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Given that transition metals are essential cofactors in central biological processes, misallocation of the wrong metal

ion to a metalloprotein can have resounding and often detrimental effects on diverse aspects of cellular physiology.

Therefore, in an attempt to characterize unique and shared responses to chemically similar metals, we have

reconstructed physiological behaviors of Halobacterium NRC-1, an archaeal halophile, in sublethal levels of Mn(II),

Fe(II), Co(II), Ni(II), Cu(II), and Zn(II). Over 20% of all genes responded transiently within minutes of exposure to

Fe(II), perhaps reflecting immediate large-scale physiological adjustments to maintain homeostasis. At steady state,

each transition metal induced growth arrest, attempts to minimize oxidative stress, toxic ion scavenging, increased

protein turnover and DNA repair, and modulation of active ion transport. While several of these constitute

generalized stress responses, up-regulation of active efflux of Co(II), Ni(II), Cu(II), and Zn(II), down-regulation of

Mn(II) uptake and up-regulation of Fe(II) chelation, confer resistance to the respective metals. We have synthesized

all of these discoveries into a unified systems-level model to provide an integrated perspective of responses to six

transition metals with emphasis on experimentally verified regulatory mechanisms. Finally, through comparisons

across global transcriptional responses to different metals, we provide insights into putative in vivo metal selectivity

of metalloregulatory proteins and demonstrate that a systems approach can help rapidly unravel novel metabolic

potential and regulatory programs of poorly studied organisms.

[Supplemental material is available online at www.genome.org. The microarray data from this study have been

submitted to GEO under accession nos. GSM109343–GSM109461 and GSM109514–GSM109522.]

Transition metals such as manganese (Mn), iron (Fe), cobalt (Co),
nickel (Ni) copper (Cu), and zinc (Zn) are essential cofactors in
the physiology of all organisms. In fact, recent estimates suggest
that over half of all proteins in every organism are metallopro-
teins (Degtyarenko 2000). Although essential in trace amounts,
at higher levels these metals can be toxic to cells because they
directly or indirectly compromise DNA, protein, and membrane
integrity and function. For example, cycling in redox states of
metals such as Fe and Cu and antioxidant scavenging by redox-
inactive metals such as Zn can both cause oxidative damage to
cell components through increased production of reactive oxy-
gen species (ROS) (Nelson 1999). Organisms usually avoid metal
toxicity through selective uptake, trafficking, and efflux of metal
ions, enzymatic conversion of metals into non- or less-toxic re-
dox states, or sequestering toxic metal ions with ferritins and
metallothioneins (Silver 1992; Blindauer et al. 2002; Reindel et al.
2002; Zeth et al. 2004). These mechanisms are believed to be
often regulated by free metal-ion concentration (Raab and Feld-
man 2003). In this regard, other factors such as salinity, pH,
temperature, and growth-medium components can all influence
the metal stress response because they can alter effective free
metal ion concentration in the cell (Babich and Stotzky 1980) or
influence metal state (Nieto et al. 1989). However, recent studies
have cast doubt on whether there is indeed sufficient intracellu-
lar free metal ions for metal sensors to directly bind and modu-
late metal uptake or efflux (Outten and O’Halloran 2001). If so,

then protein–protein interactions between metalloproteins and
metallochaperones have been proposed to play a more promi-
nent role in metal trafficking (metal sensing and allocation) than
previously appreciated (Tottey et al. 2002). In fact, defects in
metal trafficking can cause serious medical conditions including
Wilson’s and Menkes’ disease (Andrews 2002). Therefore, under-
standing mechanisms for in vivo trafficking of transition metals
and their specific allocation to metalloproteins remains a key goal.

It has been proposed that transcriptional responses could
serve as a proxy for deciphering in vivo metal specificity of metal-
loregulators (Tottey et al. 2005). The reasoning being metal ion
binding modulates transcription factor activity, thereby resulting
in change in gene expression (Tottey et al. 2005). However, to
decipher metal-protein speciation from transcriptional re-
sponses, one would require knowledge of both genes that re-
spond to a specific metal and the metalloregulatory protein that
directly mediates this control. This is further complicated by the
fact that transcriptional responses induced by transition metals
are a complex mix of direct consequences associated with revers-
ing damage and indirect cellular adjustments necessary for main-
taining homeostasis (Moore et al. 2005). Unlike a reductionist
approach, a systems approach enables full appreciation of a glo-
bal stress response of this type, thereby providing insights that
help distinguish putative direct changes from indirect responses
(Baliga et al. 2002, 2004). In a systems approach, changes at all
informational levels (mRNA and protein levels, protein–protein
and protein–DNA interactions, protein modifications, etc.) dur-
ing a cellular response are measured and analyzed simulta-
neously in context of the relevant environmental perturbations.
The goal is to formulate predictive models—mathematical and/
or descriptive that can both describe previous observations and
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also predict how a cell would react to an environmental pertur-

bation (input), appropriately process information (e.g., via gene

regulatory network[s]), and elicit a response (output). The model

is refined by testing these predictions through additional rounds

of systems analyses of targeted genetic and environmental per-

turbations (Facciotti et al. 2004). An ideal candidate for such

global analysis is Halobacterium NRC-1, an archaeon that thrives

in a >4.0 M salinity environment. This halophile is easily cul-

tured and manipulated in the laboratory and has a range of sys-

tems-analysis tools available for its inquiry (Weston et al. 2003).

In this report, we describe systems level responses of Halo-
bacterium NRC-1 to six transition metals (Mn[II], Fe[II], Co[II],

Ni[II], Cu[II], and Zn[II]) and an Fe-specific chelator (2, 2� dipyri-

dyl: DIP). Numerous biological insights were discovered through

an integrated analysis of mRNA level changes for all genes in 66

steady-state and time-series experiments, simultaneously with

2187 protein functional associations, ∼6000 protein–DNA inter-

actions and phenotypic analyses on wild-type, and 17 gene

knockout strains representing three function categories (ABC

transporters [five genes], P1 ATPases [two], and transcription

regulators [five]) and a few miscellaneous categories (transposase

[one], redoxin [one], putative siderophore biosynthesis [one],

and unknown functions [two]). Among the key resistance and

regulation mechanisms that were discovered in this study, we

provide experimental evidence for roles of (1) two P1 ATPases,

ZntA and YvgX, in Co(II), Ni(II), Cu(II), and Zn(II) resistance; (2)

Cu-dependent up-regulation of Cu(II)-specific P1 ATPase YvgX by

VNG1179C, a Lrp family regulator with a putative metal-binding

TRASH domain (Ettema et al. 2003) in Cu(II) resistance; and (3)

Mn(II)-dependent repression of active Mn(II) uptake by the MntR

family regulator SirR in Mn(II) resistance. We also demonstrate

that analysis of global transcriptional responses may indeed pro-

vide insights into in vivo metal selectivity for metalloregulatory

proteins. Finally, we provide a synthesis of all our findings into a

systems scale model of transition metal response. Thus, we dem-

onstrate that a systems approach enables, in a relatively short

period of time, detailed reconstruction of whole-cell physiologi-

cal responses to complex environmental perturbations.

