5 mM HU on

the levels of transcripts for Orc1-1, Orc1-2, and Orc1-3, the reg-

ulatory subunit of primase, WhiP, RadA, Vps4, and Mre11 (Table

S1). The transcript levels for WhiP, the protein levels of which

remain unchanged, are similarly unaltered. For all the other

genes, transcript levels mirror protein levels with the important

exception of RadA, which, although unchanged at the protein

level, shows 2.4-fold elevation of mRNA levels.

HU Alters the Replication Profile of Sulfolobus
Given the roles of the Orc1 proteins in defining replication origins

andmediating replication initiation, and primase’s role in synthe-

sizing the primer for DNA synthesis, we were interested to deter-

mine the impact of HU treatment on the replication profile of

cells. First, we profiled the global status of replication using

marker frequency analysis (MFA). In this technique, DNA is quan-

tified across the chromosome bymeasuring sequence tag abun-

dance in 8-kbp windows by next-generation sequencing. The

ratio of tag abundance from DNA purified from asynchronous

replicating cells is then normalized to that of a non-replicating

stationary phase culture. As can be seen in Figure 3A, replication

origins are represented as peaks and termination zones as

troughs in the resultant plots. Overlaying the plots for control
1660 Cell Reports 17, 1657–1670, November 1, 2016
cells and cells treated with 5 or 10mMHU reveals that the ampli-

tude of the profiles seen with 5 mM HU is higher than in control

cells, indicating that a greater proportion of the cell cycle is spent

in S-phase. The relative height of the oriC2 peak is reduced

compared to those for oriC1 and oriC3 (compare with the control

panel). Treatment with 10 mM HU resulted in the peak corre-

sponding to WhiP-dependent oriC3 having the highest ampli-

tude; in addition, the slopes of the peaks appear less uniform

when compared to either control or 5 mM HU-treated samples,

suggesting a less uniform rate of progression of replication forks

within the cell population.

We next performed 2D neutral-neutral agarose gel analyses to

assess firing at the origins (Figure 3B). Replication initiation arcs

can be seen at oriC1, oriC2, and oriC3 in control cells (0 mMHU).

We can still detect these initiation structures at oriC1 and oriC3

and, extremely faintly, at oriC2 in cells that have been treated

with 5 mM HU for 4 hr. However, cells exposed to 10 mM HU

for 4 hr no longer possess detectable bubble arcs. Instead, we

now detect abundant species corresponding to X-shaped mole-

cules at all three origins. To test whether these species were spe-

cific to origins, we performed 2D gels to examine replication

structures at two further origin-distal loci (Figure 3C). At both of

these regions, we also observe X-shaped structures following

treatment with 10 mM HU.

HU Treatment Stimulates Hel308 and RadA Association
with DNA
Next, we employed chromatin immunoprecipitation (ChIP) to

test whether the residual Orc1 initiator proteins remain associ-

ated with origins following HU treatment. However, as can be

seen in Figures 4A–4C, neither Orc1-1 nor Orc1-3 binds detect-

ably to the origins following HU treatment. In contrast, WhiP, the

levels of which are not affected by HU treatment, remains asso-

ciated with oriC3 (Figure 4C). Next, we performed ChIP analysis

of the replicative helicase, MCM (Figure 4E). We observe up to

25-fold enrichment of MCM at both origin proximal and origin

distal loci following HU treatment. This is not simply due to

improved cross-linking or DNA recovery following HU treatment

as ChIP testing the distribution of the chromatin protein Alba

shows at most a 2.5-fold variation between treated and non-

treated samples (Figure 4F). We propose therefore that the

accumulation of MCM corresponds to elevated levels of stalled

replication forks following HU treatment (Figure 3B). As dis-

cussed in the Introduction, biochemical studies have suggested

that the essential Hel308 helicase may be involved in processing

of stalled replication forks (Woodman and Bolt, 2009). We there-

fore performed ChIP analyses with antisera generated against

this protein and observed an enrichment of up to 22-fold at ori-

gins of replication (Figure 4G). Interestingly, this protein was

only modestly enriched (4.6-fold) at the non-origin locus where

we observed 25-fold enrichment of MCM. Finally, we performed

ChIP with the RecA/Rad51-like recombinase, RadA, and

observed up to 7-fold enhancement of this protein at origins

and distal loci upon HU treatment (Figure 4H).

