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ABSTRACT OF THE THESIS

S aureus bacteria: A New Target of Serum Calcification Activity

by

Diane Jazmin Dy

Master of Science in Biology

University of California, San Diego, 2009

Professor Paul Price, Chair

Staphylococcus aureus are gram- positive bacteria that cause skin and soft tissue
infections. The continual incidence of infection is of great concggaaally with the advent of
methicillin resistan& aureus (MRSA). Continued investigation on mechanisms our body uses to
fight bacterial infection is vital. Our study suggests that the bodg &deantage of a mechanism
that mineralizes type-I collagen of bone and tendon to also mineralizszi@a8erum driven
bacterial mineralization may be a mechanism of innate immunity to conttelria infection by
affecting their viability or growth.

S aureus was incubated in serum under various experimental conditions to deteirai
necessary factors in the mechanism of mineralization, as well agt¢éim¢ &d location of formed
mineral. These experiments indicate that: 1) A large serum nucieaéguired to generate

mineral crystals 2) TNAP is essential for mineralization byattig the serum nucleator.



Inhibition of TNAP prevents bacterial mineralization and addition of pNAP restores the
ability of serum to mineralize bacteria. 3) Fetuin is necessary fdidmgamineralization within
the interior of the bacteria. Without fetuin, mineral forms predomipaniiside bacteria. These
results demonstrate a similar mechanism of mineralization as typleden 4)In addition,
previous studies have demonstrated that bacteria have similar sizaé@xplwoperties as
collagen[1,2,3]. Small molecules (< 14kDa) can penetrate the bactetitd wigile molecules
(>50 kDa) are excluded [4,5,6]. Lastly, through TEM it is observed that the imséyemed

throughout bacteria and has a similar morphology to hydroxyapatite.



INTRODUCTION

Staphylococcus aureus bacteria commonly cause skin and soft tissue infections, and more
serious infections such as bacterial endocarditis, abscasskessteomyelitis [7]. The increasing
incidence of infection is of great concern especially withddvent of antibiotic resistant strains
of S aureus. Today there are many strains that are resistant to ieniGiL Although the
introduction of methicillin largely contained the spread of pdimidiesistantS aureus, in 1961
methicillin resistant Saphylococcus aureus (MRSA) emerged. In 1997, the first case of
vancomycin resistarftaphylococcus aureus bacteria arose. Currently, a strain of CA-MRSA, or
community acquired MRSA is emerging that can cause pneumormawitortality rate of 30%
in individuals that are co-infected with the influenza virus. Tieeegrowing concern in fighting
Saphylococcus aureus infection especially with their increasing resistance tibamics [8]. In
this study, we examine one potential mechanism by which the body cdoalotesial infection-
bacterial mineralization by the previously discovered serunificalion factor. We believe that
mineralization has the capacity to affect cell divisidfea the mechanism of toxin transport, or
affect the reaction of the immune system to bacteria.

A serum calcification activity, comprised of one or more proteins, wasthgcen
discovered while investigating the cause of normal bone calcificafjofl{® serum calcification
activity is 50 to 150 kDa in apparent size and has been discovered in altatersgecies tested,
which include human, rat, cow, cartilaginous fish, bony fish, and lamprey. Thigyattowever,
was absent from invertebrates suggesting that its expressiordesimgih the evolution of a
mineralized internal skeleton [1]. It has been demonstrated thaethis factor has the ability to
calcify tendon, demineralized tibia, and calvaria, all of which are cordgmemarily of type |
collagen [9].

By investigating the mechanism of serum-driven mineralization of typlegen of

bone, we have found that there are four requirements necessary foixaaradcome



mineralized in serum (refer to figure 1). First, a matrix must Beaeeexclusion characteristics
thatallow small molecules (<6 kDa) such as calcium, phosphate or small nengstalls, to
access the matrix interior, while excluding large molecules (>40KkI)adecond, a source of
tissue-non-specific alkaline phosphatase (TNAP) is required tatective serum calcification
factor [3]. Third, the activated serum calcification factor must ggaemall crystals throughout
serum, some of which diffuse into the aforementioned matrix [1,10]. Fouriim fe required to
ensure that mineral grows only within the matrix. Fetuin is the majoricakoiin inhibitor in
serum and is too large (48 kDa) to enter the matrix. Its presence in séiibitsithe growth of
crystal nuclei that remain outside of the matrix [10]. This freesuraland phosphate ions for
the growth of crystals that have diffused into that matrix and thereoeped fetuin’s ability to

inhibit their growth.



Inactive Serum Nucleator —~22—» Active Serum Nucleator

Active
Serum Nucleator

Serum Calcium + Phosphate ———— Apatite Crystal (#)
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Crystal Growth: Slow Crystal Growth: Fast
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Fetuin Crystal Complex

Figure 1: The shotgun mineralization mechanism. TNAP activates the high molecular weight
nucleator of apatite formation, and the activated nucleator thes fomall apatite crystals near
the matrix. Most small apatite crystaggden) form complexes with serum fetuine(l) that
inhibit their growth. A few of these crystals are free at antaimshowever, and these can diffuse
through pores in the matrix (representedybps in thevertical black line). Because fetuin is too
large to pass through the matrix pores, the crystals inside the matii&eaceé fetuin and grow

rapidly [3].



The cell wall of $aphylococcus aureus bacteria has size exclusion properties that are
similar to type 1 collagen (table 1) and our hypothesis isSheaireus will become mineralized
by the same serum driven process as collagen. The bact#risaitef Staphylococci and other
gram-positive bacteria consists of peptidoglycan, which helpprawiding structure, and a
“secondary wall polymer” composed of teichoic acids, polysaadsriand proteins [11].
Proteins smaller than 14 kDa can freely penetrat&thareus cell wall and proteins larger than
50 kDa are excluded from the cell wall [4,5,6]. Consequently, it stands to reasongipaisisible
for small ions such as calcium, phosphate, or small mineral nogk&netrate the cell wall and
larger proteins, such as fetuin to be excluded. Therefore, the pibssibihducing calcification
of a bacterial cell wall through the serum driven mechanism is feasibl
Table 1. Comparison of Size Exclusion and Matrix Calcification. Refer to references [2,4,5,6]

for size exclusion characteristics of collagen and the bactetialall. The similar size exclusion
properties of the bacterial cell wall to collagen make it a strongaatedor serum driven

calcification.

