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ABSTRACT

Nitrous oxide (NO) is known as a greenhouse gas and an ozone-dgplet
substance. Denitrifying bacteria suchAalromobacter cycloclastes emit N,O into the
atmosphere during the denitrification process. &Jpeventy percent of the totaj®l
emission on the earth is derived from this procHs®. is a very stable substance and its
lifetime in the atmosphere is 114 years. Invesibgabf N,O reductase (POR) and its
accessory proteins may ultimately be useful indd&ign of catalytic systems, either
biological or chemical, for the control of,@ level.

The first aim of this research is to characteriosX| which is one of the
accessory proteins for,RR. Although NosX was shown to be involved in tbgwation
of N,OR, the structure and function of NosX and the rmaa@m of NosX on POR
activation are still unknown. Furthermore, NosX haser been isolated and probed. In
this study, culture conditions for NosX expressiow. cycloclastes (AcNosX) were
optimized to obtain adequate amounté&dflosX (chapter 2), andcNosX was
characterized with UV/Vis, fluorescence, EPR, arfl $pectrometry (chapter 3). The
structure ofAcNosX was investigated by computational and modetieghods (chapter
3). Crystallization trials were also undertakene fhechanism of pOR activation by
AcNosX was studied with UV/Vis and EPR spectromethapter 4). We demonstrated
thatAcNosX was redox active and donated electrons t€thsites ofAcN,OR. The
information revealed from this research will hedgfully understand the activation
mechanism of PODR with NosX.

The second aim of the research is to investigaénteraction betweeficN,OR
and its potential physiological electron donor,ymiEazurin (PAz) (chapter 5). X-ray
crystallographic techniques were utilized to detasrhe structure of th&cN,OR-
AcPAz complex and conditions were identified thatigoeystals that included both
AcN,OR andAcPAz. Although the crystals showed diffraction patse further
optimization is required to identify the complerusture. The information from this
research will be important to elucidate the dockimgchanism for electron transfer
between NOR and PAz.
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CHAPTER 1

INTRODUCTION

Nitrogen Cycle and Denitrification

Nitrogen circulate within the air, soil, water, and organic matterisTjprocess i:
called the nitrogen cycle and is composed of nérofixation, nitrification, ant

denitrificationas represented Figure 1.1 (1; 2).

Atmosphere
A

Atmosphere / \ etmosphere

-
’¢

Denitrification NO

Nitrogen  Njtrogen

Fixation Cycle NiR

Assimilation N H4 Nitrification

o) Matter  Ccoradation \ /
rganic Matter
9 NO;

Figure ..1. A schematic view of the nitrogen cycle.

NO,’

Denitrification is a process that reduces nitr&t®s3’) to dinitrogen (1) in four
steps (N@ = NO; = NO 2> NoO = Ny) (3) and is a respiratosysten that uses

nitrogenoxides as electron sis under anaerobic/micr@erobic conditior.
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Denitrification is performed by bacteria and archaesoils, rivers, oceans, and under
extreme environments (e.g. high pressure, pH, aneifaperature) (4). The
denitrification process is important because gasks fixed nitrogen to the atmosphere,
ultimately balancing nitrogen distribution among abil, and water (5). Each step in the
denitrification process is catalyzed by distinctatleenzymes (see next section).

Denitrification directly influences the environméd®). Denitrifying bacteria such
asAchromobacter cycloclastes (Ac) reduce surplus nitrogen oxides in contaminatéd so
and water. It is reported that nitrate and nitititen fertilizer are the major water
pollutants, which are leached mainly from farmlaf@is7). From this perspective, it is
significant to study the bacterial denitrificatipathway that can effectively decrease
excess nitrogen oxides in the environment.

Denitrifying bacteria may also emit nitrous oxid&Q) into the atmosphere
during this process (Figure 1.1). It is estimateat t 70 % of the total XD emission on
the earth is derived from the denitrification pree€8). To date, HD is the third most
abundant (9 %) greenhouse gas in the atmosphéowviiod carbon dioxide (72 %) and
methane (18 %) (6; 9). Although the abundance @Etl,0O in the atmosphere is less
significant than C@ N,O still has a large impact on the environment stheeglobal-
warming potential of BD is ~ 300 times higher than that of £Q0; 11). NO is also
known as an ozone-depleting substance (&R N reported to be the most alarming
ozone-depleting substance sincgNemission is expected to be the most abundant
among ozone-depleting compounds throughout tfee@dtury (10). In addition, D is

very stable and its lifetime in the atmosphereli4 gears (10). Thus, it is important to
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study the mechanism ofz,@ reduction by MOR and its accessory proteins for possible

biological or chemical catalytic systems to remdg@® from the atmosphere.

Metalloenzymes of Denitrification

The equation below (Eq.1) represents the denitifbe process (7):
2NOs + 10€é + 12H > N, + 6H,0 (Eq. 1)

This equation is a summation of the four successaetions below (Eq. 2 - 5):

NO;3 + 26 + 2H > NO, + H,O (Eq. 2)
NO, + € + 2H > NO + H,O (Eg. 3)
2NO + 2é+ 2H - N,O + H,0 (Eq. 4)
N,O + 2é + 2H > N, + H,O (Eg. 5)

These reactions are catalyzed by nitrate redu¢hiesi®) (Eq. 2), nitrite reductase (NiR)
(Eq. 3), nitric oxide reductase (NOR) (Eq. 4), atdous oxide reductase {8R) (EqQ. 5),
respectively (Figure 1.1). The conversion gONlo N, is exergonicAG°’ = -339.5
kJ/mol) and energetically favorable (12).

Nitric oxide (NO) is a toxic metabolite in denita&tion which is produced by
NiR and detoxified by NOR (Eq. 3 & 4). The express and activity levels of NiR and
NOR are known to be tightly regulated to keep tl@ ¢ddbncentration low in the cell (13).
In contrast, nitrous oxide @), which is another metabolite in denitrificati(ig. 4 &
5), does not show any obvious toxicity to the ¢&)Jl Thus, there is not a strict
requirement for the cell to regulate®R expression and activity (14). Some denitrifying

bacteria do not always expresgR even though they contain an intacs gene cluster,
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which codes for proteins to express activ®R (15). Also, other denitrifying bacteria
can survive without theos gene cluster (15). In addition, when the environtme
becomes anaerobic and denitrification respirattarts the NOR expression from the
nos gene cluster is induced far later than the expasdor the other denitrifying related
reductases (NaR, NiR, and NOR) (14). ThugONs transiently accumulated in cultures.
N2OR activity in whole cells becomes obvious 20 ~ 40rk after the conditions become
anaerobic (14; 16). These observations imply thatéduction of BO does not seem to
be an absolute requirement for the denitrifyingamigms (14). This seems to be a factor
of N,O emission from the denitrifying organisms in tliegence of excess nitrogen
oxides, which potentially cause the environmentabfgms such as global warming and

ozone layer destruction. An overview of each me&dkzyme will be described below.

Nitrate Reductase (NaR)

Nitrate reductases are molybdenum containing engytived catalyze the
reduction of nitrate to nitrite (Eq. 2). The physigical significance of nitrate reductases
for organisms has been reported as respiratiogefierate energy) and assimilatory
ammonification (to incorporate nitrogen into a bmetule) (7; 17). According to the
function and its location, nitrate reductases ategorized in several types such as
respiratory nitrate reductase (NaR), assimilatdimate reductases (Nas), and periplasmic
nitrate reductases (Nap). NaR is a cytoplasmic nnangbbound protein and responsible
for denitrification (7; 17; 18). Nas is responsibde nitrate assimilation whereas the

function of Nap, which is a soluble protein locatedhe periplasm, is still unclear (18).
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Although themolecular structure of NaR froA. cycloclastes (AcNaR) has not
been identifiedseveral crystal structures of Nare availablen the protein databa
(PDB). Nitrate reductase A froiE. coli (PDB code: 1Q16) is @ytoplasmic membrar-
bound quinolritrate oxidoreducta: (Figure 1.2) (19)According to the BLAST(Basic
Local Alignment Search Toosearch, the structure 8ENaR s expected to b

homologousgo the structur in Figure 1.2.

Periplasm

| $3e oy
-_{2\' ‘\ o 4’? FS4
s 2 Fs2  ?Fs3
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N OB FSO 9 gy
4 y = ;":1 e
o M
), « :.-'T \Q
=5 Mo
%
Cytoplasm

Figure 1.2. Crystadtructure of nitrate reductase A complex (NarGH®m Escherichia
coli.

NaRis composed of thresubunits (NarG, NarH, and Narl) (Figur@L NarG has one

Mo binding site which isthe active center, and one [4&8] cluster (FS(. NarH

includes one [3FdS] cluster (FS4) anthree [4Fe4S] clusters (FS1, FS2, and F¢ and
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Narl includes twd-type hemesf, andbg). Electrons that are reged to reduce nitrat
on the activesite are expected to be provided frthe quinol pool irthecell membrane
viathese redox active metal sii(quinol > by = by, > FS4-> FS3> FSz > FS1->
FSO0-> Mo - nitrate)(7). The mechanism of nitrate reductiortla active sitof NaR is

still under investigation.

Nitrite Reductase (NiR)

There are twdlistincttypes of nitrite reductases that conteitiner coppe
(CuNiR) or heme (cNiR) as cofactorsBoth NiRs catalyz¢he same reacti, namely
the reduction ohitrite (NCy) to nitric oxide (NO) (Eqg. 3). NiR is an portan enzyme in

agriculture since itelease nutrient elements (nitrogen oxidgskesent irfarm land to the

atmospherg7).
~__ . Type | Cu
TypellCu . flge \  letmansten . /

{Aciive cenler] w‘" 2= heme ¢ k rel m
[N i& 2] (e transfer) £ N » b
| L ) %

heme d,

(Active center) -

Figure 13. Crystal structures (AcCuNIR (left) and ceNiR from Paracoccus
pantotrophus (right).
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CuNiIR fromA. cycloclastes (AcCuNiR) is a homotrimer (40 kDa per monomer) ar
includes two copper ions (type | and Il coppers)menome (20), whereas NIR from
Paracoccus pantotrophusis a homodimer (60 kDa per monomer) and has one h«c
and one hemd; permonome (21) (Figure 1.3). Both proteins are located at
periplasmic spacdt is reported that typical denitrifying organisiave either CuNIR ¢
cdiNIR exclusively(7). For instanceA. cycloclastes contains CuNiR but not yNiR.
However, both types of NiR are observePseudomonas andAlcaligenes (7). The

structure and proposed mechanisnAcCuNiR will be furtherdescribe.

AcCuNiR hagwo coppersgper monomer. One copper siseclassified as type

(T1Cu) and tk other is type (T2Cu) (Figure 1.3, 1.4).

Type | Cu
(e~ transfer site) Asp98

His306

{from adjacent)

(Active center)

Figure 14. Coordination around the Cu sitesAicCuNiR.

The type | Cu (T1Cu3ite in AcCuNiRis coordinated with two histidin (His95 and

His145), one cystein@ys136, and one methionine (Met150) (Figurd). The
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geometry of T1Cu is an axially flattened tetrahedi@® and is stable in both Cu(l) and
Cu(ll) states. Therefore, this Cu site is suitdbteelectron relay, and it transfers
electrons to the active center (7; 22). The typeul(T2Cu) site irAcCuNIR works as the
active center, and is located at the boundary serfé two monomers. This site is
coordinated with three histidines (His100 and Hs#®m one monomer, and His306
from a neighboring monomer) and one water mole(figure 1.4) (7). Asp98 and
His255, which are located above the copper ceaterexpected to be involved in the
catalytic reaction (see below for detail).

The T1Cu and T2Cu centers are categorized by gisecipic (UV/Vis and EPR)
properties that are derived from ligands and itngetries around the coppers (22). In the
UV/Vis spectrum, the oxidized T1Cu center (e.g.uss@zurin fromA. cycloclastes)
shows a strong absorption peak around 600 nm digatod-metal charge transfer
(LMCT) transitions from the thiolate group of cyisteto Cu(ll) (22; 23). According to
the absorption spectrum, the T1Cu protein showseadlor and it is called a “blue
copper protein” (24). Once the Cu is reduced, h@anete LMCT band is abolished
since the d orbitals of Cu(l) are fully occupiediwelectrons thereby preventing LMCT
(25). In contrast, both oxidized and reduced T2éuters do not show the LMCT
absorption peak because there is no thiolate ligangthe T2Cu site (26). In the EPR
spectra, both oxidized T1Cu and T2Cu centers [&Rg.from Alcaligenes xylosoxidans
and laccase frorRhus vernicifera) show small hyperfine splittings whereas reduced

forms of the centers become EPR silent since @u@)= 0 (26; 27).
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Themechanism othe catalytic reaction by CuNiR hbsen proposebased on
the crystal structur@Figurel1.5) (28). Structural analysis AECuNiR reveal: a channel
that leads the substrate to T2Cu active site located ~ 12ffom the protein surfa
(28). Since thentry site of thechannel is negatively charged, nitigeexpected tenter

the active site as@rotonatecform (HNGO,) to avoidelectrostatic repulsic (28).

Asp98 —C::j
o, H-0 v
Yo" O=N*_ , O=N'
&ull Cu() Cu(ln
iNU» |/ HZO
v \/
N N
o m \\“ﬁ m
o A
. . 2 110'R —
Asp98 =cT — = AspB=—C_
o, ¢ >,
Y \ H N
\o,: o \o,:|:;o
(o) Cuh

Figure 1.5. The proposed catalytic mechanisnAcCuNIR (28).

In the resting statéhe substrate binding site on the T2Coccupiedwith a watel
molecule (Figure 1.5ADeprotonated Asp9 protonated His25%nd the T2Ciare

connectedvith water moleculevia hydrogen bonds (Figure 1.5A)Mhen thesubstrate
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(HNOy) comes into the active center, the water molecaléhe T2Cu is replaced by the
substrate, and HN{binds to the T2Cu vi®-coordination (Figure 1.5B). After the
substrate binds to the T2Cu site, the Cu is redbgezh electron from the T1Cu, and the
coordination of the substrate is changed (Figus€)L.The proton on His255 is
transferred to the activated substrate to form N@® 40 (Figure 1.5D) (28). The
product (NO) leaves from the active center and &mmaolecule binds to the oxidized
T2Cu ion (Figure 1.5A).

In CuNiR fromPseudomonas chlororaphis, redox potentials of the T1Cu and
T2Cu have been determined to be 298 mV and 172thp¥i & .6, respectively (29).
According to the relative redox potentials, theceten transfer from T1Cu to T2Cu is
energetically unfavorable (29). However, the redotential of T2Cu is increased in the
presence of the substrate, which facilitates teetedn transfer (29). This observation
indicates that there is a redox regulation mechatig substrate binding in this NiR. In
contrast, such a mechanism will not be requirelcd@uNiR since the redox potentials of
T1Cu and T2Cu without the substrate are alreadgréble for electron transfer (T1Cu =

240 mV, T2Cu = 250 mV at pH 7.0) (30).

Nitric Oxide Reductase (NOR)

Nitric oxide reductase is a membrane bound protecatalyzes the reduction of
nitric oxide (NO) to nitrous oxide (D) (Eqg. 4) (8). NORs have been categorized in
three classes (CNOR, gNOR, and qCuNOR) accorditiget&inds of electron donor
sources (electron transfer proteins or quinols)asweptor sites (heme or £sites)

bound to the proteins (31). The structures of ttiva sites among the different classes
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are expected to be homolog (7). To date, only one structuoé NOR (cCNORfrom
Pseudomonas aeruginosa) has been determined withrdy crystallography (PDB cod

300R) (Figure 1.6) (32)

Cytoplasm

NorB

Figure 1.6 Crystal structure ofitric oxide reductase frorRseudomonas aeruginosa.

cNOR has beefound in denitrifying bacter such ag?seudomonas stutzeri (33),
Paracoccus denitrificans (34), Pseudomonas aeruginosa (35), andViarinobacter
hydrocarbonoclasticus (transferred fronPseudomonas nautica) (17). NOR fromA.
cycloclastes (AcNOR) was also expected to be categorized esl@R sinc almost all the
denitrifying bacterigexcepiRalstonia eutropha (36)) have beefound to hav this type
of NOR to date (7)Although characterizatioof AcCNOR has nobeen reported,rotein
sequence alignmeanalysis 0/ACNOR by Clustal W showedose similarityto those of

cNORs (Appendix AFigure S1.1 and SJ).
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cNOR is composed of two subunits, NorB and Nor@uiFe 1.6). cNOR receives
electrons from electron transfer proteins suchy&scbromec and/or cupredoxin (T1Cu
containing electron transfer protein such as psanaian) in the periplasm. NorB
includes three iron sites, herlnghemebs, and Fg while NorC has one hente The
hemec in NorC works as an electron acceptor from thetsda donor proteins in the
periplasm. The hemein NorB receives the electron from the hetrand transfers it to
the binuclear active site (electron dor®rHemec > Hemeb - hemeb; and Fg).

gNOR has been isolated from pathogens (37). Thatt®gens do not have the
other denitrifying related enzymes such as NaRNiRJ(7). Macrophages produce NO
as a part of the immunological response to kilhpgens (38). These facts imply that
gNOR acts in the detoxification of NO rather thaspiration to nitrogen oxides (8; 39).
Since the amino acid sequence of qNOR is homologn®rC in the N-terminal region
and NorB in the C-terminus region, gNOR is hypoites to arise through the gene
fusion of NorC and NorB (7). gNOR has also beermppsed to be the ancestor of all
three types of NOR since the electron transferesystith quinones is thought to be
older than the system with cytochromes (31). Tlasof NOR functions as a monomer
and uses quinol for the electron source (40). €hwsyme does not have a heowte to
receive electrons. Instead, the hdmtkrectly receives an electron from the quinol pool
in the membrane and transfers it to the activeerent

NOR fromBacillus azotoformans, which is a gram-positive soil bacterium, was
classified as qCuUNOR (41). To date, this is theg NOR that is categorized in this class.

Bacillus azotoformans is a denitrifier and has membrane-bound typesal® \NIiR, NOR,
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and NOR (42).gCuNOF is composed of two subunits as well as cN Although the
catalytic subunit is homologous NorB in cNOR the smaller subunit that is similar
NorC has ainuclear copper ceni; a Cw site serves as thaectron transfer site inste
of hemec. gCuNORcan utilize both menaquinol and membrane boagtbchromecss;
as electron sources (43he NOR activity with menaquinol istdmes higher the the
activity usingcytochromecss; as an electron source (43).

Several catalytic mechanisms have been proposédid&t ancthese ar still
controversial becaus®me of the ke experimental data conflicts witine anothe (7).
The proposed mechanisms referred to agrans- andcis-mechanismgFigurel.7). In
thetrans-mechanism, one NO molecule bindsthe hemdo; siteand the other N(
molecule binds to the gesite (Figure 1.7left). Alternatively, two NO molecules bind

the Feg site in thecissmechanisn(Figure 1.7, right).

trans-mechanism cis-mechanism
|/ £ I N4
Fle""\N/FeB— Fe i /‘FeB—
| /7 N | o \

o \
Figure 1.7 Proposed structures of hyptrite intermediate itrans- andcis-mechanism
for NOR (8).

Several studies ocNOR fromPseudomonas aeruginosa with EPR and ultr-rapid freeze
guench techniques hasbown data that are consistent with the tramschanisr (8; 35;

44). The signals for the I (I)-NO and the penta-coordinated helad-€ (I)-NO

complexes were observed in the EPR spe (35). Thecissmechanism is supportdby a
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study on cytochrombo (heme—Cy protein) fromE. coli, which data indicated two NO

molecules were bound to the £site (45).

Nitrous Oxide Reductase {8R)

Conversion of MO to N is catalyzed by pPOR, which is the last step in the
denitrification pathway (Eq.5). In the absence xygen, NO is used as the terminal
electron acceptor in the anaerobic respiratoryrcf¥i46).N.O respiration has been
observed in a number of species in a wide variegnuironments, such as soil bacteria,
phototrophic and chemoautotrophic bacteria, path®g®arine organisms, piezophiles
(high pressure-like deep sea bacteria and archadf)r- and halorespirers, thermo- and
psychrophilic (cold-like) bacteria, and extremoph{extreme condition-like) archaea (4;
12; 47; 48; 49). Subsequently, thas gene cluster that is required for the activ®©R
expression has been found in many bacteria anédeacb0; 51; 52; 53; 54). The initial
research oPseudomonas stutzeri suggested that JOR was a Cu containing enzyme
since Cu specifically induced,NR expression under anaerobic conditions (4).

N2OR has a conserved twin-arginine sequence in ttexriNinal signal peptide
region, which is recognized by the Tat (twin argatranslocation) pathway that
transports folded proteins across the cytoplasnembrane (50; 55). The mutation of the
twin-arginine motif in NOR fromPseudomonas stutzeri resulted in accumulation of
unprocessed JOR in the cytoplasm, which did not contain any @np(®6). The result
indicated that the Guand Cu sites were assembled in the periplasm. In contfa&IR
from Wolinella succinogenes has a sec-type signal peptide for the Sec (segjeto

pathway that transports unfolded proteins throighctytoplasmic membrane (4; 51).
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Most NbORs includini from A. cycloclastes are soluble head-t@il homodimers
(Figure 1.8) locateth the periplasmispace, although there have been se\
membrane-associated@Rs reporte (57; 58). NOR is Q sensitiveanc exposure of
N.OR fromA. cycloclastes (AcN,OR) to air results in botloss of Cu content ar
irreversibleenzymatic activit (11). However, BOR fromMarinobacter
hydrocarbonoclasticus (formerly Pseudomonas nautica) maintains aelativelyhigh
activity even under aerobic conditi, and what activity is logtan be reversiblrestored

with a standard activation process with reducechgietologen (MV' (55).

6 A CUa A
gl v AR

h
|||!

N,O N, +H,0

Figure 1.8 Crystal structure of a monomeric formAcN,OR (59)and aschematic
model ofthe dimeric form oAcN,OR (60).
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To date, NOR structures frorMarinobacter hydrocarbonoclasticus (61),
Paracoccus denitrificans (62), Achromobacter cycloclastes (59) andPseudomonas
stutzeri (63) have been solvi. These structures are highly homolog@®). N,OR is
typically composed of two domains, thterminal domairthat includes the C, site and
the Nterminal domain that holds the ; site (see below for details).

The Cterminal domairof N;OR contains a cupredoxmotif thatcontains one
Cua center (Figure 1,9eft) (64). This domain is homologous to thex@enter of bovine
cytochromec oxidaseg(65). In the Cy center inAcN,OR, two copperions are bridged by
two conserveaysteines (Cys578 a Cys582), and the oxidized gaiteexists in a
mixed-valence state [@1.5)— Cu(1.5)] which is energetically more farnable than the

[Cu(l) — Cu(ll)] state(4; 55.

His586
Met589

Figure 1.9. Coordinations around thea (left) and Cu sites (right)of AcCN,OR (59).
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The Cu site can exist either in an oxidized form [Cu(%5Ju(1.5)] or reduced form
[Cu(l) — Cu(l)] following electron transfer, whereas thau[@) — Cu(ll)] form has never
been observed for any gaenter to date (4). The gsite is expected to relay an
electron from electron donors (such as pseudoaamdrcytochrome) to the Cu site (7;
55). The reorganization energy of thea&ite during the redox reaction is estimated to
be lower than the one of typical T1Cu site (4). /Bfigre, the binuclear Gusites in
cytochromec oxidase and pOR are thought to be more suitable for electronstier than
the mononuclear T1Cu site (4). In addition, the @amain is important for the structural
stability of NN OR from Pseudomonas stutzeri according to results from a domain study
(4). No NbOR expression was observed when this domain wasedglalthough the
correspondingnosZ transcript was detected in Northern blot anal{®. Since the
redox potentials of Guin cytochromec oxidase from murine and,®R from
Paracoccus pantotrophus have been determined as 250 mV (67) and 260 m)/ (68
respectively, the redox potential of the &ite inAcN,OR is also expected to be in this
range.

The large N-terminal domain of,RR consists of a seven-bladégbropeller fold
which contains the Gucenter (Figure 1.9, right) (61). To date, the. Center has been
found only in NOR, and it is known as the first biologically a€ti€u-S cluster (61; 69).
The four coppers in the cluster are labeled aq@per side of the sulfide), ¢@lower),
Cuy (right), and Cy, (left) (Figure 1.9, right). The substrate,(M is expected to bind on
Cu and Cy and will be described later (70; 71). The presarfcilfide in the Cyu

center was determined witfs isotope labeling of ¥DR from Pseudomonas stutzeri and
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resonance Raman spectroscopy (72; 73). Ti@R\structure fronfParacoccus
denitrificans solved to 1.6 A resolution confirmed that the,@ite is a unique p4-sulfide
bridged tetranuclear copper center (74). Additigna chloride ion is bound close (6.2
A) to Cu in the Cu site in all four NOR crystal structures (61; 62; 59; 63). This clueri
shares one of the ligands of the, @uUN,OR from Paracoccus denitrificans (74). It is
suggested that this chloride probably influencesrédox potential of Go that this
copper is stabilized in the Cu(ll) state, whiclpisferable for NO binding (74). The N-
terminal domain of BOR is responsible for dimerization and the resicateabe dimer
interface are well conserved (4). The dimerizabbN,OR is facilitated by ionic and
hydrophobic interactions between the monomers caethting interactions of two
calcium ions which are located at the dimer ints#fé61; 74). The dimerization is
thought to be essential for the catalytic reactidre distance between the £and Cuy
sites within a monomer unit is 40 A, which is t@o for rapid electron transfer. However,
the distance between the Land Cuy sites across the dimer interface is 10 A, implying
that electron transfer reactions between suburgt$axorable (Figure 1.8) (75; 76). The
redox potential of Cufrom Paracoccus pantotrophus was determined to be 60 mV,
which is not suitable for the electron transfenirthe Cy site (~ 250 mV) (68). The
mechanism of electron transfer from the,Gite to the Cgicenter is still unknown.

Three redox states ob,QR have been observed; the dithionite-reduced ftren,
fully reduced form, and the oxidized form (70; 78). WhenAcN,OR is isolated from
the cell extract, dithionite is added to the sangleng the purification to avoid

oxidation by Q contamination (11). Thus, t#&eN,OR is purified as the dithionite-
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reduced form and is referred to as the “as-puriffedn or the resting form. In the
dithionite-reduced BDR the Cuy site is partially reduced ([1Cu(l)*3Cu(l)], S £,
while the Cuy site is fully reduced (Cu(h Cu(l), S = 0) (79). The Gusite can be further
reduced by prolonged incubation (~ 3 hours) withuoedl MVin vitro (70; 77). This
state is catalytically active and is referred tahasfully reduced form or the active form
([4Cu()], S =0) (70). In the oxidized form of,8R, the Cuy site is assigned to [2Cu(ll)
«2Cu(D)], and is EPR silent (S = 0) because offartbmagnetic coupling between the
coppers (80). This form can be observed afteruhlg feduced form is reacted with,®8
or oxidized with potassium ferricyanide (77; 11helCuw site is also oxidized (Cu(1.5)
Cu(1.5), S = 1/2) with potassium ferricyanide.

The catalytic mechanism of,N reduction at the Gusite has been proposed
based on the crystal structures and density fumakitheory (DFT) calculations (70; 71).
In the resting state of GY[1Cu(l)*3Cu(D)]), N.O binds to Cyand Cy,. The substrate is
expected to bind to the ggite as the “u-1,3-p0 bridging mode” (N atom binds to Cu
and O atom binds to Gu Figure 1.10) (79). When the &IN,O complex is reduced to
the fully reduced form ([4Cu(l)]), the geometry N§O on the Cuy site is altered. The
N-N bond and NO bond distances are stretched 0.03 and 0.07 Bectsely, and the
N-N-O bond angle bends from 180 ° to 139 ° (Figure ,1sl6p 1) (70). This D
geometry shift facilitates the two-electron tramgfem Cy and Cuy, to the substrate (70).
After the N-O bond is cleaved and product,fNs released (Figure 1.10, step 2), the
remaining oxygen atom from the substrate will bessguently protonated (Figure 1.10,

step 3) and released asCH(Figure 1.10, step 5). The conserved Lys397 ORI from
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Marinobacter hydrocarbonoclasticus (Lys412 inAcN,OR), which is 4A away from the

Cuy atom, is proposed ffacilitate the catalytic reaction lacting as a proton sou (81).
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Figure 1.10Calculated Cz-N,O complex and proposeatalytic mechanism f No,OR
(7; 71).
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Two states (Cuand Cuy*) of the Cy center have been characterized (68). The
Cu; state is considered to be enzymatically activeeredis the Gd state is inactive and
redox inert (68; 69). The Gtistate is generated by.@xposure of the enzyme (68) and
gene inactivation ohosR and/ornosX, as will be described later (82; 83). AcN.OR,
both Cy and Cuy* states seem to have almost identical absorpteake at 640 nm in
UV/Vis spectra (11; 77). In JOR from Pseudomonas stutzeri, the Cy and Cy* states
show peaks at 382 and 384 tiim resonance Raman spectra, which are excited @t 6
nm (73). These spectroscopic features of the @ud Cy* states indicate that the
structures of these states are highly similar,ocaigfn the redox behavior of the states is
significantly different. In NOR from Marinobacter hydrocarbonoclasticus, the Cuy*
state is associated with an absorption peak atrgddn the UV/Vis spectrum as the
protein is purified in the presence of oxygen (84ljhough the Cyg* state inAcN,OR
cannot be reduced with MV, the €uwstate in NOR from M. hydrocarbonoclasticus can
be fully reduced with MV and shows almost identiaefivity to that of the Custate (84).
The mechanisms of {resistance and reversibility from the £uo the Cy state of
N2OR fromM. hydrocarbonoclasticus are still unclear.

