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ABSTRACT

SidA from Aspergillus fumigatus is anN-hydroxylating monooxygenase that catalyzes
the committed step in siderophore biosynthesiss §kne is essential for virulence making it an
excellent drug target. In order to design an irtbibagainst SidA a greater understanding of the
mechanism and structure is needed. We have detedrtiie crystal structure of SidA in
complex with NADP, Ornithine, and FAD at 1.9 A resolution. The caysitructure has
provided insight into substrate and coenzyme sglgcas well as residues essential for
catalysis. In particular, we have chosen to sthdyimteractions of Arg 279, shown to interact
with the 2’phosphate of the adenine moiety of NABRB well as the adenine ring itself. The
mutation of this residue to alanine makes the emzlgave little to no selectivity between
coenzymes NADPH and NADH which supports the impuargeof the ionic interaction between
Arg279 and the 2'phosphate. Additionally, the mtmzyme is significantly more uncoupled
than WT enzyme with NADPH. We see that the intéoast of the guanadinyl group of Arg279
and the adenine ring are also important becaysaril K, values for the mutant enzyme are
shifted well above those of wild type with coenzyiwDH. The data is further supported by
studies on the reductive and oxidative half reastioWe have also explored the allosteric effect
of L-arginine. We provide evidence that an enzyme/cgeet -arginine complex is formed
which improves coupling, oxygen reactivity, andueiibn in SidA; however more work is

needed to fully understand the roleLedirginine as an allosteric effector.
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CHAPTER |

Introduction

Aspergillus fumigatus is the most common causal agent of fatal invasiyeoses and is
the cause of 90% of systemic, invasive aspergdl@#i) in its respective genus [1, &.
fumigatus establishes an opportunistic infection and is emylent in the respiratory tract of
immune-compromised individual [1, 2]. This fungusguces large quantities of robust airborne
spores which are abundant in soil and decayingemattfumigatus is ubiquitous in the air, and
each day humans inhale several hundred conidi@[Bgalthy immune system is capable of
clearing these spores through pulmonary defenséanesms. However, in immune-

compromised individuals, the conidia are able teettgp into mycoses [1].

In addition to IA, exposure tA. fumigatus can cause atopic asthma, aspergilloma,
hypersensitivity pneumonitis, asthma, chronic alidtve respiratory disease, and allergic
broncho-pulmonary aspergillosis (ABPA) in asthmd aystic fibrosis (CF) patients [3]. ABPA
progression can be problematic for individuals v@th, leading to severe bronchitis and
pulmonary hypertension [3, 4]. The current treattedéor anA. fumigatus infection include
prednisone, inhaled corticosteroids, itraconzotgicoazole, and azithromycin. These treatments
are classified as steroids, antibiotics, and amgjé agents but are vastly ineffective at clearing
an infection [5]. Additionally, toxicity issues assated with almost all of these drugs makes
long term usage impossible, especially for treaitmigiune compromised individuals [5]. Due to

these problems, a safe and effecwvéumigatus treatment is needed.

Due to the severe nature of Anfumigatus infection, there has been a concerted effort to

determine virulence factors associated with thigyfis [1]. One strategy for mammalian cells to



inhibit growth of microbial pathogens is to seqeeston [6, 7]. In humans, serum iron
concentrations are approximately?®1. Most microorganisms require an iron concenbragi
roughly equal to 18 M to survive [6]. Thus, these organisms rely dhesi reductive iron uptake
or siderophore-mediated iron uptakefumigatus relies solely on siderophore-mediated iron
uptake through four known siderophores: fusari€inériacetylfusaricine, ferricrocin, and
ferrichrome [1]. Siderophores bind iron with anrertely high affinity and can be used for iron
storage and transport. It has been shown thaisreasential for the formation and maturation of

the conidiophore [8].

Whole genome sequencingAffumigatus has spurred efforts to determine the effect of
genes related to siderophore biosynthesis (SB)yMafumigatus SB mutations confer
variations in virulence. Perhaps the most intemgstiandidate was the gene denoted SidA. SidA
catalyzes the first step in SB, andsidA strain ofA. fumigatus was unable to produce an

infection in an IA mouse model [1].