Results and Discussion

We present the results and discussion in six sections. Starting

with metal-induced phenotypes of Halobacterium NRC-1 (Section

1), we subsequently reconstruct metal-induced physiological re-

sponses through analysis of steady-state and time-course tran-

scriptional changes in all genes (Section 2) and describe putative

regulatory mechanisms responsible for mediating these re-

sponses (Section 3). We then analyze similar responses to differ-

ent metals and discuss it in the context of metal selectivity of key

metalloregulatory proteins (Section 4). All observations and key

findings are synthesized into a systems-level model of transition

metal response (Section 5), and we conclude by reflecting on the

overall implication of using a systems approach to characterize

less-studied organisms (Section 6).

Section 1: Phenotypic analysis

Halobacterium halts growth at higher concentrations

of transition metals

As little was known regarding Halobacterium NRC-1 transition

metal response, we first characterized its growth phenotype in

the presence of different concentrations of each of the six tran-

sition metals as described in the Methods (Fig. 1). Fe(II), Co(II),

Ni(II), and Zn(II) mildly stimulated growth at lower concentra-

tions, suggesting a deficiency of these metals in the standard

Halobacterium growth medium. At higher concentrations, all

metals were growth inhibitory (Fig. 1). Metal susceptibility varied

by orders of magnitude; for example, Zn(II) inhibited growth at

0.05 mM, whereas Fe(II) was inhibitory between 7.5 and 8.5 mM.

Effective inhibitory concentrations for other metals were as fol-

lows: Co(II): 0.6 mM; Cu(II): 1.2 mM; Mn(II): 2 mM, which is

consistent with experimentally measured intracellular Mn(II)

levels in Halobacterium sp. (Medicis et al. 1986); and Ni(II): 1.5–2

mM. These observed growth defects were demonstrated to be a

result of growth inhibition and not killing by each of the six

metals (Supplemental Fig. 1). This growth-arrest phenotype is

perhaps one of many mechanisms in Halobacterium NRC-1 to

resist regular occurrence of stressful conditions in its dynamic

hypersaline environment (Kennedy et al. 2001). However, it re-

mains to be understood whether a specific regulatory mechanism

is responsible for eliciting growth arrest or whether it is an indi-

rect consequence of system failure due to unusually high metal

ion stress.

Section 2: Systems-level interrogation of metal response

Steady-state analysis of transcriptome changes in subinhibitory

concentrations of transition metals

Using microarray analysis, we investigated transcript level

changes for all 2400 genes in Halobacterium NRC-1 exposed for 5

h to at least three concentrations of each metal (Fig. 1). The total

RNA from each metal-exposed culture was compared with a uni-

versal RNA standard prepared from a culture of Halobacterium
NRC-1 grown under defined conditions (37°C, 220 rpm shaking,

starting OD600 = 0.05, final OD600 = 0.5–0.7). The common ref-

erence RNA enables comparison across responses to different

metals. Statistical significance of mRNA level changes were evalu-

ated with maximum likelihood analysis (Ideker et al. 2000); bio-

logical and technical variation within total RNA from identically

grown cultures was also previously investigated (Baliga et al.

2004). mRNA level changes discussed below are restricted to only

those genes that changed in a statistically significant manner (see

Methods for a brief discussion on choosing appropriate � values

for assessing significance) in at least one condition. Overall,

Mn(II) resulted in maximal change in terms of numbers of dif-

ferentially regulated genes followed by Zn(II) and Fe(II). Co(II)

and Ni(II) resulted in the least number of changes. For each

metal, maximal transcriptional change occurred at a stimulatory

or partially inhibitory concentration (Supplemental Table 1), em-

phasizing the importance of dose-titration to best study re-

sponses to environmental perturbations.

Transcriptional change in over 20% of all genes within 25 min

of exposure to 6mM Fe(II) indicates an immediate large-scale

physiological adjustment

We investigated the rapidity with which a global metal response

is elicited and also whether the steady-state analysis had poten-

tially missed early transitory changes by conducting time-course

analysis of response to 6mM Fe(II) (Fig. 2). This experiment was

conducted in a chemostat to minimize unintended perturbations

during sampling over the 320-min time course, and factors such

as pH, dissolved oxygen tension, cell density, and temperature
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were monitored and held constant. Transcription of altogether

623 genes was significantly perturbed in this experiment, of

which mRNA levels of 452 genes (∼69%) changed within 0–25

min and 413 of these early mRNA changes returned to preper-

turbation levels in 25–40 min. At 320 min, the cell state was

comparable to that captured at 300 min in the steady-state ex-

periment (Fig. 2B,C). It is also noteworthy to mention that 129

mRNA level changes were shared between the time-course and

steady-state experiments. Among the early changes were regula-

tors (e.g., tfbB and sirR), transporters (e.g., zntA, phosphate trans-

port genes, peptide transport), ribosomal protein genes, and pro-

tein export. Early up-regulation of transcription and translation

may serve two purposes, i.e., replacement of damaged transcripts

and proteins and synthesis of new proteins necessary for han-

dling metal stress and acclimatizing to the new environment.

Several previous systems-level studies have interpreted dis-

crepancy in protein and mRNA levels as a possible outcome of

post-transcriptional regulation (Ideker et al. 2001; Baliga et al.

2002). Given the scarcity of global measurements in terms of

both time-resolution and dynamic range, this is a tenuous inter-

pretation. In fact, it was clear from temporal analysis of the Fe(II)

response that important early mRNA level changes were transi-

tory and not present at equilibrium. The likely explanation is

that the early transitory mRNA level changes result in sufficient

protein to set up a cascade of events for transforming cell state

into one appropriate for the new environment. If so, then mea-

surements relatively late in the response are likely to capture

higher protein concentrations for the same seemingly un-

changed mRNAs that did indeed experience transitory up-

regulation early on in the response. While these transitory

changes are important in deciphering the cascade of events dur-

ing a stress response, analysis of mRNA changes at steady state

aids in reconstruction of the physiological

state after prolonged exposure to transition

metals.

Integrated analysis of diverse systems biology

data enables reconstruction of steady-state

physiological response to fluctuations

in metal concentration

We reconstructed the physiological re-

sponse of Halobacterium NRC-1 to transition

metal stress through simultaneous analysis

of transcript level changes (Supplemental

Table 2) along with a variety of orthogonal

datatypes, such as gene/protein functional

associations (operons) (Moreno-Hagelsieb

and Collado-Vides 2002), phylogenetic pro-

file (Pellegrini et al. 1999), chromosomal

proximity (Overbeek et al. 1999), physical

interactions (protein–DNA interactions)

(M.T. Facciotti, M. Pan, A. Kaur, M. Vut-

hoori, D.J. Reiss, R. Bonneau, P. Shannon, S.

Donahoe, L. Hood, and N.S. Baliga, in

prep.), putative functions in the SBEAMS

database (http://halo.systemsbiology.net)

(Bonneau et al. 2004), along with support-

ing evidence, such as matches in protein da-

tabank (PDB) (Sussman et al. 1998), protein

families (Pfam) (Bateman et al. 2000), COG

database (Tatusov et al. 2000), and meta-

bolic pathways (KEGG) (Kanehisa 2002). All

of these analyses were conducted using the open-source software

framework Gaggle (Shannon et al. 2006) (see Supplemental ma-

terials for details). We have also conducted extensive gene-

deletion analyses to evaluate whether changes in key functions

were directly associated with minimizing metal toxicity (Supple-

mental Table 3). Below we discuss important findings from this

physiological reconstruction.