Recently, a structural relationship between the & Cy* states was proposed
in N2OR from a crystal structure of substrate boun®R from Pseudomonas stutzeri
(63). This structure revealed the presence of draesulfide ion bound at the €site
([4Cu:2S] form) (Figure 1.11, left) (63). The authsuggested that the £and Cy*
states corresponded to the [4Cu:2S] and [4Cu:18hdp respectively (63). The"2

sulfide in the Cy site was located at the place where the subsdaratanhibitor (iodide
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anion) were thought to be bot (59).

|

o=
"

1

Figure 1.11[4Cu:2S] form of the C; site in NOR from Pseudomonas stutzeri (PDB:
3SBR)(63). Newly found ™ sulfide between Guand Cuy (left) and location of th
substrate between the Ao and Cu sites (right).

They found that the "2 sulfide was highly oxygen sensitive amehs los when the

enzyme was exposed to air. This observation wasistemt with the fact that the z*

state was generatetbllowing O, exposure. The JOR structures that had be

determined previously were all crystallized underohic conditions, whereas,OR
from Pseudomonas stutzeri was purified and crystallized under strictly andac
conditions. Therefore,it is resumed that the other ,@Rs {rom Marinobacter
hydrocarbonoclasticus, Paracoccus denitrificans, andA. cycloclastes) also have the™
sulfide in the Cg site under strictly anaerobic conditic. The substratebound form of
the crystal structureevealed that ,O was located between the £and Cy; sites (Figure
1.11, right) (59; 63)The distancibetween the O atom of;N and theCu, of the Cu site

was 3.2 A whereas the distance betwethis O atomand His626, whichs the ligand of
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the Cu site, is 3.5 AThe authors propo that the substrate receivegectror(s) directly
from the Cuy site, instead oreceiving the electrons from the £site as described

Figure 1.10 (7; 71).

Pseudoazurin (PAz)

Pseudoazurin is T1Cu containing protein located the periplasn(Figure 1.12,
PDB code: 1BQR)(85). PAz works as a common electron transfer protein for
denitrifying enzymes such as NiR (86), cdNiR (87; 88), NOR(89), and NOR (90;
91). PAz hasa mononuclear copper cer, and exists itwo redox states, ((I) (reduced
state) and Cu(ll)gxidized stat). Expression levels of PAz iRaracoccus denitrificans
are regulated by the transcriptional activator FnrP,iclvhis responsible for prote
expression under anaerobic condit and will be further describeith the next sectic

(88).

Figure 1.12. Crystal structure AcPAz (1BQR) and coordinatioenvironment athe Cu
center.
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Since PAz is required to interact with several cdeally different proteins for
electron transfer, the donor-acceptor interactiares achieved in a “pseudo-specific”
manner (87). The pseudo-specific interaction isetdas a combination of a hydrophobic
patch and surrounding positively or negatively gedr patches on the surface of two
proteins, which is less specific than a structuaeda interaction (87). In the case of the
N.,OR-PAz complex, electron transfer is facilitatedtbg hydrophobic patches onOR
and PAz, and several positive residues (Lys) on &4 negative residues (Glu/Asp) on
N2OR that are located adjacent to the hydrophobichest (see chapter 5) (87).

Recently, putative docking structures AdN,OR andAcPAz were calculated in
our lab (91). The top three candidates of AoN,OR-AcPAz docking structures are
shown in Figure 1.13A. The thré&PAz structures in orange, green and blue in Figure
1.13 indicate the binding orientations AEPAz on AcN,OR. Additionally, the electron
transfer pathways from the T1Cu @étPAz to the Cy site of AcCN,OR were also
calculated based on the three docking structuregur@ 1.13B). The calculations
indicated thatAcPAz interacted withAcN,OR through the hydrophobic patch as
mentioned above. The calculated electron transéghvways fromAcPAz to AcN,OR
were consistent with the previous studies opOR and PAz from Paracoccus
pantotrophus (92) and on BOR and cytochromess, from M. hydrocarbonoclasticus
(93).

Pseudoazurin frorRaracoccus pantotrophus (formerly Thiosphaera pantotropha)
donates electrons to,8R in vitro (90). Additionally, several possible docking sifes

electron transfer between,®@R and PAz fronfParacoccus pantotrophus were calculated
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and the plausible electron transfer pathways frémt® Cis in N;OR are identifie (92).
In additional investigations itParacoccus pantotrophus, oxidized PAzis shown to
dramatically enhance the nitrite reductby cdNiR and facilitate the release of prodi
NO (94). This result shos that PAz worksiot only as an electron donor but also ¢
“facilitator” of its binding partner’s functic, as possibly mediatdaly electron exchanc

between Cu in PAz and hemecd;NiR.

A

Figure 1.13. (A)alculated ocking structures oAcN,OR (2IWF)andAcPAz (1BQR),
and (B)putative electron transfer pathw. from the T1Cu oAcPAz tothe Cw of
AcN,OR (91).
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Accessory Proteins for JOR

Nitrous oxide reductas(N,OR) requires accessopyoteins to be expressed ¢
activated (12; 55)Although Nos proteins have been characterizedversé denitrifying
bacteria, the functiongf the accessorproteins on MOR are stillsomewhe unclear. For
example, NosX fromParacoccus denitrificans was shown to be involved in tr
activation of NOR in vivo (83). However, the mechanisby which NosX activates
N2OR is still unknown.Investigations on the rolesf each accessory proteiare
important in ordeto understand thassembly of the cofactors (£and Ciz) in N,OR
and the activatioproces<of N,OR for reduction of MO. This studys mainly focused o
the expression and characterization for functiord atructure of NosX fromA.
cycloclastes (AcNosX) in vitro. An overview of the accessory proteins fc,OR will be
described.

The nitrous oxide reductase gene clusnos cluster) inA. cycloclastes was
identified in 1998 (53) Seven protein coding regions includinosR, nosZ (structural
N>OR gene),nosD, nosF, nosY, nosL, andnosX were identified and arranged in fc

transcriptional units consisting nosR, nosZ, nosDFYL, andnosX (Figurel1.14) (52).

— R V4 D:>F Y>L>X—

Figure 1.14Thenos cluster fromAchromobacter cycloclastes.

The Nos proteins from these genes are thought expeessed across the periplic and

cytoplasmicaregions (Figurel.15). The proteins that structures have already beered
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are shown with the structures whereasproteins without the structural information i
represented by circles (soluble proteins) and sgu@nembrane bound proteil

Thenos clusters havialsobeen isolated from denitrifying bacteria suct
Pseudomonas stutzeri (nosRZDFYL) (95; 50),Paracoccus denitrificans (nosRZDFYLX)
(96), Snorhizobium meliloti (nosRZDFYLX) (97; 52),Pseudomonas aeruginosa
(nosRZDFYL) (98), and Bradyr hizobium japonicum (nosRZDFYLX) (99). The
nosRZDFYL gene sets themost frequently observed sequence (b several specie
thenosX gene has not been identificTo date (as of January 2012), 3FInosZ (N.OR)
geneshave been registeredthe NCBI database, whereas only 92X genes have

been identified in thaos clusters.

SR o
( 9000000050000 600000000

.. _.NosZ (N,OR)

Figure 1.15Distribution of the Nos proteil from Achromobacter cycloclastes.
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In the non-denitrifying organisiseudomonas putida, it is shown that the expressions of
nosRZDFY genes, but natosL andX, are sufficient to construct a hola®R (100). It is
believed that NosD, NosF, and NosY are responsiblbiosynthesis of the Gisite (50).
The functions of the Nos proteins will be descriloethis section.

Under denitrifying conditiongjos gene expression is activated by transcriptional
factors that are the FNR-CRP family proteins. & baen shown that three transcriptional
factors are involved in theos gene expression; Fnr, Dnr, and Nnr. Fnr is resptnor
the protein expression in response to anaerobidittons, whereas Dnr and Nnr
upregulate the protein expression in the presehb¥da(101). Dnr inPseudomonas
aeruginosa and DnrD inPseudomonas stutzeri regulate theéos gene expression (55; 102;
103), whereas both FnrP and NNR equally contribmtée whole cell BOR activity in
Paracoccus denitrificans (101). InA. cycloclastes, it is still unclear which transcriptional
factor regulates theos cluster expression.

According to the mechanisms for thes gene expressiompsk promoter activity
is increased with NO, but not®, in Pseudomonas aeruginosa (98). Additionally, NO
shows strong upregulation for the expressions®htisR, nosZ, andnosDFYL in
Pseudomonas stutzeri (103). The NO signal transduction pathwayseudomonas
stutzeri is summarized as follows; NO produced by NiR atte DnrD, which facilitates
the expression afosR, and NosR further stimulates expressionas#Z and thenosDFYL
operon: NO> DnrD = nosR/NosR—> nosZ andnosDFYL (55; 50). It is still unclear
whether the expression nbsX is also upregulated by the transcriptional fachmsause

the effects of transcriptional factors oos cluster expression have only been investigated
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on the bacteria that do not have tlesX gene. Even though anaerobic conditions are
required for thenos gene expression and@R activity, a low level of @is also required
for maximumnos gene expression and/or cell growtPseudomonas stutzeri and
Snorhizobium meliloti (104; 105). Micro-aerobic conditions were alsouiegd to culture
A. cycloclastesin our lab (Bollinger, Jet al. unpublished results).

NosR as the Regulator of the Nos Gene
Expressions and the Activator of@®R

NosR fromA. cycloclastes (GenBank code: AAD09156.1) is expected to be an 80
kDa membrane bound protein (53). THusR gene is shown to be essential for expression
of NoOR in Pseudomonas stutzeri (82), in Pseudomonas aeruginosa (98), and in
Bradyrhizobium japonicum (99). ThenosR expression is regulated with the transcription
factor DnrD in response to NO iRseudomonas stutzeri, as mentioned earlier (103).
NosR is a transmembrane protein containing a flamononucleotide (FMN) binding
domain on the periplasmic side and two [4Fe-4S{lioip motifs on the cytoplasmic side
(82; 106) (Figure 1.15). The Fe content of recorabirNosR fronPseudomonas stutzeri
is determined as 7.9 atoms per molecule, and abitklsulfur is detected in the protein
(82). These results confirm the presence of twae{45] clusters in NosR. NosR and
DnrD are essential to activate transcriptionsno$Z and nosDFYL in Pseudomonas
stutzeri (50; 106). However, the precise mechanism of Niss&ill unclear since NosR
does not have any features of transcription fad@2$. To date, it is presumed that NosR
might interact with DnrD fonosZ expression (82).

NosR is also shown to be essential in maintainin@m activity in vivo (82).
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Whole cell NOR activity is observed or in the presence of both the periplasmic Fl
domain and the cytoplasmic [4-4S] domain of NosR. Either the FMN or [-4S]
domain truncatedNosR expressions iPseudomonas stutzeri resultedin loss of NOR

activity in the cell (Figur¢1.16, b and c).

g SXaCX,CXC

TM 1 Flavin-binding ™2 3 4 5
CX,CP CX,CPCX,CX,CX,C

: v —{HHJo{HJo—o—o—c
¢ N —TF

d N ——{HHp{Hlo—o—o—c

VX,VP

Figure 1.16 Structural elements of unprocessed N (a) and mutated Nos (b-d) (82).

Further, Cys—> Val mutations of one of the [4FHS] sites, which is locate
between thdourth and fifth transmembrane heli and exposed to theytoplasnic side,
show that this site i;dispensabl for N,OR activity (Figure 1.16, d}82). Since a low
initial N2OR activity is observed, it isuggested that the,QR inactivation is due to tt
absence of electron supply after the fcatalyticturnover, which further indicates tr
NosR might serve as alectron source for JOR. This observation also indicates t
NosR is not involved in the biosynthesis of factive center of BOR (Figurel.15).
Indeed, Cu contents of,ORs from the strains which express intactruncated NosRs

were almost the san{82). It is suggested thalosR donates electrons tOR through
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electron transfer proteins such as pseudoazattype cytochromes, and/or NosX, as will
be discussed in chapter 4 (82; 83). Additionallye tCy* proportion in NOR is
increased in the presence of truncateskR mutants (82). This suggests that NosR helps
maintain the Cgsite in a catalytically active state and/or regates the Cif state to the
Cu; state.

NosD, NosF, and NosY as
the Cy Site Assembly System

NosD, NosF, and NosY are essential for biosynthefsise Cy site (100).
Deletion of eithenosD, nosF, ornosY resulted in loss of the Cu content igOR from
Pseudomonas stutzeri (95; 107). Sequence analyses of NosD, NosF, as Keveal that
these proteins are homologous to the bacterial Bifing cassette (ABC) transporter
proteins (108). The typical ABC transporter systercomposed of three units; a
cytoplasmic ATP/GTP binding protein (analogous tsR), a transmembrane protein
(NosY), and a periplasmic protein (NosD) (109).sTéystem transports small molecules
and/or proteins across the cell membrane usingribegy generated by ATP/GTP
hydrolysis. Since Gusite assembly requires four coppers and a sulfumn athe NosDFY
complex is expected to transport sulfide and/ofrGm the cytoplasm to JOR in the
periplasm (Figure 1.15) (100; 109).

NosD fromA. cycloclastes (AcNosD, GenBank code: AAD09158.1) is predicted
to be a 46 kDa periplasmic protein (53; 110). Amareed sequence analysisAdNosD
identified two CASH (carbohydrate binding protearsd sugar hydrolases) domains,

although the function of these domains was ungtEhbt). RecombinamicNosD has
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been overexpressedhn coli and purified for characterization in our lab (53hwever,
recombinant NosD was expressed in inclusion boéiesfication of NosD from the
overexpressed straAc/pMLnos, in which whole Nos proteins were expedtete
overexpressed, has also been tried several timegds not successful (Bollinger,el.
al. unpublished results).

NosF fromA. cycloclastes (GenBank code: AAD09159.1) is a 34 kDa
cytoplasmic protein (Figure 1.15) (53). An ATP/GBiRding site was identified by
sequence analysis (53). Tagging of a maltose bynpliatein (MBP) to NosF from
Pseudomonas stutzeri enabled expression of stable NosF irEanoli over-expression
system (50). The ATP/GTPase activity assay of tiBPNNosF fusion protein show that
NosF can hydrolyze both ATP and GTP, although wattying efficiency, whereas no
CTPase or ADPase activity is detected (50). Trassltendicates that Guassembly is
coupled with ATP/GTP hydrolysis.

According to sequence analysis, NosY frAntycloclastes (AcNosY, GenBank
code: AAD09160.1) is expected to be a six-transmranmdprotein with a size of 28 kDa
(Figure 1.15) (53)AcNosY is composed of 273 amino acids (aa) and islyig
hydrophobic. The alanine and leucine content&adfosY are 59 aa (21.6 %) and 53 aa
(19.4 %), respectively. Since few studies on Noa¥ehbeen reported, there is little

additional information on this protein.

Copper Chaperon Protein NosL

NosL fromA. cycloclastes (AcNosL, GenBank code: AAD09161.1) is a

periplasmic protein (18.5 kDa) whose N-terminal endxpected to be anchored to the
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outer membrane (Figure 1.15) (53; 108). The N-teaindomain of this protein includes
Leu-(Ala/Ser)-(Gly/Ala)-Cys motif which is a Typédignal peptidase recognition
sequence and leads the protein to the outer memigs8n 112). RecombinaAtNosL
was overexpressed i coli for characterization (L08MAcNosL is a monomeric copper
binding protein, which has selective affinity to(@uut not to Cu(ll) (108). The copper
on AcNosL will be released as the Cu(l) is oxidized t(I§. This observation indicates
that NosL delivers copper ions to thesGand/or Cuy sites of NOR, although it is still
unclear whether NosL works independently or in eshwith the NosDFY complex.

Although NosL is assumed to be a metallochaperonthé biosynthesis of the
Cu sites in NOR, NosL is not required to produce catalyticaliyivee holo-NOR in the
non-denitrifying organisnPseudomonas putida (100). Inactivation of NosL in
Pseudomonas stutzeri also shows no apparent effect oOR synthesis (113). These
observations indicate that there is an alternaystem to transport coppers tgOR in
the host (112). Itis likely that NosL has somectimnal role during BOR biosynthesis
because many denitrifiers have the consenas®FYL gene set in common (55).

The apo form oAcNosL structure has been determined with NMR (1A2NosL
is composed of two sequentilap motifs whose structure is homologous to the
mercury binding protein MerB, although amino-acahtology of the two proteins is
very low. The structural analysis of apoNosL revealed that there are disordered
regions in both the N-terminal (Metl - Pro34) ante@ninal (Aspl61 - Gly175) ends
(112). One of the ligands for Cu(l) AtNosL is expected to be Met109 (Metl27 in the

PDB data), which is well conserved among NosL sege® from various species (Figure
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1.17) (112) Cys24 and Met26 are also assumed to be the @udgg but the structure

not identified since thesare in the l-terminal disordered region (112).

)

Figure 1.17 NMR structure of ag-AcNosL (PDB code: 2HQ:.

Flavoprotein NosX

ThenosX genewas originally found inSnorhizobium meliloti in 1997 (52). Gene
inactivationexperimentimply that NosX interacts with NosR (5Althoughthe nosX
gene habeen identified in many denitrifying bacte (55), NosX has evel been isolated
and characterizeith vitro prior to our work. Th&osX gene is shown to be essential
N>O reduction activityn Snorhizobium meliloti (52) andParacoccus denitrificans
(114). Inactivatiorof thenosX gene inParacoccus denitrificans resultsin loss of MO
reductionin vivo, even though >,OR from the cells can be activatedvitro, as described
below(83). Thisresult sugges that NosX is required for R actiatior. In contrast,
thenosX gene has not been foundPseudomonas stutzeri (115), Pseudomonas

aeruginosa (116), andPseudomonas fluorescens (117). This observation suggests tl
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these strains may have other cellular componeatscn substitute for the NosX
function.

The function of NosX has been discussed in seyapérs. In 2000, Saundeats
al. proposed that NosX was involved in Lhiosynthesis inParacoccus denitrificans
(114). NirX, which was a product ofrX in thenir (nitrite reductase) gene cluster, was
homologous to NosX (37 % identity and 49 % similgriand was only found in
Paracoccus denitrificans. NosX and NirX were thought to be functional hoomles and
each protein could be substituted with the othetgin. Thus, single mutation of either
nosX or nirX did not change any apparent phenotype. Howeveg bothnosX andnirX
genes were knocked out, the@R activity in whole cells was diminished. The arth
measured EPR and UV/Vis spectra of crude cell etdrihat were obtained from either
WT or the double mutant strain. The signals from @y site of NOR were observed in
the sample from WT, but not from the mutant strdimey concluded that the functions of
NosX and NirX were involved in the biosynthesigloé Cwy site. In yeast, the Gusite in
cytochromec oxidase is constructed with a copper chaperoneiprétermed Scol (118).
The authors’ hypothesis indicated that NosX cowesls to Scol for the Gu
biosynthesis in denitrifying bacteria. However, metal binding site has been identified
among NosX sequences (53; 99; 52).

Another hypothesis regarding NosX function was pegal in 2005 by Wunscd
al (83). They also investigated tmesX nirX double knock out mutant iRaracoccus
denitrificans and found that purified #OR from the mutant strain possessed thg Sie.

Although the NOR activityin vivo was deficient as Saundestsal observed, the isolated
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N2OR was catalytically activen vitro. The result indicated that NosX was not a Cu
chaperone for Gubiosynthesis, but instead maintainegDOR activity. Additionally, the
Cuz* state proportion in purified JOR was apparently increased in the absence of NosX
expression. This phenotype was similar to nbeR mutants as described before, and it
implied the existence of an electron transfer paghivom NosR to BOR via NosX to
sustain NOR activity (83; 82).

Structural characterization of NosX has not besported to date. The BLAST
search of the NosX sequence from cycloclastes (AcNosX, GenBank code:
AAD09162.2) revealed that thAcNosX sequence resembles the ApbE superfamily
proteins, for which structural information is adile in the PDB. Although the function
of the ApbE protein is still ambiguous, it has bgeaposed to be involved in thiamine
(vitamin B) biosynthesis (119) and Fe-S clusterabhelism (120). Recently, the crystal
structure of the ApbE protein froalmonella enterica was solved (PDB code: 3PND)
and revealed that it bound FAD as a cofactor (1Zh)s structure has an unique FAD-
binding motif which can be applied to NosX and v described in chapter 3.

Overexpression trials dkcNosX in E. coli have been attempted in our lab. The
purified recombinantAcNosX from E. coli did not include any bound cofactor.
Reconstitution of FAD, which was identified as ttwactor for NosX in chapter 3, into

NosX by dialysis was unsuccessful (Bollingertal. unpublished results).

Other Nos Proteins

Several different types of R and itsnos accessory proteins have been reported

(4). Wolinella succinogenes (Ws) is a close relative dfielicobacter pylori, although this
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strain is not pathogenicThe genome sequence Wk revealed thatt had an unusual
N>OR and accessomfos proteins (51). Theaos cluster inWs includednosZDFYL and
four newnos genesnosG, nosC1, nosC2, andnosH (Figure 1.18A)nosk andnosX genes
were not observenh this clustel There were also several poteht@en reading frame
in the cluster labeled 40918, Ws0925, andWs0928 in Figure 1.18In addition to the
typical domains for the (4 and Cu sites,WsN,OR included acytochromec domain in
the Cterminal region (Figurel.18B), which had never been observed any other

denitrifying bacteria.

A Ws0918
E}ldnrﬂ>—1 nosZ >| >| D
B NosZ
Outer membrane / N,O + 2 H*
[S]?
N NosC1
oS |1 Heme c | €¢— Periplasm
osY
@ 2 [4Fe-4S] Cytoplasm
' 2 CX,CP
ATP

Figure 1.18. Thaos gene cluster fror\\blinella succinogenes (A) and distribution cthe
Nos proteins (B) (51).
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The sequence analysis reveals that NosG and N@shkbanologous to NapG and
NapH, which are accessory proteins for periplagmtrate reductase (Nap). NosH is a
membrane bound protein (Figure 1.18) and showdagityito the C-terminal domain of
NosR (Fe-S cluster motifs on the cytoplasmic sidd)ich implies that NosH substitutes
for the function of NosR. NosG also has conserve&luster binding motifs, and is
expected to form a complex with NosH which trangpetectrons from menaquinol to
N2OR (Figure 1.18) (51). According to the unpreceddriteme domain &/SN,OR and
these unique accessory proteins,Wsh,OR is categorized in a variant group as “H-

type”, whereas the typicalRs have been categorized as “Z-type” (Table #}1) (

Designation Organisms Catglyuo Domain order Acces_sory
site proteins
Paracoccus denitrificans Tat signal, NosR(X)
Z Achromobacter cycloclastes Cu-S  beta-propeller, NosDFYL
etc. cupredoxin
Wolinella succinogenes Sec signal, NosGHC
H Magnetospirillum magnetotacticum Cu-S beta-propeller, NosDFYL
cupredoxin,
C-domain
A Hal oferax volcanii
Cu-S?  Unknown NosDFYL

(hypothetical)  Pyrobaculum aerophilum

Table 1.1. Structural types ob@R variants (4).

In addition to the Z- and H-types, hypotheticalORs that are categorized as “A-
type” have been reported in two archaea (Table(#)1Hal oferax volcanii and
Pyrobaculum aerophilum are identified as denitrifiers since genome areslygveal that

these archaea have NiR and NOR, apeDFYL genes. There is also evidence that
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Pyrobaculum aerophilum produces NO, BD, and N from nitrate (122). However, no
nosZ gene is identified in the genomes of these arché®ese results suggest that there is
a different type of BOR in these archaea. Since these archaeariogh»&YL genes
which are responsible for gsite biosynthesis, the unknown®R is expected to have a

similar Cu-S cluster (Table 1.1).

Research Goals

The focus of this research was to establish exjpres®nditions and purification
methodologies for NosX and to characterize thectitire and function of NosX from the
soil bacteriumAchromobacter cycloclastes. Although several mutational experiments on
thenosX genein vivo have been reported (83; 114), no investigatioord these studies
had been carried out on the properties of isolblesX. This is the first study that
identifies the conditions to obtain sufficient amtaiof NosX for biochemical
characterization. The information revealed frons tieisearch will help to elucidate the
activation mechanism of JOR with NosX and control of O metabolism. It also will be
a basis for future applications that could be rate\to such broad environmental issues
as water pollution, ozone depletion, and globalmmag (123).

The interaction between,RR and its potential physiological electron donor
pseudoazurin was also investigated with co-crygadibn techniques to determine the
docking structure oAcN,OR andAcPAz, and to understand the mechanism of the
electron transfer reaction. The information frons ghroject is important in clarifying the

docking and electron transfer mechanisms betwe@RNand PAz.
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CHAPTER 2

PRODUCTION AND PURIFICATION OF NOSX:
GENE STRUCTURE REFINEMENT, AND OPTIMIZATION OF

THE CULTURE AND PURIFICATION CONDITIONS FOR NOSX

Introduction

The overexpression of the gene products fromntsecluster of A. cycloclastes
was facilitated by subcloning of the entire genestr into the multi-copy, broad host
range vector pML10 (124; 125). The plasmid wasdfarred intoA. cycloclastes for
homologous expression. The plasmid strain is refeto asAc/pMLnos. The yield of
AcN,OR fromAc/pMLnos was 10 ~ 100-fold higher than the yield framwithout the
plasmid (126). For NosX purification, a factor Xiease site (-lle-Glu-Gly-Arg-), an
Ala-Ser linker, and a strep-tag Il sequence (-Tep-HSis-Pro-GIn-Phe-Glu-Lys) were
inserted on the 3’ end of tmesX gene in the pMLnos plasmid (125). The strain
including this plasmid is referred to Ae/pMLClustXst.

Initial expression levels of NosX xc/pMLClustXst were significantly lower
compared to that d&cN,OR. A typical yield of each protein from 10 g ollsavas about
10 ~ 20 mg folAcN,OR and less than 0.1 mg for NosX. It was criticaiiprove the
NosX vyield for characterization and experiments.ild/th was reported thaiosR gene
and NosR protein regulate the expression leveteogt andnosDFYL (106; 50), the
regulation mechanism f@mosX gene expression was still unclear. A weak promoter

sequence fonosX transcription had been identified in the upstré@mking region of the
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nosX gene fromA. cycloclastes (Bollinger, J.et al. unpublished results). It was also
observed that the expression levels of NiR and iRAC was high under denitrification
conditions, which was indicative of strong promatequences for these protein
expressions. Therefore, to improve NosX producties replaced the weak promoter for
NosX with either théAcNiR or AcPAz promoters. Factors and conditions that were
thought to influence NosX expression and yield wadse investigated. In addition, the
purification protocol for NosX was modified to rewebiotinylated proteins fromc cell

extract.

Materials and Methods

Growth and Purification of NosX

Ac/pMLClustXst was streaked on a LB plate with 50mig/gentamicin (Gm50)
and incubated at 30 °C for 3 days. A single colfsagn the plate was used to inoculate
10 mL LB media (Gm50) which was left overnight 8t°® and shaking at 250 rpm. The
culture was inoculated to 200 mL LB (Gm50) culttoe8 hours and further scaled-up to
2 L x 4 flasks until an &o= 1.0 ~ 1.4 was reached. Expression of Nos proteass
induced by the addition of 20 mL of 1 M KNfinal conc. 10 mM) and 4 mL of 50 mM
CuSQ (final conc. 10QuM) per flask. The shaking speed was reduced to~1085 rpm
for micro-aerobic conditions. After 24 hours, thdtares were harvested by
centrifugation for 10 minutes at 4 °C at 10800 ¢sgrvall GS3 rotor). The cell pellet

(=30 g) obtained was frozen at -80 °C immediateligept at 4 °C overnight for further
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purification. Conditions of each culture and yietdscell and NosX are listed in
APPENDIX B (Table S2.1) with culture number (#15)8

The following steps for NosX purification were parhed on ice or at 4 °C,
under aerobic conditions unless otherwise notecniwto thirty grams of cell pellet was
re-suspended in 20-30 mL of 100 mM Tris, 150 mM N4GnM EDTA, and 10 % (w/v)
glycerol at pH 8.0 (Buffer W). A small amount oNBsel was added to the suspension.
To lyse the cells, the suspension was passed thrakgench pressure cell twice, at a
pressure between 60 and 70 MPa. The cell lysatear@sfuged for 60 min at 39000 xg
(Sorvall SS-34 rotor). As a modified purificatioropocol (see discussion), 40 %
ammonium sulfate precipitation was applied to tingesnatant, prior to avidin treatment.
Ammonium sulfate was added to the supernatant (4at4ration) and incubated for 1
hour while stirring (~ 400 rpm). After centrifugirand re-suspension of the precipitate
with ~ 20 mL of Buffer W, avidin (12.5 U for ever@ 3 of cells) was added to the re-
suspended solution and incubated for at least B0arhile stirring (~ 200 rpm). The
solution was centrifuged for 30 min at 39000 xge Bapernatant was decanted and
loaded onto a strep-tactin sepharose column (219lx 25 mm; IBA-GmbH)
equilibrated with Buffer W. The column was washdthviive column volumes of Buffer
W. Proteins bound to the column were eluted witff&@uV plus 2.5 mM desthiobiotin
(IBA-GmbH) and collected in 1 mL fractions. Nos>asvidentified by its yellow color
and UV/Vis spectra. The eluted NosX was concerdraging an Amicon Ultrafree-4
10K centrifugal filter (Millipore). A typical yieldbf NosX was 1~2 mg from 30 g cells

from optimized culture conditions (see “Optimizatiof Culture Conditions for NosX”
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section). Stocks of NosX were stored at -20 °CeAs$everal purifications, all NosX
stocks were thawed, concentrated to 1~2 mL (~ 6 mpant loaded onto a Superdex
200 gel filtration column (16 x 600 mm; GE Healtteda The column was equilibrated
with 100 mM phosphate, 150 mM NacCl, 10 % (w/v) gsa, with or without 10 mM
EDTA, pH 7.0 (Buffer P (without EDTA) or Buffer P&ith EDTA)) depending on the
experiment. The NosX containing fraction elutedastn 80 and 100 min with a flow
rate at 1 ml/min. The eluted sample was concermtnatth an Amicon Ultra Centrifugal
Filter 10 K (Millipore) and stored at -20 °C if nosed immediately. To determine the
purity of NosX, 12.5 % gels were used to run SDSSFAanalysis (Bio-Rad) and stained

with Coomassie Brilliant Blue (CBB).

