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During the past five decades, mercury has gained increased interest due to its

toxicity to human and environmental health. Therefore, mercury detoxification, whereby

the mercuric reductase (MR), a homodimer of Meffg(re3-10), converts Héf to Hgo’

is an important activitymerA the gene encodiniylerA, has been found in diverse
Archaea and Bacter{d], but it is not well known in thBacteroidetesa large phylum in

the bacterial domain that is widely distributed in many environments. The goal of this
study was to identify protein structural characteristics that relate to MerA temperature
optimum for ativity in two species othe phylumBacteroidetesone a thermophile,
Rhodothermusnarinus and the other a psychrophilelavobacterium sp. SOK62. The
standard MerA assay2] was optimizedby adjusting pH,selecting the redumg
substrates (NADH/NADPH) and thigpe and concentration of thiol agefusing the

optimized assayl found that the optimum temperature for MerARf marinuswas at



65-7 Cdactivity range fron30to 90°C) and forthe psychrophilicMerA (strainSOK62)
was at 566 5 (eaye from10 to 90 °C). Homology modeling Kigure 3-7) of the

psychrophilic and thermophilidvierA (homology to a proteobactat MerA from

PseudomonasgeruginosaPAT) s howed t hat MerAEOKS2)hasmaoreo p hi | e

Uhel i x aghebt seconslasy stbuctureh an t he t h e rRnmapituy | e 0 s
which is shown inTable 3-5. MerA of SOK62 has more polar residues and less
hydrophobic residues, suggesting adaptation to activity at lower tempergjthem

MerA of R. marinus In conta s t , t he pMerAchasraolarder numbers of
aromatic residues than tlie marinusenzyme contradicting the expectation of a lower
number of bulky residues in a psychrophilic protein. These experiments test the
hypothesis that because MerA origedt among thermophiles in geothermal
environmentd4], the MerA from a psychrophilic bacterium has a thermophilic enzyme
activity optimumand structural adaptations facilitating activity at low temperatdreis

study contribute to our understanding of the natural history of microbial mercury

detoxification.
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1 Chapter 1: Introduction

The element mrcury is located in group 2B €hvy metals) just below cadmium
in the periodic table. It isa liquid metal and is widely useth dental amalgas)
thermometersfluorescent lampsand also exists in nature from oceans to volearnsee
Figurel-1). Hg is an earth crust elentethat is largely released to the environment by the
combustion of fossil fuellt is a toxic element and cabe easily convered to its more
toxic form, methyl mercury by anaerobicmicroorganisms, which existin anoxic
sedimens. Therefore for microbial life to survive mercury toxicity thenmmust be a

system to detoxifye.g, themeroperon system.

04, Br
Hge, Hg(ll)  Hg(ll) €= Hge

GROUND-
WATER

OXIC WATER e g

merB : @

"“x Metal
Ox?c)atxve reducing bacteria

Pri

ANOXIC WATER & SEDIMENT

Figurel-1: Themercury cycleThe figure shows mercury the environment and how it
is convered amongits chemicalforms, somewith different oxidation statefReproduced
with permission of John Wiley and Soj5§.



The mercury resistancamer) operon(shown inFigure 1-2) [6, 5] consiss of a
seriesof geneghattogetherspecifybacterid resisanceto Hg. These genescludemerA
(mercurc reductasg merB (mercurial lyase) merC, merD (regulatory, merE, merG,

merP (transporer), merR (regulatoj, andmerT (transporer).

A

{merR| o/p [mMErTy [merP» (merC ) merA G)) ( merB ) ([FEIDY) ( merE )
— ),

5 Hg-O-CO-CH,

Figurel-2: Themersystem[6]. A and B standor MerA and MerBrespectively, P and T
for MerP and MerT, G and E for MerG and MerE. L standdifiand. Reproducedvith
permission of John Wiley and Sojag.

Mercuric reluctase (MerAyeduces the mercuric ion (AYy to volatile mercury
(Hg®) [7]. Mercuric reductase is a memhsrthe flavin disulfide oxidoreductase family
andwas purifiedfrom bothEscherichiacoli andPseudomonasp. [7]. All MerA proteirs
have conservedysteines which interact with both organic and inorganic mercsijd],

andare part of a mercury binding sjterhere they play significant role in the reduction

of the mercuric iorj7].



The bestcharaterized MerA (encoded by transposomn501 [8]) is from
PseudomonasaeruginosaPAT [9], and its segence consists of 568mino acidresidues
[10]. Three cysteinepairs have been fourebsential for activityn Tn501as well as other
MerA proteins. Theseysteinepairs are located at the-MerA (N-terminal ofthe MerA
protein which consists of about 90 residuex)the active site, andat the carboxyt
terminus The N-terminal cysteinepair (residues Cysll and Cysktcordingto the
Tn501 numbering, capture Hg from the environment (e.g., from other Mer proteind
pass them to theysteins that are located in the active site (at the catalytic ¢oyeJhe
active site of MerA has aysteinepair at location of Cys136 and Cys1flll]. These
cysteins have a direct role in reduction of ¥igy binding to Hg and FAQflavin
adenine dinucleotigemolecules. FAD assists with the transfer of electrons between
NAD(P)H and H§" molecules. Both NAD(P)H and Hare substrates of MerA, which
reduces HY and oxidizes the NAD(P)H (equation 1). Therefotilee activity of the
enzyme can be tested in two difént ways,.e.,, mercury reduction and NAD(P)H
oxidation. The third pair (residues Cys558 and Cys559) are locatedhatcarboxy
terminusand bring the mercury to the active site for redudiidh 13]

NAD(P)H + RSHG-SR + H' Y N A D)(+®g’ + 2RSH (1)

There are @me observations in regard kberA which led to the hypothesis that
MerA has a thermophilic enzyme activity. These observations are: (I) phidsgen
suggest that the ancestral Memvolved in geothermal environmenf4, 6], (ll)
Microorganisms in gebermal environmest live in presence of high mercury

concentration§l4], (lll) Hg resistancen bacteria/echaeas very common in geothermal



environmerd [6, 15], and (IV) a MerA from amesophilicbacterium,Tn501), shows
optimalenzyme activityat 55 to 65°C[15].