Matrix Can enter | Cannot Matrix
matrix if enter calcified in
lessthan matrix if serum?

greater

than
Collagen 6 kDa 40 kDa Yes
Bacterial 14 kDa 50 kDa Yes (this
cell wall study)




It is interesting to note that the two components of serum calcificatioim #nd alkaline
phosphatase, have also been shown to play a role in the immuma. siiseshuman homologue
of fetuin, o, HS glycoprotein has been shown to increase bacterial phagoayt&siaureus and
E.coli by neutrophils through opsonization [12]. In addition, leukocyte alkglimesphatase,
whose function is unknown, increases in response to bacteriefionf¢13,14]. We propose to
provide an explanation for the involvement of fetuin and alkaline phtagghan the immune
system by suggesting that serum driven bacterial mineializabhay serve as a defense
mechanism. The likelihood that bacteria fulfilling the fauwiteria described above become
mineralized is not small especially since many previous axpets have shown that the
mineralization of bacteria is not that uncommon.

Past experiments have demonstrated that microbial specieghmability to become
calcified in vitro as seen iBacterionema matruchotii, which is an oral microflora. Calcification
was not limited to these species of oral microorgasjdmt was extended to other typically non-
calcifying microorganism variants &acterionema such asGram-positiveSreptococcus. These
studies demonstrated the ability to form intracellular andaegliular mineral [15]. In these
experiments, the nucleator of calcification was believed ta peoteolipid that is bound to the
bacterial membrane. However, since these bacteria were groeither a specifically defined
medium or a metastable calcium and phosphate solution, it isulliffo assert whether this
mechanism is involved in bacterial mineralization vivo. Nevertheless, these studies
demonstrate that calcification of bacteria is possible [16,17].

More recent studies have identified a controversial yentilled a “nanobacteria”.
Nanobacteria have been associated with causes of patholodgwétatgon such as kidney
stones, atherosclerosis, and cardiovascular diseases [18].sBaties have suggested that these
“nanobacteria” are self-replicating non-living particles thatve as a nucleus of calcification

from which growth may ensue. Others suggest that nanobacterielaed to other mineral



forming bacteria and can induce calcification on structurel as epithelial cells. Based on EDX
analysis, nanobacteria contain an apatite mineral of phosphate leithdd 9,20]. Despite the
controversy of whether these “nanobacteria” are non-livingvorgl, the mechanism by which
they become mineralizad vivo has not been fully elucidated.

Our research will be the first to provide a general mechaafdoacterial mineralization
that may occur in vivo. Understanding the mechanism of how actetial model S. aureus
becomes mineralized may provide a possible explanation for litiecedion of nanobacteria and
in other bacterial mineralization experiments. More importamtyy may provide a link between
factors normally involved in vertebrate mineralization ahdirtinvolvement in the immune
system.

Therefore, our goals are first, to demonstrate that bacteciamae mineralized in the
physiological fluid of serum. Secondly, to investigate the meshaoif serum induced bacterial
mineralization and determine factors that affect the amouriiaoferial mineralization. And

thirdly, determine the location of mineral incorporation in the bacteria.



METHODOLOGY

Materials

Rat serum was obtained by exsanguination from 44 day old rats.Baliite serum and
newborn calf serum were purchased from Invitrogen (Carlsb&d,Hiiman serum was obtained
by drawing blood from several volunteers at the Clinical Rebe@enter at the University of
California San Diego. Blood was clotted and spun down in a Fissbtientific Centra 228
centrifuge at 3,400 rpm (x 1380 g) for 5 minutes to obtain pure human serum.

Dulbecco’s Modified Eagle Medium (DMEM) was purchased from Git@&@nd Island,
NY). Penicillin-Streptomycin was purchased from Invitrogen [&ed, CA). Sodium azide was
purchased from EM Science (Gibbstown, NJ). Unless othertageds a 500 ml volume of
DMEM was supplemented with 5 ml of penicillin/streptomycinmilof 10 % sodium azide, and
1.1 ml of 0.5 M sodium phosphate buffer, pH 7.4 (final medium Pi contientra 2mM).
Didronel (etidronate disodium) was purchased from Procter and G&inditenaceuticals. Bovine
kidney alkaline phosphatase (TNAP) was obtained from Calzyaberatory (San Luis Obispo,
CA). Beryllium sulfate tetrahydrate was obtained from Flukd.-(tetramisole hydrochloride
(levamisole), 1,10-phenanthroline monohydrate, calcein, and bovine fetienpwerhased from
Sigma (St. Louis, MO).

Saphylococcus aureus ATCC 25923 (lot #485992, reference #0485v) was purchased
from MicroBioLogics Inc. (St. Cloud, MN). 5 ml of & aureus glycerol stock was placed in a
flask with 1 L of LB broth and grown in a shaker at 37° C fdi08aours. The broth was then
spun down in a Sorvall superspeed RC2-B centrifuge at 5,000 rpm (x 4i0@8@SA rotor for
10 minutes. The supernatant was then removed and replaced with@f@rb M EDTA, pH 7.5
and rotated end over end at RT for 24 hours to kill the bacterisptic shock. The solution
was then spun down in a IEC Centra CI2 centrifuge at 8,500 r@drh, %60g) in a GSA rotor for

15 minutes. The bacterial pellet was resuspended in 40 ml of aadespun down in a IEC



CI2 centrifuge for 15 minutes. This step was repeated foastand the final bacterial pellet was
shell frozen and lyophilized. A 50 mg /ml solution of d&adureusin water was then made.
Methods
Calcification procedures of S, aureusin neat serum

Experiments in 6 well plates were set up to determine the extent ofoedioif occurring
within a bacterial matrix and the fraction of total bactdhat were calcified. Each well
contained a 5ml volume of rat serum, human serum, or DMEM. Each 5 ml volume contained 0.02
% sodium azide and 1% penstrep to prevent bacterial growth. 40tlé &0 mg/ml dead.
aureus solution was then added to each well and the plate waddplad¢be incubator at 37C
and 5% CQfor 6 days. After the incubation, the bacteria in each wefkewiransferred into 12 x
75 test tubes and spun down in a Fischer Scientific Centra 228 centrifuge at 3,400 rpm {x 1,380g
Bacterial pellets were resuspended in 3ml of 0.5% KOH. The Jiime was typically
partitioned for various analyses: 300ul for Scanning Eleciaroscopy (SEM), 1.2 ml for

calcium and phosphate analysis, and 1.5 ml for calcein staining analysis.