HUTreatment Does Not Lead to Depletion of dNTPPools
Thus, we observe HU-mediated toxicity and DNA damage as

manifested by altered replication rates, increases in X-shaped
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Figure 2. Molecular Consequences of Treatment of S. solfataricus with HU

(A) Western blot analysis of the levels of a variety of replication and cell division-associated proteins in Sulfolobus following treatment with 10mMHU for 7 hr. The

anti-WhiP antisera detects full-length protein and an additional truncated form. Loading for all panels was confirmed by western blotting for the general

transcription factor, TBP. A single representative TBP panel is shown.

(B) Flow cytometry profile confirming the cell cycle arrest upon HU treatment for the cells used in (A).

(C) Western blot analyses of the effect of 7 hr exposure to the indicated concentrations of HU on the levels of Orc1-1, Orc1-3, and primase subunits. Flow

cytometry profiles of the cells following treatment are shown on the right. TBP serves as a loading control in this and the subsequent panel.

(D) Effect of varying the time of exposure to 10 mM HU on the levels of Orc1-1, Orc1-3, and primase subunits. Flow cytometry profiles of the treated cells are

shown to the right of the western blot images.

Cell Reports 17, 1657–1670, November 1, 2016 1661



A

B C

Figure 3. Perturbation of DNA Replication upon Treatment with HU

(A) Marker frequency analyses of the replication profile of cells treated with 0, 5, or 10 mM HU for 7 hr. DNA was recovered from the indicated cultures and

subjected to next-generation sequencing on an Illumina platform. Read counts were binned into 8-kb windows and normalized to DNA isolated from G2 (sta-

tionary phase) cells. Raw values for the individual counts are shown in gray, and a smoothed, moving 25-point average is shown in black. The lower right-hand

panel shows an overlay of the three smoothed signals.

(legend continued on next page)
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recombination structures, loss of DNA integrity, elevated chro-

matin association of the RadA recombinase and putative fork

regression helicase, Hel308, and perturbation to the cell cycle

profile with an increase in G1/early S-phase cells. These pheno-

types are reminiscent of the consequences of HU-mediated inhi-

bition of RNR in eukaryotic cells with consequent depletion of

dNTP pools leading to replication fork arrest. We therefore quan-

tified dNTP levels in cells before and after treatment with 5 or

10 mM HU for 4 and 7 hr (Figure 5). Absolute levels of dNTPs

and NTPs were measured. Levels of both dNTPs and NTPs

drop with HU concentration and treatment time, likely in line

with the loss of cell viability we observe following HU treatment.

NTP levels serve as a normalization control for intact cells in the

population. When the ratios of dNTP:NTPs were calculated, a

modest (2- to 3-fold) increase in relative levels of all dNTPs apart

from dCTP is observed. As treatment of Sulfolobus with HU re-

sults in cell cycle arrest in G1/early S-phase, we propose that

the increase of dATP, dGTP, and dTTP reflects the reduced

rate of dNTP incorporation into DNA, thereby elevating pools

of the precursors. In light of the lack of depletion of the other

deoxyribonucleoside triphosphates, the drop in dCTP levels

was surprising. Although this is a modest effect, at most 2-fold

when normalized to NTP levels, we do not exclude the possibility

that it may have an impact on the replication rate. The basis of

the dCTP reduction is unresolved at this time, although we spec-

ulate that may be due to the action of dCTP deaminase in

Sulfolobus.

Based on the presence of a vitamin B12-dependent, HU-

insensitive, class II RNR in archaea, the substitution of the crucial

tyrosine targeted by HU in the NrdB-like protein by phenylala-

nine, the grouping of the NrdB-like SSO2498 with the non-

RNR-associated R2lox family of ligand-dependent oxidases,

and the increase in relative levels of dATP, dGTP, and dTTP in

HU-treated cells, we conclude that the primary mode of action

of HU in Sulfolobus is not through inhibition of RNR.

Walker and colleagues (Davies et al., 2009) have revealed that

HU induces hydroxyl-radical-mediated cell death in bacteria.

This is thought to be effected in part by increased iron uptake

leading to enhanced OH, formation via the Fenton reaction.

Importantly, addition of the OH, scavenger thiourea to the me-

dium prevented HU-mediated cell death of E. coli cultures. In

contrast, however, thiourea had no impact on the cytotoxic ef-

fect of HU on S. solfataricus (Figure 5D). Additionally, we tested

for induction of oxidative stress in Sulfolobus by monitoring the

levels of SsDps (Maaty et al., 2009; Wiedenheft et al., 2005).

The SsDps protein forms a cage-like structure with a di-iron-

binding motif and facilitates the oxidation of Fe(II) to Fe(III).