Reactive Oxygen Species constitute a major component of transition metal stress

One-hundred ninety four of the total 525 transcriptional changes

elicited by the various transition metals were related to oxidative

stress management, including dehydrogenases (NADH and suc-

cinate dehydrogenase [SDH] complexes, aldehyde reductase, per-

oxidase, etc.), ion scavenging systems (thioredoxin/ thioredoxin

reductase and glutaredoxin), protein turnover (15 proteases and

nearly all 53 ribosomal protein and nine translation factors), and

21 DNA replication, repair, and recombination genes (Supple-

mental Table 2). Overall, these observations are consistent with

the property of transition metals to catalyze production of reac-

tive oxygen species (ROS) (Haber and Weiss 1934; Winterbourn

1995; Kehrer 2000; Ercal et al. 2001; Valko et al. 2005), which are

eliminated through the action of catalases and dehydrogenases

(Mittler 2002; Sunkar et al. 2003). In fact, the time-scale analysis

of Fe(II) response indicated rapid production of ROS, because

genes for protein turnover responded within 5–25 min (Fig. 2).

In terms of numbers of oxidative stress management sys-

tems induced, Mn(II) and Zn(II) seemed to be most damaging. In

fact, Zn(II) seemed to cause the most oxidative damage to pro-

teins considering up-regulation of nearly three to four times as

many protease/proteasome-encoding genes relative to that in-

duced by other metals. This is not surprising knowing that excess

Zn(II) can induce formation of ROS (Takeyama et al. 1995) and

Figure 1. Effect of six transition metals on growth of Halobacterium NRC-1. The average of at least
three independent biological replicates is shown. The bars represent standard error. The black
arrowheads above each curve indicate concentrations at which microarray analyses were con-
ducted. The gray arrow in the Fe curve indicates concentration used for time course analysis.
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Figure 2. Dose and time dependence of response to Fe. (A) Steady-state response to 4 mM Fe(II) is used to describe the layout of this figure—use this
as a key while viewing B and C. Genes of key function categories (a–e; see inset key) that experienced mRNA level changes in a dose and/or
time-dependent manner to Fe(II). Genes are indicated as circular nodes connected by three types of functional associations: operon (pink), chromosomal
proximity (green), and phylogenetic pattern (blue). Red shading of nodes indicates increased mRNA and green shading denotes decreased mRNA
concentration relative to concentrations in a standard reference RNA sample (see inset key). (B) Transcript level changes at 300 min in four concen-
trations of FeSO4. Relative mRNA levels were measured subsequent to 300-min exposure at 37°C (220 rpm shaking) of mid-logarithmic growth phase
halobacterial cultures to 2, 4, 6, or 7 mM FeSO4. (C) Time-course mRNA level changes during response to Fe stress. A continuous culture of Halobacterium
NRC-1 was subjected to sudden exposure to 6 mM FeSO4. mRNA levels were measured by microarray analysis just prior to addition of FeSO4 and over
a nine-point time course up until 320 min.
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inhibit key enzymes including Cu/Zn superoxide dismutase, thiore-

doxin reductase (Gavella et al. 1999), DNA glycosylase, and endo-

nuclease (Torriglia et al. 1997). For this reason, intracellular Zn(II)

levels are tightly regulated (Chimienti et al. 2001), and in Halobac-
terium NRC-1 it was indeed the most toxic among all metals (Fig. 1).

Metal-specific responses of metalloenzymes, a ferritin, and putative siderophore

biosynthesis genes

As mentioned earlier, transition metals play central roles in an

array of central biological processes. Indeed, several metabolic

pathways that require metal cofactors were differentially regu-

lated during metal stress. An excellent example that illustrates

this is Co(II)-specific down-regulation of four of seven genes en-

coding a segment of the pathway that requires this metal ion.

Included among these genes is CobN, a putative Co-chelatase,

which inserts Co into the corrin ring. This suggests that the nor-

mal culture medium for Halobacterium NRC-1 is deficient in

Co(II), requiring higher concentrations of the chelatase to ensure

appropriate trafficking of this metal ion. This is consistent with

the mild stimulation of growth we observed with lower concen-

trations of Co(II) (Fig. 1). Likewise, responses of Zn-binding al-

dehyde reductase, Mo-cofactor biosynthesis genes, plastocyanin,

etc., are also illustrative of underlying reasons for the far-

reaching effects of metal stress. Increase in dpsA transcript during

Fe(II) stress, on the other hand, in conjunction with its property

to store iron in its nontoxic Fe(III) form (Reindel et al. 2002; Zeth

et al. 2004), points to a regulatory mechanism that ensures in-

creased abundance of DpsA to minimize Fe(II) toxicity, as has

been reported for other prokaryotes (Munro and Linder 1978;

Theil 1987; Nair and Finkel 2004; Wiedenheft et al. 2005). While

DpsA takes care of excess Fe(II), low molecular-weight com-

pounds termed siderophores are utilized by bacteria to scavenge

Fe when its supply is limited (Winkelmann 2002). None of the

putative siderophore biosynthesis genes (gabT, bdb, iucA, iucB,

hxyA, and iucC) in Halobacterium NRC-1 were differentially regu-

lated in the presence of Fe(II), suggesting the Halobacterium culture

medium has sufficient Fe, but intriguingly, addition of Mn(II) re-

sulted in up-regulation of these genes, suggesting it might simulate

Fe deficiency (this is discussed further in Section 4).

Efflux of metal ions by P1 ATPases is a key mechanism to minimize toxicity

of Co(II), Ni(II), Cu(II), and Zn(II)

Among systems known to actively transport metals, we investi-

gated the ∼58 ABC transport genes and three efflux ATPases that

were differentially regulated by some or all metals. While results

and discussion on ABC transport systems is provided in the

Supplemental materials, here we will focus on P1 ATPases, which

affect active efflux of transition metals (Rensing et al. 1999).

Among the three putative P1 ATPases (cpx, zntA, and yvgX) in

Halobacterium NRC-1, cpx was down-regulated in Fe(II), Cu(II),

and Ni(II), and the other two ATPases were specifically up-

regulated by Cu(II) and/or Zn(II) (Supplemental Table 2). We

investigated the consequence of deleting each of the two up-

regulated P1 ATPases on susceptibility to various metals. While

�yvgX had defective growth only in Cu(II) (Fig. 3C; Supplemental

Table 3; Supplemental Fig. 3i), �zntA grew poorly in Co(II), Ni(II),

Cu(II), and Zn(II) (Fig. 3; Supplemental Table 3; Supplemental

Fig. 3iii). Thus, ZntA and YvgX together appeared to account for

efflux of Co(II), Ni(II), Cu(II), and Zn(II). However, neither efflux

system alone was sufficient for conferring tolerance to Cu(II)

stress. Multiple Cu(II)-resistance mechanisms in a single organ-

ism is not unusual. In Escherichia coli, for example, the P-type

ATPase CopA, the Cu-oxidase CueO, and multicomponent Cu

transport system CusCFBA are all required for clearing Cu(II)

from the cells and reducing its toxicity (Grass and Rensing 2001).

