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ABSTRACT

Coxiella burnetis an obligate intracellular pathogen that infects human
monocytes, specifically inhabiting the phagolysosor@e burnetiis a potential
bioterror agent and is classified/bhe National Institute for Allergies and Infectious
Diseases (NIAID) as a category B pathogen. This bacterium is remarkably infectious,
requiring as little as one bacterium to cause infection. We used ph&sdurnetii an
avirulent laboratory strai that acts as a model for wild type phase | strains. Our
research was directed towards a deeper understanding of the monocyte proteome in
response to a) infection by phaseCl burnetiiand b) exposure to immune adjuvants
known to increase monocyte rissance to infection byC. burnetii

Monomac | cells were infected with phas€llburnetiand aliquots were taken
at 24, 48, and 96 hours postinfection. Experiments with immune adjuvants that
increase monocyte killing @&. burnetiiinvolved Mononac | cells treated with
SecurinineE. colilipopolysaccharide (LPS), and monophosphoryl lipid A (MPL).
Securinine is a GARPeceptor antagonist that is being developed at Montana State
University for biodefense purposes, and triggers an innate immusggarese that differs
from classic Tolike receptor (TLR) stimulation of innate immunity represented by LPS
and MPL.

We employed multiplex 2D gel electrophoresis (m2DE) using ZDyes, a new
generation of covalent fluorescent protein dyes being developgdd@ntana State
University, coupled with MS/MS analysis and bioinformatics to determine the proteome
changes in Monomac | cells in response to the conditions described above, and to
develop a preliminary mechanistic model using a systems biology approactdunt
for the observed changes and propose multiple testable hypotheses to focus
downstream research efforts.

We also tested the effects on Monomac | cells infected with phaSeldurnetii
+/- Securinine. We observed a high proportion of celltdea the + Securinine samples,
using a dosage of Securinine higher than the optimal effective dosage. The information
derived from this experiment will be useful in monitoring the tendency towards cell
death in Securinine treated samples both fr@nbunetii infected monocytes and other
cell types (e.g. neurons) that contain GAB&ceptors.
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CHAPTER 1

INTRODUCTION

Coxiella burnetii

This project is devoted to better understandiofjthe hostpathogen response
monocytes andC. burnetiiand how monocytes respond to stimulation with innate
immune adjuvants. This information might be used to combat other pathogenic
bacteria. C. burnetiis an obligate intracellular pathogen, artetcausative agent of Q
fever[7-15]. Obligate intracellular pathogens are metabolically inactive outside of the
host cell, and must inhabit a host cell for the metabolically active/replicative phase of
their life cycle In the case of. burnetii the bacterium inhabits the monocyte
phagolysosome in humans during its metabolically active phase and during replication.
C. burnetiis a remarkably infective organism, requiring as little as one bacterium to
cause infectia (ID=1-10)[12,1618]. Initially misclassified asRickettsiadamily
member,C. burnetiK & NBX OSy Gt & 0SSy NBO{f{fIl aaATASR
proteobacterium clade and been shown to be most closely related, genetically, to
Legionella pneumophilather thanRickettsiaspecieq10,12,17] See figure 1 for a
phylogenetic tree relating. burnetito other bacteria. The complete genome sequence
for C.burnetiiis available, providing a basis for proteomic analyses and for sequence

comparisons between various strains@fburnetii as well as with other speci§k7,19]
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AlthoughC. burnetican infect a number of cell lin@s vitro, it's only known
targetin vivois monocytes/macrophagd40]. Itis also readily aerosolized, and
environmentally persistent. As many as half ofalburnetiinfections are cleared by
humans asymptomaticalfl8]. The remainder of infected individuals primarily contract
the acute form of the disease, and display high fever, chills, sweats, vomiting, and
diarrhea, among other symptoms. A smaller number ofigypmatic individuals will
contract the chronic form of the disease, which is much more likely to result in fatalities
[18], as deskdbed below. Generally the acute form of Q fever is debilitating rather than
fatal.

Prognosis for acute Q fever is greatly improved upon administration of
antibiotics, although the bacterium can persistvivodespite years of continuous
antibiotic treatment[14,18,20] One reason that improved detection and treatment of
Q fever is important is that the bacterium can hide in reservoir within the body. Thus a
person who apparently clears acute Q fever can reacquire thenahform of the
disease up to 20 years following initial infection, and it has been suggested by Marmion
et al, (2005) that the reservoir f&. burnetifollowing Q fever infection is the bone
marrow[10,12,13,18,21] Chronic Q fever cases can >65% fatal, as one of the main
complications is endocarditis, which damages the heart vdi248] It has ben
proposed that slight genetic differences between various ph&eblurnetistrains may
in fact account for the observation that some strains predominantly produce either the

acute or the chronic form of Q fevgl9]. In a recent study by Helbig, et al, (2005), a
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group of patients displaying post Q fever fatigue syndrome,(QFS) a chronic fatigue state
that can persist in sompatients following Q fever clearance, that patients displaying
QFS had a higher expression of the gene-BIRB 1*11 allele that is associated with
reduced expression of IFN | Y2 péripheral blood monocytd82]. It is thus
possible that the genetic background of infected individuals predisposes them in some
way towards developig a chronic infectioff22].

Infection with Q fever is often considered an occtupaal hazard, particularly
for those who work in farming, slaughterhouses, and even veterinary caseax@@ an
effective vaccine again& burnetii,but rigorous testing of recipients for antibodies to
C. burnetifrom a prior exposure is essentialiqrto being vaccinate{P3]. Previously
acquired immunity to Q fever, either through natural infection or prieva&x
administration, can cause a severe adverse reaction to a subsequesit (Doculation
[23]. Recall that many €ver infections clear asymptomatically, and there are likely to
be many people with a natural immunity to Q fever that are not aware of it. Other
forms of C. burnetivaccines have been used and/or proposed, but to date there is no
generally accepted vame[10]. This makes studies involving preventative measures or
potential treatments important for controlling or preventing the acquisition of Q fever
infections.

BecauseC. burneticanbe readily aerosolized and weaponized, it makes a
potential bioweapon and is considered a bioterror thréatl1,12,17] Indeed, this

organism is known to have been weaponized by the U.S. Army and is believed to have
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been weaponized by the USfRR20]. C. burnetiis prevalent worldwide, and there is
significant concern that a terrorist organization such as al Qaeda or a rogue nation such
asNorth Korea or Iran could develop a bioweapon containing this organism. In addition,
the likely failure of the USSR to dismantle and/or secure its bioweapons stockpiles
[15,24]may allow a resourceful organization/nation to either buy what they want from
unscrupulous scientists or even enter a facility (e.g. a late night break in) and take what
they want.

There are two primary types @. burnetiiphase | and phase Il. Phase | is the
virulent wildtype form that causes infection in humans, while phase Il is a laboratory
form considered to be avirulent, and therefore much safer to work \WitB,25,26] C.
burnetiiis known to evade host defense mechanisms, but it appears that phase Il is not
able to compétely inhibit host cell defenses, as evidenced by its inability to cause
prolonged infections. PhaseGl burnetican enter the host cell more readily than
phase I, but phase Il is unable to prevent various cellular defenses from eventually
eliminatingthe bacterium over the long terrf26,27] Specifically, Phase Il infections
are partally controlled by macrophages, but an adaptive immune response is apparently
required to completely clear the infection (detailed below). It has been demonstrated
that phase | infections can prevent the delivery of lysosomal hydrolases to the
phagolysosme, while a phase Il infection canr@{7]. It must be noted that there are

wide variations in susceptibility to infection @mate ofC. burnetireplication depending
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on the macrophage strain (from a particularvitro cell line or freshly isolated
peripheral monocytes / macrophagesvivg [28,29]

Bacteria posses a number of virulence factors, molecules that are secreted or
bound to the bacterial cell surface such as the lipopolysaccharide (LPS) coat of the
bacterium that enable ifection of the host and to evade host defenses. The best
known virulence factor in various strains©f burnetiis the LPS coat, despite reports
that C. burnetiLPS is significantly less endotoxic tlarcolior other bacterial LPSs
[30,31] The phase Il strain is propagated by repeatedly passing pRasmiinetii
through embryonated chicken eggs, anywhere from eight pasga@@é¢sp to ninety
four passagefr]. Loss of virenose and dihydrohydroxystreptose f@nburnetiLPS
indicates conversion to phasgT,17,33] The loss of these two sugars ©@nburnetis
LPS coat is due toss of the ability to produce them at the genetic lefa]. The
transition between phas | and Il is analogous to a smodtiirough transition seen in
other organisms such &almonella typhimuriurwith the rough mutant being much
less virulent than the smootfr,8,13,25,26]

Other virulence factors fo€. burnetithat have beerproposed include acid
phosphatase, catalase, and superoxide dismuf&8¢34,35] Acid phospéatase, used to
cleavephosphates from compounds during digestion under acidic conditions, is fiound

C. burnetiiwith activities reported to be among the highest of any known organism
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FigurelA-B. Plylogenetic relationship betwee@. burnetiand other bacteria.
The red arrows point t&€. burnetii A) (preceeding page) Bacterial phylogeny of
various species important in medicine and/or biodefense. B) Enlargement of
closest toC. burnetii The symbols next t&. burnetiindicate, from left to right, 1)
potential for bioengineering, 2) zoonotic agent, 3) CDC notifiable agent, 4)
validated biocrime agent, 5) validated biological weapon, 6) NIAID category B
priority pathogen, 7) USDA high cogsence animal pathogen, 8) HHS select
agent. Adapted fronf6].

......

[34]. Acid phosphatase has been proposed as aiptessmeans to contrahe

respiratory burst and high superoxide levels that most macrophages exhibit upon
infection, whichC. burnetiis known to inhibi{34,36] The acid phosphatase activity
during infection, reported by Baca et al, 1993, has been shown to be bacterially rather
than host derived34]. Baca et al, 1993 worked on phas& burnetii and there may be

differences in acid phosphatase expression/activity between phase | and Il $84jns
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TheC. burnetilife cycle is known to have two distinct forms, the small cell
variant(SCV) and the large cell variant (LCV). The SCV idikpamed resistant to
environmental stresses including heat, desiccation, chemical exposure, and sonication
[33]. Upon entry of the cell by phagocytosis, the SCV form begins to be activated, likely
due to exposure to the increasinggidified phagosome and possibly by exposure to
degradative phagosomal enzymid®)], although this process is incompletely
understood.

In Vero cells (a cultured cell line derived from greeonkey kidney epithelial
cells) the SGYCV transition is well underway by 8 hours postinfection and complete by
16 hours postinfectiofi37]. The LCV form is significantly moigite than the SCV
form, but is also more metabolically active, and is replicative with an approximately 20
hour doubling timg10,12,13,15,17,38,39hlthough this can vary with the choice of the
model infected systen28,29,40] A large parasitophorous vacuole containing primarily
LC\C. burnetiis present in Vero cells by 2 days postinfec{®r]. A parasitophoros
vacuole is any host cell vacuole inhabited by a bacterium, in the ca3ebofrnetii this
is the phagolysosome. The LCV form may be more active in maintaining the active
infection within the organism, while the SCV form may be able to form a reserfvGi
burnetiiwithin cells that enables the reemergence of a latent infec{@d]. C. burnetii
does not actively lyse the host cell.

There have been suggestions that the LCV form is-pHage form, while the

SCV is a stationary phase form of the bacterium, as it is the SCV fornethst®



9

despite environmental stresses such as heat, and desiccg@8)n In Vero cells, the SCV
form begins to reappear by 6 days postinfect|8i], suggesting that the transition is at
least partially tied to the avkability of host cell nutrients to the bacteria, and supports
the SCV as a stationary phase bacterial form. Although host cells are cultured in media
supplying nutrients, there will come a point where the nutrient carrying capacity of the
phagolysosome il be unable to supply the complete nutritional needs of an expanding
population of bacterium. In other words it would be expected that beyond a certain
point, metabolically activ€. burnetiwould begin to deplete available nutrients faster
than the hast cell can provide them.

Samaoilis et al., (200738] documented the proteome of phasedl burnetii
using 2D gel electrdmresis, and observed a number of proteins not found in a previous
study of the proteome of phased. burnetiby Skultety et al., (2005) that utilized both
2D gels and shotgun mass spectrometry ([M3). Skultety et al., (2005) identified a
series of abundant spots present on a 2D gel, using MAOBIMS analyq41].
Samoilis et al., (200738] noted that many othe proteins identified in their study were
not identified in the study by Skultef¢l1], and suggested that these difsnces may
be due to expression differences between phase | and Il strains. It is possible that the
differences between phase | and phase Il protein expression may help to explain
observed differences in infectivity between phase | and Il strains, btitfustudy will

be needed to evaluate this hypotheses. It should be noted that many of the differences
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in protein expression discussed by Samoilis et al., (2007) may in fact be due to different
and/or nonoptimal staining conditions on the part of Skuitest al., (2005)38,41]

Skutety noted >500 proteins spots on 2D gels using silver staining, while
Samoilis found >600 using colloidal Coomassie [38& 1] This is not expected as
silver is generally considered to be more sensitive (~0.5 ng detection limit) than
Coomassie staining (=30 ng detection limits deending on formulation). Silver staining
is not linear, whereas Coomassie is, and this could also account for differences in
detection between the two reported datasets. In silver staining, the observed spot
intensity does not necessarily equal amounpodtein in the spot. In Coomassie blue
staining, the observed spot intensity is directly proportional to the amount of protein in
the spot. The reported differences in protein expression between the two studies, as
discussed by Samoi[f38], do suggest that at least some of the differences in phase |
and phase Il biology are attributable to differences in protein expressioniragioit
ultimately explain the observed differences in virulence and infectivity. This certainly
includes differences in the LPS generating machinery documented by Hoover et al.,
(2002) (described abovd?2], which were shown to be genetically distinct by Seshadri
et al., (2003), who showed that phas&llburnetiis unable to produce the ISP
components virenose and dihydrohydroxystreptd&é].

In general, many of the proteins identified by Samoilis et al., (2[33])
appeared to be related to pathogenesis and detoxification, while Skultety et al., (2005)

identified many proteins related metabolism and other cellular procef3@gl1] Both
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studies used a wholeetl extract and it would have been beneficial to analyze soluble
and membrane fractions separately as membrane proteins are often difficult to detect
in whole cell lysates. 2D gel electrophoresis and shotgun LC MS/MS approaches to
proteomics typically dientify largely different proteins when applied to the same
system, providing complimentary information. Thus, in addition to the staining
differences noted above, it is difficult to compare phase | and phase Il studies run on
different platforms. A morelirect comparison between phase | and Il proteomes under
consistent detection conditions would be very informative as to the protein expression
differences between the two strain types. Further work would be needed to 1)
elucidate these differences, oncansistent platform(s), and 2) to quantify differences in
expression of proteins as this has never to our knowledge been attempted for phase |
and phase IC. burnetii

C. burnetispecifically inhabits the phagolysosome within monocytes, and it's
primary carbon sources are likely to be amino acids and peptides obtained from the
host[7,10,17] This is consistent with the presence in theburnetigpenome of 15
amino acid transporters and 3 peptide transporters as inferred Seshadri et al., (2003)
during sequencing of th€. burnetigenome[17]. The acidic environment in the
phagolysosome presents challengestoburnetis survival. Although most bacteria
actively transport HAfrom inside the cell to the cell surface for the purposes of

genagating ATP and for driving transmembrane pumps, they must maintain a neutral to
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slightly basic pH in the cytosol and they do not acidify the extracellular environment
with anywhere near the concentration of “Hresent in the phagolysosme.

One predictednanner in whichC. burneticould overcome the acidity of the
phagolysosome is to produce a large number of basic proteins to act as a proton sink
and help offset the phagolysosome's acidic environnjéid. C. burnetiis predicted to
contain 2183 genefdl 7]. It has been demonstrated in 2D gels tRatburnetiproduces
proteins over a wde pl range and, in the 2D gel images, the proteome does not appear
to be particularly basic, although this can be difficult to determine from 2D gels alone
[38,41] In addition, these 2D gel studig8,41]used whole cell lysates rather than
examining membrane and cytosolic fractions separately which provide sizdha
better resolution (discussed above). It should also be pointed out that highly basic
proteins tend to resolve poorly on 2D gels. Cytogliburnetiproteins would not be
predicted to have a basic pl as they would not need to offset a low@mwiental pH in
the bacterial cytosol.

Comparison of theoretical protein pl distributions betwe€nburnetiiLegionella
pneumophila andRickettsia prowazekian be seen in figure 2, as calculated by

www.jvirgel.ce from their genome sequences. While burnetidoes produce a slightly

larger number of predicted basic proteins in the membrane fraction and the secreted
fraction (indicated by the red dots and blue dots, respectively, in figure 2). However, on

the whole the pl distribution is roughly equal between predicted basic and acidic


http://www.jvirgel.de/

13

proteins, owing to the relatively equal predicted pl distribution for the cytosolic proteins
(black dots in figure 2).

ForL. pneumophilathere is a slight tendency towardsidic proteins, as seen in
the theoretical pl distributions (in figure 2C and D), but the bacterium still produces a
relatively high number of basic membrane proteins, and a strong tendency towards
acidic soluble fraction proteins (figure 2[R. prowazekproduces a slight tendency
towards basic proteins, a significant fraction of which are membrane proteins. Secreted
and soluble proteins iR. prowazekiare predicted to be approximately equally
distributed between acidic and basit. pneumophilanitially inhabits the phagosome
upon engulfment, but quickly reprograms the phagosome to acquire characteristics of
the endoplasmic reticulum, which lis pneumophils habitat[42,43] R. prowazekialso
initially inhabits the phagosome upon engu#nt, but then escapes from the
phagosome and inhabits the cytoplaga4].