SidA from A. fumigatus is anN-hydroxylating flavin containing monooxygenase (NMO
that catalyzes the conversiontebrnithine toN>-hydroxyornithine using the co-enzyme
NADPH and molecular oxygen. Additionally, SidA catilize the coenzyme, NADH but with
roughly 10 fold less efficiency [9]. The producttbfs reaction is then incorporated into the
backbone of the hydroxamate-based siderophoréghiesme, which binds B&with a high
affinity (Figure 1.1) [6]. SidA is essential forfection and there are no homologues in humans,

which make it an excellent drug target [9].
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Figure 1.1.SidA catalyzes the committed step in siderophasyimthesis by generatird-

hydroxy ornithine. The ornithine is shown in blughile theN°>-hydroxyl group is shown in red

in the completed siderophore.



A mechanism off SidA has been proposed and tested by our lab aswh&stent with
that of other flavin containing monooxygenases. fifs¢ step in catalysis is reduction of the
oxidized flavin by NADPH, which transfers the R-igte [10]. This leaves the oxidized
coenzyme (NADP), which remains bound for the remainder of thalgét cycle. In the next
step of the reaction, the flavin can react with@calar oxygen creating a peroxyflavin at the
C4a position of the flavin. This intermediate ipicly protonated to yield a stable C4a-
hydroperoxyflavin intermediate which is stabilizeglthe oxidized coenzyme. A moleculeLof
ornithine can then be hydroxylated by the C4a-hgdroxyflavin yielding N-hydroxyornithine
and a hydroxyflavin. The product is released alaith a water molecule leading to a dehydrate
flavin. The flavin then returns to the oxidizedtstafter release of NADHrom the active site

(Figure 1.2) [9].
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Figure 1.2.The catalytic cycle of SidA begins with reductioiithe flavin by NADPH. NADP
remains bound through the catalytic cycle to stabithe N of the flavin and the C4a-
hydroperoxyflavin which is generated through reactivith molecular oxygen. The C4a-
hydroperoxyflavin intermediate can then hydroxylat@olecule of-ornithine. The catalytic

cycle is completed by re-oxidation of the flavin.



This thesis will address the structure of SidAlasermined by x-ray crystallography.
Additionally, we present mutational analysis ofides Arg279 which we have shown to be
critical in catalysis and coenzyme selectivity. &g comparisons between the wild type (WT)
and mutant enzyme show the critical nature of adgons with the 2'phosphate of the adenine
moeity of NADPH as well as the equally importartenactions with the adenine ring itself.
Recent data has suggested thatginine is an allosteric activator of SidA; howewa detailed
kinetic analysis has yet to be completed. In thésis we present evidence tharginine
siginficantly improves product formation by increeggsthe rate of the reductive half reaction and
acts to improve the formation and stability of tngical C4a-hydroperoxyflavin intermediate in
the oxidative half reaction. Future work needsealbne to crystalize SidA in the absence of

coenzyme in order to understand molecular motiahisfenzyme.



CHAPTER Il
Materials and Methods

Protein Expression

Recombinant SidA was subcloned into pET-15b ve@tiovagen). In this plasmid, full length
protein is expressed with an N-terminus 6xHis fasi@he plasmid was transformed into
BL21(DE3)pLysS-TT Escherichia coli cells (Sigma Chemical Co.) and expression was
performed using auto-induction media. In general,d media were grown at 37 °C for~ 7 h
followed by overnight incubation at 25 °C and yedd~ 90 g of cells. The cell pellet was frozen