Promoter Refinement for NosX

Subcloning ohosX Gene from pMLClustXstThe constructions of the new NosX

expression system withcNiR or AcCPAz promoters are summarized in Figure 2.1. The
plasmid pMLClustXst was purified froac/pMLClustXst with a QIAprep Spin Miniprep
Kit (Qiagen). Since the yield of plasmid frohe was very low, the purified plasmid was
transferred into th&. coli strain, Top1OF’ (Invitrogen) by electroporation fdasmid
propagation. Colony screening was carried out ath.B plate with 10 pg/mL
gentamicin (Gm10). A colony was picked up and aeltufor further plasmid purification.
The purified plasmid was used for the following exMments. The strep-taggadsX

gene from thaos cluster in the plasmid was amplified with PCR gsiwo primers

(Figure 2.1A). The primer sequences were as follows
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Figure 2.1. Schematic view of the assembling pmoés new NosX expression system
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Primer #1: 5'- ATATCGAAGCTIGCAACGTGGGACCAGCCCGG -3
Hindlll recognition site

Primer #2: 5’- ATATCGGAATTATTCTCGATGGGCGCGGAACAG -3
EcoRI recognition site

The settings for PCR were programmed as followsp &t 98 °C for 1 min (initial
denaturation), Step 2, 98 °C for 30 sec (denatumgtiStep 3, 70 °C for 30 sec
(annealing), Step 4, 72 °C for 30 sec (extensi®dycles for Step 2 - Step 4, Step 5,
72 °C for 5 min (final extension). The product (Z4%ps) includingdindlll and EcoRlI
recognition sites in 5’ and 3’ ends were insertdd the cloning vector pPBBR1MCS-5
(referred to as p5 plasmid) (Figure 2.1B) and tiemed to ToplOF’ by electroporation.
The colonies were incubated on an LB plate (Gm1@y&C for overnight. Colony PCR
screening was carried out to find the colony thatuded thenosX inserted p5 vector
(p5+0sX, 6213 bps). The plasmids were extracted from sdwetonies and amplified
with PCR using a Taq polymerase (Bio-Rad), prirddraind #2. The settings for colony
PCR follow; Step 1, 94 °C for 2 min 30 sec (inig@naturation), Step 2, 94 °C for 1 min
(denaturation), Step 3, 62 °C for 1 min (anneali®ggp 4, 72 °C for 1 min 30 sec
(extension), 40 cycles for Step 2 - Step 4, Stef25C for 5 min (final extension). The
colony that showed the right size of PCR produdb{lbps) on a gel was selected and
used for further experiments. The pé&sX plasmid was purified from the colony, and the
promoter region was removed by inverse PCR usimglafidelity Phusion DNA
polymerase (Bio Labs) and two primers (Figure 2.1®@g primer sequences follow;

Primer #3: 5'- CGTTGCAAGCTATCGATACCGTCG -3
Hindlll recognition site
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Primer #4: 5’- P-ATGCTGCTGACCCGACGCCG -3
Phosphorylated primer orsitle

The settings for inverse PCR follow; Step 1, 10G6C2 min (initial denaturation), Step
2, 100 °C for 30 sec (denaturation), Step 3, 640t@G0 sec (annealing), Step 4, 72 °C
for 3 min (extension), 30 cycles for Step 2 - Steftep 5, 72 °C for 5 min (final
extension). The PCR product (5918 bps) was fuphecessed witkdindlll for ligation

with the promoter oAcNiR or AcPAz (Figure 2.1D).

Isolation of Promoters cAcNiR andAcPAz. The DNA sequences prior AzNiR

andAcPAz genes were expected to be efficient promotedeiudenitrifying conditions
because the expression levels of these proteirs kvgh under the conditions. To replace
the original promoter for NosX with these promojehn® DNA regions were isolated
from Ac genomic DNA.

The promoter oAcNiR was amplified by PCR and two primers. Gene segas
of AcNiR andAcPAz were obtained from NCBI nucleotide datab@sfiR gene code is
Z48635, andAcPAz gene code is Z48669. The primer sequencesdesigned as
follows;

Primer #5: 5'- GTCCAAGCTGAAGCCATAGGAGAAGAGCACC -3
Hindlll recognition site

Primer #6: 5'- P-CTTGCTCTCCTTCGGCGC -3’
Phosphorylated primer orsigle

The settings for PCR were programmed as followsp &t 98 °C for 1 min (initial
denaturation), Step 2, 98 °C for 30 sec (denatumgtiStep 3, 70 °C for 30 sec

(annealing), Step 4, 72 °C for 30 sec (extensibd;ycles for Step 2 - Step 4, Step 5,
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72 °C for 5 min (final extension). The product (48#s) was processed withndlll for
ligation with p5nosX without its promoter (Figure 2.1E).
The promoter oAcPAz was amplified frori\c genome DNA as thacNiR
promoter was amplified. The primer sequences afellasvs;

Primer #7: 5'- ATGCAAGCTIGCTCATGCGGTCATTAATATAGG -3
Hindlll recognition site

Primer #8: 5’- P-CGTCTTCTCCATTTGAGCGACC -3’
Phosphorylated primer orsigle

The settings for PCR are as follows; Step 1, 98tQ min (initial denaturation), Step 2,
98 °C for 5 sec (denaturation), Step 3, 67 °C fbs8c (annealing), Step 4, 72 °C for 15
sec (extension), 40 cycles for Step 2 - Step 4 5t§2 °C for 5 min (final extension).
The product (165 bps) was processed Withdlll for ligation with the pShosX (Figure
2.1E).

Assembly ofnosX Gene and Promoters
of AcNIiR andAcPAz on p5 plasmidTheHindlll processedcNiR or AcPAz

promoters (Figure 2.1E) were assembled ta@¢ plasmid with ligation. Th&cNIR or
AcPAz promoter was mixed with piesX (without its own promoter) and incubated with
T4 DNA ligase at 16 °C overnight (Figure 2.1F). Hssembled plasmids were referred
to as p5-NpmosX (with AcNIiR promoter, 6402 bps) and p5-RpsX (with AcPAz
promoter, 6076 bps). These plasmids were transfénte theE. coli strain DH1{ by

the heat shock method. The colonies were cultuned I0B plate (Gm15) at 37 °C
overnight. Several colonies for both plasmids vesiected and checked with the colony

PCR screening method using the Taqg polymerase ramep#5 (forACNiR promoter) or
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#7 (for AcPAz promoter) and #2 (farosX gene). The colony PCR was carried out to
confirm whether the selected colonies includedaaemid with the expected DNA
sequence. The settings for the colony PCR wereranoged as follows; Step 1, 94 °C
for 2 min 30 sec (initial denaturation), Step 2,°@4for 1 min (denaturation), Step 3,
56 °C for 1 min (annealing), Step 4, 72 °C for hr80 sec (extension), 40 cycles for
Step 2 - Step 4, Step 5, 72 °C for 5 min (finakestion). The colonies that showed the
right size of PCR products (1638 bps A@NiR promoter +hosX, and 1312 bps for
AcPAz promoter #0sX) on a gel were selected and the plasmids wer&guifor DNA
sequencing. Three primers were used to confirnsélgeience. The sequences follow:

Primer #9: 5'- CCATGATTACGCCAAGCGCGCAATTAACCC -3’

Primer #10: 5- CGCTTCGATCCGACGGTACAGCCGCTC - 3

Primer #11: 5- CCCCTCTCGGCACGACCTTCGATCAAGC - 3’
Primers #9 - #11 were designed to sequence ditfeegions of théosX gene on p5
plasmid. Primer #9 was for the upstream range aigsX gene. Primer #10 was for the
middle range ohosX, and primer #11 was for the downstream range. &exp4
confirmed plasmids were transferred iAtacycloclastes using electroporatioAc/p5-
Np-nosX andAc/p5-PpnosX were cultured individually to check the NosX exgsien
levels (n = 1). After induction, the shaking speexs reduced to 125 rpm and the media
was cultured for 24 hours. Cells were harvestedpamified with a strep-tactin sepharose
column. Additionally Ac/p5-Np-hosX andAc/p5-PpnosX were cultured using LB media
from Fisher brand and the NosX yields were compémned 1) because of the observation

in the next section.
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Optimization of Culture Conditions for NosX

The growth conditions oAc/pMLClustXst were modified to identify potential
factors that may have affected the NosX yield. ldated cell amounts and NosX yields
from each modified condition were compared to tme@ants and yields from the original
culture conditions to determine the effectivenddhi® modification. The following
conditions were considered:

1. LB media (purchased from RPI (n = 7) or Fisher (A

2. Riboflavin (with (n = 6) or without 50 mg/flask &8))

3. Aerobic/micro-aerobic condition (250 (n = 5) or 1@dn after induction (n = 7))

4. Incubation time after induction (24 (n = 5) or 4&uns (n = 7))

5. Ascooat induction (Ag = 0.8 ~ 3.8 (n = 16))
“n =" stands for the number of trials performedr Erample, “RPI (n = 7)” indicates that
Ac/pMLClustXst was cultured with LB media purchaseahi RPI for seven trials and
the harvested cell amount and the NosX yield wezasured.

Ac/pMLClustXst was cultured with modified conditioas described above. Only
a single modification was made to the original erdtcondition to permit systematic
comparisons. Unless otherwise noted, once a fa@smrevealed to be effective in
increasing the NosX yield, the factor was useddbowing optimization steps. The

culture conditions that were used in each optinopastep are summarized in Table 2.1.
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# LB Riboflavin Shaking speed Time & Average vyield
1 A  RPI - 100 rpm 24 h N/A 0.25+0.13 mg
B  Fisher - 100 rpm 24 h 1.32 +£0.74 mg
5 A Fisher 0 mg 100 rpm 24 h 1216 0.63+0.28 mg
B Fisher 50 mg 100 rpm 24 h 0.48 + 0.40 mg
3 A Fisher - 100 rpm 24 h 1119 0.70£0.22 mg
B Fisher - 250 rpm 24 h 1.57 £ 0.87 mg
4 A Fisher - 250 rpm 24 h 11-38 1.57 +0.87 mg
B Fisher - 250 rpm 48 h 3.23+1.20 mg
5 Fisher - 250 rpm 48h 1.0 3.21-5.98 mg
Fisher - 250 rpm 48h 3.8 2.54 mg

Table 2.1. Variables tested for effects on thedyadNosX

Optimization of Purification Conditions for NosX

The purification process of NosX was monitored l®stern blot using strep-
tactin-AP (alkali phosphatase) that would deteetdtiep-tagged protein (NosX) and
biotinylated proteins. To remove biotinylated prosein theAc cell extract, a 40 %
ammonium sulfate precipitation method was appliefie the sample was loaded onto
the strep-tactin column. The effectiveness of #laiditional purification step was
determined by western blot. Samples were selectea the following purification steps:
the supernatant after cell lysis and centrifugatsupernatant and precipitate from 40 %
ammonium sulfate precipitation, and the elutiortian from the strep-tactin sepharose
column. Each sample was denatured at 100 °C fan5mthe presence of sodium
dodecyl sulfate (SDS) and 2-mercaptoethanol, addentical SDS-PAGE gels
(12.5 %) were prepared (200 V, 30 min). One ofgéks was stained with CBB for
comparison with the result from the western bldte Bther gel was electro-blotted to a

PVDF membrane (Millipore) (90 V, 60 min) at 4 °Chd'membrane was washed with 20
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mL of TBS buffer (Tris 1.5 g, NaCl 4.0 g, KCI 0.1irg500 mL BHO). The membrane
was further treated with 10 mL of blocking solutidBS + 2 % BSA) for 1 hour, and 10
mL of TTBS (TBS + 0.05 % Tween 20) for 10 min. Ttnembrane was then soaked into
20 mL of antibody solution (TTBS + 2 % BSA + 2 ptkep-tactin-AP) for 1.5 hours. The
residual strep-tactin-AP on the membrane was wasliitbdlO mL x 3 of TBS and the

membrane was developed with BCIP/NBT solution (Sigfor 10 min.

Results

Promoter Refinement for NosX

ThenosX gene from pMLClustXst and the promoter genes &t Bind PAz from
Ac genome DNA were amplified with PCR. Since the @@tent in thenosX gene was
relatively high, several modifications of the PGRtimgs and the GC reaction buffer
(BioLabs, for high GC content DNA) were required $oiccessful amplification. Those
DNA fragments AcNIR promoter +osX gene (NprosX) andAcPAz promoter #0sX
gene (PmosX)) were successfully assembled on p5 plasmid amddljuences were
confirmed. The putative Dnr/DnrD binding sites (TAGCT-ATCAA for AcNIR
promoter and TTGAC-GCGC-ATCAA fokcPAz promoter) were observed at 292 bps
upstream ohosX gene in p5-NposX and at 90 bps upstreamrafsX gene in p5-Pp-
nosX, respectively. The typical DNR binding motif is GA(T/C)-N4-(A/G)TCAA (127).

Ac/p5-NpnosX andAc/p5-PpnosX were cultured with 2 L x4 flasks of LB media
(purchased from RPI, Gm50) and purified to segjiiression level of NosX was

enhanced (n = 1). The cell yields of the new expoessystems were relatively higher
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(36.8 g forAc/p5-NpnosX and 31.0 g foAc/p5-PpnosX) than the cell yield of
Ac/pMLClustXst (average of culture #1 - 19 was 238.& g) (Table 2.2). The NosX
expression levels (per 10 g of cell)An/p5-Np-nosX andAc/p5-PpnosX were 0.10 and
0.13 mg/10 g cell respectively, which were almbstsame degree 8£/pMLClustXst
(0.10 £ 0.08 mg/10 g cell) (Table 2.2). Since tbk gields were higher with the refined
plasmids, the total NosX yields were slightly highrebothAc/p5-Np-osX (0.37 mg)
andAc/p5-PpnosX (0.40 mg) thac/pMLClustXst (0.28 £ 0.26 mg) (Table 2.2). In
total, the NosX vyields fromc/p5-Np-nosX andAc/p5-PpnosX were increased 1.32-fold
and 1.43-fold from the yield fromac/pMLClustXst under the original culture conditions.
No significant difference betweekt/p5-Np-nosX andAc/p5-PpnosX was observed in

terms of cell amounts and NosX yields.

NosX
Culture # Strain/plasmid Cell yield () _ 03
Total yield (mg) mg/10g cell
1-19 Ac/pMLClustXst 23.9+5.8 0.28 £0.26 0.10 £0.08
20 Ac/p5-NpnosX 36.8 0.37 0.10
21 Ac/p5-PpnosX 31.0 0.40 0.13

Table 2.2. The NosX yields from the refined expi@ssystems with the LB from RPI

In additional experiments, the expression levels@agX in Ac/p5-Np-hosX and
Ac/p5-PpnosX, which were cultured with LB media from Fisher,re@lso examined
and compared (n = 1). As will become apparent énntbixt section, the LB media from
Fisher significantly (~ 5-fold) enhanced the NosXlgifromAc/pMLClustXst (0.25 £
0.13 (RPI) vs. 1.32 £ 0.74 (Fisher), Table 2.4)ugithe same conditions were applied to

culture with the new NosX expression systems. WithLB media from Fisher, the
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NosX yields from the new expression systems wet8 thg and 0.34 mg respectively
(Table 2.3), which were almost the same level efytields with the LB media from RPI
(0.37 mg and 0.40 mg) (Table 2.2). No significantrease of the NosX yields was
observed in eithec/p5-Np-nosX or Ac/p5-NpnosX with the LB media purchased from
Fisher (Table 2.3). Since the effectiveness toinbit@sX usingAc/pMLClustXst and the
LB media from Fisher was more significant (~ 5-falldan using the new expression
systems (1.32-fold and 1.43-fold), following optration of culture conditions for NosX

expression was carried out usibgpMLClustXst and the LB media from Fisher.

Culture #  Strain/plasmid  Cell yield (g) ~ NosX
Total yield (mg) mg/10g cell
22 -34  Ac/pMLClustXst 23.0+6.0 1.20 £ 0.66 0.54 +0.27
29 Ac/p5-Np-nosX 26.3 0.43 0.16
28 Ac/p5-Pp-nosX 21.0 0.34 0.16

Table 2.3. The NosX yields from the refined expi@ssystems with the LB from Fisher

Optimization of Culture Conditions for NosX

Culture conditions were optimized for NosX expresdbased on five factors: LB
media (purchased from RPI or Fisher), riboflaviditidn, aerobic or micro-aerobic
condition (100 or 250 rpm after induction), incubattime after induction (24 or 48
hours), and Ay at induction (0.8 - 3.8).

The LB media purchased from Fisher brand showedibs significant effect on
the NosX expression based on the five factors tnyated.Ac/pMLClustXst was

cultured with 2 L x 4 flasks of the LB media fronfPR(culture #1-5, 8, 14, n =7) or
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Fisher (culture #22, 24, 25, 30-33, n = 7), and/éstied cell amounts and purified NosX
yields were compared (Table 2.4). Although celld/iith the LB from Fisher was lower
(21.6 = 4.8 g) than one with the LB from RPI (28.4.0 g), NosX expression level per
cell with the Fisher brand was ~ 6 times higher tter with media purchased from RPI
(Table 2.4, 0.62 £ 0.28 mg/10g cell for Fisher@€9 + 0.05 mg/10g cell for RPI). The
factor(s) in the LB media from Fisher, which enhaththe NosX yield, has not been
identified. Due to the significant enhancementlmNosX yield with the LB media from
Fisher brand, this LB media was decided to uskerfallowing optimization steps as

mentioned in the method section (Table 2.1).

LB media  Cell yield (g) - NosX
Total yield (mg) mg/10g cell
RPI 28.7+4.0 0.25+0.13 0.09 £0.05
Fisher 21.6+4.8 1.32+0.74 0.62 +£0.28

Table 2.4. The NosX yields with different LB medhiands (RPI vs. Fisher).
Condition that showed higher NosX yield was highiegl.
It was expected that the cofactor biosynthesidNfms X in A. cycloclastes might

be a limiting factor for the NosX expression. Tldactor of NosX has been confirmed to
be FAD as will be described in chapter 3. Riboftesomposes a part of FAD and thus it
was added in culture media for supporting FAD bikgsis Ac/pMLClustXst was
cultured in comparable conditions with (culture #44, 49, 50-52, n = 6) or without 50 ~
100 mg/flask of riboflavin (culture #37, 39-43, 43, n = 8). 12 L (2 L x 6 flasks,
instead of 4 flasks) of LB media was used for failog cultures for efficient purification.

Although varying amount (50 ~ 100 mg) of riboflavilas added to each flask, 2 L of the
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media was saturated with 50 mg of riboflavin anel st of it was precipitated because
of low solubility. No apparent difference was obset in terms of the amount of
riboflavin per flask. Cell yield from the culturetw riboflavin was relatively lower (26.5
+ 6.4 g) than without riboflavin (34.4 £ 9.3 g) @la 2.5). No significant positive effect

of riboflavin on the NosX yield was observed.

NosX
Riboflavi Cell yield
botiavin ell yield (g) Total yield (mg) mg/10g cell
+ 26.5+6.4 0.48 £0.40 0.16 £0.10

| 34.4+£9.3 0.63 +£0.28 0.18 £ 0.07

Table 2.5. The NosX yields with (+) or without ritawin (-).
Condition that showed higher NosX yield was highiegl.

The shaking speed after induction was either redlt@d 00 rpm (micro-aerobic
conditions, culture #37, 39-43, 46, n = 7) or kaip250 rpm (aerobic conditions, culture
#54-56, 61-62, n = 5) after induction to elucidite effect of oxygen on NosX yield.
Unexpectedly, the NosX expression level was constader both aerobic and micro-
aerobic conditions (Table 2.6, 0.20 + 0.06 for 10 vs. 0.23 + 0.14 for 250 rpm). With
shaking speed set at 250 rpm, the total NosX Yaelthme twice the cell yield of that

obtained at 100 rpm (Table 2.6).

NosX
Speed (rpm)  Cell yield (g) _ 08
Total yield (mg) mg/10g cell
100 35.8+9.1 0.70 £0.22 0.20 £ 0.06
250 75.3+7.7 1.57 £0.87 0.23+0.14

Table 2.6. The NosX yields with different shakiqgseds (100 vs. 250 rpm).
Condition that showed higher NosX yield was highiegl.
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Incubation time (24 hours (n = 5) or 48 hours (R)Fafter induction was
examined to investigate whether the NosX yield e@sanced with prolonged culture
(Table 2.7). The results showed that the cell arhaod the NosX yield per cell were
increased ~ 35 % and ~ 40 % respectively in the 48-bdture compared to the 24-hour

culture. In total, the NosX yield increased about-fold in the 48-hour culture (Table

2.7).
NosX
Culture  Cell yield (g) _ 03
Total yield (mg) mg/10g cell
24 h 75.3+7.7 1.57 £0.87 0.23+0.14

48 h 102.4+£4.5 3.23+1.20 0.32+0.12

Table 2.7. NosX vyields following 24 or 48 hourstaut post induction.
Condition that showed higher NosX yield was highiegl.

Typically, proteins are expressed at a rapid ratéog phase” during cell growth
and at a slow rate during “stationary phase”. Thusid-log phase (&0=0.6 - 1.0 in
the case OE. coli) is known to be the best timing for induction Ancycloclastes, the
correlation of absorption at 600 nm and the gropthse is still not clear, thus induction
was carried out at several differerdofvalues to determine the best time to induce to
maximize NosX yield. The expression of denitrifioatproteins, including NosX, were
induced through addition of nitrate and copper whgg was between 0.8 and 3.8
(culture #63-67, 72-80, 82-83, n = 16. Correlatietween the NosX yield and thgjhat
induction time was investigated by comparing thkeyeld and NosX yield from each

culture. No clear correlations amongofat induction, the harvested cell amount, and the
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NosX yield wereobserved (Figur2.2). However, the highest NosX yield wobtained

when Asgowas 1.0.
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Figure 2.2 NosX yield and cell amount vsgéyat inductiot

The optimized culture conditions were determinetbdews;

1. LB media purchased from Fisher brand enhanced NoeH six-fold.

2. Riboflavin did not have any positive effect on NogiXld.

3. Incubation with 250 rpm increased NosX yield -fold.

4. 48-hour incubation increased NosX yield i-fold.

5. Induction at 4s00 = 1.0 seemed to be the best for NosX yield.
The NosX yieldunder theoriginal growth conditions was 0.28 + 0.86) (culture #2-
19, n = 19). After optimizatioryield was improved to 5.22 +® mg in the best ca:

(culture #7980, 84, n = 3) (Tabl2.8). Oh average, the optimized culticonditions
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produced ~ 19-fold higher amount of NosX when coragdo the original growth

conditions.

NosX
Condition  Cell yield (g) o Nos
Total yield (mg) mg/10g cell
Original 23.9+5.8 0.28 £ 0.26 0.10 £ 0.08
Optimized 76.8 + 6.6 5.22 +0.54 0.68 + 0.06

Table 2.8. NosX yields from the original and optietl culture conditions

Optimization of Purification Conditions for NosX

During the NosX purifications, binding capacitytbé strep-tactin column was
irreversibly decreased by biotin (vitamir)Bn theAc cell extract. It has been known that
A. cycloclastes has several biotinylated proteins which potentiadterfere with the
purification using the strep-tag affinity systeno(lhger, J.et al. unpublished results).
Therefore, it was desirable to remove biotinylgteateins from the cell extract before
loading it on the strep-tactin column. An ammonisuffate fractionation method was
applied. The results of the SDS-PAGE and westeshdflINosX purification are shown
in Figure 2.3. The labels (#1 - 4) in Figure 2.8ioate the supernatant after cell breakage
and centrifugation (#1), supernatant and prec#mpiftetm 40 % ammonium sulfate
precipitation (#2 and #3), and the elution fractimmm the strep-tactin sepharose column
(#4). Marker proteins (M) were pre-stained in réd kDa) and blue (130, 95, 55, 43, 34,
26, 17, and 11 kDa). Thus, these marker banddsovevisible on the western blot
membrane (Figure 2.3, right). In preliminary expents, it was found that NosX was

precipitated at 40 % saturation of ammonium sulfatach was also apparent in Figure
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2.3 (#2) since no NosX band was observed in thersapant of 40 % ammonium sulf:
precipitation.Three biotinylated proteins (130, 70, and 20 kDa) HosX (31 kDa) wer
detected by the western blot. These four protei®wbserved in trcell extract from
Ac/pMLClustXst(#1), although minimally. The 130 kDa biotinylatebtein was

successfully removed tthe 40 % ammonium sulfate precipitation ,(#2).

Bl H2 #3 #4 M Hl  #2 #3 #40M
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34
p— — -

o, R 20

. . 1
1
(kDa)

Figure 2.3. SDFRAGE (left) and western blot (righfpr NosX purificatior. #1, cell
extract; #2 and #supernatant and precipitate from 40 % ammoniunata
precipitatior; #4, elution fraction; M, marker
In this purification proces, however, the 70 and 20 kDa biotinylated protemsld not
be removed from thHosX containing fraction before loaditge samplonto the strep-

tactin affinity column(#3). The 70 kDa protein wasbserved in both #3 ar#4, whereas

the 20 kDa proteimas no observed in the elution fraction (#4).
Discussion

The expression level NosX in Ac/pMLClustXst was very lowsing the original

culture conditiongnd it became necessary to improve yields in dalearry out
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biochemical characterization of this protein. Oxpression of NosX it. coli and
cofactor reconstitution trials for the heterologguexpressed NosX had failed in our lab
(Bollinger, J.et al. unpublished results). Thus, we attempted to ersnimeNosX yield
from theAc homologous expression system (pMLClustXst) by ryaaly the plasmid
and optimizing the culture conditions for furthéacacterization of NosX (chapter 3 and
4). Additionally, the NosX purification proceduretiwthe strep-tag was also modified

for sustainable purification.

Promoter Refinement for NosX

The expression level of NosX was low, suggestirag the native NosX promoter
in thenos cluster was not potent. i cycloclastes, the expression level of PAAGPAZ)
was revealed to be high (91). It was also obsetivatdthe expression level of NiR &
cycloclastes (AcCNIR) was significant (ljima, Fet al. unpublished observation). These
observations indicated that the promoteraa@®Az andAcNIR were expected to be
potent. As the expression levelsAmNiR andAcPAz were known to become high under
denitrifying conditions, these promoters includedgtive Dnr/DnrD binding motifs
which were not observed in the native NosX promoadibus, the NosX promoter was
replaced with the promoters AENIR andAcPAz to enhance the NosX expression level.
Unexpectedly, the expression levels of NosX betwEe{Np/Pp)rosX and
pMLClustXst expression systems were almost the gdmalgle 2.2 Ac/p5-Np-osX (0.10
mg/10 g cell) Ac/p5-PpnosX (0.13 mg/10 g cell), andc/pMLClustXst (0.10 £ 0.08
mg/10 g cell)). It is still unknown why the expresslevel of NosX was not enhanced by

these potent promoters. There are several posigibilo explain this observation. First, it
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might be possible that mMRNAs nésX in the cell are unstable and NosX expression does
not reach expected levels. Second, it is posdilaieNosX in the cell is unstable and
degrades quickly before isolation. As will be dissed in chapters 3 and 4, NosX is
unstablen vitro. This observation might imply that there are adddl protein
components that stabilize NosXvivo. If the amounts of these additional components
are insufficient in the NosX overexpressed celtight result in degradation of NosX.
Third, the promoters cAcNIiR andAcPAz might not be effective for NosX
overexpression from the plasmids. To evaluate thgpetheses, additional
investigations will be required.

The combination ofc/pMLClustXst and the LB media purchased from Fisher
resulted in much higher NosX efficiency (~ 5-fold)ative toAc/p5-(Np/Pp)nosX (1.3 -
1.4-fold) (Table 2.4). Interestingly, the LB mediiam Fisher did not show a positive
effect for the NosX vyield on p5-(Np/PppsX expression systems (Table 2.3). One of
differences betweefAc/pMLClustXst andAc/p5-(Np/Pp)nosX was that the whole set of
Nos proteins were expected to be overexpressadMLClustXst whereas only NosX
was overexpressed Act/p5-(Np/Pp)nosX. Therefore, the overexpressed Nos proteins
might be involved in the enhancement effect on Negpression levels with the
unknown factor in the LB from Fisher. As mentionedhapter 1, it has been reported
that NosR acts as a positive regulatory elementi®expressions of the other Nos
proteins(106; 50). Hence, in this hypothesis, overexpredesR inAc/pMLClustXst
would be the most plausible candidate that woulthane NosX expression. Although

the expression level of NosR At/pMLClustXst was not monitored directly, it was
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plausible that NosR was also overexpressed beeatise NOR (NosZ) in
Ac/pMLClustXst was 10 - 100-fold overexpressed coraddoAc without the plasmid
(125). Further, this enhancement mechanism withuttk@own factor in LB media from
Fisher was expected to be independent (or coutérnetely related) from transcriptional
factor Dnr/DnrD for the following reasoAc/p5-(Np/Pp)nosX, which had Dnr/DnrD
binding sites in the promoter, did not show theagmd@ment of the NosX expression,
whereas th@osX gene inAc/pMLClustXst, which did not have Dnr/DnrD bindingesin

the promoter, showed the enhancement.

Culture Conditions for NosX

Culture conditions were optimized to increase tlosXyield from
Ac/pMLClustXst. Three conditions (LB media, aeratgpeed, and prolonged incubation
time) were identified as positive factors on thesMyield. Since there were still
fluctuations on the yield after the optimizatioasistence of another unknown factor on
the NosX expression is implied.