C. burnetiinfection (phase | or phase Il) tggily triggers a Thiype T cell
adaptive immune respondd5]. A lack of T cells in SCID mice was reported by Andoh et
al., (2005) to allow a phase Il infection to persist in these miecg&/o[29]. This supports
observations that while innate immune cells by themselves can partially suppress
burnetiiinfections, even a phase Il infection requires a functional T cell response for
complete clearanc§28,29,40] The requirement for both an adaptive and an innate
immune response also explains why phage. burnetican be usedh vitroin purified

cell lines devoid of adaptive immune cells, enabling the phase Il bacteria to survive.
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Many obligate intracellular pathogens have relatively small genomes, and have a

tendency towards a phenomenon known as genome redudd&j, whereby the
bacterial genome progressivdlyses metabolic capabilities, and becomes reliant on the
host cell for metabolic survival. This phenomenon may be a result of increased
adaptation of the bacteria to the host, and may have led to the origin of mitochondria
from an endocytosedRickettsiakpecies, believed to be closely relatedRrkettsia
prowazekii44,46,47] A recent comparison of several species digale intracellular
pathogens with theE. colgenome revealed that the intracellular pathogens had a
reduction in genes for metabolic pathways related to carbohydrate transport and
metabolism, as well as a decrease in the rate of gene rearranged@t

Obligate intrac#iular pathogens also tend to lose regulatory elements and structural
geneg48]. The intraellular environment is relatively constant and may contribute to a
weak selection pressure to retain functional bacterial genes that are complimented by
the host genome/proteome. There is little pressure to retain a functional copy of a gene
that can becomplimented by the host cell, as opposed to a gene critical to bacterial
function, that would be under evolutionary pressure to remain functional. A lack of
genetic recombination, particularly in asexually reproducing populations, can lead to the
accumuation of major deleterious mutations, as genetic variance becomes limited. As a
bacterium becomes increasingly dependent on the host cell, more and more genetic
function is surrendered to the host genome, as a function of weak selection pressure to

prevert the accumulation of mildly deleterious mutatioasd a lack of
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Figure2 A-F: (preceeding pages). Theoretical pl distribution and predicted
gels forC. burnetii, L. pneumophjlandR. prowazeckii Dot plots are derived
from www.jvirgel.de and are calculated from the genome sequences for the
organisms. The theoretical pl data from the dot plots was exported to Minit
to create the histograms in A, C, and E. The slight differences observed
between the dot plots and the hisggrams are the result of binning by Minitab
In B, D, and F black dots are soluble, blue are secreted, and red are memb
proteins.

opportunity for genetic recombination with the wild type genof@®]. Many obligate
intracellular pathogens that have undergone genome reduction lose bacterial amino
acid biosynthesis pathways, and become dependent on the hogdb€&ll Most free
living bacteria are capable of synthesizing all of their amino acids. Inhabiting the
environment in the phagolysosome should provide a ready supply ofdedistierived
peptidesand amino acids for thbacterium. C. burneticontains many intact metabolic
pathways, butlacks a number of key amino acid synthesis enzymes, implying a
dependence on the host cell for amino acj@i]. C. burnetiis predicted to be
auxotrophic for 11 amino acids, including tryptophan and lygliré There are
indications, from the presence of pseudogemmeshe C. burnetigenome that genome
reduction is occurring, but may have only recently beffuf. Other obligate
intracellular bacteria that have undergone genomduetion includeRickettsia
prowazekij andMycobacterium leprae

Infection byC. burneticauses Q fever, a chronically debilitating, potentially fatal
disease, as has been described above. Because of its remarkable infectivity,

environmental persistece, and ready aerosolization, there is significant concern@hat
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burnetiicould be developed as a bioterror weapon. In addition to the public health
threat posed by naturally occurrin@. burnetiinfections, there is a need to develop
biodefense stratgies to better contain and control a deliberate outbreak caused by a
terrorist organization. To this end, a better understanding of l@vburnetiaffects the
monocytes it inhabits, as well as how various treatment options affect the immune
response islesirable. Our work, detailed below, aimed to provide inroads into these
areas by evaluating protein expression patterns in monocytes in respor@elornetii
and in response to immune adjuvants that help to control monocyte infection, and by
compilinga preliminary systems model of the monocyte responses that could help to

focus downstream research efforts.

Monocytes/Innate Immunity

Innate immune cells constitute the first response elements of the immune
system[51], and monocytes represent an important member of the innate immune
machinery. Other cell types that contribute to innate immunity include macrophages,
dendritic cells, neutrophils, basophils, eosinophils, and mast cells. Mahgse innate
immune cells are formed in the bone marrow, and then at some point in their
developmental cycle migrate to the bloodstream and/or tissues (depending on the cell).
Rather than relying on specific antibody recognition of a particular pathatpencells of
GKS AYYylI{iS AYYdzyS aeaasSy NBte 2y aLI GdaG§SNYy

structural features of invading pathogens, such as LPS coatings, single strand nucleic



20
acids or flagellin (a major protein component of flagella). Thesegooents are
essential to the microbes, are highly conserved and therefore unlikely to mutate in such
a way that the pattern recognition receptors will not recognize tHé2j. As such,
innate immune cells constitute a first line of defense against pathogens.

Monocytes are professional phagocytic cells that exist in an alert state in the
bloodstream, and mature/differentiate into macrophages and detic cells after
encountering a pathogen or other immune stimu[84]. Local cytokine/chemokine
profiles regulate the path of monocyte differentiation into either dendritic cells or
macrophageg53]. Macrophages and dendritic cells can migrate across the
endothelium into the tissues to sites of active inflammat[68]. Macrophages and
monocytes both act to engulf foreign matter (e.g. microbes) via phagocytosis and
stimulate other immune (innate and adaptive) responses. Dendritic cells are
professionakntigen presenting cells that process antigens and display them at the cell
surface to present antigens to other cells, particularly naive T cells. Dendritic cells are
often considered to be poorly endocytic, and may represent a more mature form of a
macrophage that has switched from active phagocytosis to neatifué antigen
presentation, to stimulate the adaptive immune resporisé]. The line between
macrophages and dendritielts is blurry at best, distinguished by few molecular
markers although the shape of the cells is different, and there may simply exist a
continuum of cell types from monocytes to macrophages to dendritic cells that lacks

clear molecular boundarid$4].
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Monocytes rely on phagocytosis to attack microbes. The microbes are engulfed
and then initiate a process involving various interconnected pathways related to
inflammation, apoptosidysosomal maturation, and MHC antigen presentation among
others, although it should be noted that monocyte antigen presentation capabilities are
relatively poor compared to dendritic ce[52,55] Surface antigens presented to T or B
cells trigger an adaptive immune resporjSg]. Innate immune cells will also secrete
various markers for inflammation and other proteins, such as Hsp60, to act as danger
signals to other immune cells and shape the immune response.

It is noteworthy that notall phagocytosis events or all phagocyte receptors
trigger an immune response, e.g. phagocytosis of food or other nutrients. For a
phagocyte to trigger an immune response, specific phagocyte receptors e.g. thietoll
receptors (TLRs) (described bejpomust be activated e.g. by bacterial [BY. Most
often, the precise response is a function of the stimulation of several receptors and the
integration of subsquent cellular responses. Whé&oxiella burnetiiriggers TLR4 (a
receptor which recognizes gramegative bacteria), for example, phagocytosis ensues
[56]. A normal response from the monocyte to microbial phagocytosis would be to
initiate a respiratory burst producing reactive oxygen intermediates, but this appears to
be blocked byC. bunetii secretion of acid phosphatase, although the precise
mechanism is not knowf84,36] Recently, it was demonstrated th@t burnetiinhibits
the translocation of p47"°*and p67"*to the membrang36]. The p47"*and p67"

proteins are important components of the NADPH oxidase complex, and preventing
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their translocation to the membrane is believed to be involved in the inhibition of
superoxide and other ROS production durihgournetiinfection.

The production of superoxide is a common cellular response to infection.
Superoxide is an oxygen radicahths mildly toxic to many cell types, including the
phagocytic cell producing the superoxide. Superoxide is converted to hydrogen
peroxide by superoxide dismutase, and hydrogen peroxide is more toxic to many cell
types than superoxide itself. Hydrogearpxide can also be converted to hypochlorous
acid (bleach) by myeloperoxidase. Hypochlorous acid is extremely toxic to most cell
types. In addition, if nitric oxide is also being produced as a response to the infection
the combination of superoxide anitric oxide can produce peroxynitrit©NOQ), that
is a powerful oxidant and highly toxic to c483,58] A recent report using Monomac |
cells indicated that elevation of TMF £ S@St & | LILX A &edth®E23Sy 2 dza f «
expression of NADPH oxidase genes as well as increasing superoxide production,
primarily as a result of activation of the NF. NXB 50812 y & S

It should be noted that macrophages are significantly longer lived than many
other innate immune cells (e.g. neutrophils), and they tend to produce a relatively
smaller oxidatie burst[59-61]. This smaller oxidative bunstay contribute to the
persistence of several bacterial species that inhabit macrophage<Jebgirnetij,
particularly if those bacteria can alter production and/or stimulus of inflammation
markers by exporting bacterial proteins or other effectorshe host cell. Macrophage

respiratory bursts are significantly larger if primed by prior exposure to immune



23

stimulating agents (including immune adjuvants, inflammation markers, and LPS) via an
incompletely understood mechanisfa9-61].

It may be noteworthy that the nature of the stimulus for gupxide production
has been reported to have an effect on the amount of reactive oxygen spgglés As
an example of differential oxidative stress, consider the response of-Zaetis to
cyanobacteml toxing[62]. In a recent study by Puerto et &2009), it was
demonstrated that cyanobacterial extracts containing microcystins (cyanobacterial
toxins), as well as purified microcystins, induced consistently higher levels of reactive
oxygen species (e.g;®) production than cyanobacterial extracts aed of
microcysting62]. Itis also of note that Rcan stimulate NF . = | y R { Kdza |

feed-forward mechanism is preseffi9]. In the feeedforward mechanism, increased

LJ2

LINE RdzOGA2Y 2F ¢bCheI 3 KAAKE OIS R QA N YIGENIDICa S

superoxide which also stimulatesNF. = LJR2 GSy G Al t £ & LINE RdzOAy 3
a runaway inflammatory respong$g9].

There are many different microbial recognition receptors that can trigger
phagocytosis, more than one of which can be activated simultaneously. These
NEO23ayAlA2y NBOSLII2NRE Ay Of 0 Btegdrs ahdf SY Sy i
lectins for examplg55]. Stimulation of these receptors can trigger a variety of
downstream responses, and need not be confined to recogmitiothe microbe, since
local extracellular concentrations of cytokines and chemokines (released by the infected

cell and/or neighboring cells) can also alter the tendency towards, or efficiency of,

\N
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phagocytosis. Chemokines are chemotaxtkicing cytokies released by immune cells
that usually function to trigger the migration of nearby cells to the site of the chemokine
releasing cell. Cytokines are a broader class of protein compounds that modify immune
function in an autocrine and/or paracrine manrend able to act on both the releasing
cell and/or nearby cells attracted to the site of cytokine release.

The ToHike receptors (TLRs) are a family of pattern recognition receptors
common to innate immune cells. TLRs detect molecular features taatcammonly
found in microbes, such as LPS coats and that are also so essential to microbial function
that they are at least somewhat conserved. Typically, the cytoplasmic domain of TLRs,
which contains a signal transduction modulator, is highly conseageoss TLRs. On the
other hand, the extracellular pattern recognition region tends to evolve, likely due to
the changing nature of microbial challenges over ti6&64] Not all TLRs are cell
surface expressed. TLR1, 2, and 4 are commonly found as cell surface proteins, but
TLR3, 7, and 9 are only expressed in endosomes, and also require@erdios
maturation to become activgs5]. In other words, while some TLRs are always 'on’
others are inducible based on specific signals.

TLRs can be recruited to phagosakiring phagocytosis and relative responses
to different TLRs can be used to assess the nature of the ingested microbe and help
determine cellular response(F5,65] It has been demonstrated that immune
response to phaseQ@. burnetiinfection in monocytes requires the activation of both

TLR2 and TLR&6]. Monocyte killing o€. burnetidoes not seem to be affected by
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TLR2/4 activation, but the inflammatory response requires the activation of both to be
optimally effective[66].

TLR activation often causes recruitment of the adaptor protein MyD88 to the cell
membrane, which can integrate signals from multiple TLRs and initiate a signaling
cascade that ultimately triggerinflammation, via the activation of NF. @ { GAYdzt | G
of TLR4 by LPS, for example, will trigger monocyte maturation to dendritic cells, but
does not require MyD8§b2,65] The protein TIRAP is also implicated in regulating
inflammation in response to TLR activation, for at least a subset of{@LJR<T his
suggests that there are multiple signaling pathways involved in the activation of
monocytes and other immune cells.

The levels of TLR expression and activation seems to vary consideraltyewith
cell type[52,68] TLRs and other innate immunity pattern recognition receptors have
been reported in adipocytes, and in adipocytes, LPS activation of TLR4 has been shown
to upregulate expession of TLR[B8]. Other tissues such as spleen, heart, and lungs
also express TLRs, underscoring the widespread nature of innate immunity. In the case
of adipocytes, LPS stimulation leads to an increase in express$i@ptins, suggesting
an intersectiorbetween immune function and energy balance during infection, as
leptins are directly involved in energy homeostd68].

It is tempting to speculate that adipocytes act as a 'master integrator' of energy
homeostasis that is essential for the most efficientiome function. In flies, it has

been observed that the fat body, which serves as an energy storage mechanism, is the
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primary coordinator of innate immunitjg9]. In light of this observation in flies, it is
tempting to further speculate on a common evolutionary ancestral cell for adipocytes
and macrophages. This is supported by observations reported by Charrierg 20@38)
that the transcriptomic profiles of preadipocytes have more in common with
macrophages than differentiated adipocytes in a microarray andly8]s It was further
demonstrated that injection of preadipocytes into the peritoneal cavity of nude mice
induced the preadipocytes to rapidly transdiffer@te into macrophagefg/0].
Although experimentahivestigation of these issues are beyond the scope of the present
investigation, it could be of interest for future work that the interrelation of adipocyte
responses and innate immunity may be highly important in the immune response.

Another responsed infection is apoptosis of the immune cell. Neutrophils are
continually undergoing apoptosis. Unactivated neutrophils have a lifespan of <1 day in
circulating blood but can survive for several days following activfibh Some
bacterial pathogens have developed a number of remarkable adaptations to either
prevent host cell apoptosis to enhance their intracellular propagation or in some cases
to induce apoptosig immune cells to reduce the potential immune response (e.g. by
reducing the neutrophil population), or alternatively to release active bacteria from
intracellular sites of propagation. For examfleigellasp. bacteria have been shown to
induce host ck apoptosis for the purposes of disseminating the bacterium to new host

cells and thus enhance propagatifg0]. C. burnetion the other hand has been
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reported to inhibit monocyte apoptosis by inhibition of caspaséivation[72], which
has the effect of maintainin@. burnetis intracellular habitat.

A final note on phagocytosis of pathogens by innate immune cells involves certain
specialized types of pathogenSome pathogens, such &s burnetii Yersinia pestjsor
Francisella tularemiare able to use their own effectors to either modulate/direct their
internalization. This includes the modification of the phagosome to suit the pathogens
needs. An example dhis isLegionella pneumophildirecting the phagosome to
develop qualities resembling the ER, which is the specific organellé&.tpaeumophila
inhabits[42,43] C. burneticauses or allows the phagosome to develop into a
phagolysosome, maiatning the acidic pH thak. burnetirequires to be metabolically
active. Itis likely that lipid rafts are an integral part of phagocytosis, phagosome
maturation, and subsequent cellular responses as flotillin, a marker for lipid rafts, has
been identifed as part of the phagosome membraj¥&]. There are aumber of
phagosomeassociated proteins such as Rab7 and vacudl#&THPase that are believed
to be lipid raft associatefb5,73] Regulation of lipid raft composition is one possible

means by which pathogens could reprogram phagosomal maturation.

Adjuvarts

Immune adjuvants are small molecules that act to specifically boost/activate the
innate immune system, but do not trigger an adaptive immune response like a vaccine is

intended to do. Adjuvants do not result in the production of memory cells like a
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vaccine, but can rather stimulate the innate immune system in a broad manner. We
tested three adjuvants known to increase cell killingCcoburnetii We chose this
particular model system based on previously published work by Lubick et al. (2007),
whichmade the interesting and unexpected observation that treatment of monocytes
with the GABAreceptor antagonist Securinine enhanced monocyte killinG.dfurnetii
[74]. We intendedC. burnetiinfections to serve as a model system that we hope will
provide a framework that might be beneficial to comio&t a wide variety of
weaponizable organisms.

One traditional idea behind the use of immune adjuvants is to combine them
with noninfectious antigenic species in a vaccine to stimulate a more robust total
immune response. The traditional approach is lgggpwith the intent that such a more
robust response will enable the conveyance of a more effective immune response,
requiring less vaccine per dose and/or fewer vaccination boo§t&is Furthermore, in
a broader context, adjuvants might be useful as a prompt prophylactic defense against
possible exposure to infectious agents without the need for prior vaccination. For
example, an adjuvant could be administered to troops or civilian first responders before
sending them into known or suspected hot zones where infectious agents may have
been released. If infectious agents were found to have been released, adjuvarpyhera
could also be administered to the general populace relatively quickly, even if no vaccine

is available, thus limiting the spread of disease.
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The adjuvant approach, if effective in settings of interest, will also convey
immune resistance much fastendan a vaccine, as the innate immune system reacts very
quickly to stimuli, and does not require time to develop memory cells. The use of
adjuvants has possible applications not only to combat or protect against a bioweapons
release, but also as a prevetitee measure following natural disasters, where the
spread of disease could become rampant. Administration of an adjuvant(s) would prime
the innate immune system to more effectively resist/control infections in a disease
exposed individual. Thus the adant's effects could prevent people from getting the
disease, and maintain their effectiveness in performing their duties.

We tested the well known adjuvanks. colLPS, and MPL, a less toxic derivative
of E. colLPS (see figure 3). Both LPS and &&known to act via Telike receptors
(TLRs), which is one of the classical pathways of innate immune recognition. LPS,
although effective in boosting the innate immune response, can cause such a large
inflammatory response as to be lethal, and thus dinical effectiveness is limited.
MPL, derived from the lipid A region Bf collLPS, is significantly less toxic than LPS, and
is currently used clinically/near clinically in vaccipgs77]. LPS can be beneficial as a
model compound in elucidating the mechanisms of the response(s) to adjuvant action.
We wished to compare the LPS and MPL responses with responses to Securinine, which
apparentlydoes not rely on the TLR signaling response pathway (discussed b&ipw)

The adjuvant of primary interest in our study was Securinine, a @@BAptor

antagonist that was recently shown to increase cell killinG dburnetiand has been
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investigated at Montana State University for biodefepseposeq74]. Securinine is a
small molecule @int alkaloid derived from the shrubecurinega suffructicog@s].
Securinine was shown to be a specific GABAeptor anagonist with an 163 of ~50 uM
and had little to no crosseactivity with other types of neurotransmitter receptors using
equilibrium binding assay$8]. Securinine was independently identified as an adjuvant
at Montana State University from a library of 2,000 natural compounds that were
screened for their ability to induce monocyte production e8|land was shown to
inducecell killing/resistance t&. burnetiinfection[74].

