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Chapter 1 - Introduction

Earth contains a wide variety of extreme environments, including those characterized by
temperature and pH extremes, high pressure, high salinity, and extreme dryness.
Members of the Archaea, Bacteria and Eukarya have been found thriving in these hostile
environments that were originally considered too harsh to suppoft]ifExtreme
environments vary greatly from those commonly encountered by humans,

nevertheless are populated by a myriad of extraordinary organisms. These are known

col | ecteixvterleymo&sh il es o |

Extremophiles have been studied extensively over the last several decades. Initial studies
focused mainly on the inhabitants of environments accessible to researchers, such as
geothermal vents, tHeead Sea, and abandoned metal miwib, extremes in

temperature, salinity and pi][ These extreme habitats were generally considered to be
populated by prokaryote8][ Since then, however, representatives of all three domains

of life have been identified in these environments, incluélingi (e.g, Ustilago maydiy

and small animalse(g, Adineta vaga(Fig. 1-1) [4, 5]. Many extremophiles €.g,

thermophiles) are defined by their optimum growth characteristics and/or requirements,
however, within such groups there is an enormous raktativersity [6]. By

understanding how extremophiles meet the physical and chemical chafiemge s

hostile environments, we extend our view of biochemistry and metabolism.



A great example is the characterization of thermostable proteiteemmusaquaticus

[7]. Beforethe discovery of hyperthermophiles, it was generally accepted that
temperatures > 60°C denature all proteins, but thermophilic proteins maintain their
structural integrity at temperatures of 80°C00°C [8]. Understanding mechanisros
thermostability has not only led to a greater comprehension of protein function and
structure, but also to practical applications such as polymerase chain reaction (PCR). Taq
polymerase is a thermophilic DNA polymerase that was isolatedTr@rmus

aguaticus,a thermophilic bacteriunv]. This thermostable enzyme has completely

revolutionized molecular biolog¥].

The physiology and metabolic diversity of extremophitraains an unexhausted
reservoir of potential biotechnological exploration amtbvation p]. Once abundant life
was discovered in what were considered extreme environments, ourfuiesv

underlying biochemistry supporting those organisms fundamentally changed.



Phylogenetic Tree of Life
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Figure 1-1. Examples of extremophiles in the three domains ef Tifdenotes
thermophilic members; S denotes halotolerant and halophilic members; A denotes

acidophilic members; R denotes radiation and desiccation resistant members.

Extremophiles on Earth are typically classified by a singular characteristic thves allo
existence under a singular extreme condition. However, the archatmracterium
salinarum,in addition to being adapted to higalt,also shows high level of resistance

to desiccation, high pressure, UV and ionizing radiation (IR12]. This

Apol yextremetismo i s quite common among
typically exposed to multiple stresses. For example, bacteria inhabiting salterns are also
exposed to high levels of UMLB]. The definition of a polyextremophile also fitset

model organisnbDeinococcus radiodurans bacterium whiclisplays extreme

resistance to a range of damage caused by radiation, desiccation, oxidizing agents, and
electrophilic mutagendlf, 15]. In D. radiodurans a system based on smaiblecule

antiaxidants preserves the activity of repair enzynigs 1g§. There are very few
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terrestrial environments characterized by high radiation and it has been suggested that
radiation resistance is a fortuitous consequence of a high tolerance to desiccation, as
many organisms that are desiccati@sistant are also resistanifo[17, 18].

Accordingly, IR is used to mimic the damaging effects of desiccation and can be used as
a convenient proxy to study desiccation resistaid¢es chapter will discusisow

radiation damages cells and then we will review what we know about radiation

resistance, which we have learned from studies of radie¢gistanbrganisms.

lonizing Radiation Damage

lonizing radiation damages cellular components by directrahcect effects 19). While
direct ionization within the cell results in molecular damage, the vast majority of cellular
insults under aqueous conditions are caused by indirect effects, through the actions of
reactive oxygen species (ROS) formed fromrdwtolysis of water (Fig.-R) [19]. The
radiolysis of water generates hydroxyl radicals f)ﬂ@rotons, and free electrons (eq. 1).
(1) HO A HOM €4+ H

(2) 2HT'A H,0;

(3) Oy + €gA O

The hydroxyl radicals react indiscriminately with all macromolecules in the cell or react
with each other to form hydrogen peroxide@) (eq. 2), and free electroresact with
dissolved oxygen to form superoxideg@)(eq. 3). DNAassociated water molgies that
undergo radiolysis become an immediate threat for nucleic acids, ratt@ base

damage, single strand breaks (SSBs), and DE#s$uperoxide and D, are



potentially the most deleterious to the cell, mostly from their interaction with iron

associated with proteins or DNA&Q, 21] . For exampduffurclusterot ei nso
(e.g, 4Fe4S dehydratases) are readily destroyed J_oﬁpmi HO,, which can perpetuate

and amplify ROS generation by the Fenton reaction (eq. 4) and related cascading

reactions RQ].

(4) F€" + H0, Y F'e HOM+ OH



Representative primary radiolytic reactions and rate constants (theoretical)

Reaction Rate constant
(moles per second)

1) H,O — HO* (hydroxyl radical) + H* (proton) + e, (hydrated electron) 59 = 10-8

2) 2HO* — H,O, (hydrogen peroxide) 6.0 10°

3O, +e, =0 (superoxide) 2.0x10"

4) H'+ O~ — HO* (hydroperaoxyl radical) 2.0x10"

5) HO, + H*— H.O, 2.0 x 10°

6) e, + HO,— HO + OH- (hydroxide ion) 10 = 10

7) HO* + HO,* - HO+ O, 6 % 10°

8 H,O, + HO* > HO+ 0 + H* 27 X107

9 H +OH— HO 144 =107

HO" (neutral form

A
| | |

Indiscriminate extreme Highly localized extreme damage
damage to DMA, proteins, to proteins with exposed
lipids and RMNA incrganic Fe—5 prosthetic groups

l 1

Release of Fe®* from proteins leads to
Fenton chemistry

0, (charged)

Moderate damage
to Fe-5 proteins

Figure 1-2. Theoretical cellular reactions generating a variety of ROS following ionizing
radiation (takerfrom [22]). Top, expected reactions that result from the radiolysis of

water and their rate constants, dRd

The resulting HAinflict a barrage of oxidative damage upon cellular components.
Hydrogen peroxide also reacts with some other transition metal§ (@) bound to

the active site of proteins, releasing f4@d damaging the adjacent amino acids,



resulting in inactivation by protein oxidatio(, 21. While some forms of amino acid
oxidation are reversible(g, methionine), others are not (cysteiregrbonylation is an
irreversible form of protein oxidatior2, 2. Proteins have also been shown to be

inactivated by UV [23]Thus,IR inflicts severe oxidative damagettee cell which must

either be prevented or repaired in order fordékto surwe.

Radioprotection and Damagepair

In the 1960s, DNA was considered to be the principal target of radiation, and DNA
damage was responsible for its lethal effe2t§.[Scientists first believed that iR

resistant microorganisms survived hilgivel radation because they possessed some way
to prevent DNA damage. However, it was later shown that the amount of SSBs, DSBs
and base damages were approximately the same for bo#sigRant and IRensitive
microorganisms32, 25. As DNA damage is an inevitable consequence of irradiation,
focus then shifted to DNA repair systems, and the investigation of the differences
between the repair systems ofi&sistant and IFgensitive organisms. Whoetgenome
analysis oD. radiodurans H. salinarumandPyrococcus furiosusoncluded that these
IR-resistant microorganisms encode DNA repair systerngh appear very

conventional 22, 26, 27].

While the majority of DNA damage from IR is the formation of SSBs and base
modifications, the last frequent but most deleterious are DSBs, which fragment the
genome 28]. The mechanismir DSB repair include homologous recombination (HR),

single strand annealing (SSA), extended syntkiegieendent strand annealing (ESDSA),



and norhomologous engbining (NHEJ) (Fig. 13) [29]. HR, SSA and ESDSA require

the DNA ends to be processed by exonucleases to generatessingleanded 306 over
[30]. HR requires an intact homologous DNA molecule and is used in all three domains

of life [31]. ESDSA has onlpeen described iD. radioduransand is a variant of the

SSA mechanism where DNA fragment assembly is accompanied by DNA synthesis,
producing | ong 36 overhangs, and it has be
follows is increased by these extendsdrbangs 15,30]. NHEJ, which does not require

DNA endprocessing, is the major pathway of DSB repair in higher eukary@Zpdt[

has been proposed that this mechanism is present in-tlesid®anD. radiodurans

facilitated a protein unique to tfi@einococcaceaPprA [15,33]. PprA is upregulated in

response to IR, and Ppideficient strains show slower growth rates anégd#Rsitivity

when compared to the wiiype, indicating that this protein may be important to the IR
resistance i. radiodurang 33]. However, detailed molecular analyses have

demonstrated that NHEJ is absenbDirradiodurang 34).

Another unique feature @. radioduranss its singlestrand DNAbinding proteins

(SSBs), which are different from other bacterial homoldgs [Compared td. coli

SSBs, they are twice the size and form dimers instead of tetrabbgrévhile E. colihas

200 to 3,000 SSB tetramers per cBll radioduranshas 19,500 dimers per cell, which

increases to 56,000 in response to1H.[AlongwithPpor A and SSBs, the AL
damage responseo protein (DdrA) was found
protect DNA fragments from degradation, but mutants deficient of this protein do not

lose significant IR resistanc&4).



a ‘__,..—DNA double strand breaks (DSB)

| \ | |
HR SSA ESDSA NHEJ

. . . .

s = 1 e

. ks
A | | '

Major DSB break A very important Major pathway in
repair pathway in pathway in D. mammals during
bacteria and in yeast radiodurans G1 phase of the cell

S. cerevisiae cycle

Figure 1-3. Pathways fothe repair of DNA doublkstrand breaks (fron8[L]). Green
lines indicate DNA newly synthesized during repair. Red and black are used to represent

two copies of the same chromosomal region.

Compared to bacteria, DSB repair in archaea is less well tbarad. InP. furiosus

DNA end processing is carried out by Rad50/Mrell complexes (MR complex) that attach
to the DNA ends and recruit nuclease and helicase proteins (NurA and HerA,
respectivel y) t3t]. Thisonrtum ré&ciits Rad®, adRAavargrg B1].

In H. salinarum nurAandherAhomologs are missinghd while Rad50/Mrell proteins

are present, Rad50 is not required for homologous recombin8&pnAdditionally,



mutants oH. salinarumdeficient in both Rad50 and Mreld&r&d50-aanrell) are just as

IR-resistant as the wilt/pe, though the repair of DNA DSBs occur less efficierih}.[

Early radiobiology experiments showed that the activity of purified proteins in aqueous
solution could be protected from IR by increasing proteimcentration or by the

addition of small organic molecule3q, 37. Du and Gebicki later suggested that
proteins are the principal targets of radiation damage in mammalian3&lls [
Consequently, a few researchers began to examine the role of protktion in

irradiated cells, and it was shown that protein damage in irradiated prokaryotes was

causative in radiation toxicity, not merely correlati¥é,[14, 39, 4Q.

As stated above,{f)and HO, are particularlydamaging to proteins, especiallyse

with iron-sulfur groups, therefore the removal of these ROS is key to protecting proteins
in the cell. One such way of protecting proteins fi&is through ROS scavenging
systems. The key enzymes responsible for the removal of ROS are superoxidasism
(SOD), catalase and peroxidase. SOD disproportion&?@s ®,0,and Q (eq. 5 and 6)

[41]].

(5) M3t + OZAA M2* + o,

(6) M* + 2H" + O A M3 + H,0,

The metal cofactor is represented by M, which can be Mn, Fe, Cu, ddZidydrogen
peroxide is then scavenged by peroxidase (eq. 7) which uses an organic reducing agent,
represented by R, or by catalase (eq28). [

(7) R, + H,O. A R + 2H0

10



(8) 2H,O, A Oz + HO

While SODs are highly efficient, ROS scavenging can also be facilitategtdyglasmic
manganous (M) complexes {1, 14, 21, 4R Early evidence showed that the
aerotolerant.actobacillus plantaruntacks SOD, but benefits from the accumulation of
Mn®* to remove @B‘[43]. WhenL. plantarumis grown in Mif*-deficient minimaimedia
it shows greater sensitivity to oxygef8]. SOD-deficient mutants ocfaccharomyces
cerevisiaeandEscherichiacoli overcame the phenotypic sensitivity te When these
mutants were grown in Manriched mediad4, 45. In vitro studies showed that NROy,
complexes catalytically scavenged&Oand when Mfi" was combined with certain
amino acids, Mramino acid complexes decomposefDb[42, 46, 47]. Given its ability
to effectively scavengef), it is not surprising that a mechanistic links been shown
between high Mn/Fe ratios and high resistand®}@s seen iD. radioduransandH.
salinarum[11,22). A high intracellular concentration of Mhconfers protection to
proteinsin vitro, and microorganisms with high Mn/Fe ratios show lesidative protein

damage after irradiation than those with low Mn/Fe ratlds 14,18, 39, 48].

Recent studies with the halophilic archaébrsalinarumand bacteriunD. radiodurans
showed that the radiation resistance of these organisms was nodeiejpen the
presence of ROScavenging enzymed], 49). Further studies showed that protéiee
cell extracts (ultrafiltrates) dfl. salinarumandD. radioduranshad far higher
concentrations of M, peptides, and free amimaids than thosef oadiationsensitive

organisms such ds. colior P. putida[11, 14. The ultrafiltrates protected enzyme

11



activity from high levels of IRn vitro, whereas ultrafiltrates from radiatks@nsitive
organisms did notl[1, 14. The radiation resistance ofetbe prokaryotes appeared to
reside in the accumulation of manganous {lions, which form antioxidant complexes

with peptides, orthophosphate, and other small molecules (Fighirfl1, 14, 15, 50].

(0) @)
il /
o
S
.oy P ~OH
Ribose \‘f ~ - /
OH* O 3 Oy
Prcnns- Eoy - o
7 H202 \
/’ 0y \\
" OHe 3

Figure 1-4. Model for manganeskased chemical antioxidantsin radiodurans Mn?*
catalytically scavengeszé‘)in complex with orthophosphate (red). Free amino acids or
peptides in complex with Mfiand orthophosphate catalytically decompos@xand
scavenge @ (green). Nucleosides (and their analogs) complex with"Mn
orthophosphate and scaveng;é\ (blue). Nucleosides, free amino acids, peptides, and

other small organic metabolites scavenge hydroxyl radicafs Fem L5].

Additionally, it has been shown thRacillusspores resistant to wet and dry heat benefit
from the accumulation of M coordinated with small molecules including dipicolinic
acid (DPA), -gpesmap, acsEwlubke prgteind (SASPs)]; DPA also

formed antioxidant complexes with €and PQ, indicating that other divalemtetal

12



ionsmay contribute to protection from IR [5In**-mycosporinecomplexes are

attributed to facilitating radiation and desiccation resistance in other ba&i& (]

Cellular accumulation of M together with a variety of organic and inorganic ligands

may be a widespread mechanism to surviving oxidative stress, and there is evidence that
this may extend also to simple animals such as rotdé}s Thus, the ida that protein
protection might govern radiation resistance has severely challenged the conventionally
held view that DNAdamage is paramount in radiation toxicity. By protecting protein
function from the damages inflicted g, DNA can be repaired by ngpetent proteins,

and the cell can survive (Figureb).

13
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Figure 1-5. Model of death by protein damage in irradiated cells. DSBs in the genomes
of cells exposed ttR. HOare generated by the radiolysis of water react with organic
molecules, but also with each other to genera@zHOf in irradiated cells is generated
by the decomposition of @, through enzymatic or metahtalyzed processes and from
O in the atmospére. Q" and HO are relatively inert, but are extremely damaging to
some proteins. M not bound to proteins forms Nhorthophosphate complexes which

can provide protein protection. Froig].

Radiation Resistant Extremophiles

In addition to the halophilic archaeéh salinaruma number of other extremophiles have
been found to be resistantl® (Table 11) [14,55]. Recently, several thermophiles were

tested for their resistance IR, including the sulfateeducingArchaeogltus fulgidusas

14



well asMethanocaldococcus jannaschei methanogen, and were found to hayg D
values (the dose dR at which 10% of the population survives) of approximately 1,000
Gray (1 kGy) p5]. Other thermophilic archaea are even more radiatisistent, such as
P. furiosusandThermococcus gammatoleranghich have by values of 3 ané kGy,
respeately. [56, 57. Additionally, the thermophilic bacteriudquifex pyrophilusvas
shown to have a {3 of 2.8 kGy, while the phylogenetically distant, thermophilic gram
positiveRubrobacter radiotoleranandRubrobacter xylanophilusave Qo values of 10
and 6 kGy, respectivelpp, 58, 59. Despite the seeming prevalence of radiation
resistant thermophitg it would be unjustified to assume this is true of all thermophiles,
as several have been shown to be radiation sensitive, such as the agli&dolus
solfataricuswhich has a i of 0.5 kGy pQ]. As discussed earlier, the halophilic
archaeorH. salinarumis also highly radiation resistant, with asalue of 5 kGy 12).
Notably, radiation resistance is not exclusive to microorganisms, as the roundworm
Caenorhabditis elegarend the tetraploid rotifek. vagacan survive far great numbers
of radiaticn-induced DSBs than evdn radiodurang 16, 40, 61]. Whether or not
mechanisms of radiation resistance are shared between archaea, bacteria and eukaryotes
is only now being investigated. This thesis examines feaieh may be shared

between radiatiomesistant archaea and bacteria.
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Table 1-1. Examples of radiation resistant polyextremophiles

Extremophile Dio Characteristics

Eukarya

Adineta vaga 1 Desiccation resistant
Caenorhabditis elegans 1.2 Thermotolerant

Ustilago maydis 6  Thermotolerant, halotolerant
Archaea

Pyrococcus furiosus 3 Anaerobic thermophile, halotolerant
Halobacterium salinarum 5 Halophile, desiccation and pressure resistar
Thermococcus gammatolerar 6  Anaerobicthermophile

Bacteria

Aquifex pyrophilus 2.8 Microaerobic thermophile
Rubrobacter xylanophilus 6  Aerobic thermophile, halotolerant,

desiccation resistant
Rubrobacter radiotolerans 10  Aerobic thermophile, desiccation resistant
Deinococcus geothermalis 10  Aerobic thermophile, desiccation resistant
Deinococcus radiodurans 12  Desiccation resistant

Radiation Resistant Extremophile Systems:

Rubrobacter xylanophiluandRubrobacter radiotolerand he obligate aerobic

thermophileR. xylanophilu@ndR. radiotoleransare Grarrpositive bacteria of the

phylum Actinobacteria. Originally name&throbacterradiotolerans R. radiotolerans

was isolated from a radioactive spring in Japan, whé&eaglanghiluswas isolated

from a thermally polluted industrial runoff in the United Kingdd®8,[63. Both are
pleotrophic, displaying morphologies which vary between rods and cocci, and they are
pink as a result of the accumulation of carotenoids in the &8l]6Q. R. radiotolerans

has an optimum growth temperature of 48°C whelReaglanophilusgrows optimally at
60°C [B9, 63. These thermophiles are heterotrophs, making them easy to cultivate and
use as model systent®. radiotolerangDi, 12 kGy) is futher distinguished frorR.

xylanophilug(D1g, 6 kGy) by its higher resistance to I62]. Interestingly DNA related
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to these species has been isolated from historically important buildings in Austria and
Germany, as well as deserts, a highly desiccatmg@ment £3]. Both R. xylanophilus
andR. radiotoleranshave sequenced genomes of 3.2 Mbp and 3.4 Mbp, respectively, but

no genetic tools are currently availabb]f

R. xylanophilushas been studied extensively for the solutes it accumulates, such as the
carbohydratederivatives mannosylglycerate (MG) andnaycinositol phosphate (DIP),

as well as the disaccharide trehalose (F@); MG and DIP concentrations increase
approximatey 2-fold due to salt or heat stress, respectively, whereas trehalose
concentrations increase in response to both streg&réntil the detection of this
compound irR. xylanophilusDIP was thought to be found only in hyperthermophiles
where its conceration is increased in response to heat st@&ssdq. In contrast,

trehalose is ubiquitous, found in diverse organisms throughout the tree 6lifed. In

vitro studies have shown its protective effects against heat, desiccation, oxidation and
freezing B9, 7Q. R. xylanophilugncodes four pathways for the synthesis of trehalose,
two of which have been characterized and confirmed to be metabolically imp@dant [
One of these pathways is unique to hyperthermoplates appears to have been acep
through horizontal gene transfer from a methanog@&h The prevalence of multiple
pathways dedicated to the synthesis of this simple sugriglanophilusndicates that

this compound is important to its survivantil this study, it was unknowwhether or

notR. radiotoleransaccumulates any compatible solutes, and it has not been determined
if the compatible solutes accumulatedRyxylanophilu@ndR. radiotoleransontribute

to the radiation resistance seen in these bacteria.
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Figure 1-6. Compatible solutes in thermophiles. Mannosylglycerate (MG) anuydi
inositol phosphate (DIP) are anions and depicted as potassium Sddesng the main

counterion in the organisms from which they originate.
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Pyrococcus furiosuandThermococcus ganatolerans

The anaerobic archae®yrococcus furiosuas first isolated from a hydrothermal vent

near Vulcano Island, Italy and has gBalue of 3 kGy T2, 73. It is one of the first
thermophiles to be studied extensively, including the sequencinggénome, and is

often used as a model hyperthermophil4.[It can use a wide range of compounds as a
carbon source, such as peptides and carbohydrates, and it does not need elemental sulfur
for growth when maltose and tungsten are added to the culadia Ii5]. Proteins have

been purified fronP. furiosuscontaining Co, Fe, Ni, W, and Zn, and a recent study

found that 13 additional metals were incorporated into macromolecular complexes (>5
kDa) [76]. Like theRubrobacteispp.,P. furiosusaccumulates MG and DIP in response

to increased salinity and temperature, respectivgdly [

The radiation resistance Bf furiosushas been investigated extensivel§][ DiRuggiero

et al showed that after exposure to 2.5 kGy, no detection of ichacmosomes could be
found, indicating that this thermophile can repair its shattered 2Mbp genome within 20
hrs after incubation in fresh medif]. As stated previously, it has been shown that
DNA protection mechanisms are not responsible for the radiagisistance in this
archaeon25]. A whole-genome mRNA microarray analysisffuriosusn response to
radiation yielded the result that very few DNA repair genes were differentially expressed
after exposure to IR7[]. The study also showed that thestems involved in oxygen
detoxification appeared to be constitutively expressed, but thdikepsrotein (what is
DPS) was found to be elevated in response to both IR sRs presumably to sequester
Fe [73, 77]. These results were also found in a reéestady onP. furiosusin response to

hydrogen peroxide, which concluded that this microorganism maintains constitutive high

19



level expression of oxidoreductasdated enzymes including superoxide reductase
(SOR), rubrerythrin, and alkyl hydroperoxide rethse ¥7]. P. furiosus like most
anaerobic hyperthermophiles, lack the oxygen detoxification enzymes superoxide
dismutase (SOD) and catalase which their aerobic counterparts use{&)d7d. In
their placeP. furiosushas a superoxide reductase (SOR)ich is a norheme iron
containing enzyme; instead of catalasgéduriosushas several peroxidases (Figrhi)
[78] including rubrerythrin, alkyl hydroperoxide reductase | and Il, and the
aforementioned Feequesterin@ps-like protein [/7-79]. A variation of SORmediated
OZA detoxification was discovered in which SORerrocyanide complexes reducaAO
without the formation of KD,, and this system was highly efficient, as the SOR iron site
remains reduced, thus mlinating the requirement of oxidoreductases to recycle SOR

(Fig. 1-7c) [80Q].
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Figure 1-7. Proposed pathways for superoxide detoxification in: (A) aerobic and (B and
C) anaerobic granisms (from [3]). Cyt bd: cytochrome bd ubiquinol oxidase, Prx:
peroxiredoxin, Rd: rubredoxin, SOD: superoxide dismutase, SOR: superoxide reductase,

NROR: NAD(PH rubredoxin oxidoreductase.