Fluorescence Quantification

Calcein was utilized to detect mineral incorporation into the bacte ml of calcified
bacteria in 0.05 % KOH (see above) was centrifuged, and the pellet wasghispended in 2 ml
of 20 ug/ml calcein stain in 0.05 % KOH and rotated end over end for 1 hour. Thésbaete
then spun down in a Fischer Scientific Centra 228 centrifuge at 3,400 rpm (x 1,38®g). Tw
washes with 4 mL of 0.05 % KOH were performed to remove any unbound calcein from the
bacteria. Bacterial pellets were then resuspended in 1 mL of 0.05% KOH. di0islbacterial
solution was then added to 900 ul of 0.05% KOH to make a 1:10 dilution. The 1:10 difution o
the calcein stained bacteria was then spun down in a Fischer Sciéatitia 228 centrifuge at

3,400 rpm (x 1,380 g) for 5 minutes. Pellets were then resupsended in 1 ml of 100 y&¥.NH



This was repeated 2 more times and from the final solution, 10 ul was #uved jpin a slide and
dried under vacuum over night at room temperature, making sure to limit the armlogimt o
exposure. The slide was viewed under a Leica DM microscope with bothstteateand visible
light capabilities. The bacteria were photographed and counted. The pgecefimineralized

bacteria can then be determined as indicated:

(# fluorescent)
(total #)

% calcified =

Biochemical Analyses

Bacterial pellets for calcium and phosphate analyses were tedulih 0.5 ml of 150
mM HCI at room temperature for at least 2 hours to extract any calcium ptesgharal. Acid
extracts were then quantitatively assayed for calcium by a coloicrassay (JAS Diagnostics,
Miami, FI). Phosphate concentrations were determined by a colorimetng; asgaeviously

described [1].

SEM analysis of mineralized and non-mineralized bacteria

For analysis by Scanning Electron Microscopy (SEM), the 300 plaofebal solution (see
above) were spun down in a Fischer Scientific Centra 228 cagdr#t 3,400 rpm (x 1,380 g) for
5 minutes. Bacterial pellets were then brought up in 300 ul of 200etidvbnate in 100 mM
NH,OH. The solution was then spun down in a Fischer Scientific £828 centrifuge at 3,400
rpm (x 1,380 g) for 5 minutes and bacterial pellets were brought up inl@¥A uM etidronate
in 100 mM NHOH. 10 ul of the solution were then placed on a slide and dried wyadeum
over night at room temperature. Slides were then sputter codtedol and palladium and then

analyzed at 20 kV on a Phillips XL30 ESEM.
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TEM analysis of mineralized and non-mineralized bacteria

For analysis by Transmission Electron Microscopy (TEM), 1096egbl was added to
the bacteria as a cryoprotectant. Bacteria were spun dowrFischer Scientific Centra 228
centrifuge at 3,400 rpm (x 1,380 g) for 5 minutes. The pellet wasktamight up in a small
volume of 20 % BSA. The samples were then frozen in a specimen well usinges Bé&tM 010
high pressure-freezing machine. Samples were kept at -135 BQuid nitrogen and freeze
substituted on a Leica EM AFS2 containing 20% epon araldite irearetone as a fixative. The
temperature was slowly raised téover 24 hours as follows: -9D (8 hours), -68C (8.5
hours), -30C (8.5 hours) and°@ (1 hour). The samples were thoroughly infiltrated with Epon
araldite resin by incubating them in the following solution®°& for the specified amount of
time: 33% epon araldite in acetone (4 hours) and 66% epon araldite in adebaoes). Samples
were subsequently transferred to 100% epon araldite in a dessdiwaemove residual acetone
and several exchanges of 100 % epon araldite were performe@4lieurs. Samples were then
flat embedded and placed in an oven for 2 days. 90-100 nm sectioastheer cut with a
diamond knife and stained with 2% uranyl acetate for 30 minutes and alkatihetiate [21] for
5 minutes. Sections were washed with water and allowed to dry.Wéreyvisualized in a 1200
FX1 TEM at 80 kV with an exposure time of 2.8 seconds. Eledmoergy Loss Spectrum
(EELS) analysis was performed on unstained control and expealreections using a JEOL
JEM Z3100EF TEM at 300 kV and 40 K magnification. Images wekentawith a Gatan

Ultrascan 4-port 4Kx4K CCD camera.

Calcification procedures for Fetuin Depletion Experiment
10% fetuin depleted adult bovine serum was prepared as previdastribed by
antibody affinity chromatography [10]. Briefly, antifetuin antibodigsre purified from rabbit

antisera by passing through a Sepaharose 4B column with covatatiied bovine fetuin. The
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purified antibodies were then attached covalently to a SephdBselumn; bovine serum was
then run over this column and freed of fetuin. The absorbance at 28@sgietermined and the
fetuin content was determined by a radioimmunoassay. The seasnthen diluted in DMEM
until a concentration of 10 % serum was reached.

Experiments were carried out in a humidified incubator at 37°C an@6% Each well
contained a 5 ml volume of DMEM alone, DMEM containing 10% fetuinetegladult bovine
serum, or DMEM containing 10% fetuin depleted adult bovine serum supplemented with
130 pug/ml bovine fetuin. 4Qu of the 50 mg/ml dea&. aureus solution was added to each well
and the plate was placed in the incubator for 12 days. Aigemtubation, the bacteria in the
well was transferred into a 12 x 75 test tube and spun down irclaeFiScientific Centra 228

centrifuge at 3,400 rpm (x 1,380g). Methods for SEM analysis were followesbasksed above.