Western blot data from the Jutila group has indicated that Securinine activates
the p38 response pathway but notthe AF. NB &L}y aS LI GKgl&sx GKI G
TLR responses (M. Jutila and K. Lubick, personal communication). The Jutila group also
used a THRBIueCD14/SEAP TLR.Q assay to test whether or not Securinine gjégs
the TLR$§74]. The THRBIueCD14/SEAP TR0 assay uses stably transfected
monocytes that secrete an embryonic alkaline phosphatase (SEAP) reporter upon TLR
activation[79]. TLR activation is detected by the use of the QuBhteTM medium
(Invivogen) that turns blue in the presence of SEZAP. The THRBlueCD14/SEAP TLR
1-10 assay indicated that Securinine does not activate A4Rs

NES . A& | GNIXyaONRLIGAZ2Y FlLOG2N GKFG Aa a
(e.g. from activation of a TLR by LPS or MPL) is received that causes the inhibitory
LINE GSAY LEC . ylaiefl, reee&ind Bk 2 & A2 NI [80) K 0 A KBy

migrates to the nucleus where it regulates the expression of inflammatated genes
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[80]. ThisactonbyNF. A& I Of FadA 0 NBaLRyaS (G2 YAOND
including activation by LPS and MPL. The p38 pathway is a MAPK pathway that
responds to a variety of environmental and inflammatory stirfdi]. Activation of the
p38 pathway results in an increase in inflammation and can result in cell {&Hthp38
itself is the final kinase in a MAPK pathway that, when activatechbgghorylation, can
go on to interact with downstream effectors, inducing inflammation, among other
responses. The observations that Securinine is not activatifg NF A & S @A RSy OS
different signaling pathway is being triggered by Securinine didtiom TLR activation.
Securinine specifically blocks the GAB#eptor, and is believed to directly
inhibit GABA binding by blocking the GABA binding site on the a8#ptor[78].
GABA receptors have been shown to exist in monocy[g$,82,83] The finding that
GABA receptors are present on an innate immune cells potentially pepfound
implications for immunology. GARPeceptors are the primary inhibitory receptors in
the nervous system and this suggests the hypothesis that GAEBAptors in monocytes
may act to negatively regulate the innate immune response (discussedhel®ABA
itself has been shown to be present in human plasma at levels comparable to those
found in CNS synapsgst].
The exact subunit composition of GABAceptors is critical to their detailed
function[85,86] Interestingly, in a recent study by Bjurstom et al., (2008), GABA
receptors in activated T lymphocytes do notappd 2 KIF @S + &dzodzyAlas

lymphocytes dd84]. GABAreceptors havdeen shown to inhibit inflammation in
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CD4+ T cell activities and halt T cell proliferation at physiological levels of[&ASA
89]. This suggests differential functionality for GABZeptors, depending on the
activation state of T cells, and a similar situation might well occur in monocytes.
Securinine thus appears to represent a new class of immuneadjuvant with potential
applications as a prophylactic adjuvant and possibly as an immune stimulation drug for

treatment of existing infections.

Systems Biology

Biological response pathways (e.g. signaling or metabolic) often integrate with a
number of other pathways, operating within a complex web of pathways. Traditional
reductionist approaches that seek tomain an isolated pathway by breaking it into its
component parts often cannot produce a sufficiently deep mechanistic understanding to

enable predictive behavio90,91] This state of affairs has led to the emergence of the

TASIR 2F qaeadsSvya oAzt 238¢ toeklaid thebdhdvios § 2

of complex biological systems.

Systems biology can be defined broadly as the integration of large amounts of
biological data from various sources to create one or more comprehensive models of a
system to enable 1) visualizatiohthe changes in the various working parts within a
LI NI A Odzf F NJ 42adGSY 6So®3d GKSIG YILE RIFGE
in response to different biological conditions), 2) visualization of the known and/or

predicted interaction(s) betwaethose parts, and 3) creation of a mathematical model

R
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of interaction paths from which testable predictions about the system can be made.
This framework can also highlight areas where information is scarce, promoting the
focused acquisition data that whielp flesh out specific parts of the model(s). We have
generated a first generation systerevel model to explain a portion of the responses
of monocytes to infection b¢. burnetii and treatment with Securinine.

The biological data used to formuéasystems biology models can include
integrating information from one or moremics investigations (e.g. genomic,
transcriptomic, proteomic, and/or metabolomic studies), as well as more traditional
investigations such as those performed on a particulatgn to elucidate its functions
or modification state under specific conditiof#0-93]. The data can be generated by a
researcher or team of resedrers, found in available biological data repositories, and
combined with information mined from the literature. The overall goal is to progress
from a reductioniststyle cataloging of isolated biomolecules and biomolecular
interactions to an integratioof available data into a global mechanistic model of a
particular system(s) of interest. This systems approach promises to have the effect of
making biology a more predictive scierjéd].

Of particular interest is the discovery of emergent properties from the models
that would not be obvious by simply looking at the individual pige@93] Many
types of systems biology models are scald®®j. That is, they can encompass one set
of data, e.g., the response of monocytes to infectiorbyurnetior attempt to

integrate several datasets that are braadn scope e.g. the response of the human
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adapted from[1]. C) LPS, adapted frddi.

immune system to infection b§. burneticomposed of data from monocytes,

Cell interior

neutrophils, T cells, etc., any one dataset of which cooldprise a systems model in its

own right. For example, the immune respse of T cells t&€. burnetticould form the

basis for a systems model, as could the response of monocyt@sharnetiinfection.

Alternatively the individual T cell model and monocyte model of immune responSe to
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burnetiiinfection could be integratd into a single, more comprehensive model of
overall immune response tG. burnetiinfection. While the individual models would
detail the response within a single cell type, the more comprehensive model could help
to elucidate interactions between vaniis immune cell types.

Models can be qualitative, quantitative (e.g. modeling stoichiometry of a series
of pathways) and /or explicitly mathematical (represented exclusively by a series of
algorithms)[91,93] Generation of models is often followed by testing, ideally of
hypotheses generated by the model, as well as performing investigations into areas
where data is scarce (e.gl@ding metabolomic data to the model of the monocyte
responses described below). Where there are indications from the model that
expanded knowledge of a particular area (e.g. the metabolome) would enable a deeper
understanding of the mechanics/dynamicstioé system, downstream efforts could be
focused to obtain the necessary data. Such additional information can then be used to
revise the model as needed, repeating this process iteratively until a more predictive
consensus model is reachf@D,93]

The study of hospathogen interactions has certainly begun to benefit from
systems biolog (se€[90-93] for examples). The large public repository of data on this
topic that can be mined to find interactions and integrating other relewdata can be a
great benefit as a foundation for a systems level understanding. Examples of such data
repositories include the Biodefense Proteomics Resource

(http://www.proteomicsresource.org) and NCBI (www.ncbi.nlm.gov). One significant
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impediment to tre development of systems biology models is, ironically, the structure
and organization of the data repositories. This is due to such factors as each database
using different identifiers, and having multiple entries for a particular protein or gene
sequene [95]. Multiple entries can arise, particularly in uncurated databases, when
different research groups independently submit the same gene or protein sequence
under different names, or the name of particular gene or protein changes over time.

Another impediment to genetiang systems level models is the ability to create
visual representations of the model. Diagrams describing systems models become
difficult to translate into a graphical model that can be easily understood, beyond a
certain sizd92]. The graphical representation must contain sufficient complexity to
convey the concepts, interactions, and concluasiaerived from the model, including
the connections between the various model components, without containing so much
information as to render it unreadable. Any given mapping of a model is inherently
driven by the interests and focus of the investigatarsl is by its nature a somewhat
subjective view based on the researchers' interpretation of their data and that
published in the literaturg92].

There are numerous examples of systems models developed for various aspects
of immune function, a selection of which are described below. Transcriptomic data has
been most commonly used to create syste models. Examples of this approach
include Ravasi et al., (2007) and Nilsson et al., (2006), who used transcriptomic data to

generate a systems model of macrophage activafi$)97] Nilsson, et al., (2006) used
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a series of mathematical and bioinfortizs analyses of microarray data to study the
time course of transcription factor regulation following LPS activation of macrophages
[96]. Nilsson, et al., (2006) then used bioinformatics to predict the regulation of various
targets of the transcription factors, to determine transcrgytnamics in the LPS
network, composed of connections active during the LPS response of macropépes
This was followed by creation of a systems model demonstrating the interconnection of
transcription factors and their various effectors. Three of the transcription factors most
heavly involved in downstream regulation were further analyzed to determine the
dynamics of their activities over the time course of their d&@).

Interestingly, when Nilsson et al., (2006) assembled their model, several
emergent properties aros6]. These emergent properties included potential new
functions for peviously described transcription factors AF&nd NRR, both of which
are known to be activated by LPS stimulation of macrophages. Upon LPS stimulation,
ATF3 is activated and was suggested to stimulate the activation of Keapl, a negative
regulator ofNRF2, following LPS activation. Keapl activity peaked at 7 hours
poststimulation and declined up to 24 hours. The time course of38é&apl action on
NRF2 was consistent with observations from the microarray da&] NRF2's
functions include regulation of the oxidative resperts infection (known) and a
possible role in general modulation of inflammation (inferred emergent prop¢e6))
These proposed properties of ABRand NRf2 were not obvious from the data without

the development of the model.
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Ravasi et al., (2007) extended Nilsson et al., (20@®ges/hat by discussing
Nilsson's model in a broader context of macrophage activg86r07] One point made
explicitly by Ravasi et al., (2007) is that a particular macrophage response can be digital
(e.g. LPS activation), but the actual gene productslu@ad in the macrophage response
can have an analog response to the same stimuld®@f In other words, individual
genes in a macrophage activation response may have different thidsbb activation,
due to a variety of factors e.g. epigenetic modifications, and[8®. The individuality
of gene activation in a particular response should be kept in mind wheahuging
systems models as the factors governing activation of those genes could add important
nuances to the model. Another important aspect of macrophage activation involves the
emerging field of microRNAs, which have recently been shown to be ableutareg
protein expression levels in ce]&7]. Understanding the interaction of microRNAs with
various macrophage activation programs (e.g. via LPS, MPL, or Securinine stimulation, or
C.burnetiiinfection), could well be important to gaining a deeper mechanistic
understanding of these systems, but this is beyond the scope of our investigation.

Proteomics data is also used for creating systems models. Recently, two models
of phagosomdormation in macrophages have been publistjig,99] These are
especially relevant to studies involving obligate intracellular pathogen€.ileurnetiil.,
pneumophila etc., as these pathogens often hijack phagosomal maturation processes to
create their intracellular environment. Trost et al., (2009) used a combination of 1D gels

followed by shotgun proteomics to characterize phagosomal changes in pteges
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Trost et al, (2009) also used T&hrichment of phosphopeptides to characterize #=N
induced changes to the phagosonpddosphoproteomg99].

Trost et al., (2009) used their proteome data to construct a systems model of
phagosome maturation. One interesting suggestion that arose from the model of Trost
et al., (2009) is that ttre may be a calpaimediated C& binding component involved
in MHC antigen presentation due to phagosome maturaf#$j. The model of Trost et
al., (2009) indicates that calpain is being actively recruiteti¢oearly phagosomg9].

Trost et al., (2009) further suggest that regulation of thef@naily kinases may be
involved in MH@& antigen processin[99].

Rao et al.(2009) used data from a preliminary proteomic investigation to
construct a systems model describing the differences in phagosomal maturation of
macrophages in response to infection with different mycobacterial stf@8p Rao et
al., (2009) used a similar approach to Trost et al., (2008 doire their proteomics
data (1D gels followed by shotgun analyf@8),99] Although very preliminary, Rao et
al.,(2009) was able to use their model to support the hypothesis that phagosome
maturation proceeds via a series of endosomal fusi@8% The competing hypothesis
is that the ER is a significant contributor to pbagme maturation, and the model in
this study does not support this hypothesis, as very little ER protein was found in Rao et

al., (2009) phagosome preparatiof@s].
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The results described above demonstrate the utility in a systems approach to
data analysis. Several emergent properties arfosm the models (e.g. the functions of
ATF3, progress of endosomal maturation, and calpain involvement in M&t@igen
processing), would not have been obvious from the datasets alone. The conclusions
drawn from these models enabled the constructioracferies of testable hypotheses
that can be used to guide future work. We have also utilized this approach to describe a
portion of the data presented below, and propose a number of testable hypotheses, as

well as avenues for future research.

Bioweapms/Biodefense

What follows is a brief description of bioweapons and related issues from a
historical perspective and demonstrates the relevance of researcidnturnetiand
other potentially weaponizable organisms. The following discussion iseddrom
publically available source material only, no classified or otherwise secret information is
known to be referenced in any description befowBiological weapons are
reported/believed to have been used throughout the history of human warfare. IKnow
or suspected uses of bioweapons date to at least 300[B00]. Early instances of

biowarfare stem from the purported use of dead andtiseased bodies for the

! Note that this discussion isiprarily concerned with biological organisms, not biologically derived

toxins such a8otulismtoxin, which are purified chemical products of biological organisms.
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contamination of water or food supplies, rendering a besieged army unable to supply
enough food and water to sustain its¢lf00]. It is also suspected, although not
definitively proven, that Colonel Bouquet and Captain Eucyer of the British Royal Army,
deliberately caused smallpox infected blankets to fall into the hands of Native
Americans near Fort Pitt in 17@8iring the French and Indian Wgg4,100]

It is often difficult to definitively establishtzona fideoffensve use of a
bioweapon as many purported attacks could be legitimately attributed to natural
outbreaks[24,101] In the case of Fort Pitt, it muselstated that naturally occurring
(i.e. unintentional) smallpox outbreaks devastated native populations in North America.
Many more Native Americans (in North, Central, and South America) are believed to
have been felled by unintentionally introduced Bpean diseases than were actually
killed in direct combat, as the native populations had neither natural immunity to these
diseases nor knowledge of how to treat them. Documentation from the time, in what is
believed to be the two men's own handwritingyggests that even if the smallpox
outbreak near Fort Pitt was natural, there was the intent to release infected materials to
the Native Americans for the purpose of devastating the local popul§tio@].

Perhaps the most infamous group known to have developed and used
bioweapons was imperial Japan's Unit 731 during WWII. Uses of bioweapons by Unit
731 against Chinese civilians and tlowi€t army are documenteff4], although there
was no known largscale battlefield use. The U.S. military is known to have conducted

tests on both military and civilian populations during f@eld War. Perhaps the best
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known civilian tests by the U.S. during the Cold War were conducted on a group of
SeventhDay Adventists. In a deal struck with the U.S. Army, the church provided
conscientious objectors as volunteers for testing of biologiedpons as part of
Operation Whitecoaf20,102,103] The 'Whitecoats', as they were known, worked as
lab technicians at Fort Drck, where they also volunteered to be deliberately infected
with various nonlethal organisms for the purpose of testing vaccines and other
developed medical countermeasurg¢20,102] In exchange for offering themselves up
as human guinea pigs, the Whitecoats were exemgtech front-line military service
[102].

Following World War Il, the U.S. Army wask&bswith developing a biological
weapons program with three primary missions to develop 1) biological warfare agents,
2) means of delivery, and 3) appropriate countermeasures. Although missions 1 and 2
were relatively successful, mission 3 proved to bddas sd20]. Nonetheless,
successes with mission 3 have eventually been developed, and have also led to
important advances in both military andvdian medical care. The U.S. Army Medical
Research Institute of Infectious Diseases (USAMRIID) was established in 1969 by the U.S.
Army for the purpose of biodefense and arose from an earlier Army unit (U.S. Army
Medical Unit) involved in the U.S. biowsns program. USAMRIID successfully
responded to a naturally occurring outbreak of Venezuelan equine encephalitis in the
southern U.S. in 1971, and in 1977 provided vaccine for Rift Valley fever to Egypt during

a natural outbreak ther¢l04].
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Despite attempts over the last century to prevent the development and use of
bioweapons by international convention, enfornent has been difficult at best, and
production of bioweapons by treaty signatories has proceeded despite violation of
international law. The most recent treaty, the Biological Toxin and Weapons
Convention, signed in 1972 and that took effect in 197&nmwvn to have been violated
by both Iraq and the former Soviet Uni¢@¥]. In 1973, following the termination of the
offensive portion of the U.S. program, much information was publically selda That
same year, the U.S.S.R. began to modernize its bioweapons arsenal and founded
Biopreparat, the large complex of Soviet labs dedicated to bioweapons and
biotechnology research and developmd80]. It is believed that release of previously
secret U.S. documentation directly contributed to the modernization of the Soviet
bioweapons arsendP0]. The existence of Biopreparat was/is a direct violation of
international law, and the current status of Biopreparat and/or its successors is not
publically known. Following the first Gulf War, Umépectors in Iraq uncovered
evidence that Iraq was developing biological warfare agents prior to Operation Desert
Storm[20]. To date, no internadinal treaty has proven successful in preventing the
development of biological weapons, in no small part because compliance provisions are
generally weak and often have little enforcement provisifi35].

Perhaps the most visible figure calling for a robust U.S. biodefense strategy is
Kanatjan Alibekov (a.k.a. Ken Alibek), a former First Deputy Director for Biopreparat

who defected to the U.S. in 199206]. Alibekov has reported extensively on the Soviet
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bioweapons production activities. Additional information on Soviet/Russion
bioweapons production has been provided by another defgcttadimir Pasechnik
[20]. Alibekov is controversial, and not without his critics, who argue that he inflates the
true threat of biological weapon® further his own career in the U.S. (centered on
biodefense and medical research). However, his knowledge from the inside of the
Soviet bioweapon complex is unique and invaluable in determining the types of threats
which are likely to exist and detailéshowledge of their likely production sites.

Recently, Cello et al., (2002) demonstrated the synthesis of poliovirus solely from
published gene sequences, showing that it is not necessary to use extant organisms as
starting materials to create biologiceveaponq107]. Although bacteria cannot (yet) be
generated solely by replicating gene sequences, there has been rapid progress recently
in the new field of synthetic biology towards the production of designer bacteria for
peaceful purposes that could obviously be perverted to produce weapons. Perversion
of this type, although not fully synthetic biology, includes the use of genetic engigeerin
to modify specific traits of bacteria and other organisms. This was demonstrated by the
Soviet production of anthrax with altered immunological properties to inhibit detection
[101], which illustrates the potential for otherwise peaceful biotechnology to be
converted to bioweapon productiofi01].