Thermococcus gammatolerawas isolated from enriched samples collected from
hydrothermal chimneys after exposure to 30 kGy diatéon, and has apvalue of 6

kGy, making it one of the most radiatioesistant archaea isolated to d&@.[ The

anaerobic archaeon has an optimal growth temperature of 88°C, and in the presence of
elemental sulfur (S°) is able to grow on complegamic compoundsfl]. However,

unlike P. furiosus it is not able to grow on peptides or free amino acids without the
addition of elemental sulfur (S°8]]. Its 2.0 Mbp genome has been sequenced and has
an average coding sequence similarity of 71.5% Ritfuriosug81]. While genes have

been found in its genome for the synthesis of the solutes MG and DIP, the actual
detection of these compounds has not been dorle fr|ammatolerans
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Halobacterium salinarum

H. salinarumis an extremely halophilic archae that grows optimally in 4.3 M NaCl at

42°C, and accumulates KCI to maintain osmotic balaB2 This microorganism is

highly resistant to desiccation, pressure and radiatigf kGy) [L0-12, 83. Its 2.6

Mbp genome has been sequenced, and mangtic tools are readily available for this

halophile, making it a good model syste?6[84, 89. The stress response of this

archaeon has been studied extensively for chemical oxidants, UVIR ametals and

pressurell, 27 83, 86, 87]. From the abugance of these prior studies, there is much we
understand abold. salinarund s stress response to oxidizin
IR, the radiation resistance df salinarumis not dependent on R&®avenging

enzymes11]. As mentioned before, RO®d oxi fi cat i codl/Znpagant s wi t
amsrA VI&0018H  a VNG O788Hmutations displayed various susceptibilities to

chemical oxidants, but not to gamirediation [L1, 89.

DeVeauxet al.selected for super radiatioasistant isolates ¢d. salinarumafter

multiple successive rounds of hi¢gvel IR to explore the potential for increasing the

radiation resistance in theschaeon. This type of strain evolution has previously been

done withE. coliandSalmonella typhimuriurhT2 [89-91]. A whole-genome

transcriptome analysis of two of the supesistant. salinarumisolates revealed the up
regulation of two singlstrand DNA binding proteins (RPAS), one of which was found to

be induced in response to UVC ligBBQ[ 92]. Up-regulation of genefor both SODs

(sod1 and sod2) were also found in these isolates, but as stated previously, these enzymes

are not essentidr the radiation resistan@dserved in wiletype H. salinarum[11, 89).
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Whiteheadet alcombined proteomic and transcriptoraitalyses of the IResponse

systems in wiletype H. salinarum and found that transcript and protein abundances may
vary according to gene and temporal shift, complicating the correlation of transcription
and translationd7]. The mechanism of radiatioma desiccation resistancekh
salinarumappears to reside in the accumulation of cytosolic salt arfd-tmplexes

that protect proteins from oxidative damag,[871. Using a similar method employed
previously,we propose to select for increasedré®stant (IR) isolates oH. salinarum

and to investigate the change in protein levels expressed in these isolates, which may
reveal key metabolic routes or other protein protection systems instrumental in this
enhanced IR resistanf®9]. This proteomidased approach will be complemented by a

biochemical analysis dhe IR isolates and the metabolites they accumulate.

Research Obijectives

The study of extremophiles and the specific environmental extremes they inhabit lead to
new insights on the mechanisofsstress response. The diversity of these mechanisms is
as diverse as the habitats and organisms themselves. For example, different mechanisms
have evolved for halotolerance. Obligate halophiles accumulate high concentrations of
salt in the cell, while mderate halophiles or halotolerant organisms remove salt from the
cell by Nd transporters and accumulate organic compatible solutes to maintain osmotic
balance 82, 93, 94. The same diversity is found in {Resistant organisms, whose

proteins argrotected by the accumulation of Mrand a variety of organic molecules

[11, 14, 4Q 51-53]. Given the diversity of IResistant organisms and their natural
environments, we do not know if there are universal features of IR resistance, such as the

intracdlular accumulation of Mn. In the archaebin salinarum desiccation and IR
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resistance are the result of the high cytosolic salt concentration &iecdnplexes that
protect proteins from oxidative damgd4, 87. We hypothesize that the diversity I&¥-
resistant extremophiles leads to many different pathR tesistanceand the object of

this research is to investigate the diversity of these mechanisms

My specific aims are as follows:

1. My hypothesis is that there are multiple metabolic routes to increase IR resistance
in H. salinarum | will investigate further damage protection mechanisms that
underlie the radiation resistancethfsalinarumby the selection and analysis of
H. salinarun supetresistant (IR) isolates. Investigation of differential protein
expression in IRisolates oH. salinarummay reveaMn-mediatednetabolic
routes to high IR resistance.

2. My hypothesis is thahe accumulationf Mn?*, trehalose, mannosylglycerate
(MG), and dimyainositol phosphate (DIPare instrumentah the radiation
resistance of the thermophilBsibrobacter xylanophilus, Rubrobacter

radiotolerans, Pyrococcus furiosuandThermococcus gammatolerans

This research established that theresareeral metabolic routes to high IR resistance.
This work revealed the effect of Mstimulated central metabolism, which contributes to
the IR resistance in 2 of the IRi. salinarumisolates The 3 IR* isolate utilizes an
alternative pathway to IR restance through a high expression of proteins that are
typically reserved for stress conditioassociated with stationary phase. This work
reaffirmed the relevance of singdéranded binding proteins (RPAB)IR resistance at

the protein levelThis studyalso showed that the anaerobicrégistant
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hyperthermophile®. furiosusandT. gammatolerando not contain high concentrations

of Mn, and the basis of their IR resistance is due to their anaerobic lifestyle. Additionally,
we showed that the aerobic thphilesR. xylanophilugsndR. radiotoleransare

protected from IR by the accumulation of trehalose andWknconclude that the

compatible solutes MG and DIP do not greatly contribute to the IR resistance in

thermophiles.
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Chapter 2: The Effect of Mn on Metabolic Pathways in Extreme

Radiation-Resistant Mutants ofHalobacterium salinarum

Introduction

lonizing radiation (IR) is detrimental to biological systems and most of the damage to
macromolecules result from radiolysis of wated #me production of reactive oxygen
species (ROS), such hgdroxyl radicals IélO/S) superoxide(ozA) and hydrogen peroxide
(H207) [19]. ROS damage DNA through double strand breaks (DSBs) or base
modifications, but evidence suggests that the rtioeatening damage to the cell is
protein oxidation, producing deactivation, fragmentation, and aggregation of proteins
[20]. The most susceptible proteins contain exposedstdiur groups, wher@gA and

H,0, can oxidize ferrous ions (F@, resulting h carbonylation of protein residues, as
well as releasing P& which can further damage macromolecules within the cell and

generate morbIOAby participation in Fenton chemistry321, 99.

For radiatiorresistant microorganisms, such as the bactebemococcus radiodurans

and the halophilic archaedialobacterium salinarumthe damage inflicted by these

highly oxidizing conditions must either be avoided, repaired, or both in order for the cell
to survive [L1,14]. DNA repair systems in IR resistaniaroorganisms continue to be
scrutinized (for review, sed%, 31], but researchers have also been investigating the role
protein damage plays in {Related lethality 11, 14, 39, 4Q. Given the lack of

environments characterized by high radiation, itlh@ensuggested that radiation
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resistance is the result of desiccation resistance, as many organisms that are desiccation

resistant are also resistant to, iIRcludingD. radioduransandH. salinarum[12,17, 18§].

The role of ROS scavenging systems in IR resistance have been investigated and
previous work withH. salinarumandD. radioduransrevealed that their radiation
resistance is not dependent on ROS detoxification enzymes such as superoxide dismutase
and catlase [L1, 96. Additionally, SODdeficient mutants osaccharomyces cerevisiae
andEscherichiacoli were no longer sensitive to,@hen these mutants were grown in
Mn-enriched media, indicating the importance of cellular accumulation of manganese
[44, 45. MnPOys-complexes catalytically scavenge% vitro, and when Mf" was
combined with certain amino acids, Mimino acid complexes decomposefDH[43,

46, 47]. Under conditions of high intracellular concentrations of Mn, the metal binding
sites of methoenzymes can replace Fe with Mn, which could prevent Fenton reaction
damage to the protei2]]. A mechanistic link has been shown between high Mn/Fe
ratios and high resistancel®, as seen iD. radioduransandH. salinarum[11, 22].
Microorganisms wh low Mn/Fe ratios have more protein damage after irradiation than

those with high Mn/Fe ratiod 1, 14,18, 39, 4§].

Proteinfree cell extracts (ultrafiltrates) @f. radioduransandH. salinarumhad higher
concentrations of M, peptides, and amino acids than those of radiatirsitive
organisms, such ds colior P. putida[11, 14. The ultrafiltrates protected enzyme
activity from high levels of gamma irradiatiamvitro, whereas ultrafiltrates from

radiationsensitive oganisms did notl[1, 14. The radiation resistanad these
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prokaryotes appeared to reside in the accumulation of manganofi3 ids, which
form antioxidant complexes with peptides, orthophosphate, and other small molecules

(Figure £3) [11, 14, 15,50].

The halophilic archaeddalobacterium salinarunNRC-1 grows optimally at 4M NacCl,
accumulates up to 4M KCI for osmotic balance, and is exposed UV radiation, as well as
desiccation and rehydration cycles, in its natural environndht [Thiswell-

characterized halophile is extremely resistant to desiccation, radiation and pré@sure [
12.H.salinarunds resi stance to these oxidizing
accumulation of high intracellular concentrations of salts antfflomplexeshat

protect proteins from oxidative damadd. [ 87. DeVeauxet al.selected for super
radiationresistant isolates ¢i. salinarumafter multiple successive rounds of hilgivel

IR to explore the potential for increasing the radiation resistance irrthigemn. This

type of strain evolution has previously been done ®&itholiandSalmonella
typhimuriumLT2 [89-91]. Using a similar methqdve selected for IRisolates oH.
salinarumto investigate thenetabolic routes instrumental to this enhancedeBistance.

This proteomiebased approach will be complemented by a biochemical analysis of the
IR" isolates and the metabolites they accumulate. Our findings indicathahats a
diversity of metabolic routes through which increased radiaésistance can be

obtained.
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Materials and Methods

Culturing and Growth Conditions. Halobacterium salinarunf ATCC 7 utr® 22 ) e
a uracil autotroph which can be used as a counterselectable marker for homologous gene
replacement, and cultures of'IRolates were grown in standard GN101 medium (250

g/L NacCl, 20 g/L MgSQ@A 7,8, 2 g/L KCl, 3 g/L Na citrate, 10 g/L Oxoid brand

peptone), pH 7.2, with the addition of 1 ml/L trace elements solution (31.5 mg/L

FeSQA 7.8, 4.4 mg/L ZnSQA 7,8, 3.3 mg/L MnSQA 7,8, 0.1 mg/L CuSGA 5,8)

and supplemented with a final concentration of 50 mg/L uracil (Sijlahach, St. Louis,

MO). Cultures were grown at 42°C with shaking at 220 rpm (Innova 4080 incubator
shaker, New Brunswick Scientific, Edison, NJ).

Directed Evolution of H. salinarumaara3 and Selection of IR Isolates.Single picked
colonies were grown in GN101 supplemented with uracil to an OD of 0.4 at 600nm and
irradiated at the indicated doses witff@o gamma source (dose rate = 3.2 kGy/hr;
Uniformed Services University of the Health Sciences, Bethesda, MD). Immediately
following irradiation, cells were inoculated into fresh media, grown to an OD of 0.4 at
600nm, and stored in 15% glycerol&0°C. For each subsequent irradiation, the

cultures were grown from their glycerol stocks to an OD of 0.4 at 600nm prior to
irradiation. Cultures were irradiated doses up to 23 kGy (Figurel®. At the end of 6 to

9 rounds of IR, single picked colonies frontkedR" cultures were grown to late

exponential phase and stored in 15% glycereB@tC. Survival tests using 12 kGy as a
benchmark were carried out on all cultures and isolates. All isolates were derived from 3
founder strains, F1, F2, and F3, and desigghe d a s -FinaFRound IRleso | at e #.

For example, the IRisolate 392 was the isolate #2 after 9 rounds of IR of Founder 3.
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Survival Assay.Following irradiation at the indicated dosek,salinarumcultures were
serially diluted in Basal Salt Sgion (BSS; 250 g/L NaCl, 20 g/L MgS& 7.8, 2 g/L

KCI, 3 g/L Na citrate) and plated on GN101 supplemented with 50 mg/L uracil. Plates
were incubated at 42°C forbdays. Survival was calculated as the number of colony
forming units (CFUSs) following tr@ment divided by the number of CFUs without
treatment and graphed with standard error bars. Three replicates were performed.
Preparation of protein-free extracts (ultrafiltrates, UFs). H. salinarumcultures were
grown to an OD of 0.4 at 600nm, and hested cells were washed twice with BSS.
Pellets werge-suspendeth distilled and deionized water (dg®; SigmaAldrich, St.

Louis, MO) and passed through an Emulsiflex Homogenizer (Avestin, Inc., Ottawa,
Canada) at 15,000 psi to lyse the cells. The cell extracts were centrifuged at 1¢,000 x
(60 min, 4C) and standardized by protein concentration, whiak determined by the
BioRad Bradford Assay (BioRad, Hercules, CA). The supernatant was further
centrifuged at 190,000¢(40 h, 4°C) and then subjected to filtration using 3kDa
centrifugal devicegAmicon ultracel 3k filtersMillipore, Billerca, MA). The resulting
ultrafiltrates (UF) were concentrated 5 times in a speed vacuum concentrator (Heto
Vacuum Centrifuge; ATR, Laurel, MD). Samples were aliquoted and stor2eat
Enzyme Protection AssayThe restriction enzymBde was added at a final
corcentrationof 0.5 unit/pl to UFdiluted to 0.2x. The solutions were irradiated using a
®Co gamma source (Uniformed Services University of the Health Sciences, Bethesda,
MD, dose rate = 3.2 kGy/hr) at the following doses: 0, 1, 2, 4, 6, 8, 10, and 12 kGy
Samples were kept on ice until digestion of 1 pg of pUC19 DNA using 1U of enzyme

from each irradiated solution at°87for 1 h. The resulting pUC19 DNA fragments were
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separated by electrophoresis on 1 % agarose TBE gels and visualized with ethidium
bromide staining, and imaged using BioBod E | magi ng System (UVP,
CA). The assay was performed 4 times.

Determination of Amino Acid Concentration. Free and total amino acid concentrations
in theH. salinarumUFs were determined in triplicatesing the ninhydrin assay [$.7

Briefly, tryptophan standard solutions were prepared at concentrations from 0 to 200
nmol tryptophan. Ninhydrin reagent was added to thedsigsto the standards and boiled
for 20 min. Isopropynol was added to 30% final @amtration and the absorbance was
read at 570 nm. A standard curve was constructed based on tryptophan standards to
determine free amino acid concentration in the UFs. Determination of total amino acid
concentration was performed with an acid hydrolpsire assaying free amine
concentration with the ninhydrin assay. The UFs were diluted 1:10 in 6 N HCI, flushed
with nitrogen, and incubated at £@0for 24 hr. Ninhydrin reagent was added to the
resulting digestions and amino acid concentratiware measured as described above.
Amino acid analysisAmino acid analysis was analyzed using Frdedvitization by Dr.
Noboru Tomiyain Appendix A).

ICP-MS and lon chromatography.Mn, Fe, and P@concentration irH. salinarumUFs

and cells (Mn, Feyvere determined using IGKS (Mn, Fe) and lon chromatography
(PQy) at theDivision of Environmental Health Engineering, JHU School of Public Health
as described previousl{ .

Protein Extraction and Precipitation. For the founder, F3 and three'IRdlates, 392,

393, and 463, cultures were grown to an OD of 0.4 at 600 nm and cells were harvested by

centrifugation8,000 xg (10 min, £4C). Two separate cultures were grown for F3, and the
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three IR isolates, 392, 393, and 463 for biological replicafEise pellet was re

suspended onice in 1 M cold salt buffer (50 mM potassium phosphate pH 7.0, 1 M NaCl,

1% 2mercaptoethanol) and subjected to three cycles of sonication for 30 s (Virsonic 100;
Virtis, Gardiner, NY) followed by incubation on ice for 30Téie cell lysate was then

fractionated by centrifugation (8000gx30 min, 4°C), with the supernatant withdrawn

and stored a20°C. Protein concentration was determined usingR&d Bradford

Assay using the manufact ur@®QO 06ssg pafotprcmtlei n
stored on ice and 8 volumes-@0°C TCA/acetone added. The mixture was vortexed

briefly, incubated at20°C for 4 hr, and then pelleted by centrifugation (16,0020

min, 0°C) before discarding the supernatant andging thepellet. To measure the

yield of protein, another aliquot of 200 ¢
of air-drying the pellet, the pellet was-suspendeth a volume of denaturing buffer (50

mM potassium phosphate pH 7.0, 1 M NaCl, 1%h&captoethanol, 6% sodium dodecyl

sulfate) equal to the volume of the original aliquot, and protein concentration was

determined with the Bradford Assay. To verify that the TCA/Acetone precipitation

process did not result in a loss of a significant amotiptaieins, denatured proteins

from both TCA treated and nerCA treated extracts were separated by denaturing

acrylamide gel electrophoresis (SPAGE)ona4{ 0 % gr adi ent gel (15
lane) at 150 V, 60 mA for 1.5 hrs. The gel was stainedBittRa d F|l ami ngoE st
(BioRad, Hercules, CA) and imaged using BioBot E | magi ng System ( U\
Upland, CA) and Typhoon (GE Healthcare Life Science, Piscataway, NJ) RA&

Labeling and LEMS Analysis were carried out at the Proteomic facilityhaf dohns

Hopkins School of Medicine.
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Protein Digestion, iTRAQ Labeling and LC-MS Analysis. The TCA/acetone

precipitated protein pellets wereseu spended in 20egL 500mM TEAB
ammonium bicarbonate) and 1leglL 2%2%8DS.50Each
mM TCEP (tris(2c ar boxyet hyl ) phosphine) for 1 h at
MMTS (methyl methanethiosuphonate) for 15 min at room temperature, then digested at

37°C overnight with trypsin (Promega, Fitchburg, WI) using a 1:10 enzyme tanprote
ratio. Samples were | abeled by adding 100
Biosystems, Foster City, CA) dissolved in isopropanol and incubated at room
temperature for 2h. All samples were dried
subsequently mixed. Bhcombined peptide sample was dissolved in 8 mL of SCX

loading buffer (25% v/v acetonitrile, 10mM kPO, pH 2.8) and subsequently

fractionated by strong cation exchange (SCX) chromatography on an Agilent 1200

Capillary HPLC system (Agilent Technologi&anta Clara, CA) using a PolySulfoethyl

A column (2.1x1200mm, 5e&m, 300j) (PolyLC, C
and washed isocratically with 25% v/v acetonitrile, 10mM,R8,, pH 2.8) for 40 min

at 250¢L/ min. Pept i de s mmwfactiens wsihgat@s0chMand c ol
KCI gradient in 25% v/v acetonitrile, 10mM KkROQ,, pH 2.8, over 40min
monitoring elution at 214 nm. The SCX fractions were drieguspended n 200 ¢ L

0.05% TFA and desalted using an Oasis HLB uElution plategi#/aVilford, MA).

Desalting peptides were loaded for 15 minat 750ml/n di rectly on to a
column packed with Magic C18 ( 5 &m, 120,
Peptides were eluted using-&6% B (90% acetonitrile in 0.1% formacid) gradient

over 90 min at 300 nl/min. Eluting peptides were sprayed directly into an LTQ Orbitrap
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Velos mass spectrometer (ThermoScientifgltham, MA)t hr ough an 1 em en
(New Objective, Woburn, MA) at 1.6 kV. Survey scans (full ms) weqeiiaed from

350-1800 m/z with up to 10 peptide masses (precursor ions) individually isolated with a

1.2 Da window and fragmented (MS/MS) using a collision energy of 45 and 30 s

dynamic exclusion. Precursor and the fragment ions were analyzed at 30,00804nhd

resolution, respectively

Data Analysis. The MS/MS spectra were extracted and searched against the GenBank
database using Mascot (Matrix Science, Boston, MA) through Proteome Discoverer

software (ThermoScientifia¢Valtham, MA)s pe c i f y i n gcies, aypgnlagtlies s p
enzyme allowing one missed cleavage, fixed cysteine methylthiolationpled-8

ITRAQ labeling of Ntermini, and variable methionine oxidation argI8x-iTRAQ

labeling of lysine and tyrosine. Peptide identifications from Mascot lsesingere

processed within the Proteome Discoverer to identify peptides with a confidence

threshold 1% False Discovery Rate (FDR), based on a concatenated decoy database
search. A proteinbés ratio is the mntidi an r a

at a 1% false discovery rate (FDR).
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Results

Enrichment and selection of IR isolates

We selected for supeR resistant (IR) isolates oH. salinarumin order to further
investigate the mechanisms contributing to the radiation resistance of this halophile. Five
individual cultures oH. salinarum(founders) were irradiated as shown in FiguweBr

the directed evolution of [Rsolates. By using higlevels of gammaadiation, we could
eliminate less radiatieresistant members in the culture, and only those possessing
increased radiation resistance would survive and proliferate during the recovery phase
(Fig. 21). After completion of the irradiatierecovery rounds (9 rounds for cultures F1,
F2 and F3, and 6 rounds for cultures F4 and F5), a survival test using 12 kGy as a
benchmark was conducted. After 9 rounds of irradiation;9RR4-6, and IR56 reached

at least 60% survival to 12 kGy, whilelp@2% and 23% of the cells survived a dose of
12 kGy in cultures IRD and IR39, respectively (Fig.-2). Thirty isolates were

randomly selected from the cultures (FieR)2and tested for their survival at 12 kGy

(Fig. 23).
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H. salinarum MRC-1 Aura3 on solid GN101 media

AVENENAN

Individual

. F1 F2 F3
colonies

Irradiation 12kGy 12kGy 12kGy
Recovery

Irradiation 15kGy 15kGy 15kGy
Recovery

Irradiation 16k Gy 16kGy 16kGy
Recovery

Irradiation 20kGY 20kGy 20kGy 20kGy 20kGy
Recovery

Irradiation 23kGy 23kGy 23kGy 23kGy 23kGy
Recovery

Irradiation 23kGy 23kGy 23kGy 23kGy 23kGy
Recovery

Irradiation 23kGyY 23kGy 23kGy 23kGy 23kGy
Recovery

Irradiation 23kGy 23kGy 23kGy 23kGy 23kGy
Recovery

Irradiation 23kGy 23kGy 23kGy 23kGy 23kGy
Recovery

Survival Tests
Selection of Isclates  191-196  291- 296 391- 396 461-466 561-566
Figure 2-1. Irradiation schedule and IR doses to obtaihiRlates oH. salinarum
Founders F1, F2, and F3 were initially exposed to 12 kGy, with the doses gradually
increasing to 23 kGy. F4 and F5 were initially exposed to 20 kGy for one round, with all

subsequet rounds being at 23 kGy.
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Figure 2-2. Survival ofH. salinarumcultures completion of the irradiatiaecovery
rounds and exposed to k&y of IR (from [HB]). Survival was calculated as the average
ratio (N/No) of cfu/ml from irradiated (N) comparead unirradiated (N) cultures, with 3

replicates used for each calculation. The uncertainties are standard errors.
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Figure 2-3. Survival ofH. salinarumisolates at 12 kGy of ionizing radiatiofndm [98]).
Survival was calculated as the average radidNG) of cfu/ml from irradiated (N)
compared to wirradiated (N) cultures, with 3 replicates used for each calculation. The

uncertainties are standard errors. F3 was added for comparison.