The Bacteroidetesare a class of grammegative bacterjawhich is broadly
distributed in environmentsch in organic substratesich asvetlands and saltmarshes.
Interestingly, they are very common in the microbial communities that live in polar
regions[16]. In the bacteriaMerA phylogeny, theyform a lineage that is basal to all
proteobacterial Mer417]. This lineage includeR. marinus a thermophilen a position
basl to otheBacteroidetesandFlavobacteriumsp. SOK62 a psychrphile (Figure1-3).

These two taxonomically related strains and their MerA, therefore, represent two

extremes in the temperature spectrum of life.
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2 Chapter 2: Determination of optimal temperature for activity for

Rhodothermusmarinus and Flavobacteriumsp. SOK62

2.1 Introduction

Previous work has shown that MerA is a thermophilic emgven in mesophilic
bacteria[15]. In the MerA phylogeny (Figure 1-3), MerA in Bacteroidetess a link
between earljlineages[1] and the more derivetineages;having MerA from closely
related @hylogenetically taxa, one apsychrophiic bacterium and the othera
thermophile is an opportunity to compare ttwo. This chapter discusséke methods
usedto find the optimum temperatufer Mer activity originating intwoBact er,oi det e
one of thenbeingFlavobacteriumsp. SOK62 and the other orighodothermusnarinus
DSM4252 SOKG62 isa psychrophilewith anoptimal growth temperaturef 1 SCethat
was isolatedrom a snow pack irstation Nordin northeastern Greenlajdl7]. On the
other handR. marinudgs athermophilewith an optimalgrowth temperaturef 65°Cthat
was isolated froma submarine alkaline freshwater hot spring in Isafjardardjup, Iceland

[18].

2.2 Materials and Methods

2.2.1 Cultures and growth conditions
R. marinus DSM4252andFlavobacteriumsp. SOK6217] were used as a source
for the mercuric reductase enzyme. The complete genome sequenceheirthephilic

R. marinus DSM4252 contains an open reading framé& (00329066 which is



homologous tanerA To test if this ORF encodes for an activeri, the gene was
cloned into the  expression vector pBAD202/D (Invitrogen;

http://products.invitrogen.com/ivgn/product/K4202Qiy the students of Nancy Hamlett

(Dept. of Biology, Harvey Mudd Colleg€A), Haley Ham and Vincent Shieto create
plasmidpHHVSY], andby Laura Poindexter and Sung Woo KtihcreatepLPSK1. In
the constructeglasmids, pHHVS1 and pLP3Kthe expression of the clonsgrAgene
is controlled by thgoromoter of thearabinose operorthe plasmids were transformed

into E. coliTOP10 (Invitrogenusing selection for kanamycin resistan&e.coli TOP10

cultures containing these plasmids were generously provided by Nancy Hamlett. Growth

was initiated from frozen stits availablan the Barkay lab culture collectiok. coli Top
10/pHHVS1 was cultued in Luria Betani (LB) medium at 37 °@ndFlavobacteriunsp.
SOK62 in PYG medium at 15 °C (see TaBld for media composition and growth
conditiors). E. colipHHVS1was grown in presence of 100 pg/ml kanamycin to select
for plasmid containingcells ard Flavobacteriumsp. SOK62 was grown in medium
containing 10 uM HgGl Table2-1 lists thecomposition of the two growth media

Table2-1: Composition of LB and PYG media

Ingredients Amountper liter
LB media Tryptone 10g
yeast extract 59
NacCl 59
milliQ water 1000 ml
PYG media Peptone 5gr
Tryptore 5gr
Yeast extract 10gr
Glucose(dextrose) 10 gr
Salt solution 40 ml
milliQ water 960m|

ISalt solution consists of 0.2 g Ca@.4 gMgSQO,.7H,0, 1 gK,HPO,, 1 gKH,PQy, 10
gNaHCO;3, 2 g NaCl, and 1000 nmhilli Q water


http://products.invitrogen.com/ivgn/product/K420201

2.2.2 Preparation of cultures for MerA assays

To prepare theultures the protocols of Fox and Wal4B] were followedwith
some modification$o optimize the assdyr the tesenzymes.

First, 1 ml of an overnight culturevas transferredo a flask with 25 ml fresh
medium, a 225 dilution (overnight culture into LB mediumHgCL wasaddedto SOK62
and kanamycin was added t6. colipHHVS1 to select for the tested organism. The
cultures were then grown at their optimal temperature, 37 °E.fooli/pHHVS1and at
15eC f 030K62 twithaperindic measurements of optical deng{@D) using
SpectronicGenesys 20 Visible SpectrophotomgfBnermo Scientific, Waltham, Mpat
595 nm (ORgs) until an ORgs of 0.45 to 0.5 was reachedTo optimize MerA
production, HgCl, was added to SOK62 cultures and arabinoseto E.
coli/pHHVSIculturesfor induction of their respectiveerA For strairE. colipHHVS],
it was essentiab find the optinal concentration of arabinose for inductiGamplify the
expression omerA) and several concentratisin the rang® to 1.33mM weretested

Following the addition of the inducer$et culturesvere incubatedor additional
1 to 2 generatia) aboutl hour forE. col/pHHVSland 1 daydr strain SOK62 (a slow
grower). Ne x t , t boateng weretsakstesedo 250 ml centrifuge bottlse (SLA-
1500 Rotoy and centrifugedat 6000 rpm for 10 min(at 4 °C) using a Sorvall RG
5B centrifuge (Thermo Scientific, Waltham, MA The supernatant wagmoved the
pelleted cellaverewashed with a 0.85% NaGblution, and the cell suspsion was then
transferred t@preweightecb0 ml centrifugebottles. Following centrifugation (SS34 rotor,

for 10 minutes at 6000 rpm), the supernatant was discatttetlbe was weighted again



and the netvet weight of the pdét recorded. Lastly, cell pellets were stoedd 20 °C

until the next step, the preparation of cell extracts.