Despite the lethal potential of weaponizedganisms, they appear to be of
limited military use and currently are mainly of concern as bioterror ages.08]

Bioweapongose as great a threat to the user as to the intended target, particularly
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since it is often difficult to create vaccinations to weaponized organisms, including those
designed to evade standard detection and treatments. When President Nixon
terminated theU.S. offensive bioweapons program, numerous infectious agents had
been created, but the U.S. was still lacking in medical countermeag0ks
Furthermore, by 1969, the U.S. Army had concluded that biological weapons were not
of significant strategic importance, and it was concluded that the use of bioweapons in
an offensive capacity would rise to the level of a nuclear resp{iz403] In addition
many of the vaccines that were developed required either multiple inoculations and/or
had potentially serious side effed®0]. The difficulty imaking vaccines underscores
the observation that it is far easier to develop a biological weapon than it is to develop
medical countermeasures, making a terrorist organization unlikely to have the capability
to develop both a bioweapon (relatively easypdaa viable vaccine (relatively difficult).
Although the penchant for terrorist organizations to employ suicide bombers makes the
development of countermeasures seem counterintuitive, a terrorist organization would
likely want some manner of countermeasuio protect its highvalue assets from an
accidental release.

It has also been suggested, in light of the 2001 anthrax attacks in the U.S., that
further restrictions be placed on the public dissemination of potentially sensitive
research that could ierease the risk of bioweapon proliferati¢h08]. This would
include limiting the public dissemination of research that could be used in a dual use

capacity or restricting their publication to clafesd peerreviewed journals. Vetting of
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personnel working with select agents would also include more extensive background
investigation/monitoring of norgovernmental personnel working with these organisms.
Select agents are defined as biological agenis toxins posing severe threats to public
health as well as the health of animals and pldaB9] (see www.selectagents.gov for a
complete listing). Currently, norgovernmental researchers working with select agents
must be cleared by passing a Security Risk Assessment (SRA), although this only catches
people who have documented past transgressions (e.g. criminal history or known
affiliation with terrorist groups) and does not rise to the level of a true security
clearancg110]. Many federal agencies who work with select agents have a much more
stringent level of clearance than the SRA, and also carry out frequent monitoring of
researders for drug use, financial liabilities, and in some cases psychological
evaluations[110].

The reaction to further restrictions on the use of and publication on select
agents is likely to be met with resistance from the academic comtyuiti was
suggested by Beck, (2003) that academic institutions can betteregpifate themselves
than governmental institutions. However, this is naive at best, particularly in light of a
report in 2007 by the Office of the Director of National Ingghce. Although details of
the report are classified, publically available comments by authors of the report
provided to Sciencfl10], as well as the facts of the 2001 anthrax attacks, suggest that
currently, a trained individual determindgd release a bioweapon will succeed. This

was recently bolstered by a report from the Commission on the Prevention of Weapons
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of Mass Destruction Proliferation and Terrorism (CPWMDPT) chaired by Bob Graham
and Jim Talentl11]. In the report by CPWMDPT, the U.S. was given a grade of F, the
lowest possible grade, in the ability to recognize, respond to, recover from and/or
prevent a bioweapons attack from inflicting mass casualtié4].

Although outright distrust of the infectious disease research community is likely
to create more problems than it solves (possibly driving qualified researchers from the
field, and thusimiting research capacity), reasonable restrictions such as background
checks, as well as suitable monitoring of appropriate personnel is warrgb@adl
Monitoring at govenmental agencies is oftendmouse, and while it is not clear who
would assume the role of monitoring civilian researchers, this would most likely fall to
the FBI or the Department of Homeland Security.

The numerous documented failures of Soviet sagydenied by the Soviets and
later the Russians) at their bioweapons facility near Sverdlovsk have led to
known/suspected releases of weaponized organisms into the surrounding populace
[24,100] This is cause for significant concern. The Aum Shinkinryo cult, best known for
releasing Sarin gas on a Tokyo subway, was also researching bioweapons if@luding
burnetii[9,15]. These incidents underscore the need fontioued research intcC.
burnetiiand the means to protect against infection 8y burnetiand/or other infectious
diseases as part of a broader biodefense strategy.

There are several considerations regarding the possible u€e lofirnetias a

bioweapon. C. burnetihas advantages as a bioweapon in the sense that it is readily
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available (worldwide endemic), easily aerosolized/weaponized, has a high
infectivity/virulence, can be dispersed pneumatically, is stable for-teng storage,
and is enviromentally persistent. The fact th&. burnetiis primarily incapacitating in
its known forms suggests that it would be most effective against a military target to
demoralize and incapacitate a large number of personnel, in order to gain a tactical
advantge. There are estimates that usetfburnetiagainst troops could reduce
effective manpower by up to 75945]. Against aivilian population, significant

induction of fear could result from the use Gf burnetii

Scope of Experiments Conducted

We have undertaken a series of proteomics level experiments with several
objectives in mind. First, to better characteriteetresponse of monocytes to infection
with phase IIC. burnetii with the goal of generating a preliminary systems biology
model to provide a foundation for future work. We attempted to det€ctburnetii
proteins from infected monocyte samples by magedrometry and bioinformatics
analysis (detailed below), but were not successful, likely owing to 1) a relatively low
amount of bacterial protein compared to host cell protein amounts present at the time
points we examined, and 2) the limited protein $wztionation carried out on our
samples. It would be desirable in future studies to include the analysis of bacterial

proteins in more simplified fractions.
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Our second objective was to observe and compare the monocyte response to
exposure by innate imune adjuvants, again with the goal of developing a model to
inform and guide future experiments. We tested Securinine, a GAdAptor
antagonist that has been demonstrated to increase resistance to ph&séurnetii
infection[74], to document its effects on the proteome. Securinine represemsva
class of immunomodulator acting through the GAB&ceptors, which have been
documented in immune cells and in particular have been demonstrated to be expressed
in monocytes and T cells (M. Jutila, K. Lubick personal communid&@es¥,87,112).

We also wished to compare Securinine to the well knownrme&ated
adjuvants LPS and MPL which also increase monocyte resista@céuoneti{detailed
above). We had hoped that we would Bble to tease apart the differences in the two
types of innate immune regulation. Unfortunately, in hindsight, it became apparent
during the course of this investigation we did not sample the TLR agonists within their
optimal timeframe of their effects atior did not utilize an optimal molarity for
stimulation so this comparison, while intriguing based on available data, is incomplete
and we were not able to accomplish this comparison as initially intended. We were able
to make some comparisons between B receptormediated and TL#ediated
responses however, which may help to guide future work.

Our final objective was to investigate the combined effects of Securinine
exposure and infection by phaseQl burnetii We were able to conclude that the

combined action of Securinine + phas€llburnetiinfection induces monocyte
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apoptosis, although at a Securinine dosage later determined to be higher than the
optimal effective dosage for increas€ burnetiresistance. Apoptosis in this system is
likely to be C& mediated, based on the differential regulation of a number of'Ca
sensitive proteins, notably ERLIN2, which is important in regulating releasé"dfoba
the endoplasmic reticulurfil13,114] It would also appear that apoptosis in our
samples is caspagedependent, based on the observation that NADH CoQ reductase is
present at an observed pl amdolecular weight suggesting it is intact (see figure20
below). NADH CoQ reductase is known to be cleaved during caspase mediated
apoptosig115].

The observation that caspases do not appear to be detectably active in our
samples supports published observaisothatC. burnetican inhibit caspase activation
[72]. The model describing this dataset is of somewhat more limited utility than the
models derived from the prior experiments, owing to the fact thati8mine dosages
were subsequently found to be considerably higher than the optimal effective dosage
for inducing monocyte resistance @. burneti{M. Jutila personal communication), and
the fact that only two biological replicates were available (coragdo three biological
replicates for all previous work), therefore the results for this portion of the
investigation were somewhat less statistically conclusive than the earlier experiments
(C. burnetitime course of infection and adjuvant stimulation).

Overall, we developed a preliminary systems biology model integrating how

many of the various components detected by our proteomic analyses appear to act and
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interrelate with each other, based both on our observations and information derived
from an exensive review of the literature. This model can serve as a useful starting
point for future investigations. The pieces of this model have pointed to the desirability
of characterizing changes in metabolites, lipids, and metal ions that result from the
various stimuli tested. We suggest that examination of these factors will provide further
information regarding proteins that change their functional status perhaps without
changing their expression levels to an extent visible in a 2D gel (for examgsponse
to NAD/NADH ratios). NAINADH ratios (or ADP/ATP ratios) can have a significant
allosteric regulatory impact on a number of key metabolic pathways. A prime example
of this is the regulation of pyruvate dehydrogenase (PDH), which serves gs a ke
regulatory site between fermentative and respiratory metabolism. PDH is inhibited
when NAD/NADH or ADP/ATP ratios are low (i.e. NADH or ATP are relatively more
abundant than NADor ADP respectively). This allosteric inhibition of PDH is at the level
of protein function, it does not involve changes in the protein expression levels. PDH
can also be regulated by covalent modification with phosphate, becoming inactive when
phosphorylated and active when dephosphorylated.

Determining which metaboliteshange abundance in response to stimuli may
allow us to infer which proteins are changing their functional status. For example, a
sudden increase in the abundance of pyruvate, without a subsequent increase in acetyl
CoA, lipids, or Krebs cycle intermeaistwould indicate that the activity of PDH was

being inhibited. A better understanding of the changes in metabolite, metal, and lipid
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abundances, as well as testing of various pieces of the model, would enable the
production of a more comprehensive modelmore fully characterize the systems. Our
results, described below, provide a foundation for a better understanding of the innate
immune response, enabling a better understandingcoburnetiinfection and may be

applicable to other obligate intratiular pathogens.
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CHAPTER 2

METHODS

Cell Lysis

The Monomac | cells used in this investigation were grown, treated and/or
infected by Mr. Kirk Lubick in the Dept. of Veterinary Molecular Biology (VTMB) at
Montana State University ithe lab of Dr. Mark Jutila in accordance with previously
established protocolg74]. All infections were with phasedl burnetii Samples for
protein analysis were received in 15 mL Falcon tubes, pelleted, stored on ice and
transported to the Chemistry and Biochemistry Research Building (CBRB) tanision
State University for all subsequent experiments. Note that samples were not frozen
upon receipt, and were not frozen during transit or prior to lysis.

Upon arrival at CBRB, cell samples (approximately®>el8) were centrifuged
for5 minutes atl000 xg, 4 °C using a Legend Sorvall Mach 1.6R centrifuge, and residual
growth media was removed. The sample was not resuspended for this step. Each entire
cell sample was processed. Excess growth media was removed and treated with either
70% ethanol 000% bleach, as were all pipette tips and any tubes that came into
contact with the samples. Note that the cell samples were received as wet pellets, with
a very small amount of excess growth media present. The centrifugation step was
performed so any reidual growth media could be removed (typically ~100uL was

recovered/tube). The entire cell sample (approx. 2xddlls) were resuspended to 4 mL
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final volume (approx. 5x¥@ells/mL) using monocyte extraction buffer (MEB) (160 mM
NaCl, 10 mM MggbHO,1 mM NaVvQs;, 5 mM NaF, 20 mM Tris pH 7.5, and 1 Roche
Complete protease inhibitor cocktail tablet per 50 mL buffé#),116120]mixed
thoroughly and a small sample was withdrawn for cell counting

The following lysis protocol was adapted from published protof3#1s38,121]
Control and expemental samples were lysed sitbg-side on ice with a Dounce
homogenizer (400 strokes/mL), followed by 4 rounds of 15x1seconds sonication on ice,
a freeze thaw cycle teB0O °C with thawing on ice, followed by 2 rounds of 15x1 second
sonication on ice. Saration was performed using fifteen 1 second bursts with 1 second
in between each burst. Between rounds of sonication, samples sat on ice for at least 1
minute. The sonicator was a Fisher Scientific Sonic Dismembranator model 100 on
setting 3, using a Mbnix Inc. ultrasonic converter and a microtip. Lysis was achieved at
>98% as determined by cell counting in a hemacytometer comparing a sample from
before lysis to one after lysis.

Samples were divided into four 1 mL aliquots and subjected to higkdspe
centrifugation (45 minutes, 100,000 xg at 4 °C, using a Beckmann ultracentrifuge with a
TL-55 rotor). The supernatant, representing the soluble fraction and primarily
containing cytosolic proteins and the luminal contents of organelles, was trandftare
4x 1 mL microfuge tubes on ice. The pellet, constituting the membrane fraction
containing the plasma and organellar membranes (e.g. nuclear, mitochondrial, etc.) was

stored at-80 °C, until further processirjf22-125].
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The soluble protein fraction was subjected to precipitation with trichloroacetic
acid(TCA) followed by an acetone cleanup. Briefly, freshly made 100% (w/v) ACS grade
TCA (Fisher Scientific) (1g TCA diluted to 1 mL final volume using nanopure water) was
added to a final concentration of 10% (v/v) in each of the 1 mL aliquots, vorteafty bri
and incubated on ice for 1 hour. Precipitates were then pelleted at 6800 xg 4 °C in a
Legend Sorvall Mach 1.6R centrifuge for 1 minute, and the supernatant was discarded.
To each protein pellet was added 800 ul-2§f °C Optima grade acetone (Fisher
Scientific) and the pellet was broken up by sonication and vortexing. The sonication
apparatus was as above, used on power setting 2. The pellets were incubated overnight
at-20 °C. The following morning the samples were centrifuged as above, the
supemnatant discarded and the pellet washed twice for 30 minutesZ@t°C) with fresh
acetone. Following the final wash, the supernatant was discarded and the pellet-Speed
vac'd to dryness.

To each dried pellet of soluble fraction protein was added 200f ldbeling
buffer (7M urea, 2M thiourea, 30 mM Tris, 4% (w/v) CHAPS, 1 mM\eéd mM NaF,
and 1 tablet Roche Complete protease inhibitor cocktail/50 mL buffer). The protein
pellets were dissolved in labeling buffer and like pellets were pooled. Reventhe
soluble fraction samples were either stored-&0 °C or continued on to the Bradford
protein assay.

For membrane fractions, the lysed and frozen samples were thawed on ice and

washed in 30 mM Tris pH 8.5 by sonication and vortexing to bredfeumembrane
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pellet and suspend soluble fraction proteins. Sonication was as above on power setting
2. The washed samples were then centrifuged as above (100,000 xg for 45 minutes at 4
°C) and the supernatant discarded. The washed membrane pellets@grspended
by sonication and vortexing (as with washing step) in labeling buffer + 1% (WAD4ASB

[126-128] and either stored at80 °C or were quantified by the Bradford protein assay.

Sample Preparation for Labeling
and the Bradford Protein Assay

Samples were thawed and like aliquots doned into a single fraction if not
done previously. An aliquot of labeling buffer was prepared by adding 4% (w/v) CHAPS
and, if the sample was a membrane sample, 1% (w/v}JSBTypically, 100 mL of
labeling buffer was made at a time and aliquottedéo 10 mL aliquots stored frozen at
-80 °C until needed. Aliquots of labeling buffer were thawed to room temperature prior
to further preparation and/or use. For a typical 10 mL aliquot of label buffer this was
0.4g CHAPS and (if necessary) 0.1gIMSBhe pH of the label buffer was adjusted to
pH 8.5 (target range 8.48.5) at room temperature. In the event that the maximum pH
of the labeling buffer was overshot to by >0.05 pH units, the aliquot of labeling buffer
was discarded and the pHing procetmt®d again. This was done to prevent the
introduction of excess salt into thé'Himension separation. Note that label buffer is

the principle component of the final labeled protein solution, and substantial excess salt
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here would have carried over the 1st dimension, which may have caused problems
with IEF separation. The sample was brought to pH at a later step (below).

For Bradford analysis the samples were brought to room temperature, and
microfuge tubes (one per sample) were prepared ascated for a single sample
replicate in table 1 (799 uL nanopure water, 1 uL sample, and 200 uL Bradford reagent).
The samples were vortexed well and allowed 15 minutes at room temperature to
equilibrate. Then 200 uL of assay sample per assay vial avesserred to a 96 well
plate and scanned on the Tecan Safire plate reader at 595 nm. The absorbance was
used to approximate the concentration of the protein sample against average values
from prior standard curves generated with BSA, . Label buffer d@sosas needed to
adjust the protein concentration to ~106 ug/uL. This is a preliminary step, done to
ensure that all samples would be at a concentration to enable them to fit within the
standardcurve range generated for this assay. The final prateircentration against a
freshly made BSA standard curve took place after the sample pH had been adjusted.

After adjusting the concentration of the sample (if needed), the sample pH was
adjusted to 8.48.5. The pH of the sample was adjusted in smaikiments, trying not
to overshoot the mark so as to minimize the introduction of excess salts. A little
overshoot was acceptable here as the salts were greatly diluted by the label buffer

added to bring the sample to final volume following labeling.
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Onrce the sample concentration and pH had been adjusted, the Bradford assay was
set up as indicated in table 1. Note that three standard curves are used by this method,

so the samples for the BSA curves were made three times. Also note that 5

Tablel A-D(below, and following page): Bradford assay. Note that for
each assay three BSA standard curves were made, and an average of
three was used to generate the working standard curve. A) Bradford a
setup, again note that three replicate curves were genedatB) Sample o
the A595 scans for the Bradford assay. C) Sample working curve geng
from the table in B. D) Sample of unknown [protein] calculations
generated from working samples. The average was used to make
calculations for labeling, etc.

ul ul. Bradford
dd- ul BSA (2 mg'ml) or reagent Table
Sample H.O sample 1A
BSAD 800 0 200
BSA 1 7003 0.3 200
BSA 2 799 1 200
BSAS 7975 2.5 200
BSA 10 793 5 200
BEA 20 790 10 200
BSA 23 7875 12.5 200
Sample replicate 1 799 1 200
Sample replicate 2 799 1 200
Sample replicate 3 799 1 200
Sample replicate 4 799 1 200
Sample replicate 3 704 1 200
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[BSA] ug/uL| AS95 AS595 A595 | Average AS95| TablelB
o 0.3783 0.4104 0.446 0.4116
1 0.5019 0.4252 0.5091 04787
2 0.5057 0.4538 0.51 0.42898
5 0.6651 0.6003 0.6515 0.639
10 0.3383 0.76 0.83122
20 1.0624 0.9861 1.0232 1.0239
25 1.1706 1.1089 1.1184 1.1326
A595 vs. [BSA] Table ©
1.4
v=00282x+ 04466
1.2 R*=0.9203
1
v 0.8
o
Ly
= 06
0.4
0.2
a
o 5 10 15 20 25 30
[BSA] ugful
Sample AS9S5 [Protein] ug/ul
Membrane control 24 hr. rep
R 0.6513 Average 11.83422
1 Bradford vial 1
Membrane Control_ 24 hr. rep 0.7276 9.964539007 Stdew 1.260801
1 Bradford wvial 2
Membrane control 24 hr. rep 0.8008 17.55028360
1 Bradford vial 3
Membrane control 24 hr. rep 0.8025 17 62055738
1 Bradford vial 4
Membrane control 24 hr. rep 0.7904 17.19148936
1 Bradford vial 5
Membrane i”fe‘:t_zd hr. rep 0.5475 7.124113475 Average 6.852156
2 Bradford wvial 1
Membrane Infec‘t_24 hr. rep 0.6485 F.159574408 Stdew 0.33039
2 Bradford vial 2
Membrane infect 24 hr. rep
i 0.7835
2 Bradford vial 3
Membrane infect 24 hr. rep 0.6334 5.624113475
2 Bradford vial 4
Membrane infect 24 hr. rep 0.6306 5.524822695 Table 1D
2 Bradford vial 5
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sample replicates were used for each sample to be tested. The samples were vortexed
well, and allowed 15 minutes at room temperature to equilibrate. 200 uL per tube was
transferred to a 96 well plate and scanned on the Tecan Safire microplaterraf595
nm, using 3 flashes / read. The standard curve was prepared for sample measurements,
by plotting an average of the A595 readings for the BSA standards, and a linear fit
plotted (y=mx+b) to A595 vs. the BSA concentration. The equation fanthe/as
determined and calculations were made accordingly (Sagsgb)/m, with an average
of the sample readings calculated. A minimum of five concentration points were
required to generate the working calibration curve. Seven experimental points were
generated and up to two could be discarded to improve linearity. It was desirable, but
not absolutely required, for the points to touch or nearly touch the trendline in the
standard curve. If a minimum of five points on the standard curve could not be
generated as such, the assay was rerun.