Survival for 23 of the 30 selected isolates was > 50% at 12&alyall had significant
increases in IR resistance when compared to the founder 3 (F3) strain3Fidsdates
392, 393, 463, and F3 were selected for further investigation including survival curves,
proteomic studies, and biochemical characterizasfdhe enzymdree cell extract.

Isolate 393 was selected because of its high survival to 12 kGy {B)g322 was

selected randomly among isolates with over 50% survival to 12 kGy; and 463 was

selected because it came from a culture that was subjeabedyt6 rounds of IR,
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possibly resulting in different modes of IResistance than cultures subjected to 9 rounds

of IR.

To characterize the survival to IR and calculate the(fhe dose at which 10% of the
cells survive) of the selected isolates, suml/curves were constructed using doses of 0,

8, 12, 15, and 18 kGy of IR (Fig-4.

— “‘\\ ~ ——F3
= N
4 \\ —&— strain 392
= 0.01 -
2 “ ——strain 393
— \
t_U \\ strain 463
S 0.001 \
\
c \
= 0.0001 \__
n A
\
0.00001 \
0.000001 . T T 1
0 5 10 15 20
Dose (kGy)

Figure 2-4. Survival curves of. salinarumIR" isolates and founder strain F3 exposed
to 0, 8, 12, 15, and 18 kGy of IRdm [98]). Survival was calculated as taeerage ratio
(N/No) of cfu/ml from irradiated (N) compared to-imadiated (N) cultures, with 3

replicates used for each calculation. The uncertainties are standard errors
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The survival curve of F3 had a moderate shoulder, but as doses increage#llyit qu
dropped off. The IRisolates displayed a broader shoulder, and at the dose 8 kGy, where
F3 survival was reduced to 10%, the isolates were at 80% survival. From the survival
curves,a Dy value of 17 kGy was calculated for the isolates, a marked improvement

from the Qg value for wildtypeH. salinarumof 5 kGy [12].

Ultrafiltrate (UF) protection of enzyme activity from radiation

Non-enzymatic processes significantly contribute to thigatéon resistance df.

salinarum and enzymdree cell extracts (ultrafiltrates, UFs) protected enzyme activity
from IR [11]. To investigate the role of antioxidant molecules in the increased IR
resistance ofl. salinarumIR" isolates, we prepared UFs from 3 isolates 392, 393 and
463, and the founder strain F3. Using an enzyme protection assay, we determined the
level of radioprotection in the UFs. The restriction enz{pdel was irradiated in the
presence of the UFs, and iiesidual activity determined by its ability to cut pUC19
plasmid DNA (Fig. 25). Protection of the enzyme facilitated complete cutting of the
plasmid DNA into distinct individual bands on the agarose gel. Inactivation of the
enzyme is shown in the gel bye band, indicating the plasmid is still intact. We found
residual enzyme activity up to 6 kGy in presence of the UF from F3 but in the presence of
UFs from IR isolates, residual activity was detected up to 10 or 12 kGy (F5Y. 2

demonstrating increaddR protectionn vitro.
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Figure 2-5. Protection of enzyme activity. The restriction enzybukl was irradiated up

to 12 kGy in enzymeell free extracts (UFs) of the. salinarumfounder 3 (F3) and the

IR" isolates 392, 393, and 463 (diluted to 0.B@sidual restriction enzyme activity was
assayed by the digestion of pUC19 plasmid DNA; fragments were analyzed by agarose

gel electrophoresis. The first lanes are molecular size ladders.
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Ultrafiltrate Composition

The accumulation dhtracellularmanganous (M) ions form antioxidant complexes

with peptides, orthophosphate, and other small molecules which catalytically scavenge
ROS, thus reducing protein damadé [14]. Given the increased survival of the'IR
isolates, and the enhanced protein protection ties provide against IR, we measured
the concentration of Mn, PQand amino acids in the UFs of the iBolates and F3. Two

of the IR isolates, 392 and 463, had fdéd and 1.3fold more Mn, respectaly, when
compared to the F3 Up,< 0.05 (Fig. 26). The UF of 392 had 1-fold more PQ, and
2.5fold more amino acids than the F3 U 0.05 (Fig. 26). An analysis of individual
amino acids quantified the concentration of glycine in the 392 UFjwhas 3 times that

of the UF from F3 (Fig.-B). The concentrations of Mn, R@nd amino acids were
comparable to that of the F3 UF (Fig62 However, given that the 393 UF protected
enzyme activity to 12 kGy;, it is possible this'Rolate, and poteraily the others,
accumulates some compounds not tested for here. In order to determine what proteins
and metabolic pathways contributed to the increased IR resistance observed in these
isolates, we used proteomic analysis to investigate changes in @ioteidances of the

IR" isolates with respect to the founder (F3).
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Figure 2-6. Ultrafiltrate composition for Founder 3 (F3) and thé isblates 392, 393,

and 463.

(A) Manganese (Mn) and iron (Fe) concentrations measured usiniy| ECiB)

Phosphateoncentration measured using ion chromatography (C) Free and total amino

acid concentrations measured by the ninhydrin assay, total amino acids were determined

after acid hydrolysis (D) Individual amino acid concentrations determined by ion

chromatographgfter FMOC derivatization.

* indicates a significant difference from the Founder (B3)0.05 determined using

Studetast.t 6 s t
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Proteomic Analysis

We used iTraq analysis to look for differential protein expression in thisdRites 392,

393, and 463vhen compared to the founder (F3). In order to determine the stestdy

protein expression levels in each isolate, cells were harvested without irradiation and
grown under optimal conditions. Protein digest, iTraq labelingM%analysis, and

data anlysis were performedly the Proteomics Facility abhnsHopkins School of

Medicine iTRAQ analysis of the proteins from the'IRolates and founder produced

386,843 spectra. Using the GenBank database we identified 126,845 peptides that formed
1,266 progin groups and 1,279 merged proteins covering 48% d tilsalinarum

proteome.

Data validation

We compared the physical properties of the identified proteins in the iTraq dataset with
predicted values of thid. salinarumproteome to check for any biageata obtained

from the Comprehensive Microbial Resource database, CMR) (Hig.The predicted
proteome oH. salinarumhas a mean molecular weight of 31.5 kDa, and a median
molecular weight of 27.6 kDa (data from CMR). The iFrdgntified proteins naged in
molecular weight from 1D 50 kDa, with a mean and median of 34.1 kDa and 29.7 kDa,
respectively. With respect to isoelectric point (pl), the calculated pl of Hitkadified
proteins had a mean and median of 4.79 and 4.59, respectively-{@#Bjy. Phese values

are close to a median of 4.9 that was previously predicted fét. thalinarumproteome

[99]. Such low pl values indicate a high negative charge from the abundance of glutamic

and aspartiacid residues, and these acidic proteins are an adaptation to remain soluble
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and functional in the high salinity environment of the cytoplé&s#n3 KCI) [99]. Both
the molecular weights and the pl values of our identified proteins indicate tiSthe
andysis of our iTraq dataset is a good representation dfltisalinarumproteome

without any notable biases (Fig.72.
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Figure 2-7. Predicted proteome ¢f. salinarumversus iTragdentified proteins. (A)
Histogram of protein molecular weights of pradat proteins irH. salinarumand
identified proteins in the iITRAQ dataset, (B) Histogram of isoelectric points of predicted

proteins inH. salinarumand identified proteins in the iTraq datagedrf [98]).

Using the classification from the CMR databake,iTragidentified proteins an#l.
salinarumpredicted proteome were sorted into 18 metabolic categories, which included
distinction for hypothetical, unclassified, and proteins of unknown function (F8y. 2

This allowed us to evaluate the represeatatf our identified proteins with respect to
cellular function when compared to the predicted proteome. For both datasets (identified
and predicted), hypothetical and unclassified proteins were the largest categories, and for
proteins of known function,nergy metabolism ottumbered all other processes (Fig. 2

8). The iTragidentified proteins correlated with the predicted proteome for all the
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categories, save for underrepresentation of the cell envelope proteins and transport

proteins, which is likely t& result of our protein extraction method (FigB)2
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Figure 2-8. Classification of iTragdentified proteins and predicted proteome-Hof
salinarumaccording to the CMR database. fAbiosyn

cofactors, prosthetic grps, and carrierdrom [98]).

Ratios of protein expression levels were calculated using Proteome Discoverer (Thermo

Scientific, Waltham, MA) between pairs of biological replicates and between each IR
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isolate (392, 393 and 463) and the founder (F3) @®&). Figure 29A is the graph of the
two founder replicates, FBand F32, and the ratio of each protein is close to 1, as they
are biological replicates under identical growth conditions. Differences were found, with
one protein at a ratio of 1.5, arftetlowest ratio being 0.22; these reflect variation
between biological replicates. When comparing theisBlates to the founder, we see
significant variation in protein expression ratios, ranging from 0.07 to 6.9, representing
differential protein expresson levels in the IR evolved isolates when compared to the

founder strain (Fig.-B).
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Figure 2-9. Ratios of protein expression levels between (ARRSd F31, (B) 3921

and F31, (C) 3931 and F31, and (D) 463L and F31 (from [98]). The ratios for the

biological replicates are close to 1 as expected, while the ratios betweer igwdfes

and the founder are significantly varied.
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Differential Protein Expression in IR" Isolates

Protein expression ratios (PER) were calculate@&oh protein using unique MS

identified peptides for the protein, and an overall score is assigned. This score (A4 score)
is the sum of the absolute probabilities for the unique peptides identifying the protein in
the PER; for example, an A4 score of 200icates that the sum of the unique peptide
probabilities contributing to the PER is40 A threshold of > 100 A4 score was used to
remove proteins with poor peptide coverage (determined using Proteome Discoverer). To
identify proteins that were diffenéially expressed in the Rsolates with respect to the
founder we selected cut off ratios of <0.4 and >1.5 for a false discovery rate (FDR) of
<6%. FDR were calculated by counting outliers in all biological replicate comparisons at
specific cut off ratrs. A FDR of 6% indicates that there is less than 6% chance that the
expression level of a protein was not significantly increased or decreased at ratios above
1.5 or below 0.4, respectively. To determine differential protein expression between the
IR+ isdate and the founder (F3), there are four possible PER (isblatth F31;

isolate2 with F31; isolatel with F32; and isolate& with F32) which were averaged

This average represents the overall PER of tHasiftate when compared to F3 for a

given protein. Using the 6% FDR, PER <0.4 are considered decreased 1Bjg.déble 1

in Appendix B, and PER >1.5 are considered increased (Fid, Zable 2in Appendix

B).

Decreased Protein Expression Ratios in IRIsolates
All of the decreased PER fell into 1 of 4 functional categories: transcription, regulation,

cellular processes, and unknown (Talllen AppendixB). Five of the 14 decreased PER
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were common among the thre€' iRolates, including 3 gas vesicleofeins GvpC, GvpN

and GvpO (VNG7026, VNG7027 and VNG7028), chromosome partitioning protein SojB
(VNG7029), and a putativ@gnattransducing histidine kinase/ response regulator

protein (VNG7030). The phenotype of gas vesa#dicientH. salinarumhas rel (versus

pink) plated colonies than the witgipe, and the cells do not float in liquid culture as
observed for the wildype. The decreased PER for gas vesicle proteins in thedRtes
indicates these proteins are not as abundant as in the fowaglerastd the confirmation

of the observed phenotype of the iBolates provides us with experimental validation of
the iTraq analysis. As all three IR+ isolates were gas vedgdleient, we verified that

the loss of gas vesicle did not contributed® R resistance observed in our’IR

isolates. We isolated a spontaneousgd€3solate that had not been exposed to any IR.

We determinedthe W&ci sol at eds resistance to I R was |
concluded that the loss of gas vesicle funciiself did not contribute to IRresistance

(Fig. 1in AppendixC).
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GvpC

GvpN

GvpO

SojB

VNG7030

10 proteins

_ Isolate 463(+Mn)
Isolate 392 (+Mn)
. Isolate 393

Figure 2-10.Decreased protein expression ratios (< 0.4) inisBlates Details of
common and uniquerpteins can be found in TablarlAppendixB. Isolates 392 and

463 have increasl Mn accumulation.
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Increased Protein Expression Ratios in IR Isolates

IR" isolate 393 had 78 increased PER; isolate 392 had 262 increased PER; and isolate
463 had 435 increased PER (Figl®). Twenty-nine of the 537 increased PER were
common for all 3f the IR isolates (Fig. 211). These included: a Argiype transport

ATPase (VNG0674C); 2 singgtrand DNA binding proteins (Rfa3, Rfa8); threonine
synthase (VNG2430G ); both superoxide dismutases (Sod1, Sod2); a cell division cycle
protein (Cdc48b)a general stress protein 69 (Gsp); glyceraldet3yghosphate
dehydrogenase (GapB); phosphoenolpyruvate synthase (PpsA); carboxypeptidase (Cxp);
2-oxoglutarate ferredoxin oxidoreductase subunit alpha (PorA); antypevVATP

synthase subunit E (VNG2142)gBle2 in AppendixB).

78 proteins

435 proteins

262 proteins

Isolate 463 (+Mn)

Isolate 392 (+Mn)
Isolate 393

Figure 2-11.Increased protein expression ratios (> 1.5) ihi$Rlates Details of
common and unique protein expression ratios can be found insPahbléhe Appendix
B. Isolates 392 and 463 have increased Mn accumulation.
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While we were able to investigate the 14 decreased PER individually amond the IR

isolates (Fig. 2L0), a more practical approach was required for the 537 increased PER

(Fig. 211). The increased PER were manually evaluated for further annotation and

beter categorization. Additionallghe Transcription and Regulatory categories from the

CMR database were combined as follow: Protein Synthesis and Translation categories
were combiosgdt hedési s of cofactors, prosthet
annotaed as Cofactors and 2° Metabolites; and Hypothetical, Unclassified and Unknown
protein categories were combined to Unknown. This approach allowed us to investigate

trends in protein function for the increased PER among thistiates (Fig. 2.2).
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Figure 2-12. Classification of protein function for increased protein expression ratios

among the three [Rsolateslsolates 392 and 463 have increased Mn accumulation.
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Investigating increased PER at the >1.5 cutoff allowed us to find metabolic trends among
the IR isolates. Isolate 463 had the highest amount of increased PER among the 3
isolates (435)Excludingthe 29 increased PERmoon to all isolates, 463 had &48d
148increased PER common with isolates 393 and 392, respectively {Flg. Zhe 18
increased PER common only between 463 and 393 included: adepandent
oxidoreductase (Mer); phosphoglycerate dehydrogenase (SerA3); alcohol dehydrogenase
(Adh2); and a putative glutathionet@nsferase (VNG2281(Jable 2in Appendix B)
Isolates 463 ah392 have many FEEin common (177, including the 29 increased PER
common to all IR isolate$, and the overall metabolic trends are very similar, which also
correlates with the increase in Mn observed in the UFs of these 2 isolates. Isolates 463
and 392 hd increases of Mn in their UFs, but isolate 393 didRiot 26). The 177
increased PER common between isolates 392 and 463 accounted for 68% of the total
increased PER for isolate 392. \deinda trend among the protein function categories of
the incrased PERoth isolates 392 and 463othhad increased PER associated with
energy metabolism, cellular processes, cofactor biosynthesis, and tranglatiem’
synthesis (Figs.-22). The majority of the increased PER associated with translation/
proteinsynthesisare ribosomal protas (Table 2n AppendixB) presumably to

synthesize the high levels of enzymes required to meet the demands of increased PER
found in the 392 and 463 isolates. (Figd2). Thirty-two of the 174ncreased PER
common betweeB92 and 463 were classified as energy metabolism proteins and
included: phosphoglyceromuta@epM); a cytochromdike protein (Fbr);

phosphopyruvate hydrata@deno) NADH oxidase (NoxA); phosphoglycerate kinase

(Pgk), fructosebisphosphate aldolagebp) and a pyruvate dehydrogenasenponent
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(Dsa) (Table in AppendixB). Two PER common between isolates 392 and 463 were
transport proteins, a hypothetical #ansport system that binds Mn (VNG0983C) and
arsenical pumyariving ATPase (ArsAl). Cellular prosses was also a dominant

category for common PER between isolates 392 and 463, with a hypothetical peptidase
(VNGO0437C), a heat shock protein (Hsp2), 2 chemetpxoteins (CheW1, CheC1), and

2 cell division proteins (FtsZ¥tsZ4). There were 7 PER reldt® cofactor biosynthesis

in common between the 392 and 463 isolates, which included two NAD synthesis
proteins Laspartate oxidase (NadB) and NAD synthetase (NadE). There were 239
increased PER thatese unique to isolate 463 alone. These incll&Ipdpidases6

universal stress response proteinproteins associated with oxidative phosphorylation,

and a starvation induced DN#inding protein (DpsAjTable 21).

Table 2-1. Examples of increased protein expression ratios unique’ isoRite 463

Peptidases: Universal Stress Response: Oxidative Phosphorylation:
PepQ1l VNGO0743 Cytochrome xidase subunit
PepQ2 VNG1536 Cytochrome xidase subunit
PepB2 VNG1658 HcpC

PepB3 VNG2520 NdhG5

YibG VNG2521 NolD

YwaD VNG2523 Sdh

VNGO0096C VNG0891

VNG1866G

There were 15 increased PER common only between isolates 392 and 393L(Fig. 2
Table 2in Appendix B including: a bacterimpsin linked protein (VNG1463); a NADH
dehydrogenase/oxidoreductdse protein (VNG1932); a acyCoA dehydrogease
(VNG1191); and photolyase/cryptochrome protein (Phrikplate 392 alone had 4

increased PER in the NAD synthesis pathway, quinolinate synthetase (NadA), nieotinate
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nucleotide pyrophosphorylase (NadC), NadB and NadE. Additionally, the average PER
for NadA, NadB and NadC were 5.0, 6.9 and 3.2, respectively, and were among the

highest increased PER for isolate 392.

The increased PER for isolate 393 contrasted with isolates 392 and 463, as no increased
PER for isolate 393 related to cell envelope fuontiwere found, and cofactor

biosynthesis was not a dominant protein function category (Fig).2Categories for

energy metabolism, cellular processes, unknown function, and DNA metabolism were the
groups with the most increased PERsmlate 393 (Fig2-12). We looked at the

increased PER with respect to KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway classification and saw that categories for isolates 392 and 463 were very similar,
while isolate 393 had distinctly more varied categories (Fig3)2 Isolate 393 had

increased PER involved in arginine and proline metabolism, fatty acid metabolism,
geraniol degredation, and gluconeogenesis, whereas isolates 392 and 463 did not (Fig. 2
13).Increased PER unique to isolate 393 included: serine pratese (Prk);

transcription regulator (Trh5); TRK potassium uptake system protein (VNG1924G); and

phytoene dehydrogenase (VNG1755G).
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Figure 2-13.KEGG pathways associated wititreased protein expression ratios(fy
Isolate 463, (B) Isolate 392, and (C) Isolate 398lates 392 and 463 have increased Mn

accumulation.

Discussion

To investigate the metabolic routes contributing to IR resistance, we selected fer super
resistant (IR) isolates oH. salinarumafter subjecting founder strains to successive
rounds of higHevel IR exposure followed by recovery (directed evolution). The
selection of IR isolates through directed evolution has been successful previously with
E. coli, S. typhimuriunLT2, andH. sainarum[89-91]. DeVeauxet alisolated 2 strains

of IR" H. salinarumafter 4 successive rounds of higivel IR (Do = ~12 kGy), which
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were 2 times more resistant than that of the ayifge (Dip = 5kGy) [89]. Here we have
selected for IRisolates oH. sdinarumthat are 3 times more {Resistant thathe wild-

type after 6 or 9 rounds higavel IR exposure.

In Vitro Protection and Small Molecule Accumulation in IR Isolate UFs

We prepared ultrafiltrates (UFs) from our'IRolates and found a %.® 2-fold increase

in radigorotection from all 3 UFs when compared to the founder strain (F3 UF) ¢Fig. 2
5). We attribute the increased protection observed in the 392 UF to increased
concentrations of Mn, P@and glycinewhen conpared to the founder UfFig. 26). The
dramatic increase @jycinein the 392 UF eclipsed all other small molecules measured in
the UFs, which may be the result of a metabolic pathway modification. Interestingly, the
393 UF did not have increased concations of any small molecules analyzed, but we

did see increased radioprotection from its UF. This indicated thatrthight beother

small organic metabolissaccumulated in the UWwith radioprotection propertiebut due

to the high salt content of the UFS4 M), traditional biochemical analyses prove be
difficult. UF of H. salinarumandD. radioduranswere enriched with Mn, P£and amino
acids and peptides when compared teséRsitive microorganisms, and these UFs
protected enzyme activity todher doses of IR than the UFs of$Bnsitive straing

vitro [11, 14]. Theincreaseof Mn is likely the cause of thenhanced the radioprotection
conferred by the 463 URVe conclude that increases in Mn in the 463 UF, and Mg, PO

and free amino acids in the 392 UF confer more protein protection framviRo.
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Proteomic Analysis of Protein Expression in IR Isolates Compared to the Founder
Using proteomic analysis, we attempted to elucit@enetabolicpathwayscontributing

to the IR phenotypeof these isolate®ur proteomic analysis compared the protein
abundances of the TRsolates to thél. salinarumfounder strain (F3) and found a large
number of proteins differentially expressed, potentially contributing to the increase IR
tolerance of the isolates. We chose this proteomic approach to avoid complications
presented from variation in transcript abandes according to gene and temporal shift,

as previously reported fot. salinarumiIR response systemg7].

The iITRAQ analysis identified 1,279 proteins, a 48% coverage of the preHicted
salinarumproteome, which fell within the range of previous i sudies (39% 63%)

[27, 10Q. Thephysical characteristics (molecular weight, isoelectric point) and metabolic
classification of the proteins identified in our ITRAQ dataset were similar to the predicted
proteome, indicating little bias in our analyfs most protein function categories except
for membrane and transport proteins, which is likely an artifact of the protein extraction
method usedor the loss of lysine and arginine residues from the tryptic diGestn the
multitude of differentially gpressed proteins in our dataset, we chose cutoffs of > 1.5 and
< 0.4 to be significant, which corresponded to a 6% false discovery rate (FDR). For
protein expression ratios (PER) to be considered increased, the average of the 4 ratios
(two replicates oftte IR isolate, two replicates of the founder) must > 1.8. For PER to

be considered decreased, its average was < 0.4.
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Overall,the IR isolates hadiar less decreased PER thanr@ased PER. This is a
limitation of the iTrag analysis, as proteins absentwith expression levels below the
limit of detection, in the IRisolates were not represented in the MS analysis. The
majority of the decreased PER were gas vesicle protéassyvesiclesre protein
complexes that accumulate gases through the hydbapkexclusion of water, providing
buoyancy to the celllJ01]. In H. salinarumthese proteins are expressed from two gene
clusters containing 14 genel)p]. GvpC is a structural protein, and GvpO is regulatory
transcription protein for one of the geriasters 101]. All three isolates had decreased
PER for the GvpC and GvpO proteins, indicating a disruption in gas vesicle formation.
We observed the gas vesicleficient phenotype in the IRsolates, and this provided
some experimental validation dfe iTraq analysis. One of the 2'IRolates selected by
DeVeauxet alwas also gas vesiclieficient B9]. Ten of the 14vpgenes are essential

for gas vesicle formation; a mutation in any 1 of these 10 renders the cell gas vesicle
deficient, presentingn easy target under higgvel IR [101]. The wildtypeH.
salinarumhas a moderate frequency of spontaneous loss of this functionX@3%) [
Despite this frequency, we concluded that the loss of gas vesicle function itself did not

increase IResistancé€Fig. 1in AppendixC).