Importantly, although treatment of S. solfataricus cultures with

30 mM hydrogen peroxide results in the previously observed

elevation of Dps levels (Figure 5E and see below), treatment

with HU has no detectable impact on the levels of the SsDps

protein.
(B) 2D neutral-neutral agarose gel analyses of the oriC1-3 following treatment wi

triangles point to the ‘‘bubble’’ arc indicative of replication initiation.

(C) A cartoon of the migration of the indicated bubble-containing, Y-shaped and

reveals the relative positions of the loci probed. The lower four panels show the

SSO1521 and SSO2661 loci.
Specificity of Primase Regulatory Subunit
Depletion by HU
The data above indicate that initiation of DNA replication at all

three origins is impacted by HU treatment, even though levels

and chromatin association of WhiP, the initiator for oriC3, are

unaffected by administration of HU. Our observation that the reg-

ulatory subunit of primase, PriL, is selectively lost upon HU treat-

ment could account for the loss of origin firing and cessation of

fork progression that we observe. However, it is formally

possible that the effects we see on PriL levels could be a conse-

quence of cell death, rather than a direct effect of HU treatment.

To address this concern, we first subjected cells to two other

genotoxic insults, UV treatment and treatment with hydrogen

peroxide. We exposed cells to 200 J/m2 UV, and then grew

them for 4 or 7 hr before plating serial dilutions to test for viability

(Figure 6A). To prevent photo-reactivation, the cells were grown

in the dark prior to plating (Götz et al., 2007; Fröls et al., 2007).

Viability was essentially unaffected by 4-hr growth in the dark

after UV irradiation; however, growth for 7 hr prior to plating re-

sulted in survival dropping by two orders of magnitude. Despite

the differences in viability, western blotting revealed no signifi-

cant changes in the absolute or relative levels of primase cata-

lytic and regulatory subunits (Figure 6A). Similarly, treatment of

cells with 30 or 100 mM hydrogen peroxide for 4 or 7 hr impacted

on viability (Figures 6B and 6C), with severity of impact on cell

viability scaling with concentration and exposure time. This

ranged from an approximately 10-fold reduction in the number

of viable cells with a 4-hr treatment with 30 mM hydrogen

peroxide to complete loss of viability with administration of

100 mMhydrogen peroxide. Regardless of the impact on viability,

relative levels of primase subunits were unaltered by H2O2 (Fig-

ures 6B and 6C). Thus, the effects of HU on levels of PriL appear

to be specific to treatment with this agent, not simply a conse-

quence of cell death. To determine whether HU could directly

impact primase stability, we tested the effect of hydroxyurea

on the purified primase complex in vitro. As can be seen in Fig-

ure 6D, top panel, incubation of the heterotrimeric PriSLX com-

plex with 5 or 10 mM HU for 4 hr leads to enhanced precipitation

of the complex. Compared to the water-treated control, we

observe a 16- or 20-fold enrichment of primase in the insoluble

material for 5 and 10 mMHU, respectively. Incubation of recom-

binant MCM helicase or DNA polymerase PolB1 with HU had no

discernable impact on the solubility of these proteins (Figure 6D,

lower panels).

The Genome-wide Transcriptional Response to HU
Treatment
We observe HU-mediated toxicity and DNA damage as mani-

fested by altered replication rates, increases in recombination

structures, elevated chromatin association of the RadA recombi-

nase and putative fork regression helicase, Hel308, yet dNTPs

are not reduced compared to untreated controls. We propose
th 0, 5, or 10 mM HU for 7 hr (flow cytometry profiles shown at bottom). White

X-shaped species is shown in the upper left panel, and the upper right panel

impact of HU treatment on the DNA structures detectable at the non-origin
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Figure 5. HU Treatment Does Not Decrease dNTP Pools

(A and B) dNTP (A) and NTP (B) levels were quantified following the treatment of cells with 0, 5, or 10 mM HU for 4 or 7 hr; measurements were performed in

duplicate, and the bars indicate the mean; error bars are SDs.

(C) Mean dNTP pools normalized by the sum of all NTPs in each sample to account for cell death.

(D) HU toxicity is not ameliorated by addition of thiourea. Cells were grown for 4 hr with 0, 5, or 10mMHUwith (black) or without (white) 10mM thiourea. Viable cell

counts measured by plating efficiency following the indicated treatment; assays were performed in triplicate, and the bars indicate the mean; error bars are SDs.

Results are expressed relative to untreated cells (set at 100%).