Finally, the broad specificity of ZntA is believed to be related to

its charge and ligand preference of soft metal ions and not their

size (Hou and Mitra 2003). However, the E.coli ZntA has been

reported to be specific for Pb(II), Cd(II), Zn(II), and Hg(II), but not

for several other “hard” and “soft” metals including Co(II), Ni(II),

and Cu(II) (Rensing et al. 1997, 1998; Sharma et al. 2000). In

contrast, the Halobacterium NRC-1 ZntA confers resistance to

Co(II), Ni(II), Cu(II), and Zn(II). Thus, we have extended the

range of metal ions that can be effluxed by ZntA. There are two

possible explanations for lack of correlation between metal speci-

ficity of the two P1 ATPases and the metals that affect their dif-

ferential regulation, i.e., (1) an inability of underlying regulatory

mechanisms to distinguish between related metal ions, or (2)

adding an excess of one species of metal ions causes fluctuation

in the overall intracellular metal ion pool. We discuss this further

in Section 4.

Section 3: Transcriptional regulation of physiological

responses to metals

A preliminary wiring diagram for metal-response systems

A systems approach uniquely enables investigation into how

regulatory programs for various physiological processes are wired

to each other in individual organisms to impart different pheno-

types with the same systems parts (Kirschner 2005). In this con-

text, although it is known that responses to metals are usually

mediated directly by regulators that bind metal ions (metallo-

regulatory proteins) (O’Halloran 1993), there is little information

regarding how these various regulatory systems are wired with

respect to each other and other physiological processes. In Halo-
bacterium NRC-1, of ∼130 putative transcription regulators (Ng et

al. 2000; Bonneau et al. 2004), at least 13 are associated with

metal-binding protein domains DtxR/MntR/Idr (PF02742,

PF01325) (Alekshun et al. 2001) and ArsR (PF01022) (Cook et al.

1998). Seven of these were among the 48 transcription factors

and regulators that were differentially regulated during the metal

response (Supplemental Table 2). Furthermore, among the 13

general transcription factors (GTFs), at least four TFBs (tfbB, tfbG,

tfbF, and tfbA) and one TBP (tbpE) were also differentially regu-

lated in multiple metals, which is perhaps indicative of the global

nature of the metal stress response. It has been hypothesized that

the regulatory circuit in Halobacterium NRC-1 might have a strati-

fied architecture in which the multiple GTFs orchestrate global

responses and the transcription regulators mediate finer control

(Baliga et al. 2000). An in-depth study to evaluate this hypothesis

has generated a protein–DNA interaction map for eight GTFs

using the ChIP-chip method. Briefly, C-terminally c-myc epi-

tope-tagged seven individual TFBs were formaldehyde cross-

linked to their cognate DNA-binding sites in vivo in each strain

expressing the respective factor. The chromatin-bound transcrip-

tion complexes from each strain were selectively enriched by

immunoprecipitation with c-myc-specific antibodies. The en-

riched DNA was sheared, released from the transcription com-

plexes, and localized by hybridization against a halobacterial

whole genome array—this yielded a protein–DNA interaction

map for the GTFs (M.T. Facciotti, M. Pan, A. Kaur, M. Vuthoori,

D.J. Reiss, R. Bonneau, P. Shannon, S. Donahoe, L. Hood, and

N.S. Baliga, in prep.). In this network, promoters of 24 of 43

regulators that were differentially regulated during the metal re-
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sponse had transcription-factor binding sites (TFBS) for one or

more GTFs (seven TFBs and one TBP) (M.T. Facciotti, M. Pan, A.

Kaur, M. Vuthoori, D.J. Reiss, R. Bonneau, P. Shannon, S. Dona-

hoe, L. Hood, and N.S. Baliga, in prep.). Notably, transcript levels

for 17 of these 24 transcription regulators changed under condi-

tions in which the corresponding TFB mRNA level also changed

(Supplemental Table 4). A plausible hypothesis is that upon sens-

ing changes in metal concentrations, metal-binding regulators

differentially regulate themselves, GTFs, and other nonmetal-

binding transcription regulators. The GTFs subsequently orches-

trate global coordination of the metal response.

Inference and verification of key regulatory circuits

Next, we discovered key regulatory mechanisms at play in the

metal response by statistically learning a regulatory influence

network for Halobacterium NRC-1 using two algorithms—
cMonkey (D.J. Reiss, N.S. Baliga, and R. Bonneau, in prep.), and

Inferelator (Bonneau et al. 2006). Briefly, using a principle of

biclustering (clustering genes and conditions) cMonkey scans the

entire expanse of microarray data by iteratively evaluating mem-

bership of genes and conditions in a given bicluster. cMonkey

uses a probabilistic framework to guide the biclustering proce-

dure with functional associations and de novo motif detection.

Thus, by virtue of shared cis-regulatory motifs, the biclusters

identified by cMonkey often contain genes that are putatively

coregulated (rather than merely coexpressed) over a subset of

environmental conditions. Next, the machine-learning algo-

rithm Inferelator uses regression and variable selection (statistical

techniques for the selection of a parsimonious subset from a

number of potential predictors) to identify the most likely tran-

scriptional influences on each bicluster

(or individual gene), based upon the in-

tegration of genome annotation (i.e.,

transcription factors/regulators) and ex-

pression data. Specifically, using time-

lagged correlation of mRNA level changes

in the regulator and the average mRNA

profile of a given bicluster, the Inferelator

statistically assesses whether the regula-

tor may influence transcription of genes

in the bicluster. The resulting network of

such inferred regulatory influences (72

transcription factors and 10 environmen-

tal factors influencing 1934 genes) in-

cludes numerical estimates of the relative

strength of each regulatory influence and

instances of predicted combinatorial con-

trol (Bonneau et al. 2006). We describe

experimental verifications of two key

regulatory relationships predicted by this

procedure as follows.

1. SirR-mediated down-regulation

of Mn(II)-uptake may be a primary mechanism of

controlling Mn(II) toxicity

The first prediction was that SirR is an

activator of several transporter genes in-

cluding putative Mn-uptake (ZurA, ZurM,

YcdH) (Supplemental Fig. 4A,B), a rela-

tionship evident in correlated changes in

mRNA levels for these genes (Supplemen-

tal Fig. 6). This prediction is consistent

with the putative function of SirR in that it belongs to a family of

regulators implicated in transcriptional control of Mn uptake

(Hantke 2001). Consistent with the Inferelator predictions, dele-

tion of SirR increased sensitivity to Mn(II) (Fig. 4IA).

To characterize the mechanistic basis for this phenotypic

trait, mRNA level changes in �sirR and its parent strain (�ura3)

cultured with and without three concentrations of Mn(II) (0.8,

1.0, and 1.5 mM) were measured with microarray analysis, nor-

malized (mean = 0 and variance = 1) and analyzed with the SAM

(Significance Analysis for Microarrays) algorithm (Supplemental

Fig. 4C) (Tusher et al. 2001). Included among 90 unique changes

that were identified by this procedure (Fig. 4IB; Supplemental

Fig. 4) was up-regulation of the putative Mn uptake genes (zurA,

zurM, and ycdH) in �sirR (Fig. 4IC). This suggested that SirR-

mediated transcriptional down-regulation of active uptake may

be a mechanism of resistance to Mn(II), as is the case for both

Bacillus subtilis and yeast (Que and Helmann 2000; Jensen et al.