Increased Expression of RPA Proteins in IRIsolates

Of the 537 increased PER among the 3 isolates, only 29 proteins were found to be
common among the 3 IRsolates. Two of these proteins were Rfa3 and Rfa8, which are
singlestranded DNA binding proteins, also called Replication factor A (RFA), and are

homologs to Replication protein A (RPA) in eukaryotes. These proteins are essential for
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many aspects of DNAnetabolism including replication, repair and recombinatidH]
Therfa3 andrfa8 genes are part of an operorHnsalinarumthat encodes farfa3, rfa8
andral, but only Rfa3 and Rfa8 proteins had increased PER. Genetic studiesfaBthe
andrfa8 homologs in a closelyelated halophilic archaeon determined these proteins are
not involved with the repair of pryrimidine dimers or singteand breaks caused by UV
or mitomycin C exposurelp5]. Given the increased expression of the Rfa3 and Rfa8
protens in our IR isolates, we propose that thgseteins may be used to stabilize
singlestranded DNA during homologous recombination (HRYA doublestrand

breaks (DSBs) increasdth repect to dose of IRand the crucial maintenance of
genome integrityd facilitated by HR15, 3. The high steadgtate expression of these
proteins (Rfa3 and Rfa8) in the IR olates provide stability to singktrand DNA for
efficient HR, and increases of these proteins have been observed in other stddies of
salinarun® R and UVC resistance. In wiltype H. salinarumtherfa3 andrfa8 genes
were induced in response to UVC ligh®]; and both genes were found to be up
regulated in the early response to H][ In the wholegenome transcriptome analysis of
two IR H. salinarumisolates, thefa3 andrfa8 genes were upegulated 3.Zold and
1.9fold, respectively§9]. We are currentlynvestigating if the increased expression of

these proteins igbiquitous among thether IR isolates in our collection.

Increased Expression of Stationary Phas@ssociated Proteins in IR Isolates
We looked for global trends among the 537 increased PER across aik8li#Res.
While the proteins for our iTrag dataset were harvested from cells in thexpichential

phase of growth, we found that 98 (18%) of the increased PER were proteins typically
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associated with stationary phase, such as peptidases and univessalestponse
proteins. Other stationary phaagsociated increased PER for all 3 isolates included:
GapB, the Argktype transport ATPase (VNG0674); the oxidoreductase YusZ1; Sod2;
threonine synthase; and Rfa8. The two isolates 392 and 463 had 17% aafitth8io
increased PER associated with statigrghase proteins, respectively, asdlate 393

had the highest percentage of stationary plaagseciated PER, which was 338éspite

the proteins extracted for iTraq quantification came from cells growxporential
phaseWhile isolate 393 had the high percentage of stationary gesseiated PER, the
other two isolates had moRERassociated with stationary phatiee to the overall

increased PER in these isolates

Stationaryphaseassociated PERnigue toisolate 393ncluded:a serine protein kinase
(VNGO0749); a phytoene dehydrogenase (VNG1755); transcription regulator Trh5; a TRK
potassium uptake system protein (VNG1924); and two hypothetical proteins VNG1063
and VNG1746A large scale study dfi. sdinarum determined that approximately 33%

of its genes increased expression as the culture transitioned to stationary phase, indicating
genes possibly related to the stresses associated with nutrient depletion and increased
oxidation of cellular constituds, as the cell shifts focus from reproduction and growth to
stress maintenan@ad repair 106, 107. Thehigh steadystateexpression of proteins

normally reserved for stress conditions contributed to theelftstance in the 3 isolates,
particularlyisolate 393y having stress response proteins readily available in the cell to

neutralize oxidative stress.
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Effects of Mn Accumulation on Cellular Metabolism Pathways

Both isolates 392 and 463 hadcumulated significantly more Mn in their UFs than the
founder (F3 Ulr (Fig. 26), and the effect of Mon the cellular processes and energy
metabolism may contribute greatly to the IR resistance observed in these isolates, above
and beyond its ROS scavenging capabilitixgth the 392 and 463 isolates hadreased

PER associated with energy metabolism, cellular processes, cofactor biosynthesis, and

translation/ protein synthesis.

The majority of the proteins for translation/ proteynthesis are ribosomal proteins,

which facilitates the synthesis thfe manyof enzymes required to meet the demands of

the increased rate of energy metabolism. While the accumulation of antioxidant Mn
complexes can confer radioprotection to the cell, it has also been reported that the amount
and diversity oMn-dependent enzmges may be far greater than originally thoud!@8].

In both 392 and 463 isolates we found an increase in PER related to enzymes involved in
central metabolisme(g, peptidases, phosphatases anosphoglycerate mutase) (Table

2 in Appendix B), which calve stimulated or activated by the accumulation of VO8]

109]. As H. salinarumdoes not use sugars for its carbon source, the increase of
peptidases facilitates the breakdown of peptides to amino acids for energy conversion
[110. The stimulation of theentral metabolism would allow for increased production of
reducing equivalents, which would be depleted under the oxidative stress inflicted by IR.
In particular, 392 had dramatic increases in 3 proteins in the NAD synthesis pathway,

NadA, NadB and NadGyverage protein ratios of 5.0, 6.9 and 3.2, respectively, which
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were among the highest ratios reported for this isolate. Stotkéssalinarumhave
previously outlined its voracious metabolism, which ferments arginine simultaneously
with respiration of amino acids (including essential amino acids leucine, lysine,
isoleucine, methionine and valine) in addition to the energy the organisms diemaes
light [110. Additionally, many of the proteins involved in oxidative phosphorylation

wereincreased insolate 463 Table 21).

Concerning Mn transport, the ABC transporter proteins primarily associated with Mn
transport inH. salinarum(ZurA, ZurM and YcdH) wereanot present in our iTraq data.
However, there are several other transport proteins significantly increased among the 392
and 463 isolates, including a hypotheticaltkansportertat binds Mn (VNG0983)

(Table 7in AppendixB). The ABC traisporter is regulated by SirRhich has a global

effect on several other genes (~90), but the expression of this protein wasmbto be
significantly increased among the 3'IRolates. $6, 111]. Mn accumulation can affect

gene regulation, includingenes not related to its own transport, and in some cases Mn
regulation is part of a larger global response system within theld2|113]. In yeast,
regulation of Mn accumulation and transport is part of nutrient and stasig

complexes: two transcription factors (Gislp and Msn2/Msn4p) downstream of a
serine/threonine kinase (Rim15p) typically regulate a large set of genes in a cooperative
manner 114]. However, with respect to Mn, loss of Gislp increased the Mn ad#oki
capabilities in yeast cells, while the loss of Msn2/Msn4p decreased Mn antioxidant
activity [112]. Additionally, Rim15p (and its downstream transcription factors) is

negatively regulated by a phosphansing complex (Pho80p/Pho85p) and a nitrogen
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sensing protein (Sch9p), indicating that Mn regulation may play a large role in cell
homeostasis and central metabolisti?]. We conclude that not only the increased
concentration of Mn can directly aid in ROS scavengmg alsavin-stimulated

metabolisncontributes to the IR resistance in isolates 392 and 463.
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Chapter 3: Radioprotection by Compatible Solutes and MA"in Thermophilic

Bacteria and Archaea

Introduction

Thermophilic bacteria and archaea inhabit diverse environments and can survive multiple
stresses including desiccation, radiation, pressure and pH extremes together with high
temperature [155, 5. In studying the mechanisms underlying their survivalarn

extreme conditions, we gain insight into the diversity of their defense strategies and the
prospect of harnessing those capabilities for practical purp@jsdisHas long been

recognized that desiccation tolerance and extreme ionizing radiatiore§iBfance are

closely linked 7, 18]. Cellular desiccation generates reactive oxygen species (ROS) by
endogenous processes, which damage proteins and DNA in a manner that is analogous to
oxidative damage caused by the radiolysis of water during expiosisrays [L8, 113.

Both conditions are highly oxidizing, producing hydroxyl radic&lé)’f), superoxide

(OzA) and hydrogen peroxide §B,), which cause DNA double strand breaks (DSBs) and
base modifications, carbonylation of protein residues, protesslinking, and

ultimately protein inactivation1f9-21, 95]. Initially, it was believed that the DNA

damage was the lethal radiation tar@ [ However it was later shown that DNA in IR
resistant bacteria was no less susceptible to radiation dansage iR sensitive
organisms22]. Radiation research examined the role of protein oxidation in irradiated
cells and found that IR resistant microorganisms had less protein damage after irradiation
than IR sensitive microorganisn®9], 4Q 48]. Thus, IR esistant organisms must be able

to protect their proteins, while IR sensitive organisms cannot. If proteins are protected

and remain functional, they can then repair DNA damage inflicted bydR [
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Previous studies with the bacterieinococcusadioduransand the halophilic
archaeorHalobacterium salinarunNRC-1 suggested that the mutual nature of radiation
and desiccatioresistance resides in cytosolic Mependent antioxidant processes that
protect against oxidative damade [ 14. For exampe, inH. salinarumresistance to IR

is not dependent on the major enzymes responsible for ROS detoxifi@agon (

superoxide dismutase and catalase), but rather, is built on the accumulation of manganous
(Mn?") ions that form antioxidant complexes wjtaptides, orthophosphate, and other

small molecules]1]. Similarly, highly efficient ROSscavenging Mfi complexes have

been identified iD. radiodurang 14]. These complexes were shown to protect protein
activity in vitro [11, 14].Additionally, Mr?*-dipicolinic complexes are implicated in
contributing to the myriad of stress resistance phenotypBaallus spores, including

IR, wet and dry heabfl], and cyanobacteria, which are extremely resistant to IR and
desiccation, accumulate Mand mycosprine-like amino acids33]. Generally,

cellular accumulation of M together with a variety of organic and inorganic ligands

may be a widespread mechanism to surviving oxidative stress, and this may extend also

to simple animals such as rotifedg].

Thermophiles are distinguished by their ability to gedver aboveand survive
temperatures exceeding 50°2}, [which demand that their macromolecules resist not
only the thermal denaturing effects of heat, but also the attendant burden of elevated
oxidative stress arising fromphysicachemical and metabolic processddany
thermophiles are also halotolera6b[116] and collectively these organisms are

characterized by the accumulation of amino acids, sugars, polyols, and derivatives thereof
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(compatile solutes) 117]. Compatible solute accumulation is conventionally attributed
to protecting cells from osmotic stress and heat shock, andokamshown to stabilize
proteinsin vitro [116, 118. Mannosylglycerate (MG) is widely distributed among
thermophiles and generally thermophiles will increase the cellular concentration of MG
in response to salt stresklfg. Di-myainositol phosphate (DIP) is a compatible solute
that is exclusively thermophilic and has not been found in mesophiles, and is
accumulated in response to thermal stré&&s [L116. Both MG and DIP have been studied
for their ability to protect proteing vitro against thenal stress and freezrying [119

127,

Several thermophiles have been shown to be radiation resistantjngadivel

thermophilic bacteri&Rubrobacter xylanophilusndRubrobacter radiotolerang63,

123. R. radiotoleranss more IR resistant (the IR dose at which 10% of the cells survive
[D1q is 12 kGy) tharR. xylanophilugD;o = 6 kGy)[62], and DNA relatedo these

species has been isolated fridm surfaces of historically important buildings in Austria
and Germany, as well aeserts§3]. R. radiotoleranshas not been investigated for
compatible solutes, bi. xylanophilusras been shown to accumulate MBP and
trehalose §5]. MG and DIP concentrations increase approximatefiyl@ due to salt or

heat stress, respectively, whereas trehalose concentrations increase in response to both
stressorsg5]. Trehalose is not exclusive to thermophiles and isdaardiverse

organisms including bacteria, fungi and pla®, [6g. In vitro studies have shown its

protective effects against heat, desiccation, oxidation and fre&8ng(.
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Recently, several hyperthermophiles were tested for IR resistance, including
Archaeoglobus fulgidusndMethanocaldococcus jannascfidio = 1 kGy for both
organisms) $5]. Other hyperthermophiles are even more radiation resistant, séch as
furiosus(D1o = 3 kGy) andThermococcus gammatolerafi3;o = 6 kGy)[56, 57. Beblo

et aldid not find a correlation between desiccation resistance and IR resistance in
hyperthermophiles, but this is because many of the hyperthermophiles tested were
obligate anaerobeand any exposure to oxygen, let alone desiccation, is |&balf

has been determined that the IR resistané¢e @iriosuss not dependent on mechanisms
protecting DNA from IR damage$]. While P. furiosusshows 75% survival at 2.5 kGy,
intact chromosomes could not be detected, and this hyperthermophile repaired its
fragmented genome within 20 hrs after incubation in fresh mB@jaWhole genome
transcript analysis d®. furiousin response to IR and.B, showed that the enzymes
involved in oxygen detoxification (superoxide reductase and peroxidases) are highly
constitutively expressed, but there was awregulation in genes coding for proteins that
sequester free iron within the cell, presumably to reduther ROS production7,

77). The hyperthermophil&@hermococcus gammatolerafi;o = 6 kGy) was isolated
from enriched samples collected from hydrothermal chimneys after exposure to 30 kGy
of radiation, and is one of the most radiatresistant aftaea to dated[7]. The anaerobic
archaeon has an optimal growth temperature of 88°C, and in the presence of elemental
sulfur (S°) is able to grow on complex organic compounds, peptides and amino acids
[81]. Interestingly, its IR resistance is not dependengrowth phase, as seen wih

radioduransor H. salinarum butT. gammatoleranbecomes less IR resistant when
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irradiated minimal media consisting 20 amino acids an@372[7, 124. Its 2.0Mbp
genome has been sequenced and has an average codimgsegudarity of 71.5%

with P. furiosug 81]. While the genes have been found for the synthesis of the solutes
MG and DIP, the actual detection of these compounds has not been confirfied for

gammatoleran§l25.

Compatible solutes have been shown to protect proteins from various sties$oos

and the concurrent accumulation of these compounds with increases of salt or heat stress
indicate that these compounds aid in osmotic homeostasis and protein stabiity In

this study, we demonstrate that under aerobic conditions, compatible solutes accumulated
by thermophilic prokaryotes confer IR resistance to enzymeitro, and that

radioprotection is facilitated by the presence of MrWith regard to hypghermophiles,

the anaerobic environment contributes to their IR resistance, which was the most

significant factor for protection of enzymigsvitro.

Materials and Methods

Culturing and Growth Conditions. Rubrobacter radiotoleran€©SMZ5868) and
Therma@occus gammatoleraf®SMZ 15229) were obtained from the DSMZ.
Rubrobacter xylanophilu®SMZ 9941) was a gift from DGaidamakova Rubrobacter
spp. were grown in TM media (1g/L tryptone, 1g/L yeast extract, 0.7g/L NalNOy/L
Na,HPQ;, 0.1g/L nitrilotiacetic acid, 0.1g/L MgSE 7.6, 0.1g/L KNG, 60mg/L
CaSQA 2,8, 8mg/L NaCl, 2.2mg/L MnSgA kD, 0.5mg/L ZnSQA 7.6, 0.5mg/L

HsBOs, 25ug/L CuSQA 5 H2 O,  2,M&Dgh 218, 46jag/L CoCJA 6,8, 10ml/L
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0.17mM FeCJA 6,8, final pH 8.2). Cultures were grown at 48°C Rorradiotolerans,
and at 66C for R. xylanophiluswith shaking at 220 rpm in a Gyromax 737 shaker
(Amerex Instruments, Lafayette, CARyrococcus furiosustrain (DSMZ 3638) was
grown in the absence ofifur with 100uM NaWO, and 0.5% (wt/vol) maltose in a
medi um we desi gnat e d24giLMNaCI, AgLNESOMO07g/lckeCh t ai ni n
0.2g/L NaHCQ, 0.1g/L KBr, 0.03g/L HBOs;, 10.8g/L MgC}HA 6,8, 1.5/Lg

CaCbA 2,8, 0.025¢g/L SrGIA 6,6, 0.08% NaS $H,0, 5g/L tryptone, 1g/L yeast
extract, 1 ml/L resazurin (0.2 g ksolution), final pH = 6.8 in00 ml serum bottles or 1L
bottles at 95°C under anaerobic conditifitZ6]. Thermococcus gammatoleranas
grown in ASWYTP medium (38g/L NaCl, 14.5g/MgCl,A 6,8, 5g/L tryptone5g/L
yeast extract, 5g/L sodium pyruvate, 5.6g/L Mg&Q,8, 2.5g/L CaGA 2,8, 2.6g/L
Na,SQy, 1g/L KCI, 80mg/L NaCOs, 80mg/L NaBr, 64mg/L KBr, 58mg/L SreA 6,8,
429g/L HsBOs, 8.1mg/L NaHPQ,, 2.4mg/L NaF, 0.4mg/L NaSip50ug/L Kl, 0.08%
NaS A 904 1ml/L resazurin (0.2 g solution), final pH = 6.8) in 100ml serum bottles
or 1L bottles under anaerobic conditions at 88°C.

Preparation of enzymefree cell extracts Cultures ofR. xylanophilus, R. radiotolerans,
P. furiosusandT. gamméoleranswere grown in appropriate media and conditions to 0.4
OD66Qm, cells wereharvested byentrifugation8,000 xg (10 min, £4C). Rubrobacter
spp. cells were washed twice with TBES (TM media lacking tryptone and yeast
extract, final pH 8.2)P. fuiosuscells with PfBSS (Pf medium lacking carbon sources,
tungsten, @ findl pHNGSY, Sn& 9geimmatoleransells with ASWBSS
(ASW-YTP medium lacking carbon sources aha 2 S0 9fikkl pH 6.8). Pellets were

re-suspendech distilled and deionized water (dg8l, SigmaAldrich) and passed
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through an Emulsiflex Homogenizer (Avestin, Inc., Ottawa, Canada) at 15,000 psi to lyse
the cells. Cell extracts were then centrifuged at 12,09(69 min, £C) and

standardized by prein concentration, which was determined by the BioRad Bradford
Assay (BioRad, Hercules, CA). The supernatant was further centrifuged at 19@,000 x
(40 h, 4°C) and subjected to filtration using 3kDa centrifugal deyAsescon ultracel 3k
filters; Millipo re, Billerca, MA). The resulting proteiinee cell extracts, called
ultrafiltrates (UF), were concentrated 5 times in a speed vacuum concentrator (Heto
Vacuum Centrifuge; ATR, Laurel, MD) and stored2a°C. The UF for H. salinarum

was prepared as desarthin [11].

Enzyme Protection AssayThe restriction enzymBde was added at a final
concentratiorof 0.5 unit/pl to UFdiluted to 0.2xto 25 mMphosphate buffer (B), pH

7.0, to a 20 mM solution of trehalose, mannosylglycerate (MG) -mydiinositol
phosphate (DIP), with or without the addition of 250 uM or 25 uM Mnp&hd to

distilled and deionized water (dd@, SigmaAldrich). Residual storage buffer present in
all irradiations contains: 5uM EDTA, 10 pg/ml BSA, 2.5% glycerol, 2.5 mM KCI, 0.5
mM Tris-HCI, 0.05 mM DTT. Assays performed under anaerobic conditions were purged
with ultra-high purity Ar (99.999%) (ValleyNational Gases, Frederick, MD). The
solutions were irradiated on ice usind@o gamma source (Uniformed Services
University of the Halth Sciences, Bethesda, MD, dose rate = 3.2 kGy/hr) at the
following doses: 0, 1, 2, 3,4, and 5 kGy, or 0, 1, 2, 4, 6, 8, 10, and 12 kGy. Samples
were kept on ice until digestion of 1 pg of pUC19 DNA using 1U of enzyme from each

irradiated solution atZC for 1 h. The resulting pUC19 DNA fragments were separated
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by electrophoresis on 1 % agarose TBE gels and visualized with ethidium bromide
staining.

Determination of Amino Acid Concentration. Free and total amino acid concentrations
in the UFs oR. xylanophilus, R. radiotolerans, P. furiosasdT. gammatolerangere
determined using the ninhydrassay 97]. Briefly, tryptophan standard solutions were
prepared at concentrations from 0 to 200 nmol tryptophan. Ninhydrin reagent was added
to the UFs and to the standards and boiled for 20 min. Isopropynol was added to 30%
final concentration and the absorbance was read at 570 nm. A standard curve was
constructed based on tryptophan standards to determine free amino acid concentration in
the UFs. D&ermination of total amino acid concentration was performed with an acid
hydrolysisbefore assaying free amine concentration with the ninhydrin assay. The UFs
were diluted 1:10 in 6 N HCI, flushed with nitrogen, and incubated &C1fa® 24 hr.
Ninhydrin reagent was added to the resulting digestions and amino acid concentrations
were measured as described above.

ICP-MS and lon Chromatography. Mn, Fe, and P@concentration iR. xylanophilus,

R. radiotolerans, P. furiosugndT. gammatolerans/Fsand cells (Mn, Feyvere

determined using IGRIS (Mn, Fe) and lon chromatography (@t the Division of
Environmental Health Engineering, JHU School of Public Health. ForMGRanalysis,

50 ul of UF was transferred to a ptkeaned 15 ml polystyrenalie and diluted to a final
volume of 1.5 ml with 1 % HN&+ 0.5 % 1N HCI. Cells were prepared by adding 1.5

ml of concentrated HN§Xo a pellet of 18cells, vortexing, and diluting 50 pl of the

digest into 4.95 ml of kD, yielding a 1% final concentraticof HNG;. Internal standards

(Mn or Fe) were added to each sample to monitor for sample matrix effects of the
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plasma. Analysis was performed with an Agilent 7500ce Induced Coupled FNéessaa
Spectrometer (Agilent Technologies, Santa Rosa, CA). A sthwedabration curve was
generated from mukelement standards (Elements INC, Shasta Lake, CA) at the
following concentrations: 0, 1, 5, 10, 50, 100, 500, 1000 pg/L. Reported sample
concentrations of Mn and Fe were blank and dilution corrected. SRB&IBUST,
Gaithersburg, MD) was used to test the accuracy of sample preparation, and was prepared
in the same manner as the samples. For ion chromatography analysis, 25ul of UF was
transferred into a preleaned Dionex IC vial (Dionex Corp, Sunnyvale, CK)IIiQ

water was added up to 1.5 mL final volume, and the sample was vortexed to ensure
thorough mixing. Analysis was performed using a Dionex DX600 lon Chromatograph
(Dionex Corp, Sunnyvale, CA). A standard calibration curve was generated from a
multi-anion solution (Elements INC, Shasta Lake, CA) containing the anion of interest
(PQy). Concentrations of the calibration curve were as follows: 0, 1, 2, 4, 6, 12, 16, 20
pg/ml. Samples were run on an lonPac AS14A Anion exchange column (4 x 250 mm;
Dionex Corp, Sunnyvale, CA) and AS14A Guard column (3 x 150 mm, Dionex Corp,
Sunnyvale, CA) column using 1.08 mM X0; and 1.02 mM NaHC@as eluent.

Samples were suppressed using an ASRS 4 mm suppressor (Dionex Corp, Sunnyvale,
CA) with a current of 100 mASamples were eluted for 30 min to ensure complete anion
exchange. Anion retention times-{8%) were determined based upon the certificate of
analysis for the column. Sample concentrations of Wé€de reported as the average of

the two replicates afteddnk and dilution correction.

Preparation of Ethanol Extracts. Cells were harvested and washed with BSS. Pellets

of 10° cells werere-suspendeéh 80% ethanol before broken via French press. Cell
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lysates underwent centrifugation at 10,009 (%0 min, 4°C) to remove cell debris. Cells
and ethanol were on ice throughout the proc&é® solvent was removed by speed
vacuum concentrator (Heto Vacuum Centrifuge, ATR, Laurel, MD), and the residue was
re-suspended in ultrpure water (ddbD, SigmaAldrich), before filtration through a
10kDa filter(Amicon ultracel 10k filtersMillipore, Billerca, MA). Matching cell pellets
of 10° cells werere-suspendeéh distilled and deionized water (dg8, SigmaAldrich)
before lysis by French press and ciéagration. The protein contents of the cells were
determined by the BioRad Bradford Assay (Hercules, CA).