In the presence of oxygen, aerobic respirationxjeeted to occur preferentially
rather than denitrification (3). Although dissolvexlygen in the LB media was not
monitored during the cultures, the media agitate2zb@ rpm was assumed to be aerobic
because significant increase of the cell yield wlaserved (Table 2.6, 35.8 £ 9.1 g for
100 rpmvs. 75.3 £ 7.7 g for 250 rpm). It was redxe that the cell yield was increased
under the aerobic conditions (250 rpm) becausaéhebic respiration system is more
efficient with regard to energy generation for gelliferation than nitrate respiration

(denitrification). However, the NosX expressiondewas consistent under both aerobic
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and micro-aerobic conditions (Table 2.6, 0.23 #0rig/10 g cell for 250 rpm and 0.20 *
0.06 mg/10 g cell for 100 rpm). Initially, it wagpected that expression of NosX would
be decreased under the aerobic conditions sincexitression of Nos proteins were
controlled by the transcriptional factor Dnr/DnrBdaNosR. It was reported that
transcription ofdnrD was activated in @limited cells inPseudomonas stutzeri (128) and
nos gene expression was activated under anaerobigtmrsd(55). It was also known
that NosR had Fe-S clusters in the cytoplasmiorethat were expected to regulate
expression of the other Nos proteins (82; 106)c&the Fe-S cluster is oxygen sensitive,
the regulation ability of NosR is expected to bdymbed in aerobic conditions. In
contrast, it was also reported that denitrificattamold occur even under aerobic
conditions, which was referred to as aerobic digieétion (129). Although no advantage
on nitrate respiration under aerobic conditions Wwaswvn, this phenomenon has been
observed in denitrifying bacteria suchResacoccus denitrificans (130) and
Pseudomonas stutzeri (105). The observation on the NosX expression uadesbic
conditions might suggest that aerobic denitrificatby Achromobacter cycloclastes is
occurring. It was also reported that a small amof@iN,OR was expressed constitutively
in Pseudomonas stutzeri even under aerobic conditions (105; 50). The ctest
expression of NosX could be also explained as NgaX expressed constitutively at a
low level inAc.

Currently, there are two hypotheses to explainréisalt that the expression level
of NosX was constant under the aerobic and microkae conditions. The first

hypothesis is that the DnrD/NosR regulation systenghe Nos protein expressionAc
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might be relatively insensitive to oxygen. This bipesis is supported by the facts that
denitrification can occur under aerobic conditiamsl NOR was constitutively expressed
under aerobic conditions. If the DnrD/NosR coulddtion under aerobic conditions as
well, it explained why the expression level of Nos&s consistent under both aerobic
and micro-aerobic conditions. The second hypothssiased on the traditional concepts
for denitrification, that is, denitrification do@st function in the presence of abundant
oxygen. This hypothesis is supported by the feat thany proteins related to
denitrification are sensitive to oxygen. In thigpbyhesis, the expression of NosX should
be independent, at least in part, from the oxygesitive DnrD/NosR regulation systems.
Instead, there might be another expression meandoisNosX that is oxygen resistant,
although there has been no report supporting fpsthetical expression mechanism to
date.

The protein expression levels vary with time, amef¢fore the incubation time
needs to be optimized to maximize the particulatepn yield. It was reported that there
was a lag between the expressions of NiR and N@Rrenexpression of th@s genes
(14). This can be explained as follows: after pgitas nitrate was added to the LB media,
denitrifying bacteria start using nitrate for reggion. As described in chapter 1, nitrate
will be converted to nitrite and NO by NaR and NifRhe denitrification process (Figure
1.1). Once NO starts to be generated, it stronghaaces the expression of tis genes
via Dnr/DnrD (102; 55; 99), subsequently resultimghe expression of fOR and its
accessory proteins are started to be expressetefdohe a considerable time lag is

expected for expression of the Nos proteins. Indgedresults showed that the NosX
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expression level per cell was increased in thegated (48-hour) cultures (Table 2.7),

consistent with this expectation.

Purification Conditions for NosX

Protein purification with an affinity tag is a coronmly known technique to isolate
target proteins with one step. The strep-tag, wiichwidely used affinity purification
system, was attached to the C-terminal part of Nd%6). As will be revealed in
chapters 3 and 4, NosX requires a high salt coratgm (150 mM NacCl) for its
stabilization. Thus, affinity techniques are esiseibr the purification of NosX because
standard ion exchange techniques that require &ivwcsnditions cannot be used.

Biotin is a critical contaminant that interrupt® thurification process using the
strep-tactin column. I&. coli, the total amount of biotin in cell lysate is rigdile (~ 1
nmol in 1 g cell) and only 20 pg (per 1 g cell)avidin, which binds to biotin and
inhibits the irreversible binding between biotirdahe strep-tactin resin, was required for
column maintenance (131). Thus, the strep-tag esxaellent option for protein
purifications fromE. coli. However, this affinity purification system wasufal to be not
suitable for the protein purification froAchromobacter cycloclastes because there are a
considerable amount of biotinylated proteins (2),ahd 130 kDa proteins, Figure 2.3)
in the cell extract. Indeed, even with the 4-fadchount of avidin treatment (12.5 U for
10g cell (~ 86 ug/g cell)) compared to the prep fi&roli, the binding capacity of the
strep-tactin column was gradually and irreversielguced.

Although the 130 kDa protein was successfully reeabfrom the NosX

containing fraction by the ammonium sulfate preeipon, the 20 and 70 kDa proteins
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could not be removed with the present purificapootocol. According to the western
blot (Figure 2.3), the 70 kDa protein was obserivebth #3 and #4, indicating that this
protein still had affinity to the column, but th@eraction between this protein and the
column resin was reversible and thus could be @lutecontrast, the 20 kDa protein was
not observed in the elution fraction (#4) and diaated that this protein irreversibly
bound to the column. Therefore, the 20 kDa proteas likely contributing to the
reduction of the column capacity. The reason thalim could not neutralize biotin in the
20 kDa protein was probably that bulky avidin (MW6& kDa) could not access biotin in
the 20 kDa protein because of steric hindrancefuttiner investigations, the protocol
needs to be improved to remove the 20 kDa protean {o loading the sample to the
strep-tactin column. lon exchange and hydroxylé@alumns could not separate the
biotinylated proteins from the NosX containing fian under high salt conditions (data
not shown). Alternatively, GST (Glutathione S-Trimase) or MBP (Maltose-Binding
Protein) tag systems might be better choices ftr parification and protein stabilization
of NosX, since these tags, which are very stabtesafuble proteins, may significantly
improve the stability of the fused protein in saat As mentioned in chapter 1, NosF

was successfully purified and characterized as & Nég§ged protein (50).

Conclusions

Two new expression systems for No#¢/5-(Np/Pp)nosX) were successfully
constructed with strong promoters fNIiR (Np) andAcPAz (Pp). The expression

levels of NosX inAc with the new expression systems were examinedamgared. The
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new systems showed 1.3 ~ 1.4-fold higher yields ag)NthanAc/pMLClustXst. In
addition, we determined the NosX yield was sigaifitty enhanced (5 - 6-fold) when
Ac/pMLClustXst was cultured with the LB media purckdg$rom Fisher bland. Five
factors during culture were optimized for NosX eegsion usind\c/pMLClustXst. After
the optimizations, the NosX yield was ~ 19-fold e&sed compared to the original

conditions.
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CHAPTER 3

CHARACTERIZATION OF NOSX FROMACHROMOBACTER CYCLOCLASTES

Introduction

Several papers have explored the function of NogHdleting thenosX genein
vivo (114; 52; 83). IParacoccus denitrificans, the function of NosX has been connected
to activation of NORinvivo (83). However, NosX has not previously been isaland
fully investigated. Gaining functional and struetinformation of NosX is essential to
understanding the putative mechanism gDR activation by this protein.

Further, it is known that several proteins intessith more than one protein in
the denitrification process. For example, NirXFaracoccus denitrificans was shown to
interact with NOR although this protein was expected to work oR Biecause it was
coded in thanir gene cluster (83). NosX maracoccus denitrificans was implied to
interact with both BOR and NiR (132). Pseudoazurin and cytochrogggace also
known to donate electrons to several enzymes suibhiR, NOR, and BOR (88; 91; 86;
89). These observations indicate that NosX fharaycloclastes (AcNosX) may indeed
interact with several proteins other thagOR. Characterization of the biochemical
properties o ACNosX will provide critical insight into potentiahieractions between
NosX and other proteins of the denitrification gyst

In the previous chapter, the culture conditionsengrccessfully optimized to

enhanceAcNosX yields, which enabled us to carry out the igtsith the remainder to this
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thesis. In this chapter, the propertieAoNosX were investigateioh vitro. The structure

of AcNosX was also investigated by crystallization anthblogy modeling methods.

Materials and Methods

Confirmation of the DNA Sequence idsX Gene

ThenosX gene in pMLClustXst and pTrcClust were sequenoembhfirm the
sequence that was registered in the GenBank. TreCpist plasmid included whol®s
cluster from theAc genome DNA and was the original template for ttheeoderivative
such as pMLClustXst. The primer sequences werelms\s;

NosX sequence primer #1: GACGCCGGTGGAGACCGGCTCGG

NosX sequence primer #2: CGCTTCGATCCGACGGTACAGCCGCT

NosX sequence primer #3: CCCCTCTCGGCACGACCTTCGATGHKA
The three primers were designed to read anterpomemiddle region, and posterior
region ofnosX sequence. 1 ug of DNA and 10 pmol of primer wepeethand sent to the

University of lowa for sequence.

Molecular Weight and Quaternary StructuréddoNosX

The molecular weight oAcNosX was measured with micrOTOF-MS (Bruker
Daltonics) with an electrospray ionization (ESIuste. 4 pL ofAcNosX (150 puM in
Buffer W) was mixed with 4.5 pL of 0.1 % formic dand injected to a Luna C8
cartridge column (Phenomenex Inc.) that was comdetct the micrOTOF-MS at a flow
rate 200 pL/minAcNosX in the column was eluted with buffer A (0.1fétmic acid,

99.9 % HO) and buffer B (0.1 % formic acid, 99.9 % acetole}. Subsequently, the
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mass spectra #fcNosX were measured in the 300-3000 m/z range ipdiséive mode.
The data was analyzed with the Bruker DaltonicsaBaglysis version 3.3.

The quaternary structure AENosX in solution was determined using a gel
filtration column as previously described (121)eTdolumn was equilibrated with Buffer
W. The calibration was conducted using a gel fiknrastandard (Bio-Rad) containing
thyroglobulin (bovine, 670 kDa), gamma globulin ybwe, 158 kDa), ovalbumin
(chicken, 44 kDa), myoglobin (horse, 17 kDa), aitdmin B, (1.35 kDa). The void
volume (Vo) was determined with thyroglobulin. Tinelecular weight oAcNosX was
calculated with a plot of log molecular weight bétstandard versus the elution volumes
over the void volume (Ve/Vo). The quaternary stmoetof AcNosX was deduced from

the molecular weight.

Cofactor Identification

The identity of the cofactor bound AeNosX was determined using a
fluorescence spectroscopy method, as previoushyrithesl (133). ThécNosX
concentration was determined with absorption at@and the molecular extinction
coefficient ofesso = 11570 M* cmit (134). 1000 pL of 10 uMcNosX in 20 mM Tris
(pH 8.0) was denatured by incubation at 100 °Clfbmin. The denatured protein was
removed by centrifugation at 14000 rpm for 10 mMifiuL of phosphodiesterase | (PDE)
solution (362 mU) was added to the supernatantinichtded theAcNosX cofactor.
Fluorescence and UV/Vis spectrafaNosX, the extracteAcNosX cofactor, and the
cofactor with PDE were measured and compared. dimpkes were excited at 455 nm,

and the emission spectra were measured betweeandl/670 nm. Positive and negative
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controls were measured where the same amount ofdeEon was added to 1000 pL
of either 10 uM FAD or FMN in 20 mM Tris (pH 8.(®luorescence and UV/Vis spectra

were measured before and after addition of PDEBasamples.

Redox Potential

The redox potential ohcNosX was determined using the method described by
Massey(135) with slight modifications. As preliminary eaqgments AcNosX and
anthraquinone 2-sulfonate (AS, redox dyes -225 mV) were individually photo-
reduced and monitored by UV/Vis spectroscopy termeine the molecular extinction
coefficients of oxidized and reduced forms underdkperimental conditions. Also, the
appropriate incubation time following photo-redoati which was necessary for
equilibration among the electron transfer reactionslving AcNosX, AS, and benzyl
viologen (BV), was determined by monitoring UV/\éipectra.

AcNosX, a mixture of AS and BV in 100 mM phosphateQ inM NacCl, 10 %
glycerol, 10 mM EDTA, pH 7.0 (Buffer PE), and araarobic cuvette were individually
purged with Ar gas for at least 1 hour on ice. ©kggen purge for thA&cNosX solution
was carried out by gently blowing Ar gas on thdawe of the protein solution. The
sample was tapped once every 10 to 15 min. Thebwith reagents was intensively
purged with Ar gas to remove dissolved oxygen egblution. After anaerobic
conditions were establisheficNosX and reagents were injected in the cuvettalFin
concentrations oAcNosX and AS were 10M, and BV was 1uM. AS, BV, and EDTA
were used as an internal standard, a mediatoeatreh transfer, and electron source in

the photochemical reaction, respectively. The dewsts illuminated in the ice/water
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bath for 15 sec using a Xe arc lamp (175 W, Lamlbfflid-7, Sutter Instrument Company)
and an IR cut-off filter. The cuvette was incubaft@d10 ~ 15 min in the dark while
stirring at 10 °C to let the both redox pairs ofsXg/N0osXeq and AS/ASeq reach
equilibrium. After incubation, the UV/Vis spectrumas recorded. The light exposure and
UV/Vis measurements were repeated until no moregémwere observed in the spectra.
At each equilibrium state, the concentrations aflmed and reducedcNosX ([NoSXy,
[NosXed) were calculated with the equation [NgsK= [NoSXta] - [NOSXox] and using
the Lambert-Beer equation (ArdN0SXied + 0x[NOSXoy]). The concentrations of
oxidized and reduced AS ([Ad, [ASrd) were also calculated similarly. The data were
analyzed with the Nernst equation as previouslyiesd (136). Measurements were

completed in triplicate.

Secondary and Tertiary Structure Predictions

The secondary structure AENosX was predicted from the sequence using three
different methods: JUFO (137), PSlpred (v3.0) (138d PAPIA (139). The secondary
structures oACPAz (PDB code: 1BQR) an&cN,OR (PDB code: 2IWF) were also
predicted by those sequences to check the accafdlog methods. Structural ratios of
helix, sheet, and random coil contenfgNosX were calculated by the three methods
and compared with a homology model (described below

A three-dimensionalcNosX structure was generated by homology modeling
with the ApbE protein fronsalmonella enterica (121) (PDB code: 3PND). Sequences of

both AcNosX and ApbE were aligned by T-Coffee (140) arfmbanology model was
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generated with the aligned sequence and Swiss-Malighment mode) (141). The
coordinates of FAD from ApbE were superimposed anéomodel structure.

The electrostatic potential and hydrophobicityreg AcNosX model surface were
calculated by PyMOL using the Adaptive Poisson-Bokinn Solver (APBS) (142) and
rTools (143) plugins. Additionally, the sequenocé#cNosX (Genbank accession code:
AAD09162),Paracoccus denitrificans PD1222 (PdNosX, CAB53356) S norhizobium
meliloti (SmNosX, AAB69119), andBradyr hizobium japonicum (BjNosX, CAA05524)
were aligned by Clustal W 2.1 (144) and comparédt tie sequence and structure of
ApDbE protein to identify possible correlations beém conserved regions and the FAD
binding motif. The results were displayed with Bbgfe 3.21 (145). The conserved
amino acids among NosX proteins and potential FAIdibg residues were mapped on
the homology model ohcNosX to identify candidates for functionally impamt regions

in AcNosX.

Crystallization Trials

Crystallization ofAcNosX was attempted for structural studies. AbRosX
concentration was adjusted to 5 mg/mL in 5 mM TiE&) mM NaCl, and 10 % glycerol
(pH 8.0). Screening reagents (96 x 7 plates = @naitions) were purchased from
Hampton research and Emerald BioSystems Inc. Sageitates were set up with a
Honeybee protein crystallization system (Genomicitgms). The samples were
crystallized with the sitting drop method underCl The conditions that showed crystal-
like structures were used for further optimizatiosgg a 24-hole plate and the hanging

drop method. Optimization of the conditions wagiearout by changing concentrations
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of salt, buffer, and precipitant. The amount ofstajlization solution in the reservoir was
1 mL, and 2 pL each of the solution altNosX were mixed on a cover glass and

incubated at 4 °C.

Results

Confirmation of the DNA Sequence ndsX Gene.

ThenosX gene in pMLClustXst and pTrcClust were sequenoatetermine if
there was an error in the sequenc@afosX. The results showed that both
pMLClustXst and pTrcClust had A159 (GCT) whereas¥{GTC) was registered in the
Genbank. The data in the Genbank was obtained tliersequence of pTrcClust and was
obviously misread. The corrected sequence fittedaty to the measured molecular

weight.

Molecular Weight and Quaternary StructureddoNosX

The molecular weight oAcNosX was determined to be 30806.58 Da by the
micrOTOF-MS, which was different from the theoratimolecular weight of 30835 Da.
This result indicated that there was an error emgbquence from either the pMLClustXst
plasmid or the sequence data in the Genbank d&dbade: AAD09162.2). To confirm,
thenosX gene in pMLClustXst and pTrcClust were sequensed (ext section for
details). The result indicated that V159 (GTC) (8Miith the signal peptide) in the
Genbank should be A159 (GCT). This correction shithe theoretical molecular weight

to 30807 Da, which was very close to the measuatuevof 30806.58 Da.
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The quaternary structure AcNosX was measured usinggal filtration column
and standard marker&cNosX and the standard markevere individually applied to th
column and the elution tirs were monitored. The molecular weigbtshe standards
andAcNosX were plotted versus the elution volu overvoid volume (Ve/Vo (Figure
3.1). The elution position of the purifitAcNosX (Ve/Vo = 1.76)s indicated by al
emptysquare that is labeled as NosX in Figure. The calculated molecular weight
AcNosX in Buffer W from the plot was 31583 Da whichswclose to the molecul
weight of one holcAcNosX with one FAD molecu bound(31592.6 Da). This rest

indicated thaBcNosX was monomic under the experimental conditio
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Figure 3.1. Quaternaistructure analysis dAcNosX with a gel filtration colum

Cofactor Identification

PDE convertdlavin adenine dinucleotide (FAD) ftavin mononucleotide (FMN

by breakinga phosphodiester bo. The fluorescence intensity of FMN~ 10-fold
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stronger than FAD (133)n the control experiments, F/ showed aignifican increase
of fluorescence intensity with PDE (FigL3.2B) whereas thitensity of FMN did not
change, as expect@digure3.2C). The fluorescence spectrum of ¢éixéracted cofact
from AcNosX showed a significant increase of intensitthia presence of PDE (Figu
3.2A, blue).The result was almost identical to the control expent for FAD, anc

clearly showed that the cofactbound toAcNosX was FAD.
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Figure 3.2. Normalized fluorescence spectrapuM) of (A) AcNosX cofactor, (B) FAL
and (C) FMN with or without PDE
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Redox Potential

AcNosX and anthraquinone 2-sulfonate (AS) were imtligily photo-reduced and
monitored by UV/Vis spectroscopy. The absorptioakseat 374 and 460 nm of oxidized
AcNosX were diminished as the protein was reduceglf€i3.3A). Oxidized AS showed
a peak at 330 nm, which decreased upon reductioereas peaks at 381 and 400 nm
concomitantly increased (Figure 3.3B). Isosbestiats were observed at 338 nm for
AcNosX (Figure 3.3A) and 355 nm for AS (Figure 3.3Bl)e concentrations @&cNosX
and AS during the photo-reduction were determirgdgithe absorptions at 355 nm for
AcNosX and 338 nm for AS. The molecular extinctioefticients ofAcNosX at 355 nm
were calculated agss, ox= 9626 M* cmi* (fully oxidized form) anctsss, res= 5184 M*
cm* (fully reduced form). The molecular extinction &isents of AS at 338 nm were
also calculated asag, ox= 4673 M' cmi* andeass, eg= 1458 M' cmi™. It should be noted
that any increasing peak around 540 - 700 nm, wisiaidicative of the semiquinone
form of FAD (146), was not observed during the stisp photo-reduction dhcNosX
(Figure 3.3A). It was also confirmed that 10 minrefubation was sufficient to reach a
state of equilibrium for the electron transfer teatamongAcNosX, AS, and BV since
no spectral change was observed in the UV/Vis spadter 10 min (data not shown).

The redox potential ohcNosX was determined by photo-reduction in the
presence of AS as an internal standard. TypicaMiB/gpectra of the sample at various
equilibrium states are shown in Figure 3.4. Thetlg of log([NosXx]/[NOSX ed])

versus log([ASJ/[ASed) according to Minnaert (146) gave a linear linghwa slope of
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0.95 and intercept of 0.201 (Figure 3.4, insThe redox potential oAcNosX under the

experimental conditins was calculateto be -231 £ 0.6 mV.
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This method to determine the redox potential usimgdox dye was based on
premise that there was no significant binding betwthe proteinAcNosX) and the dy
(AS) (136) After redox measurements, the sars were injected do a gel filtration
column andAcNosX and AS were clearly separabased on information from ti
elution profile and UV/Vis spec (data not shown). This result showed tAcNosX did

not bind AS significantly under our experimentahdiions
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Figure 34. Titration measurement of redox potentiaAcCNosX

Secondary and Tertiary StructiPredictions

Comparison ofhesecondary structure predictionsAdNosX byJUFO, PSlpred,
and PAPIAare shown in Tabl3.1 The accuracies of each program wevaluated using

the sequences and structureAcPAz andAcN,OR. Among the three programs, PSIp
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showed the highest accuracy on secondary struptadction (93.3 % foAcPAz and
85.4 % forAcN,OR). The predicted values fBcNosX structure with PSlpred (helix:
32 %, sheet: 24 %, and colil: 44 %) were very ctogte ratio of each component (helix:

36 %, sheet: 22 %, and coil: 42 %) in the generAtdtbsX model, suggesting the model

structure was reasonable.

JUFO PSlpred PAPIA AcNosX model

AcPAz 75.8% 93.3% 68.5% -
AcN>OR 72.4% 85.4% 65.4% -
Helix 36% 32% 36% 36%
AcNosX Sheet 25% 24% 12% 22%
Coil 39% 44% 52% 42%
Calculation PAz Calculation N>OR
by PSlpred (1BQR) by PSlpred (2IWF)
Helix 14.5% 15.3% Helix 9.8% 8.5%
PAZ Sheet 33.1% 33.9% N20R Sheet 30.5% 35.3%
Coil 52.4% 50.8% Coil 59.7% 56.2%
Accuracy  93.3% Accuracy  85.4%

Table 3.1. Secondary structure predictiondafiosX by JUFO, PSlpred, and PAPIA
(upper) and calculated values of PAz an®R by PSipred (lower)

The homology model oAcNosX generated with ApbE and its surface
electrostatic potential are shown in Figure 3.5 €lectrostatic potential map on the
surface ofAcNosX model showed a putative FAD binding pocket tixas negatively
charged. This negatively charged pocket was alsergbd in the FAD binding site of
ApbE protein (Appendix C, Figure S3.1). The TyrZ§n70 with the signal peptide)

residue which was well conserved in NosX from vasigpecies was located close to the
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isoalloxazineaing of FAD for a pi stacking interaction in the de (Ficure 35). This

observation indicated that Tyr46 might be importantoldthe FADcofacto in AcNosX.

hydrophobic
patch

Figure 36. Hydrophobicity of theA\cNosX model
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Figure 3.7. Sequence alignment of NosX proteinsAgpinE

NosX fromAchromobacter cycloclastes (AcNosX), Paracoccus denitrificans
(PdNosX), Snorhizobium meliloti (SmNosX), Bradyr hizobium japonicum (BjNosX) and

ApbE fromSalmonella enterica were aligned with Clustal W (Figure 3.7). Conseérve
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amino acids among tidosX proteinsare highlighted irblue and light blut and the
amino acids involved in FAD binding in Apkprotein are highlighteth yellow and
underlined. Weltonserve Tyr70 was emphasized with “(Wwill be described it

discussion).

Figure3.8. Distribution of the conserved amino acids €gjeand potential FAD bindir
residues (red) in th&cNosX model

The conserved amino acidsAcNosX are also highlighted igreen in the
AcNosX model (Figure 3.8).he residues that interact with FAD in Approtein (Met41,
Gly42, ASP72, Ser76, Alall9, Glul21, Aspl181, Sertd8187, Arg267 and lle27:
correspond to #conserved residues in 1AcNosX sequences (L& (L36 with the
signal peptide in Figure 3, Gly13 (G37), Glu40 (E64), Ser44 (S6&)yr46 (in Figure
3.5, Y70), Asp87 (D111)Thr140 (T164), Asn142 (N166), GlG (Q170, Arg216

(R240) and Leu21 (L245)) The potentiaFAD binding residues are highlightin red
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(Figure 3.8).This mapping on the model reveals that many ottreserved amino acit

are located in the plausible FAD binding pocket] thesmall hydrophobic patch (Figu

3.6) was composed ofell conserved amino acit

Crystallization Trials

Crystallization conditions fcAcNosX were screened with reagent kits ar
screening robot. Sinag&cNosX starts precipitating from ~ 6 mg/mL 200 uM) and at
room temperature within an hour, protein conceiunafor the screening was adjustec
5 mg/mL (158.2 M) and the plate was incubated ¢°C. At daysl, 7, and 14 after tr

plate preparation, similar wec-like structures were observed in tAreonditions at -11

in plate #1, 2, and 4.

Figure 3.9. Pictures of putative crystals from atod #1

The first condition was 100 mM HEPES, 20 mM M, 22 % (w/v) Poly(acrylic aci
sodium salt) 5100, pH 7.5 and the second conditias 100 mM Bi-Tris propane, 50
mM succinic acid, pH 7.0. The third condition w&é {v/v) Tacsimate (pH 5.0) ar
12 % (w/v) PEG3350. Since the crystals were obskirvéhe same spot -11) in

different plates, it ipossible that the crystals were du the contamini@on of the buffel
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injection needle for E-11. However, further crykzalion trials under the first conditions
produced additional crystals (~ 10 x ~ 10 x ~ 70 pigyie 3.9) on a large scale plate.
These crystals were dissolved after several w8akdate, the crystal formation process

has been poorly reproducible.

Discussion

Identity Confirmation of Purified\cNosX

Identity of the purified yellow protein was confiea to beAcNosX with several
aspects. DNA sequencing of thesX gene fromAc indicated that the molecular weight
of apoAcNosX was 30807 Da, which was almost identical ®ortteasured value of the
purified protein (30806.58 Da). Further, the sttagthat was attached on the C-terminal
end ofAcNosX was detected from the purified protein in ¢deag@ by Western blot
(Figure 2.2). Additionally, N-terminal amino acidgience of the purified protein has
shown that the first 12 amino acids were identicdhe expected sequence froosX
gene sequence (134). These results, togetherhathrevious data, confirmed that

AcNosX was expressed and purified as intended.

Characterization of the Cofactor AtNosX

The cofactor oAcNosX was determined to be FAD (Figure 3.2). @QuBosX
molecule was expected to have one FAD moleculerdoapto the following
observations: (1) The molecular weight of h@ldNosX was estimated at 31583 Da by
the gel filtration column (Figure 3.1), which wdsese to the sum (31592.5 Da) of apo-

AcNosX (30807 Da) and one FAD (785.5 Da). (2) Theriscence intensity of PDE
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treatedAcNosX cofactor (10 uM) was comparable intensitiePDE treated FAD and
FMN (10 puM) (Figure 3.2), which indicated that 101 of AcNosX included 10 puM of
FAD.

FAD was expected to be boundAdNosX non-covalently. The micrOTOF-MS
detected the apo form 8tNosX (30807 Da). The ESI process of the micrOTOFiMS
sufficiently mild to keep covalent bonds intactushif AcNosX and FAD were bound
covalently, the holo form should be detected. Addally, FAD in AcNosX was
extracted to the supernatant after boiling of treggdn sample (Figure 3.2A). Further,
addition of spermine tBcNosX resulted in ejection of FAD to solution (Figut.11, in
chapter 4). These results consistently indicatatlFAD was non-covalently bound to
AcNosX.

There are three redox states for FAD in electrandfer reactions; oxidized,
semiquinone, and reduced forms. Thus, the totaluaitnaf AcNosX during the redox
reaction could be expressed with the following é@ma [NoSXota] = [NOSXox] +
[NOSXsem] + [NOSXed. The UV/Vis spectra during the experiments far thdox
determination were measured at the equilibriunestatvas possible that the
semiquinone form was transiently generated dutiegelectron transfer reaction.
However, the semiquinone form was not detectetiereqjuilibrium state (Figure 3.3A).
This observation indicated that the semiquinonefof AcNosX was unstable and it
immediately became either oxidized or reduced farhus, the [NosX%m] term was

negligible at least in the equilibrium state. Tolservation supported that it was
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adequate to use the equation [NgsX= [NosXo] + [NosXeq for the calculations to
determine thé&cNosX concentrations.

The redox potential ohcNosX was determined as -230 mV at pH A€PAz
reduced only the Gusite (~ 250 mV (67)) il\cN,OR in vitro (see chapter 4, Figure 4.2).
This was probably because the redox potenti&lcBfAz was 260 mV (147) and it was
not potent enough to reduce the;Gite (~ 60 mV (68)). Since the redox potential of
AcNosX was revealed to be lower than those valdeldpsX might be able to donate
electrons to the Gusite as well as the Gusite inACN,OR. The electron transfer between

AcNosX andAcN,ORin vitro will be further investigated and discussed in ¢bag.