2003). However, this finding is in conflict with the Inferelator

prediction that SirR is an activator of zurA, zurM, and ycdH (Bon-

neau et al. 2006). The likely explanation is that SirR is a Mn(II)-

dependent autorepressor. If so, then mRNA profiles for SirR

would indeed be correlated with the genes it represses, i.e., zurA,

zurM, and ycdH. Indeed, other regulators of the MntR family to

which SirR belongs are also Mn(II)-dependent repressors (Que

and Helmann 2000).

2. Transcriptional activation of the P1 ATPase YvgX

by VNG1179C is critical for survival under Cu(II) stress

The second prediction was that VNG1179C, a putative Lrp family

regulator with a metal-binding TRASH (trafficking, resistance,

Figure 3. Two P1 ATPases are necessary for resistance to four transition metals: Co(II), Ni(II), Cu(II),
and Zn(II). Growth phenotypes of P1 ATPase gene knockout strains �yvgX and �zntA were determined
as final cell density (OD600) after 27 h incubation at 37°C in increasing concentrations of (i)Co(II), (ii)
Ni(II), (iii) Cu(II), and (iv) Zn(II). Results from growth rate assays on these strains in different metals are
presented in Supplemental Figure 3. �ura3 is the parent strain in which gene deletions are con-
structed.
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and sensing of heavy metals; signature: C�C�C) domain

(Ettema et al. 2003; Schelert et al. 2004), is the transcriptional

activator of the P1 ATPase, yvgX, which was required for growth

with Cu(II). We first verified this prediction by demonstrating

that deletion of VNG1179C significantly increased Cu(II) sensi-

tivity (Fig. 4IIA). Next, using SAM as described above, we detected

139 transcriptional differences between �VNG1179C and �ura3
strains (Fig. 4IIA,B; Supplemental Fig. 5) cultured with and with-

out three concentrations of Cu(II) (0.7, 0.85, and 1.0 mM). This

demonstrated that yvgX mRNA was indeed up-regulated only in

the presence of both VNG1179C and Cu(II) (Fig. 4IIC) providing

further evidence that VNG1179C is a Cu(II)-dependent transcrip-

tional activator of this gene. To the best of our knowledge, this is

the first in vivo verification of TRASH domain function in regu-

lation of metal resistance. Notably, this regulatory relationship

was statistically learned de novo through analysis of transcrip-

tional responses to an array of environmental perturbations and

was not reported for any organism or obvious by merely com-

paring transcriptional changes in yvgX and VNG1179C in Cu(II)

(Supplemental Fig. 2).

Section 4: Analysis of transcriptional responses may provide

clues into in vivo metal selectivity

of metalloregulatory proteins

Defective metal trafficking can have detrimental physiological

consequences (Andrews 2002) and, therefore, knowledge of in

vivo metal selectivity is key in understanding metal homeostasis

(Finney and O’Halloran 2003; Tottey et al. 2005). While kinetic

and thermodynamic analyses are deemed necessary to fully un-

derstand the mechanistics of metal allocation (Finney and

O’Halloran 2003), we evaluated whether comparison of tran-

scriptional responses to different metals might provide tangible

leads to decipher in vivo metal selectivity of metal-binding tran-

scription regulators, as has been previously suggested (Tottey et

al. 2005). Specifically, we conducted hierarchical clustering and

Figure 4. Transcriptional control of resistance to Mn(II) and Cu(II). (I.) SirR is a Mn(II)-dependent repressor of the Mn-uptake ABC transport system
genes—zurA, zurM, and ycdh. (A) Effect of Mn(II) on survival of the �sirR strain relative to the parent �ura3 strain. Growth was measured as increase in
cell density (OD600) after culturing for 27 h at 37°C in the presence of increasing concentrations of Mn(II). (B) Ninety differences in transcriptional
responses to Mn(II) in the �sirR strain relative to the parent �ura3 strain were determined using the SAM algorithm (Tusher et al. 2001) (Supplemental
Fig. 6), normalized (variance = 1; mean = 0) and hierarchical clustered (Euclidean distance/Average Linkage). (C) Normalized log10 ratios of mRNA level
changes for zurA, zurM, ycdH, (identified in group I in the two hierarchical clusters in B in the absence and presence of Mn(II) in �ura3 and �sirR strain
backgrounds. Transcript levels for these ABC transporter subunits are down-regulated in the presence of SirR and Mn(II). (II.) VNG1179C is a Cu(II)-
dependent activator of the Cu(II)-efflux ATPase YvgX. (A) Effect of Cu(II) on survival of �VNG1179C strain relative to the parent �ura3 strain. Survival
was measured as described above, but with increasing doses of Cu(II) instead of Mn(II). (B) A total of 139 differences in transcriptional response to Cu(II)
in the �VNG1179C strain relative to the parent �ura3 strain were filtered, normalized, and clustered as described in B (SF2). (C) yvgX was identified
among genes in group II of the two main hierarchical clusters. Raw log10 ratios of mRNA level changes for yvgX in the absence and presence of Cu(II)
in the �ura3 and �VNG1179C strain backgrounds indicate that it is up-regulated only in the presence of both Cu(II) and VNG1179C.
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correspondence analysis (CA) (Fellenberg et al. 2001) on normal-

ized mRNA levels (variance = 1, mean = 0) for 447 genes that

changed significantly (� > 15) in at least two of the 19 conditions

(different concentrations of the six metals) during metal re-

sponse (Fig. 5). Briefly, CA calculates associations among vari-

ables and projects these associations in a two-dimensional space

similar to principle component analysis (PCA). Unlike PCA, CA

can project associations among genes and among experimental

conditions onto the same two-dimensional space. This enables

discovery of relationships among experiments, among genes,

and also across genes and experiments.

From these analyses we learned that responses at higher

concentrations of some metals appeared similar to those induced

by other metals. For example, there was considerable similarity

between responses to Co(II), Zn(II), and Ni(II) (Figs. 5B, 6A;

Supplemental Fig. 7A,B,C). Likewise,

transcriptional responses to Fe(II) bore

similarity to Cu(II)-induced responses

(Supplemental Fig. 7A). This high degree

of similarity in global responses to these

metals is indicative of similar function,

binding preferences, and coordination

geometries of those metals or a possible

breakdown in metal trafficking systems

under increased metal stress (Lin et al.

1997). Further, the global response

analysis provided further insight into

key associations among physiologic

functions and metals that elicited maxi-

mal change in their transcription. For

example, ZntA and arsenic-resistance

genes are strongly associated with Zn(II)

responses . The l ike ly regulator -

mediating response of the arsenic resis-

tance genes is VNG5176C (ArsR2) of the

ArsR/SmtB family of regulators, which

contain the �3N metal-binding site that

can functionally bind Zn(II) ions (Cavet

et al. 2002). In Halobacterium NRC-1, the

arsenic-resistance genes are also induced

by the cognate metal (As) (Wang et al.

2004) suggesting that perhaps ArsR2 can

functionally bind both As and Zn. We

will discuss three specific cases wherein

using transcriptional responses as a

proxy, we suggest putative in vivo metal

selectivity of transcription regulators.