2.2.3 PreparingCrude CellExtracs

To use the pelleighey werethawed ande-suspeded in re-suspesion buffer.
Re-suspesion buffer contaied 20 mM phosphatat pH 7.5 (81 pag1l M Ng,HPO, and
19 pars 1 M NaHPQy), 0.5 mM EDTA, 0.1 %b-mercaptoethanoin filtered milliQ
water.For each0.2 gram ofwet cell pellet 1.5 mlre-suspesion buffer wasadded[2].
The next stp to extract theell contentwas to break the cells. This was achieved by
different methods for each of tleeganisms. Tdoreak theE. coli cells sonication was
used In this method cellswere brokerusinga Misonex S4000 sonicato(Misonex Inc.
Newtown CT) for 3 minutes a#0 watts inrepeat cycle of 4 seconds sonication and 2
seconds on ice for a total of 4.5 minut#ssonication However,the sonication method
did notbreak the SOK62 cellandaFrench preswasthereforeused

The French pessdisrupt bacterial ce by passage of the cell suspension through
a narrow orifice under pressurBhekey tousing the French press is thedter needs to
be adcedfirst to flush the cylinderfor the purpose ofleanng the surface antb enhance
sealing. The cell suspensionvasfirst sonicated (10 second&) produce a homogenous
suspensionand thenDNAse (0.5 mg/ml) was added toloosen up clumped cell
aggregatesThen about 20 mlof the sonicated cell suspensiomas pouredinto the
cylinder of an Aminco French pressell (American Instrument Companilver Spring,
MD) and a pressure df20M-1500 psi was applied The resulting suspensionas
collectedin a clean tubePassag through the French Presasrepeated 3 timet® insure

that cellswere broken effectivel\{19].
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Broken cell suspension®f both organismsvere then centrifugeth Eppendorf
tubesusinga Sorvall MG 12V micro centrifuge(Thermo Scientific, Waltham, MAat 4
°C at14,000 rpmfor 30 minutes andthe sypernatarg containinghe crude cell extrast
weretransferred to clean Eppendtubes. For the E. coli TOP10pHHVSlextract this
stepwassubsequentlpptimizedto achieve higheactivities by heating thecrudeextract

for 20 mi nutemainggptecipGahed oteans mentrifucationas above

2.2.4 MerA assay

The methodused todeterminethe optimal temperature activity bferA wasfrom
Fox and Walslj2], andis describedédow.

Several solutionsvere preparedfor the Fox and Walsh reductase asbayfer
including 80 mM PQ buffer at a pH 7.5 (81 partsl M NaHPO, and 19 parts1 M
NaH,POy), 1 mM b-mercaptoethanpP00 uM NADPH and 100uM HgCl, To prepare
the 200 uM NADPH or NADH stock solution, a 6./hg of NADPH or 5.6mg of NADH
were added, respectively, to 400 plnoilli Q H,O. Adding8 pl of this 20 mM solution to
the 800 plprovided the final concentration @00 uM NAD(P)H. Fox and Walsh used
100 uM HgCl, in the reductase assay, but foE. coli TOP10/pHHVSlenzymeHg
concentrationgbove 50uM, andfor SOK62 enzymeHg concentrationabove 10uM,
were inhibitory. Therefore, reductase assaysHocoli TOP10/pHHVS1 and SOK62
crude cell extract preparations werarried out in a final concentration of 50 and M p
HgCl,, respectively.

To set upeach reaction400 | of the 2X bufferwere added to a 1 ml quartz
cuvette followed by the addition of NAD(P)H, cell extract, and Hgfilling the volume

to 800 pl with Milli Q water Various volumes of ach crude extragbreparation were
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assagd and eaclwasrepeated times with and without HgTo test reductase activities
at various temperaturethe cuvete holderof an Aviv 14DS UV-VIS spectrophotometer
(Aviv Associates, Lakewood, Ny was connected ta Haake A81circulating water hth
(Haake instrumentParamus NJjo reachthe desirel temperature Reductase activities
of eachcrude extactwere measuredtOtol 0 O Tige€pectrophotometevas seto the
rateassaymodeand followedthe oxidation of NAD(P)H byneasuring absorbane¢340
nm (the first12 seconds of the experimeRReactiors wereinitiated by the addition of the

cell extract or the Hg substrate

2.2.5 Optimization ofthe MerA assayg
The Fox and Walsheductase assay was developed with a proteobadiéeia,
while in this study | applied ito bacteroidetaMerA. Initial experiments under the

publishedprotocol indicated thassayconditionshad tobe optimized

2.2.5.1 Optimizing theco-substrate, NAD(P)H

The first step of optimization was intendéal selectthe redued co-substrate
because prior results suggested that MerA from thermophilic bacteria sometimes
prefered NADH over NADPH [14, 20] Standard MerA assays using either NADPH or
NADH were therefore performed measuring activitiesing a Cary 300 UV/VIS

spectrophotometdAgilent Technologies, Budd Lake, NJ)

2.2.5.2 Optimizing the pH
To determine tla appropriatepH for thereductase assayhe pH of the assay

buffer was adjusted by varying the relative proportion of ma@mal dibasiqgphosphate
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(Table2-2) to acheve arange of pH &o 8. The 2X assay buffer and the-saspension

buffer were prepared using the various phosphate stocks.

Table2-2 Phosphate buffer concentration at different pH

Volume (mL) of 1 MNaH,PO, Volume (mL) of 1 M NaHPQO, pH
815 180 6.2
510 490 6.8
280 720 7.2
130 870 7.6
53 947 8

2.2.5.3 Optimizing the thiol agents

The optimization wagperformed by companrg the effectiveness different thiol
agens including b-mercaptoethanotysteing glutathione, andhioglycolic acid. For this
purpose, thiol solutions were papdby solubilizing the thiolsn milliQ waterto have
an equimolar1mM) final concentratiorof thiol moieties which was the concentration
that wasused in thé=ox and Walk protocol[2]. b-mercaptoethanas purchaseis 14.4
M, therefore 1.4l were diluted to 10nM stock solutionThe detaik of the thiol agent
preparatiorareshown inTable2-3. The pepared thiol agents were added to the 2X assay
and resuspension buffers.