High-Performance Anion-Exchange Chromatography. High-performance anion
exchange chromatography (HPAEC) was carried out on Dionex DX 500 with aF@arb
PA-10 column and a PAO guard column (Dionex, Sunnyvale, CA) and pulsed
amperometric detection (PAD). An aliquot of the ethanol extract was diluted 100
fold and injected into a CarboPac RAcolumn equilibrated 16mM sodium hydroxide.
Elutionwas performed with a linear gradient from 16mM sodium hydroxide to 0.5M
sodium acetate/0.1M sodium hydroxide. Standards of 0.25, 0.5, 1, 2, and 4nmol of
trehalose, MG, and DIP were run for quantification. Mannosylglycerate (MG) and di

myainositol phospate (DIP) were obtained from Bitop AG, Witten, Germany.

Results

Composition Analysis of Ultrafiltrates. Proteinfree cell extracts (ultrafiltrates; UFs) of
IR-resistant bacteria and archaea were found to be enriched’irathsmall organic
moleculeghat included amino acids apeptides 11, 14. When combinedh vitro at

physiologicallyrelevant concentrations, these constituents formed potent antioxidant
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complexes in orthophosphate buffelBH11, 14]. To determinghe potential role of

Mn and compatible solutes in the radiation resistance of thermophiles, we prepared UFs
for R. xylanophilus, R. radiotolerans, P. furiosaadT. gammatoleranand measured

the concentrations of metal ions, phosphates, and compsdibtes in their UFs and in
whole cells (Tables-3 and 32). UFs for the IRresistanRubrobacteispecies were
enriched in Mn relative to that of {Bensitive bacteria, yielding high Mn/Fe ratios similar
to those found ifd. salinarum(Table 31). The cacentrations of Mn found in the UFs of
the anaerobic archadagammatoleranandP. furiosuswere more than an order of
magnitude lower than the values for fRebrobacteispecies UFs, resulting in Mn/Fe
ratios similar to that of the radiation sensitiacteriak. coliandP. putida(Table 31).

The Mn/Fe ratios in whole cells followed the trend observed with the analysis of Mn/Fe

ratios in the UFs (Table-B).

R. radiotoleransandR. xylanophilugJFs both contained high amosif trehalose with
29mM and 17mM, respectively. We found more mannosylglycerate (M®) in
xylanophilusUF (99 mM) than in the UF dR. radiotoleran§64 mM), whereas only the
R. xylanophiludJF contained dmyacinositol phosphate (DIP) (33 mM) (Table23. In
contrast to data repted forD. radiodurans the amino acid and peptide concentrations
were not significantly elevated in tiRbrobacteispecies UFs or that &f. furiosus
whereasT. gammatoleranslF had significantly high free amino acid concentrations
(Tables 31 and 32). P. furiosusaccumulated 52 mM of MG and 6 mM of DIP, which
was significantly more than the concentrations found imttgammatoleranbF (Table

3-2). Thus, the UFs of aerobénd anaerobic thermophiles reported here all accumulated
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some type of small organic molecules (Tabldgs&éhd 32) but only the aerobic
thermophile UFsR. radiotoleransaandR. xylanophilusaccumulated significant amounts
of Mn?*. We used higtperformane aniorexchange chromatography (HPAEC) to
guantify the compatible solutes in the UFs.eBbimatantracellular concentrations tfe
compatible solutes in the thermophiles, we analyzed ethanol extracts using HPAEC
(Table 32, Table lin AppendixD). Prevous analyses of these compatible solutes were
done by NMR but our HPAEC method yielded similar resub&] 64. For instance,
Martins and Santos calculated the concentration of Mi& friosusto be 0.25umol/ mg
protein [66]; using cells grown in sintar growth conditions with respect to salinity and
temperature, we calculated the concentration of MG to beL®@® mg proteinWe

also calculated the approximate cellular concentration of MG anddpR®. furiosusand
T. gammatoleransusing the celliar volume of 4.5 ul/ mg protein from previous
literature p6]; for P. furiosus MG and DIP concentrations were 49 mM and 10 mM,
respectively; foiT. gammatolerandVG and DIP concentrations were 21 mM and 11
mM, respectively (Table 1 in Appendix D). Théale cell concentration of MG and DIP
were similar to those found in the UFs (Tabl2)3For theRubrobacteispecies, cellular
concentrations were calculated using our experimentally determined estimate jdf 6.76
10° cells; R. xylanophilusad concentrations of 27 mM trehalose, 54 mM MG, and 13
mM DIP; R. radiotoleranshad concentrations of 20 mM trehalose and 28 mM MG
(Table 1 in Appendix D)The RubrobactetUFs have increased M&@ncentrations
compared to whole cell concentrations (Tabie Appendix D) which may be due to the
preparation and concentration the Ulsthe preparation of UFs, cell lysates are

standardized to 17mg/mtotein concentration prior to ultracentrifugation, which allows
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for comparison across different specig$]{ The 17m¢gnml protein concentration does not
correlate with cellular concentration of the compatible solutes iRtileobacteispecies.

To investigate the role of those small molecules in radiation resistance, we then tested the
ability of the UFs, andfaeconstituted preparations, to protect the activity of purified

enzymes irradiated under aerobic or anaerobic conditions.

Table 3-1. Ultrafiltrates and whole cells concentrations of Mn and Fe.

Conc. In:
Ultrafiltrates Whole cells
D,y Genome Mn Fe Mn/ Mn Fe

Organism (kGy) (Mbp) (uM) (uM) Fe  (ng/10’cells) (ng/10°cells) Mn/Fe
P. putidé 0.1 6.2 09 6.1 0.1 18 1045 0.02
E. colf 05 46 06 35 0.2 14 645 0.02
H. salinarunNRG1® 5 2.6 87 8.9 9.8 155 818 0.19
R. xylanophilus 6 3.2 79 82 96 549 290 1.9
R. radiotolerans 10 3.4 211 18 11.8 300 340 0.88
P. furiosus 3 19 5.3 113 0.1 14 345 0.04
T. gammatolerans 6 2.1 6.3 15 0.4 3 235 0.01
®Dose at which viable cells are reduced to 10% of the population

°From[11]
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Table 3-2. Ultrafiltrates and ethanol extracts concentrations for PO4, amino acids, and

compatible solutes.

Conc. In:

Ultrafiltrates (mM)

Ethanol extracts
(umol/mgprotein)

Amino Acids
Organism Free Total PO, Trehalose MG DIP Trehalose MG DIP
H. salinarumNRC-1? 325 642 22 nd nd nd
R. xylanophilus 87 115 10 17 99 33 15 3.0 0.7
R. radiotolerans 134 159 24 29 64 P 1.7 2.4 nd
P. furiosus 15 35 54 nd 52 6 nd 0.2 0.04
T. gammatolerans 221 235 19 nd 10 2.3 nd 0.1 0.05
&From[11]
Not detected

nd, not determined

79



Protection against IR by UFs and Compatible Solutes under Aerobic Conditions.

We tested the radioprotective properties of UFs preparedRromlanophiluandR.
radiotoleranson the activity oDdd, a restriction endonuclease (Figl3 Ddd is

typically deactivated by less than 500 Gy of IR when incubated in 0.8M KCI during
irradiation [L1]. After irradiation the residual activity of the enzyme was measured by its
ability to cut plasmid DNA, the restriction fragments were analyzed by seael
electrophoresis. Under our experimental conditionsRthe/lanophiluandR.
radiotoleransUFs displayed protection @fde activity at doses extending to 6 and 8

kGy, respectively, which was comparable to levels of protection conferred by

salinarumUF (Fig. 31).

20% H. salinarum UF 20% R. radiotolerans UF

Uncut control

20% R. xylanophilus UF

o o
O « o ¢ © ® « « |KGy

Uncut control

Cut control
Uncut control

°
14
=
c
o
o
-
3
O

kGy kGy

0.5

Figure 3-1. Protection of enzyme activity. The restriction enzybuel was irradiated up
to 12 kGy in enzymdree cell extracts (UFs) ¢i. salinarum R. radiotoleransandR.
xylanophilug(diluted to 0.2x). Residual restricti@mzyme activity was assayed by the
digestion of pUC19 plasmid DNA; fragments were analyzed by agarose gel

electrophoresis. The first lanes are molecular size ladders.
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We next tested the ability of the compatible solutes we found in the UFs and thé cells o
both Rubrobacteispecies for their ability to protect enzyme activity against IR, at
physiologicallyrelevant concentrations. While 20 mM trehalose protected enzyme
activity to 2 kGy, this was comparable to therd#sistance obdéd in phosphate buffer

(PB). When trehalose andB’were combined we saw a significant increase in the
protection, up to 6 kGy (Fig.-3). The addition of 0.25 mM Mn (determined to be
physiologically relevant from whole cell analysis) to trehalose conferred radioprotection
to theDdd enzyme to 6 kGy. Hoever, when trehalose, phosphate and Mn were
combined, the radioprotection increased dramatically to 12 kGy (2).\®e

established that;B alone or combined with 0.25mM Mn conferred protection of the

Ddel enzyme up to 2 kGy (Fig-3. After adding 2B0M concentrations of MG, we

could not detect any increase in radioprotection contributed by MG. In the case of DIP,
the addition of 25 mM of this compound removed any detectible protection of enzyme
activity (Fig. 33). It is important to note that theseperiments were conducted with 2

kGy intervals of IR except for the 1 kGy dose (Fig2)3
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Figure 3-2. Protection of enzyme activity with trehalose, /0d Mrf* under aerobic
conditions. The restriction enzyniald was irradiated up to 12 kGy in veator 25 mM
phosphate buffer {B) with the addition of 20 mM trehalose or 20 mM trehalose + 0.25
mM Mn?*. Residual restriction enzyme activity was assayed by the digestion of pUC19

plasmid DNA; fragments were analyzed by agarose gel electrophoresisstlanes

are molecular size laddef&lltra pure water (ddpD, SigmaAldrich) was added prior to

irradiation.
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Figure 3-3. Protection of MG and DIP combined with P&nd Mrf* under aerobic

conditions. The restriction enzyndeld was irradiated up to 1KGy in 25mM phosphate

buffer (RB) with the addition of 0.25mM Mn. Residual restriction enzyme activity was

assayed by the digestion of pUC19 plasmid DNA; fragments were analyzed by agarose

gel electrophoresis. The first lanes are molecular size ladders.
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Protection against IR by UFs and compatible solutes under anaerobic conditions.

In contrast to th&®ubrobactelUFs, UFs of the anaerobBs furiosusandT.
gammatoleranslid not protecDdel at doses greater than 1 kGy under aerobic conditions
(Fig. 3-4). To determine whether or not this lack of radioprotection was due to the
presence of dioxygen () we tested their properties under anaerobic conditions (Fig. 3
4). In the absence ofQUFs ofP. furiosusandT. gammatoleranprotecteddd up to 4

kGy, representing an increase of 3 kGy over aerobic conditions (Bjg.The addition

of 0.025 mM M to UFs ofP. furiosusandT. gammatoleranprovided a marginal
increase of radioprotection, under both aerobic and anaerobic conditions. While this Mn
concentration (0.025 mM) is physiological relevantRofuriosusandT.

gammatoleransit is 10 to 106€fold less than the Mn concentration found in the cells of

the aerobic radiation resistaRubrobactespecies (Table-3).
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Figure 3-4. Protection of enzyme activity in aerobic and anaerobic conditions. The
restriction enzym®dd was irradiated up to 5 kGy in the presence or absence of oxygen
in enzymefree UFs ofT. gammatoleranandP. furiosug(diluted to 0.2x). Residual
restriction @zyme activity was assayed by the digestion of pUC19 plasmid DNA;

fragments were analyzed by agarose gel electrophoresis. The first lanes are molecular

size ladders.
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While the four thermophiles investigated here accumulated MG and DIP to various
extens, we did not see significant protection of enzyme activity by these compatible
solutes under aerobic conditions (Figb)3 note that experiments in Fig:53were

conducted with KGy intervals of IR. In contrast, under the anaerobic conditions found

in the intracellular milieu oP. furiosusandT. gammatolerandMG protection of the

Ddd enzyme was extended to 5 kGy. Protection of enzyme activity was also extended
under anaerobic conditions whether the enzyme was irradiated in water, 0.025 mM Mn,
MG with Mn, but not in the presence of 20 mM DIP alone. These experiments show that
incubation of the enzyme under anaerobic conditions during irradiation was the single

most effective condition for extending enzyme activity to higher doses of IR.
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Figure 3-5. Protection of enzyme activity with compatible solutes. The restriction
enzymeDdd was irradiated up to 5 kGy in the presence or absence of oxygen, in water
or with the addition of 20 mM MG, 20 mM MG and 0.025 mM Mn, 20 mM DIP, or 20
mM MG, 20 mM DIP ad 0.025 mM Mn. The 20 mM solution of DIP had a pH of 9.5,
thus 10 mM B was added for a final pH of 7.5. Residual restriction enzyme activity was
assayed by the digestion of pUC19 plasmid DNA; fragments were analyzed by agarose

gel electrophoresis. Thadt lanes are molecular size ladders.
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Discussion

Thermophiles are defined by their requirement for high temperatures, however within
such groups there & enormous diversity in the environments they inhabit and the
metabolic capabilities they posse6k Here weinvestigated the radiation resistance of
two groups of thermophiles that are phylogenetically and metabolically distinct. The
bacteriaR. xylanophilusindR. radiotolerangepresent IR resistant thermophiles from
aerobic environments, while tlaechaeal . gammatoleranandP. furiosusare IR

resistant hyperthermophiles from anaerobic environments.

Radiationresistant bacteria and archaea have high cellular Mn/Fe ratios, and this was
confirmed for botiR. xylamphilusandR. radiotolerang11, 22]. Previous studies

showed that Mfi boosts protein protection in cells by interacting synergistically with the
pool of smalimolecules, includingPand forming catalytic &- and HO,-scavenging
complexes 11, 16]. Both of theaerobicRubrobacteispecies UFs were enriched in Mn

and protected the enzyme activityldde from similarly high doses of Ik vitro

compared to the UF from the halophilic aerébesalinarum This suggests that the

cellular constituents present in tRebrobacteispp. preide protein protectiom vivo, as
proposed foH. salinarum While theRubrobacteitUFs did not contain high

concentrations of amino acids, they were enriched in compatible solutes trehalose, MG

and DIP.

The compatible solutes of thermophiles have béatied extensively for their protein

stabilizing properties and possible preservative applications in foegarey and
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temperature tolerancé?1]. A numberof thermophiles are radiatienresistant, and herein
we evaluated the possible antioxidant propsraf these molecules with respect to
radiation. Prior to this work, the compatible solutes preseRt nadiotoleranshad not
been investigated. We found that this bacterium accumulated trehalose and
mannosylglycerate (MG) to similar amountsRasxylanghilus, but not dimycinositol
phosphate (DIP) when grown at 48°C. DIP is associated mostly with hyperthermophiles
(optimal growth temperature >80°C), aRdradiotoleransis considered moderately
thermophilic with an optimal growth temperature of 486 [R. xylanophiluhas an
optimal growth temperature of 60°C, which is the lowest reported among organisms
known to accumulate DIRLRY. As previously reported. xylanophilusccumulates
trehalose, MG and DIP under its optimal growth conditions aci@ases the
concentration of these compatible solutes in response to heat or osmoti®Gsjrase |
have determined that tike radiotoleransalso maintains basal millimolar cellular
concentrations of trehalose and MG, representing organic solutesutoredyi present in

the cell, with potential for antioxidant properties.

Trehalose protected protein activity from radiatiowvitro when combined with

phosphate and MA Trehalose is present in a wide variety of organisms including
bacteria, yeast, igi, plants and invertebrateand we add IR to the list of stressorisas
been shown to protect proteins from including heatotic stressjesiccation and
oxidation p7]. Additionally, strains ofChroococcidiopsisa desiccation and Hesistant
cyarobacterium, have been shown to accumulate trehalose, though no connection was

drawn between the accumulation of trehalose and IR resistB2tel28. Underaerobic
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conditions, MG and DIP did not confer as much radioprotection tDdekenzyme as
trehabse Both MG and DIP are charged compatible solutes, while trehalose is neutral.
Various sites of negative charge on the protein may repel the charge of MG or DIP,

leaving an area susceptible to ROS attack.

Additionally, with respect to freezdrying, the protection conveyed by MG can vary
somewhat fronprotein to protein12(. While both MG and DIP have previously been
shown to be efficient scavengers of @Jthey do not appear to scavengé\ énd HO,
generated under the aerobic conditioneurin vitro assay [12]L We concludehat the
majority of the radioprotection conferred by RabrobactelUFs is from the phosphate,
trehalose and Mn presentthin the cells which fits our current model of radiation
resistance by the accumulation of smallastig molecules and Mii. While the
RubrobactelUFs do not have high concentrations of amino acids when compated to
salinarum the trehalose makes up for this deficit. This work is the first to determine

trehalose protects proteins from IR.

In contrast to the aerobic thermophiles, the anaerobic hyperthermdphitlesosusand
T. gammatolerankad Mn/Fe concentrations that were similar to radiasemsitive
microorganisms such &S coliandP. putida The low Mn/Fe ratios were attributed t
the numerous proteins present in anaerobes that utilize Feasdelhydrogenases and
ferredoxin, whichP. furiosususes as an electron carrier in place of NARF131]. We
suggest that high concentrations of Mn enigical for IR-resistance in aeraborganisms,

as Mrf*-dependent ROS scavenging is limited E_é\-@lnd HO,, formed predominantly
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under aerobic irradiatiooonditions 32, 133. In the presence of Othe formation of
0" is a Estep process in which a free electroi (eacts with @(2.0E°M™* s1). This

is much faster than in the absence gf@here the formation of D is dependent upon
concentrations of H&aNdH,0, (2.7E€ Mt s%) [132. In ourin vitro protection assay, the
P. furiosusandT. gammatoleranslFs and the compdie soluteslisplay more
protection in an anaerobic environment, which leads us to believe that part of the
radiation resistance observedAnfuriosusandT. gammatoleranguite likely is

attributed to the anaerobic environment itself.

P. furiosuslike most anaerobic hyperthermophiles, kttle oxygen detoxification
enzymes superoxide dismutase (SOD) and catalase which their aerobic counterparts use
[78]. In their placeP. furiosushas a SOR (superoxide reductasd)ich is a norheme
iron-containng enzyme; instead of catalasBsfuriosushas several peroxidasess]
including rubrerythrin, alkyl hydroperoxide reductase | and I, and the aforementioned
Fe-sequestering Dpkike protein [77-79]. A whole-genome mRNA microarray analysis

of P. furiousin response to radiation showed that SOR, rubrerythrin and both alkyl
hydroperoxide reductases were constitutively expres&pthese results were also
found in response toJ@,, though alkyl hydroperoxide reductase Il expression was
elevated 77]. The Dpslike protein was found to be elevated in response to both IR and
H,0O,, presumably to sequester Fe that could be released from damageottdiring
proteins under the oxidizing condition&3[ 77]. Genes in the SOR pathway were shown
to be the mashighly expressed iR. furiosusunder normal anaerobic growth conditions,

and to date any increased expression of SOR cannot be found in resgénhseHgO.,,
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indicating that this protein may be functioning at max capatiéyl aimes [/3, 77 13Q.
Additionally, avariation of SORmediated @& detoxification was discovered in which
SOR complexed with ferrocyanide reducezé‘ @ithout the formation of kD,, and this
system was highly efficient, as the SOR iron site remains reduced, thus elimihating

requirement of oxidoreductases to recycle S8® |

While ROSdetoxification enzymes have been shown to be dispensatitesfaerobic
archaeorH. salinarum the intracellular Mrcomplexes protect the cell from IR1]. The

highly constitutively expessed SOR and peroxidases play a part in removing ROS threats
to the cell and maintaining the anaerobic cellular environmer. AgriosusandT.
gammatolerangack high Mn/Fe ratios, we conclude that the anaerobic environment

contributes to the IR resistance observed.
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Chapter 4: Conclusions

The study of extremophilesd how theyneet the physical and chemical challenges
found in environmental extremes thahabit lead to new insights on the mechanisms of
stress response. Many extremophiles are found to be resistant to ionizing radiation (IR)
and he dearth of environments characterized by high IR suggestechdiation

resistance is a fortuitous conseque of a high tolerance to other environmental stressors
(e.g, desiccation)Given the diversity of IResistant extremophiles and their natural
environments, we do not knawthere are universal features of IR resistance, such as

high intracellularconcentration of Mn11, 14.

The IRresistance found iHalobacterium salinarunNRC-1 is attributed to high
intracellular concentrations of salts and ®¥nomplexes that protect proteinsfio
oxidative damage [11, §7To further investigate possible mbblic routes contributing

to the IRresistance ofl. salinarum we used directed evolution to select for super IR
resistance (IR isolates and confirmed to have'lRolates that are 3 times more resistant
than the wildtype, the most IResistant strains dfl. salinarumreported to date8p]. We
chose 3 isolates for biochemical characterization and proteomic analysis. Thefpeetein
cell extracts (UFs) preparedfn the IR isolates protected protein activity from iR

vitro to a dosénigherthanthat of the founder UF, suggesting that the intracellatdreu

of these isolates protextproteinsin vivomore efficiently. Two of the IRisolate(392

and 463) hadhcreased Mn concentrations in the UFs and thusly, the oellpbthese

also had increased glycine and ROncentrationgisolate 392) While the accumulation
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of antioxidant Mrcomplexes can confer radioprotection to the cell, enzymes involved in
cental metabolismé.g, peptidaseand phosphatases) can be stimulated or activated by
the accumulationf Mn [108, 109. Proteomicanalysis of these 2 Rsolates found
increasedxpressiorof proteirs related to proteins involved in energy metabolism,
cellular processes, cofactor biosynthesis, and translation/ protein synthesis when
compared to the founder strain. edtimulated central metabolism allows for increased
production of reducing equivalentwhich would be depleted under the oxidative stress,

as well as the production of energy required for repairing cellular damage inflicted by IR.

The role of this Mrenhanced metabolism could be investigated through deletion mutants
of putative Mn trangorter genegurA zurM, andycdH, or the Mn autorepresssirR

gene B6]. Theremay be other Mn transporters, as many transport proteins were
increased in expression in the 392 and 463 isol&tesMn accumulation of these

mutants could provide more igit to the roléVin regulation may plain cell

homeostasis and central metabolis® well as its impact on IR resistance

The 3 IR" isolate(393)did not have increased concentrations of Mn,,R®amino

acids, but its Ubhad elevated radioprotection when compared to the founder UF. We
conclude that there may be other small molecules UFs contributing to the enhanced
radioprotection that we did not quantify. Additionally, the increased protein expression
profile of this istate was different from the Manhanced isolates. For instance,

increased expression of proteins related to cofactor biosynthesis were not as prevalent in

this isolate as seen in the other 2 if®lates. In factisolate 39Fad the fewest proteins
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expresed more than the founder. However, of the increased protein expression, 33% of
these proteins were associated with stationary phase processes, despite the proteins for
the proteomic analysis were harvested in-sgonential phase of growth. Proteins
as®ciated with stationary phase are often related stresses associated with nutrient
depletion and increased oxidation of cellidanstituents, as the cell shifts focus from
reproduction and growth to stress maintenance and rd@&y 107. Isolates392 and

463had 1718% stationary phasassociated proteins that were increased in expression
but more stationary phasessociate proteins than isolate 388 conclude that the

increased expression of proteins normally reserved for stress conditions cedtttbtite

IR" resistance in the 3 isolates.

One feature that was common between the'3dftates was the increased expression of
Replication factor A (RFA) proteins, also knows singlestrand DNA binding proteins

in bacteria, or Replication protein A (RPA) in eukarydteg34. H. salinarumpreserves

the integrity of its genome and repairs doedti@nd breaks (DSBs) using homologous
recombination§7]. We propose that the irgased expression of these proteins provide
stability to singlestrandDNA for efficient HR, andhe genes of these proteins are
increased in expression in other studiebl ofalinarum implicating their contribution IR
and UVC resistancey, 88, 92]. This is the first studyo confirmthe increase of RPA
proteins in IR resistance at the protein level. Further investigation of the othisoliRes

will confirm if this is a universal trend for high IR resistance.
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The second focus of this work was i@mkiate the IR resistance mechanisms i IR
resistant thermophiles to investigate the diversity or common methods they used to avoid

IR damage.