(E) Western blot analyses to test the consequences of hydrogen peroxide and hydroxyurea treatment on the levels of primase subunits and the Dps protein.
that loss of primase activity will contribute to the toxicity of HU

but do not exclude the possibility that HU will have additional

effects. To address the basis of the HU toxicity, we performed

RNA-seq analyses on untreated cells and cells following expo-

sure to 5 mM HU for 4 hr. There are no large-scale global

changes in the overall transcript profile (Figure S4). Indeed, we

only observe significant (p < 0.05) changes in the levels of 25

transcripts (Table 1). We observe a repression of genes involved

in de novo purine biosynthesis. Conversely, thiamine synthesis

genes, a number of genes encoding iron-binding proteins, anti-
Figure 4. ChIP Analyses of Chromosome Occupancy by Replication In

(A–D) ChIP analyses of binding of the Orc1-3 andWhiP proteins to the three replica

10 mM HU for 7 hr. ChIP reactions were performed in triplicate, and data are ex

(E–H) Occupancy of the indicated genomic loci by MCM (E), Alba (F), Hel308 (G), a

10 mM HU for 4 hr.

Mean values of the triplicate repeats are shown, and error bars indicate the SD o
oxidant components, and a sulfur metabolism pathway are

induced. The implications of these observations are discussed

below.

DISCUSSION

In the current work, we have provided a description of the re-

sponses of a member of the archaeal domain of life to treatment

with HU. The best-characterized role for HU is the inhibition of

class I ribonucleotide reductase, and we were initially prompted
itiation and DNA Repair Factors Modulated by HU Treatment

tion origins (A–C) and distal control locus SSO2847 (D) in cells treated with 0 or

pressed as fractional recovery of the total input material.

nd RadA (H) as adjudged by ChIP from untreated cells or cells treated with 5 or

f the data.
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Figure 6. The Depletion of the Regulatory Subunit of Primase Is Specific to HU Treatment

(A–C) The upper panel shows plating of 10-fold serial dilutions either mock-treated (�) or treated (+) with (A) 200 J/m2 of UV light (254 nm) or (B) 30 mM or (C)

100 mM hydrogen peroxide for the indicated times. The lower panels contain western blots to determine levels of primase and TBP proteins.

(D) Treatment of 13.5 mM recombinant primase (upper panel), MCM (middle panel), or PolB1 (bottom panel) with the indicated concentrations of HU for 4 hr

at 78�C leads to selective precipitation of primase. Following treatment, samples were centrifuged to separate soluble (s) and precipitated (p) material and

corresponding fractions analyzed by SDS-PAGE and stained with Coomassie brilliant blue.
to test the effect of HU on Sulfolobus because of the docu-

mented presence of a gene encoding a homolog of the class I

RNR small subunit, NrdB. Furthermore, a number of recent

studies have employed HU as a DNA-damaging agent in Sulfo-

lobus, based on the untested assumption that it induces fork

stalling, as in eukaryotes (Huang et al., 2015; Liang et al., 2013;

van Wolferen et al., 2015). However, the RNR large subunit is

clearly of the class II, vitamin B12-dependent, and HU-insensi-

tive family. Regarding the NrdB homolog, recent work has

described the existence of a series of NrdB-related proteins,

termed R2lox (Andersson and Högbom, 2009; Högbom, 2011).

This family was first identified in Mycobacterium, and although

they have no demonstrated function, they are thought to play
1666 Cell Reports 17, 1657–1670, November 1, 2016
roles as ligand-dependent oxidases. One of the hallmarks of

the R2lox family is the presence of a phenylalanine in place of

the pivotal tyrosine residue in true RNR small-subunit proteins.

Importantly, the Sulfolobus NrdB-like protein possesses a

phenylalanine at this position. Furthermore, phylogenetic ana-

lyses clearly place it in the R2lox clade (Figures S2 and S3).

Thus, it appears that this archaeal protein is not in fact a true

RNR subunit. We also note that we have failed to detect any

physical interaction between the Sulfolobus NrdB and NrdJ pro-

teins. In agreement with the proposal that theNrdB-like protein is

not a true RNR component, we demonstrate that there is no

reduction of cellular dATP, dTTP, or dGTP pools following HU

treatment. Intriguingly, we do observe a reduction of up to



Table 1. Transcripts Showing Significant (p < 0.05) Alterations in Level following Treatment with 5 mM Hydroxyurea for 4 hr