Mn(II) may cause iron starvation-like

conditions in Halobacterium NRC-1

Putative Fe uptake (Ibp, HemV2, YfmF,

and FepC) and siderophore biosynthesis

genes were down-regulated by Ni(II) and

Zn(II) and up-regulated by Mn(II) (Fig.

6B), suggesting a fairly complex inter-

play among these transition metals in

control of Fe metabolism. Mn(II)-

induced up-regulation of these genes

suggests that Mn(II) mimics an Fe(II)-

starvation condition in Halobacterium
NRC-1. This hypothesis was confirmed

upon observing moderate up-regulation

of these genes at lower concentrations of 2, 2�-dipyridyl (DIP)—a

metal chelator (Fig. 6B). Transcript levels for these genes dropped

at a higher DIP concentration (0.25 mM), which also caused com-

plete growth inhibition, perhaps due to complete lack of “free”
Fe ions (Fig. 6C). However, the inability of DIP to completely

derepress (or activate) siderophore biosynthesis genes and Fe up-

take genes as has been demonstrated for B. subtilis (Baichoo et al.

2002) suggests that we might have not achieved sufficient Fe

starvation levels. If so, then DIP might also be chelating some

other divalent ion(s), such as Zn(II) (Patzer and Hantke 1998),

which are in limited supply in the growth medium for Halobac-
terium NRC-1.

In aqueous solutions, the ionic radius of Mn(II) (0·80 Å) is

intermediate to that of Mg(II) (0·65 Å) and Ca(II) (0·99 Å), and

close to that of Fe(II) (0·76 Å). Consequently, Mn(II) and other

Figure 5. Correlation among responses to different transition metals. (A) Hierarchical clustering on
normalized mRNA log10 ratios for 468 genes that changed significantly (� > 15) in at least two con-
ditions. (B) Correspondence analysis on the same data set illustrates relatedness among both experi-
ments as well as genes (for sake of clarity, genes are not shown; instead, relative positions of some key
functions are highlighted on the plot). Each dot in this graph represents an experiment; for example,
Co (0.5) refers to mRNA level changes in 0.5 mM Co2+. Eigen values are plotted for each of the first
two dimensions, indicated as Axes 1 and 2, which represent inertia values of 26.34 and 19.45,
respectively.
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Figure 6. (Legend on next page)
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cations are interchangeable in metal-binding sites of many pro-

teins (Jakubovics and Jenkinson 2001). In fact, a high concentra-

tion of Mn(II) appears to displace Fe(II) from cellular-binding

sites in B. subtilis; the resulting transient increase in “free” Fe(II)

is sensed by the ferric uptake regulator (Fur), causing lethal re-

pression of siderophore biosynthesis and Fe uptake systems (Gue-

don et al. 2003). In contrast, the Mn(II)-induced Fe-deficiency in

Halobacterium NRC-1, which lacks a Fur ortholog, suggests that

the function of an unidentified Fe homeostasis regulator in this

archaeon is inhibited upon binding Mn(II).

VNG1179C may function as an activator with either Cu(II) or Zn(II)

cofactors bound to the TRASH domain

The Cu(II)-efflux ATPase YvgX was transcriptionally up-regulated

by both Cu(II) and Zn(II). This suggests that the TRASH domain

in VNG1179C, the putative regulator of yvgX, can function nor-

mally upon binding either Cu(II) or Zn(II). Interestingly, the pu-

tative Cu(II) trafficking chaperones (COG2608) (VNG0702H and

VNG2581H) in Halobacteruim NRC-1 were both significantly up-

regulated in Cu(II) and Zn(II) (Fig. 6A; Supplemental Table 2).

However, the chromosomal proximity of VNG0702H to yvgX

coupled to its unresponsiveness to Cu(II) in the �VNG1179C

strain (Supplemental Fig. 5) makes it the likely Cu(II) chaperone

for YvgX. Our hypothesis is that one or both of these two puta-

tive Cu(II) chaperones is constitutively present in the cell at a

basal level, trafficking Cu(II) ions to appropriate ligands. Under

increased Cu(II) and Zn(II) stress, these ions are chaperoned to

the TRASH domain of VNG1179C, which in turn activates tran-

scription of the putative Cu(II) chaperone(s) (VNG0702H/

VNG2581H) and the Cu(II) efflux ATPase (YvgX).

In the model above, the metal-binding domain functions as

a Cu(II) sensor to modulate activity of VNG1179C. This is func-

tionally similar to modulation of activity of the human Cu(II)-

translocating ATPase ATP7B by its N-terminal metal-binding

HMA domains (Forbes et al. 1999), which receive Cu(II) ions

from ATOX1, a metallochaperone of the COG2608 family (Hung

et al. 1998; Hamza et al. 1999; Larin et al. 1999). Disruption of

Cu(II) delivery by ATOX1 to ATP7B results in Cu(II) accumula-

tion leading to Wilson’s disease (Hamza et al. 1999). An impor-

tant question that remains to be addressed is whether the six

metal-binding domains of ATP7B differ in their in vivo metal

specificity and/or affinity for Cu(II). Attempts to investigate this

with fusions of ATP7B metal-binding domain with ZntA in E. coli

have been unsuccessful, perhaps attributable to absence of the

cognate chaperone (Jordan et al. 2001). Knowledge of mechanis-

tics of metal trafficking by these metallochaperones to cognate

metal-binding domains of diverse proteins has implications to

diseases ranging from Wilson’s and Menkes’ disease to Alzheim-

er’s disease (Strausak et al. 2001). In this regard, it is appealing to

utilize the VNG0702H/VNG2581H//VNG1179C/YvgX system for

characterizing in vivo metal selectivity of metal-binding do-

mains. This is a particularly attractive model system, because

changes in functions of VNG1179C can be monitored by evalu-

ating transcriptional responses of yvgX, which in turn are mani-

fested as differential survival of Halobacterium NRC-1 in Cu(II).

The systemic view of a cellular response afforded by a systems approach

may enable distinction of direct from indirect metal-induced changes

to better understand in vivo metal-protein speciation

As mentioned earlier, metal-induced transcriptional responses

contain a mix of changes mediated by transcription factors that

directly bind metal ions or by those that sense an indirect effect

such as increased oxidative stress or an altered intracellular metal

ion pool. This is exemplified by Cu(II)-induced transcriptional

changes in the �VNG1179C background, which included a large

number of oxidative stress-response genes (17 dehydrogenases

and seven protein and DNA damage repair genes) (Supplemental

Fig. 5). By comparing global mRNA level changes across re-

sponses to all metals in wild-type and gene-deletion strains along

with phenotypic assays on the �VNG1179C and �yvgX strains,

we were able to verify the Inferelator prediction that VNG1179C

putatively imposes direct control on YvgX transcription. There-

fore, we predict that the overrepresentation of oxidative stress-

response genes might represent an indirect consequence of in-

creased intracellular Cu(II) levels in absence of YvgX. This ability

to unscramble direct from potentially indirect changes becomes

crucial while attempting to decipher metal-binding specificity of

a metalloregulator on the basis of the transcriptional responses it

elicits. We have demonstrated that a systems approach may in-

deed prove valuable in providing insights that serve as tangible

leads for further experimental inquiry into in vivo metal-protein

speciation; for example, we can now predict that measuring pro-

tein–DNA interactions of VNG1179C in the presence or absence

of either Cu(II) or Zn(II) is likely to provide the most biologically

relevant physical evidence of this control mechanism.