While thermophiles are adapted to their highmperature environments, they must also
defend against other strssuch as fluctuations in salinity and temperatutesg
microorganisms use compatible solutesh as trehalosmannosylglycerate (MGand
di-mycinositol phosphate (DIP)o maintain cell homeostasis and preserve protein
stability [116, 12]. The aerobidR. xylanophiluandR. radiotolerandit the current

model of IR resistance through protein protection which is facilitated By-Mmmplexes
found in the cytoplasmifl, 14. Theaccumulation of Mfi" in combination with other

small moleculess keyto scavenge thebandeoz formed within the cell during
irradiationunderaerobic conditions, and we have shown that these organisms accumulate
extremely high concentrations of Mn. These bacteria also benefit from the accumulation
of trehalose, which protected enzyme actiuityitro, and this was synergistically

increased byhe addition of Mn.

In contrast, cell extracts of the anaerobic arcilagmmmatoleranandP. furiosusdid

not contain significant amount$ BIn, and were radioprotective of enzymes only under
anaerobic conditionsThe compatible solutddG and DIPhave previously been shown

to scavenge Hﬁ)but we are unable to detect any significant contribution to IR resistance

from these compatible solutek?[l]. We concludeéhatthe anaerobic environment
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contributes to the IR resistance observethe hyperthenophilesP. furiosusandT.

gammatolerans

This work has shown that for aerobici&sistant microorganisms, Mn is universally
essential, but there is diversity in the metabolic routes teriddiated IR resistance. The

IR" isolates oH. salinarumhad varyingoutincreased concentrations of small molecules,
and different metabolic pathways werenggulated in different isolatelsolates 392 and

463 hadMn-stimulated central metabolism, but isolate 393 had increased proteins that
varied greatly fom the other two isolate®ur analysis of the compatible solutes of the
thermophilic bacteria and archaea has shown that not all small molecules contribute to IR
resistance equally, and that there is diversity of the small molecule accumulation with Mn
(e.g., amino acids irH. salinarum trehalose ifR. xylanophiluandR. radiotolerank

Our analysis of the anaerobic hyperthermophiles revealed that Mn is not universally
accumulated in all IResistant organisms. The anaerobic environment and lifestyle

protect against IR damage, providing evidence of an alternative route to IR resistance.
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Appendix A i Detailed Materials & Methods

ICP-MS For ICRMS analysis, 50 ul of UF was transferred to ag@eaned 15 ml
polystyrene tube and diluted to a final voluofel.5 ml with 1 % HN@+ 0.5 % 1N HCI.
Cells were prepared by adding 1.5 ml of concentrated +tN@ pellet of 18cells,

vortexing, and diluting 50 pl of the digest into 4.95 ml efKlyielding a 1% final
concentration of HN@ Internal standards (Mor Fe) were added to each sample to
monitor for sample matrix effects of the plasma. Analysis was performed with an
Agilent 7500ce Induced Coupled PlasiMass Spectrometer (Agilent Technologies;

Santa Rosa, CA). A standard calibration curve was gendratadnulti-element

standards (Elements INC; Shasta Lake, CA) at the following concentrations: 0, 1, 5, 10,
50, 100, 500, 1000 ug/L. Reported sample concentrations of Mn and Fe were blank and
dilution corrected. SRM 1643e (NIST; Gaithersburg, MD) wasluse test the accuracy

of sample preparation, and was prepared in the same manner as the samples. For ion
chromatography analysis, 25ul of UF was transferred into-aglpeaed Dionex IC vial
(Dionex Corp; Sunnyvale, CA), MilliQ water was added up tomL5final volume, and

the sample was vortexed to ensure thorough mixing. Analysis was performed using a
Dionex DX600 lon Chromatograph (Dionex Corp; Sunnyvale, CA). A standard
calibration curve was generated from a maition solution (Elements INC; Séta Lake,

CA) containing the anion of interest ())O Concentrations of the calibration curve were

as follows: 0, 1, 2, 4, 6, 12, 16, 20 pg/ml. Samples were run on an lonPac AS14A Anion
exchange column (4 x 250 mm, Dionex Corp; Sunnyvale, CA) and A&L#&kd

column (3 x 150 mm, Dionex Corp; Sunnyvale, CA) column using 1.08 mi€®and

1.02 mM NaHCQas eluent. Samples were suppressed using an ASRS 4 mm suppressor
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(Dionex Corp; Sunnyvale, CA) with a current of 100 mA. Samples were eluted for 30
min toensure complete anion exchange. Anion retention times%}Avere determined
based upon the certificate of analysis for the column. Sample concentrationsveéiieO
reported as the average of the two replicates after blank and dilution correction.

Amino Acid Analysis. The UFs underwent Fmetterivitization in parallel with a 17
standard amino acid mixtu(8igmaAldrich, St. Louis, MO). In brief, 2pl of sample or
standard were added tquPL-Norleucine and il water, diluted 16old in 0.1 M

sodium bicarbonatelCl buffer (pH 7.7). 10l of 10 mM acetonitrile Fmo€lI (Sigma
Aldrich, St. Louis, MO) was added, vortexed, and incubated at room temperature for 1 min.
Excess Fmo©H was extracted with-hexane (1 mL)1O times. Aqueous layer was
recovered and diluted 160Id with 50 mM sodium acetate (pH 4.20 ul was injected
ontoaYMC-Triart C18 columr(1 . 9 YM@Co, Ltd.) using a Nexera SH30AC with
RF-20Axs fluorescence detect®himadzu Scientific Instruemts, Columbia, MDat

264nm. Eluent A: 4:1 mixture of 50 mM sodium acetate and acetonitrile; Eluent B: 1:10
mixture of 50 mM sodium acetate and acetonitrile. A concave gradient of 90% eluent A,
10% eluent B to 100% eluent B over 60 minutes was used.ralevd.8 ml/ min.

Protein Extraction and Precipitation. For the founder, F3 and three’IRolates, 392,
393, and 463, cultures were grown to mid exponential phase and cells were harvested.
Two biological replicates were performedhe pellet was resuspended on ice in 1 M

cold salt buffer (50 mM potassium phosphate pH 7.0, 1 M NaCl,-b3ér2aptoethanol)

and subjected to three cycles of sonication for 30 s (Virsonic 100, Virtis, Gardiner, NY)
followed by incubation on ice for 30 shé& cell lysate was then fractionated by

centrifugation (800@, 30 min, 4°C), with the supernatant withdrawn and stored at
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20°C. Protein concentration was determined usingR&d Bradford Assay (Hercules,

CA) using the manufacooterosngr200ceoly. of Ap
stored on ice and 8 volumes-@0°C TCA/acetone added. The mixture was vortexed

briefly, incubated at20°C for 4 hr, and then pelleted by centrifugation (16,0020

min, 0°C) before discarding the supernatant andmging the pellet. To measure the

yield of protein, another aliquot of 200 ¢
of air-drying the pellet, the pellet was resuspended in in a volume of denaturing buffer

(50 mM potassium phosphate pH 7.0, IN6ICI, 1% 2mercaptoethanol, 6% sodium

dodecyl sulfate) equal to the volume of the original aliquot, and protein concentration

was determined with the Bradford Assay. To verify continuity between TCA and non

TCA treatments, denatured proteins from both Ti@&ated and neii CA treated extracts

were separated by denaturing acrylamide gel electrophoresisR8BE) on a £20%
gradient gel (15 €g protein per |l ane) at 1
withBio-Rad Fl ami ngoE st ai BiokoaldT & mamgagi wg t Sy sUtVd
Typhoon

Protein Digestion, iTRAQ Labeling and Strong Cation Exchange Fractionation.

The TCA/acetone precipitated protein pelletswersres pended in 20eglL 500C
(triethyl ammoni um bi car bdemadrediceddbpatdinge L 2 %
2g¢L 50 mM-ZC€c&Pbgxyeshyl ) phosphine) for 1 |
200 mM MMTS (methyl methanethiosuphonate) for 15 min at room temperature, then

digested at 37°C overnight with trypsin (Promega, sequencing grade,

www.promega.com) using a 1:10 enzyme to protein ratio. Samples were labeled by

adding 100 €L of an i TRAQ reagent (dissolyv
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temperature for 2h. All samples were dried
subsequentlynixed. The combined peptide sample was dissolved in 8 mL of SCX

loading buffer (25% v/v acetonitrile, 10mM KPRO4, pH 2.8 and subsequently

fractionated by strong cation exchange (SCX) chromatography on an Agilent 1200

Capillary HPLC systemusinga PolySulet hyl A col umn (2. 1x100mn
PolyLC, polylc.com). The sample was loaded and washed isocratically with 25% v/v
acetonitrile, 10mM KHPO;, pH 2.8 for 40 min at 250¢L/ mi
collected in 1 min fractions using a330mM KCI gralient in 25% v/v acetonitrile,

10mM KH,PQ,, pH 2.8, over 40min at 250¢L/ min, 14
SCX fractions were dried, resuspended in 20

HLB uElution plate (Waters, www.waters.com).

LC-MS Analysis. Desalting peptides were loaded for 15 min at 750 nl/min directly on to

a 75 e€m x 10 cm column packed with Magic C
www.michrom.com). Peptides were eluted using usingt@% B (90% acetonitrile in

0.1%formic acid) gradient over 90 min at 300 nl/min. Eluting peptides were sprayed

directly into an LTQ Orbitrap Velos mass spectrometer (ThermoScientific,

www. t hermo. com/orbitrap) through an 1 em e
www.newobjective.com) at 1.6 kV. 8iey scans (full ms) were acquired from 35800

m/z with up to 10 peptide masses (precursor ions) individually isolated with a 1.2 Da

window and fragmented (MS/MS) using a collision energy of 45 and 30 s dynamic

exclusion. Precursor and the fragment inese analyzed at 30,000 and 7,500 resolution,

respectively
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Data Analysis. The MS/MS spectra were extracted and searched against the GenBank
database using Mascot (Matrix Science, www.matrixscience.com) through Proteome
Discoverer software (v1.2, Therme$ ent i fi ¢c) specifying sampl
enzyme allowing one missed cleavage, fixed cysteine methylthiolationpled-8

ITRAQ labeling of Ntermini, and variable methionine oxidation anrgI8x-iTRAQ

labeling of lysine and tyrosine. Peptidientifications from Mascot (Matrix Science)

searches were processed within the Proteome Discoverer to identify peptides with a
confidence threshold 1% False Discovery Rate (FDR), based on a concatenated decoy

dat abase sear ch. Aanpatiodf al unigdegpeptidastidertifyings t h e

the protein at a 1% FDR.
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Appendix B

Table1.IR*/F3 avg, all proteins < 0.4 cutoff and > 100 A4 score

Functional Category Locus Description 392avg 393avg 463 avg
cellular processes VNG0960G FlaB1 0.4

cellular processes VNG7025 gas vesicle synthesis protein GvpA 0.1 0.1
cellular processes VNG7026  gas vesicle protein GvpC 0.1 0.2 0.2
cellular processes VNG7027 gas vesicle protein GvpN 0.2 0.4 0.2
cellular processes VNG7028 gas vesicle protein GvpO 0.1 0.3 0.2
transcription and regula VNG0726C  hypothetical protein VNG0726C 0.4
transcription and regula VNG7114 transcription factor 0.4 0.4
unknown VNG6012H  hypothetical protein VNG6012H 0.2 0.3

unknown VNG6126H hypothetical protein VNG6126H 0.3
unknown VNG7029 chromosome partitioning protein SojB 0.2 0.4 0.2
unknown VNG7030 hypothetical protein VNG7030 0.4 0.3 0.4
unknown VNG7086 hypothetical protein VNG7086 0.3
unknown VNG7102 hypothetical protein VNG7102 0.2
unknown VNG7103 hypothetical protein VNG7103 0.3
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Table 2. IR"/F3 ratios for proteins > 1.5 cutoff and > 100 A4 score
Bolded proteins are associated with Stationary Phase