To assess the quality of the data, the average of the unknown sample A595
values +f 10% of the average A595 value for that sample was calculated. A595 values
that were < or > 10% of the average A595 for that saropldd be discarded (up to 2
values/sample). In rare cases, a set of four A595 values that were nearly identical was
used and the fifth was discarded even if it was within the 10% of the average A595.
Each sample average was calculated with a minimumre$a@lts. If this could not be

achieved, the assay was rerun.
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Labeling Reaction / Conditions for Multiplex 2DE

The labeling protocol described in this section refers to the use of the original
prototype ZDyes and covers the datasets for @éurnéi infection time course and
monocyte exposure to Securinine, LPS and MPL. The final dataseC9burnetii
infection ++ 50 uM Securinine utilized a different set of ZDyes and a different labeling
procedure. The labeling protocol for the final degdis detailed in a separate section
(below). The infection time course and individual adjuvant exposures were conducted
on 311NL isoelectric focusing strips. The final dataset was gathered using data from
both 3-11NL and 4 isoelectric focusing strg(detailed in a separate section, below).

The following methods have been adapted from standareg2Dand 2EDIGE
protocols[129-131]. All steps were performed at room temperature, unless otherwise
indicated, and used 24 cm immobilized pH gradient (IPG) stripsIJdfB. Following

the Bradford assay, calculations were made as follows:

Control: volume to obtain 100 ug protein

Experimental: volume to obtain 100 ug protein

Pooled internal standard: 1/2 the volume of each of the above two samples (50 ug
per sample).

Enough of each ptein sample was aliquotted for three technical replicates in the
‘forward labeling' condition and three in the ‘reverse labeling' condition, for a total of six

technical replicates per biological replicate (often referred to as dye swapping).
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Forward laleling was always control sample labeled with ZGB, experimental with ZBB
(1st generation ZDyes), and the pooled internal standard with Hbo277. For reverse
labeling, control and experimental labeling was reversed. The samples were brought to
20 uL (5 mg/miinal concentration) with labeling buffer pH 8.5 containing the
appropriate detergent(s) for each sample type. All samples were >5 mg/mL in their
stock vials, and all were diluted to 5 mg/mL for labeling.

It should be noted that in the following disssions, IX@RT and 5X@RT
labelings refer only to the dye:protein ratios with the reaction performed at room
temperature (RT). A 1X@O0°C labeling (derived from the GE Healthcare CyDye labeling
protocol) is 800 pmol dye/100ug of protein at pH 8.5 at 0St@ndard labelings in this
investigation (1X@RT or 5X@RT), were performed at pH 8.5 at room temperature,
typically 2223 °C. A 1X@RT labeling therefore uses 800 pmol dye/100 ug of protein at
pH 8.5 at RT, a 5X@RT labeling uses 4 nmol dye/100 ug ahpr@iwen the
assumption that an organic reaction will approximately double in rate for every 10 °C
increase in temperature, labeling a 1IX@RT is approximately comparable to labeling
5X@0°C, and a 5X@RT is approximately comparable to 25X@0°C complaeed to t
extent of reaction that would occur on ice at 0 °C.

The 5X@RT labeling has a further implication. A true 1X@0°C labeling (per GE
protocol) is theoretically labeling ~1% of available lysines. There is likely a series of
subpopulations of availablgdines that can be divided based on various factors such as

steric hindrance and electronic environment. Given that not all available lysines will
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have a statistically equal chance to react (due to local steric hindrance and/or the
electronic environment)the 5X@RT labeling is most likely increasing the probability
that any given lysine will react, thus enlarging the available pool of lysines that can be
labeled. This may have the effect of increasing signal (and thus number of proteins
detected) in thegel by allowing more proteins to become functionally labeled, such that
they can be detected above the detection limit. It is possible that more than one dye
will label a given protein but this is not a serious problem since the dyes do not alter the
pl of the protein, and the molecular weight of the dyes was not large enough to cause a
significant shift in the second dimension for all but the smallest proteins (which have
fewer lysines and likely will have fewer labelings). We did not observe a prebtam
molecular weight separations due to multiple labeling (predicted to cause vertical
streaking).

For a 5X@RT labeling reaction, 4 nmol of dye per reaction (ZGB, Hbo277, or ZBB)
was added at a dye stock concentration of 1 nmol/uL to a protein saaifeug/uL.
These dyes are synthesizedhiause at Montana State University by Dr. Paul Grieco's
research group and contain an NHS ester for linkage to lysines. Samples were vortexed
well and centrifuged briefly to collect any drops of liquid at the bottof the tube.
Samples were allowed to react for 30 minutes in the dark. 5 uL of 10 mM lysine was
then added to quench the protein labeling reaction, the samples were vortexed and
centrifuged, as above. Samples were again centrifuged to pull liqurektbottom of

the tube. Quenched samples were allowed to incubate for 10 minutes in the dark. The
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fractions were combined appropriately, 1 green + 1 red + 1 blue in appropriate labeling
condition (all forward label or all reverse) and 8.44 uL of 1.1M(R0 ™M final
concentration), 2.25 uL of carrier ampholytes (0.5% final concentration) were added in
labeling buffer to final volume of 450 uL final volume for a 24 cm strip followed by 3 uL
of bromophenol blue solution. Samples were vortexed well anah spiefly by bringing
an Eppendorf minispin plus tabletop microfuge with an Eppendorfl2451 rotor up to
14000 rpm (max speed) before stopping.

The samples were loaded onto IEF strips via active rehydration using a Biorad
Protean IEF cell at 50\M) 2C for 1416 hours, with a layer of mineral oil over the strip to
prevent drying. To facilitate even loading of the strips, the sample was evenly

distributed along the length of the tray between the electrodes before the strip was

Table2: IEF voltage profile settings for Amersham IPGphor I, II, and Ill, and Bi
IEF.

AmershamPGphor Il and llI Amersham IPGphor | and Biorad IE|
Voltage (V)| Time/VHrs| Step/Gradient Voltage (V) Time/VHrs | Step/Gradient
500V | 825 VHrs Step 500V | 500 VHrs Step
1000V | 2500 VHrs Step 1000V | 2000 VHrs Step
3000V 1hr Gradient 3000V 1hr Gradient
3000V | 4500 VHrs Step 3000V | 4500 VHrs Step
8000V 1hr Gradient 8000V 1hr Gradient
8000V | 12000 VHrs Step 8000V | 56000 VHrs Step
10000V 1hr Gradient 500V <1 Hrs Step/Hold
10000V| 36000 VHrsg Step
500V <1 Hrs Step/Hold
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added. Note that wicks (Biorad electrode wicks part#-468%1) were prewet with 8 uL
of nanopure water and placed on the end of each strip to ensure proper contact with
the tray electrodes and to help ensure that all of the sample stayed in contécthe
gel, to ensure even loading. The following morning, (after loadingGldours), the
strips were distributed as needed to othiEtGphor units such that only one type of
sample was present on a given IPGphor. e.g. all of soluble fraction, tablaplicate
1, reverse label strips were on one IPGphor, while the forward labeled strips from the
same group were on a different IPGphor. IEF strips were run as shown in table 2.

The hold step at the completion of focusing was kept as short as pesdibe
strips were removed from the IEF cell within one hour of the completion of the high
voltage step. Small differences in the initial 500V and 1000V steps were utilized in the
IEF profiles to synchronize all of the IEF runs being completed witisin@v window
of time. Typically the last set was finished within 1 hour of the first set. Strips were
placed gel side up in a plastic strip holding tray (BioRad part#083), wrapped in foll

and stored at80 °C until 2nd dimension separation.

2nd Dimension Gel Casting

2D gels were cast while the first dimension separation was in progress. Clean
plates were selected from the lefluorescent plate storage in the Dratz lab. Plates
were wiped very thoroughly with 70% (v/v) ethanol and afimee cloth. If necessary,

plates were rinsed with hot water and a gloved hand was used to remove particulates or
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residue. Solutions (detailed below) were prepared based on the samples in 1st
dimension strips. Gels were cast using 1.5mm spacer plates (pldkea 1.5 mm
spacer affixed to the bottom plate) and the Amersham/GE Healthcare casting chamber
(part# 806467-22). The 16% (v/v) acrylamide [0.3M Tris pH 8.8, 16% (v/v)
bisacrylamide 37.5:1 (2.6% C), 19.8% (v/v) glycerol] was used for membrane samples
(which contain 4% (w/v) CHAPS/1% (w/v)-A8PBwhile the 18% (v/v) acrylamide
solution [0.3M Tris pH 8.8, 18% (v/v) bisacrylamide 37.5:1 (2.6% C), 17.4% (v/v) glycerol]
was used for soluble fraction samples (which contained 4% (w/v) CHAPS). It was
observal that 18% (v/v) acrylamide was too high to permit mixed micelles [4% (w/v)
CHAPS / 1% (w/v) ASB] to migrate off the gel, causing a large front (data not shown).
Reducing to 16% (v/v) permitted the mixed micelles to run more efficiently through the
entire gel, including running the front off of the gel, thus improving resolution in the
low molecular weight region of the gel.

The acrylamide solutions were degassed for 25 minutes under a vacuum in a
sonicator bath, starting with the higher % acrylamblutions. After degassing, the
stoppered flasks containing the gel solutions had the barb capped with parafilm and
were stored at 4 °C until ready to pour the gels, as the vacuum flasks got very warm at
the top during degassing, and heat transfer e tsolutions would otherwise speed the
polymerization process during casting potentially causing polymerization irregularities.
The degassing was repeated for the 9.5% (v/v) acrylamide solution [0.3M Tris pH 8.8,

9.5% (v/v) bisacrylamide 37.5:1 (2.6%any the flasks stored at 4 °C until ready to pour
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the gels. Note that acrylamide solutions were allowed to reequilibrate to ~room
temperature for ~20 minutes immediately prior to pouring the gels.

While degassing, the Amersham gel caster was set thpA8i gel cassettes, using
plastic spacers and/or top plates to fill the remaining space in the casgtibigels
contained a unique identifier containing first and last initial and a unique five digit
number (e.g. MSxxxxx). All gel plates were wiped tremoughly with 70% (v/v)
ethanol and a linfree cloth prior to layup.

Following layup, while solutions were cooling, two 1.1 mL aliquots of 10% (w/v)
ammonium persulfate (APS) were prepared. Immediately prior to casting, the gradient
maker was rinsg with 500 mL of nanopure water per chamber. 10% (w/v) APS and
TEMED from stock containers was added to final concentrations of 0.016% (v/v) for APS
and 0.016% (v/v) for TEMED for each acrylamide solution, and swirled gently to mix.
After making sure th@radient high % acrylamide chamber stopcock was closed, the
high %acrylamide solution was added to the upper chamber followed by the 9.5% (v/v)
acrylamide to the lower chamber (which contained a magnetic stir bar to ensure proper
mixing of the gradient) The gradient was established using a peristaltic pump and the
gel solutions were pumped into the chamber until the solution just ran out of the end of
the tubing. Immediately after starting the pump, the high %acrylamide stopcock was
opened and the stibar speed adjusted so that thorough mixing occurred at all levels of
the low %acrylamide chamber. Casting continued until all of the acrylamide had been

pumped into the casting chamber, including the solutions in the tubing.
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Approximately 1520 mL ofdisplacement buffer [0.3M Tris pH 8.8, 50% (v/v)
glycerol, with a trace of bromophenol blue] was added to the caster and the barb to the
tubing line removed. Additional displacement buffer was added slowly until the top of
the acrylamide just reached thep of the spacers in the gel plates. The displacement
buffer remained just below the bottom of the gel plates. Each gel was gently covered
with 3.5 mL of watessaturated butanol per gel, starting at one end of the gel and
working towards the other. Th®p of the chamber was covered with plastic (either
plastic spacer sheets for separating gel cassettes in the caster, or with Saran Wrap). The
gels were allowed to polymerize overnight on the bench at room temperature.

The following morning, the casteras opened and each gel cassette rinsed with
nanopure water. Gel cassettes were placed in 1x running buffer [0.1% (w/v) SDS,
0.192M glycine, and 0.025M Tris] in covered plastic containers (approx. 10"x12"x3.5"),
and stored at 4 °C until ready to run thecend dimension in the afternoon on the day
the gels were removed from the caster. Each container had 1L of running buffer and six
or seven gels (total of 13 gels). Prior to loading the gels, IPG strips were removed from
the freezer, and reduced for 15inutes in 7 mL/strip of 0.13M dithiothretol (DTT),
diluted in equilibration buffer [6M urea, 4% (w/v) SDS, 30% (v/v) glycerol, 0.5M Tris pH
8.8] in the strip tray there were stored in, transferred to a fresh strip tray and then
alkylated for 15 minutes i@ mL/strip of 0.51M iodoacetamide (IAA) in equilibration

buffer[129,130] DTT and IAA solutions were freshly made immediately prior to using
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them, and kept wrapped in foil to keep out the light. Reduction and alkylation was
performed with gentle agitation on a rocker table.

IPG strips were loaded onto 2nd dimension gels under a layer of 0.5% (w/v)
agarose / bromophenol blue (enough volungecover the strip completely). Agarose
was loaded and the strips were gently pushed through it to contact the 2nd dimension
gel. This prevents the strip from sticking to the glass plates. Gel cassettes were placed
into a Dalt 1l tank and run overnigimt 1x running buffer at 16 °C while being covered
with a black cloth. When gels were finish@licated by the bromophenol blue front
exiting the gel), they were removed from the tank. The gels were removed from the
glass plates and placed in fix satuti{10% (v/v) methanol/7% (v/v) acetic acid] for ~28
hrs. under a black cloth on a shaker table for the earlier sets of experiments.

Later experiments using 2nd generation ZDyes did not fix gels prior to scanning
as described below. However, many loétglass plates have small visible scratches
and/or dings due to repeated use. To prevent the possibility of microscratches or dings
as well as residue on the plates from interfering with laser light passage (and thus
possibly causing artifacts in the gelages) the unfixed gels were removed from the
plates. Unfixed gels were removed from the plates and placed in 1L nanopure water in
plastic containers (10"x12"x3.5") three gels/container. Fixed gels had to be removed
from the glass in order to fix them.

The fix solution was carefully removed from the fixed gels as completely as

possible, then replaced with-1.5 L of nanopure water and placed on the shaker table
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for 1 hour under a black cloth. This wash was repeated once more by removing the
water, adding fresh nanopure water {IL5 L), and then incubating overnight on the
shaker table in the dark prior to scanning the following morning. In the later
experiments (specifically the 96 hr infection $ecurinine gels using 2nd generation
ZDyes) the ds were scanned before fixing. AX/washsteps were performed at room

temperature.

Scanning

Following the overnight wash in nanopure water (detailed above), the gels were
scanned on a Typhoon Trio gel scanner. The platen was cleaned priohtgeddeing
scanned by first wiping the surface with 20% (v/¥PHusing a clean Kimwipe. When
the surface was dry, it was again wiped down with 95% (v/v) ethanol and a clean
Kimwipe. After the ethanol, a final wipe down was performed with nanopure ryate
using a clean Kimwipe and any visible dust/lint was removed. Once the platen was
clean, the gel was carefully placed on it after draining off most of the excess water.
Gently and with wet, gloved fingers any air bubbles under the gel were removedillas w
as any small pieces of gel either on or under the gel being scanned.

For the first scan a PMT voltage was selected sufficient to cause a low level of
pixel saturation. The PMT voltage was adjusted downward so that no saturation occurs
within the aralyzed region of the gel. Typically, a=IV reduction in PMT voltage was

sufficient. Gels were scanned as close to saturation as possible, without actually
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producing saturated pixels in the viewable/analyzable area of the gels. Once the PMT
settings br the first gel in a series had been made they were usually sufficient for the
remaining gels, although adjustments were occasionally needed. All gels were scanned
at 200 um resolution and no gel was scanned using the 'Press gel' function of the
scanneras this increases the background in the gel image. Regions that were not going
to be analyzed, the far left and right edges and the gel front, were allowed to saturate
on the fluorescent scans, so long as saturation did not affect the analyzable région o
the gel. Generally, the most highly abundant spots saturated shortly after the front
(typically within 3650 PMT volts), and before saturation became intense in nonanalyzed
regions. Following a successful scan the gel was placed in nanopure watbeand t

platen wiped off, as above, with clean Kimwipes.

Gel Analysis

Images were uploaded into the Progenesis software package (Nonlinear
Dynamics). The Securinine soluble fraction images were analyzed using version 2, all
remaining images were analyx@sing version 3. For all analyses to be reported the
internal standard gel image was not used in the analysis, for reasons to be described
later, although the images were retained, and the control and experimental images
were analyzed. In Progenesisetsoftware was set to the multiple dyes without DIGE

structure setting. Gel images were labeled uniquely as follows:
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MSxxxxx rep R FL/RL dye
where MSxxxxx is a unique gel I.D. number,
rep R indicates biological replicate (1,2, or 3)
FL/RL indicates whiger the gel is forward or reverse labeled
dye indicates color of the dye (green or blue)

Other file names were allowed (particularly for rescanned images) so long as each
gel image could be uniquely identified and it was clear which biological repligpgepf
labeling and which color dye were being used. For all analyses, all control and
experimental images for all biological replicates in a particular test condition were
analyzed as one experiment (i.e. all control vs. all experimental). It wasvedsthat
Progenesis was very good at finding pairwise differences between individual biological
replicates, but it was much more difficult for the software to find consistent changes
over all three biological replicates, binned into a single group.