Calcification procedures for TNAP deficient experiment

Serum deficient in alkaline phosphatase activity was prdpasepreviously described
[3]. 150ul of 1 M phenanthroline in methanol was added to 10 ml of newborn cathga a 15
ml conical. The conical was loosely capped and placed in adifigdiincubator at 37°C and
7.5% CQfor 72 h. The serum was then placed in dialysis tubing with a mialeweight cutoff
of 6-8 kDa and dialyzed against four changes of 125 ml of DMEM (nopplats boost) [3].
Experiments were carried out using 6 well plates in a humidifieabator at 37°C and 5% GO
Each well contained 5 ml of DMEM with 2 mM; Bnd 0.75 % by volume of one of the
following: control newborn calf serum, alkaline phosphatase- daple¢wborn calf serum, or
alkaline phosphatase-depleted newborn calf serum + 0.2 unit/ml GE@UrNAP (see table 2).
40 ul of the 50 mg/ml dea8. aureus solution was added to each well and the plate was placed i
the incubator for 9 days. After the incubation, the bacteria in the wasltnansferred into a

12 x 75 test tubes and spun down in a Fischer Scientific Centra 228 centrifuge at
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3,400 rpm (x 1,3809). Methods for biochemical analysis were followed asbdesabove.

Table 2: The Alkaline Phosphatase activity of serum used in TNAP deficient experiment
The alkaline phosphatase activity was determined using a colodrassay for control newborn
calf serum, alkaline phosphatase depleted newborn calf serum, and gikaliphatase depleted
serum supplemented with 0.2 U/ml purified TNAP.

Sample Alkaline Phosphatase activity
(units/ml)

Control Serum 0.21

Alkaline Phosphatase-depleted serum <0.002

Alkaline Phosphatase-depleted serum + 0.18
0.2 units/ml purified TNAP




RESULTS
Evidence that bacteria become mineralized in serum

In this study, we investigate the potential ®faureus to become mineralized by a
previously discovered serum calcification factor. These sesfeexperiments establish that
mineralization ofS aureus occurs through a mechanism that has previously been shown to
mineralize type-I collagen of bone and tendon. We hope to better amderghether bacterial
mineralization may be a possible mechanism to fight bacteriatiorfiec

A calcein staining method that can detect mineral incorpordtiom bacteria was
developed to evaluate whether incubation in serum can causen#ralimation of dea&. aureus
bacteria. A calcein staining technique that has been preyicamwn to bind and detect
hydroxyapatite mineral of newly synthesized bone was developed foin ubés assay [22].
Utilizing calcein to stain bacteria not only allows visudima of mineralized bacteria under
fluorescence, but also allowed determination of the fractioall incubated bacteria that have
been mineralized.

Initial studies to investigate serum driven mineralizatiotaxdteria were performed by
incubating 2mg (approximately 3.2 x’1®f bacteria in 5 ml of rat serum for 6 days at 37°C and
5 % CQ. Figure 2 provides evidence that bacteria become minedlaiizrat serum. The total
number of bacteria can be visualized using light microscopy (fij). P#e same field of bacteria
under fluorescence microscopy allows the detection of mineraliz#drizavisualized by calcein
labeling (fig. 2B). The number of visible bacteria seendgn2A and the number of fluorescent
bacteria seen in fig. 2B were quantified and the percent niimestabacteria was determined
based on the fraction of these two numbers:

% mineralized = (# fluorescent bacteria /total # bacteria)
Results indicated that 91% of the bacteria became mineralizeidsieruan. In contrast, bacteria

incubated in DMEM alone did not mineralize (results not shown). Thimdstrates that the

13
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difference in mineralization capabilities is due to factoresent in serum and not ionic

composition since it has previously been demonstrated that thencgbosphate ionic product

of DMEM (3.6 mMP and rat serum (3mfl are similar [9].

Bacteria mineralized in rat serum

Visible e S T _
(all bacteria) S S ’ oS

Fluorescent
(mineralized
bacteria)

Percent
Mineralized

Figure 2: Evidencethat Incubation in rat serum causesthe mineralization of Staphylococcus
aureus bacteria. 2mg (approximately 3.7 x 20 deadS.aureus bacteria were incubated in 5 ml
of rat serum for 6 days at 37 and 5% C@. Bacteria were stained in 2@/ml calcein in 0.05

% KOH to fluorescently label mineralized bacteria. All bacterisevieen excessively washed

with NH,OH. An aliquot of the bacteria sample was placed on a slide and dried ungiemvac

Quantification of mineralized bacteria was performed using light anceaence microscopy.

(A) Bacteria visualized by light microcopy (B) The same bacteriaalimd using fluorescence

microscopy. Bottom: Percent mineralized= (# visible in B/ # visible in A) x BO0details see
“Materials and Methods”
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To determine the amount of mineral that was incorporatel anreus incubated in rat
serum, 150 mM HCI was used to dissolve the mineral inside rizaciad the extract was
analyzed for calcium and phosphate content. There wasuB@@s of calcium and 3.8imoles
of phosphate incorporated into bacteria and the Ca/Pi ratio was 1flep5) This ratio is
comparable to the mineral formed in type-I collagen that had been incubaeadim [1,3,10]. In
addition, the ratio is similar to the ratio of mineral found iné§28,24]. This provides support
that the mineral formed in bacteria is similar to the mineral fdrimné¢hese earlier studies.

Additionally, to determine structural differences between miizexh and non-
mineralized bacteria, scanning electron microscopy (SEM) peaormed of unincubate&
aureus and S aureus incubated in rat serum for 6 days at 37 °C and 5%, Bé&rteria were
pelleted by centrifugation and samples were prepared for SBEdlysis (see Materials and
Methods). Figure 3 indicates that there are clear diffeseiitahe surface morphologies of
mineralized and non-mineralized bacteria. Mineralized badtesia a more spherical appearance
in contrast to non-mineralized bacteria, which have a flapgrearance. Note that there are
varying degrees of mineralization. It is possible that partralheralized bacteria have a rougher
texture in comparison to fully mineralized bacteria, which lmgmoother appearance. Also note
that there is no mineral detected outside mineralized bactedigating that mineralization is

specific within the bacterial matrix.
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Non-mineralized Mineralized in Serum