Functional categories  locus Description 392 avg 463 avg 393 avg
Unclassified VNGO0043H hypothetical VNG0043H 1.7 1.8 1.2
Cell envelope VNG0046G UDP-glucose dehydrogenase [Halobac 1.5 1.7 0.8
Nucleotide metabolism VNG0047Gm dTDP-glucose pyrophosphorylase [Hal 1.4 1.5 0.5
Cell envelope VNGO0051G LPS biosynthesis [Halobacterium sp. N 1.6 1.7 0.5
Energy metabolism VNGO0063G galE2; UDP-glucose 4-epimerase 1.3 1.5 1.2
Energy metabolism VNGO0065G GDP-D-mannose dehydratase [Haloba 1.5 1.7 1.3
Cofactors and 2° Metabolite VNGQO081G  moaE; bifunctional molybdopterin-gua 1.3 1.5 1.1
Energy metabolism VNGO0095G gapB; glyceraldehyde-3-phospha: 2.0 2.3 1.6
Amino acid Metabolism VNGO0096C Aminopeptidase (Similar to leucyl amit 1.4 1.6 1.1
Cellular processes VNGO0097G Hsp2 [Halobacterium sp. NRC-1] 1.5 1.7 14
Translation/ Protein synthes VNG0099G 50S ribosomal protein L10e [Halobact: 1.5 1.7 1.2
Energy metabolism VNG0104G SerA3; Phosphoglycerate dehydrc 1.4 1.6 2.0
DNA metabolism VNGO0106G rmeM; RmeM; K03427 type I restrictic 1.6 1.7 1.2
DNA metabolism VNGO107G RmeS [Halobacterium sp. NRC-1] 1.4 1.5 1.1
Central intermediary me VNG0115G yusZ1; oxidoreductase 1.7 1.6 1.5
Unknown function VNGO144H hypothetical VNG0144H 1.2 1.5 1.1
Hypothetical proteins VNGO0153C hypothetical VNG0153C 1.5 2.2 1.2
Amino acid Metabolism VNG0161G GdhB; glutamate dehydrogenase (NAL 1.5 2.2 1.4
DNA metabolism VNG0163G mutS1; DNA mismatch repair proteinl 1.5 1.5 1.0
Cellular processes VNG0166G psmB; proteasome subunit alpha 1.4 1.6 1.2
Translation/ Protein synthes VNGQ177G 50S ribosomal protein L15e [Halobactt 1.6 1.8 1.1
Regulatory functions VNG0179C hypothetical Serine/threonine protein| 1.5 1.6 11
Cellular processes VNG0192G cell division protein FtsZ 1.4 2.0 1.2
DNA metabolism VNGO0209H hypothetical protein VNG0209H [Halot 1.3 1.3 1.6
Cellular processes VNG0234C hypothetical protein VNG0234C [Halot 1.7 1.4 1.8
Transcription and regulatior VNG0237H DNA-directed RNA polymerase subunit 1.5 1.4 1.1
Translation/ Protein synthes VNG0239C 50S ribosomal protein L37Ae [Halobac 1.9 2.1 1.4
Nucleotide metabolism VNGQ0245G deoxycytidine triphosphate deaminase 1.4 1.4 1.5
Energy metabolism VNG0249G  Fbr; cytochrome-like protein 2.3 3.2 1.1
Unknown function VNGO0252C  geranylgeranylglyceryl phosphate synt 1.6 1.7 1.2
Transcription and regulatior VNG0258H hypothetical protein VNG0258H [Halol 1.1 1.5 1.1
Energy metabolism VNG0259G ipp; inorganic pyrophosphatase 1.2 1.6 1.3
Central intermediary metabc VNG0264H hypothetical VNG0264H 1.2 1.6 1.1
Cellular processes VNG0265G FtsZ4 [Halobacterium sp. NRC-1] 1.5 1.7 1.2
Cellular processes VNG0283C hypothetical protein VNG0283C [Halot 1.3 1.5 1.3
Cofactors and 2° Metabolite VNG0294G N-methyltransferase-like protein 1.4 1.8 1.4
Cellular processes VNGO0303G lon; ATP-dependent protease Lon; 1.3 1.6 1.2
Amino acid Metabolism VNGO0309C fructose-bisphosphate aldolase [I 1.6 1.4 1.2
Amino acid Metabolism VNGO0310C 3-dehydroquinate synthase [Halobacte 1.5 1.8 1.2
Cell envelope VNG0321G Ids; Bifunctional short chain isopi 1.0 1.7 1.1
Energy metabolism VNGO0330G  ppsA; phosphoenolpyruvate synthase 2.2 2.0 1.7
DNA metabolism VNG0342G smcl; chromosome segregation 1.6 1.8 1.2
Translation/ Protein synthes VNGQ0345G aspartyl/glutamyl-tRNA amidotransfer: 1.4 1.6 1.3
Cellular processes VNGO0355G Htr14 [Halobacterium sp. NRC-1] 1.0 1.6 1.0
Transport and binding p VNG0365G  ArsAl; arsenical pump-driving AT 1.6 1.7 1.2
Hypothetical proteins VNGO0367H hypothetical protein VNG0367H [Halot 1.3 1.5 1.4
Unclassified VNGO0368C hypothetical VNG0368C 1.4 1.5 1.5
Unclassified VNGO0373H  hypothetical VNG0373H 1.5 1.6 1.3
Cellular processes VNGO0376G  cell division protein FtsZ 1.8 2.8 1.2
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Amino acid Metabolism VNG0382G aroE; hypothetical skikimate dehydrog 1.4 1.8 1.5
Amino acid Metabolism VNG0384G TrpE2 [Halobacterium sp. NRC-1] 1.5 1.4 1.2
Transcription and regulatior VNG0401G epf2; mRNA 3'-end processing factor-l 1.5 1.6 1.2
Translation/ Protein synthes VNG0403G prolyl-tRNA synthetase [Halobacteriun 1.5 1.6 1.2
Hypothetical proteins VNG0405C hypothetical NAD-dependent epimeras 1.4 1.5 1.2
Amino acid Metabolism VNG0409C hypothetical protein VNG0409C [Halot 1.3 1.2 1.6
Cofactors and 2° Metabolite VNG0412G hypothetical protein VNG0412G [Halot 1.6 1.5 1.1
Unclassified VNG0419C hypothetical VNG0419C 1.1 1.5 1.3
Energy metabolism VNG0422G Cyc [Halobacterium sp. NRC-1] 1.6 1.2 1.8
Transcription and regulatior VNG0424C nascent polypeptide-associated compl 1.6 1.4 1.3
Central intermediary metabc VNG0425G pimT2; L-isoaspartyl protein carboxyl I 1.7 1.7 1.2
Transcription and regulatior VNG0426G rpoM; DNA-directed RNA-polymerase : 1.7 2.3 1.3
Fatty acid/phospholipid met VNG0428G fad2; enoyl-CoA hydratase 1.2 1.5 1.3
Amino acid Metabolism VNGO0431G apa; diadenosine tetraphosphate pyro 1.5 1.6 1.3
Cellular processes VNGO0437C  hypothetical peptidase 1.5 1.7 1.4
Unknown function VNG0440C probable metallo-beta-lactamase 1.4 1.6 1.2
Cofactors and 2° Metabo VNG0442G cyc; cytochrome P450 1.3 1.8 1.3
Energy metabolism VNG0446G  gcd; glucose dehydrogenase 1.3 1.7 1.0
Hypothetical proteins VNGO0447H hypothetical protein VNG0447H [Halol 1.5 1.4 1.0
Transport and binding prote VNG0452G pstB2; phosphate ABC transporter ATI 1.3 1.5 1.2
Cellular processes VNG0459G nodP; nodulation protein; K00390 phc 1.5 1.6 1.1
Translation/ Protein synthes VNG0461G aspS; aspartyl-tRNA synthetase 1.5 1.6 1.2
Energy metabolism VNG0467G yafB; aldehyde reductase 1.5 1.7 1.4
Fatty acid/phospholipid met VNG0468C Oxidoreductase (Geranylgeranyl hydrc 1.4 1.7 1.3
Energy metabolism VNG0473G 2-oxoglutarate ferredoxin oxidoreducti 1.6 1.7 1.4
Energy metabolism VNG0474G porA; hypothetical 2-oxoglutarate ferrr 1.7 1.8 1.6
Central intermediary metabc VNG0479G  YajO1; oxidoreductase 1.2 1.8 1.5
Fatty acid/phospholipid met VNG0481G McmA1 [Halobacterium sp. NRC-1] 1.2 1.5 1.1
Transcription and regula VNG0482H hypothetical N-acetyltransferase 1.3 1.5 1.2
Translation/ Protein synthes VNG0487H N-acetyltransferase activity 1.6 1.6 1.5
Amino acid Metabolism VNG0502G aspB1; aspartate aminotransfera: 1.3 1.7 1.1
Translation/ Protein synthes VNG0504G translation-associated GTPase [Halobe 1.5 1.7 11
Cellular processes VNGO0510G proteasome-activating nucleotidase [ 1.5 1.2 1.3
Cellular processes VNG0514C chromosome segregation protein [Hall 1.5 1.4 1.3
DNA metabolism VNGO0521G  polB1; DNA polymerase B1; DNA polyi 1.5 1.7 1.3
Energy metabolism VNG0523G inb; oxidoreductase-like protein 1.5 1.7 1.2
Cofactors and 2° Metabolite VNG0525C hypothetical protein VNG0525C [Halot 1.6 1.3 1.4
Cellular processes VNG0527C hypothetical protein VNG0527C [Halot 1.5 1.5 1.4
Unclassified VNGO0533H hypothetical VNG0533H 1.2 1.9 1.3
Unclassified VNG0534C Metal dependent phosphohydrolase 1.2 1.5 1.2
Cell envelope VNGO0540G  imp; hypothetical VNG0540G 1.7 1.9 1.1
Amino acid Metabolism VNG0541G hypothetical protein VNG0541G [Halol 1.3 1.5 1.1
Hypothetical proteins VNGO0546C  hypothetical VNG0546C 1.6 1.6 1.2
Unclassified VNGO0557H hypothetical protein VNGO557H[ 1.5 1.2 1.2
Nucleotide metabolism VNG0559G apt; adenine phosphoribosyltransferas 1.7 1.6 1.2
Cofactors and 2° Metabolite VNG0572G hypothetical protein VNG0572G [Halot 1.5 1.2 1.0
Amino acid Metabolism VNGO0575G  ywaD; aminopeptidase 1.4 1.6 1.3
Energy metabolism VNG0582C Cytochrome bcl complex cytochrome 1.3 1.7 1.1
Energy metabolism VNGO0584H hypothetical VNG0584H 1.3 1.9 1.1
DNA metabolism VNGO0608C hypothetical CoA binding, NAD(P)H bii 2.0 1.4 1.5
Transport and binding prote VNG0617H hypothetical VNG0617H; Pfam: ABC-ty 1.4 2.3 1.5
Cellular processes VNGO0620G  Edp; proteinase 1.2 2.1 1.2
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Amino acid Metabolism VNG0628G gdhA1; glutamate dehydrogenase 1.6 1.9 1.6
Amino acid Metabolism VNGO0629G  aspB2; aspartate aminotransferase 1.4 1.7 1.2
Nucleotide metabolism VNG0632G PurK [Halobacterium sp. NRC-1] 1.6 1.0 1.1
Energy metabolism VNGO0B637G ndhG5; NADH dehydrogenase/oxidore 1.3 1.7 1.1
Energy metabolism VNGO0640G  nolD; NADH dehydrogenase/oxidoredt 1.3 2.0 1.2
Transcription and regula VNG0651G imd1; inosine-5'-monophosphate 1.3 1.5 1.2
Fatty acid/phospholipid met VNG0653G McmA1 [Halobacterium sp. NRC-1] 1.3 1.5 1.2
Transcription and regula VNG0654C hypothetical protein VNG0654C[ 1.5 1.4 1.4
Regulatory functions VNGO0674C ArgK-type transport ATPase 1.5 1.6 1.5
Unclassified VNGO0675C hypothetical Alpha/beta hydrolas 1.3 1.6 1.4
Fatty acid/phospholipid met VNG0678G 3-ketoacyl-CoA thiolase [Halobacteriur 0.6 1.6 1.2
Fatty acid/phospholipid met VNG0679G Acd4 ; acyl-CoA dehydrogenase 1.8 1.7 1.8
Energy metabolism VNGO0680G  fdfT; farnesyl-diphosphate farnesyltrar 1.4 1.5 1.0
Fatty acid/phospholipid met VNG0681G 3-hydroxyacyl-CoA dehydrogenase [Hi 1.6 1.4 1.6
Energy metabolism VNGO0683C fructose-bisphosphate aldolase, class . 2.0 1.9 1.4
DNA metabolism VNGO705C  hypothetical protein VNG0705C [Halot 1.2 1.5 1.2
Cellular processes VNG0711C Alkyl hydroperoxide reductase/ T 1.2 1.6 1.1
Unclassified VNGO0713C  hypothetical protein VNG0713C [Halot 1.3 1.5 1.2
Cofactors and 2° Metabolite VNGO0715G thiamine biosynthesis protein ThiC 1.2 2.2 1.1
Amino acid Metabolism VNGO0723G pepQ1; peptidase 1.3 1.6 1.3
Energy metabolism VNGO0732G  RNA 3'-terminal-phosphate cycla: 1.4 1.5 1.1
Cellular processes VNGO0743H universal stress protein 1.4 1.6 1.3
Regulatory functions VNG0748G hypothetical protein VNG0748G [Halot 1.3 1.1 1.5
Regulatory functions VNG0749G serine protein kinase [Halobacter 1.4 1.0 2.2
Transcription and regula VNG0751C hypothetical Transcriptional regu 1.3 1.7 1.0
Energy metabolism VNGO0752G galEl; UDP-glucose 4-epimerase 1.3 1.5 1.3
Transcription and regula VNG0757G tfeA; transcription initiation factc 1.0 1.6 1.2
Hypothetical proteins VNGO769H hypothetical protein VNGO769H [Halol 1.5 1.4 1.4
Energy metabolism VNGO771G  aldY2; aldehyde dehydrogenase (NAD 1.4 2.1 1.5
Fatty acid/phospholipid met VNGO0775G Acd2 [Halobacterium sp. NRC-1] 1.4 1.4 1.5
Central intermediary metabt VNGO777G TaqgD [Halobacterium sp. NRC-1] 1.2 1.4 1.5
DNA metabolism VNGOQ779C  archaea-specific Rec)-like exonuclease 1.5 1.6 1.2
Unclassified VNGO0780H hypothetical VNG0780H 1.6 1.8 1.3
Unknown function VNGO0782H hypothetical VNG0782H 1.1 1.5 1.1
Energy metabolism VNGO795G  hepC; halocyanin-like protein 1.1 2.0 1.1
Amino acid Metabolism VNGO0796G cystathionine gamma synthase/lh 1.2 1.7 1.3
Cellular processes VNGO0801C  hypothetical protein VNG0O801C[ 1.5 1.2 2.0
Energy metabolism VNGO0808G  gabD; succinate-semialdehyde dehydr 1.4 1.6 1.2
Hypothetical proteins VNGO0810H hypothetical protein VNGOS10H[ 1.7 1.2 0.9
Energy metabolism VNG0815G yfmJ; quinone oxidoreductase 1.7 1.3 1.5
Central intermediary metabc VNG0829G  dmsA; dimethylsulfoxide reductase; K 1.3 1.5 1.3
DNA metabolism VNGO0838G  SsrA; integrase/recombinase 1.8 1.5 1.4
Energy metabolism VNGO0841G icfA; IcfA; KO1673 carbonic anhyt 1.3 1.6 1.2
Hypothetical proteins VNGO0851C hypothetical VNGO851C; hydrolase acl 1.4 1.9 1.4
Translation/ Protein synthes VNG0854C diphthamide synthase subunit DPH2 1.3 1.5 1.0
Translation/ Protein synthes VNGQ0872G gatA; aspartyl/glutamyl-tRNA amidotr: 1.4 1.5 1.3
Regulatory functions VNGO0874G traB; signaling protein 1.5 1.7 1.1
Unknown function VNGO0879C hypothetical VNG0879C 1.5 1.8 1.3
Cellular processes VNGO0880G psmA; proteasome subunit alpha; 1.4 1.5 1.3
DNA metabolism VNG0884G  DNA topoisomerase VI subunit A [Hale 1.6 1.8 1.2
DNA metabolism VNGO0885G DNA topoisomerase VI subunit B [Halc 1.4 1.5 1.1
DNA metabolism VNGO0887G  DNA gyrase subunit B [Halobacterium 1.5 1.5 1.1
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DNA metabolism VNG0889G DNA gyrase subunit A [Halobacterium 1.5 1.5 1.1
Transcription and regulatior VNG0890G Imd2 [Halobacterium sp. NRC-1] 1.3 1.5 1.1
Energy metabolism VNGO0891G NADH dehydrogenase [Halobacterium 1.4 1.5 1.2
Nucleotide metabolism VNGO0893G  udp2; uridine phosphorylase; 1.5 1.6 1.3
Transport and binding prote VNG0903C ABC-type transport system periplasmic 1.4 1.7 1.1
Energy metabolism VNGO0905G  Pmu2 [Halobacterium sp. NRC-1] 1.5 1.4 1.1
Transport and binding prote VNG0924G Ibp; iron(III) transport system substr: 1.3 1.7 1.1
Energy metabolism VNGO0930G  YvbT; alkanal monooxygenase ha 1.9 1.5 1.3
Fatty acid/phospholipid met VNG0931G 3-ketoacyl-CoA thiolase [Halobacteriur 1.3 1.6 1.2
Energy metabolism VNGO0933G NADH-dependent flavin oxidored 1.6 1.5 1.2
Energy metabolism VNG0935G NADH oxidase [Halobacteriumsp 1.5 1.4 1.2
Energy metabolism VNG0940Gm Acetyl-CoA synthetase [Halobacterium 1.5 1.6 1.1
DNA metabolism VNG0954C archaeal flagellar protein FlaE 1.4 1.5 1.2
Cellular processes VNGO0965C hypothetical VNG0965C 1.2 1.5 1.1
Cellular processes VNGO0966G hypothetical protein VNG0966G [Halot 1.6 1.4 1.4
Cellular processes VNGO0967Gm chemotaxis protein [Halobacteriumsp 1.3 1.5 1.1
Cellular processes VNG0970G cheC1; chemotaxis protein 1.7 1.6 1.3
Cellular processes VNG0974G  two-component system, chemotaxis fe¢ 1.2 1.5 1.1
Cellular processes VNGQ0976G  CheW1 [Halobacterium sp. NRC-1] 1.5 1.6 1.2
Amino acid Metabolism VNG0981C Pyridoxal phosphate-dependent aminc 1.3 1.5 1.1
Transport and binding prote VNG0983C hypothetical K+ transport system, binic 1.8 1.6 1.3
Energy metabolism VNG0997G  Acs2 [Halobacterium sp. NRC-1] 1.5 1.4 1.3
Central intermediary metabc VNGQ0998G YajO2 [Halobacterium sp. NRC-1] 1.7 1.4 1.4
Nucleotide metabolism VNG1001G guaB; IMP dehydrogenase 1.7 1.6 1.5
Cellular processes VNG1008G FlaAla; archaeal flagellin FlaA 2.0 1.7 0.9
Cellular processes VNG1009G FlaA2 [Halobacterium sp. NRC-1] 1.5 1.4 0.7
Cellular processes VNG1013G Htr13 [Halobacterium sp. NRC-1] 1.6 1.3 1.2
Energy metabolism VNG1027G triosephosphate isomerase [Halobacte 1.5 1.6 1.2
Regulatory functions VNG1029C  hypothetical protein VNG1029C [Halot 1.5 1.4 1.1
Cell envelope VNG1048G  UDP-glucose dehydrogenase [Halobac 1.4 1.5 1.3
Hypothetical proteins VNG1052H hypothetical protein VNG1052H[ 1.6 1.4 1.3
DNA metabolism VNG1053G  Gtl [Halobacterium sp. NRC-1] 1.1 1.5 1.1
Nucleotide metabolism VNG1055G graD4; glucose-1-phosphate thymidyly 1.5 1.7 1.2
Unknown function VNG1057C hypothetical protein VNG1057C; Pfam 1.8 1.4 1.0
Hypothetical proteins VNG1063H  hypothetical protein VNG1063H[ 0.8 1.4 1.7
Fatty acid/phospholipid VNG1073G  Ifl1; Lfl1; KO1911 O-succinylbenz 1.6 1.7 1.3
Cofactors and 2° Metabolite VNG1079G naphthoate synthase [Halobacterium <« 1.4 1.5 1.1
Cofactors and 2° Metabo VNG1081G menD; 2-succinyl-6-hydroxy-2,4- 1.7 1.5 1.3
Unclassified VNG1086C hypothetical VNG1086C 1.3 1.5 1.2
Nucleotide metabolism VNG1089G adenylosuccinate synthetase [Halobac 1.5 1.5 1.1
Hypothetical proteins VNG1092C hypothetical protein VNG1092C [Halot 1.5 1.4 1.4
Translation/ Protein synthes VNG1104G acidic ribosomal protein PO [Halobacte 1.4 1.5 1.1
Translation/ Protein synthes VNG1105G  50S ribosomal protein L1P [Halobacter 1.4 1.6 1.1
Translation/ Protein synthes VNG1108G  50S ribosomal protein L11P [Halobact: 1.4 1.6 1.1
Energy metabolism VNG1114G  glol; glyoxalase; KO1759 lactoylglutat 1.5 1.6 1.1
Energy metabolism VNG1125G  korB; 2-ketoglutarate ferredoxin oxido 1.4 1.9 1.1
Energy metabolism VNG1128G korA; 2-ketoglutarate ferredoxin oxido 1.3 1.7 1.1
Cellular processes VNG1131G  hypothetical protein VNG1131G [Halot 1.6 1.5 1.1
Translation/ Protein synthes VNG1132G 30S ribosomal protein S13P [Halobact 1.4 1.5 1.1
Translation/ Protein synthes VNG1134G 30S ribosomal protein S11P [Halobact 1.5 1.6 1.2
Translation/ Protein synthes VNG1137G  50S ribosomal protein L18e [Halobactt 1.4 1.6 1.1
Translation/ Protein synthes VNG1138G 50S ribosomal protein L13P [Halobactt 2.4 1.3 1.0
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Translation/ Protein synthes VNG1139Gm 30S ribosomal protein SOP [Halobacte 1.4 1.5 1.1
Transcription and regulatior VNG1140G DNA-directed RNA polymerase subunit 1.4 1.6 1.3
Energy metabolism VNG1142G phosphopyruvate hydratase [Halobact 1.6 1.6 1.2
Hypothetical proteins VNG1144H hypothetical VNG1144H 1.6 1.5 1.1
Central intermediary metabc VNG1145G mevalonate kinase [Halobacterium sp. 1.3 1.5 1.1
Cellular processes VNG1149Cm metallo-beta-lactamase superfamily hy 1.5 1.4 1.2
Fatty acid/phospholipid met VNG1150G  idsA; IdsA; K13787 geranylgeranyl dif 1.5 1.7 1.2
Translation/ Protein synthes VNG1157G 50S ribosomal protein L7Ae [Halobact 1.3 1.6 1.2
Nucleotide metabolism VNG1160G hypothetical protein VNG1160G [Halot 1.6 1.5 1.2
Translation/ Protein synthes VNG1170G 50S ribosomal protein L21e [Halobacth 1.4 1.5 1.0
Amino acid Metabolism VNG1172G metB; cystathionine alpha synthase 1.4 1.7 1.3
Translation/ Protein synthes VNG1173G elongation factor 1-beta [Halobacteriu 1.5 1.5 1.3
Cellular processes VNG1174G  RNA modification ribonucleoprote 1.4 1.6 1.2
Transcription and regulatior VNG1176G fibrillarin; pre-RNA 1.4 2.0 1.3
Regulatory functions Cu-dependent activator of the Cu(II)- 1.3 1.7 1.5
VNG1179C efflux ATPase YvgX.
Hypothetical proteins VNG1182H hypothetical protein VNG1182H [Halot 1.5 1.3 1.2
Hypothetical proteins VNG1183H hypothetical VNG1183H 1.7 1.5 1.5
Cofactors and 2° Metabolite \VNG1184Gm Fe-S oxidoreductase involved in heme 1.6 1.4 1.4
Cell envelope VNG1187G Panl; Cu-binding, membrane protein; 1.3 1.6 1.4
Cellular processes VNG1190G  Sodl 1.5 1.9 1.6
Fatty acid/phospholipid VNG1191Gm Acyl-CoA dehydrogenase [Haloba 1.5 1.4 2.0
Transport and binding prote bep; hypothetical protein; K03564 1.2 1.6 1.4
VNG1197G peroxiredoxin Q/BCP
Energy metabolism VNG1198C hypothetical protein VNG1198C [Halot 1.5 1.5 1.1
Amino acid Metabolism VNG1204G  gdhA2; glutamate dehydrogenase (NA 1.9 1.5 1.2
Hypothetical proteins VNG1214H hypothetical protein VNG1214H [Halol 1.2 1.5 0.9
Energy metabolism VNG1216G  phosphoglycerate kinase [Halobacterit 1.5 1.8 1.3
Hypothetical proteins VNG1220H  hypothetical VNG1220H 1.4 1.6 1.1
Unclassified VNG1227H hypothetical protein VNG1227H [Halot 1.5 1.7 1.2
Amino acid Metabolism VNG1233G PepQ2 [Halobacterium sp. NRC-1] 1.2 1.5 1.1
Regulatory functions VNG1237C hypothetical ptranscription regulation/ 1.9 1.5 1.3
Central intermediary metabc VNG1241G  surE; hypothetical protein; K03787 5'- 1.7 1.6 1.2
Cell envelope VNG1250H hypothetical VNG1250H 1.2 2.0 1.0
Unclassified VNG1253C  hypothetical protein VNG1253C 2.0 0.7 1.5
Energy metabolism VNG1259G  hypothetical protein VNG1259G [Halot 1.3 1.5 1.1
Hypothetical proteins VNG1261H hypothetical protein VNG1261H[ 1.5 1.3 1.4
Translation/ Protein synthes VNG1262G translation initiation factor IF-2 subuni 1.5 1.6 1.1
Regulatory functions VNG1285G  Trh2 [Halobacterium sp. NRC-1] 1.4 1.5 13
Translation/ Protein synthes VNG1287C hypothetical Ribosomal_L5_domain. 1.6 1.7 1.2
Hypothetical proteins VNG1291H hypothetical VNG1291H 1.7 1.5 1.2
Cellular processes VNG1294G  SlyD [Halobacterium sp. NRC-1] 1.4 1.5 1.3
Cellular processes VNG1302H hypothetical protein VNG1302H [Halot 1.5 1.3 1.2
Nucleotide metabolism VNG1305G  hypothetical protein VNG1305G [Halot 1.5 1.1 1.2
Energy metabolism VNG1306G sdhA; succinate dehydrogenase flavo 1.4 1.7 1.2
Energy metabolism VNG1308G sdhB; hypothetical succinate dehydroc 1.4 2.0 1.1
Fatty acid/phospholipid met VNG1313G 3-hydroxyacyl-CoA dehydrogenase [Hi 1.5 1.6 1.6
Hypothetical proteins VNG1314H hypothetical protein VNG1314H [Halot 1.5 1.0 1.4
Nucleotide metabolism VNG1325C  thymidylate synthase (FAD) 1.3 1.5 1.1
Hypothetical proteins VNG1326H hypothetical VNG1326H 1.5 2.1 1.6
Cellular processes VNG1332G  Sod2 2.0 2.3 1.9
DNA metabolism VNG1335G  phr2; photolyase/cryptochrome; 1.6 1.5 1.4
Cofactors and 2° Metabolite VNG 1336C Putative esterase 1.4 1.6 1.3
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Unknown function VNG1337C sulfuric ester hydrolase activity 1.1 1.6 1.5
Fatty acid/phospholipid met VNG1339C long-chain acyl-CoA synthetase 2.0 1.4 1.8
Energy metabolism VNG1342Gm mer; flavin-dependent oxidoredu 1.3 1.6 1.5
Unclassified VNG1343C hypothetical protein VNG1343C [Halot 1.5 1.5 0.9
Cofactors and 2° Metabolite VNG 1344G DchpS [Halobacterium sp. NRC-1] 1.6 1.4 1.1
Translation/ Protein synthes VNG1347C hypothetical RNA methyltransferase, T 1.4 1.5 1.2
Translation/ Protein synthes VNG1352G glutamyl-tRNA(GIn) amidotransferase 1.5 1.6 1.1
Energy metabolism VNG1356G fumC; fumarate hydratase 1.4 1.7 1.3
DNA metabolism VNG1359G rad2; flap endonuclease-1 1.4 1.9 1.3
Cellular processes VNG1367G  srpl9; signal recognition particle; 1.4 1.6 1.5
Regulatory functions VNG1374G kinA1; signal-transducing histidine kin. 1.5 1.6 1.2
Unclassified VNG1389C hypothetical VNG1389C 1.6 1.5 1.2
Central intermediary metabc VNG1398C hypothetical protein VNG1398C; N-ace 1.8 1.5 1.5
DNA metabolism VNG1406Gm helicase [Halobacterium sp. NRC-1] 1.4 1.5 0.9
Amino acid Metabolism VNG1414G glyA; serine hydroxymethyltransferase 1.4 1.7 1.4
Cofactors and 2° Metabolite VNG1416G  folD; bifunctional 5,10-methylene-tetri 1.7 11 1.2
Unknown function VNG1422H hypothetical protein VNG1422H [Halot 1.6 1.3 1.5
Transcription and regula VNG1426H hypothetical Transcriptional regu 1.2 1.7 1.0
Translation/ Protein synthes VNG1432G putative deoxyhypusine synthase [Hal 1.6 1.3 1.2
Translation/ Protein synthes VNG1433G 30S ribosomal protein S17e [Halobact 1.5 1.5 1.2
Amino acid Metabolism VNG1437G serA2; phosphoglycerate dehydrc 1.5 1.8 1.3
Translation/ Protein synthes VNG1452G eif2bd; translation initiation factor eIFF 1.6 1.7 1.5
Energy metabolism VNG1463G bacterio-opsin linked protein [Ha 1.6 1.3 24
Cellular processes VNG1472G Cdc48b; cell division cycle protein 1.8 1.7 1.5
Fatty acid/phospholipid VNG1474G est; carboxylesterase 1.4 1.5 1.3
Fatty acid/phospholipid met VNG1482G acd5; acyl-CoA dehydrogenase; 1.5 1.9 1.2
Nucleotide metabolism VNG1493G hypothetical protein VNG1493G [Halot 1.5 1.1 0.9
DNA metabolism VNG1496G  snp; snRNP-like protein; K04796 smal 1.4 1.6 1.6
Energy metabolism VNG1498G celM; endoglucanase; 1.3 1.5 1.2
Translation/ Protein synthes VNG1506G  pelA; cell division protein pelota; 1.5 1.8 1.3
Transcription and regulatior VNG1508C hypothetical protein VNG1508C [Halot 1.5 1.4 1.4
DNA metabolism VNG1511C  hypothetical protein VNG1511C [Halot 1.4 1.6 1.0
Nucleotide metabolism VNG1515G hypothetical protein VNG1515G [Halot 1.4 1.5 1.1
Central intermediary metabc VNG1524C  hypothetical 4-aminobutyrate aminotri 1.8 1.7 1.2
Central intermediary metabc VNG1529G mmdA; methylmalonyl-CoA decarboxy 1.3 1.5 1.3
Fatty acid/phospholipid met VNG1532G acc; carbamoyl phosphate synthase st 1.5 1.5 1.3
Cellular processes VNG1536C Universal stress protein UspA-like 1.2 1.6 1.2
Regulatory functions VNG1537C Metal dependent phosphohydrolase 1.3 1.6 1.0
Cell envelope VNG1538H  hypothetical protein VNG1538H [Halot 1.5 1.4 1.2
Energy metabolism VNG1541G  hypothetical protein VNG1541G [Halot 1.5 1.4 1.2
Energy metabolism VNG1542G hypothetical protein VNG1542G [Halot 1.5 1.4 1.4
Energy metabolism VNG1547C hypothetical ATP/cobalamin ader 1.5 1.7 1.4
Cofactors and 2° Metabolite VNG1573G  CbiA [Halobacterium sp. NRC-1] 1.5 1.4 1.4
Hypothetical proteins VNG1591H  hypothetical VNG1591H 1.7 1.7 1.3
Energy metabolism VNG1605G  agdcH; glycine cleavage system proteir 1.3 1.6 1.5
Hypothetical proteins VNG1609C hypothetical VYNG1609C 1.3 1.6 1.1
Fatty acid/phospholipid met VNG1615G mvaB; 3-hydroxy-3-methylglutaryl-coe 1.4 1.6 1.0
Unclassified VNG1618H NADH-dependent FMN reductase 1.4 1.5 1.2
Energy metabolism VNG1624G mdh; malic enzyme (EC:1.1.1.40); KOO 1.3 1.6 1.2
Hypothetical proteins VNG1638H  hypothetical VNG1638H 1.4 1.5 1.2
Nucleotide metabolism VNG1644G nrdB2; ribonucleoside reductase large 1.3 1.7 1.1
Cellular processes VNG1658C hypothetical pUniversal_stress_U 1.3 1.5 1.1
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Translation/ Protein syn VNG1663C hypothetical VYNG1663C; Riboson 1.6 1.8 1.3
DNA metabolism VNG1665G radB; DNA repair and recombinationp 1.4 1.6 1.3
Cellular processes VNG1667G Cdc48c¢ [Halobacterium sp. NRC-1] 1.4 1.5 1.2
Translation/ Protein synthes VNG 1668G 30S ribosomal protein S8e [Halobacter 1.5 1.6 1.0
Hypothetical proteins VNG1679H hypothetical VNG1679H; ribosomal 30 1.6 2.0 1.4
Central intermediary me VNG1680G CrtB2 [Halobacterium sp. NRC-1] 1.5 1.3 1.2
Cofactors and 2° Metabolite VNG 1686G N(5),N(10)-methenyltetrahydromethar 1.3 1.5 1.2
Translation/ Protein synthes VNG1689G  50S ribosomal protein L3P [Halobacter 1.4 1.5 1.1
Translation/ Protein synthes VNG1690G 50S ribosomal protein L4P [Halobacter 1.4 1.6 1.1
Translation/ Protein synthes VNG1691G 50S ribosomal protein L23 [Halobacter 1.4 1.5 1.1
Translation/ Protein synthes VNG1693G  30S ribosomal protein S19P [Halobact 1.5 1.7 1.2
Translation/ Protein synthes VNG1695G 506 ribosomal protein L22P [Halobact 1.5 1.7 1.2
Translation/ Protein synthes VNG1697G 30S ribosomal protein S3P [Halobacte 1.4 1.5 1.2
Translation/ Protein synthes VNG1700G  30S ribosomal protein S17P [Halobact 1.5 1.6 1.2
Translation/ Protein synthes VNG1701G  50S ribosomal protein L14P [Halobact 1.3 1.5 1.0
Translation/ Protein synthes VNG1702G  50S ribosomal protein L24P [Halobact: 1.4 1.5 1.1
Translation/ Protein synthes VNG1706G 30S ribosomal protein S14P [Halobact 1.9 1.8 1.1
Translation/ Protein synthes VNG1707G 30S ribosomal protein S8P [Halobacte 1.4 1.6 1.2
Translation/ Protein synthes VNG1709G 50S ribosomal protein L6P [Halobacter 1.4 1.7 1.2
Translation/ Protein synthes VNG1713G 50S ribosomal protein L19e [Halobactt 1.4 1.5 1.1
Translation/ Protein synthes VNG1714G 50S ribosomal protein L18P [Halobactr 1.3 1.5 1.2
Translation/ Protein synthes VNG1715G 30S ribosomal protein S5P [Halobacte 1.6 1.8 1.3
Nucleotide metabolism VNG1727G cytidylate kinase [Halobacterium sp. N 1.5 1.4 1.2
Hypothetical proteins VNG1746C  hypothetical protein VNG1746C[ 1.4 1.4 2.0
DNA metabolism VNG1754G Phrl [Halobacterium sp. NRC-1] 1.5 1.4 1.8
Central intermediary me VNG1755G CrtI2 [Halobacterium sp. NRC-1] 1.4 1.3 1.7
Cellular processes VNG1760G Htr5 [Halobacterium sp. NRC-1] 1.2 1.6 1.0
Hypothetical proteins VNG1766C hypothetical protein VNG1766C [Halot 1.5 1.4 1.1
Unclassified VNG1769Cm putative amidase [Halobacterium sp. I 1.5 1.3 1.3
Cofactors and 2° Metabolite VNG1776G NirH; heme biosynthesis protein 1.5 1.7 1.4
Cofactors and 2° Metabolite VNG1795C Amine oxidase 1.3 1.6 1.2
Hypothetical proteins VNG1802H hypothetical protein VNG1802H [Halol 0.9 1.5 0.8
Energy metabolism VNG1804G noxA; NADH oxidase; 1.5 1.6 1.2
Hypothetical proteins VNG1807H hypothetical protein VNG1807H [Halot 1.4 1.5 1.1
Hypothetical proteins VNG1809H  hypothetical VNG1809H 1.4 1.8 1.2
Cofactors and 2° Metabo VNG1823C  hypothetical 5-formyltetrahydrof 1.1 1.6 1.0
Energy metabolism VNG1829G  GMP synthase subunit B [Halobacteriu 1.5 1.6 1.1
Nucleotide metabolism VNG1830G CTP synthetase [Halobacterium sp. NF 1.3 1.6 1.1
Translation/ Protein synthes VNG1835G thrS; threonyl-tRNA synthetase 1.5 1.7 1.1
Translation/ Protein synthes VNG1844G  glutamyl-tRNA(GIn) amidotransferase 1.4 1.5 1.0
Transcription and regulatior VNG1845C hypothetical GCN5-related N-acetyltrar 1.7 1.7 1.3
Regulatory functions VNG1864G Hit2; Histidine triad protein 1.4 1.9 1.3
Amino acid Metabolism VNG1866G  methionine aminopeptidase [Halobactr 1.4 1.6 1.2
Energy metabolism VNG1873G  icd; isocitrate dehydrogenase 1.5 1.8 1.2
Hypothetical proteins VNG1877C  hypothetical protein VNG1877C [Halot 1.1 1.5 1.2
Cofactors and 2° Metabolite VNG 1882G nadA; quinolinate synthetase [Halobac 5.0 1.2 0.8
Cofactors and 2° Metabolite VNG1883G  nadB; L-aspartate oxidase [Halobacter 6.9 1.5 1.0
Cofactors and 2° Metabolite VNG1884G nadC; nicotinate-nucleotide pyrophosp 3.2 1.1 0.8
Energy metabolism VNG1887G  phosphoglyceromutase 1.6 1.7 1.1
Energy metabolism VNG1900C hypothetical NAD+ kinase 1.3 1.6 1.0
Cofactors and 2° Metabolite VNG1901C GTP cyclohydrolase; cofacter biosynth 1.5 2.0 1.2
Nucleotide metabolism VNG1912G trpD2; phosphoribosyl transferase 1.5 1.9 1.6
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Cellular processes VNG1914G ppiA; peptidyl-prolyl isomerase 1.4 1.5 1.2
Unknown function VNG1918C  geranylgeranylglyceryl phosphate synt 1.6 1.5 1.3
Regulatory functions VNG1922G Trh5 [Halobacterium sp. NRC-1] 1.4 1.2 1.9
Transport and binding pl VNG1924G TRK potassium uptake system prc 1.2 1.1 1.8
Energy metabolism VNG1926G pdhA1; pyruvate dehydrogenase alph: 1.4 1.6 1.2
Nucleotide metabolism VNG1929G  thymidylate kinase [Halobacterium sp. 1.6 1.8 1.2
Energy metabolism VNG1932G NADH dehydrogenase/oxidoredu 1.5 1.4 1.5
Cellular processes VNG1933G  FtsZ3 1.6 1.8 1.3
Hypothetical proteins VNG1941C hypothetical Radical SAM domain prot 1.4 1.6 1.2
Hypothetical proteins VNG1977H  hypothetical VNG1977H 1.3 1.6 1.1
Translation/ Protein synthes VNG1982C  tRNA pseudouridine synthase 1.3 1.5 1.1
Unclassified VNG1995C hypothetical PRC-barrel domain prote 1.5 1.6 1.2
Translation/ Protein synthes VNG1997G  translation initiation factor IF-2 [Halob 1.5 1.6 1.2
Cellular processes VNG2000G  prrlvi; proteasome-activating nucleot 1.8 1.4 1.6
Amino acid Metabolism VNG2001G yjbG; oligopeptidase; K0O8602 olit 1.4 1.6 1.3
Translation/ Protein synthes VNG2005G histidyl-tRNA synthetase [Halobacteric. 1.3 1.5 1.1
Transcription and regula VNG2008H hypothetical protein; K06875 pro 1.4 1.5 1.3
Translation/ Protein synthes VNG2010G 30S ribosomal protein S19e [Halobact 1.5 1.4 1.1
Translation/ Protein synthes VNG2017G hypothetical protein VNG2017G [Halot 1.5 1.4 1.2
Cellular processes VNG2021C hypothetical VNG2021C 1.4 1.5 1.2
Cellular processes VNG2023G gsp; general stress protein 69 1.5 1.5 1.5
Cofactors and 2° Metaba VNG2031G nadE; NAD synthetase; 1.5 1.5 1.3
DNA metabolism VNG2043G ham1; dITP/XTP pyrophosphatase 1.3 1.6 1.2
Transcription and regulatior VNG2051G rpoE; DNA-directed RNA polymerase s 1.7 1.6 1.2
Translation/ Protein synthes VNG2056G translation initiation factor IF-2 subuni 1.6 1.5 1.2
Cellular processes VNG2062G  atp; ATPase AAA 1.3 1.6 1.0
Unclassified VNG2063G  acetyl-CoA acetyltransferaseACA [Halc 1.5 1.6 1.8
Translation/ Protein synthes VNG2072G seryl-tRNA synthetase [Halobacterium 1.4 1.6 1.2
Energy metabolism VNG2086G  hbp; phosphonate transport system st~ 1.3 1.8 1.2
Amino acid Metabolism VNG2087G imidazole glycerol phosphate syn 1.4 1.6 1.2
Amino acid Metabolism VNG2093G hypothetical protein VNG2093G [Halol 1.7 1.4 1.1
Transcription and regulatior VNG2099C  hypothetical Ribonuclease, PSP-type 1.5 1.6 1.3
Amino acid Metabolism VNG2100G threonine dehydratase [Halobacteriumr 0.9 1.6 1.1
Energy metabolism VNG2102G CitZ [Halobacterium sp. NRC-1] 1.4 1.8 1.4
Energy metabolism VNG2106G sdh; succinate dehydrogenase subunit 1.2 1.6 1.2
Nucleotide metabolism VNG2117C adenine phosphoribosyltransferase [H. 1.6 1.8 1.0
Energy metabolism VNG2120G  yusM; proline dehydrogenase 1.5 1.9 1.3
Amino acid Metabolism VNG2122G branched-chain amino acid aminotran: 1.3 1.7 1.1
Energy metabolism VNG2138G  V-type ATP synthase subunit B [Halob 1.4 1.6 1.3
Energy metabolism VNG2139G  V-type ATP synthase subunit A [Halob 1.5 1.7 1.3
Energy metabolism VNG2142G V-type ATP synthase subunit E [Halob 3.4 3.3 2.3
Energy metabolism VNG2143G atpK; H+-transporting ATP synthases 1.1 1.9 1.3
Energy metabolism VNG2144G atpl; H+-transporting ATP synthase st 1.4 1.5 1.2
Cofactors and 2° Metabolite VNG2147G hmp; Hmp; K03183 ubiquinone/mena 1.6 1.4 1.1
Energy metabolism VNG2151G  etfA; electron transfer flavoprotein sut 1.6 1.5 1.3
DNA metabolism VNG2160C  rfa3 2.5 3.4 2.3
DNA metabolism VNG2162C  rfa8 4.0 5.0 3.2
DNA metabolism VNG2173G rad24a; DNA repair protein; K037 1.7 1.9 1.0
Regulatory functions VNG2186G  Hitl [Halobacterium sp. NRC-1] 1.1 1.5 1.3
Translation/ Protein synthes VNG2190G isoleucyl-tRNA synthetase [Halobacter 1.3 1.7 1.2
Energy metabolism VNG2193Gm cytochrome ¢ oxidase subunit I [Halot 1.2 1.6 1.0
Energy metabolism VNG2195G  coxB2; cytochrome c oxidase subunit . 1.3 1.9 1.1