Structural Aspects dicNosX

Four FAD-binding protein families have been repoit&48). Recently, ApbE
was shown to have a new FAD-binding motif (121)céwling to the sequence identity
(23.5 %) and similarity (38.7 %) betweAoNosX and ApbE (Figure 3.7), NosX is also
expected to have this new FAD-binding motif.

AcNosX structure was investigated with computatiarad crystallization
methods. Homology modeling 8tNosX, sequence-based secondary structure
predictions forAcNosX, and comparative analysis of NosX proteins ApdE sequences
provided structural insights féxcNosX. The crystallization trials fakcNosX required
further optimization of the conditions for struauwtetermination. The rationale for
selecting NosX sequences fréxo, Sm, andBj for the comparative analysis was that
these bacteria were relatively well studied witbpect to denitrification and located on

different branches in a phylogenetic tree, whicls wanerated based on the NosX
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sequences (Appendix C, Figure S3.2). Well conseaveitho acids among such distantly
related NosX proteins are expected to be impoftarthe function and/or structure of
NosX. Indeed, the sequence alignment showed goeeiagnt between the well
conserved residues in NosX proteins and the resitha formed the FAD binding
pocket in ApbE (Figure 3.7). These conserved aratids were located close to or
within the FAD binding pocket in th&cNosX model (Figure 3.8), indicating that the
corresponding conserved amino acids were likelyetisnvolved in cofactor recognition.

Tyr46 (Tyr70 with the signal peptide), which wasaf the well conserved
amino acids among the species, which is indicatéd ‘W in Figure 3.7, was located
close to the isoalloxazine ring of the FAD in thedal (Figure 3.5). The ring stacking
between FAD and aromatic amino acids has beenols#rved in many FAD binding
proteins (149). In ApbE protein, the same typemg stacking was observed between
FAD and Tyr78 (121). This Tyr78 residue was alsdl s@nserved and found to be
essential to FAD binding (121). These observatindeate that Tyr46 i\cNosX is
likely to play a similar role in cofactor bindingurther, Gly13 (Gly37 with the signal
peptide) inAcNosX is also well conserved, which correspondsét sonserved Gly42
in ApbE protein (Figure 3.7). This residue was shadw/function in FAD binding as well
(121).

NosX fromParacoccus denitrificans was involved in the pOR activationn vivo
(83). Also, we found thadcNosX had a redox active cofactor, FAD (Figure 3.2).
These results lead us to propose a hypothesigthiisX donates electrons A&zN,OR

(see chapter 4 for detail). It has been revealatithe pseudo-specific interaction
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betweenAcPAz andAcN,OR is important for electron transfer (see detaildhapter 1)
(87; 93). According to the pseudo-specific electiramsfer mechanism (87), it was
expected thafcNosX should have a hydrophobic patch and surrognplasitively
charged patches to interact wiAbN,OR for electron transfer, AcNosX binds to the
similar place wherédcPAz binds for electron transfer. The electrostpttential and
hydrophobicity on the surface of tAeNosX model showed that there was a small
hydrophobic patch composed of well conserved residand it was located close to the
putative FAD binding site (Figure 3.6, 3.8). Furth@ositively charged residues were
observed next to the hydrophobic patch (Figure. 3 b¢se results suggested that
AcNosX may bind and donate electronAeN,OR similarly toAcPAz.

NosX has been suggested to interact with the memlvaund protein, NosR (52;
83). The electron transfer pathway from NosR t®@N through NosX ifParacoccus
denitrificans has been implied (83). There is a large hydrophphtch on the back side
of the FAD binding site in thAcNosX model (Figure 3.6). Since there are almost no
conserved amino acids in the hydrophobic patchu€i@.6, 3.8), this patch was less
likely to be responsible for protein interactiortiwpartner proteins. Instead, this
hydrophobic patch might interact with the membrsndace during the electron transfer
betweermAcNosX andAcNosR sincéAcNosX would get closer to the membrane to
interact withAcNosR. NosR fromPseudomonas stutzeri was reported to have an FMN
binding domain in the periplasm (8&cNosX was expected to interact with this domain

to receive electrons. Since the redox potentidladfosX was -230 mV, the redox
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potential of FMN inAcNosR would be a similar or lower value than -230 faV

energetically favored electron flow.

Conclusions

The data revealed from this project supported amiptemented the hypothesis
by Wunschet al (83), which stated that NosX is involved in@R activation. To the best
of our knowledge, this is the first time that Noads purified and characterized. It was
determined thafcNosX was a soluble, FAD containing protein and veax active.
Computational analysis @&cNosX structure suggested that well conserved aiadis
were involved in the cofactor binding and the pirofarotein interaction witiAcN,OR.
The large hydrophobic patch might be importantimlitate the protein-protein
interaction withAcNosR by interacting with the membrane. Togetheh previous data,
these observations suggest tAetlosX is a physiological electron donor #eN,OR in
sustaining MOR activity and potentially mediates electron tfanfrom AcNosR to

AcN2OR.
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CHAPTER 4

INVESTIGATIONS ON THE FUNCTION OF NOSX FROMCHROMOBACTER

CYCLOCLASTES

Introduction

In denitrifying bacteria, pseudoazurin (PAz) antbchiromec have been reported
to be common electron donors for the denitrifyingyanes NiR, NOR, and JDR (88;

86; 89; 87). The electron transfers from PAz artddyromec to N,OR were reported in
several bacteria such Raracoccus pantotrophus (PAz and cytochromess;) (90),
Marinobacter hydrocarbonoclasticus (formerly Pseudomonas nautica) (cytochromecssy)
(150), Paracoccus denitrificans (PAz and cytochromessg) (89). We also reported that
PAz fromA. cycloclastes (AcPAz) could donate electronsAocycloclastes N,OR
(AcN20OR) (91). Furthermore, PAz and cytochromsere shown to sustain the catalytic
reaction of NOR (150; 91).

Two states of the Gusite in NOR have been characterized; the Giate
(enzymatically active) and the €ustate (inactive) (68; 69). The Eustate may be
generated with @exposure of BOR and/or mutations of several Nos proteins (séabe
for detail) (82; 68; 83). Therefore, the Nos protefNosX and NosR) are expected to
display reactivity towards the @ustate. Both the Guand Cuy* states inACN,OR show
the absorption peak at 640 nm in the UV/Vis spact(ll; 77). The structural difference
between two states has been unclear. Recentlgtrilndure of NOR fromPseudomonas

stutzeri was solved (63). The Gite in this structure included an extra sulfifig(re
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1.10). It was hypothesized that the difference lketwthe Custate and the Gtistate
was derived from the presence or absence of thia sulfide. That is, the Gustate is the
[4Cu:2S] form and the Gt state is the [4Cu:1S] form.

The function of NosX was shown to be involved ia #ttivation of the Gusite
in Paracoccus denitrificans (83). Deletion of th@osX andnirX genes resulted in a loss of
N2OR activity and an increase of the£gtatein vivo (83). Although it was not
mentioned in the paper, PAz and cytochramigwere expressed as WT and could
donate electrons to AR in the double mutant strain. Thus, the resuiggested that
NosX has a function that is distinct from the fuons of PAz and cytochronegsg, since
the NNOR activity was inhibited even in the presence &% Bnd cytochromess.
Isolated NOR from the double mutant strain could be activatet reductantsn vitro
(83). The results suggested that NosX was invoingle activation of the catalytic
center (the Cusite) of NOR.

As presented in chapter 3, NosX frémcycloclastes (AcNosX) is a redox active
FAD protein € = -230 mV). This observation together with theviwas data lead us to
the hypothesis tha&cNosX donates electrons £&ZN,OR to activate the catalytic center
and/or to regenerate the inactive;Estate to the catalytically active gstate. In this
chapter, the function dcNosX was investigated to probe the possible adtimat
mechanism foAcN,OR. It is important to investigate the@®R activation process to
fully understand the mechanism ofreduction by BOR. As mentioned in chapter 1,
this information may be a basis for future applmad that could help reduce broad

environmental issues that are caused by uncordrbl® emission (123). Additionally,
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the electron transfer reaction betweéaiNosX andAcPAz was also examined. The
electron transfer betweétNosX andAcN,OR was measured by UV/Vis spectroscopy
and confirmed by electron paramagnetic resonane®)k vitro. The regeneration of
the Cy* state was also attempted with photo-reductiothenpresence gicNosXin
vitro. Further, the BOR catalytic reaction was monitored in the preseari@n excess

amount ofAcNosX to see iAcNosX was able to sustain catalytic turnover.

Materials and Methods

Expression and Purification of Pseudoazurin
from Achromobacter cycloclastes

PAz fromA. cycloclastes (AcPAz) was overexpressed and purified frencoli
(IM109/pTrc99A-paz)The plasmid pTrc99A-paz was provided from ProfKéhzuma
(Ibaraki University, Japan) (151). The plasmid weserted tdE. coli IM109 strain with
electroporation. JIM109/pTrc99A-paz was streakedBmplate with 100 pg/mL of
ampicillin (Amp100) and incubated at 37 °C for aught. A single colony from the
plate was suspended to 200 mL LB media (Amp100)caitdred for overnight at 37 °C
while shaking at 250 rpm. The culture (30 mL) wasculated to 900 mL of LB media
(Amp100) in a 3 L baffled flask. 6 flasks of thegulated LB media were incubated at

37 °C for ~ 2 hours until & became 0.6. 1.5 mL of 300 mM IPTG (final conc. 00)

and 1.8 mL of 50 mM CuS(dfinal conc. 10QuM) per a flask were added to the media to

induce the PAz expression. After 8 hours, the cefwvere centrifuged with 10800 x g
(Sorvall GS3 rotor) for 10 minutes at 4 °C to cdllthe cell. The cell pellet (~ 25 g) was

kept at 4 °C overnight for purification or -80 °@rfstorage.
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OverexpresseAcPAz inE. coli was isolated from the harvested cell. The cell
pellet (~ 25 g) was suspended to an equal amour@ (L3 of 50 mM Phosphate buffer
(pH 6.0). The overexpress@dPAz was extracted from the cell with a French press
cell at ~ 70 MPa. The cell debris was removed wahtigfugation at 39000 xg (Sorvall
SS-34 rotor) for 60 min. Th&cPAz containing fraction was separated from the erud
supernatant with the ammonium sulfate precipitatm@thod (40 % saturation). The
sample with ammonium sulfate was incubated for dr dhile stirring (~ 400 rpm) at
4 °C. After centrifuging the sample for 30 min 8080 xg, the supernatant (~ 50 mL)
was dialyzed with 5 L of 5 mM Phosphate (pH 6.G)3o- 5 hours and with 5 L of 20
mM Phosphate (pH 6.0) with a dash of potassiunicfganide for overnightAcPAz was
fully oxidized with the oxidant to facilitate thelfowing purification process by making
AcPAz visible. The sample was centrifuged for 30 atiB9000 xg to remove proteins
that precipitated during dialysis. The supernateza loaded onto a SP-sepharose column
(20 mL, 10 x 260 mm) which was equilibrated withrB® Phosphate (pH 6.0). After
washing the column with five column volumes of 5SMRhosphate (pH 6.0), proteins on
the column were eluted with 500 mM Phosphate (@H. &ractions that includeticPAz
were detected with & and collected. ThAcPAz containing fraction (~ 30 mL) was
dialyzed with 5 L of 20 mM Phosphate (pH 6.0) feemight. After centrifuging the
sample for 30 min at 39000 xg, the supernatantleaed onto the SP-sepharose
column which was equilibrated with 50 mM PhospHate 6.0).AcPAz was eluted with
a linear gradient (50 — 500 mM Phosphate, pH 6 €&thod, and concentrated with an

Amicon Ultra Centrifugal Filter 3K (Millipore). Thpurity of AcPAz was checked with
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SDS-PAGE analysis using 12.5 % gels and Coomassimuit Blue (CBB) staining. On
average, ~ 100 mg @cPAz could be obtained from 25 g of cells. The com@ion of
AcPAz and Cu content were calculated using a BCAgmassay kit (Pierce) and an
atomic absorption spectrometer (AA, SpectrAA220riafa), respectively. When the Cu
content ofAcPAz was lower than 80 %, the sample was dialyzé¢kd @u containing
buffer to reconstitute the Cu site of apdPAz. The sample was dialyzed with 1 L of 20
mM Tris (pH 8.0) with 1 mM CuSgXor 4 ~ 5 days. The sample was further dialyzed
with 5 L of 20 mM Tris (pH 8.0) without CuSQor 2 ~ 3 days to remove excess free Cu
in the sample. Typically, the Cu contentAmPAz after dialysis became over 90 %.
Concentration of Cu loade&tPAz was estimated withs84 andsses = 3700 M* et
(147). The ratio of absorptions at 280 nm over B8 Azso/Asgg) Of pure and fully Cu
loadedAcPAz was about 1.4.

ReducedAcPAz was obtained by incubation of purifidadPAz with 100-fold
excess of dithionite. To prevent protein precipitat oxidizedAcPAz (~ 5 mL) was
gradually put into 30 mL of 200 mM Phosphate (pBl) With dithionite. The residual
reductant was removed with an Amicon ultrafiltratrmembrane (YM-5, Millipore)
under anaerobic conditions using Ar bubbled (~ IrhBuffer P (100 mM Phosphate,
150 mM NacCl, 10 % (v/w) glycerol, pH 7.0).

Expression and Purification of,8R
from Achromobacter cycloclastes

N2OR fromA. cycloclastes (AcN,OR) was homologously overexpressed in

Ac/pMLnos. Ac/pMLnos was cultured as previously described (see ch&pidihe
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culture was carried out with 2 L of LB media x ddks for 24 hours under micro aerobic
conditions. A typical cell yield was ~ 30 g. The Vested cell pellet was immediately
frozen at -80 °C or kept at 4 °C overnight for figation.

AcN,OR was purified as previously described (11). Dgitime purification
process, the sample was kept under anaerobic aomglto minimize @ exposure which
results in low Cu content and low activity. Typigak 10 g of cell was suspended with ~
20 mL of 20 mM Tris (pH 8.0) with a dash of dithitsn The suspended cells were lysed
with the French pressure cell twice at ~ 70 MPa Géll lysate was ultracentrifuged for
60 min at 45000 rpm (Sorvall Ti50 rotor) at 4 °@daupernatant was anaerobically
transferred to a DEAE fast-flow column (120 mL,22240 mm), which was equilibrated
with 20 mM Tris (pH 8.0). All buffers in this purdation were purged with Ar gas at
least 30 min right before use and included 250 Mwsn dithionite to remove residual
oxygen in buffers. Proteins bound on the columnevetuted with a linear gradient
method with 20 mM Tris, 500 mM NaCl, pH 8 AcN,OR containing fractions (~ 60
mL) were collected and diluted with 250 mL of 20 niMs (pH 8.0) to reduce salt
concentration. The sample was loaded onto a DEAlw@o (34 mL, 25 x 70 mm).
AcN,OR on the column was eluted with 20 mM Tris, 500 WNKCI, pH 8.0AcN,OR
containing fractions (~ 15 mL) were collected andtdd with 50 mL of 20 mM Tris (pH
8.0) to reduce salt concentration. The sample has applied to a Mono Q column (8
mL, 10 x 100 mm) that was equilibrated with 20 mKksTpH 8.0). The buffer in the
column was exchanged to 20 mM Bis-Tris (pH 6.5) badnd proteins on the column

were eluted with a linear gradient methAdN,OR was eluted from the column around
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30 — 70 min. The sample buffer was exchanged witAraicon (YM-30 filter) several
times to reduce the salt concentration. At thel fatep,AcN.OR was applied to a
cytochromec agarose affinity column (8 mL, 10 x 100 mm) anded by a linear
gradient. TheAcN,OR containing fractions were eluted around 43 -mi@ The sample
buffer was exchanged with an Amicon with 20 mM Tp#i 8.0, without dithionite) and
concentrated to 1 ~ 2 mL. Th&N,OR sample was called the as dithionite reduced form
or the “as purified” form. The protein concentratias estimated with A, andego =
105,000 M! cmi*. Typical AcN,OR yield from 10 g cell pellet was 10 ~ 15 mg. Cu
content was measured with atomic absorption speetier (AA). Typically, the BOR
samples that were used for the following measurésneantained 4.0 ~ 5.0 Cu/monomer.

The NOR activity assay was also carried out under améemmnditions. 10.5
UM AcN,OR in 50 mM Phosphate (pH 7.0) was activated irptiesence of 2 mM
methyl viologen (MV) and 1 mM dithionite (DT) at 2& for 3 hours. 2 pL of activated
AcN,OR was injected to the mixture of 2700 pL of 50 mMsphate, 300 uL of 5 mM
BV and 2 pL of 100 mM DT in an anaerobic cuvettéwa total volume of 3004 pL. The
time course of absorption change at 600 nm was toreai for 2 min to see the
background of the auto-oxidation rate of BV. Affemin, 80 pL of NO saturated 50
mM phosphate (bubbled with,® gas at least 1 hour at room temperature) wastege
to the anaerobic cuvette and to begin the catalgtction. Absorption changes, which
indicated the oxidation of BV (= electron transi@ AcN,OR), were measured for 3 min.
The activity (U/mg) was calculated by the absomptbange between 0.12 and 0.18 min

after NO was injected as described previously (11). The#f activity of sample was ~
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80 U/mg at 25 °C. To investigate the inhibitioneetf of chloride on the JOR activity
(see below), the activity assay was carried out wérious buffers: 50 mM phosphate
(pH 7.0), 50 mM phosphate + 150 mM NaCl (pH 7.0 &0 mM phosphate + 50 mM
NaSO, (pH 7.0). The procedure was the same as desaiin@ee. Prior to BD injection,
N2OR was incubated in each buffer for 5 min. The Bifation was monitored for 5
min in the presence of .

Fully oxidizedAcN,OR was prepared by the incubation of the “as pdifform
of AcN,OR with a 100-fold excess amount of potassiumdgamide. The oxidant was
removed with gel filtration. PAz reducéd¢N,OR was obtained with the incubation of an
excess amount of reducdPAz and fully oxidizedAcN,OR in the molar ratio of 30 to 1
(monomer basepAcPAz was removed with a gel filtration column. Adirsples were
exchanged to Buffer P (100 mM phosphate, 150 mMINHT% glycerol, pH 7.0) under

anaerobic conditions.

Electron Transfer fromAcNosX toAcN,OR

Theredox state of fully oxidize&cN,OR or PAz reducedcN,OR in the
presence and absence of reduced NosX were monitatied)V/Vis spectroscopy and
electron paramagnetic resonance (EPR). The follpwkperiments were carried out
under anaerobic condition&cNosX in Buffer PE (100 mM Phosphate, 150 mM NacCl,
10 % glycerol, 10 mM EDTA, pH 7.0) was photo-rediity illuminating in the
ice/water bath for 3-5 min intervals using a Xelarop (175 W) and an IR cut-off filter.

Typically, fully reducedAcNosX was obtained within 15 - 30 min.
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The electron transfer frc AcNosX toAcN,OR was measured by UV/V
spectroscopyAn equimolar (17.8 pM) amount of reducAcNosX and fully oxidizec
AcN,OR were mixed inn anaerobicuvette and the UV/Vis spectra were measurec
°C to stabilize NosXAs a negative control, Bulr PE was photeeduced for 15 min i
the anaerobic cuvette under the same conditionsnaxetl withoxidizedAcN,OR. The
UV/Vis spectrum was measured to check if the illiated Buffer PE could redu
AcN,OR.

EPR spectra were measuto investigate the redox state of tDe sites ir
AcN,OR which was reduced witAcPAz and/orAcNosX. The sample preparatic
process for the EPR measurements is summarizedune4.1. lully oxidized AcN,OR
(#2) and PAz reduceficN,OR (#3) were prepared as describethinmethod sectiol
Dithionite reduceddcN,OR (#1, as purifiec was oxidized withkan excess amount (1-
fold) of potassium ferricyanidto obtain fully oxidizedAcN,OR (#2, oxidizec. Excess

amount of ferricyanide was remove

+ 30-fold
AcPAz

| #4 PAz-NosX |

#3. PAz reduced reduced

+ 2-fold
"AcNosX

#1. As purified ——> #2. Oxidized |
+ 100-fold +2fold |, ##3- NosX reduced
Ferricyanide AecNosX

Figure 4.1. 8hematic vew of sample preparations for the EPR measurer

The fully oxidizedAcN,OR (#2) was further reduced with an excess amour-fold) of
AcPAz (#3, PAz reducgdPAz and NosX reduce&cN,OR (#4, PAzNosX reduced)

and NosX reducedcN,OR (#£, NosX reducepwere prepared by mixing either P,
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reducedAcN,OR (#3) or fully oxidizedAcN,OR (#2) with 2x molar excess of reduced
AcNosX in a glove box (< 1 ppm, Coy laboratory products Inc.). These dampere
prepared sequentially from one sample (#1). Thegsxamount cAcNosX was not
removed from the samples because of the followeagons: (1) Oxidized and reduced
forms of AcNosX are diamagnetic. Thus, it would not contribiat¢he EPR spectra and
was negligible for the measurements. (2) If anpaigromAcNosX was observed in the
EPR spectra, it would indicate the presence ofrda-ge@inone form ofAcNosX. It was
desirable to confirm the presence or absence afehe-quinone form under conditions
similar to those used to determine the redox plemh chapter 3, the equation
(INosXred = [NOSXiota] - [NOSXox]), Which assured the absence of the semi-quinome f
under the equilibrated states, was used to deterthanredox potential @cNosX.
Recall that the original equation was [N@sK= [NOSXta] - [NOSXox] — [NOSXsem], but
[NosXsem] term that corresponds to the concentration oktmai-quinone form of
AcNosX was assumed to be negligible. The final cotraéions of each pPOR sample
were 146.8 uM (as purified, 300 pL), 79.2 uM (oxeti, 300 pL), 50.4 uM (PAz
reduced, 300 pL), 36.2 uM (PAz-NosX reducedR]:[NosX]=1:2.2, 300 uL), and
67.6 UM (NosX reduced, [fDR]:[NosX]=1:2.5, 260 pL). Samples were placed RRE
quartz tubes and rapidly frozen with liquid nitrag&or spin quantification,
Cu(triethanolamine) standard solutions (0, 25,1%®, uM, 300 uL) were prepared. EPR
spectra of the samples and the standards wereteallat 14, 20 and 30 K respectively
using an EMX X-band spectrometer (Bruker) equipwéd a liquid helium cryostat and

temperature controller (Oxford instruments). TypEERR parameters were: microwave



101
frequency, 9.38 GHz; microwave power, 1.16 mW; tooastant, 163.84 msec; sweep
time 83.89 sec. After EPR measurements, UV/Vistspexd the samples were measured
at room temperature. Each sample was collected fhenEPR quartz tube in the glove
box (G, < 1 ppm). If necessary, the samples were dilutéld Buffer P (100 mM
Phosphate, 150 mM NaCl, 10 % glycerol, pH 7.0ntoease the volumes to measure the
spectra. After the UV/Vis and EPR measurementsCineontents of the samples were
measured by AA.

Regeneration of the GtiState
in AcCN,OR with AcNosX

As a preliminary experimencN.OR was incubated in Buffer PE (100 mM
Phosphate, 150 mM NaCl, 10 % glycerol, and 10 mM EDpH 7.0) for 4 hours to
investigate the effect of EDTA on the Cu sites gOR. 1000 pL of ~ 30 puMcN2OR in
Buffer PE was incubated in an anaerobic cuvette@nh temperature. The UV/Vis
spectra of the sample were monitored for 4 hours.

Photo-reduction of oxidizedcN,OR was monitored in the absence and presence
of AcNosX to see iAcNosX was able to reduce the £state inAcN,OR. The sample
preparation was carried out in the glove box € ppm). 23 uM oAcN,OR in Buffer
PE was photo-reduced on ice/water for 5 min inreaeeobic cuvette, and UV/Vis
spectrum was measured. The sample was further eadpoghe light for 5 min until no
change was observed spectrally. ABeN,OR was reduced up to the limit of photo-

reduction system, oxidizedcNosX was added to the sample. The ratio betwed;OR
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andAcNosX was 1 to 1 (20 uM). The cuvette was furthgramed to the light for 10 min

and UV/Vis spectra were measured until no furthemge was observed.

Electron Transfer from Reduced
AcNosX to OxidizedAcPAZ

The electron transfer pathway fronaNosX toAcPAz was investigateih vitro.
The following procedures were carried out undereaniaic conditions since reduced
AcNosX was sensitive to oxygen. ~ 500 pL of 105 puMXosBuffer PE (pH 7.0) was
photo-reduced in an anaerobic cuvette with icevaaigr. The progress éitNosX
reduction was monitored by UV/Vis where a spectmas taken every 10 min. After the
AcNosX was fully reduced, 171 pL of reduckeNosX was injected to 429 pL of
oxidizedAcPAz in Buffer P (pH 7.0) and the electron transtes monitored by UV/Vis
at 4 °C. Final concentrations AENosX andAcPAz were 30 uM at a 1:1 ratio.

Catalytic Reaction oAcN,OR
with ReducedA\cNosX

The NOR catalytic reaction in the presence of an exaassunt of reduced
AcNosX was monitored. All procedures were carriedunder anaerobic conditions. The
conditions for the measurements were the samed$,@R activity assay with two
modifications:AcNosX was used for electron source instead of B, Buffer P (pH
7.0) was used to stabiliZzzENosX during the measurements instead of 50 mM phedsp
(pH 7.1). 10.5 pMACN2OR in Buffer P was activated in the presence of\2 bV and 1
mM DT at 25 °C for 3 hours. 1330 pL of 100 iMNosX in Buffer PE (pH 7.0) was

photo-reduced. 2 pL of activatédN,OR, 1330 pL of photo-reducé&&NosX, 1668 uL
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of Buffer P was mixed in an anaerobic cuvette. thal volume of the sample was 3 mL.
Final concentrations of each component were, 6.8A0NLOR, 44 ptMAcNosX, 4.3 mM
EDTA, 1.3 pM MV, and 0.7 uM DT. UV/Vis spectra warenitored for 10 min at 10 °C
to determine the background auto-oxidation ratéadfosX. After 10 min, 80 pL of pO
saturated Buffer P (bubbled with® gas at least 1 hour at room temperature) was
injected to the anaerobic cuvette and UV/Vis seatere further collected for 20 min.

For control experiments, the catalytic reactions@f,OR in the presence of an
excess amount of reduc@dPAz or free FAD were also monitored using BuffeipPl
7.0) or 50 mM phosphate (pH 7.@cPAz and FAD were fully reduced with equimolar
amounts of dithionite. Final concentrations of eagperiment were 75.6 HMCcPAZz vs.
6.8 NMACN,OR and 72.0 uM FAD vs. 6.8 n®cN,OR.

Identification of Inhibitory Factor for
the NNOR Catalytic Cycle wittAcPAz

It was determined that Buffer P inhibited thgO¥R catalytic reaction when
reducedAcPAz was used as an electron donor instead of reldBi¢e To identify which
component of the buffer inhibited the reaction, fillowing buffers were prepared and
the NNOR activity was checked with these buffers; (#1)4@ potassium phosphate (pH
7.0), (#2) 50 mM potassium phosphate + 150 mM Naél7.0), (#3) 50 mM potassium
phosphate + 10 % glycerol (pH 7.0), (#4) 50 mM psitam phosphate + 150 mM KCI
(pH 7.0), (#5) 50 mM sodium phosphate (pH 7.0) nagative controls, (#6) 50 mM
potassium phosphate + 50 mMJS&;, (pH 7.0,1 = 0.242, the same ionic strength as

buffer #2), and (#7) 129 mM potassium phosphate{{gH = 0.241) were also applied
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to prove if high ionic strength inhibited the ekect transfer reactio®cN,OR was
activated as previously described with 50 mM patesphosphate (pH 7.0). 2 uL of the
activatedAcN,OR, 250 pL of reducedcPAz (932 uM) in 50 mM potassium phosphate
(pH 7.0), and 2752 pL of one of those buffer (%) were mixed. For the negative
control experiments, 200 pL of reduckePAz (932 uM) and 2802 pL of buffer (#6 - 7)
were used. The total sample volume was 3004 pLfiheeconcentrations AcN,OR
andAcPAz were 7 nM and 77.6 uM. UV/Vis spectra of theapkes were monitored for 5
min to monitor the background auto-oxidationAaPAz. After 5 min, 80 pL of D
saturated 50 mM potassium phosphate (pH 7.0) wasrahically injected to the sample

to start the catalytic reaction and the UV/Vis spewere monitored for 20 - 25 min.

AcNosX Stabilization in Solution

It was essential to remove NaCl from theNosX sample to investigate whether
AcNosX could sustain the @R catalytic cycle. To find conditions that stateid
AcNosX in the absence of NaCl, six reagents (argiraneamonium sulfate, spermine,
spermidine, Triton X-100, and Tween 20) that warewn as protein stabilizers (152;
153; 154; 155) were individually addedAoNosX samples. To remove Na@igNosX
in Buffer W (100 mM Tris, 150 mM NaCl, 1 mM EDTAnd 10 % (w/v) glycerol, pH
8.0) was applied to a gel filtration column thatsveajuilibrated with 100 mM phosphate,
10 % glycerol, pH 7.0. The eluté¢NosX fraction was gently mixed and aliquoted to 1
mL x 8 tubes. 50 pL of stock solutions of candidategents (arginine (4.2 M),
ammonium sulfate (2.1 M), spermine (4.1 M), speined4.1 M), Triton X-100 (2.1 %),

Tween 20 (2.1 %), and NacCl (3.15 M)) were addetthéAcNosX samples immediately.
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Final concentrations of each reagent were argi(#@® mM), ammonium sulfate (100
mM), spermine (200 mM), spermidine (200 mM), Trité+100 (0.1 %), Tween 20
(0.1 %), and NaCl (150 mM). The sample with NaCswgpositive control and the
sample without any reagent was a negative corftled.eight samples were incubated at
4 °C overnight. Precipitations in the samples varecked visually at 2, 4, and 8 hours.
After the incubation, samples were centrifugedlidmin at 14000 rpm and measured by

UV/Vis spectra.