A reference image was chosen that had the best qualitative appearance, and
spot separation. The area of interest (the portion of the gel being analyzed), was
selected, effectively cropping off the edges of the images that did not contain well
resolved spots.Gels were aligned first by manual alignment which involved manually
placing landmarks to many of the most intense spots as well as some of the less intense
spots, where possible (typically 00 manual landmarks). This was followed by
automatic vectordetection, by the software. The gel images were aligned
automatically by Progenesis following manual/automatic vector detection. Alignment

was manually validated and adjusted where needed for each gel. In manual validation

of the alignment, the analybde region of the gel was visually examined to look for
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regions that were not well aligned. Where needed, additional manual landmarks were
added and/or prior landmarks were removed and the alignment repeated.

As a test case, two sets of data (96 hr nireame fraction and 96 hr +/

Securinine membrane fraction) were selected for alignment by Progenesis using
automatic vectors alone. No manual landmarks were used, and no manual adjustment
of the autovectors was allowed. The data was otherwise analyzddsasibed. Using

the 1st generation ZDyes, autovector (only) alignment very nearly replicated the original
dataset using manual and autovectors (see figure 4). The 1st generation dyes found all
but two of the original differentially expressed spotsveall as three additional spots in
regions that would have benefitted from some manual adjustment. The 2nd generation
ZDyes performed poorly in autovector alignment alone and only found approximately
1/3 of the original spots from the 96 hr-t$ecurinineanalysis using manual and

automatic alignment.

It was observed in manual/automatic alignment that the 2nd generation ZDyes
(IX@RT labeling) are significantly more difficult to align owing to a relatively higher
background and lower signal to noise ratii@n the 1st generation ZDyes (5X@RT
labeling). The 1X@RT labeling used with the 2nd generation dyes also detected fewer
aligned spot volumes in Progenesis than the 1st generation dyes. In the 1st generation
ZDyes, soluble fraction gels found an averafye1300 normalized spot volumes, and

the membrane fraction gels found ~1150. The 2nd generation found ~1100 normalized
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spot volumes in the soluble fraction (both1IANL and 47) and ~750 normalized spot
volumes in membrane fraction gels (botHLANL andi-7).

Following alignment and spot detection, regions of the gel that were too streaky
or had a high background (usually at the extreme edge of the gel) were excluded. This
covers regions that cannot be excluded effectively in cropping the gel withdtingu
out part of the analyzable area of the gel. This step removes spots from further
consideration and they are not included in normalization or quantitation. In group
setup in Progenesis, all control gels were grouped together, and all experimelgal ge
were grouped together. It is at this point that image normalization and relative
guantitation between control and experimental images occurs in the analysis. In the
view results portion, every spot was manually examined to determine a) proper spot
spitting, and b) ensure that the software had not selected an overly large spot area,
thusrequiring trimming. This evaluation included every detected spot, not just those
that were a) statistically meaningful and/or b) differentially expressed. Noteithst
possible for a spot to be differentially expressed but not statistically meaningful. It is
generally beneficial to examine all of the aligned spot volumes detected by Progenesis
as improper spot splitting can cause multiple spots to be selectediimgée spot
volume. Trimming these oversized volumes into individual spots will often enable the
analyst to find an additional spot or two that is differentially expressed.

For the initial pass through the spots(all spots);\eafue of <0.05 was redgred

to accept a difference in expression between experimental and control samples. At no
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time did the fold change in expression play a part in decision making. Selected spots
that were properly split (either manually or by the software) and had the appate p-
value cutoff proceeded to Progenesis stats. Here the satwvedye decision criteria, as
well as a power score ¢f0.8 was required. For those spots passing this phase of
statistical analysis, the data was exported to an Excel file.

The data vas formatted in Excel for uploading into statistical packages. Spot
number and normalized volume values were retained from the raw data. The data was
then organized by spot number. For each spot, data was organized into control and
experimental by bialgical replicate. Once spot data had been formatted, it was copied
and pasted into its own file in SPSS v.16.

For nested ANOVA analygl82]in SPSS, the data was pasted into the software,
analyzed using syntax (see figure 5 for syntax and figure 6 for the structure of the data
array),and the output data exported to Excel. In nested ANOVA analysis, the software
creaes an array that properly groups technical replicates within their respective
biological replicate andxperimental condition. Biological replicates are grouped
according to control or experimental conditions and a tway ANOVA is performed,

generatingthe statistics of interest. For the final decision on the statistical significance
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Figure 4A

Figure 4B

Figure 4C

Figure 4D

i
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FiguredA-D: (Previous page) Comparis@etween the 1st generation and 2nd
generation ZDyes. Gels were analyzed using Progenesis and offline methods
(described previously). A) Manual + automatic vector alignment on 96 hr
membrane fraction data. B) Automatic vector alignment on 96 hr men#ra
fraction data. C) Manual + automatic vector alignment on 96 hr infe@G-UM
Securinine 3L1INL membrane fraction data. D) Automatic vector alignment on
hr infect ++ 50 uM Securinine-31NL membrane fraction data.

IF (Treatrnent=2) BiologicalReplicate = BiologicalReplicate+3 .
EXECUTE .
SANVE OUTFILE="C:ADocurments and Settings\dratzWWy DocumentsihMattstStats\Securining soluble analysis\Spot ThsSpat 1_formatted for unianova, sav'
{COMPRESSED.
UNIANOWA

response BY Treatment BiologicalReplicate

/RANDOM = BiologicalReplicate

/METHOD = SSTYPE(3)

ANTERCEPT = INCLUDE

/CRITERIA = ALPHA(OS)

/PRINT = OPOWER

/DESIGN = Treatment BiologicalReplicate(Treatment).

Figure5: Sample SPSS v.16 syntax fore®&NOVA analysis. Provided by Tom
Leuthner, SPSS technical support. Briefly, the first three lines, identify the dat
and establish an array that is saved in the SAVE OUTFILE step. The remaing
the code instructs the software as to the particulafgshe nested ANOVA analysi
(e.g. type three sums of squares [SSTYPE(3)] , ALPHA(.05)) and the addition
outputs desired (e.g. PRINT=OPOWER which displays the observed power sq
along with the pvalue already embedded in the output. Sum of squares is

method for determining the variance in a set of data, type three is the SPSS
default. Alpha refers to the confidence interval. An alpha of 0.05 designates t
95% confidence interval.
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Progenesis vs. offline statistical
analysis

A /\

Control ~ Experimental Progenesis analysis

Loolp lo2,2 22% % 3:1, 1y 122, 23 2. 3, % 3. Technical and biological replicates

B
/\\ Nested ANOVA analysis

Control Experimental (offline using SP55v.16.0)

AN AANAN A

olp lo2y % 23 % dcly by le2y 2y % 3 % 3¢ Technical replicates

Biological replicates

Adapted from Karp et al., 2005; Journal of Profeome Research, v.4 p 1667

Figure6: Comparison between the data structure in a) Progenesis, and b) the
structure of the nested ANOVA analysis. The offline designation in part b indic
that this analysis is not performed in Progenesis but rather in SPSS v. 16.

Briefly, in Pogenesis analysis (A), all technical replicates are treated as
independent biological replicates within a given treatment condition. The nestg
ANOVA analysis (B) groups the technical replicates for a particular biological
replicate in a given treatmentondition separately from other biological replicate
in both treatment conditions. This is the 'Technical replicates’ line in part B of {
figure. Biological replicates are then grouped into control and experimental.
Finally, a tweway ANOVA is perfored on the data to generate ayalue and an
observed power score. Protein spots that had botmajue <0.05 and an
observed power score >0.7 were accepted for MS identification. Reprinted wit
permission.
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of a spot, the dteria used were: a{alue from thenested ANOVA where p<0.05 and
an observed power score >0.7 . Both hard and electronic copies of the statistical

analysis were retained. See appendix B for raw normalized spot volume data.

Coomassie Blue Staining/3gticking

Because 20300 ug of protein were present in each gel, there was no need to
run preparatory gels for spot picking. 300 ug of protein was loaded in every gel except
those run for the soluble fraction of the 96 hr infection 50 uM Securinia samples
(ran 200 ug), where there was not enough protein to run 300 ug (due to probable
apoptosis as detailed below). In the case of thé @nalysis from the 96 hr infection-+/

50 uM Securinine soluble and membrane fractions (detailed below), it eesssary to
run a prep gel which was performed using 600 ug of protein / gel.

Gels selected for picking were placed in a glass container (13"x9"x2", a standard
3 qgt. PyreX casserole dish) filled with 1 L of Blue Silver Coomassie blue [10% (v/v)
phosphoic acid, 10% (w/v) NiSQ, 0.12% (w/v) Coomassie Blue80, 20% (v/v)
anhydrous methanol]133] per 3 gels, covered with a tight fitting plastic lid and placed
on a reciprocal shaker table. Gels were shaken very gently overnight, and the following
morning the excess stain in the container was removed loywan aspiration as
completely and gently as possible. Gels were rinsed twice with fresh nanopure water to
remove excess Coomassie blue. The liquid was removed by vacuum aspiration each

time. Vacuum removal minimized handling of the gels as they becoone brittle than
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usual during this step. Destaining was carried out using several changes of nanopure
water and gently shaking the gels in each wash for 1 hour to overnight. Water washes
were repeated until the gel background appeared to be gone. Whemels were
sufficiently destained, they were ready to be picked. Destaining can also be performed
in fix/destain [10% (v/v) methanol / 7% (v/v) acetic acid], but it was observed that while
this is faster, it also leaves a higher background. For thsore water was chosen as
the destaining solution, even though it is significantly slower than destain [10% (v/v)
methanol/7% (v/v) acetic acid].

A spot map was generated from Progenesis analysis, indicating the spots to be
picked, and a unique ident#r was defined for each spot, including the spot number on
the gel, test condition, and soluble or membrane fraction. Care was exercised from this
point forward to minimize keratin contamination as much as possible. The night prior to
picking, a long skved lab coat was taken home, washed and dried thoroughly then
immediately sealed in a plastic bag for transport. The lab coat was left in the bag until
the time to handle the gels arrived. The work area was located in a positive air
pressure, HERAltered hood and the work area was first wiped down very thoroughly
with 95% (v/v) ethanol. Gloves were changed frequently, especially in the event that a
surface judged to be unclean was touched.

A large piece of glass to support the gels to be cut weeneld very well with
95% (v/v) ethanol and was placed in the positive pressure HiE&&d hood over a

light box. Eppendorf tubes from a box that was either unopened or had been opened in
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the positive pressure HEPA filtered hood after wiping it doweyewprepared by
labeling them as indicated above. The tubes were rinsed with a small aliquot of 50%
(v/v) acetonitrile, and then dried inverted on a clean Kimwipe in the positive air
pressure, HERAltered hood. Once the tubes were dry, the gels to leked were
placed oneby-one on the clean glass plate over the light box. Note that polarized
sunglasses (Wiley X model WX Talon with smoke colored lenses) were very beneficial in
both preventing dry eyes from the airflow from the hood, and helping tvease the
contrast between gel spots and the background for fainter spots. A fresh scalpel blade,
wiped with 95% (v/v) ethanol prior to using, was used to pick the appropriate pieces
from the gels and placed the pieces in their designated tubes. Thes tidmained
closed except to add gel pieces or reagents. The scalpel blade was wiped with 95% (v/v)
ethanol and a fresh Kimwipe between each gel piece. When all of the spots had been
picked for the day, they were prepared for protein digestion. Typithtee gels were
picked for each test condition and like spots pooled in the same tube to maximize

recovery.

In-gel Protein Digestion and MS Analysis

Gel pieces were macerated briefly with a clean pair of forceps to increase the
surface area of thgel[134]. The forceps were wiped with 95% (v/v) ethanol before the
first tube of gel pieces was macerated, as well as between each tube.ieGes pvere

destained by covering them completely with 25 mM/NEBQ/50% (v/v) acetonitrile.
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The pieces were then vortexed for 10 minutes by fastening the tubes to a vortexer with
a head capable of handling 12 samples at once and the tubes were centrbtigéy to
pellet the gel pieces and facilitate removal of the liquid by pipette. Gel pieces were
washed until no longer visibly blue (typicalid 2vashes). Fresh 25 mM MCQ/50%
(v/v) acetonitrile was used for each wash. When all washes wereletanfhe gel
pieces were dried completely in a Speedst.

Following drying, the gel pieces were rehydrated with Promega porcine modified
trypsin solution [12.5 ng trypsin/uL in 25 mM BHCQ/10% (v/v) acetonitrile pH 8.0]
[134,135] The buffer pH was adjusted immediately prior to using for trypsin digestion if
not already done when preparing stock trypsin. Trypsin was activated according to
manufacturer's instructions using the 100 uL of the buffer included with the lyophilized
trypsin (50 mM acetic acid), and incubated at 30 °C for 15 minutes. The trypsin solution
wasthen diluted to a final volume with 1.8 mL of 25 mM JM&€Q/10% (v/v)
acetonitrile pH 8.0 (pH adjusted immediately prior to using this reagent). Enough
trypsin to perform the digestion was retained, excess trypsin was aliquotted and
immediately stored at80 °C for future use. The gel pieces were covered with approx.
three times their dry volume of trypsin solution. Gel pieces were rehydrated on ice for
30 minutes and any excess trypsin solution (the solution remaining after pieces had
reswelled) was nmoved using a fresh pipette tip for each tube. The gel pieces were

covered with 25 mM NEHCQ/10% (v/v) acetonitrile pH 8.[134,135]the tube tops
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were shapped shut and the tubes were incubated overnight at 37 °C in a Blue M single
wall transite oven.

The following morning, the digests were centrifuged briefly in an Egoen
Minispin Plus, as described above and 100 uL of nanopure water was added to each
digest. The digests were then vortexed for 10 minutes and placed in a bath sonicator
with sufficient water to cover ~2/3 of the tube depth for 5 minutes. Digests were
transferred to fresh, appropriately labeled Eppendorf tubes and 20 uL of 50 % (v/v)
acetonitrile/5% (v/v) formic acid was added to the peptide solution (not the gel pieces,
see next step), leaving the gel pieces in the original tube for additional extnacti

Fresh 50% (v/v) acetonitrile/5% (v/v) formic acid was added to the gel pieces
(enough to cover, typically ~8ID0uL, depending on the amount of gel in the tube) and
the pieces were vortexed and sonicated as before. The peptide solution was then
combined with the first extract. This peptide extraction was repeated 2x more with
fresh 50% (v/v) acetonitrile/5% (v/v) formic acid, with vortexing for 10 minutes (no
further sonication) and combining with previous extracts. The peptide solutions were
Speal-vac'd to <200 uL and transferred to labeled 0.6 mL tubes, being careful to not
transfer gel pieces in the process, as these tend to clog the sample injection transfer line
in the HPLC attached to the mass spectrometer used for analysis. Each newstube al
had a mark indicating ~20 uL as a reference. The peptide extracts were then Speed
vac'd to< 20 uL and 200 uL of fresh nanopure water was added to dilute the remaining

organic solvents (acetonitrile and formic acidx&o of the final volume. The sitibns
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were then Speed/ac'd again to ~20 uL final volume and either storeeBat°C or used
immediately for MS analysis.

For MS analysis, the peptide extracts were transferred very carefully to fresh
tubes (Agilent 250 uL polypropylene tubes part 88978, capped with Agilent snap
cap PTFE with red silicon septa part# 5B888) appropriate for the autosampler on an
Agilent XCT ultra mass spectrometer with an Agilent 1100 series HPLC. All digests were
analyzed using an Agilent@ip with a 150 mnseparation column (part# G4240
62002). All reagents used were HPLC grade. The sample loading mobile phase
consisted of 95% (v/v) water/5% (v/v) acetonitrile/0.1% (v/v) formic acid and the elution
phase was 5% (v/v) water/95% (v/v) acetonitrile/0.1%6)(formic acid. Data from
completed runs were processed using the Bruker Daltonics Data Analysis software
package (standard data analysis software for the XCT). The software was set to search
for up to 1000 compounds with fragments qualified by aminl acass differences. No
requirement was set for the number of amino acid mass differences. This search output
file was exported as a .mgf file and used to identify the peptides and proteins using the

bioinformatics tools described below.

Bioinformatics

For bioinformatics analysis of the peptide data, four tools were used. Mascot
(licensed iAfhouse at Montana State University)36], as well as X!Tandem, X!'Hunter

and X!Tandem P3 algorithms from www.thegpm.f#87-140]. All databases were
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Homo sapiea X!Tandem was used for th@. burnetidatabase only. Pepte analysis
criteria were selected such that trypsin was allowed 1 missed cleavage and the parent
ion mass tolerance was set to 0.8 Da. The NCBInr database was searched in Mascot
with an MS/MS tolerance of 0.3 Da used along with cysteine carbamidomgtinyla
deamidation, and methionine oxidation as variable modifications, and +2 and +3 ions
were used for searching. For both X!Hunter and X!Tandem P3 searches all available
human databases were searched and default parameters were used, with the exception
that the parent mass tolerance was set to 0.8 Da. For X!Hunter only +2 charges were
searched (see figure 7 for an example). In Mascot, the final protein score was calculated
using the sum of all peptide scores that rose above significance (p<0.05, Itypical
peptide score of ~41), and was not taken from the actual protein score reported by the
software.

Mascot is restricted in the number of posttranslational modifications that it can
handle at one time, compared to the other tools, which are much nex@ansive in
their capabilities for searching protein/peptide modifications. Every analysis in each
tool was treated as an independent evaluation. In general, the top protein hit that met
the selection criteria for the identified protein was the sameassrall tools, although in
rare cases X!'Hunter would identify another protein with an approximately equal score
that matched observed pl and molecular weight. This is likely due to the differences in
scoring algorithms between the various tools usedthbse cases, the highest

identification in both Mascot and P3 was selected. Mascot because it is a more
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restricted search and less likely to spuriously find a peptide or protein hit due to
increased potential protein/peptide modifications, and P3 looksdimteotypic
peptides which should always or nearly always be present. It was noted in the results,
when appropriate, where one tool had made another possible protein identification
that could be significant. See appendix C for a list of all alternatise Increasing the
potential number of available modifications could result in a peptide being spuriously
identified if the modification is allowed to be present when in fact the modification is
not actually there. Such an identification results framase where the data is fit to the
parameters of the algorithm. It is important to examine the peptides generated by the
various algorithms in order to guard against this.