111



Nucleotide metabolism VNG2203G prsA; ribose-phosphate pyrophosphok 1.5 1.9 1.3
Translation/ Protein synthes VNG2208G  tryptophanyl-tRNA synthetase [Halobe 1.3 1.5 1.1
Energy metabolism VNG2217G pdhA2; pyruvate dehydrogenase alph: 1.6 1.8 1.3
Energy metabolism VNG2218G  pdhB; pyruvate dehydrogenase E1 1.7 2.0 1.4
Energy metabolism VNG2219G dsa; branched-chain alpha-keto acidd 1.5 1.5 1.2
Energy metabolism VNG2220G  IpdA; LpdA; K00382 dihydrolipoamide 1.6 1.7 1.2
Amino acid Metabolism VNG2224G ocd1; ornithine cyclodeaminase; 1.5 1.7 1.2
Transcription and regulatior VNG2227C putative RNA-processing protein [Hale 1.4 2.0 1.2
Translation/ Protein synthes VNG2237G tyrosyl-tRNA synthetase [Halobacteriu 1.3 1.8 1.2
Amino acid Metabolism VNG2247G ATP phosphoribosyltransferase [Halob 1.2 1.6 11
Cellular processes VNG2249G N-ethylammeline chlorohydrolase [Hal 1.3 1.5 1.1
Cofactors and 2° Metabolite VNG2251G achY; S-adenosyl-L-homocysteine hyd 1.2 1.6 1.2
Hypothetical proteins VNG2260H hypothetical VNG2260H 1.5 1.6 1.4
Hypothetical proteins VNG2268H hypothetical regulation of transcriptior 1.3 1.5 1.0
Energy metabolism VNG2276G  pmm; phosphoglucomutase 1.3 2.0 1.3
DNA metabolism VNG2280G replication factor C small subunit [Halc 1.4 1.5 1.1
Central intermediary me VNG2281C putative glutathione S-transferas 1.2 1.8 1.5
Energy metabolism VNG2293G  fer2; ferredoxin 1.4 1.7 1.5
Transcription and regula VNG2296C hypothetical Amino acid-binding 1.2 1.6 1.0
Amino acid Metabolism VNG2302G yuxL; acylaminoacyl peptidase 1.5 1.5 1.6
Nuclectide metabolism VNG2305C  upp; uracil phosphoribosyltransferase 1.4 1.9 1.4
Cellular processes VNG2308G hip; Hip; K03699 putative hemoly 1.2 1.7 1.1
Translation/ Protein synthes VNG2312C tRNA threonylcarbamoyladenosine bioc 2.2 1.9 1.6
Cofactors and 2° Metabolite VNG2322G hem2; delta-aminolevulinic acid dehyc 1.3 1.6 1.1
Cofactors and 2° Metabolite VNG2326G hemL; glutamate-1-semialdehyde amii 1.4 1.6 1.1
Cofactors and 2° Metabolite VNG2330G hem3; porphobilinogen deaminase 1.2 1.5 1.0
Cofactors and 2° Metabolite VNG2331G uroM; S-adenosyl-L-methionine:uropo 1.2 1.7 1.2
Transport and binding prote VNG2344G OppD2; peptide/nickel transport syste 1.4 1.5 1.1
Transport and binding prote VNG2349G dppA; peptide/nickel transport system 1.3 2.0 1.3
Unclassified VNG2351C hypothetical cystathionine-beta-synthz 1.4 1.7 1.1
Translation/ Protein synthes VNG2352G glycyl-tRNA synthetase [Halobacteriun 1.4 1.6 1.2
Transport and binding pi VNG2358G AppA; peptide/nickel transportsy 1.1 2.1 1.5
Energy metabolism VNG2367G malate dehydrogenase [Halobacteriun 1.5 1.5 1.4
DNA metabolism VNG2368G  ski2-like helicase [Halobacterium sp. M 1.5 1.5 1.2
Nucleotide metabolism VNG2372G rad24c; DNA repair protein 1.1 1.7 1.0
Energy metabolism VNG2373G  tnaA; tryptophanase 1.3 1.7 1.2
DNA metabolism VNG2390G uvrB; excinuclease ABC subunit B [Hal 1.6 1.5 1.2
Central intermediary metabc VNG2394G TssB [Halobacterium sp. NRC-1] 1.3 1.5 1.0
Transport and binding prote VNG2395C hypothetical thiamine transport systen 1.2 1.5 0.9
Cofactors and 2° Metabolite VNG2398G  scm; 24-sterol C-methyltransferase 1.6 1.7 1.3
Hypothetical proteins VNG2400H hypothetical VNG2400H 1.4 1.8 1.5
Cellular processes VNG2410G gbp3; GTP-binding protein 1.5 1.7 1.2
Amino acid Metabolism VNG2418G  AspC1 [Halobacterium sp. NRC-1 1.5 1.4 1.3
Central intermediary me VNG2422G Glycolate oxidase subunit 1.2 1.7 1.1
Amino acid Metabolism VNG2423G  serB; phosphoserine phosphatase 1.9 1.6 1.4
Translation/ Protein syn VNG2430G threonine synthase 1.6 1.7 1.6
Unclassified VNG2432C  UPF0145 protein VNG_2432C 1.1 1.5 1.1
Cellular processes VNG2443G  DpsA 1.3 1.6 1.4
Amino acid Metabolism VNG2449G  pepB2; aminopeptidase; 1.3 1.7 1.2
Cellular processes VNG2459G  Srp54 [Halobacterium sp. NRC-1] 1.4 1.5 1.3
Cellular processes VNG2462G dpa; signal recognition particle receptt 1.2 1.8 1.0
Cellular processes VNG2465C hypothetical protein VNG2465C [Halot 1.7 1.5 1.5
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Unclassified VNG2468C hypothetical VNG2468C 1.6 1.7 1.2
Translation/ Protein synthes VNG2469G 50S ribosomal protein L39e [Halobactt 1.6 1.8 1.2
Amino acid Metabolism VNG2471G nifS; cysteine desulfurase / selenocyst 1.4 1.6 1.2
DNA metabolism VNG2473G  radA; DNA repair and recombinationp 1.1 1.8 1.0
Energy metabolism VNG2499G  gcdH; glutaryl-CoA dehydrogenase 1.4 1.9 1.2
Nucleotide metabolism VNG2501C hypothetical protein VNG2501C 1.8 1.7 1.4
Translation/ Protein synthes VNG2505G phenylalanyl-tRNA synthetase subunit 1.3 1.8 1.1
Nucleotide metabolism VNG2507G  pyrD; dihydroorotate dehydrogenase © 1.1 1.6 1.1
Energy metabolism VNG2513G AldY1 [Halobacterium sp. NRC-1] 1.4 1.4 1.7
Translation/ Protein synthes VNG2514G  30S ribosomal protein S6e [Halobacter 1.5 1.5 1.1
Hypothetical proteins VNG2519H  hypothetical VNG2519H 1.4 1.5 1.1
Cellular processes VNG2520C hypothetical Universal_stress_Us 1.2 1.6 1.1
Cellular processes VNG2521H hypothetical VNG2521H; univers: 1.4 1.9 1.4
Cellular processes VNG2523H hypothetical VNG2523H; universal stre 1.4 19 1.3
Nucleotide metabolism VNG2533G  pyrC; dihydroorotase 1.2 1.5 1.2
Cofactors and 2° Metabolite VNG2537G EntB [Halobacterium sp. NRC-1] 1.5 1.5 1.5
Hypothetical proteins VNG2539H  hypothetical protein VNG2539H [Halot 1.1 1.2 1.5
Amino acid Metabolism VNG2546G pepB3; aminopeptidase 1.3 1.5 1.2
Translation/ Protein synthes VNG2547G  valyl-tRNA synthetase [Halobacterium 1.4 1.6 1.1
Transport and binding prote VNG2552G yfmF; ferrichrome ABC transporter AT 1.2 1.4 0.9
Unclassified VNG2554H hypothetical VNG2554H 1.4 1.8 1.2
Energy metabolism VNG2574G can; aconitate hydratase 1.3 1.5 1.1
Cellular processes VNG2587C  GTP-binding protein; possible cell cycl 1.7 1.8 1.2
Cellular processes VNG2595G gbp4; GTP-binding protein; K06943 i 1.7 1.3 0.7
Unclassified VNG2597C hypothetical DNase-RNase. 1 hit. 1.3 1.5 1.4
Energy metabolism VNG2600G hypothetical protein VNG2600G [Halot 1.3 1.5 1.4
Cofactors and 2° Metabolite VNG2604Gm ribulose-1,5-biphosphate synthetase 1.3 2.2 1.3
Cofactors and 2° Metabolite VNG2606G thiD; hypothetical protein; K00941 hyt 1.2 1.6 1.1
Unclassified VNG2612G rli; ATPase RIL; K06174 ATP-binding¢ 1.4 1.8 1.2
Unclassified VNG2615C ATPase [Halobacterium sp. NRC-1] 1.5 1.5 1.1
Energy metabolism VNG2616G  cxp; carboxypeptidase 1.7 1.9 1.5
Energy metabolism VNG2617G adh2; alcohol dehydrogenase 1.4 1.5 1.5
DNA metabolism VNG2620G uvrD 1.5 1.3 1.1
Translation/ Protein synthes VNG2627C hypothetical protein VNG2627C [Halot 1.3 1.5 1.1
DNA metabolism VNG2636G uvrA 1.5 1.3 1.6
Cell envelope VNG2639G UDP-N-acetylglucosamine 2-epimerase 1.4 1.8 1.2
Unclassified VNG2644C  hypothetical VNG2644C; barrier septu 1.1 2.0 1.1
Transcription and regula VNG2647G vacB; hypothetical protein;ribonu 1.3 1.6 1.3
Translation/ Protein synthes VNG2648G 30S ribosomal protein S10P [Halobact 1.3 1.5 1.1
Translation/ Protein synthes VNG2649G elongation factor 1-alpha [Halobacteri 1.6 1.5 1.2
DNA metabolism VNG2652H hypothetical VNG2652H; putative tran 1.5 1.9 1.2
Translation/ Protein synthes VNG2654Gm elongation factor EF-2 [Halobacterium 1.4 1.5 1.1
Translation/ Protein synthes VNG2658G 30S ribosomal protein S12P [Halobact 1.4 1.5 1.2
Transcription and regulatior VNG2662G DNA-directed RNA polymerase subunit 1.5 1.5 1.1
Transcription and regulatior VNG2664Gm rpoAl; DNA-directed RNA polymerase 1.7 1.5 1.2
Transcription and regulatior VNG2665G  rpoB; DNA-directed RNA polymerase s 1.7 1.8 1.3
Regulatory functions VNG2675C Transcription regulator homolog 1.4 1.5 1.2
Cell envelope VNG2679G  cell surface glycoprotein [Halobacteriu 1.2 1.7 1.1
Unclassified VNGG6126H hypothetical protein VNG6126H 2.2 0.3 1.3
Unclassified VNG6171H hypothetical protein VNG6171H 2.2 1.3 1.0
Transport and binding p VNG6179G Cat3; cationic amino acid transpa 2.5 1.3 0.9
Unclassified VNG6225C hypothetical protein VNG6225C[ 1.6 1.4 1.1
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Unclassified VNG6226H hypothetical protein VNG6226H [Halol 1.7 1.2 1.2
Transport and binding prote VNG6247G TRK potassium uptake system protein 1.5 1.4 1.1
Central intermediary metab« VNG6270G glycerol dehydrogenase [Halobacteriui 1.5 1.4 1.1
Unclassified VNG6296C hypothetical protein VNG6296C [Halot 1.5 1.4 1.3
Nucleotide metabolism VNG6309G aspartate carbamoyltransferase cataly 1.5 1.3 1.1
Translation/ Protein synthes VNG6312G hypothetical protein VNG6312G [Halot 1.6 1.1 1.2
Transport and binding pfVNG6313G  arcD; arginine/ornithine antiport 0.5 1.8 1.2
Amino acid Metabolism VNG6315G  hypothetical protein VNG6315G [Halol 1.4 1.5 1.5
Energy metabolism VNGB317G arcA; arginine deiminase 1.3 1.5 1.3
Regulatory functions VNG6318G  ArcR [Halobacterium sp. NRC-1] 0.4 1.5 1.1
Unclassified VNGB6320C hypothetical protein VNG6320C [Halot 1.5 1.3 0.8
Regulatory functions VNGB6337G  SojE [Halobacterium sp. NRC-1] 1.6 0.6 0.6
Unclassified VNGB379C hypothetical VNG6379C; Fe-S binding, 0.6 5.5 0.7
Cofactors and 2° Metabolite VNG6445G  crt_2; isopentenyl pyrophosphate ison 0.7 1.7 0.6
Hypothetical proteins VNG7086 hypothetical protein VNG7086 2.1 0.3 1.2
Hypothetical proteins VNG7090 VNG5131H, VNG6127H 1.9 1.5 1.3
Hypothetical proteins VNG7091 hypothetical protein VNG7091 [Halobe 1.7 1.4 1.1
Hypothetical proteins VNG7092 VNG5133C, VNG6129C 1.6 1.7 0.9
Hypothetical proteins VNG7102 hypothetical protein VNG7102 [Halobe 1.5 0.2 1.1
Regulatory functions VNG7114 transcription factor [Halobacterium sp 0.4 0.4 1.5
Hypothetical proteins VNG7115 hypothetical protein VNG7115 [Halob: 0.6 0.6 1.5
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Appendix C T Additional Figures
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Figure 1. Survival curves oH. salinarumfounder strain F&nd F3 vaestrain exposed
to 0, 8, 12and15kGy of IR. Survival was calculated as the average ratio (NAN

cfu/ml from irradiated (N) compared toumadiated (N) cultures, with 3 replicates used

for each calculation.
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Appendix D

Table 1. Estimation of intracellular concentration of compatible solutes

EtOH extracts (umol/mg prot)

Trehalose
umol/mg totalmg  total tre total vol
protein prot pmol total cells (uh)*  tre (umol/pl) tre (mM)
Rrad 1.7 0.6 1.0 7.7E+09 51.7 0.0 20.0
Rxyl 1.5 0.9 1.4 7.5E+09 50.4 0.0 27.0

Mannosylglycerate (MG)

umol/mg  total mg total MG total vol
protein prot umol total cells (u)* MG (umol/pl) MG (mM)
Rrad 2.4 0.6 1.5 7.7E+09 51.7 0.0 28.1
Rxyl 3.0 0.9 2.7 7.5E+09 50.4 0.1 54.2

Di-myo -inositol phosphate (DIP)

umol/mg  total mg total DIP total vol
protein prot umol total cells (ul)* DIP (umol/ul) DIP (mM)
Rxyl 0.7 0.9 0.7 7.5E+09 50.4 0.0 13.2

*6.76ul per 10E9 cells

EtOH extracts (umol/mg prot)

MG MG (mM) DIP DIP (mM)
Tgam 0.1 20.8 0.1 11.1
Pfur 0.2 49.0 0.0 9.6

*calculated from Martins paper, cell volume in text : 4.5 pl/mg of protein
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