at -80°C.
Purification of SdA 6xHis-tag fusion

Ninety grams of cell paste were resuspended im30@uffer A (25 mM HEPES, 300 mM
NaCl, 20 mM immidazole pH 7.5). The resuspendedtigni was then incubated with 2§/mL
lysozyme, DNase |, and RNAse for 45 min at 4 °Chwaibnstant stirring. The resulting solution
was then sonicated on ice for 5 min at 70 % anqgditwith 15 s of sonication and 10 s of rest
time. The lysate was then centrigued at 10,00(rg% min. After this time, the supernatant
was collected and loaded onto three in tandem guéHerated (Buffer A) 5mL HiseTrap
columns via an FPLC system. After loading was catgal, the columns were washed with
buffer A until the Agoreturned to baseline levels. The columns were tesshed with Buffer B
(25 mM HEPES, 300 mM NaCl, and 120 mM immidazolefbl) to remove contaminants.
SidA was then eluted with Buffer C (25 mM HEPES)Q 30M NaCl, and 300 mM immidazole
pH 7.5). Purified SidA was then buffer exchanged Buffer D (100 mM Sodium Phosphate

and 50 mM NacCl pH7.5) via a series of concentratidution steps. The enzyme was frozen in



30 L drops in liquid nitrogen at a final concentration300uM. The yields were an average of

25 mg pure protein per liter of culture.
Purification of SdA for Crystallization

Purification of SidA for crystallization was dongagtly as mentioned above; however, once the
protein had eluted from the column, the buffer eashanged into Buffer E (25 mM HEPES,

300 mM NaCl pH 7.5). The purified protein was thecubated with thrombin 2 mg/mL

overnight at 4 °C with stirring to remove the Hagyt The solution was then passed back over the
Ni?* resin. SidA has an affinity for the Niresin which allowed us to remove the thrombin
protease without an additional purification stefteAthe columns were washed with Buffer E
and the Agoreturned to baseline, the cleaved SidA was elwidd30 mM immidazole. SidA

that was uncleaved eluted at 300 mM immidazole. ffdaion that eluted at 30 mM immidazole
was buffer exchanged into Buffer F (25 mM HEPES) &M NaCl pH 7.5). This fraction was

concentrated to 100M and frozen at -80 °C in 154 aliquots.

Determination of Flavin Incorporation

Flavin incroporation was determined by mesuringgiroconcentration using the bradford assay
and comparing that to protein concentration meashyeflavin absorbance. Determining protein
concentration based on absorbance was done by thsirextiniction coeficent 13.7 mikém' at

450 nm. Flavin incorporation was generally 70%.
Ste Directed Mutagenesis

Site directed mutagenesis of SidA was performedgugie QuikChange protocol (Agilent

Technologies), using the forward primer (5'-



GCACCACCCTGATCATGGCCGACTCGGCTATGCGCCC-3’) and resermprimer (5'-
GGGCGCATAGCCGAGTCGGCCATGATCAGGGTGGTGC-3). The nieed codon to

yield R279A is shown in bold letters.
Crystallization

Af SidA crystals containing only NADRr NADP' and eithet-ornithine,L-arginine, on_-
lysine were obtained using the hanging drop vajf@usion method (conditions: 1.6 M
ammonium sulfate, 0.1 M HEPES Sodium (pH 6.6), 26&ahe). A solution of 8 mg/ml SidA
was incubated with NADR1 mM) andL-ornithine (15 mM)L-arginine (15 mM), ot-lysine
(15 mM) for 1 h at £C. Protein and well solution were mixed at a rafid.:1 to a final volume
of 1 uL I per droplet. 4 droplets were prepared ovenalfivell volume of 20QiL, yielding

prism-like yellow crystals that grew in 3-4 days@m temperature.
Preparation of Crystals for Data Collection

Oxidized SidA crystals were transferred to al1solution containing 2 M ammonium sulfate,
4% dioxane, 0.1 M HEPES, and 20% glycerol at pH Crystals were flash frozen in liquid

nitrogen.
Preparation of reduced crystals

Oxidized SidA crystals were transferred to al1solution containing 2 M ammonium sulfate,
4% dioxane, 0.1 M HEPES, 20% glycerol, and eitherM NADPH or saturated with dithionite
at pH 7.5. Crystals were flash frozen in liquidogen after bleaching of the yellow color,

consistent with reduction was observed.