Protein identifications that were not keratin or trypsin, and were the highest
ranked protein identification that most closely matched the approximate observed
molecular weight and pl were accepted. The pl was allowed to vary so long as the
observed molecular weight was closely approximated. The reason the pl was allowed to
shift was that there can be posttranslational modifications on the protein that alter the
observed pl but are not detected by bioinformatics searches. In the cases where low
MW proteins were observed (e.g. the S100 proteins) the low MW protein was the
highest enked protein hit within the search tools. It was allowable to accept a hit of
lower than the predicted molecular weight in cases (total of two hits in one dataset)
where some sort of cleavage could reasonably be believed to be active (e.g. possible

caspae or calpain mediated cleavage of vimentin which is known to occur during
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apoptosis). Inthose cases, observed pl and molecular weight were expected to closely
match that predicted for the cleavage product (as determined by a pl and MW
calculator from wwv.expasy.org), and there must be significant overlap in the sequence
coverage between tools with no valid peptides in the proposed cleaved region. It is not
always possible to know that a caspase or another cutter is active, but there must be
reason to sspect cleavage products could be possible (e.g. indications from the
literature that such occurs or other prior experience with the system) in order to accept
such a hit. The strength of the identifications is also a factor [e.g. Hsp60 identified as
potentially cleaved had a Mascot score of 1044 (24% coverage), X!Hunter gave a score
of -132 (26% coverage) and P3 gave a scor8b{18% coverage)], and in both cases
the identified (potentially cleaved) protein was the strongest hit.

All peptides in theaccepted hits were manually validated for all search tools and
a protein coverage map of accepted peptides was produced for each hit from each tool.
This was achieved by examining the data for each identified peptide in the accepted
protein hit, as descbied below. The different tools treat the MS data differently and
usually gave slightly different list of peptides. Each tool give slightly different peptide
lists likely due to treatment of modifications and/or mass tolerances (although we
cannot be surg¢hat these are the reasons) (see appendix A for coverage maps). A
peptide was considered acceptable if a) the peptide E value (expect score) was <1, b)

there was sufficient (~1/2 or greater peptide sequenceaid/or yion sequence
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coverage and c) a majty of the more intense peaks were matched in the MS/MS

spectrum.

Figure 7A
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Figure7 A-C(preceding page): Sample bioinformatics data from X!Hunter for
spot 3 from theSecurinine treated soluble protein dataset. Search criteria we
Fa RSAONAOSR AY YSUGK2Ra® V) { I Y-LJ
Gt dzS o0dpV | YR -Gleghovaus)®mar@ ot dz8 & S
value relates to the qualityfahe data in the protein identifications, with O being
O2YLJX SiSfte& NIYR2Y YR wmnn 0 Sshoedtolye?
as close to 100 as possible. The colored arrows highlight pertinent informati
The black arrow denotes the proteinase. Note that score is the natural log (In
of the expect score. The red arrow indicates protein molecular weight. The
IANBSY FNNRPg AYyRAOF(GSa GKS LINRGSAY
score. The orange arrow indicates the FDR fordataset. B) Peptide output
from X!Hunter, note that highlighted residues are identified as posttranslation
modifications by the algorithm. The black box outlines the peptide score. C)
of manually validated peptides from the X!Hunter outpéed indicates that the
peptide is accepted as valid, witlieenindicating a posttranslational
modification as determined by the algorithm.

It was observed that the search tools will often match peptides with relatively
poor sequence coverage, that can still have a respectable peptide scosedered
significant for a particular tool and having an E value <1). This is particularly true with
larger peptides. For Mascot, E values of >1 are often identified as a 'first tier' peptide
hit with a peptide score considered significant by Mascot,thase were eliminated
from consideration due to the large E values.

It was also observed that +3 ions tended to have lower peptide scores, even
when they have reasonable coverages, probably due to the greater complexity of the
analysis i.e. both +1antR ions for band y,(similar to the effects of increasing the size
of the databases. Analysis of +3 or greater ions is akin to increasing the size of the

database searched (e.g. all mammals H@no sapienalone). Increasing the size of
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the search () +3 or greater charges and/or the size of the database) increases the
probability of a random match (false positive), and this will also have the effect of
lowering protein/peptide scores, due to the increase in complexity of the Search. It
should alsde noted that the majority of the peptides in an identified protein had at
least some sequence redundancy, that is to say that a given peptide sequence was often
found in more than one identified compound from MS/MS analysis. A compound is
defined as a articular MS/MS spectrum, and reflects the description given by the
Bruker Data Analysis software package.

All MS/MS data from infected samples was searched against tiheirnetii
databases in X!Tandem, using the parameters defined for the other X &sadlescribed
above (default parameters with parent mass tolerance set to 0.8 Da). X!Tandem has a
built in C. burnetidatabase, while the other tools do not. Wheén burnetiandH.
sapiengdatabases were searched simultaneously, the human proteinteabetter hit.

As a result, all proteins in the gels detected as being differentially expressed are

believed to be human.

96 Hr Infect +/50 uM Securinine

For this second experimental design, we utilized a 2nd generation pair of ZDyes
code named BRI227 and Z8ipropyl (made irhouse by Grieco lab) at 1X@RT labeling
(see above for description of labeling conditions) at room temperature using 100 ug

protein/channel. This Zdye set did not require gel fixing to remove unreacted Zdye
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background beforescanning. Labeling buffer was as described above with the exception
that 30 mM bicine was substituted for Tris. Sample preparation, labeling, and strip
loading proceeded as described above. In one membrane fraction-44i\B) the

pooled internal standrd was included in the run but was not analyzed for reasons

Table3: IEF profiles 096 hr infect +/50 uM Securinine experiment

3-11NL IEF GE Healthcare IPGphor I 4-7 |IEF GE Healthcare IPGphor llI
Voltage [ Time/VHrs| Step/Gradient Voltage Time/VHrs | Step/Gradient
V) W)
500 2400 VHrs | Step 500 500 VHrs Step
1000 5 Hrs Gradient 1000 5 Hrs Gradient
3000 1 Hr Gradient 8000 3 Hrs Gradient
3000 4500 VHrs | Step 8000 22,000 VHrs | Step
8000 1Hr Gradient 10000 1Hr Gradient
8000 12,000 Step 10000 100,000 VHrg Step

VHrs
10000 1Hr Gradient 500 10 Hrs StepMHold
10000 36,000 Step

VHrs
500 10 Hrs Step/Hold
3-11NL IEF GE Healthcare IPGphor | 4-7 |EF Biorad Protean IEF Cell
Voltage | Time/VHrs | Step/Gradient Voltage Time/VHrs Step/Gradient

V

500 2000 VHrs| Step (50)0 500 VHs Step
1000 4 Hrs Gradient 1000 3 Hrs Gradient
3000 1Hr Gradient 8000 3 Hrs Gradient
3000 4500 VHrs | Step 8000 130,000 VHrg Step
8000 1Hr Gradient 500 10 Hrs Step/Hold
8000 56,000 Step

VHrs
500 10 Hrs Step/Hold
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described bé&ow. The other membrane fraction (pH73 also included 100 ug of
unlabeled protein. The IEF profiles are listed in table 3. Also note that Securinine
treatment is a posttreatment following infection and that the amount of Securinine
used was 2X morédat was used in the original Securinine analysis.

Note that for this 2nd experimental design, all other steps were performed as
described above. The differences in the IEF profiles in table 3 reflect different IEF cells
utilized in this separation. Itas desirable to have all of the strips on different IEF cells
in agiven experiment finish within a similar timeframe. Because different IEF cells have
different maximum voltages and becausd BNL and 4/ |IEF strips are best performed
using different fiml total volthours,minor modifications were made to the beginning of
the run to help ensure strips on different IEF cells finished closely together. Total volt
hours were similar between various runs with the same strip pH range. As with previous
expetiments, all strips for a biological replicate (all technical replicates e.g. in the
forward label strips) were run simultaneously in the same IEF system. Reverse label

from the same biological replicate were run on a separate IEF cell.
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CHAPTER 3

RESULTS

Results of 2D Gel Analysis

It was determined in the course of our investigation that the pooled internal
standard commonly used by ZDIGE investigatofd 31,141]causes what appears to be
an artificial improvement in evaluation criterion, as has also been supported by an
expert in the field142]. This is most likely due either to a) direct correlation between
the samples, or b) an artifidiancrease in the size of N by adding the internal standard
images into the value of N and artificially increasing the degrees of freedom.
Comparison of correlated data will tend to result in spuriously significant differences
where no differences in fa@xist[142-145]. Artificially increasing the size of N will
artificially lower the calculated-galue. Neither condition is acceptable for a reliable
statistial analysis. We discovered that there were a lot of false positives correlated
with how we used the statistics in Progenesis to make decisions regarding statistical
significance in differential protein expression (see table 4). The experiments were
analyzed as two color channel control vs. experimental analysis only, the third color
channel internal standard data was not used for either a) alignment or b) analysis.

We discovered in the course of the analysis that Progenesis was treating each

image as amdividual biological replicate, even though many of the images were

%

GGSOKYAOItT NBLIXAOIFIGSa¢d 2F (GKS alFyYS oAz2f23A
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lower sample variance than the biological replicates Progenesis treating them equally
could skewthe statistical analysis of the results. Furthermore, acting as though there
were more biological replicates than measured could incorrectly assign biological
significance to changes in spot intensities that were not truly statistically significant. A
better method was needed to separately account for both the technical and biological
variation within our samples. To this end, we determined that the general linear model,
specifically a nested ANOVA analys82] was an appropriate method. This was
confirmed by consultation with SPSS technical support (Tom Leuthner, SPSS technical
support, personal communication), wralso provided the syntax outlined in the
Methods section. SPSS is a widely used statistical analysis program. The nested ANOVA
allowed us to determine both a-palue and an observed power score for each individual
spot while properly accounting for bletthe technical and biological variati¢h32]. The
general outline of the data structure being analyzed is showigurd 6 (see above).

The results of the soluble fraction-$ecurinine analysis in Progenesis yielded 44
spots displaying a differential expression from1+3 fold to +3.9 fold, with good
statistics, meeting the above statistical selection criteri®©60.05 and observed power
>0.8 (see table 4 below). These values (p<0.05, power >0.8) are derived from
Progenesis, and are not from the final nested ANOVA analysis. The results in table 4
were obtained from a total of 36 gel images (18 control andd@&iBnine stimulated
gAOK GKNBS 3Sfa Ay GKS UF2NBINR fFoStUd FyR

figures 915 for all final Progenesis master images for the first experimental protocol.
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Nested ANOVA data analysis groups or 'nests' teahneplicates in their
appropriate biological replicate which are further groups or 'nested’ within the
appropriate treatment condition prior to performing a twway ANOVA (see figure 6).
This approach provided a more rigorous statistical analysis afethdts for the entire
dataset, providing increased confidence in the statistically significant protein changes.
MS identifications and bioinformatics data on the proteins identified are presented in

tables 613.

Table4: Sample satistical data obtained from Progenesis for $ecurinine
stimulation of Monomac | cells, soluble fraction prior to nested ANOVA analysi
The sign in the fold change column indicates the direction of change in the
Secuinine stimulated sample with respect to the unstimulated sample. ANOV/
was calculated by Progenesis as were thalyes, and the power score. Final
statistical data and bioinformatics data are found in tablekl%elow.

S Fold ANOVA Q-vaue P
1 +3.9 1.89x10 2.57x10 1
2 +3.6 1.25x10 8.50x10 1
3 +3.4 1.02x10 1.09x10 1
4 +3 0.00010 0.00565 0.
5 +2.9 9.32x10 1.09x10 1
6 -2.9 2.06x10 3.50x10 1
7 -2.9 3.22x10 2.92x10 1
8 +2.9 3.01x10 1.39x10 1
9 +2.8 4.62x10 1.26x10 1
1 +2.6 9.25x10 0.00545 0.
1 +2.4 5.36x10 1.04x10 1
1 -2.3 9.54x10 1.09x10 1
1 +2.2 0.00010 0.00565 0.
1 +2.1 9.62x10 0.00545 0.
1 +2.1 3.11x10 1.06x10 1
1 +2.1 4.55x10 1.03x10 1
2 +2 1.17x10 1.14x10 1
2 -1.9 0.00366 0.080 0.
2 +1.9 2.79x10 0.00022 1
2 -1.9 0.00018 0.00874 0.
4 +1.8 0.00234 0.0636 0.
4 +1.7 0.00051 0.0208 0.
4 +1.6 0.00202 0.0585 0.
4 +1.6 0.00638 0.124 0.
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Securinine, LPS, MPhddnfection Time Course

We analyzed gel data from adjuvant stimulated monocytes and the infection
timecourse in the initial set of experiments (the later set of data infecticrSeturinine
is described below). Soluble and membrane fractions weréyaed for all tested
conditions. The infection time course took samples at 24, 48 and 96 hrs postinfection
from Monomac | cells, infected at a 200:1 ratio with pha<&. burnetii In all cases, the
control cells were sham stimulated Monomac | cellsured in parallel for each
biological replicate. Adjuvant samples were stimulated with either 25 uM Securinine, or
5 ug/culture LPS or 5 ug/culture MPL and harvested at 24 hrs post treatment. Fractions
that had differentially expressed spots are seetalnles 69 and figures 121.

The finding that not all fractions displayed differentially expressed spots was
initially surprising. However, on further consideration proved less so. With regards to
the infection time course, it is to be expected ttiae infection will take time to
progress, and thus changes to the host cell proteome in response to infection will also
take time to begin changing expression. The earliest proteome changes could well fall
below the threshold of detection in these expeemts. The first statistically significant
changes in protein expression were detected at 48 hrs postinfection. As described in
the introduction, while a given cellular response may be digital in nature, the individual
gene responses are analog, and wdth have different thresholds of activation. In the
case ofC. burnetiinfection, there will be a certain threshold of various intracellular

factors that determine whether a protein's expression increases or decreases in
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response to infection. While ghmonocyte will respond to the infection (this is a digital
response), each individual differentially expressed protein will have a different threshold
of activation for up or downregulation (this is an analog response). Once the threshold
for a changen expression has been crossed, a certain amount of time must pass (48
hours in our dataset) before the change in expression is large enough to be detected in
a gel in a statistically significant manner.

In the LPS and MPL adjuvant experiments (both of wéiienulate ToHike
receptors), stimulation of the Tdlike receptors (TLRS) is a rapid response process and
the samples may not have been harvested in a time frame that would enable optimal
detection of proteome changes as discussed further belows dtso possible that the
molarity of the LPS or MPL was sufficient to trigger a change in expression of
inflammatory markers (e.g.4&, presumably having a low threshold of activation) but
not sufficient to trigger widespread proteome changes (which wdé predicted to
require a higher threshold of activation). Also, the TLR response is primarily concerned
with activation ofthe NF . NBalL¥RyasS® bGENIYAONRLIGAZ2Y TFI C
below our detection limits in a 2D gel. In addition, mahyhe downstream effectors
activatedbyNE . | NB AYyGiSYRSR FT2NJ SELERZNI FNRY G(GKS
which are also invisible to our screen, as we did not evaluate the secretome.

We elected to run the gels from the first series of experinsaming broad range
(3-11NL) IEF strips due to funding and time constraints. This presented the best

compromise between generating the data needed for the preliminary investigation
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conducted, in the timeframe available, such that we were able to obteerdata
presented within the grant support period. Broad range IEF can be thought of as akin to
a low power magnification on a light microscope, as many of the broad details are
visible, but some of the finer points that would be visible at higher maggtiin may be
lost. Narrower range IEF (possibly including more extensive fractionation) can provide
finer details, but at the cost of significantly increasing the number of gels that must be
run. Increased numbers of gels would require a correspondiogfyer analysis time
and material/labor costs since two or more IEF strips are needed to cover the same pH
range as a single broad range experiment. There is also a significant increase in the
amount of protein required to perform the experiment, additeggthe material and labor
costs. We used both-BINL and 4 |EF strips for the 2nd experimental series (detailed
below).

At 48 hours postinfection, the monocyte response to infection becomes slightly
more detectable and by 96 hours there are manydent changes in protein expression.
Adjuvants that stimulate the innate immune system and increase the monocyte
clearance ofC. burnetiwere studied74]. Securinine (25 uM Securinine for 24 hours),
as well as LPS and MPL at 5 ug / culture also at 24 hours exposure, were studied. These
exposures antimeframes were selected because they provide a similar levet®f IL
induction at 24 hours, and represent an attempt to normalize the exposures. Securinine
stimulation gave a number of differentially expressed protein spots for analysis. LPS and

MPL stinulation gave no differentially expressed proteins in the soluble fraction at 24
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hours poststimulation. LPS stimulated membrane fraction samples showed one
differentially expressed protein, MPL stimulated membrane fraction samples gave seven
differentially expressed protein spots. Future experiments may well benefit from
additional cellular subfractionation (e.g. organelle fractions), enabling deeper
penetration into the proteome.

MPL is an LPS derivative that is effective as an adjuvant, but is moatakis
currently clinical to preclinical at least in vaccines produced by Glaxo Smith[KHipe (
M. Jutila, pesonal communication). The relatively low number of differentially
expressed protein spots in the LPS and MPL samples is perhaps not surprising in
hindsight, since these adjuvants stimulate inflammation via thelita receptor (TLR)
pathway. The TLR thavay creates a rapid and fairly transient response. Securinine
would appear to have a slower response time. At 24 hours of stimulation, it is quite
possible that we simply took our LPS and MPL aliquots too late to see significant
changes with the dete@in sensitivity employeil46]. Recent observations by Pabst et
al., (2008) suggs the notion that we may not have captured the optimal time window
to detect protein changes in the TLR pathWa46]. Securinine acts through the GABA
receptor[74,78,82,83]and appears to have a rhu different effect on the monocyte
proteome, compared to stimulation by LPS and MPL.

Differentially expressed spots from the infection time course and adjuvant
stimulation studies were picked for MS analysis as described above. Samples were

digested vith trypsin and run on the XCT ultra ion trap mass spectrometer with
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ChipCube attachment, using an LCChip with a 150 pgse@aration column (Agilent
part # G424862002). The data was subjected to bioinformatics analysis as described
above using MascoX!Hunter and X!Tandem P3 as described above. For the infected
samples, X!Tandem was also searchedXdpurnetiproteins, as it has databases
containing the completed genomic sequences for several strains of the bacterium,
which the other bioinformaticsools do not.