Genes Description Fold Change (log2) p Value

SSO2292* Amino acid transport �4.5 0.006

SSO6264* Purine biosynthesis operon �4.2 0.024

SSO0626* 5-Aminoimidazole-4-(N-succinylcarboxamide) ribonucleotide (SAICAR)

synthase—and linked genes

�4 0.024

SSO3189* Amino acid transporter �3.9 0.019

SSO2017+8 Enoyl-CoA hydratase, 1,2-phenylacetyl-CoA epoxidase—detoxification—

has di-iron center SSO2018 may have role in benzoate catabolism

3.3 0.049

SSO1817 Thiosulfate sulfur transferase 3.4 0.047

SSO2908:2909: 2911 Uroporphyrin-III C-methyltransferase (sirohemesynthase) (cysG): sulfite

reductase hemoprotein beta component(cysI): 30-phosphoadenosine
50-phosphosulfatesulfotransferase (PAPS reductase) (cysH)—4Fe,4S
cluster-containing

3.4 0.046

SSO3059 Maltose transporter, permease 3.4 0.046

SSO3058 Maltose transporter, permease 3.6 0.036

SSO2881 FeS-containing radical SAM enzyme 3.6 0.036

SSO2858 and 2860 Selenium binding protein (possible role in redox modulation) 3.7 0.036

SSO2912: 2913:2914 Sulfate adenylyltransferase (sat): hypothetical: TauE (sulfite or taurine

exporter)

3.6 0.032

SSO1591 Symporter 3.6 0.036

SSO2019–2022 Benzoate catabolism 3.8 0.047

SSO2966 Hypothetical 3.8 0.046

SSO1369 Thiamine pyrophosphate-dependent dehydrogenase 3.9 0.036

SSO3045–3048 Oligopeptide transport 4 0.048

SSO2671 Oligopeptide ABC transporter 4 0.032

SSO2976 Hypothetical 4.2 0.024

SSO1593 Major facilitator superfamily transporter for benzoate 4.4 0.006

SSO1102 Hypothetical transcriptional regulator—possible metal binder 4.5 0.014

SSO1816 FeS-containing protein—ferredoxin-like 4.5 0.014

SSO3055 Maltose transporter, ABC 4.5 0.0061

SSO2089 Ten-A/THI-4—adjacent to protease, so more like TenA? 4.5 0.024

SSO1741+2 DoxAD thiosulfate:quinone oxidoreductase 4.7 0.0075

SSO1324 Thiamine biosynthesis—4Fe,4S-containing 4.7 0.0047

Genes showing reduced expression after HU treatment are highlighted with an asterisk (*).
2-fold in the levels of dCTP relative to total NTP levels. Although it

is possible that this reduction in dCTP could impinge on replica-

tion rate, we note that similar reductions of dTTP in budding

yeast have no impact on S-phase progression (Kohalmi et al.,

1991; Liskay et al., 2007).

Although the classical target for HU is absent from archaea,

HU treatment is clearly highly toxic to Sulfolobus cells, eliciting

a graded series of responses depending on the concentration

and timing of HU treatment. At 5 mM HU, we see ongoing repli-

cation initiation at oriC1 and oriC3 and reduced levels of initiation

at oriC2, in the context of an overall slowing of S-phase, as de-

tected both by flow cytometry and marker frequency analyses.

We have previously shown that oriC2 has a broader temporal

window of firing within the cell population (Duggin et al., 2008).

Our data could therefore indicate that impaired fork progression

from oriC1 and oriC3 following HU treatment is sensed and re-

sults in a negative feedback to oriC2. This hypothesis is sup-

ported by the increased occupancy of genomic loci by MCM
and a clear stimulation of the presence of the putative fork

regression helicase Hel308 and the recombinase RadA on

DNA, correlating with our observations of the accumulation of

X-shaped DNA molecules at both origin-containing and non-

origin loci. We note that Hel308 and RadA are essential for

viability in Sulfolobus, preventing us from testing whether dele-

tion of these genes sensitizes the organism to HU treatment

(Zhang et al., 2013). Concomitant with these effects, we observe

a reduction in the transcript levels for theOrc1-1 andOrc1-3 initi-

ator proteins, and the regulatory subunit of primase. Conversely,

the transcripts for RadA and Mre11 are elevated. Interestingly,

although the operon encoding the genes for Rad50 and Mre11

has been previously shown to be upregulated by UV-induced

DNA damage, the radA gene remained constitutively expressed

after UV treatment (Fröls et al., 2007; Götz et al., 2007).