Table2-3 Thiol agentstock solutios (10 mM thiol) preparation for optimizing the MerA
assay

Thiol agent Amount ofeach thiol agentmg or pl) Molecular weight
solved in 2nl milliQ water
Glutathione (98%reduced) 6.14mg 307.32
Thioglycolic acid 2.28mg 1141
i -mercaptoethanol 14l 78.13
cysteinehydrochloride 3.5mg 175.63

(monohydrate)
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The next step for optimizing the thiol agent was determining dhgmal
concentration othe selectedhiol (see Results)estingits effecton the MerA assay at

the range 00 pM-to 2mM using stock solutions 6fto 10 mM.

2.2.6 Hg(ll) reduction by growing cultures élavobacteriumsp. SOK62

Because initial attempts to measure SOK62 reductase activities with cell extracts
that were prepared by sonication failed, | tested whetheriggoeells of this strain
removed Hg(Il) during growthlhis experimentvas initiated byinoculating a petri dish
containing PYGmediumwith frozen SOK62 stockA single colony was thetnansferred
to PYG broth and growat 15°C the optmum growthtemperature for SO82) in a low
temperaturancubator(Sheldon Manufacturing, IncCornelius, OR to mid log phasg
when the culture was diluted 1:20 into fresh medidividing it into 4 flasks (100ml),
three for live cultureandone flask fora heat kiled controlwhich was heated f@0 min
at 80°Cin awater bath The experimentlsoincluded an uninoculated contrdl0 pM
HgCl, was added to all treatmensst different time intervals, a sample was removed for
OD (at 595 nmmeasurement to follow grdtvand 1 ml waplacel in acid cleaned glass
vials with Teflon cap$or total mercury analysig he latter werg@resenedby adding 0.3
ml of 25-30% BrCl solution to the via enough to change the colof the sampleo
yellow/orange Sampleswere checked frequently to make sure ttta¢y maintained the
yellow/orange colorand moreBrCl was addedif the samples became colorlesbge
amountadded was therecorded.Sampleswere storedin the dark at 4°Qntil analysis

[21].
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2.2.7. Total Hg analysis

A Hydra AA mercury analyzer (TeledyiiedLeeman Labs, Hudson, NH) was used
to measuremercury remaining in the medium during culture growth. Samples were
diluted 1/1000 to fit within the sensitivitypp range, of thenstrument. Siyul aliquotof
the preserved cultungaspipetted, and the150ul of 15% hydroxylamine weglded as
well as water to make up to 6 ml.astly, calculation of Hgconcentratiorwas performed
for each samplépercenage of mercuryremaining ingrowth mediunh. Reagents for
analysis (all Trace Metal Gradend stored irvesselghat had beeacid-cleaned prior to
use) includd: 10% HCI,freshly-preparedl0% SnC} in 10% HCI anda 2% HCl diluent
The carrier gasor analysis wadJltra High PurityNitrogen (7090 psi). Hganalysis was

performedat awavelengthof 253.65 nm.

2.2.8. Protein assay

Proteinconcentrationgn crude cell extractarere measurelly theBradford assay
(Bio-Rad Laoratories Inc., Hercules, CA) complete the determination of theductase
specific activiies The assays were performed 96 well micro titer plates A set of
bovine serum albuminBSA) standard in the range of8 to 80 ug proteifml was
prepared andised to calculate protein concentrations in crude cell estfa2i. The
concentrationof protein was measuredand the specific activitywas calculated and

expressed as mU/mg protein whéfes equal tdl mole NAD(P)H oxidized per min

2.2.9. Constructinga phylogestic tree
The first stepo constructthe tree wasto createa fastafile of MerA sequences.

The sequences of strain SOK®&2, marinus andthe newly described thermophilic MerA
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ATIICL (Sayadet al, 2014) were added @ previously assembled alignméite (Boyd
and Barkay, 2012) Next, the fasta file vas used as amput into the webpage

http://www.phylogeny.fr/iversion2_cgi/index.cgndthe following stepsvere performed

[23, 24} multiple sequence alignment (using MUSCLE), curation (removing the gaps
and trimming the sequences using GBLOCKS vO0.9dtstruction of e phylogestic
tree usinga maximum likelihood method, editing the tree by using the Tree Dyn (v198.3)
followed by manually adding names of organisms to edehf in the tree(shown in

Figurel-3).

2.3 Results

2.3.1 Optimization of enzyme inductian E. coliTOP10/pHHVS1
Arabinose was used to induce tpBAD promoter (described in Invitrogen

manualhttp://xray.bmc.uu.se/Courses/MPClliterature_files/pbadtopo_manrp#f coli

TOP10/pHHVS1 inorder toinducethe production othe clonedR. marinusMerA. The
promoter has a quantitative response to the concentrationamafbinose,the more
arabinose addedhe more enzyme produced However, at high concentratian of
arabinose €.9.,1.33 mM Figure 2-1) it has a negative effect ogrowth of E. coli
TOP10/pHHVS1 relative to all other treatmenssiggeshg that at this levelmerA
expression caused depletion of resouraed led to slower growth.The result of this
experiment indicated that arabinose addetthatrange of 1.3333 uM had no effect on
growth rate while higher concentrations inhibited growth slightiigyre 2-1).
Arabinoseat 1.33uM wastherefore chosen for all subsequent experimantgroduce

sufficientamount of MerA for the assays


http://www.phylogeny.fr/version2_cgi/index.cgi
http://xray.bmc.uu.se/Courses/MPC/literature_files/pbadtopo_man.pdf
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Figure2-1 : Effect of arabinose addition on growthefcoli TOP10/pHHVS1

2.3.2 Optimizationof MerA assayparameters

Figure 2-2 represents thdlerA assay which wasobtainedby the standardized
Fox and Walsh methofR] with the crude cell extract of TPO10/pHHVS1 without
optimization. The graph shows big standard deviatiasch mean irreproducibility of
the assayand hencel pursuedthe optimizationof assay conditionfor the enzymesof

bothR. marinusandFlavobacteriunsp. SOK62
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Figure2-2: Temperature profilef R. marinusMerA activity before optimizatiorof the
reductase assayhe experimentvas performedwith 1mM b-mercaptoethanol, 80 mM
POy, buffer atpH 7.5, 200uM NADPH, and 50uM HgCl,

2.3.2.1 Comparing MerA activities witiNADHand NADPH

First, activities with NADPH and NADH as the reduced substrates were
determinedWith MerA of R. marinusa lower specificactivity (4.1 mU/mg protein)vas
observed witfNADPH than with NADH (52.5 mU/mg protein).On the other handhe
MerA of SOK62 hada higher specifiactivity when NADPH(38.5mU/mg protein) with

only 3.4mU/mg protein when NADHvas usd (Figure2-3).
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Figure 2-3: Optimization of the MerA assayby comparng activity with NADH and
NADPH. The experimentwas performedwith 1mM b-mercaptoethanol, 80 mM RO
buffer at pH 7.5, 200uM NAD(P)H, and 50 uM HgClfor R. marinusand 10 uM HgCGl
for SOK62.