Results

Electron Transfer fromAcNosX toAcN,OR

The electron transfer from reduc&dNosX to oxidizedAcN,OR was monitored
by UV/Vis spectroscopy. When an equimolar amountdficedAcNosX (Figure 4.2,
black) and oxidizedcN,OR (Figure 4.2, red) were mixed, an increase ilmgd®n at
374 and 460 nm frorAcNosX and the decrease in absorption between 558@Mhdm
from AcN,OR were observed (Figure 4.2, blue). The absormti@mges in the spectrum
indicate the oxidation ohcNosX and the reduction &cN,OR. In a negative control,
Buffer PE was photo-reduced and mixed with oxidiaeN,OR. The illuminated Buffer
PE did not reduccN,OR (data not shown). The control experiment cordulrthat
AcNosX but not any other components in Buffer PE cedlAcN,OR. These results
demonstrated tha@#cNosX donated electrons A£N,OR under the experimental

conditions.
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Figure 4.2 UV/Vis spectra of reduceAcNosX, oxidizedAcN,OR, andAcNosX reduced
AcN,OR

The various forms cAcN,OR including “as purified” (#1), fullypxidized (#2),
PAz reduced (#3), PAz and NosX reduced (#4), aneiNeduced (#5were measured
by UV/Vis and EPR spectroscc (Figure 4.3, 4.4)The UV/Vis spectra cthe EPR
samples are shown Figure4.3. The spectravere normalized based on |
concentrationsThe spectra were normalizwith the NOR concentration23.5 puM) for
comparisonThe spectrum cPAz reduced POR (#3)showed that absorption peaks
AcN,OR were decreased compared to the spectrum of fulfized N,OR (#2),
indicating thatAcPAz donated electrons AcN,OR (Figure 4.3, greenJhe differential
spectrum (Figure 4,dlue) offully oxidized (#2) and PAz reduced (#3,0R showed
peaks at ~ 480, 530, anc~ 810 nm. For clarityAcNosX containing samples (P-

NosX reduced BOR (#4 and NosX reduced JOR (#5)) were not shown in Figu4.3



107
because absorption froAcNosX was so strong that peaks fréaN,OR were buried i

it. The spectra of #4 anthb were essentially similar tihe blue spectrum in Figu4.2.

|
\
= |1\ / 7N\
z A / / AN ™~
\ 7 AN
-/ AN T

Figure 4.3 UV/Vis spectra and differential spectrum AEN,OR samples for EF

The EPR spectra of the samples showed the degreeduation for the Cu site
in AcN,OR which were reduced wiAcPAz and/orAcNosX (Figure 4.4 The EPR
spectra were normalizedth theN,OR concentrations (36 uMJr comparison. Th
integrated intensities of each spectrum, wlare indicative of themount of oxidized Ct
are summarized in Tab4.1. Amounts of oxidized C{per monomer) ithe ACN,OR
samples at 14, 20, and 3Cwere estimated with spin quantificatiaein¢ Cu standard
curves that were measured at each temperaturédfgendixD: Figure S4. for EPR

spectra and standard curvethe Cu standard).he integrated EPR intensitiex10°) of
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AcN,OR samples at 14 (Figure 4.4) wee calculated as follows; 2065 (#fully
oxidized) > 1379 (#3, PAz reduced)Ll271 (#5, NosX reduced) > 692 (#1, as purifiel
396 (#4, PAzZNosX reduced). The oxidized Cu in each samplecalculated as 0.3#1,
as purified), 1.02 (#3xidized), 0.6€#3, PAz reduced), 0.22 (#4, PAlBsX reduced)
and 0.59 (#5NosX reducec (Table 4.1). Te intensity of the EPR spectrum for No
reduced MOR (sample #5, Int = 12 x 1@ at 14 K) was obviously lower than t
intensity of fully oxidized I,OR (sample #2, Int = 206610 at 14 K), confirming tha

AcNosX reducedcN,OR.
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Figure 4.4 EPR spectra c(AcN,OR samples at 14 Khormalized by protei
concentration at 36 pM)
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The Cu contents of the samples were determinedAogffer the EPR and

UV/Vis measurements. The total Cu amounts pgRImonomer of each sample were
estimated as follows; #1 (as purified) = 4.0, #8lyfoxidized) = 2.9, #3 (PAz reduced) =
3.2, #4 (PAz-NosX reduced) = 3.5, #5 (NosX reduee#)9. The Cu amounts of #2 (2.9)
and #5 (2.9), #3 (3.2) and #4 (3.5) should be coalpea since the differences between
them were only with or withoudcNosX (Figure 4.1). The Cu amount of fully oxidized

N2OR (#2, Cu = 2.9/monomer) was significantly lowsart “as purified” form (#1, Cu =

4.0/monomer).

No. N,OR sample Tem Integrated Cimonomer Ave.
(normalized to 36 pM) Intensity (x10) Cu**/monomer

14 K 692 0.33

1 As purified 20 K 566 0.31 0.32
30K 395 0.31
14 K 2065 1.05

2 Oxidized 20 K 1570 1.02 1.02
30K 1077 1.00
14 K 1379 0.69

3 PAz reduced 20 K 1061 0.66 0.66
30K 709 0.63
14 K 396 0.18

4 PAz-NosX reduced 20 K 496 0.26 0.22
30K 295 0.21
14 K 1271 0.64

5 NosX reduced 20 K 909 0.55 0.59
30K 653 0.57

Table 4.1. Spin quantification of EPR spectr@df,OR

It was revealed that incubation of “as purifiedtrfoof AcN>OR with 100-fold excess

amount of ferricyanide resulted in decrease of @uent in NOR (Appendix D: Table
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S4.1, Figure S4.2). The activitiesAdN,OR in Table S4.1 (Exp #3) were determined to
be 122.3 £ 5.1 U/mg for as purified form and 94.8.% U/mg for oxidized form after
incubation with reduced MV.

According to the oxidized Cu amounts derived fréw@ $pin quantification with
the EPR spectra and total Cu amounts obtained themA results, oxidized Cu ratios
(oxidized Cu/total Cu) in eachcN,OR sample were calculated as follows; #1 = 8.0 %
(oxidized Cuf/total Cu = 0.32/4.0 = 8.0 %), #2 =28% (1.02/2.9 = 35.2 %), #3 = 20.6 %
(0.66/3.2 = 20.6 %), #4 = 6.3 % (0.22/3.5 = 6.3 #b) = 20.3 % (0.59/2.9 = 20.3 %).
According to the calculated ratio, the redox stdteach sample was assigned as in Table
4.2. Theoretical oxidized Cu ratios were calculasaxidized Cu over fully Cu loaded
N2OR (6 Cu/monomer) (e.g. sample #1, oxidized Cu/ote= 1/6 = 16.7 %). In sample
#2 in Table 4.2, three out of six copperaoN,OR were expected to be oxidized. Thus,
oxidized Cu ratio was calculated as 50 %. Howetvew,oxidized Cu in the Gusite
could not be detected with EPR because two spitiseiiCy site were supposed to be
canceled out with anti-ferromagnetic coupling (8)us, apparent oxidized Cu ratio

would be calculated as 16.7 % (oxidized Cu/totaFC6 = 16.7 %).

Oxidized Cu (%)

Cu, Cu, Maximum*  Measured
#1. As purified Cu(D)e Cu(l 1Cu(ll) s 3Cu(l) 16.7 8.0
#2. Fully oxidized Cu(1.5) Cu(1.5) 2Cu(Il)« 2Cu(l) 16.7 35.2
#3. PAz reduced Cu(l)« Cu(l) 2Cu(Il)« 2Cu(l) 33.3 20.6
#4. PAz-NosX reduced  Cu(l)s Cu(l) 1Cu(ll)* 3Cu(l) 16.7 6.3
#5. NosX reduced Cu(l) Cu(l) 2Cu(Il) 2Cu(l) 33.3 20.3

* Maximum values were calculated with the assigned structuresxédation states of the Cu sites

Table 4.2. Redox state assignments of each forAtldfOR
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No radical signal from a semiquinone formAmNosX was observed in the EPR
spectra of sample #4 and #5 (Figure 4.4). The trespported the idea thAtNosX
exists in either its fully reduced or oxidized fonmthe equilibrium state. This
observation was consistent with the data from théis spectra of the stepwise photo-
reduction forAcNosX (Figure 3.3, left). Thus, the equation, [TatialisX] = [oxidized
NosX] + [reduced NosX] + [semiquinone NosX], candpproximated to [Total NosX] =
[oxidized NosX] + [reduced NosX], which was usedigiermine the redox potential of
AcNosX. The result showed that the approximation rgasonable.

Regeneration of the GtiState
in AcCN,OR with AcNosX

For a control experimenfcN,OR was incubated in Buffer PE for 4 hours under
anaerobic conditions to check the effect of EDTAASN,OR. Although a minor
decrease in absorption intensity on the UV/Vis sj@ewas observed, the spectral change
was slight and negligible within the time scaldlaf following measurements (Appendix
D: Figure S4.3).

Purified NOR always includes a certain percentage of the¢ €ate (69). To
investigate ifAcNosX was able to regenerate the,Cstate, oxidizedAcN,OR was
photo-reduced in the absence and presengeNdsX. 23 uM of oxidizedcN,OR was
photo-reduced in Buffer PE under anaerobic conuktig-igure 4.5). The arrows indicate
decrease of the absorption that was caused bgtlhuetion of Cu centers lcN,OR.

The sample was gradually reduced and did not sigmifisant absorbance changes after

30 min of light exposure.
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The spectrum after photo-reduction still had a $stheruaround 540 nm which was
assigned to the 2Cu(MRCu(l) form in the Cusite. The peak at 640 nm was assigned to
the partially oxidized Cu(1Cu(ll)« 3Cu(l)) form and Cgt* form, both of which have the
absorption peak at the same wavelength (11; 78 ré&sult shows that photo-reduction
can reduce the Gucompletely and the Gusite partially (Figure 4.5, black).

After reduction ofAcN,OR was reached to the limit of photo-reduction eyst
oxidizedAcNosX was anaerobically added to the cuvette. Thettel was further photo-
reduced in the presence of oxidizstNosX (Figure 4.6). IfAcNosX was able to reduce
those partially oxidized GU1Cu(ll)e 3Cu(l)) and/or Cy centers, the peak at 640 nm
should decrease. The arrows point to decreasdssor@ion which indicate a reduction
of AcNosX. After 65 min, no more changes were obseryedWVIS. AcNosX was
fully reduced by the light and the absorption paa&40 nm from the Gusite of
AcN,OR did not show any intensity change in the preseficeducedcNosX.

Electron Transfer from Reduced
AcNosX to OxidizedAcPAZ

The reduction oAcPAz with AcNosX was investigated with UV/Vis
spectroscopy. The UV/Vis spectra of oxidiz&tPAz (30 uM), reducedcNosX (30
KM), and mixture of both proteins (30 UM each)sltewn in Figure 4.7. When oxidized
AcPAz and reducedcNosX were mixed under anaerobic conditions jhlcecase of
peaks at 374 and 460 nm and decrease of peakd an89780 nm were observed (Figure
4.7, blue). These spectral changes clearly indictite oxidation of FAD iAcNosX and

reduction of Cu irAcPAz. The result indicated thAtNosX donated electrons AxPAz.
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Figure 4.7UV/Vis spectra of reduceAcNosX, oxidizedAcPAz, andAcNosX reduced
AcPAz

Catalytic Reaction oAcN,OR with Reduced®cNosX

Previously, it was shown that an excess amourgdifcecAcPAz could sustai
the NOR catalytic cycle by donating electronsAcN,OR in vitro (91). SinceAcNosX
was also shown to donate electronAcN,OR, the questions of whethAcNosX able to
sustain the BOR catalytic reaction was investigated. The UV/Sfigctra of reduce
AcNosX (44 uM) and a catalytic amountAcN,OR (6.8 nM) in the presence or abce
of N,O are shown in Figur4.8.The time course of the absorption change at 46@vas
monitored for 30 minKigure4.8, right). After monitoring the background e-oxidation
rate ofAcNosX for 10 minN,O saturated buffer (80 uL) was injected at 1n. If

AcNosX donated electrons AcN,OR during the catalytic reaction, tAeNosX
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oxidation rate should b&gnificantly increase after NO was injecteds observed i
Figure 4.9 and 4.10-he oxidation rates (AcNosX before and afterJ® injection wer
calculated as slopes of trend lines (linear regoa¥$or the absorption change at 460 1
The equations are shownFigure 4.8 (right)The result showed that no signific:
increase in the oxidation ris of AcNosX was observed between before (0.( min™)
and after (0.0013 mif) the O injection (Figure 4.8, rightllhe result indicated th:

AcNosX did not supporthe N;OR catalytic cycle under the experimental condsi
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Figure 4.8 Oxidation ofAcNosX during the NMOR catalytic cycldleft) and time course
at 460 nm (right)
However, according to the control experiment wetiucecAcPAz, the electron transf
from AcPAz toAcN,OR wasnot observedinder the same conditions using Buffer P (i
not shown). Tis observatiotindicated that elémon transfer from reduceAcNosX to

AcN,OR during the catalytic cycle may be inhibited bgoanponent irBuffer P.
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Therefore a series of investigations to determfiBaiffer P and its components inhibite
the catalytic reaction were carried in the next section.
The NOR catalytic cycle in the presence of excess file i72.0 uM FAD vs.
6.8 nM NOR) in 50 mM Potassium Phosphate (pH was monitored with UV/Vit

spectra (Figure 4)%s a further contro
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Figure 4.9Time course for the oxidaticof free FAD during the BDR catalytic cycl

The result showed that the electron transfer freduced free FAD tAcN,OR during
the catalytic cycle wasbserved, but istopped within 30 min. Another injection
activatedAcN,OR (6.8 nM (trial #1) or 13.6 nM (#2)) at 35 mirdirced further FAL

oxidation, buthe FAD oxidatiol stopped within 30 min agai@t 66 min, MO saturated
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buffer was injected (Figut4.9, trial#1), but no further FAD oxidation was observed
71 min, the anaerobic cuvette was opened and sacould be furthepxidized by ai,
indicating that there wastill enough amount of free FAD in the sample an@6.

Identification of Inhibitory Factor fo
the NNOR Catalytic Cycle witlAcPAz

Buffer P wascomposed of 100 mM Phosphate, 150 mM NaCl, and Hly#erol.
Since the MOR catalytic cycle witl reducedAcPAz was originally observed in 50 m
Phosphate, the concentration of phosphate waseddad&0 mM in following
experiments. Thexidations olAcPAz during the NOR catalytic cycle were monitore
to determine if NaCl or glycerol was the comportéat inhibited the catalytic cycle. !
mM Potassium Phosphate (pH ~ (buffer #1),50 mM Potassium Phosphawith 150
mM NaCl (pH 7.0)buffer #2, or 10 % glycero(buffer #3) were used for tf

measurements (Figusel1().
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Figure 4.10UV/Vis spectra 0AcPAz oxidation during the JOR catalytic cycle witt
buffer #1 (left) and time course asg4 in buffer #1 -3 (right)
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The result showed that ber #2 (with 150 mM NacCl) inhibiteAcPAz oxidation during
the NOR catalytic cyclewhereaAcPAz was fully oxidized a8cN,OR receivec
electrons fromAcPAz in buffer #1 and #(Figure 4.10, right, Table 4.3

To determine if N* or CI inhibited the catalytic reaction, t&PAz oxidation
during the NOR catalytic reactiowere also measuradth 50 mM Potassium Phosph:
+ 150 mM KCI (pH 7.0)buffer #4) 50 mM Sodium Phosphate (pH 7 (buffer #5)
(Figure 4.11, Table 4.3).he resultshowed that the chloride ion inhibitAcPAz

oxidation during the BOR catalytic cyce.

030
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no) T ‘ ‘ ‘
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Figure 4.11 Time courseor the oxidation oAcPAz during the NOR catalytic cycldn
buffer #4 - 5

As control experiments, if ionic strength of bufédfectedto the electron transfi

from AcPAz toAcN,OR during the catalytic cycle was investigated g50 mM
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Potassium Phosphate + 50 nNa&SOx (pH 7.0,1 = 0.242) (buffer #6)and 12! mM
PotassiunPhosphate (pH 7, | = 0.241)(buffer #7) (Figure 4.12). The oation of
AcPAz was slightly perturbed in both buffer #6 and e behavior cAcPAz oxidations
in buffer #6 and 7 were almost identical, suggestirat the slight perturbation AcPAz

oxidation was due to high ionic strenc
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Figure 4.12Time coursefor the oxidation 0ACPAz during the NOR catalytic cycldn
buffer #6 and 7

# Phosphate* K™ Na* CI* SO* glycerol lonic strength PAz oxidation
1 50 50 0.092 Yes
2 50 50 150 150 0.242 No
3 50 50 10% 0.092 Yes
4 50 200 150 0.242 No
5 50 50 0.092 Yes
6 50 50 100 50 0.242 Yes
7 129 129 0.241 Yes
(* unit = mM)

Table 4.3 AcPAz oxidation during the OR catalytic cycle in various buffe
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The NOR activities in buffer #1 (50 mM Phosphate), bt #2 (50 mM
Phosphate + 150 mM NacCl), and buffer #6 (50 mM Bhate + 50 mM N,SQ,) were
measured to investigate if chloride and ionic gitbraffected the ,OR activity. Typical

results are shown in Figure 4.:
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Figure 4.13. The ,OR activity assayn buffer #1, 2, and

N,O saturated buffer #1 was injected to the cuvetterain and the activity we
calculated with the slope between 5.12 and 5.18 e MOR activities were 147
8.70 U/mg in buffer #1, 134+ 6.68 U/mg in buffer #2, and 156.54+33 U/mg in buffe|
#6. The activities in the buffers were almost corapke at thebeghninc of N,O catalytic

cycle, but the activity in buffer #2 was signifitgndecreased within 5 milAn increase
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in ionic strength did not redu the activity sine the activity in buffer #6, which ion

strength was the same as buffer #2, wa decreased (Figure 4.13).

AcNosX Stabilization in Solutic

Stabilizing abilities of arginine (200 mM), ammomiwsulfate (100 mM)
spermine (200 mM), spermidine (200 mM), Trito-100 (0.1 %), Tween 20 (0.1 %), a
NaCl (150 mM) orAcNosXin vitro were checked by monitoring protein precipitati
after 2, 4 and 8durs at 4°C. After two hours, samples with arginine, ammonguifate,
spermidine, Triton Xt00, Tween 20, and sample without reagent shovgifisant
precipitation, whereas samples with spermine andlMal not show such turbidity in tf

solution. Afer eight hours, samples were centrifuged and UVégectra were measur

(Figure 4.14).
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Figure 4.14. UV/Vis spectra AcNosX with spermine, NaCl, and flowthrot
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Although the samples with spermine and NaCl alsw&ld minor precipitation, the
amount was significantly suppressed compared ter giiimples. The results indicated
that spermine seemed to be an encouraging candatea AcNosX stabilizer. However,
it turned out that spermine pulled FAD out fréeiNosX based on the following
observations: (1) the UV/Vis spectrumAxfNosX with spermine showed an absorption
peak shift from 460 nm to 450 nm which was identicdree FAD (Figure 4.14, blue).
(2) Concentration aAcNosX with spermine by an Amicon ultrafiltration (Y-AD)
resulted in FAD in the flowthrough (Figure 4.14egn). As a result, only NaCl kept

AcNosX intact in solution under the experimental dbads.

Discussion

Function ofAcNosX as an Electron Donor f&cN,OR

To determine the function @&cNosX, electron transfers froAcNosX to
AcN,OR (oxidized and PAz reduced form) were investigaBothAcNosX andAcPAz
were shown to reduce the Csite of ACN,OR (Figure 4.2, 4.3). In the UV/Vis spectrum
that showedcNosX reducedcN,OR (Figure 4.2, blue), the peak at 800 nm that was
derived from the Cusite (63) was decreased. This observation indicdiatAcNosX
reduced the Cusite inACN,OR. It was not clear in the spectrum whetheXosX could
donate electrons to the gsite due to the absorption peak fréeNosX. The differential
spectrum of fully oxidized (#2) and PAz reduced)(M320R (Figure 4.3, blue) was
almost identical to the Vis spectra of theaGite in NOR fromPseudomonas stutzeri

(peaks at 485, 525, and 795 nm) (63) and @eonstitutedAcN,OR expressed i&. coli
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that did not have the Gsite (peaks at 484, 531, and 796 nm, Fdit. unpublished
results). IfAcCPAz could reduce the Gsite, there should be additional peak(s) around
550 and 640 nm, which were derived from the €ite, in the differential spectrum (63).
However, no such peak or shoulder was observdtkeispgectrum (Figure 4.3, blue). Thus,
it was indicated thadcPAz reduced only the Gusite, but not the Gusite. Also, it
further indicated that electron transfer fromy@a Cw did not occur under the
experimental condition®dcN,OR was reduced with 30-fold excess amount of redluce
AcPAz. The ratio betweefcPAz andAcN,OR was physiologically realistic since the
abundance ratio of PAz vs,@R in WT ofA. cycloclastes was shown to be ~ 40:1 (91).

AcNosX appeared to be capable of reducing thesita ofACN,OR. The redox
state of the Cusite in the dithionite reduced:8R was assigned to 1Cu(#IBCu(l) form
with DFT calculations based on experimental dafj¥9). The redox state of the Cu
site in the fully oxidized BOR was also assigned to 2Cu¢IBCu(l) form (84). Further,
the fully reduced form of the Gsite was determined to be 4Cu(l) form (70; 77).
According to the EPR and AA data together withghevious information, the redox
states of the Gusites in PAz reduced R (sample #3) and PAz-NosX reducefDR
(sample #4) were assigned to 2Cw{BCu(l) form and 1Cu(lld 3Cu(l) form,
respectively (Table 4.2). This result indicated #heNosX could reduce the Gite at
least from [2Cu(Ily 2Cu(l)] to [LCu(ll)» 3Cu(l)]. There are two possibilities on the L Cu
reduction mechanism PAcNosX. First,AcNosX directly reduces the gite and second,

AcNosX facilitates the electron transfer from o Cu, whichAcPAz could not. To
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clarify this hypothesisAcN,OR without the Cp site by mutation would be required for
further study.

The observations on the electron transfer reacaomsngAcN.OR, AcPAz, and
AcNosX were consistent with the redox potentialshese proteins. Although the redox
potentials of the Cu centersAtN,OR have not been determined yet, it was expected
that the redox potentials of the Cand Cuy site were ~ 250 mV and ~ 60 mV,
respectively (see chapter 1) (68). The redox ptsnof AcCPAz andAcNosX were
determined as 260 mV (147) and -230 mV (see ch@ptdihe redox potential &cPAz
(260 mV) was comparable with the one of the Gite (~ 250 mV), which enabled
AcPAz to donate electrons to the site. However, ¢dex potential of the Gusite was
too low for AcPAz to donate electrons to that site. TherefAoP,Az was expected to
donate electrons only to the Csite, but not Cusite. Indeed, the results were as
expected (Figure 4.3). In contra&tNosX was expected to reduce both the Cu sites
because the redox potentialAafNosX (-230 mV) was lower than the redox potentadls
the Cy (250 mV) and Cu (60 mV) sites. The EPR data confirmed this expesta
(Table 4.1, 4.2).

The percentage of oxidized Cu in the fully oxidi2Z&®OR was determined as
35.2 % (Table 4.2). This observation was diffeffemtn the theoretical value (16.7 %).
This result was explained as follows. In the fukidized NOR, the two spins on the
Cuz site (2Cu(Il» 2Cu(l)) should be cancelled out with anti-ferrgnatic coupling (80),
and only one spin on the g8ite (Cu(1.5% Cu(1.5)) should be detectable with the EPR.

However, the data from AA indicated that the t@alamount in the sample #2 was ~ 3
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per monomer on average, which was caused by famidg incubation (Table S4.1,
Figure S4.2). Thus, it was highly likely that masfithe Cuy sites inAcCN,OR molecules
included less than four coppers, which resulteithéendisappearance of the anti-
ferromagnetic interaction. In this case, the spiafsthe Cu site would be detectable in
the EPR and the percentage of oxidized Cu woulekase. Also, it might be possible
that the Cu loss by ferricyanide results in higG@a(ll) content.

Although AcNosX was shown to be a more potent reductant AcRA\z, the
percentages of oxidized Cu in the sample #3 (PAaded NOR) and #5 (NosX reduced
N>OR) were calculated as almost the same level @@d620.3 %, respectively, Table
4.2). This result appeared to disagree with thelcsion. This observation is explained
as follows. In the sample #3, fully oxidiz&dN,OR was reduced with 30-fold excess
mount ofAcPAz, whereas fully oxidizeAcN,OR was reduced with only 2-fold amount
of AcNosX in the sample #5. Siné&NosX could not be concentrated more than 200 uM,
addition of 2-foldAcNosX to the sample was the maximum limit in theeskpent. If
enough amount cAcNosX could be added to the sample, it was liket the Cu sites in
fully oxidized NbOR (Cwy = Cu(1.5r Cu(1.5), Cu = 2Cu(ll)* 2Cu(l)) would be reduced
to Cun = Cu(l)s Cu(l), Cy = 1Cu(ll)* 3Cu(l), which was identical to the sample #1 (as
purified) and #4 (PAz-NosX reduced) (Table 4.2).

We determined that incubation AEN,OR with an excess amount of ferricyanide
resulted in decrease of Cu contenfaN,OR (Appendix D: Table S4.1, Figure S4.2). It
was not clear how ferricyanide removed Cu frAaN,OR. It is possible that an excess

amount of ferricyanide oxidized the Cu cluster&\@N,OR and “super-oxidized” forms
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such as [Cu(Il)-Cu(Il)] and [4Cu(ll)] might be gea&ed. Such species might be unstable
since the species have never been observed (43eGoently, the “super-oxidized”
clusters might decompose and the Cu content oizedd\,OR decreased. The oxidized
AcN,OR still showed activity (94.9 + 4.1 U/mg) aftecubation with reduced MV, and
the UV/Vis spectrum clearly showed absorption pdeks the Cy and Cuy sites
(Figure 4.3). These results indicated that thedSs by oxidation with ferricyanide was
expected to occur randomly in bothand Cu sites, rather than either £or Cu
cluster was specifically decomposed.

To date, reduction of the partially oxidizedAQaCu(ll)* 3Cu(l)) form to the
active form (4Cu(l)) requires a long incubationei®- 3 hours) with reduced MV, which
is not physiologically relevant (70; 77). There glibbe a more efficiereduction
mechanism to reduce 1Cu@3Cu(l) formin vivo. AcNosX was one of the candidates.
However, the EPR and UV/Vis data suggestedAbhliosX could not reduce the 1Cu(ll)
* 3Cu(l) form under the experimental conditions (Ea#l2, Figure 4.6). The mechanism
that reduces the 1Cu(MBCu(l) formin vivo is still unclear.

Function ofAcNosX for Regeneration
of the Cy* State inAcN,OR

The NOR activity inParacoccus denitrificans was diminished in the NosX and
NirX double mutant strain although PAz and cytochee should still be able to donate
electrons to BOR (83). Since direct correlation between the*Quoportion and NosX
deletion was observed, NosX was expected to bdveatdan the regeneration of the £u

statein vivo. However AcNosX could not regenerate the £gtate under the
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experimental conditions (Figure 4.6). If reducedNosX was able to regenerate the;Cu
state, the peak at 640 nm should decrease. Thedxbakt change in the presence of
reducedAcNosX. It might be possible thAtNosX requires other factor(s) to reduce the
Cuz* statein vivo. For instance, it was shown that the deletion odification of NosR
resulted in the same phenotype as the NosX knodktmith inPseudomonas stutzeri (82).
This observation imply that the regeneration ofGhg* state requires both NosX and
NosR to form a complex that enables to regeneh&t€ty* state.

Another possibility is that NosX does not regenethe Cy* state, but it inhibits
the generation of the Gtistate. This hypothesis can also explain the oladiems that
the proportion of Cr state was increased in the absence of NosX (B3ny case, the
structure and properties of the £gtate are still uncertain, and the current dataok
support a direct role fokcNosX in converting Cgf to Cuz. As will be discussed later, a
new definition of the Cgf state was proposed based on the new structuxig@R from
Pseudomonas stutzeri (63). The authors proposed that theGatate is the [4Cu:1S] form
and the Cyg state is the [4Cu:2S] form. This hypothesis camberpreted that the
regeneration of the Gtistate requires re-construction of the Gite by adding a sulfide
ion to the [4Cu:1S] form. If this can be applieddN,OR, it is expected th&cNosX
cannot regenerate the £istate because it was shown that NosX was notwedoin the
Cu; site construction (100). In such case, it is glalaghatAcNosX works as a “cofactor”

to keep the Cusite active and inhibit the generation of the/Cstate.
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Function ofAcNosX as an Electron Donor fécPAz

AcNosX donated electrons to oxidizAdPAz (Figure 4.7). The redox potential of
AcPAz (260 mV) is very close to the redox potentidhe Cu site (~ 250 mV) (157; 68;
147). As shown in previously (Figure 4.2cNosX could donate electrons to thexCu
site. Therefore, it was expected tBhatNosX could also reduc&cPAz. The result
suggested that there was an electron transfer netamong NosX, PAz, and R in
the periplasm oA. cycloclastes. However, the physiological relevance of the etect
transfer pathway fromcNosX toAcPAz is still unknown. It was shown that the
abundance ratio of PAz and®R in WT ofA. cycloclastes was ~ 40:1 (91). Although
the ratio ofAcNosX andAcN,OR in WT has never been monitored, the ratidafosX
andAcN2OR in the overexpression strain for Nos proteAg{MLClustXst) was 1: 25 ~
50, which was calculated from the yields of thetgirts. Assuming the abundance ratio
of AcNosX andAcN,OR in WT was the same as the overexpression sthamatio
amongAcPAz, AcN,OR, andAcNosX in the periplasm would be 40:1:0.03. Thus, the
total abundance gicNosXin vivo is expected to be considerably smaller than that o
AcPAz. Therefore, the contribution AENosX in reducingdcPAzin vivo would be
relatively small, unless the turnoverAdNosX re-reduction (perhaps by NosR) would be
fast.