At 10 mM HU doses, we observe cessation of replication initi-

ation at all three origins. For oriC1 and oriC2, this can be ex-

plained by the marked reduction of the cognate Orc1-1 and
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Orc1-3 initiator proteins (Robinson et al., 2004; Samson et al.,

2013), and the consequent inability to detect Orc1-1 and

Orc1-3 at origins by ChIP. However, levels of the WhIP protein,

the initiator required for oriC3, are not altered, and ChIP reveals

that this protein remains associated with oriC3 even after treat-

ment with 10 mM HU. Thus, at this origin, replication is being in-

hibited downstream of origin specification. We note that the

inability to mediate replication initiation at all three origins corre-

lates with the maximal loss of the regulatory subunit of primase,

and we propose that this may be a principal cause of the replica-

tion arrest.

The selective loss of PriL, the regulatory subunit of DNA pri-

mase, is intriguing. We were concerned that the effects on pri-

mase could be indirect, particularly because we observe cell

death in the culture upon HU treatment. However, lethal doses

of either hydrogen peroxide or UV light do not result in any

detectable loss of PriL, suggesting that either HU itself or a pecu-

liarity of the death caused by HU impacts specifically on pri-

mase. In support of the proposal that the effect of HU is direct,

we observe that primase is destabilized by treatment with HU

in vitro. PriL contains a labile 4Fe,4S cluster in its C-terminal

domain and thus could be highly sensitive to the redox status

of cells (Klinge et al., 2007). We note that 5 of the 21 transcripts

induced upon 5 mM HU treatment encode proteins with candi-

date iron-binding modules. We cannot, however, detect any

evidence for induction of the oxidative stress response protein

SsDps, in contrast to the effect observed upon treatment of cells

with high (30 mM) concentrations of hydrogen peroxide. Further-

more, oxidative stress induction by H2O2 treatment does not

lead to any discernable loss of the regulatory subunit of primase.

Additionally, we do not observe any significant alteration in levels

of transcripts for the genes encoding components of the SUF

pathway that performs iron-sulfur cluster biosynthesis (Iwasaki,

2010). We note that hydroxyurea has been demonstrated to

chelate iron ions in weakly acidic conditions (Konstantinou

et al., 2011). This suggests a potential mechanism for the desta-

bilization of the labile FeS cluster in PriL (Klinge et al., 2007). We

speculate that destabilization of the cluster leads to localized un-

folding of the PriL protein and thus accounts for the precipitation

of the primase complex that we observe in vitro and targeted

degradation of the destabilized PriL in vivo.

Although loss of the primase could account for the replication

arrest we observe, it is likely that HU will have additional toxic ef-

fects in the cell. Kuzminov and colleague (Kuong and Kuzminov,

2009) revealed that ‘‘aged’’ HU solutions contain cyanide,

nitrous oxide, and a number of peroxides. Notably, our RNA-

seq data reveal the induction of a transporter for a free radical

scavenger, benzoate, as well as a cluster of genes involved in

benzoate catabolism. We additionally observe induction of

biosynthetic enzymes for thiamine, an antioxidant, as well as

elevated transcription of a sulfate utilization operon that encodes

enzymes in a pathway that proceeds via adenosine 50-phospho-
sulfate (APS) and sulfite to generate hydrogen sulfide. Notably,

the gene for the sulfite reductase is upregulated, as is that for

Uroporphyrin-III C-methyltransferase, responsible for biosyn-

thesis of the siroheme co-factor necessary for sulfite reductase

activity. Furthermore, we observe the induction of SSO1817, a

thiosulfate sulfur-transferase and homolog of Rhodanese, an
1668 Cell Reports 17, 1657–1670, November 1, 2016
enzyme that de-toxifies cyanide utilizing thiosulfate to generate

thiocyanate and sulfite (Cipollone et al., 2007). Elevated sulfite,

itself a toxic metabolite, can be dealt with in three ways, via

the action of sulfite reductase to generate hydrogen sulfide; via

APS reductase and sulfate adenylate transferase; and finally by

export from the cell via the sulfite exporter. Genes for proteins

in all three of these pathways are upregulated in our RNA-seq

dataset (Table 1; Figure S6).

We speculate therefore that, although we prepared fresh HU

solutions prior to experiments, in accordance with the Arrhe-

nius equation the high temperatures required to grow Sulfolo-

bus (75–80�C) may have accelerated the generation of these

toxic breakdown products, resulting in induction of the protec-

tive responses that we document in the RNA-seq analyses.

Thus, we conclude that the extensive DNA damage we observe

may be a consequence of direct action of these by-products

rather than via depletion of dNTP pools and consequent

replication fork stalling. In addition, destabilization of the iron-

sulfur cluster in the regulatory subunit of the primase, leading

to degradation of this subunit, will lead to cessation of DNA

synthesis.