2.3.2.2 Optimizing theactivity by heating thecrude extract

Previbus research by Vetriaet al [15] showed thakE. colid srude cell extrats
when heated téeemperature>60 °Cformed a precipitate that interfered with the MerA
assay.Therefore, | compaked the specific activities ofunheated and heatedt (65 °C)
extracts. e resuls revealedhigher specificactivities with the heated extradi72.6
mU/mg protein) as compared to thenheatedextract (49.7 mU/mg protein). Thus,

following the removal of the precipitatke clearedcrude extractvas31.5%more active
than the unheated extra®rotein measurements showed that 2@%27
p p mrof the proteins in the original wde extractwere precipitated by heafThis

experiment \as performedonly with the TOP10/pHHVS1extract; crude extracts of

SOKG62 did not show the formation of precipitate upon heating
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2.3.2.3 Optimizing theMerA assayH

SeveralpH were tested to find the optahone foractivity for the R. marinusand
Flavobacteriumsp. SOK62MerAs. R. marinusshowsbetter activity inthe pH rangeé.8-
7.5 (Figure 2-4), and SOK620 s  M&howA better activity in the pH range -7.5.

Based on these results | selectgaH 7.2 for bothR. marinusassays an80K62 assays

100 -
'FE_-’ 90 -
2 80 -
o
(@] 4
£ 70
D 60 -
£ 50
‘E‘ ® R. marinus
.S 30 - m SOK62
S 20 -
& 10 -

0 n T T T T 1
6.2 6.8 7.2 7.5 8

pH

Figure 2-4: pH optimizationof the MerA assag for R. marinusand SOK62 The
experimentvasperformedwith 1 mM -rbercaptoethanol, 80 mM Pxiffer at pH6.2-
8, 200 uM NADP)H, and 50 uM HgClZor R. marinusand 10 uM HgCI2 for SOK62.

2.3.2.4 Optimizing the thiol agentand its concentration

At this stage, the actity with different thiol agentsncluding b-mercaptoethanol,
cysteine glutathione, andhioglycolic acid was compared. Bok marinusand SOK62
MerA hadhigheractivitieswhencysteinewasused(Figure2-5).

Theeffect ofcysteineconcentratioron MerA activitywasthendetermired. It was

observed that the highespecific activitywasachieved wittb mM cysteine(Figure 2-6)
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Figure 2-5 : Thiol optimizationof the MerA assayfor R. marinus(blue), and SOK62

(red) The experimemvasperformedwith ImMt hi o | a g e-mercaptoethandt  a s
(BME), cysteine(CYS), glutathione(GSH), andthioglycolic acid(TGA), 80 mM PO4

buffer atpH 7.2, 200 uM NAD(P)H, and 50 pM HgCli®r R. marinusand 10 pM HgCI2

for SOK62.
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Figure 2-6 : Optimization ofcysteineconcentratiorfor the MerA assayfor R. marinus
(blue) and SOK62 (red)rhe experimenivas performedwith cysteinein the range of O
10 mM, 80 mM PO4 buffer apH 7.2, 200 uM NAD(P)H, and 50 uM HgClfor R.
marinusand 10 uM HgCI2 for SOK62.
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A summary of optimizationsesultsis shown inTable 2-4. These conditions
were then employed to test the effect of temperature on MerA activities of the

thermophilic and psychrophilic bacteroidatel enzymes (see below s2@&idn

Table 2-4: Optimized assay conditions for the reductases of stFdmsbacteriumsp.
SOK62 andR. marinus

Optimized parameter R. marinus SOKG62
Reduced substrate NADH NADPH
Heating the extrad60°C) Yes No

pH 7.2 7.2

Thiol agent cysteine cysteine
Final thiol concentration 5mM 10mM
Breaking the cell Sonication French press

2.3.3 Flavobacteriunmsp. SOK6yrowthand mercury removal fromrowth media

Becausd-lavobacteriumsp. SOK62 was only recentldescribe [17] and little is
known about its growth and mercury resistaridist determinechow cell growth was
related to the removal of mercury from the growtbdium.

The growh and mercury lossurves for SOK62areshown inFigure 2-7. Growth
wasdelayeduntil the 2° day of incubation by which tim&0% of mercury was removed
After 2 daysgrowth continuedat a consistent ratandeven afterl5 days, theulturedid
not reach statinary phaseThe removal of mercury from the medium of the growing
culture started immediately after inoculati@md by day 4, when growth wasll at its
initial stage, 75% of the added 10 Ny was already losfThe growth vs.lossanalysis
(Figure 2-7) was performed téest whether or ndbOK62 expresseanerA The mntrols
used herewere heat killed cells and blank medium Hg might havebeen reduced

abiotically in the presence of lighlyy photochemical reacti@and also irthe dark [25];
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therefore a blank (uninoculated}olution wasused to determinne magnitude o&biotic

loss The other ontrol was a heat killed cultu@0 min at 86C) whoseresults showed
some loss, about 20% in thesti four days of the incubatiofhe mean and standard
deviationvaluesfor Hg volatilization analysis are also shown inFigure 2-7. Thus, the

mer system of strain SOK62 likely renders resistance to mercury by the reduction of

Hg(ll) to Hg(0). The effect of mercury on growth &. marinis was not tested.

=i—-Hg(mean live)

=== heat killed(Hg)

- 0.5 blank(Hg)

—=-growth mean
heat killed growth

0 . . . 05 == Dblank(growth)

0 5 10 15 20
Time(days)

Figure 2-7: The rdationship of mercury removab growth of strain SOK62The starting
concentration for mercury volatilization was (iM. Mears and standard deviatisof 3

live replicate cultures are show@ingle incubations were set up for the killed and blank
contrds.