Identification of Inhibitory Factor
for the NOR Catalytic Cycle

Chloride in Buffer P was identified as an inhibjtdactor of the NOR catalytic

cycle using BV and\cPAz as electron donors (Figure 4.10, 4.11, 4.18hogh NOR
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was incubated in buffer with or without chloride tomin prior to NO injection, the
initial N2O reduction rates, which corresponded to th@Rl activities, were almost
comparable (147.4 £ 8.70 U/mg without chloride 484.9 + 6.68 U/mg with chloride,
Figure 4.13). If the inhibitory reaction betweenaride and the enzyme occurred in the
absence of pD, a significant decrease of the initiglNreduction rate should be
observed in the buffer with chloride. Therefores thsults indicated that the inhibition of
the NNOR catalytic cycle by chloride occurred in the prese of NO. The mechanism of
the chloride inhibition effect is still unclear. Dvstraightforward possibilities are that the
electron transfer reactions from electron sourcé gBAcPAz) to the active site (Gu
through the Cp site are impacted, or that the catalytic reactibN,O at the Cy site was
inhibited by chloride (see below for more detail).

The electron transfer process fréwPAz to the Cy site, which chloride ions
possibly inhibit, can be categorized in two stéf¥jnter-molecular electron transfer step,
involving interaction (binding and releasing) beeén@&cPAz andAcN,OR, and (2) intra-
molecular electron transfer step (perturbationhefCw/Cu; site and/or electron
transfer from the Cuto the Cu site).

The inter-molecular electron transfer step mighintebited by chloride ions.
Chloride ions could interrupt the protein-protaiteraction betweeAcPAz andAcN,OR
by blocking release of oxidizetPAz fromAcN,OR. For rapid catalytic turnover,
reducedAcPAz needs to bind tAcN,OR, donate one electron to the ite, and then
rapidly dissociate for the neRCPAz-AcN,OR interaction. If chloride ions inhibit the

release of oxidizedcPAz fromAcN,OR, the PAz binding site would be blocked and the
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catalytic cycle would be blocked by a lack of elens. However, this is unlikely. In the
last step 0ACN,OR purification, a cytochromeagarose affinity column was used (see
method section). Since it was reported that both 84d cytochrome donated electrons
to N.OR through similar docking sites (92; 150; 91; 8A)vas expected that the complex
of AcN,OR and cytochrome on the resin was essentially the same as the eaxmpl
betweenAcN,OR andAcPAz in solution. In the purification protocol, ballAcN,OR on
the column was eluted by buffer including NaCl.sfact indicated that chloride ions
interrupted the formation of the,@R-cytochromes complex. Thus, it was unlikely that
chloride ion inhibited release 8tPAz fromAcN,OR. Another possibility of the
inhibition effect was that chloride ions occlude thinding sites aAcPAz and/or
AcN,OR, which inhibits proper protein-protein interactibetweemcPAz andAcN,OR.
It has been reported that the electron transfen tgtochromes to N,OR from
Paracoccus pantotrophus was perturbed with NaCl (over 50 mM) (75). Thehaus
concluded that high ionic strength perturbed treggin-protein interaction between
cytochromec and NOR (75). Since the interaction of positively andaievely charged
amino acids ilrAcPAz andAcN,OR was important to form a transient electron tiens
complex (92; 91; 87), the perturbation of the etactransfer under high ionic strength
could be a consequence of perturbing the intenatteween the two proteins by charged
species in the buffer. However, this possibilitgaibtful in our case because electron
transfer only requires a “light touch” between doand acceptor, and even if binding
sites ofAcPAz andAcN,OR were buried in chloride ions, there still woblel many

chances for a productive transient complex to fdmthis case, chloride might decrease
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the reaction rate, but it would seem unlikely tihaould completely block the reaction
as observed. According to the control experimefiguie 4.12), the electron transfer
from AcPAz toAcN,OR was slightly perturbed under higher ionic sttangut it was not
totally inhibited as observed in the presencehtdride, indicating that the inhibition
effect was not mainly due to ionic strength. Furttige inhibition was also observed
when the small molecule (BV) reductant was useith@glectron source (Figure 4.13),
suggesting that the inhibition occurred within MR molecule rather than the electron
transfer step between BV and®R (see below). It is less likely that high ioniresgth
perturbed the interaction between the small mote@@\V/) and the protein }OR).

Another possible inhibition mechanism by chloridas is expected to occur
within the NOR molecule. Previously, it was reported with U\&\épectroscopy that
chloride interacted with the Gsite INACN,OR (80). The binding of chloride ion on the
Cu; site was also observed and it was hypothesizedrbahloride ion influenced the
redox potential of the Gusite (Figure 4.15) (74). The chloride on the;Gite was
observed in all structure determinedRs (61; 59; 63; 62). It is possible that the
chloride on the Cusite inhibited the catalytic reaction by changihg redox potential or
by interfering with a step or steps in the redutteechanism. It is also possible that the
redox potential of the Gusite would be disturbed with bound chloride. Allilgb no
chloride ion was observed around theyGiie in the crystal structures AEN,OR, three
chloride ions were identified around the cupredorimtif in the C-terminal domain of
AcN,OR, which holds the Gusite (Figure 4.15) (59). The uwdloes not serve as a

binding site for chloride, but the remote (20.0 ~428) chloride binding sites and the
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amino acids for coordini@n of the Cy site were located on the safiisheets Thus, it
might be possible that the binding of the chlonimtes affect either the redox potential
the Cw site, the electron transfer frcAcPAz/BV to the Cu, and/or the electron transt

from Cu, to the Cu by changing thicoordinationof amino acids around the A site.

Figure 4.15. The Gy Cu, and chloride binding sites in thet€minal domain o
AcN,OR (iodide bound form)
It should be noted that the chloride ions arouredGk, site wee only observed in th
iodide boundAcN,OR (PDB:2IWK) but not the other structure determine;ORs (61;
59; 63; 62) It might be interesting to investigate if theatde inhibition on theelectron
transfer from physiological electron donor t,OR is only observed iAcN,OR or not.

If the other three POR do not show the inhibition effect, these chlesidbserved i
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AcN,OR will be suggested to be involved in the inhdmtmechanism. As mentioned
earlier, it was shown that the electron transfactien from cytochrome to N,OR in
Paracoccus pantotrophus was perturbed by NaCl (75). Further investigaborthe
chloride inhibition is required on this;NR as well. Also, even though no bound chloride
was observed on the gsite in the crystal structure, it did not meart thare was no
chloride on the Cusite. It is possible that loosely bound chlorifde,which occupancy

was low and undetectable by X-ray crystallographight be on the Cusite.

Function ofAcNosX in the NOR Catalytic Cycle

The oxidation ofAcNosX during the BOR catalytic reaction was not observed
(Figure 4.8). IfAcNosX could sustain the catalytic reaction, the tooarse of the
absorption at 460 nm should look like the blue #p@c in Figure 4.11. However, such
behavior was not observed. The result indicatetlAbldosX could not sustain the
catalytic reaction. However, as described aboviericte ions in Buffer P inhibited the
N2OR catalytic cycle wittAcPAz (Figure 4.10, 4.11). This result brought upasgibility
thatAcNosX was potentially able to sustain thgOR catalytic cycle but the chloride
ions from the buffer interfered with the reacti&eNosX did donate electrons to
AcN,OR when both proteins were mixed in a 1:1 ratio iartthe presence of 150 mM
NacCl (Figure 4.2). In addition, as described belfreg reduced FAD could sustain the
N2OR catalytic cycle at least for a while (Figure)4.Enerefore, it was likely that
AcNosX could sustain the catalytic reaction in theeaitze of chloride ions. However,
even ifAcNosX would be able to sustain the catalytic reagtibwas hard to believe that

this reaction was physiologically significant. Sinite abundance &icNosX in the cell
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was much smaller thalcPAz andAcN,OR as previously described (91), the
contribution ofAcNosX on the catalytic reaction as a direct electtonor is expected to
be very small.

Free reduced FAD could support thgOWR catalytic cycle for some period of
time (Figure 4.9). However, the oxidation of FADa&topped after 30 min. The reaction
started again by addition of ex#aN,OR to the cuvette, but not by addition of extra
substrate. When the sample was exposed to theAdr was further oxidized. These
observations indicated that the termination ofdalytic reaction was to due to
inhibition of the NOR activity, but not due to the lack of substrded) or electron
source (reduced FAD). Since such behavior was Ins¢rved when reduced BV was
used as an electron source, free FAD was expeatealise the inhibition. The inhibition
mechanism of the DR activity by free FAD was still unknown. Since cldoride was
added to the sample, this phenomenon was indepefidenthe inhibition effects by

chloride (Figure 4.11).

Stability of AcNosXin Vitro

AcNosX required both 150 mM NacCl in buffer and lownfeerature to be stable
invitro (Chapter 3). However, chloride ions were founthtobit the NOR catalytic
cycle withAcPAz as an electron donor. This result indicatesdhioride would also
interrupt the NOR catalytic cycle wittAcNosX. Thus, it was required to remove
chloride ions from thé&cNosX sample to measure the®R catalytic cycle with
AcNosX. Further, as mentioned in chapter 2, highaaitentration also interrupted

AcNosX purification using an ion exchange column.oercome these obstacles,
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screenings foAcNosX stabilization without chloride were carried oging a host of
different reagents. Although spermine showed alstabon effect onAcNosX, it was
revealed that FAD was ejected fréxaNosX when spermine was added to the sample
(Figure 4.14). The pKa of spermine are 11.50, 10098 and 8.90. Thus, spermine is
positively charged under the experimental cond#i(pH 7.0). It was also indicated that
the FAD binding pocket oAcNosX was negatively charged (Figure 3.5). Therefibre
was possible that spermine tended to get into Aie binding pocket and FAD was
replaced with a spermine molecule. Suitable reafpem{cNosX stabilizatiorin vitro
was not found.

AlthoughA. cycloclastes grew at 30 °CAcNosX immediately precipitated at this
temperaturen vitro. This fact indicates that there should be cenpantein(s) and/or
small molecule(s) that stabiliZzzZNosXin vivo. AcNosX was shown to be a relatively
hydrophobic protein (Figure 3.6). The existencéheflarge hydrophobic patch might be
one of the reasons thatNosX was easily precipitated vitro (Figure 3.6). In addition,
NosR has been implied to be the redox partner ad\N6&2; 83). Since NosR is a
membrane bound protein, this hydrophobic patcAayosX might be important for
stabilizing the protein-protein interaction with §® because NosX needs to get close to
the hydrophobic membrane surface to interact wibsR In other words, NosR would

be a strong candidate to stabilize NaaXivo.
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Substrate Bound JDR Structure
from Pseudomonas stutzeri

New Hypothesis on the Electron
Transfer from Cp to Cy. As described in chapter 1, the structure g®R from

Pseudomonas stutzeri was recently determined (63). The electron trarfsfen Cu, (250
mV) to Cy (60 mV) in NOR is thermo-dynamically unfavorable and the meidman
that permits the electron transfer vivo has been unknown (83). The substrate bound
structure of MOR from Pseudomonas stutzeri implied that the substrate received
electron(s) directly from the Gusite, instead of receiving two electrons from ¢he site
as it has been expected and described in Figuré/1;97). This hypothesis can explain
our observation thaicPAz was able to sustain the@®R catalytic cycle (91) even though
AcPAz could not donate electrons to the;Guein vitro (Figure 4.3). If the substrate on
the Cuy site can receive electrons directly from the, Gite, AcCPAz might be able to
sustain the catalytic cycle by donating electrorssthie Cy site. However, it was also
observed that the JOR activity was directly correlated with the degdereduction on
the Cuy site (70). Also, the Gusite was obviously oxidized when the fully redu¢e&®R
was reacted with the substrate (77). These daiaaitedl that reduction of the gsite
was still important for the catalytic reaction athee Cy site was oxidized during the
catalytic reaction.

Another possibility of the mechanism that enables electron transfer from the
Cua to the Cu site is that the substrate binding to the: Gite alters the redox potential
of the site. Our observation thAtPAz could sustain the R catalytic cycle can be

interpreted ag\cPAz could donate electrons to the Gite only in the presence oL@l
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This hypothesis is supported by the fact that taox potential of the active center in
CuNiR fromPseudomonas chlororaphis was tuned with the substrate (NObinding to

receive electrons (29).

New Definition of the Cptt State. The structure of BOR from Pseudomonas

stutzeri showed an unprecedented &iructure that included two sulfide ions (Figure
1.10). Based on the structure, it was hypothesikhat the [4Cu:2S] form was the £u
state and the [4Cu:1S] form was the,Cstate (63). INACN,OR, however, no correlation
between the POR activity and the sulfide content of the sampsswbserved, although
a positive correlation between thedR activity and the Cu content was clearly observed
(Appendix D; Figure S4.3). The observation indidathat the ' sulfide was not
involved in the catalytic reaction using reduced BY¥ an electron source, AcN,OR
intrinsically does not have thé“sulfide in the Cp site. In addition, the Gti state of
N>OR from M. hydrocarbonoclasticus can be fully restored to the active Cstate by
incubation with reduced MV (84), which is unliketg related with a reaction from
[4Cu:1S] (Cuy*) to [4Cu:2S] (Cu). Further, this NMOR is relatively active even undeg,O
which conflicts with the fact the"2 sulfur is extremely oxygen sensiti(@4; 63).
Therefore, to date, the relationship among [4Cuf28}, the Cu/Cu* states, and the
N,OR activity are still controversial. Further stuslie investigate the presence of thg 2
sulfide in NOR from the other species and,(N reduction mechanism by DFT

calculation on the structure will be required.
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Conclusions

The function ofAcNosX onAcN,OR was investigateih vitro. It was observed
that AcNosX could reduce both the £and Cu sites ofAcN,OR whereag\cPAz
reduced only the Gusite. This observation was consistent with thatinet redox
potentials ofAcNosX (-230 mV)AcPAz (260 mV), andcN,OR (250 mV for the Cu
and 60 mV for the Ct). AcNosX was expected to facilitate the electron trangbm
Cua to Cuy, which was thermodynamically unfavorabdeNosX was also shown to
donate electrons t&cPAz. It is still unclear whether this electron séer pathway is
physiologically significant. Further, the questiainwhetherAcNosX is able to sustain the
N2OR catalytic cycle was investigated. However, isi@und that chloride ion that was
essential to stabiliz&cNosX in vitro inhibited the NOR catalytic cycle in the presence
of N,O. Satisfactory replacements for NaCheNosX stabilization could not be
identified. Thus, the pPOR catalytic cycle witltAcNosX could not be monitored.
However,AcNosX was expected to sustain thgdR catalytic cycle because free FAD
could do so. Free FAD also showed an inhibitioe&fbn the catalytic reaction. It was
possible thafcNosX structure was important scaffold to avoid thisibition during
electron transfer from FAD iAcNosX toAcN,OR. The regeneration of the £state in
AcN,OR with AcNosXn vitro failed. If the new definition of the Gtistate ([4Cu:1S]
form) which was proposed recently by Pomoweskal. could be applied tAcN,OR, it
implies that the regeneration of the£state withAcNosX by itself was improbable

because NosX was not involved in the constructioth® Cy site and unlikely to
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reconstitute the Gusite. In addition, even if it would be possibdNosX would require
a sulfide source to re-construct the [4Cu:2S] form.
In conclusion, these investigations support in geethypothesis tha&cNosX
donates electrons #cN,OR to activate the catalytic center ((Jite). Another
hypothesis tha\cNosX donates electrons AzN,OR to regenerate the inactive £u

state to the catalytically active gstate requires further investigation.
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CHAPTER 5

CO-CRYSTALLIZATION OF NNOR AND PSEUDOAZURIN FROM

ACHROMOBACTER CYCLOCLASTES

Introduction

Pseudoazurin (PAz) works as an electron shuttlengrseveral different proteins
in the denitrification system (87). PAz has beegerbed to donate electrons to several
reductases such as;bliR in Paracoccus pantotrophus (158), CuNiR inA. cycloclastes
(159) (Figure 1.3), NOR iRaracoccus denitrificans (89), and NOR in Paracoccus
pantotrophus (90). We also showed that PAz frédncycloclastes (AcPAz) could donate
electrons to BOR fromA. cycloclastes (AcN,OR) (Figure 4.2) (91). Although these
reductases are structurally different from one la@igtPAz can donate electrons to the
reductases through a pseudo-specific interactidhp he pseudo-specific interaction
between redox proteins was mainly characterizegrbgniscuous docking motifs based
on a hydrophobic patch and surrounding positivedtieg amino acids (87). Since
hydrophobic interaction is less specific and lessational than the interactions with
hydrogen bonds, several proteins that have theingcRkotifs can interact by the pseudo-
specific interaction without any particular struet((87).

Co-crystallization of several proteins is a goog/wainvestigate a binding mode
of the proteins in a complex (160). Recently, Culdii®l cytochromess; from
Achromobacter xylosoxidans were co-crystallized and a docking structure eftthio

proteins was solved (161). The structure showeeldgnetron transfer pathway from
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cytochromecss; to CuNiR. Although there is no report on the cgstal of NOR and its
electron donors (PAz and cytochrog)edocking structures of DR and the electron
donors have been studied by calculatiomslico using structures of JOR and
PAz/cytochrome (92; 150; 93). Possible docking structuresdf,OR andAcPAz for
electron transfer and several possible electrarstea pathways from the Cu center of
AcPAZz to the Cy site ofAcN,OR were also calculated in our lab (Figure 1.13).(9
However, as of today, there has been no experirngata that confirms the calculated
docking structures of JDR and the electron donors. It is essential toaklwewAcN,OR
andAcPAz form the transient complex for electron transbefully understand the JOR
catalytic mechanism.

Crosslink of proteins in a crystal helps to sokgestructure with X-ray analysis,
especially when the proteins in the crystal tenddae out of alignment (162; 163; 164).
The interactions between electron donor and acc@ptteins are usually very weak (87).
Additionally, DFT calculations indicated that thevere several possible binding
geometries between electron donor and acceptor T&2se reports suggested that
electron transfer proteins in a co-crystal mightllsardered. Indeed, X-ray
measurements of co-crystals for cytochranperoxidase and cytochroroeould not
show the electron density of cytochromsince the cytochromemolecules were
disordered in the co-crystals (165). In such a,dhsecrosslink technique might fix the
alignment of the cytochromemolecules in the co-crystals. This can happehdao-
crystal ofAcN,OR andAcPAz as well, and the cross-link technique mighbisitze

crystals to be prepared.
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In this chapter, co-crystallization trials fAcN,OR andAcPAz are described.
Specifically, the co-crystallization &cN,OR andAcPAz was attempted to determine the
docking structure that suggests the electron teamsfthway fronAcPAz toAcN,OR.

Also, the crosslink conditions fé&tcN,OR andAcPAz were investigated.

Materials and Methods

Screening of Crystallization Conditions

Protein solutions were prepared as 10 mg/AtNGOR = 8.35 mg (128.5 pM),
AcPAz =1.67 mg (128.5 pM)) in 10 mM Tris (pH 8.0)he protein solution was
prepared in the largest amount possible at one am@éwas aliquoted to 55 pL per tube
and frozen at -80 °C for further use. High througirgcreening foAcN,OR-AcPAz co-
crystallization was carried out with an automategtening robot Honeybee961 (Digilab)
using 960 screening reagents (96 reagents x 1€spldampton Research and Emerald
BioSystems, Inc.). 0.4 pL of protein solution waged with the same amount of each
crystallization solution per spot. The screenirgfgs were prepared with the sitting drop
method and kept at 22 °C. The conditions of thessfimt showed crystals were selected

for further optimizations.

Optimization of Crystallization Conditions

The conditions were optimized to obtain bigger talgsby changing buffer pH,
incubation temperature, and concentrations of bustgt, and precipitant, respectively. 2
pL of protein stock was mixed with the same amaifirmrystallization solution and the

hanging drop method was used. The amount of resevas 1 mL (24 holes in a plate).
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For optimization of condition #1 (Table 5.1, 100 nTMs (pH 8.5), 200 mM lithium
sulfate, and 30 % PEG 4000), PEG concentrationchhasged between 20.5 and 35.0 %
in increments of 0.5 %, lithium sulfate concentvativas changed between 50 and 350
mM in increments of 50 mM, protein amount was cleghigetween 10 and 4 mg/mL in
increments of 1 mg/mL, and at the last step ofrogatation, additive screening reagents
(48 conditions, Hampton Research) were added tontidified condition above. In each
spot, 2 uL of protein solution, 1.6 pL of crystadition solution, and 0.4 uL of additive
screen reagent were mixed on a coverslip. Theplagee incubated at 22 °C and
checked with a microscope once a week. For optimrzaf condition #3 (Table 5.1, 50
mM Bis-Tris propane (pH 5.0), 50 mM citric acid,cabh6 % PEG 3350), PEG
concentration was changed between 5.0 and 19.0if6r@ments of 1.0 %, and pH was
changed between 4.5 and 7.0 in increments of (&nfixation of condition #4 (Table
5.1, 100 mM Bis-Tris (pH 6.5), and 20 % PEG mondmiether (mme) 5000) was
carried out by changing PEG concentration (10.6.8 30), pH (5.0 — 8.5), additive
screen, temperature (22, 18, or 4 °C), and theavseeding method. The crystal for the

micro-seeding was obtained from the initial scragrplate.

Crystal Check for Protein or Salt

To confirm whether the obtained crystals were nmafd@oteins or salt, the
crystals were checked with Izit Crystal Dye (HanmpResearch) that specifically dyes
protein crystals in blue, and SDS-PAGE. 1 uL of Giystal Dye was added to the
crystallization droplet with crystals in conditiéd (Table 5.1). The plate was incubated

overnight and color change of the crystals was ogd under a microscope. After the
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stained crystals were photographed, the crystale w&ed for SDS-PAGE samples. The
stained crystals were scooped with a cryo-loop ftihencrystallization droplet under the
microscope. The crystals were rinsed with fresigppred crystallization solution
(condition #4) several times and solved in 10 pkwater for SDS-PAGE. As a control,
the crystallization droplet was scooped with theodoop and the solution within the
loop was diluted with the same manner that thetalysvere rinsed. The solution was
also diluted with 10 pL of water for SDS-PAGE. Tdrgstals from condition #1 (Table
5.1) were also checked with SDS-PAGE after wasthiegcrystals with the

crystallization solution (condition #1).

X-ray Measurements of the Co-crystals

The obtained crystals were screened and measumM8latand Stanford
Synchrotron Radiation Lightsource (SSRL). A nedilecrystal (30 x 30 x 500 um)
that was obtained from modified condition #1 (1001 fris, 200 mM Lithium sulfate,
24.0 % PEG4000, pH 8.5) was measured with the lemarce X-ray beam at MSU to
see if the crystal showed diffraction patterns. Thestal was scooped with a cryo-loop
and frozen with liquid nitrogen immediately. Sireandition #1 solution worked as a
cryo-protectant, no glycerol was added to the smiuprior to crystal freezing. The
crystal was measured at 0 ° and 90 ° for 20 mih @ad 8 hours each at -196 °C.

Several crystals obtained from condition #3 (PEGceantration was modified to
12.0 %, rod shaped crystals, 30 x 30 x 100 umdnthexagonal column shaped
crystals, 50 x 50 x 50 um, obtained from the ih&@eening plate) were incubated in

cryo-protectant solutions (crystallization solutieith 10 % glycerol) for 0.5 ~ 1 min to
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introduce glycerol into the crystals. The crystatye frozen with liquid nitrogen
immediately and screened at SSRL (Beam Line 11-Q)°a-45 °, and 90 ° for 10 sec
each to see if the crystals showed diffractionguat.

Crystals from optimized condition #4 (20.0 ~ 21.0P®G mme 5000 with micro-
seeding) were frozen in the presence of 10 % ghyc€&he crystal size was about 100 x
100 x 100 um, and the crystal shape was a hexagohahn. The crystals were screened
as described above at SSRL, and the crystal toatexhthe highest resolution was
selected for data collection for structural anay8iiffraction patterns from the crystal
were obtained from 270 ° to 370 ° in increment®.6f°. The data set was analyzed with
HKL2000 (HKL Research).

Crystals that were obtained from the optimized domd#4 with micro-seeding
were frozen in the presence of either 15 or 20 Y%ONIRmethyl 2,4-penatnediol), 15 or
20 % PEG400, and 15 or 20 % glycerol to find optiamgo-protectant and concentration
for the crystal freezing process. The frozen citgsteere screened at SSRL and the data
set from the crystal that showed the best datatgwehs obtained from 0 ° to 360 ° in
increments of 0.25 ° with 15 sec exposure per flarhe data set was analyzed with
HKL2000.

Crystals from the optimized condition #4 with mikgeeding were incubated in
the cryo-protectant solution (crystallization sauatwith 20.0 % glycerol) for overnight
before freezing them to improve the mosaicity. Thestallization drops on coverslips
were moved from reservoirs with the original crilsation condition (20.0 % PEG mme

5000) to one with 30.0 % PEG mme 5000, and funth@ved to one with 30.0 % PEG
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mme 5000 + 20 % glycerol in a stepwise manner.aghestep, the crystals on the plate
were incubated for 24 hours to equilibrate thetadlization drops to the condition in the
reservoir. This process was called dehydrationitwds expected to improve the crystal
diffraction as well (162). After the crystallizatisolutions were equilibrated to the
condition that corresponded to 30.0 % PEG mme 50P0 % glycerol, the crystals in
the droplets were moved to freshly prepared cryggatant solution (100 mM Bis-Tris,
30.0 % PEG mme 5000, 20.0 % glycerol, pH 6.5) acdbated overnight. When the
crystals were frozen with liquid nitrogen, an eviagted nitrogen gas layer upon the
liquid nitrogen surface was removed by blowingdds from 30 cm above. This process
was reported to alleviate crystal degradation wheras frozen (166). For comparison,
several other crystals from the optimized conditidnwith micro-seeding were incubated
in the cryoprotectant solution for a few minutesl arere also frozen with the same

procedure. The crystals were screened at SSRLsasiloled above.

Crosslink ofAcN,OR andAcPAz

EDC (1-Ethyl-3-[3-dimethylaminopropyl] carbodiimidigdrochloride, Thermo)
reacts with carboxyl group (Glu or Asp) of protéih and forms an amine-reacti@e
acylisourea intermediate (167). NHS (N-hydroxysnmuide, Thermo) stabilizes the
activated intermediate in solution until it reasfth amine group (most often Lys) of
protein #2 (167). The crosslink reaction occurs nvtiee Glu/Asp of protein #1 and Lys
of protein #2 interact with each other.

To obtain higher quality of co-crystals, a crogsliretweenAcN,OR andAcPAz

was attempted with EDC and NHS. The crosslink reaat/as carried out under
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anaerobic conditions in the glove box using Ar Heblbuffers. First, as a positive
control experiment, botAcN,OR andAcPAz were activated with EDC/NHS and
crosslinked at the same time to confirm whetherctiosslink reaction occurred. Also, the
optimal ratio between [total protein] and [EDC] wasamined. 32 uMcN,OR and
162.4 uMACPAz ([AcN,OR]:[AcPAZz] = 1:5) in coupling buffer (10 mM NHPQO,, 1.76
mM KH,PQ,, 137 mM NaCl (pH 7.4)) was aliquoted in 7 tubeaclEsample was
activated and crosslinked with different concemtreg of EDC and NHS (the ratio
between EDC and NHS was always 1:2.5) for 1 howo@nh temperature. The
concentration of EDC was changed as 0 mM (contdo® mM (x1 of total protein
concentration), 1 mM (x5), 2 mM (x10), 10 mM (x50 mM (x100), and 100 mM
(x500). The total volume of each sample was adjust&0 pL. The crosslinked protein
was monitored with SDS-PAGE. The amounts of crokslil protein in each condition
were calculated with band intensities on the SD&EAel using Image J (168).

Second AcN,OR orAcPAz in activation buffer (100 mM MES, 500 mM NacCl
(pH 6.0)) was individually activated in the presemé EDC/NHS ([total protein]:
[EDC]:[NHS] = 1:10:25). After 1 hour, the activatiseaction was stopped with an
Amicon using YM-50 membrane (féxcN,OR) and a gel filtration column (féxcPAz,
since it was much faster than using the Amicon With-3 membrane) by removing the
reagents. The sample buffer was exchanged to th@ing buffer at the same time. Then,
the other proteinXcPAz for activatedAcN,OR, orAcN,OR for activated\cPAz) was

added for the crosslink reaction and the samples wmeubated for 4 hours. The amounts
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of crosslinked protein at 1, 2, 3, and 4 hours vestenated with SDS-PAGE and Image
J as described above.

Third, the effect of NaCl on the crosslink reactwas elucidated by comparing
efficiency of the crosslink reaction using the clgp buffer with or without NacCl.
AcN,OR was activated in the activation buffer with ENESS for 1 hour (AcN,OR] =5
nmol, [EDC] = 50 nmol, [NHS] = 125 nmol). After tlmeagents were removed with the
Amicon, the buffer was exchanged with the coupbnffer with or without NaCl. 5-fold
amount ofAcPAz (~ 25 nmol) was added to the activadetl,OR and incubated it for 4
hours. The samples at 2, 3, and 4 hours were ctevite SDS-PAGE. The crosslink
efficiency was calculated with the band intensitgimsslinkedAcN,OR-AcPAz on the
SDS-PAGE gel over the sum of band intensities efpioteins between 66.5 and 170

kDa.