35,000 X 35,000 X

Figure 3: Scanning Electron Microscope (SEM) images of mineralized and non-miner alized
Staphylococcus aureus bacteria.
2mg (approximately 3.2 x 19 of deadS. aureus bacteria were mineralized by incubation for 6
days in 5 ml of rat serum at 37 and 5% C@Q After incubation, samples were centrifuged to
pellet bacteria, and bacteria were washed extensively in 100 m{@ilEgontaining etidronate.
An aliquot of each bacterial sample was placed on a slide and dried under vadesnv&re
sputter coated with gold/palladium and examined by SEM at 20 kV. An unincubated control
sample was also prepared and visualized via the same methods. Scale bam= 500
The ability of bacteria to become mineralized in rat serdrtd investigation of whether
this activity could also be found in human serum. 2 mg of @&eadreus were incubated in 5 ml
of human serum for 6 days at 37 °C and 5%.F@ure 4 demonstrates that bacteria incubated in
human serum also become mineralized. The percentage of minetsiztedia was determined
to be 15 % via the same quantification method described above. Tétesef xperiments

therefore provide evidence for the importance of serum in balcteineralization. It also

suggests that bacterial mineralization is possible in human serum.
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Bacteria mineralized in Human Serum

visible |Gl E T et
(all bacteria) EoSEE SRR T

Fluorescent
(mineralized
bacteria)

Percent 15%
Mineralized

Figure 4: Evidence that incubation in human serum causes the miner alizaton of
Staphylococcus aureus bacteria. 2mg (approximately 3.7 x $0deadS. aureus bacteria were
incubated in 5 ml of human serum for 6 days &C3and 5% C@ Subsequent procedures were
followed as described in figure 2. (A) Bacteria visualized by lightasmopy (B) The same
bacteria visualized using fluorescence microscopy. Bottom: Percemniaiirad= (# visible in B/
# visible in A) x 100. For details see “Materials and Methods”.
Further tests examined the amount of calcium and phosphateetteaineorporated into
S aureus bacteria incubated in human serum. Results from bacteria indubabteiman serum
indicated that 1.7fumoles of calcium and 0.84moles of phosphate were incorporated into 3.2 x

10 ~ 9 bacteria (fig. 5). There is an increase in the amount of calcium and phaspigteration

into the same amount of bacteria incubated in rat serum, whitlsponds to values of 5.92
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umoles of calcium and 3.8imoles of phosphate (fig. 5). It is expected that the larger pegeenta
of bacteria mineralized in rat serum would demonstrate an irfciaasalcium and phosphate
incorporation. An explanation for the differences in percent mizechind amount of calcium
and phosphate incorporation in bacteria incubated in rat or human seaynbe due to

differences in the components of these sera, such as ionic composition.

% Bacteria Mineralized

15% 91% 73%
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°
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£ O . i :
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= ‘
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©
©
(&)

Human Serum Rat Serum Pi-boosted
Human Serum

Incubation media

Figure5: Analysisof calcium and phosphate incor por ation into Staphylococcus aureus
bacteria after separateincubation for 6 daysin human serum, rat serum, or phosphate
boosted human serum. 2mg (approximately 3.7 x $0deadS aureus bacteria were separately
incubated in 5 ml of human serum, rat serum, and human serum + 2mM Pi 6 d&¥3 an@7
5% CQ, . After incubation, samples were centrifuged to pellet bacteria. Balgbetiets were
then acid extracted using 150 mM HCI, and the extracts were analyzedcfomcahd phosphate
as described under “Materials and Methods”.
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Evidence that Phosphate concentration in serum is an important component in bacterial
mineralization.

It has previously been shown that devitalized arteries inedtatrat serum with an ion
product of 1.2 mM [Ca] x 3.2 mM [Pi] become calcified after 6 ddtysvas demonstrated that
devitalized arteries also become calcified in human serune iphosphate level is increased by
2mM from 1.2 mM to 3.2 mM; the same level of phosphate found in raimseArteries
incubated in human serum alone did not calcify [25]. Since tred & serum phosphate plays a
role in the extent of calcification seen in arteries waated to test whether phosphate levels also
play a role in serum driven bacterial mineralization.

In order to determine if the serum phosphate concentration isnigrtiie amount of
mineralization based on percentage of bacteria mineralizédatal mineral incorporation, the
phosphate concentration of human serum was increased by 2 mM. Results inditabedehs a
connection between the initial phosphate concentration of serum anchabiateof calcium and
phosphate incorporated into bacteria. As seen in figure 5, incrdhsimdnosphate concentration
of human serum resulted in an increase of calcium incorporation fronurhalgs to 5.5umoles.
This is comparable to the 5.9@noles of calcium incorporated into bacteria incubated in rat
serum. Additionally, there was an increase in phosphate incorpofiatiarD.84umoles to 3.73
umoles of phosphate, which is again comparable to the3rles of phosphate incorporated
into bacteria incubated in rat serum. The difference in phosphatertmatmns of human and rat
serum, thus provide a possible explanation for the differencesrsbeth the amount of mineral

incorporation and the differences in the percent mineralized bacteria.
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Evidence that Alkaline Phosphatase (TNAP) is required for the serum driven mineralization of
bacteria

Additional experiments were performed to determine the mechanism and component
necessary for bacterial mineralization in serum. Previous studiesniaécetted that tissue non-
specific alkaline phosphatase (TNAP) is important mechanisticalthe calcification of Type |
collagen [3]. These studies led to experiments investigating whetaéine phosphatase may
also play an important role in the mineralization of bacteria mnseln this study, human serum
was separately treated with three TNAP inhibitors: 30 mM lesal@j 30uM beryllium sulfate,
or 3mM phenanthroline. 2mg &f aureus bacteria were added to each sera and incubated at 37°C
and 5 % CQfor 6 days. As indicated in figure 6, it is evident that inhibition oAPNargely
affects calcium and phosphate incorporation into bacteria in compavibawteria incubated in

neat human serum.
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Levamisole  Phenanthroline Sulfate