2.3.4 Effect of temperature on MerA activity using optimized assay conditions
Having optimizedassayconditions(shown inTable 2-4), the assay was rust a

range of temperaturdsr both SOK62 andR. marinusMerA enzymesBecause of the

number of assays thatere performed | was not able to carry all of them out one

experiment. Therefore, different experiments covering diffeesnperature ranges were
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performedon different days making sure that an overlap of at least 3 temperatures was
included in the experimental desigheach The finalresults of the effect of temperature

on thespecific activityfor SOK62areshown inFigure2-8 andfor R. marinusin Figure

2-9. The opgimum temperatures for activity werg5 °C and 65°C for SOK62 ancdr.

marinus respectivelyThe ypper limits of activity for both enzymewere95°C while the

lower limits were 5°C for SOK62 and 30C for R. marinusFor R. marinusthe optimal
temperature for MerAactivity corresponded well with the bacterid@rptimal growth
temperature (65 °CFor SOK62(Mgller et al. 2014[17]), the activity at 55 °C was 7

times higherthanthe activity at its optimal growth temperature,, 15 °C (70 mU/mg

proteinas compared td0 mU/mg protein) Thebr oad t emper ature r anc

MerA activity, 10 to90°C, was also noted.
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Figure 2-8. Effect of temperature on specific activity of MerA of the psychrophile
Flavobacteriumsp. SOK62The blue curve showactivities at a temperaturange of ©

60 C and the red curvat 40-95 €C. The experimerst were performedwith 10 mM
cysteine 80 mMPQO, buffer atpH 7.2, 200uM NADPH, and 10 uM HgCh.
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Figure 2-9: Effect of temperature ospecific activity ofMerA of the thermophileR.
marinus The red curve shows the actigg at a temperatureange of 56100 °C and the
blue curve activies monitored in a second experimeatthe range of @85 °C. Assays
wereperformedwith 5 mM cysteing 80 mM PQ buffer atpH 7.2, 200uM NADH, and
50 uM HgCb.

2.4 DiscussioConclusion
An optimumactivity graphfor the three classes MerA that were described in
recentyears,originating in apsychrophile,a mesophile( [15], [26]), and thermophike

([26], [14]) is shown in Figure2-10.
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Figure2-10: Compaison ofthe activity d MerA of SOK62,R. marinusand Tb01 The
red curve showthe activity of K62, the green curgdor R. marinusand black curve
for Tn501 The Trb01resultwasmultiplied by 1.5 to facilitate the comparisf{#26].

It is clear that he temperature range cictivities for the enzyme®sf the
extremophile (either thermophile or psychrophytebroaderthan ttat of the mesophile

(Tn501), 72 °C to 37 °CRigure2-10, andFigure2-11).
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Figure 2-11: The specific activiies of Hydrogenobaculumsp. YO04AAS1 (Y),
Hydrogenivirga sp1285-R1-1 ( §Tn501(a9, andThermus thermophiki®). This figure
is reprintedfrom Freedmaret al Reproduced witlpermission of American Society for
Microbiology[14].

The phylogeny of MerA shows that the MerA originatedthermophils (Figure
1-3). Thenit evolved intoan enzyme that could act mesophiic temperaturegasin P.
aeruginosaln501); this evolution seems to have resulted in a substantial narrowing of
the tempeature range of MerARigure2-10 andFigure2-11). The evolutiomry distance
between thévierA of the two extremophilicBacteroidetesi.e., SOK62 andR. marinus
is shorter compatkwith their distancdrom the mesophile Tn501) (Figure 1-3). It is
possible thaadaptation to activity at lower temperature in SOK62 was associated with an
expansion of the temperature ganof activity of an otherwis¢hermophilic enzyme

along withh a longer evolution time than fdhe tansition from a thermopld to

mesophilic environment that is represented by MerA &0ln
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Figure 2-10 supports the hypothesis atthermophilic originfor MerA. All three
enzymes haveptimum temperatusgor activity in a thermophilicangeeven thouglhe
optimum growthtemperature of the organisms that are not thermophikekwer, as is
evidenced frmm the data forP. aeruginosahosting Tn501 and Flavobacteriumsp.
SOK62

Mercury from atmospheric deposition in polar regiaasighly bioavailable[27]
andmicrobes containing/lerA (for example strain SOK62) may play anmportant role
in mercury detoxification in these environments.

Among d of the thermophilessuch asHydrogenobaculunsp. strainYO4AAS1
(optimal activity at 50°C) [14], Hydrogenivirgasp. strain 12&-R1-1(at 70°C) [14],

Thermusthermophils (at 70C) [26], and R. marinus(at 6%C), the optimal MerA

activiieswerei denti cal or c¢| os growthdemperatiebact eri ads

Interestingly, a recent thermophilic Mergasisolated from a metagenomic clone
library that was obtained from a brine pooltla Atlantis Il depthin the Red Sea[28].
When added to the MerA phylogeny, this sequd@ddl -LCL) represerga very recen
derivation of MerA (Figure 1-3). This enzyme is highly temperature stable but its
optimaltemperature foMerA activity has not been determine.hi s enzy meds
temperature for activity and the temperatures rarigehéch activity can occur might
shed a broader light on the evolution of a thermophilic MerA into a mesophilic one and

back to a thermophilic enzyme.