In no case was @. burnetiprotein observed to outscore a human protein on the
X!Tandem searches (in any set of experiments). Only one significant bacterial protein
was identified, GroEL, a protein homologous to human Hsp60. GroEtem#ifed in a
Hsp60 spot, suggesting that this identification may be spurious and dependent on the
homology between the two proteins. Based on the selection criteria defined above,
human Hsp60 is considered to be the correct protein identification. Mdwnpared
head to head, (searching agairgstburnetidatabases and human databases
simultaneously in X!Tandem) human Hsp60 was the better identification. AltHough
burnetiiproteins must certainly be present in our infected samples, we did not Hase t
sensitivity and resolution to adequately detect them with the protocols employed.

Several of the digested spots in the table were measured a second time in the
mass spectrometer with a higher amount of peptide in an attempt to improve sequence
coverge, and this information was incorporated into the table. We have noted that all
of the MS/MS software analysis tools that we used gave substantially the same list of

protein identifications, with similar, but slightly different, lists of peptides. he Gases,
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X!'Hunter would find another protein of nearly equal protein score at or near the
observed pl and molecular weight. Mascot and P3 gave the same top protein
identifications and this was used to make the final protein identification selection,
although it was noted in the conclusions below where X!Hunter made an alternative
identification. Different tools also gave largely similar lists of peptides, generally
differing in combinations of modifications to Asn and GIn (deamidation) and Met
(oxidation) as well as nontraditional cleavage (cleavetkininally after Lys or Arg but
not Gterminally, see table 5), and/or missed cleavages. Mascot is not able to handle
more than three variable modifications at one time (this is a hard limit), and thislimit
Mascot's utility for identifying modified proteins since deamidation and oxidation must
be included, as they are commonly found. The other tools have additional layers of
database searching that include a much more expansive list of variable modiigatio

In multilevel bioinformatics searches for identification of proteins/peptides from
MS/MS data, there is usually an initial, relatively stringent search through the MS/MS
data followed by one or more passes through the data with more relaxed standards
For example, in the X!Tandem P3 algorithm, the initial pass searches only for
proteotypic peptides (peptides that are always or nearly always present for a given
protein) to identify the protein(s) in questidi38]. This is followed by searching the
entire sequence(s) of an identified protein(s) against the MS/MS data to improve
sequence cosrage, and to examine the data for a wider array of possible

posttranslational modificationfL38].
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With regards to the tools used, Mascot in particular functioned best as a more
restricted search using only carbamidomethylation (on cysteines), deamidations, and
methionine oxidation, as variable modifications. Although we are generating
catbamidomethylation as a fixed modification during 2D gel preparation, Mascot does
not handle this modification as a fixed condition very well, and this is potentially due to
a bug in the programming (observed in both thehmuse version and the online
verdgon). We determined this during searches using cysteine carbamidomethylation as a
fixed variable in Mascot, and observed that carbamidomethylated peptides were poorly
represented by Mascot, where these peptides would be detected by the other tools but
not by Mascot. When we set cysteine carbamidomethylation to variable in Mascot, the
software found the same carbamidomethylated peptides as the other tools. In addition,
there is evidence that the alkylation with iodoacetamide does not proceed to

completion[147], making it more properly a variable rather than a fixeddification.

We note that in our samples, using several different bioinformatics tools, all
detected cysteines were found to be carbamidomethylated. Because
carbamidomethylation often does not go to completif®7]and is therefore most
properly treated as a variable modification, it could be argued that Masaatriect in
only identifying this modification as variable rather than fixed. However, if Mascot is set

to find carbamidomethylation, it should find it in peptides where it exists, regardless of
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Table5: Sample lists of peptides found the Mascot, X!Hunter and P3
bioinformatics tools. Red lettering indicates a peptide accepted per criterig
outlined above, green lettering indicates an identified posttranslational
modification. The blue box indicates a nontraditional cleavage product.
R.GHLQIAACPNQD. is a tryptic peptide (preceeded by R) that does not ha
or R on the C terminus. Notice that the peptides identified are substantially

similar, but contain complimentary information.

Mascot peptide list

X!Hunter peptide list

X!Tandem P3gptide
list

DFGSFDK LLEAIKR GELLEAIK

GELLEAIK LLEAIKR GELLEAIKR
GELLEAIK LLEAIKR DFGSFDKFK
RDFGSFDK LLEAIKR DFGSFDKFK
NVRPDYLK GELLEAIK DVTAQIALQPALK
NVRPDYLK GELLEAIK DVTAQIALQPALK
GELLEAIKR GELLEAIKR GDVTAQIALQPALK
GELLEAIKR NVRPDYLK GDVTRIALOPA K
GELLEAIKR VINWENVTER GDVTAIALQPALK
GELLEAIKR GHLQIAEPNQD GDVTRIALQPALK
DFGSFDKFK GDVTAQIALOPALR GDVTRIALQPALK
DFGSFDKFK GDVTAQIALQPALK GHLQIAGPNQDPL
GDVTAQIALQPALK GDVTAQIALQPALK AWNVINWENVTER
GDVTAQIALQPALK GDVTAQIADPALK AIWNVINWENVTER
GDVTAQIALQPALK GDVTAQIADPALK HHAAYVNNLNVTEEK
GDVTAQIALQPALK AWNVINVENVTER HHAAYVNNLNVTEEK
HHAAYVNNLNVTEEK AIWNVINWVENVTER GHLQIABPNQDPLQG
HHAAYVNNLNVTEEK AMWNVINWENVTER

HHAAYVNNLNVTEEK AIWNVINWENVTER

FNGGGHINHSIFWTNLSPNGG!

AIWNVINWENVTER

AIWNVINWENVTER
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18%

Figure9: 48 hr postinfection soluble fraction analysis. Final Progenesiemg
image following gel image analysis and offline statistical analysis. Analysig
carried out for 3 biological replicates with 6 technical replicates for biologic{
replicates 1 and 2 and 5 technical replicates for biological replicate 3. Tech
replicates included reciprocal labeling, as described above.
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Figurel0: 96 hr postinfection soluble fraction. Final Progenesis master im
following image analysis and offlisgatistical analysis. Analysis included 3
biological replicates, with 6 technical replicates per biological replicate,
including reciprocal labeling.
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Figurell: 96 hr postinfection membrane fraction. Final Progenesis master
image following image analysis and offline statistical analysis. Analysiswa
3 biological replicates including 6 technical replicates per biological replicat

with reciprocal labeling.
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Figurel2: Securinine soluble fraction. Final Progenesis master image
following image analysis and offline statistical analysis. Analysis of 3 biolg
replicates, with 6 technical replicates each including reciprocal labeling.
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Figure 13. Securinine membrane fraction. Final Progenesis master image
following image analysis and offline statistical analysis. Analysis includes
biological replicates with 5 technical replicates for biological replicate 16an
each for biological replicates 2 and 3 with reciprocal labeling.
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Figureld: LPS membrane fraction. Final Progenesis master image followir
image analysis and offline statistical analysis. Analysis includes 3 biologicg
replicates, with 6 technical replicates each including reciprocal labeling.
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Figurel5: MPL membrane fraction. Final Progenesis master image follow
image analysis and offline statistical analysis. Analysis includes 3 biologig
replicates, with 6 technical replicates including reciprocal labeling.
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whether or not it is set as a fixed wariable modification. Carbamidomethylation is
considered a fixed/complete modification by the P3 search algorithm, with no option to
make this modification variable.

The other bioinformatics tools (X!Hunter and P3) handle modifications more
readily and we used them to try to identify any modifications that might be present, as
well as for independent evaluation of Mascot protein identifications. The other tools
used perform their searches differently. For example, X!Hunter searches MS data
against a annotated spectral database, where the database spectra searched are from
actual MS/MS runs on identified peptides in the databgs39]. The X!Hunter method
is similar in concept to the small molecule spectral databases in GC/MS analysis.
Mascot, and X!Tandem search against spectra predicted from the genome sequence.
The P3 search tool uses a difat approach entirely. P3 recognizes that in a given
protein digest, not all digested proteins have an equal chance of detection, as some are
detected very easily (they are perhaps recovered better during processing, as well as
flying' and fragmenting @ll) where other peptides from the same proteins are not so
easily detected138]. Those pptides that are always or nearly always confidently
detected for a protein are termed proteotypic peptides, and it is by these proteotypic
peptides that P3 identifies proteirj438]. P3 then searches the remaining MS/MS data
against a sequence library for the identified protein to extract all of the nonproteotypic

peptides from each protein presit in the datg138].
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We have prepared sequence coverage maps for each protein that fesm
the analysis by each tool (See appendix A). All peptide hits from the algorithms used in
the analysis were manually examined, as indicated in methods for peptide acceptance
criteria in the bioinformatics section. Generally, the same peptides wiemtified by
each software tool, although there were some differences in the peptide lists (see table
5, above, for an example). These differences can be rationalized by nontraditional
cleavages (invisible to Mascot), and how each algorithm treats diteesdt, particularly
with regard to potential modifications. See figure 8 for a graphical representation of the
functional classifications of the identified proteins that we determined while surveying
the literature in preparation for developing theauels described later. The bins were
developed from surveyed literature and were designed to reflect general classifications

(e.g. metabolismrelated proteins, cytoskeletal proteins, etc.).

96 Hr Infect +/50 uM Securinine

For this second experimeaitset, we utilized a second generation pair of ZDyes
named BDRI227 (green) and-diBropyl (blue) that did not require gel fixing before the
scanning step. The first generation blue Zdye that we used gave a high fluorescent
background artifact in the ge@¥hich could be removed by fixation. The second
generation blue Zdye did not produce the artifact, and thus did not require fixation.
Labeling proceeded at 1X@RT as described above, as did IEF strip loading. The pooled

internal standard was not utilizeid this series of experiments, as it had been
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determined to cause statistical correlation (as described above). We ran all separations
in this series on both-21NL and 4 IEF strips. Gels for this series of experiments are
represented by their finali®®genesis master images as seen in figure44.6
Identifications were made by MS analysis as above.

Please note that this treatment condition is infection followed by treatment with
Securinine. Securinine exposure levels, and the timing of Secunieaiement were not
the same as in previous dataset. Because of these considerations, and because we were
only able to use two biological replicates, which will reduce the robustness of the
statistical calculations, this dataset was not modeled as extefysas previous datasets.
Rather than create a comprehensive systems model for this dataset, we binned the data
in likely function(s) of each protein and tabulated (see figure 20). Note that many of the
proteins have more than one potential functiomdthe binned results indicate
function(s) for the detected proteins that are likely to be active in this system based on
a survey of the literature. In addition, the detected cell death (likely some form of
apoptosis) appears to be affecting many systéma manner that is not entirely

consistent with previously observed results (Securinine alone and infection alone).

As an example, Hsp70 is detected in both Securinine stimulated samples and in
the 96 hr +f Securinine data. While this is probably doghe presence of Securinine,
the upregulation of Hsp70 in 96 hr-#Becurinine does not occur to nearly the same
extent in terms of the number of different isoforms as in samples stimulated with

Securinine alone, suggesting that other factors are at wdrich we cannot tie to a
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single source. In samples stimulated with Securinine alone, we saw seven Hsp70
isoforms differentially expressed, six of which were in the soluble fraction, and one in
the membrane fraction. In 96 hr postinfection samples thisreo detected change in
Hsp70 expression. In 96 hr infection $£curinine, we see changes in Hsp70 expression
only in the membrane fraction. We are unable to determine whether the reduction in
number of Hsp70 detections in the soluble fraction is doegxample, toC. burnetii
inhibiting expression changes, or the monocyte responding to infection+Securinine, or
some combination of the two.

It was also observed that in the infection+Securinine samples, there was
pronounced downregulation of MHC agéns, where there was no indication of any
changes in the previous datasets. The observation that MHC antigens were
downregulated in infection+Securinine samples suggests that in either Securinine alone
or infection alone, we should have seen some indazathat MHC antigens were
upregulated. MHC antigens were not observed te apdownregulated in either
Securinine alone or infection alone datasets.

We observed cell death visually under the microscope in the infected+Securinine
samples provided byitk Lubick, but not in the infected alone or Securinine alone
samples (data not shown) and this was strongly supported by the measurements of
protein content in the samples. Specifically, the yield of soluble fraction protein in the
infected + Securininsamples was significantly lower than would have been expected

(presumably soluble fraction proteins were lost to the growth media), but membrane
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fraction protein yields were in the expected range (expectations based on analysis of
protein levels in previosisamples). Soluble protein yields from the 96 hr infection
Securinine were ~ 13 mg in the samples provided{t8.81g of soluble fraction protein
from previous samples). In stark contrast, the soluble protein yields from 96 hr
infection+Securinine wer~1.5 mg. Membrane yields from this second experimental
set were in the 34 mg range, which is the range expected from previous samples (e.g.
Securinine membrane fraction). Membranes from lysed and unlysed cells will pellet
following high speed centrifyation, but soluble fraction proteins lost to the growth
media due to apoptosis/cell death could not be recovered as this fraction was not

collected.
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Figurel6: 96 hrinfection +/50 uM Securinine-31NL soluble fraction. Final
Progenesis master image following image analysis and offline statistical
analysis. Analysis includes 2 biological replicates with 4 technical replicat
biological replicate 1 and 6 technical replicates in biologicalaai@i2, each

with reciprocal labeling.
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Figurel7: 96 hr infection +/50 uM Securinine-31NL membrane fraction.

Final Progengis master image following image analysis and offline statistical
analysis. Analysis includes 2 biological replicates with 6 technical replicates
each with reciprocal labeling.
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Figurel8: 96 hr infection +/50 uM Securinine-Z soluble fraction. Final
Progenesis master inga following image analysis and offline statistical analyj
Includes 2 biological replicates including 4 technical replicates for biological
replicate 1 and 5 for biological replicate 2, with reciprocal labeling.
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Figurel9: 96 hr infection +/50 uM Securinine-Z membrane fraction. Fina
Progenesis master image following image analysis and offline statistical
analysis. Analysis includes 2 biologicplicates with 5 technical replicates
for biological replicate 1 and 6 for biological replicate 2, including reciprog
labeling.
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Figure20: (Previous pagelie chart of binned protein functions from the 96 hr
infection ++ 50 uM Securinine dataset based on a survey of the literatureartQ
depicts the literature identified functions and the approximate percentage of
dataset that a particular function represents, note that many proteins have m
than one proposed function.

Tablel3: Uniprot accession numbers and corresponding protein ID searcheq
against DAVID and GOEAST

+/- Securinine +/-Infected
Uniprot # Protein ID Uniprot # Protein ID
Q9NZL4 Hsp70 protein 1 P10809 Hsp60
Q53GZ6 Hsp70 protein 8 Q6LEN1 MnSOD
Q01469 FABP5 P06702 S100A9
P13796 L-plastin P43490 vidfatin
P26447 S100A4 P05109 S100A8
P30740 SERPINB1 P37837 Transaldolase 1
inorganic
P10599 thioredoxin Q15181 pyrophosphatase
P07900 Hsp90 Q15691 EB1
P60709 beta actin Q16658 fascin
P10809 Hsp60 pP28838 LAP3
P20839 IMPDH P08670 vimentin
P51149 Rab7
Q13011 ECH1
P05091 Aldh2
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TYPE 1 DIABETES MELLITUS
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Figure22: RPathway generated by KEGG (via DAVID) showing the role of Hs
in antigen processing. Hsp6O is indicated by the red star. Although taken f
a diabetes example, the pathway does demonstrate how Hsp60 is involved
the activation of MHCII antigen predation to T cells.
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2

hin90 AKT - {p85 :p110)
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Figure27. Pathway generated by DAVID showing one of Hsp90's (red star) cli
proteins, Akt and it's role in downstream signaling. Reprintét permission
from Biocarta, listed a8KT Signaling Pathway
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Figure30: Pathway generated by KEGG (via DAVID) showing the role of
Aldehyde dehydrogenase 2 (Aldh2, red star) in the amino acid degradatio
pathways for ValLeu, lle, suggesting metabolic products that could be
monitored. The various protein numbers refer to enzyme (EC) numbers.
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| GLYCEROLIPID METABOLISM |

e D-Glycersle
Cllyrolysis }<l ———f]f'; 27131 ) F 2-Hydroxy- Propane-
e propansl 1,2-diol Propanal 1.Propanal
s Oo—{ 11121 w0—{ 421 28} »O—{ L1122 |- »O
i oo (PR
| —38 | TYmmbe
: [1i12]riaan] [T [42130] [42.030]

Glyverome [1114
o e N ——3
phosphate ' 11115% &l

Oycerophospholipid l'mylés.ﬁlm e
me{hohsm
AcylCoh O

1,2-Diacyi-sn-glyerol
i e

1,2-Diacyl-

sn-glyerol

1,20
zi(c,k%c]’.%chm k-

an-glycernl
Lipoteichoic acid ———— O#4— 27820 —04— 24.1- | —04— 241157
1,2-Diaed 3-(sm-ghyeero- 1,2-Discyl-3-p-
IELGORRIAGIaT: D-glucosyl-sn-ghyrem]

0"’—\

3114 W
2311E

T 1
2310 © Trincyghyeero

O Leoy-Cob

I’J_Diﬁg— )
O 34" sulfo-o- D-quinoosyl)-
st-glyoeml

Q) UDP-6-sulfoquinovose

sn-glyeernl
SQD1
1, 2-Dhiacy-3-
lj-galalj:un%:;;l-ﬁ O UDP.ghwose
st-2 INTELD.
1,2-Diacyl- 241184 ’_lml_/
H{Galnl-6Galpl)- O |23.l.141 Mot oyl
st-glyweml WP} o4 241241 0 31134 © mnoa%%l}rces;lol
Leyl-monogalactosyl-
Odngﬂ;ﬂglyceﬁg\:a y

1,2-Diacyl-3-(Newheo2-3Galfl)- o
- glyestol

3-p-D-Galactosyl-
sm-glyrerol

Figure37: Pathway generated by KEGG (via DAVID) showing the role of
Aldehyce dehydrogenase 2 (Aldh2, red star) in the metabolic pathway for
glycerolipids, suggesting metabolic products to monitor. The various prote

numbers refer to enzyme (EC) numbers.
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| cLUTATHIONE METABOLISM |
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Figure39: Pathway gemated by KEGG (via DAVID) showing the role of leucing
aminopeptidase 3 (Lap3, red star) in the metabolic pathway for glutathione,
suggesting metabolic products to monitor. The various protein numbers refer {

enzyme (EC) numbers.
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Figure43: Pathway generated by KEGG (via DAVID) slga¥we role of Rab7 (red
star) in phagosomal maturation. Reprinted with permission from Biocarta, lists
asRab GTPases Mark Targets In The Endocytotic Machinery
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