Section 5: A systems-level model for the complex response

of Halobacterium NRC-1 to transition metals

We have put together all findings from this study in the context

of each other into one unified model of Halobacterium NRC-1

response to transition metals. According to this systems-level

model, at the highest level, all or some of at least 13 putative

metal-binding regulators are speculated to directly sense changes

in metal ion concentrations to differentially regulate up to 43

transcription regulators and five GTFs. Promoters of at least 24 of

the 43 regulators (four of which have putative metal-binding

domains) have binding sites in their promoter for at least four

GTFs. The remaining six metal-binding regulators are not differ-

entially regulated (at least at steady state) in response to the six

metals. The complex interplay among these transcription factors

and regulators elicits a concerted response to minimize metal

Figure 6. Responses of active transport and siderophore biosynthesis genes to the six metals and 2,2� dipyridyl (DIP). (A) mRNA level changes in key
transporters and genes in their putative operons. The genes are individually labeled at top, left and at top, right; transport systems are labeled as follows:
Ugp: glycerol phosphate transport; Rbs: ribose transport; Pst1 and Pst2: PO4

2- transport; App and DppB2: peptide transport; Ibp, HemV2, HemV1, YfmC
and FepC: Fe transport; Zur: Mn uptake; Cbi: Co uptake; YurY and YvrO: ABC transporters of unknown specificity; 2581H and 702H: putative Cu
chaperones, (Ars) As resistance; 5071C: sugar transporter. Circular nodes represent genes of putative transport systems (Supplemental Table 2). Node
coloring (red for up and green for down) indicates mRNA level change at 300 min in 1.5 mM Mn(II), 6 mM Fe(II), 0.3 mM Co(II), 0.5 mM Ni(II), 1 mM
Cu(II), and 0.02 mM Zn(II)—organized in order of their position in the periodic table (top). Node size is proportional to � value, a measure of the
statistical significance of change (see inset key). Edges (lines) connecting the nodes indicate operon-like organization. (B) mRNA level changes in 12
putative siderophore biosynthesis and Fe-uptake genes in DIP and all six metals. (C) Halobacterium NRC-1 growth (OD600) at 27 h in increasing
concentrations of the Fe-specific chelator DIP. Arrowheads indicate concentrations used for microarray analysis.
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toxicity and oxidative stress, repair damaged proteins and DNA,

and modulate cell physiology including processes requiring me-

talloenzymes. Feedback signals including damaging radicals pro-

duced during natural cellular metabolism, fluctuations in me-

tabolite concentrations, etc., ensure homeostasis (Fig. 7A).

We hypothesize that at least four mechanisms play central

roles in conferring resistance to the six transition metals (Fig. 7B).

We elaborate on these mechanisms below:

1. Cu(II) resistance: VNG0702H and/or VNG2581H are specu-

lated to be the putative metallochaperones that deliver either

Cu(II) or Zn(II) ions to the TRASH domain in VNG1179C,

which in turn activates transcription of both YvgX (Fig. 4II)

and the chaperone(s) (Fig. 6). Efflux of Cu(II) by the P1 ATPase

YvgX is a key mechanism for withstanding Cu(II) toxicity;

however, it does not contribute toward Zn(II) resistance

(Supplemental Table 3).

2. Co(II), Ni(II), Cu(II), and Zn(II) resistance: ZntA is a P1 ATPase

of broad specificity that confers resistance to Co(II), Ni(II),

Cu(II), and Zn(II) (Fig. 3). ZntA mRNA is up-regulated at steady

state only in the presence of Zn(II) (Fig. 6A; Supplemental

Table 2); however, the regulator(s) involved is unknown.

3. Mn(II) resistance: Transcriptional repression of ZurA, ZurM,

and YcdH, the three subunits of the Mn-uptake ABC-

transporter, by the putative Mn-dependent autorepressor SirR

is a mechanism of minimizing Mn(II) toxicity (Fig. 4I). SirR

may also impose this regulation upon binding Fe(II), but its

function might be blocked upon binding Co(II) or Ni(II) (Fig.

6A; Supplemental Table 2). However, this transcriptional con-

trol seems to only have impact on conferring resistance to

Mn(II) and none of the other metals (Supplemental Table 3).

4. Fe(II) resistance: Chelation of Fe(II) by the ferritin DpsA is a

mechanism for detoxifying Fe(II) (Zeth et al. 2004). Transcrip-

tion of DpsA is up-regulated by Fe(II) (Reindel et al. 2005),

Co(II), and Zn(II) and down-regulated by Mn(II) and Fe-

deficiency conditions (Reindel et al. 2005) (Supplemental

Table 2); again the transcription regulator(s) for this mecha-

nism have not been identified. Further, Mn(II) up-regulates

and Ni(II)/Zn(II) down-regulates putative siderophore biosyn-

thesis and Fe uptake (Fig. 6B; Supplemental materials).

Section 6: Conclusions

We have demonstrated that the ability of organisms to differen-

tiate among closely related metal ions to elicit both generalized

and tailored responses can be fully appreciated by a systems-level

Figure 7. A systems-level model for transition metal stress response of Halobacterium NRC-1 (see text for details). (A) Transcription regulatory control
of metal detoxification, oxidative stress, and general physiology in response to transitions metals. While most of the regulatory influences indicated were
deciphered on the basis of mRNA level changes and putative functions, the regulatory control imposed by the GTFs were experimentally measured with
ChIP-chip (M.T. Facciotti, M. Pan, A. Kaur, M. Vuthoori, D.J. Reiss, R. Bonneau, P. Shannon, S. Donahoe, L. Hood, and N.S. Baliga, in prep.). The blue
and green watermark arrows indicate feedback signals. (B) Key functional and regulatory aspects of metal-resistance mechanisms. Regulatory control
mediated by VNG1179C and SirR was verified by both microarray analysis as well as phenotypic assays on in-frame gene-deletion strains. Likewise, efflux
of metal ions by YvgX and ZntA was also verified through phenotypic assays on gene deletion strains. Up-regulation of siderophore biosynthesis genes
by Mn(II) was verified to be due to simulation of Fe-deficiency (see text). Finally, the role of the ferritin DpsA in Fe resistance and some aspects of
regulation have been previously characterized (Reindel et al. 2002, 2005; Zeth et al. 2004). See inset key for interpreting the circuit.
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study. More importantly, prior to this study there was cursory