0 |
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3 Chapter 3: Homology modeling of thermophilic and psychrophilic

MerA

3.1 Introduction

Microorganisms could be categorized based on their optimal growth conditions
such as psychrophiles (microorganismish optimal growth temperaturbelow 20°C
and no growth above 20 PYCmesophiles (microorganisms with optimal growth
temperature between 25°C), thermophiles (microorganisms with optimal growth
temperature between 40°C), and hyper thermophd#démicroorganisms which can grow
above 80°C) [29]. Thermophilicbacterial proteins usually show high intrinsic thermal
stability [30], but the structures are analogous to mesigphdmologues. Based on the
protein structures, one of the rules that are generally observed is that the n@imober
pairs will increase with higher temperatuf@d, 30] In contrast, proteins from cold
adapted or psychrophilic organisms have greater flexibjB8]. The proteins from
psychrophilicbacteria have morghortor neutral side chains compared to thermophiles
or mesophiled29]. The crystal structure of Tn50MerA was used as a mesophilic
templateLedwidge et a[33] to create thetsucture of the psychrophile and thermophile
homologs.The bacteria hosting MerA fromin501, strain SOK62, andR. marinusare
mesophile, psychrophile, and thermophile, respectivelshe sequences of the three
proteins are shown iRigure 3-1, Figure3-2, andFigure 3-3. Comparative modeling was
undertaken in an effort to correlate fuoctal differences among the proteins with

structural features.
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We examinedhe positions of polar, aromatic, charged, and nonpolar residues. In
addition, their distanseto the active siteand other mercury binding domasrwere
determined (athe N-MerA motf or the C-termirus). Furthermore, the location of each
residue in the s ec olmlicasybysheesst ar inctheuloogsswasi . e .
analyzed. Finally, the residu@scaions on the surface or isolated in the core of protein

were determined

3.2 Material and methods
The steps to create a three dimenal protein model based camino acid

sequencéomologyareexplained irthefollowing sections

3.2.1 Loadingin a sequence file

The amino acid sequersef R. marinusand SOK62 are shown Figure3-1 ard

Figure3-2, respectively

6l
1.24.
181
241
301
361
421
481
541

mkkilelrig
avagaghgyr
livndglppg
ltdelrrhky
gladgpyltn
advaealtty
ntddlgleal
lrnrhevrdy
gfikllrdpv
aalgftkdvr

gmtcthcart
leawevvrel
gtcvnvgevp
ldlidgrgiv
etlyrlsvlp
lgaegidigt
giatdrggfl
salpwvvitd
tdrllgariv
glsccav

iegalmrvpg
gsetptrsgs
skaliraaea
fregrarlag
ehlivlgggy
earvvevawdg
gvdetlrtav
pagvagvglse
apeggelvme

VVragvpgwg
dridydllii
hhraahhpfa
ptaigvgdet
iglenagafa
egsvvvtyer
ptvlgagdvi
reaqaagley
lslalryeip

sgravvtweg
gggsaafaaa
girstsrved
itgravliat
rlgsrvtvle
dgathrlegs
gnppfvytaa
etsvilplsev
vselarrfhp

davdaealrk
lrarelgfrs
fgaviggvga
gsrtalppvp
llpgilpged
hllvatgrrg
vegglaaena
pralvgrdtr
vltwseavkl

Figure 3-1: The amino acid sequenceof MerA of R. marinus

http://www.ncbi.nlm.nih.gov/protein/ACY48277.1




61
121
181
241
301
361
421
481
541

mktenikldi
tinstknykv
ggtcvnvgcev
ymdvvsdfhn
1chivslfdle
etgmrnegie
glgniglela
neadysslpw
irntetdkli
gkdvaklscc

agmtcdhcat
ahtaetkccn
psktliraae
lkmltgwaef
ekpesmtimg
ilpnfravkf
ktghilvnek
vvitdpgvag
garivapegqg
as

giekmltkne
tnanhfdlii
tayhathsnf
ldtktivvdg
agyigleiam
dkkgnetiih
metnlpniya
agldeagaev
eligglsmai

gvtevkvsyqg
igggsaafsa
sgikpkgvai
kvkytalkfi
aynrlgvkvr
ckepdgsftg
vgdvtntpaf
gnipfevskl
kynitvkela

Figure 3-22 The amino acid sequencef MerA of
http://www.ncbi.nlm.nih.gov/protein/485658516

ngscecsidp
aikaeslgls
dfagvikdkk
iatgattnip
iieftdrvlr
iiekgkvvva
vytaafegki
elnnvpraia
esfypyltlg

sktskeeiin
tlmvnggldf
glvatlgkkk
iieglnevgf
tgtpdiseal
sgttpnmgkl
avenaftgan
andtrgfikl
egiklaaitf
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Flavobacterium sp SOKG62

The PDB fileslzk7 (for core proteinand 2kt2 (for NmerA) were usedrom the

clustalw multiple alignmentsSmilar or identical resides were found in many places.

Modelingfor MerA of SOK62 ancdRhodothermusnarinusis shown inTable3-1.

Table3-1: Query information of the models

sequence SOK62 R. marinus4252
Query ID 1¢c1/19109 1c1/48200
Query length 552 557

For using the sequences as a query linsightl, they had to be converted to PIR

format (FASTA formatould not be usgd

3.2.2 Searching for a template

The amino acid sequences of SOK62 and R. marinus were used as ao aput

BLAST search against the ProteData bank The mercuric reductasef Tn501

([Pseudomonas sp.-82]) had thelargestpercentage of similaritf1ZK7 40%), and


http://www.ncbi.nlm.nih.gov/protein/485658516

therefore served ake emplate for homologynodeling. The amino

Pseudomonasp. K-62 MerA is shown inFigure3-2.

1
61
121
181
241
801
361
421
481

mthlkitgmt
gykatladap
gagvtlierg
qqgarvdelr
gaspavppip
rntlffredp
tgrtpntrsl
aainmtggda
fdtrgfiklv

cdscaahvke
ladnrvglld
tiggtevnvg
hakyegilgg
glkespywts
algeavtaaf
aldaagvtvn
aldltampav
ieegshrlig

alekvpgvgs
kvrgwmaaae
cvpskimira
npaitvvhge
tealasdtip
raegievleh
aggaividgg
vitdpgvatv
vgavapeage

alvsypkgta
khsgneppvg
ahiahlrres
arfkddgslt
erlavigssv
tgasgvahmd
mrtsnpnivya
gyseaeahhd
ligtaalair

glaivpgtsp
vavigsggaa
pfdggiaatv
vrlneggerv
valelagafa
gefvlttthg
agdctdgpgf
gietdsrtlt
nrmtvgelad

acid sequence of

daltaavagl
maaalkaveq
ptidrsklla
vfdrclvat
rlgskvtvla
elradkllva
vyvaaaagtr
ldnvpralan
glfpyltmve

541 glklaagtfn kdvkglscca g

Figure 3-3: The amino acid sequence of MerA fromTn501

http://www.ncbi.nlm.nih.gov/protein/P00392.1

3.2.3 Loading in the PDB file for template
At this step, the program Insigh{Accelrys)was used. Th&nown structure of
Tn501 (PDB file 1ZK7) was read in followed bthe sequences &OK62or R. marinus

which sened aghe queriesand which were converter to PIR format for input

3.2.4 Aligning the sequences
For each query the Insightll facilities were used to form the sequence alignments.
Aligned sequence of template and query werenclosed in Insight Ifiboxes dvere

created.Boxes were frozen before the following stee., assigninghe coordinates.