In addition to the reduction in levels of the subset of ‘‘early’’

replication factors, we observe reduced levels of the cell division

protein CdvA and almost complete loss of the ATPase Vps4

(Samson et al., 2008, 2011). Notably, like Orc1-1 and Orc1-3,

levels of Vps4 protein do not vary in a normal cell cycle, suggest-

ing the existence of a targeting system that directs these proteins

for degradation upon cellular stress (Duggin et al., 2008; Samson

et al., 2008). However, unlike previous work where we have

impaired cell division by overexpressing a trans-dominant-nega-

tive allele of Vps4, in the present situation we do not observe the

generation of cells with a greater than 2C content (Samson et al.,

2013). Thus, the combination of impairing replication initiation

with targeting the cell division machinery appears to prevent

overreplication events. This behavior could be viewed as a

checkpoint response, allowing the cell time to repair damage.

Given that Sulfolobus species lack the sophisticated kinase cas-

cades that govern eukaryotic cell cycle progression, it will be of

considerable interest to determine the nature and molecular

basis of the coordinate regulation of eukaryotic-like core replica-

tion and cell division machineries.
EXPERIMENTAL PROCEDURES

Cell Growth and Drugs Treatment

S. solfataricus P2 cells were grown at 78�C in Brock’s medium, pH 3.2, con-

taining 0.1% (w/v) tryptone. Cells to be treated with HU (Sigma), thiourea

(Sigma), or H2O2 (Sigma) were grown to A600 = 0.3 before an indicated amount

of the drug was added. All drug treatments were done at 78�C. For HU block

and release, a 20-mL HU-treated culture was washed three times with 2 mL of

pre-warmed water before growth was resumed in fresh Brock’s medium. For

hydrogen peroxide and UV treatment, S. solfataricus P2 was grown in Brock’s

medium to an OD600 of 0.1–0.2 and then split into two cultures, and one was

exposed to 200 J/m2 UV using a SpectroLinker XL-1000 UVCrosslinker (Spec-

tronics Corporation). For hydrogen peroxide treatment at 30 and 100 mM,

hydrogen peroxide was added to one culture at 100 or 30 mM, whereas the

other had water added in equal volume as a control. The liquid cultures were

grown shaking at 78�C for 4 and 7 hr. At both time points, OD600 readings

and cell extract samples for western blots were taken, and each culture was

spotted onto plates as previously described.



Flow Cytometry

100 mL of culture was mixed with 700 mL of ice-cold ethanol and stored at

4�C. Cells were centrifuged for 5 min at 13,000 rpm and resuspended

in 1 mL of 10 mM Tris-Cl (pH 7.4), 10 mM MgCl2. Cells were centrifuged

and then resuspended in the same buffer containing 10 mM Sytox Green

(Invitrogen) and 100 mg/ml RNase A. Samples were analyzed on a Dako

CyAn ADP flow cytometer with a 488-nm laser excitation, operated by

Summit software.

Cell Viability Tests

Cell culture was diluted to A600 = 0.1 (equivalent to 1 3 108 cells/ml) with pre-

warmed water and was then 10-fold serially diluted to A600 = 13 10�4 (equiv-

alent to 1 3 105 cells/ml). 50 mL of the diluted cells were plated onto Brock’s

plates in triplicate. Plates were incubated at 78�C until colonies appeared.

The number of viable cells per ml was calculated by multiplying the average

number of colonies formed on a plate by the dilution factor and dividing it by

the volume of cells plated. For spotting assays, the cell culture was diluted

to A600 = 0.1 (equivalent to 1 3 108 cells/ml) and then serial diluted in 10 folds

concentration steps. 5 mL of each dilution were spotted onto gelrite plates

made with varying concentrations of HU.

Whole-Cell Lysate Preparation and Western Blotting

20 mL of cell culture were harvested and resuspended in 20 mL of water per mg

of pellet. SDS-PAGE loading buffer was added to 13, and the sample was

boiled for 5 min. Ten to 15 mL of whole-cell extract was separated by SDS-

PAGE, and standard western blotting was then performed. Hel308 antibodies

were raised in rabbits injected with purified recombinant Sulfolobus Hel308

protein (a kind gift from Malcolm White, St. Andrews, UK).

dNTP and NTP Pools Quantitation

A total of 2.73 1010 cells per measurement was harvested by filtration through

0.45 mm nitrocellulose filters (Millipore), resuspended in 0.7 mL of ice-cold

10% TCA and 15 mM MgCl2, and processed as described (Jia et al., 2015).