Figure 6: Evidence that tissue nonspecific alkaline phosphate (TNAP) activity is necessary
for bacterial mineralization: calcium and phosphate analysis. 2mg (approximately 3.2 x
1019) deacb. aureus bacteria were separately incubated in 5 ml of human serum containing: 30
mM Levamisole, 3mM Phenanthroline, @Bl Beryllium Sulfate, or no additives for 6 days at
37°C and 5% C@ After incubation, samples were centrifuged to pellet bacteriaeBalct
pellets were then acid extracted using 150 mM HCI, and the extracts wigzedrfar calcium
and phosphate as described under “Materials and Methods”. *, less thah0.06
In order to further explore the importance of alkaline phospbata bacterial
mineralization, an experiment was performed using a previody sis a model. In this study it
was demonstrated that type-I collagen incubated in serum with TiK&Rersibly inactivated by
phenanthroline, did not calcify. Activity was only restored when jgatiTNAP was added to
TNAP deficient serum [3]. For this study, endogenous alkaline pbfadase was irreversibly

inhibited with phenanthroline (see Materials and Methods). To deratmgtre importance of

TNAP in bacterial mineralization, 0.2 U/ml of purified TNAP wadded to phenanthroline
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treated serum to bring it to the level found in untreated newbdfreezam (see table 2). Results
indicated that TNAP-deficient serum prevented mineralizatiorbaxdteria while addition of
purified TNAP restored mineralization activity to a leveimparable to that seen in control
newborn calf serum (fig.7). This study provides further evidence ThEAP is a necessary

component for the mechanism of bacterial mineralization.
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Figure 7: Evidence that mineralization of S. aureusbacteriain serum isinhibited by TNAP
depletion and restored by repletion of purified TNAP. 2mg (approximately 3.2 x 10"9) dead
S aureus bacteria were separately incubated for 6 days at 37°C and 5%nG0nl of DMEM
containing 2mM phosphate and 0.75 % by volume of newborn calf serum, TNAP depleted
serum, or TNAP depleted serum + 0.02 U/ml purified TNAP (see table Ref@lkaline
phosphatase activity in each serum). After incubation, samples weréugeatto pellet bacteria.
Bacterial pellets were then acid extracted using 150 mM HCI, and tilaetsxvere analyzed for
calcium and phosphate as described under “Materials and Methods”.
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Evidence that Fetuin is an important component for serum induced mineralization of bacteria

Previous studies have also indicated that fetuin is necessatefcalcification of type-I
collagen. Specifically, fetuin, the major calcification inhibjt@revents mineral nuclei from
growing outside a matrix. Since fetuin cannot access the matieriar, those mineral nuclei that
have escaped fetuin’s inhibition can enter the matrix and fgrely. The mineral nuclei inside
the matrix grow more rapidly than mineral outside the matrix. Therdetuin paradoxically
plays a role in the selective calcification of a matrix [10].

The impact of fetuin in serum driven mineralization of bactevis explored by
separately incubating 2mg of bacteria for 6 days aC3hd 5% CQ®in 10% fetuin depleted
bovine serum or 10 % fetuin repleted bovine serum. Results indicatetmoval of fetuin from
serum led to the predominant formation of a mineral phase otitgdmcteria (fig. 8). Repletion
of 10 % fetuin depleted bovine serum with 380ml of purified fetuin led to mineralization of
bacteria and prevention of a mineral phase outside the maliisx.siudy consequently provides

evidence that fetuin is also essential for bacterial mirzetadin.
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10% Fetuin 10% Fetuin Depleted
Depleted Serum serum+ 130 ug/ml Fetuin

Non-mineralized bacteria
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Figure 8: Evidence that Fetuin isrequired for serum driven mineralization of dead

Staphylococcus aureus. 2mg of deacds. aureus were separately incubated in 10% fetuin-depleted
bovine serum and 10% fetuin depleted bovine serum @80l fetuin for 12 days at 37 °C and

5% CGQ. After incubation, samples were prepared for SEM analysis asloebsanifigure 3.

Scale bar =1 um.
Trasmission Electron Microscopy: Studies on the Location of Mineral inside S. aureus bacteria
Of interest in this study is not only to determine the mechanism of iahcter

mineralization in serum, but to also determine where mineral is ledakhzthe bacteria.
Transmission electron microscopy (TEM) and electron energy lossapeatalysis (EELS)
were performed o8 aureus incubated in rat serum for 6 days at 37 °C and 5% &M@ on
control unincubate®. aureus. As evident in figure 9, mineralized bacteria have a darker interior

due to mineral than control non-mineralized bacteria. There is evanesodence of needlelike

and plate like structures that are absent in non-mineralized bacteria.
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Non-mineralized Mineralized

50,000 X 50,000X

Figure 9: Transmission Electron Microscope Analysis of Non-mineralized and Mineralized
Experimental and control samples Wereshgljrlr(:)urZssure frozen and fixed irralmitea 90-100
nm sections were cut and stained with 2 % uranyl acetate and Sato let®d Siections were
visualized by TEM at 50,000 magnification.

With higher resolution, it is confirmed that mineralized bacteria form elleelland plate
like crystals throughout the matrix interior, which is comparabthde morphology of
hydroxyapatite mineral, depending on orientation (10A). Additionally, using EEE®vident
that calcium and phosphate are present inside the mineralizeddaattmap to the same
location as the needlelike structures (10B-10F), while there is no eeidéalcium and
phosphate mineral in control bacteria (10G-10H). This study provides furthenewitfet

bacteria mineralize in serum and the mineral formed in bacteria lz&ztaithin the matrix. It

is also evident that mineral formation does not extent beyond the cedifila bacteria.
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Figure 10: Transmission Electron Microscope (TEM) and Electron Energy L oss Spectra
(EELS) analysis of mineralized and non-mineralized Staphylococcus aureus bacteria.

A) 2mg of deads aureuswere mineralized by incubation for 6 days in 5 ml of rat serum at 37 °C
and 5 % CQ@ Sample was high pressure frozen and fixed in epon aralidite. Unstained 90-100 nm

sections were then visualized via TEM. (see materials and methrodistéils) EELS was then

performed to determine location of calcium and phosphate.

B) Calcium map C) Phosphate map D) Merged image of B) & C). Calcium and phospbetia

(with background subtracted) obtained for experimental sample shown in EX&lEum and

phosphate spectra of control sample with background subtracted shown in G) & H).