3.2.5 Assigningcoordinateso the structurally conserved regions
Identical residues were assigned identical coordinates-idémtical aligned

residues were assignedentical backbone coordinateShe coordinates of tlre side
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chainswerd aken from t he pr.oThisstem@as repeateddomeach | i b1

box.

3.2.6 Creating loop

Residues which had not been aligned and initial coordinates assigned as above
were nex constructed. The PDBdatabasavas searcled for known stuctures having
loops connecting secondary structurdsoselengthsequaled those of the query. The
loops also were chosen so that their-emédnd distances matched the attachment points
to the model and so that their attachmemnts did not produce abrupt changes in the
polypeptide direction that violated standard geomeRgasonableconformers were

found andinitial loop coordinatesvere assigned

3.2.7 Refining the structureby energy minimization

The steps up to this poing usually create some steric clashes and other violations
of the normal properties of well folded proteins. These are relieved by energy
minimization. In order to minimize a structure, the potential of each atom must be
specified. h order to specify the potentials, all of the hylps must be
explicitlypresent Therefore, hydrogens were added to the models. After adding the
hydrogens, modelarere minimizedto convergence ithe presence of a shell of water
molecules o0 si mul ate the prot ei .nfbesdefaulbgettmgdin a g u e c
Insight Il were used for the minimizatiohhe resulting models were saved as PDB files.

The bond lengthsand bond anglesvere checkedio be sure thegeometry

conformed to normal molecular structukdinimization of the molecule wastarted with
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100 iteratiols. Then the models werdisoake® into water.In the last run,100000

iteratiors were initiated. The energy converged to a minimum as showalile3-2.

Table3-2: Iteration of the models

Minimization SOK62 R. marinus

Iteratiors to convergence 12460 31142

3.2.8 Solvent accessible surface areas and molecular volumes

Solvent accessible surface areas were calculated by the method @hdlee
Richards using the program ACCE$®1]. Since ACCESS uses heavy atoordy
hydrogenswverestripped from the PDB files. ACCESS yields one line of output for each
heavy atom in the molecule, so to analyze the results in terms of atom type, the output
files were input to a program called BINS, which classifies each atom as to whether is it
aromaic, aliphatic, polar charged or polar uncharg&INS then tabulatéhe results. It
is described in Kajandet al [35].

Ri chardsds program VOL UhEcular vdumes,steed t o
output keing tabulated and formtat for analysis by Richad s 6 s pr og f3dm VOL F|

[36].

3.3 Resuls
Comparison of amino acid residuesthe 3 sequencestown inTable3-4, and
Table 3-5), reveals that SO8 has more bulky (amatic R group) and polar resiki

than MerA of the mesophile or thermophile.



34

3.3.1 Analyzing the models

The models areshownin Figure 3-4, Figure 3-5,Figure 3-6, andFigure 3-7, the
images having been pstructed with PymolTheywere analyzed as follows:

Theresidues in each secondary structure (the alpha helicelsetadheets) was
determined bycounting the residues that were exist in each secondary strudtuges
numbers being shown inrable 3-5. Each type of residue ieach model was counted
based a polarity and chargéshown inTable 3-4). The nunber of each kind foresidue
was counted (shown iRigure 3-8). The glyx-gly area of eachesidue was calculated
(shown inTable3-6, Table3-7, andTable3-8).

ACCESS and BINSwere used not only to determine the solvent accessible
surface areas but also to estimate the degree of burial of each protein atom. To estimate
percentage buriak reference structure representing full exposure was created from 20
tripeptides of the form ghx-gly, where X represented each of the amino acids in turn.
The backbone conformations of these were set to thpgzhangles oé fully extended
strand exept for proline, for which the angles of polypna Il were use@Table3-9).

The volumes were calculated ath@ output organized by amino aciddescribed
above. For 1ZKNH], therewere 132 atomsf the total number of atoms in the protein
whosevolumes could not be calculated by the Richards algorithm for geometric reasons.
These were flagged and deleted. Fortunately they would constitute only a small fraction

of t he pr oTheresnlts for are shownnhable3-3
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Table3-3: Protein volumes (3

1ZKNH2 Flavol.vaa Rhodonhl.vaa
(Tn501) (SOK62) (R. marinu$
Main chain 30996 28771 28757
Side chais 35131 391 38280
All 661238 67963 67038

Figure 3-4: The core MerA proteinThe structure ofMerA of Tn501 was done by
Ledwidgeet al[33] .Its PDB file isnamed 1ZK7.



Figure3-5: MerA modelof SOK62

Figure3-6: MerA modelof R. marinus

36
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Table 3-4: Comparison of amino acid residues among psychrophile (SOKG62),
thermophile R. marinu$, and mesophil€Tn501) MerA.

# Ami no Aci ds # & ( %) # & (%)# & (%
THO01 SOK®6 2 R. mar

1 Nonpolar, ali 22(848.8%)21345. 2 2288. 8
(G, A, V, L, I, M)

2 Polar, unchar 114(725. 1%)11925.3 9830.0
(S,,TN,CQ)

3 AromagroupRs 21L4. 5%) 367. 4%)286. 0%

(F, Y, W

4 Positively ch4910.5%) 511.095411.6
(K, R, H)

5 Negatively chb5R11.1%) 5211.0959012. 6
(D, E)

6 TOTAL 46(7100%) 47(1100%46(7100¢9

Figure 3-7: Models of MerA of SOK62 antR. marinuscreated based on homology to
Tn5016 Mer A templ at e. U helices are inthe ed,
active site highlighted in pu@dc)e helices. White circles are giens where the
structures othe threeMerA vary.
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