knowledge of metal physiology in Halobacterium NRC-1, or for

that matter, in any archaeal organism. The systems analysis com-

prising 66 microarray experiments, phenotypic analyses of 17

gene deletion strains, and simultaneous analysis with diverse or-

thogonal sources of information enabled rapid synthesis of a sys-

tems scale model (Fig. 7) of how this organism responds to six

transition metals. As expected, we discovered previously known

mechanisms including efflux of metal ions by P1 ATPases, down-

regulation of Mn(II) uptake, ion scavenging, increased protein

turnover, and minimizing ROS production; however, it is note-

worthy to mention that these are all new insights for archaea. We

also made several completely novel discoveries including in vivo

evidence for control of transcriptional regulation by a TRASH

domain, ability of Halobacterium NRC-1 ZntA to confer resistance

to Co(II), Ni(II), and Cu(II), similarities between global responses

to several metals, a putative global control mechanism mediated

by GTFs and key metalloregulatory proteins, and simulation of Fe

deficiency by Mn(II). Notably, the systems approach has illus-

trated how these varied metal responses operate in the context of

each other in a single organism. It is the properties of these vari-

ous processes and how they work together that ultimately de-

scribes unique phenotypes of individual organisms (Kirschner

2005). As more studies of this scope are conducted, we will be

able to compare across cellular responses to diverse stress agents

and tease out aspects of responses that are shared and those that

are unique. In this regard, it is important to recognize that inter-

actions among varied environmental factors may alter the nature

of the response; for example, some metals such as Fe(II) are

readily oxidized by oxygen to the less toxic Fe(III) state or inter-

act with ion chelators such as citrate (which is in abundance in

the halobacterial growth medium), thereby perturbing the ionic

composition of the intra- and extracellular milieu. Analyses of com-

binatorial changes in two such interacting environmental factors is

necessary to eventually enable better correlation of input (environ-

mental perturbation) to output (phenotype or cell behavior), i.e.,

formulate accurate models of cell behavior in perturbed environ-

ments. Finally, this study demonstrates how a systems approach

can enable rapid reconstruction of physiological responses and

regulatory programs for the vast expanse of organisms with fully

sequenced genomes, but little understanding from classical studies.

Methods

Culturing for phenotypic assays

Survival curves of NRC-1 and mutants in transition metals

Halobacterium NRC-1 is a wild-type strain. Growth curves in dif-

ferent concentrations of metals [MnSO4·H2O (0.8–2 mM),

FeSO4·7H2O (5–10 mM), CoSO4·7H2O (0.1–0.9 mM) NiSO4·6H2O

(0.25–2.5 mM), CuSO4·5H20 (0.7–1.2 mM), ZnSO4·7H2O (0.01–
0.05 mM) (Sigma), and Fe chelator 2,2�-Dipyridyl (0.005–0.2

mM)] (Acros Organics) were conducted in complex growth me-

dium (CM: NaC–250g/L, MgSO4·7H2O–20g/L, Na·Citrate–3g/L,

KCl-2g/L, and peptone 10g/L) with a starting OD600 at 0.05. Cul-

tures were incubated at 37°C and 220 rpm shaking and overall

change in cell density was used as a measure of growth (Fig. 1).

Survival assays for gene knockout strains were also conducted in

CM growth medium with uracil in 14-mL falcon tubes or 96-well

format Beckman culture plates. Each growth and survival experi-

ment was conducted at least twice with at least three indepen-

dent replicates each time.

Survival assays on CM plates

A total of 4 mL of a mid-log culture of Halobacterium NRC-1 (OD

∼0.5–0.6) were aliquoted into falcon tubes (4 mL each) and cells

were harvested at 30 min, 1 h, 3 h, 6 h, and 27 h after addition

of metal salts [MnSO4 (2 mM), FeSO4 (9.8 mM), CoSO4 (0.5 mM)

NiSO4 (2.5 mM), CuSO4 (1.25 mM), ZnSO4 (0.05 mM)], and spot-

ted on to CM agar plates (5 µL of 10�4, 10�5, 10�6, and 10�7

dilution). Colonies were counted after 5–6 d incubation at 37°C.

Culturing for RNA preparation

Steady-state analysis

Mid-log phase (OD600 = ∼0.5–0.6) Halobacterium NRC-1 cultures

were exposed for 5 h to different concentrations of metals (Fig. 1)

(MnSO4: 0.8, 1, and 1.5 mM; FeSO4: 2, 4, 6, and 7 mM; CoSO4:

0.2, 0.3, and 0.5 mM; NiSO4: 0.5, 0.75, and 1.5 mM; CuSO4: 0.7,

0.85, and 1 mM; ZnSO4: 0.005, 0.010, and 0.020 mM) and DIP:

(Fig. 2B) 0.025, 0.1 and 0.25 mM.

Time Series analysis for evaluating response to 6 mM FeSO4

Halobacterium NRC-1 cells were cultured in 1.5 L of CM in batch

format using the BioFlo100 modular bench-top fermentor (New

Brunswick Scientific). The following parameters were maintained

during culturing pH: 7.0 (maintained by pumping in 0.5 N

H2SO4 or 0.5 N NaOH), d[O2]: 100% and agitation: 300 rpm.

Percent air saturation in the medium was monitored with an O2

sensor (InPro 6000, Mettler Toledo) calibrated to 100% oxygen

by sparging 3.2 VVM (vessel volume per minute) rotameter air

flowrate and 1200 rpm agitation prior to culture inoculation. At

mid log phase (OD600 ∼ 0.65), the culturing was shifted to con-

tinuous mode and cell density was maintained by diluting the

culture with fresh medium; spent medium was pumped out at

the same rate to maintain culture volume at 1.5 L. On the third

day, FeSO4 was added to the continuous culture to a final con-

centration of 6 mM. Then, 5–6-mL culture aliquots were col-

lected using the following sampling schedule: 11 time points (1

min before adding FeSO4, and a subsequent time course of 10

points: 0, 5, 10, 15, 20, 25, 40, 80, 160, and 320 min). Each

sample was immediately centrifuged and the cell pellets were

flash frozen in a dry ice/ethanol bath to minimize both unin-

tended perturbations and change in transcriptome state.

RNA preparation

Total DNA-free RNA was prepared using the Absolutely RNA

miniprep kit (Strategene) and analyzed by PCR to rule out DNA

contamination, with Agilent Bioanalyzer to verify integrity, and

in the spectrophotometer for quantification.

Construction of in-frame gene deletion strains

An in-frame deletion copy of all but the first 21 bp of each gene

was constructed in vitro by fusing with recombinant PCR two

overlapping ∼500-bp PCR fragments from upstream and down-

stream segments of each gene. The intact chromosomal copy was

replaced in a two-step process with the deletion copy. First cross-

over recombinants were selected for mevinolin resistance. Sec-

ond cross-over recombinants were subsequently enriched by se-

lecting for 5-FOA resistance due to loss of the intact ura3 gene

copy on the plasmid. The 5-FOAr isolates were screened by PCR

for gene deletion (Supplemental Tables 5, 6).

Microarray analysis

Microarray slide fabrication, RNA preparation, labeling with Al-

exa547 and Alexa647 dyes (Molecular Probes and Kreatech BV),
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hybridization, and washing were conducted as described previ-

ously (Baliga et al. 2004). Raw spot intensity values for each gene

(eight replicate spots from two slides including dye-flip) were

median normalized and evaluated for statistical significance of

differential expression by maximum likelihood analysis with

VERA and SAM algorithms (Ideker et al. 2000). Comparison of

RNA from biological replicates using this procedure consistently

yields low � values <15 for over 99% of all genes. Changes asso-

ciated with � values >15 are therefore considered statistically sig-

nificant in our experiments—usually representing a false positive

rate of <1%. All steady-state experiments were conducted with at

least two biological replicates. Data from the microarray process-

ing pipeline were archived using the DataLoader (M.H. Johnson,

D. Tenenbaum, P. Shannon, and N.S. Baliga, in prep.) with all

associated experimental design and sample processing param-

eters.
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