DISCUSSION

Evidence that serumisrequired for the mineralization of bacteria under physiological conditions

The goal of our studies was to investigate whether the sealoification factor
previously shown to be able to mineralize type | collagen $ibi@ndon, and bone is able to drive
the mineralization of bacteria [9]. As mentioned in the Introduction,hypothesis was that the
serum calcification factor would be able to mineralize d&aalireus bacteria because the cell
wall of these bacteria have similar size exclusion pragseto those of collagen [2,4,5,6] Based
on the results seen for bacteria incubated in rat serum andnhs@num, it was evident that
bacteria incubated in serum become mineralized (fig.2-5). $glif it is evident that
mineralized bacteria form both needlelike and plate liketalysthroughout the matrix, which
have a morphology that is similar to hydroxyapatite [26]. EELS&lyais provided strong
evidence that bacteria mineralize in serum; calcium and phespedks are present in
mineralized bacteria, but absent in non-mineralized bactagidA-H). However, confirmation
that the mineral inside bacteria is hydroxyapatite will Heeessary through powder X-ray
diffraction analysis. Nevertheless, these results sugtestimportance of serum for the
mineralization of bacteria and supports our hypothesis that@ facind in serum can cause the
mineralization of bacteria. It also suggests that bactemiakralization can be accomplished
under more physiological conditions than past studies.

Previous studies on the calcification of bacteria su@aetgrionoma matruchotii
demonstrated via electron microscopy that calcium and phosphate minesalrftreoellularly.
These past studies have utilized bicarbonate buffered metastighlencand phosphate at pH 7.2
[15-17, 27, 28]. Our studies build on the ability of microorganisms to become mingializé&o
by suggesting that this calcification can occur not only in a metastabti®sphut in the

physiological fluid of serum. Our studies provide physiological relevamoatrix specific

27
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mineralization since the media utilized, rat serum and human serum, cer&sdf calcium
and phosphate that in a buffer system are too low to cause calcificat®okndiwn that under
high concentrations of calcium and phosphate, mineral will form spontaneously [25,

supplemental data, 29, 30]. It suggests that factors found in serum aanetesause the

mineralization of bacteria.

Factors that influence bacterial mineralization

Although the results of the experiments support our hypothesisehatin or a serum
factor can induce mineralization of bacteria, they also suggested ardiferethe mineralization
capabilities of human and rat serum. There was both an indreéise fraction of mineralized
bacteria and increase in the amount of calcium and phosphate thacegerated into bacteria
that were incubated in rat serum. An investigation into sevmotential reasons for these
differences led to three discoveries regarding bacterialradination. First, the phosphate levels
of serum influence the amount of mineralization that can occur. Seal&atine phosphatase is a

requirement for mineralization. Third, fetuin is necessary for mizaten.

Phosphate concentration as a factor in mineralization.
Human serum phosphate levels are around 1mM and those of rabamd 8mM [25].

This is a difference that we hypothesized influenced battanmeralization in serum. Increasing
the phosphate concentration of human serum to the level found ircredisad the calcium and
phosphate incorporated into bacteria. This amount was comparableatodhat of calcium and
phosphate that was incorporated into bacteria incubated in rat. SHnene was also an increase
in the fraction of bacteria that became mineralized in phosgdwisted human serum (fig. 5). A
requirement for an increase in phosphate is logical becauseammnghosphate is one of the

components necessary for the formation of hydroxyapatite mineraddition, it has been
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demonstrated that there is a dependence on phosphate concentratibe amaunt of
calcification seen in arteries and that the threshold of phospdratalcification of arteries is
between 1.5 mM and 2 mM [25]. Given this, it is reasonable to agesrthere is also a
phosphate concentration dependence on bacterial mineralization. Pidapduced phosphate
level is limiting the amount of mineral formation in human semmmd therefore limiting the

amount of bacterial mineralization.

Evidence of the Importance of Alkaline Phosphatase (TNAP) in bacterial mineralization

Although the exact function of alkaline phosphatase is not knowmioprs studies have
suggested the importance of alkaline phosphatase for normal bameraklzation. The
importance is illustrated in studies with hypophosphatasia, causgeneyic defects in alkaline
phosphatase. Patients with this defect have various bone developmertizms [31]. In
addition, it has been shown that inhibiting alkaline phosphataseityctiso inhibits
mineralization [32]. Studies with alkaline phosphatase knockoge rdemonstrate that the
absence of alkaline phosphatase causes skeletal diseqsAd@mBionally, a recent study has
shown that a source of tissue-non-specific alkaline phosphatlgePfTis required to activate a
serum calcification factor that has been shown to be importatiteircalcification of type-l
collagen. It is hypothesized that the calcification factmulates in serum in an inactive form
and becomes activated upon dephosphorylation by TNAP [3].

Our studies therefore investigated whether inhibitinglade phosphatase activity in
serum would also affect bacterial mineralization. Results slifigure 6 indicate that the three
alkaline phosphatase inhibitors used, levamisole, phenanthrolineeayilium sulfate prevented
mineral incorporation into bacteria. To further investighie importance of TNAP, serum was
treated with phenanthroline, an irreversible inhibitor &blhe phosphatase. As shown in figure

7 bacteria are unable to mineralize in this serum. Howexpem addition of purified TNAP to
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TNAP deficient serum, bacteria are once again able to mireertd levels to those seen in
normal serum. These sets of experiments therefore providenegidleat alkaline phosphatase
partakes in an important role in mineralization and that thee sssmponents responsible for
normal bone mineralization are also important for bacterial naigation in serum. Further

discussion on a role of TNAP for bacterial mineralization will beudised later.

Evidence that Fetuin is necessary for serum-induced bacterial mineralization

In order to further establish that the mechanism of serwerdbacterial mineralization
is similar to the mechanism that causes the mineralizatiotype | collagen (figure 1), an
experiment was performed to determine the importance of fetuimacterial mineralization.
Results shown in figure 8 provided evidence that fetuin directeraliformation inside bacteria.
With the depletion of fetuin, bacteria were not mineralized the apatite crystals that formed
grew outside the bacteria. Upon addition of purified fetuin to fetejpledled serum, mineral
growth was restricted to the interior of the bacteria. Tdperiment further supports our
hypothesis that bacterial mineralization occurs through the saoleamism of mineralization as
type | collagen. However, additional tests need to be performed to condiractivity of fetuin in
bacterial mineralization. Techniques need to be devised to se=pheamineral formed during
incubation in 10% fetuin depleted serum from the bacteria. The arobumineral that formed
outside the bacteria could then be quantified and compared to the ashauineral that formed
inside the bacteria. It is expected that the same amount ofatiihat forms outside the bacteria,

in the absence of fetuin, would be incorporated into the bacteria, in tleageas fetuin.