Genomic DNA Preparation and Analysis

10 mL cell culture were harvested and resuspended in 300 mL of lysis buffer

(20 mM Tris-HCl [pH 8], 5 mM EDTA, 1% SDS). The lysate was extracted at

least three times with phenol:chloroform, 1:1, until the aqueous layer was

clear. DNA was then ethanol precipitated and RNase A (1 mg/ml) digested.

5 mg DNA were analyzed by 1% agarose gel electrophoresis.

qRT-PCR and RNA-Seq

Total RNA purification, reverse transcription, and qPCR were carried out as

described (Samson et al., 2008). Primers used for qPCR are listed in Table

S2. RNA-seq was performed on RNA pooled from triplicate cultures of

treated and untreated cells. Library preparation and sequencing were per-

formed by the Wellcome Trust Centre for Human Genetics (Oxford, UK). Data

were analyzed using the SeqMonk package (http://www.bioinformatics.

babraham.ac.uk/projects/seqmonk/); significant changes in transcript levels

were identified using the Intensity Difference method.

ChIP, qPCR, MFA, and 2D Agarose Gel Electrophoresis

MFAwas performed as described; 2D gel electrophoresis and Southern trans-

fer were carried out as detailed previously (Robinson et al., 2004). Probes for

detecting Sso2661 and Sso1521 regions were amplified by PCR from

S. solfataricus P2 genomic DNA using the primers listed in Table S3. ChIP

and qPCR using the primers listed in Table S3 were carried out as described

(Duggin et al., 2008). Primers used for qPCR are listed in Table S3.

Statistical Analysis

ChIP and qRT-PCR experiments were performed in triplicate, and SDs

were calculated. RNA-seq was performed on pooled triplicate biological sam-

ples. Statistical analysis of the data was performed using the intensity differ-

ence test (http://www.bioinformatics.babraham.ac.uk/training/Advanced%

20SeqMonk.pdf).
Cloning and Purification of PriSLX

PriX (Liu et al., 2015) was PCR amplified from S. solfataricus genomic DNA

using two primers: PriX50 (50-GATCCCATATGAGTCAAGAGAAAAAAGCCAA

AAAAATT) and PriX30 (50-GTCCTACCTCGAGTTAGCTATTTTTTAATACTCT

TATTATCTCATTG), which contain the underlined restriction enzyme sites for

NdeI and XhoI, respectively. The PriX gene was then inserted into the

RSFDuet-1 vector (Novagen) to create the expression vector PriX-pRSF.

PriS and PriL were previously cloned and expressed in our laboratory (Lao-

Sirieix and Bell, 2004; expression vector-pETpri). E. coli Rosetta (BL21) cells

were co-transformed with pETpri and PriX-pRSF and grown in LB medium

supplemented with chloramphenicol, ampicillin, and kanamycin. When A600

reached 0.4, 1 mM isopropyl-b-D-thiogalactopyranoside was added to induce

expression of PriS, PriL, and PriX. Additionally, the media was supplemented

with 0.5 mM L-cysteine and 0.5 mM ammonium iron(II) sulfate hexahydrate to

promote iron-sulfur cluster production in PriL. After 4 hr, cells were harvested

by centrifugation. In order to limit iron sulfur cluster oxidation, the entire puri-

fication was carried out in a single day. Cells were lysed in buffer A (10 mM Tris

[pH 8], 150 mM NaCl, 14 mM 2-mercaptoethanol) and a cocktail of protease

inhibitors (Roche; Complete) by French press and pelleted. The supernatant

was heat treated at 70�C for 20 min before a final centrifugation step. The re-

maining soluble supernatant was loaded onto a 5-mL HiTrap Heparin column

(GE Healthcare) and eluted using a linear gradient from buffer A to buffer B

(10 mM Tris [pH 8], 1 M NaCl, 14 mM 2-mercaptoethanol). Peak fractions

eluted around 60% buffer B and were pooled and loaded onto a Superdex

26/600 75 (GE Healthcare) equilibrated with buffer A. The resulting peak frac-

tions were pooled and flash frozen.

Precipitation Assay

100 mL reactions containing the indicated proteins at 13.5 mM were incubated

with either water, 5 mM HU, or 10 mM HU. Reactions were incubated at 78�C
(the growth temperature of Sulfolobus) for 4 hr. 60 mL of the whole reaction

were pelleted, and 30 mL of the soluble fraction were mixed with loading

dye. The pellet was resuspended in 30 mL of water and mixed with loading

dye. Soluble and insoluble fractions were separated on an SDS-PAGE gel

and stained with Coomassie dye. Enrichment of primase in the insoluble frac-

tions was compared relative to the water-treated insoluble fraction and deter-

mined using the ImageQuant software.
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