Results

Screening and Optimizations of Crystallization Citinds

The conditions that showed crystals in the ingi@eening plates were selected
and optimized with 24-hole plates. The selectedltmms from the initial screenings

were listed in Table 5.1.

# Buffer (pH) Salt Precipitant

1 100 mM Tris (pH 8.5) 200 mM  Lithium Sulfate 30% ®EBO000

2 100 mM Sodium phosphate (pH 6.2) 200 mM NacCl 35%eth@xyethanol

3 50mM Bis-Tris propane (pH 5.0) 50 mM  Citric acid 16WEG 3350

4 100 mM Bis-Tris (pH 6.5) - - 20% PEG mme* 5000

* mme = monomethyl ether

Table 5.1. The initial crystallization conditions AcN,OR-AcPAz co-crystal
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Figure 5.1. Crystals obtained from conditions~ 4

The initial conditions produced crystals that weheped like needles (conditi
#1), branched needles (#2), rods (#3), and hexdgohanns (#4) (Figure 5.1). The
crystals were observed at day 7 (#1), day 1 (#3),4(#3), and day 68 (#4) in the tial
screeninglates. Conditions #1, 3, and 4 were further medifio obtain bigger ar
higher quality crystals for -ray measurements. During optimization of conditidn it
was found that both PEG and lithium sulfate conegioins affected the cryd amount
and shape. Protein amount affected the crystalthrepeed. Additive screens did 1
show any apparent effect. Crystals were observeddas 24.0 and 31.0 % PEG, ¢

between 100 and 250 mM lithium sulfate. In lowen@entrations of lithium suate (150
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mM, 27.0 % PEG), the crystal shapes were fe-like structures (Figure 5.2, lef
whereas the crystals became needle like structuf@gher concentration of lithiui

sulfate (250 mM, 27.0 % PEG) (Figure 5.2, rig

Figure 5.2. Crystal gtpe transition with 150 and 250 mM lithium sulfétendition #1

In optimization of condition #3, crystals were obh®sl between 1-15 % PEG. Crystal
at higher percentage of PEG (- 15 %) were dissolved over time. Changing

conditions between 4&nd 7.0 did not show any positive effect on crykiahation. The
best condition to date was 50 mM -Tris propane, 50 mM citric acid, 12.0 % PEGS3:Z

pH 5.0 (Figure 5.3). The crystal size was x 30 x 30 um.

Figure 5.3. Crystals obtained from mfied condition #.
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In condition #4, the mic-seeding method significantly improved crystal fotioa It
was revealed that temperature °C) was a critical factor for the crystal growth base
the crystals were not observed at 18 a”°C. The biggest crystal (100200 x 200 um)
was obtained from 100 mM E-Tris, 20.0 % PEG, pH 6.5, 2Z°with the micr-seeding
method (Figure 5.4). Several crystals grew as pg$yals (Figure 5.4, left), which we

also observed in the initial screening plates (F€ 5.1).

Figure 5.4. Crystalobtainedrom modified condition #

Crystal Check for Prote

Salt in crystallization solutions sometimes aggtegas crystals. The cryst
obtained from condition #4 were checked with dye to confirm whether they we
made of protein or salt. The Izit crystal dye tutiee crystals blue, suggesting that
crystals were made of protein (Figure 5.1, and[&ff), The crystals from conditions ;
and 4 were also checked with S-PAGE b confirm they included botAcN,OR (66.5
kDa) andAcPAz (13.0 kDa) (Figure 5.5, middle and rigt“M” in Figure 5.5 indicate
marker, “#1” and “#4’are the crystals from the condition # 1 and“Po¢” is a positive

control (X0 diluted protein stock f crystallization), and “Negis a negative control th.
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shows the proteins around the crystals (#1 anav4¢ completely rinsed out. TI

results confirmed that the crystals from conditi#isand #4 were made of protein &

included bothrAcN>OR andAcPAz.

M #d Neg M Pos Neg #l

72 o7

(518

17 2001
14 .4 -«
11
kDa kDa

Figure 5.5. Crystal checks with the Izit dye andS-PAGE for condition #1 and ;

X-ray Measurements of the -crystals

A needlelike crystal (3Cx 30 x 500 ) from modified condition #1 did n
show any diffractionpatterr with a home source X-yaapparatus. Several crystals fr
condition #3 (rod shaped) and #4 (hexagonal colshaped) were screened at SSRL
showed some diffractions. A crystal from conditiéshowed somdiffraction spots
around ~ 18 Awhereas several crystals from coron #4 showed ~ A resolution data.
Preliminary analysis with the screening data frogstals in condition #4 showed the ¢
parameters as follows; a = 70A, b = 70.16 A, ¢ = 552.10 A, = 90.00°, = 90.00 °y
=120.00 ? mosaicity = 1.32°. Structural analysis from the crystals could nethrriec

out because the resolution was too low and the igigsas too high, but the da
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indicated that crystals from condition #4 were hyghromising. Therefore, condition #4
was further optimized for the following measurensent

Crystals obtained from the optimized condition #F&vscreened and measured at
SSRL. The crystal that showed the best resoluBdhA) in the screening was used for
the following measurements and the data set olttauas analyzed with HKL2000. The
cell parameters were almost the same as the pepr@iminary measurement; a = 69.93
A ,b=69.93 A ¢ =552.35A,=90.00 °$ = 90.00 °;y = 120.00 °, mosaicity = 1.160 °.
However, data index failed because of two reasdngshe crystal was a polycrystal and
two different lattices were overlapped, which poeled further analyses of the data set,
(2) the ¢ axis of the cell unit was large (552.35aAd diffraction spots from ¢ axis
tended to overlap each other, which also hindewgtidér analyses. It was required to
obtain single crystals and to reduce mosaicityfdather analysis.

To lower the mosaicity, several cryo-protectant®( PEG400, and Glycerol)
were applied to the crystal freezing process. $ungeand data set collection were
carried out at SSRL. The crystal that was incubatéll glycerol showed the best
mosaicity (0.6 °). The resolution of the data wasA. Although the mosaicity had been
improved, the data quality was not good enouglaf@lysis and index failed.

Mosaicity usually increases when crystals are fregn the previous
experiments, the crystals were incubated in the-prptectant solutions for 30 seconds
to a few minutes prior to freezing. Prolonged cpyotectant introduction to the crystals
might lower the mosaicity. The crystals that wereubated in the cryoprotectant solution

for a few minutes or overnight were screened atlSt8Rnvestigate the effect of
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incubation time with the cryoprotectant (Figure)Se result showed that the overnight
incubation made the diffraction spot shapes croqkegure 5.6, right), and the spot size
became bigger (= mosaicity became bigger) thauliffraction from the crystals that

were incubated for a few minutes (Figure 5.6, Ié&ft)e analysis (index) of the data failed.

Figure 5.6. Diffractions from the crystals withdta(left) and overnight (right)
introduction of cryoprotectant

For the structural analysis of the crystals fromdition #4, the mosaicity needed to be
less than 0.30 ° to obtain the structural inforovafrom the data set (Prof. C. Martin
Lawrence, pers. commun.) since the crystals frondition #4 had a large cell unit (c =
~ 550 A). To date, 0.60 ° was observed as the lomeshicity. The freezing condition
needs to be further optimized to reduce the mdgailternatively, optimizations of the
other conditions (#1, 2, and 3) might produce appate crystals for the structural

analyses.
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Crosslink ofAcCN,OR andAcPAz

Crosslink betwee AcN,OR andAcPAz with EDC/NHS was attempted
improve crystal quality. Since Asp and GIuAcN,OR were expected to interact w
Lys onAcPAz during electron transi (92; 87), this method wadkough to be suitable
for crosslink betweeAcN,OR andAcPAz as an electron transfer complex. |
preliminary experiment, bolAcN,OR andAcPAz were activated and crosslinked at
same time in the presence of differconcentrations of EDC and NHS (Figure 5.7). "
crosslinked protein was observed on the -PAGE gel as a 79.5 kDa barAcN,OR
66.5 kDa +AcPAz 13.0 kDa) and the band intensity did not insecafter the rati
between [total protein] and [EDC] was 1 tc, which indicated that 5@ld amount of

EDC was sufficient to maximize the crosslink reaic;
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Figure 5.7. SDFAGE and band quantification fACN,OR-AcPAz crosslin/

Either AcCN,OR orAcPAz was activated separately and crosslinked \ughothei
protein (Figure 5.8).Nec” in Figure 5.8 indicates nocrosslinked sample as a negai

control, and “Posfindicates the crosslinked sample from Figure 5.d@ pssitive control
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The SDS-PAGE showed that the crosslink reactiowéetAcN,OR andAcPAz
occurred only wheAcN,OR was activated. The incubation time (1 ~ 4 hodignot
affect the crosslinked protein yield since the bartensities among the samples did not
show any difference (Figure 5.8, right, arrowksuggested that the crosslink reaction

finished within an hour.

Activated PAz + N, OR Activated NLOR + PAz
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Figure 5.8 AcN,OR-AcPAz crosslink with activatedcPAz (left) orAcN,OR (right)

The crosslink efficiency was compared in the preseand absence of NaCl in the
coupling buffer, and in terms of incubation tim&sJ, and 4 hours) (Figure 5.9). The
crosslink efficiency was calculated with the banténsity of crosslinked protein at 79.5
kDa (“Crosslinked (C)” in Table 5.2) over the bantkensities of the othekcN,OR
related bands (“Total JOR (T)” in Table 5.2) includind\cN,OR monomer (66.5 kDa),
AcN,OR+ACPAZ (79.5 kDa)AcN,OR dimer (133 kDa), and the other unassigned bands
between 66.5 and 170 kDa (Figure 5.9). The crdsslificiencies of both conditions
were calculated as ~ 33 % (Table 5.2). The resolveld that NaCl (137 mM) in the

coupling buffer had no affect on the crosslink teacbetweerAcN,OR andAcPAz.
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Also, elongated incubation time did not improve éfigciency as observed in the

previous experiments.
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Figure 5.9 AcN,OR-AcPAz crosslink in the coupling buffer with or withoNacCl

Band intensities on the SDS-PAGE gel (a.u.) Crokdiifficiency

NaCl Lane Crosslinked (C) JOR (N) Total NOR (T) CIT
2h 100 162 306 33%
+ 3h 104 160 328 32%
4h 107 164 333 32%
2h 60 100 175 34%
- 3h 58 97 169 34%
4h 54 80 162 33%

Table 5.2. Band intensities on the SDS-PAGE géligure 5.9
Discussion

There is a lot of progress in co-crystallizatiorAoN,OR andAcPAz although

further optimizations will be required to obtairystals suitable for structural
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determination. To date, the best crystals wereindtdafrom condition #4 (100 mM Bis-
Tris (pH 6.5), and 20 % PEG monomethylether 50008¢ first crystals in condition #4
appeared after more than 50 days following theainstcreening plate preparation. Also,
the micro-seeding method significantly improved ¢hestal formation. These results
indicate that nucleation is the rate-limiting stepthe crystallization (169).

The crosslink betweeficN,OR andAcPAz was observed only whé&eN,OR
was activated (Figure 5.8). The result indicated @Glu and/or Asp oAcN,OR were
crosslinked to Lys oAcPAz. These amino acids were expected to be invatvéie
formation ofACN,OR-AcPAz complex for electron transfer (92; 87). Possibteraction
sites ofACN,OR andAcPAz for the electron transfer complex were showhRigure 5.10
(91). AcN2OR has a hydrophobic patch close to thg €ite, which is surrounded with
negatively charged amino acids (Asp and Glu), wamhePAz has a hydrophobic patch
around the Cu center and positively charged amirasgLys) are located around the
patch (Figure 5.10). The colors on thePAz andAcN,OR structures in Figure 5.10
indicate the Cu centers (in purple), the hydropbaionino acids (in blue), the lysines on
AcPAz (in red), and the aspartic acids and glutaridsaonAcN,OR (in red). These
hydrophobic patches (shown with orange circlesiguife 5.10) and the charged amino
acids (red) were well conserved among speciesestigg that these sites were involved
in the electron transfer complex formation (93nc®ithese Glu and/or Asp 8&aN,OR
(Glu331, 333, 588, Asp356, 384, 416 and 536) arsldnAcPAz (Lys38, 46, 57, 77 and
109) were expected to interact with one anothapolation, one or several of these amino

acids are candidates for crosslinking.
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Figure 5.10. Expected crosslink sitesfdoPAz (left) andAcN,OR (right)

NaCl did not affect the crosslink reaction betwéeh,OR andAcPAz (Figure
5.9, Table 5.2). Since chloride ion was found tabit the NO reduction byAcN,OR
using reducedcPAz as the electron source (Chapter 4), it wasilplesthat NaCl
interrupted formation of thAcN,OR-AcPAz complex for electron transfer. If so, there

would be a difference on the crosslink efficienayhver without NaCl. However, no
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such difference was observed regardless of NaGUu(Ei5.9). The result suggested that
the interaction betweefcN,OR andAcPAz in solution was not significantly perturbed

by NaCl.

Conclusions

The objective of the studies on this chapter wasuoidate the docking structure
of AcCN,OR andAcPAz. TheAcN,OR-AcPAz complex structure was investigated with
co-crystallization and crosslink of two proteinsieéfconditions that grew co-crystals
including AcN,OR andAcPAz were successfully identified, although further
optimizations for the crystal growth conditions ahd freezing process were necessary
for the structural analysis. The crosslink expentaesuggested that Glu and/or Asp on
AcN,OR interacted with Lys oAcPAz in solution since the crosslink reaction was
observed only wheAcN,OR was activated. This observation was consistéhttive

results from the DFT calculation by Mattilaa (92).
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CHAPTER 6

CONCLUDING REMARKS AND FUTURE DIRECTIONS

The main objective of this project was to invedigidoe structure and function of
AcNosX. The results from this project form the bdsisthe study on NosX and the other
Nos proteins, and provided some insights into tlkeehmanism of the YOR activation.

This research contributes to a field of the electransfer reactions within the
denitrification system.

Prior to the investigations, it was essential waase the NosX yield since the
expression level of NosX was very low and the felltg experiments required a
substantial amount @cNosX protein. In chapter 2, the optimization of thdture
conditions resulted in a great improvement in tlsXlyield. It was found that the LB
media that was purchased from Fisher brand sigmifig increased the NosX yield when
pMLClustXst plasmid was used. The new expressistesys did not show such effects
with the LB media. The factor(s) in the LB medialahe mechanism of the NosX yield
enhancement need to be identified. Also, it woddrteresting to monitor if the
expression level of the other Nos proteins (Nos&M NosF, NosY, and NosL) are
enhanced by the LB media or not. These studiegeutal the regulation system for the
nos gene expression. Another intriguing result in ¢cea@ was that the NosX yield was
constant under both aerobic and micro-aerobic ¢mmdi. The precise level of oxygen in
the media during cultures and the effect of oxytpetihhe NosX expression should be

further investigated.
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It is still unclear why the new expression systadchribt enhance the NosX yield.
Northern blot analyses foosX transcripts imAc (wild type), Ac/p5-(Np/Pp)nosX and
Ac/pMLClustXst will be required. Also, it would begmod idea to make a p5-Ppz
plasmid to check iARcPAz was overexpressedAw/p5-Pppaz as a positive control.

The structure oAcNosX was investigated in chapter 3. The calculéteddosX
model showed several insights for #heNosX structure. Tyr46 was expected to be
important for the FAD binding. This hypothesis neéal be investigated by a site
directed mutagenesis. Also, a potential binding with AcN,OR for electron transfer
was suggested. To confirm if this site interacthwWcN,OR, a precise structure of
AcNosX with X-ray crystallography is required to aakte docking structures with
AcN,OR. With respect to the crystallization trials AmNosX, further optimization of the
conditions is required. Removing the strep-tag@flosX with Factor Xa protease might
facilitate the crystal growth gicNosX.

The interaction betweeficNosX andAcN,OR was investigated in chapter 4. The
results indicated thafcNosX activatedAcN,OR by donating electrons, which supports
the hypothesis by Wunsa@hal (83). The next question is the function of NosXtba
Cuz* state. Most importantly, it is essential to defitne character and structure of the
Cuz* state. As recently reported (63), it is requitegrove whether the [4Cu:1S] state
corresponds to the Gustate. It was reported that deletionnoEX gene resulted in
increase of the population of the £state (83). Currently, there are two hypotheses o

the function of NosX to explain this observationsg NosX may be involved in the
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regeneration of the Gtistate. If this is the case, the conditions thasX requires for
the regeneration reaction should be identifiecdunexperimentn vitro, it failed
(chapter 4). Second, NosX may prevent generatidheoCuy* state. In this case, it will
be required to identify the process of generatiothe Cy* state. If we could monitor
the generation process of theLatate with or without reduceicNosX, it would show
the effect ofACNosX on the Cgf state generation.

Stabilization ofAcNosXin vitro is another matter of concern. We could not find
any reagent that substituted chloride to stabAadosX in solution. Since chloride
inhibited the NOR catalytic reaction witAcPAz, the catalytic reaction wihcNosX
also could not be measured. It is essential toliimd to stabilizeAcNosX in solution
without using chloride ion for further investigat®on the electron transfer from
AcNosX toAcN,OR during the catalytic cycle.

Co-crystallization ofAcN,OR andAcPAz was attempted in chapter 5. To solve
the structure, the freezing condition of the crigsteom condition #4 needs to be
optimized to lower the mosaicity. Another optiorthe crystals from conditions #2 and 3.
Since the optimization has been focused on theéalsy§om condition #4, there is room
for improvement on the crystals from conditionsa#® 3 to solve the structure. Also, the
crosslinkedAcN,OR-AcPAz complex needs to be crystallized under theaditons to
see if the crosslink technique has some effectb®@icrystal quality. Alternatively, the

crosslink reagents can be added to the crystaiogslink the proteins in the crystals.
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Figure S1.1. Multiple sequence alignment for NonBWwCLUSTAL W 2.1 and
BoxShade 3.21
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Ps,Pseudomonas stutzeri (GenBank: CAA82229.1); P&seudomonas aer uginosa
(GenBank: BAA07330.1); MhMarinobacter hydrocarbonoclasticus (GenBank:
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CCG96517.1); AcAchromobacter cycloclastes (GenBank: CAC27381.1); Pd,
Paracoccus denitrificans (GenBank: BAA32546.1)

Figure S1.2. Multiple sequence alignment for NonthWLUSTAL W 2.11 and
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER 2
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Table S2.1. List oAcNosX culture Ac/pMLClustXst) and yield

Culture # Date Cell (g) NosX (mg) mg/10g LB Spesgair() 24 0r48h Ao Riboflavin
1 5-14-08 30.6 0.46 0.15 RPI 120 24 N/A -
2 5-16-08 29.1 0.37 0.13 RPI 120 24 N/A -
3 5-19-08 37.2 0.18 0.05 RPI 120 24 N/A -
4 5-30-08 26.7 0.12 0.04 RPI 120 24 N/A -
5 6-02-09 25.8 0.13 0.05 RPI 120 24 N/A -
6 6-09-08 274 0.12 0.04 RPI 100 24 N/A -
7 6-12-08 224 Sk - RPI 100 24 N/A -

8 6-16-08 27.8 0.12 0.04 RPI 125 24 N/A -
9 7-07-08 17.5 0.13 0.07 RPI N/A 24 N/A -
10 7-09-08 32.2 0.99 0.31 RPI N/A 24 N/A -
11 7-11-08 27.4 0.77 0.28 RPI N/A 24 N/A -
12 7-14-08 24.9 0.33 0.13 RPI N/A 24 N/A -
13 8-11-08 9.3 Sk - RPI 110 24 N/A -
14 8-14-08 24 0.37 0.15 RPI 110 24 N/A -
15 10-20-08 22.1 0.09 0.04 RPI 50 24 2.2 -
16 10-30-08 15.7 0.00 0.00 RPI 50 24 0.3 -
17 7-6-09 221 0.07 0.06 RPI N/A 24 N/A -
18 7-10-09 25 0.04 0.02 RPI 120 24 N/A -
19 8-17-09 23.2 0.17 0.07 RPI N/A 24 1.0 -
20* 8-24-09 36.8 0.37 0.10 RPI 125 24 N/A -
21** 8-31-09 31.0 0.40 0.13 RPI 125 24 N/A -
22 9-7-09 25.6 2.79 1.09 Fisher 225 24 N/A -
23 9-14-09 23.6 1.64 0.69 Fisher 125 24 N/A 75
24 9-22-09 26.8 1.62 0.60 Fisher N/A 24 N/A -
25 9-28-09 16.0 1.04 0.65 Fisher 125 24 N/A -
26 10-5-09 24.2 1.02 0.42  Fisher N/A 24 N/A -
27 10-12-09 36.8 0.63 0.17  Fisher 100 24 N/A -
28**  10-19-09 21.0 0.34 0.16  Fisher N/A 24 N/A -
29* 10-26-09 26.3 0.43 0.16  Fisher 125 24 N/A -
30 11-02-09 16.0 0.73 0.46  Fisher 125 24 N/A -
31 11-09-09 19.9 1.69 0.85 Fisher 125 24 N/A -
32 11-16-09 18.9 1.02 0.54  Fisher 125 24 N/A -
33 11-24-09 28.1 0.34 0.12  Fisher 125 24 N/A -
34 11-30-09 16.9 0.64 0.38 Fisher 125 24 N/A 50
35 12-07-09 425 0.80 0.19 Fisher 125 24 N/A 40
36 12-14-09 43.8 0.92 0.21  Fisher 125 24 1.4 -
37 12-21-09 26.8 0.77 0.29  Fisher 100 24 1.4 -
38 12-28-09 254 0.61 0.24  Fisher 100 24 1.1 -
39 1-11-10 19.7 0.36 0.18 Fisher 100 24 1.2 -
40 1-18-10 32.0 0.79 0.25 Fisher 100 24 1.6 -
Culture # Date Cell (9) NosX (mg) mg/10g LB Sperth() 24 or 48 h Ao Riboflavin

*Ac/p5-Np-nosX  *Ac/p5-Pp-nosX *** cell was used forJOR prep
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Culture # Date Cell (g) NosX (mg) mg/10g LB Sperth() 24 0r48h Ao Riboflavin
41 1-26-10 43.4 0.86 0.20 Fisher 100 24 14 -
42 2-1-10 46.0 0.94 0.20 Fisher 100 24 N/A -
43 2-8-10 40.0 0.81 0.20 Fisher 100 24 1.5 -
44 2-15-10 34.0 0.94 0.28 Fisher 100 24 15 50
45 2-22-10 26.8 0.5 0.19 Fisher 100 24 15 50
46 3-2-10 42.8 0.35 0.08 Fisher 100 24 1.5 -
47 3-8-10 36.0 1.14 0.32  Fisher 100 24 15 70
48 3-15-10 27.6 0.10 0.04 Fisher 0 24 15 100
49 3-22-10 25.9 0.17 0.07 Fisher 100 24 1.3 100
50 3-29-10 18.8 0.16 0.09 Fisher N/A 24 1.1 50
51 4-5-10 21.9 0.22 0.10 Fisher 100 24 1.2 50
52 4-12-10 224 0.24 0.11  Fisher 100 24 14 50
53 4-19-10 24.3 0.13 0.05 Fisher N/A 24 14 -
54 4-26-10 62.8 3.09 0.49 Fisher 250 24 1.8 -
55 4-30-10 73.6 1.77 0.24  Fisher 250 24 1.9 -
56 5-3-10 82.4 0.45 0.11 Fisher 250 24 1.3 -
57 5-17-10 83.5 0.83 0.10 Fisher 250 24 1.7 -
58 5-24-10 80.7 0.81 0.10 Fisher 250 24 0.9 -
59 6-7-10 65.4 0.25 0.04 Fisher 250 24 0.1 -
60 6-21-10 23.2 S - Fisher 250 24 19 -
61 7-6-10 84.5 1.2 0.14  Fisher 250 24 N/A -
62 7-19-10 73.2 1.34 0.18 Fisher 250 24 1.1 -
63 8-10-10 101.7 5.30 0.52  Fisher 250 48 13 -
64 8-17-10 107.2 3.64 0.34  Fisher 250 48 0.8 -
65 9-17-10 105.7 4.37 0.46  Fisher 250 48 1.8 -
66 9-27-10 106.8 2.54 0.24  Fisher 250 48 3.8 -
67 10-18-10 98.0 3.03 0.31 Fisher 250 48 3.0 -
68 12-13-10 94.1 2.10 0.22  Fisher 250 48 N/A -
69 12-20-10  103.2 1.63 0.16  Fisher 250 48 N/A -
70 3-1-11 94.8 0.60 0.06 Fisher 250 48 1.2 -
71 3-15-11 85.3 0.85 0.10 Fisher 250 48 2.6 -
72 4-4-11 80.9 2.14 0.26  Fisher 250 48 2.7 -
73 4-11-11 87.7 2.57 0.29  Fisher 250 48 11 -
74 4-18-11 80.3 1.6 0.50 Fisher 250 48 1.2 -
75 7-25-11 119.1 2.01 0.17  Fisher 250 48 14 -
76 8-1-11 83.6 2.42 0.29  Fisher 250 48 0.8 -
77 8-9-11 88.3 1.61 0.18 Fisher 250 48 0.8 -
78 8-16-11 77.1 3.21 0.42  Fisher 250 48 1.0 -
79 8-23-11 82.7 5.98 0.72  Fisher 250 48 1.0 -
80 9-6-11 80.1 4.78 0.60 Fisher 250 48 15 -
81 11-7-11 78.6 0.48 0.22  Fisher 250 48 N/A -
82 12-16-11 84.9 1.39 0.16  Fisher 250 48 1.3 -
83 12-23-11 68.8 2.51 0.36  Fisher 250 48 0.9 -
84 1-9-12 67.6 4.89 0.72  Fisher 250 48 1.2 -
85 2-13-12 Fisher 250 48 0.9 -

Culture # Date Cell (9) NosX (mg) mg/10g LB Sperth() 24 0r48h Ao Riboflavin
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Figure S3.1. Brface electrostatic poteni of ApbE protein fronsalmonella enterica.
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Figure S3.2. Rylogenetictree based on NosX amino acid sequences.
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APPENDIX D

SUPPORTING INFORMATION FOR CHAPTER 4
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Figure S4.1. Cu standard curves for spin quantitioaat 14, 20, and 30
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N>OR Oxidation with Ferricyanide and Cu Content Chetk AA.

N>OR oxidations with ferricyanide and buffer exchamgee carried out in a glove box
(O2 <5 ppm). The “As purified” form of pPOR (300 pL) was aliquoted into two tubes
(150 pL each). To oxidize JOR, 10, 45, or 100-fold excess amount of ferricglani
powder (ferri) was added to one sample (label€dxdized (OX)”). The other sample
was labeled as “as purified (AP)”. 1 mL of 20mM 4 (pH8.0, bubbled with Ar for 1
hour) was added to both tubes. Both samples werteifcged for 5 — 10 min at 4500 rpm
with Amicon centrifuge tubes (YM-50 membrane). 1 oflbuffer was added and again
centrifuged. This process was repeated for sewegstiCu amounts of concentrated
N>OR samples (AP and OX) and its corresponding flomgh (FT) were measured

with AA and compared in terms of the ratio betwferricyanide] and [NOR].

Analysis of Removed Cu amount fromOR.

The measured values of Cu concentrations are list€dble S4.1. The removed Cu from
N>OR was calculated with a following equation;

Removed Cu (%) = [Cu] in FT/([Cu] inJ®R+[Cu] in FT)
A positive correlation was observed between theorasd Cu from NOR and the
ferricyanide amount (Figure S4.2). No Cu was detbat the ferricyanide solution

(Table S4.1, Exp #4), indicating that the dete@edn FT was derived from JOR.
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Table S4.1. Cu concentrations inB@QR (AP and OX) and flow-through

Ratio Removed
Exp# [NOR] [Ferricyanide] [Ferri]/[NOR] CuinNOR CuinFT Cu (%)
1 AP 155 - - 528.0 3.9 0.7%
OX 155 1500 9.7 532.0 17.1 3.1%
5 AP 20.4 - - - 0.0 -
OX 20.4 911 447 55.1 6.5 10.5%
3 AP 43.8 - - 145.6 12.6 8.0%
OX 43.8 4378 100 100.1 42.0 29.6%
4 - - 2126 - - 0 -
(nmol)

Figure S4.2. Correlation between removed [Cu] fi¢#®R and [ferricyanide].
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Figure S4.3. UV/Vis spectra AcN,OR in Buffer PE

0.25
() in
—1h
0.20 - —2h
—3h
]
= 015 -
[=]
=
=
2
2
010 -
0.05 -
000 +4——— 4 b

300 400 500 600 700 800
Wavelength (nm)



179

Table S4.2. Concentrations of Cu, sulfide, andvagtof N;OR from different
purification batches

Prep # [Cu]/monomer[S]/monomer N,OR Activity

4 5.55 1.18 111.3
5 3.91 1.16 59.5
6 2.94 1.38 52.6
7 4.42 1.04 58.3
8 3.40 1.12 85.5
9 3.20 1.20 107.2
11 2.97 1.19 0.9
12 3.49 1.53 97.6
13 2.14 0.79 12.9
14 5.20 1.07 79.9
15 4.87 0.96 92.6
18 3.98 1.12 127.9
19 4.44 0.99 136.5
22 2.40 0.53 112.3
23 3.36 0.60 122.3
24 3.66 0.99 126.3
26 3.86 0.71 127.9
27 6.23 1.04 126.8
28 5.90 2.42 136.0
29 3.89 0.95 123.6
30 5.63 1.15 133.1
31 5.13 0.89 173.1
32 4.80 1.26 153.6
33 4.19 0.76 112.9
34 5.53 1.22 116.4
Ave. 4.20 1.09 103.5

(Data set fromAcN,OR prep by Dr. Koyu Fuijita)
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Figure S4.3. Correlations between Cu or sulfidgeats and activity oAcN,OR (data
points are from Table S4.1).
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