The Molecular Mechanism of bacterial mineralization
One of the main goals in this study was to determine if serum drivemiabcte

mineralization is similar to the mechanism of serum driven cadtifio of type-I collagen. As
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outlined previously, there are four key requirements in this mechanism. &jrix must have
size exclusion properties that allow calcium, phosphate, and small moefai (<6 kDa) and
must exclude larger proteins (>40 kDa) to cause mineralization of & f24t2) A serum
calcification factor that generates apatite crystals outsidatex is necessary for mineralization
[2,10]. 3) TNAP is necessary to activate the serum calcificatinrfé3]. 4) Fetuin is required to
promote mineralization inside the collagen matrix by specifically itihtbthe growth of mineral
nuclei outside the matrix.

With this study, we propose that the same four key featuresnacessary in the
mechanism of serum driven bacterial mineralization. 1) A matfith appropriate size exclusion
properties is necessary for mineralization. Previous studies diewen thatS aureus bacteria
meet this requirement. Molecules smaller than 14 kDa cegsa the bacteria matrix interior, but
molecules larger than 50 kDa are excluded [4,5,6].

2) Serum or a serum calcification factor is essentiab&mterial mineralization. Human, bovine,
and rat serum are able to cause mineral incorporation intoribaate evident through calcein
staining, SEM, calcium and phosphate analyses, and TEM (fig.2-5, 9, 1(R&iAd§ the levels of
calcium and phosphate are too low to cause spontaneous mineral dornibhis provides
evidence that serum contains a calcification factor requirethéoformation of mineral. 3) A
source of TNAP is required. Our study has demonstrated that baatéreralization is inhibited
with the use of three TNAP inhibitors, but addition of purified TNNAFH'NAP deficient serum is
sufficient to restore mineralization of bacteria (fig. 6, #) Fetuin is required to promote
mineralization inside a bacterial matrix by specifically inhibiting gltoaf mineral nuclei outside
the bacteria. Depletion of fetuin causes there to be predominaetrahigrowth outside the
bacterial matrix. Repletion of fetuin restores the abiitybacteria to become mineralized in
serum (fig.8). Our results not only support our hypothesis thahitasiand possibly identical

mechanism as type-l collagen mineralization are involved inebatimineralization, but they
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also provide evidence that bacteria can become mineralizedpinysiological system. We
postulate that serum driven bacterial mineralization isenoaindom process, and we further

discuss reasons as to why bacteria may be a target for minéwalinavivo.

The relationship between factors necessary for serum driven bacterial mineralization and factors
involved in the immune system

Our studies have established a connection between serum drivenabacineralization
and serum driven mineralization of type | collagen. This coioreanay also provide an
explanation for why components necessary for collagen mineratizate also important factors
in the immune system. First, there have been studies thgestuthat leukocyte alkaline
phosphatase activity increases in response to bacterial anf¢t8, 34, 35, 36]. Additionally, it
has been shown that a patient with repeated infections haficeerdsy in leukocyte alkaline
phosphatase [14]. Although, the precise function of leukocyte alkalimgpphatase has not been
elucidated, we draw from these studies that alkaline phosphatasbe an important factor in
the immune system. It seems that alkaline phosphatase igulgtesl during infection to
participate in a mechanism to combat infection. This is fudhpported by the observation that
in the absence of alkaline phosphatase there is a greatafemae of bacterial infection. Since
alkaline phosphatase typically plays a role in mineralization thveorize that the secretion of
alkaline phosphatase by leukocytes may play a role in combatitgribhanfection by causing
mineralization of bacteria. Bacterial mineralization nafect their ability to divide and their
ability to import or export molecules; all of which may affect theability or normal function.

Second, fetuin promotes bacterial phagocytosis by neutrophils thopsgnization. It is
thus an important regulator of the innate immune response [12]. tQdy provides further

insight into the potential role of fetuin in innate immunity dgmonstrating that fetuin is
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necessary for bacterial mineralization. If bacterial miieatibn is an important mechanism of
innate immunity then this is another reason why fetuin is significant imtineine system.

Finally, previous studies have demonstrated that hydroxyapatitelgsacan mediate the
release of inflammatory cytokines and promote the recruttraBrnarious immune cell types,
such as polymorphonuclear neutrophils and leukocytes [37]. It candagned that these same
cell types can be recruited to sites of bacterial mirmatédn. Our studies have shown that
bacteria become mineralized in serum with the requiremefactdrs involved in the immune
system and the most likely mineral formed inside the bacieribydroxyapatite based on
morphology and Ca/Pi ratio. Therefore, bacterial mineralizatian well be a viable mechanism
of innate immunity.

A possible mechanism of combating bacteria through innate immeanitye illustrated
as follows. Bacteria circulating through blood come in contact milrophages or leukocytes.
Leukocytes locally release TNAP and activate a seminification factor. Bacteria that have the
appropriate size exclusion properties become mineralized througbclhamsm that requires
fetuin. Mineralized bacteria promote the secretion of various cytekivigch in turn promote the
recruitment of more macrophages or neutrophils to the Gitdeztion and the viability of these
bacteria may also be compromised by mineralization. In this thayGgomponents necessary for
type | collagen mineralization are also necessary for innate immunity.

Further research will be necessary to confirm the involvement of izdcténeralization
in the immune system. First, it will be necessary to demonstrateviadicicteria can become
mineralized in serum. Appropriate conditions still need to be developeddantorbave
bacteriostatic growth with the proper environment for mineralizatigtiltmccur. If
mineralization of live bacteria is possible, different assallde@ideveloped to determine the
purpose of bacterial mineralization such as affecting viability or growthitiaddlly, the impact

of mineralization of live bacteria as a leukocyte response can béigated. Assays can be
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developed to determine if mineralization of live bacteria caaiséiscrease in recruitment of
macrophages or neutrophils. Lastly,iamivo model can be developed to determine what affect

live mineralized bacteria may have on the immune system of a rat.
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