Oxygen consumption assay



The amount of molecular oxygen consumedb®idA was monitored using a Hansatech
Oxygraph system (Norfolk, England). Each assaypesrmed in 1 mL, 100 mM sodium
phosphate, pH 7.5, at 25 °C. When the rate of axyg@asumption was measure as a function
NADPH concentrations (0.005-1 mM), the concentratbL-ornithine was at 10 mM. In assays
that were performed varyingornithine,L-lysine, orL-ornithine, NADPH concentrations were
kept constant at 1 mM. The effect of arginine wasasured by determining the activityAff

SidA in the presence of 10 mM ornithine, 1 mM NAPBHvarious concentrations of arginine
(not shown). It was determined that at 1 mM arggrtime increase in the activity was maximized.
The oxidase activity was measured in the presehtermdV NADPH in the absence of
hydroxylable substrate. In all of the assays, #aetion was initiated by the addition ol Af

SidA and monitored for 5 min with constant stirring

All data was fit using the Michaelis Menten Equatighere k. is the maximum reaction rate
and Ky is the kinetic binding value.

_ kcat [S]
VS Kkm+ [S]

N5-hydroxyor nithine detection assay

The amount of hydroxylated product formedAf\SidA was measured using a variation of the
Csaky iodine oxidation reaction described in Robmet al [11]. The standard assay buffer
contained 104iL of 200 mM sodium phosphate (pH 7.5) and concéntia ofL-ornithine and
NAD(P)H ranging from 0 to 20 mM and from O to 6 mibspectively. In assays that were
performed with varying amounts pfornithine, NADPH concentrations were kept constrit

mM. In assays that were performed with varying ami®wf NADPH,L-ornithine concentrations

10



were kept constant at 10 mM. Saturating concentratofL-arginine for WT and mutant
enzymes were by the oxygen consumption assayshyasione to measure the effect-of
arginine, NADPH was varied as mentioned above whibenithine was kept at 10 mM.
Reactions were initiated by additionAff SidA (2.0uM), and the reaction was allowed to

proceed for 10 min at 25 °C with shaking at 750.rpm

N-5 hydroxyornithine formation data was fit to a giet inhibition formula, whered is the

maximum rate of the reactionyKs the observed kinetic binding, andi&the inhibition:

kcat[S]
v =

[S]?

Km+ [S] + (ﬂ)

Flavin Fluorescence Assay

The flavin fluorescence was measured apil¥benzyme concentration in a total volume of 100
UL (100 mM Sodium Phosphate pH 7.5). Increasing NABdhcentrations were added from 0-1
mM for WT SidA and 0-6 mM for mutant proteins. leasing NAD concentrations were added
from 0-5 mM for WT and mutant proteins. Solutionsrevincubated for 5 min in 98 well black

corning plates and excited at 450 riEmission was measured between 500 and 625 nm Wi am

cut-off filter.

The following equation was used to fit data frora fluorescence assay, whekgk refers to the

fluorescence value at each oxidized nucleotide eatnation [Nox]

_ Fyox[Nox]
K4+ [Nox]

Rapid Reaction Kinetics: Reductive Half Reaction

11



Anaerobic reduction of SidA was carried out usimgke-mixing mode of an SX20 stopped-flow
apparatus (Applied Photophysics, UK). 8@ enzyme was mixed with an equal volume of
NADPH ranging from 0-1 mM for WT enzyme and 0-5 nfidl mutant enzyme. When using
NADH the concentrations ranged from 0-5 mM for WAdanutant enzymes. The reaction
proceeded at 15°C until full flavin reduction wdsserved. Flavin reduction was monitored by
reduction of the absorbance at 452 nm. The obseatedconstants were determined by plotting

the data using KaleidaGraph (Synergy Software, RgaéA).

The following equation was used to fit data frora teductive half reaction, whergkis the

maximum rate of flavin reduction and; i the dissociation constant:

k — kred[s]

Rapid Reaction Kinetics: Oxidative Half Reaction

The oxidative half reaction was carried out afC5using the double-mixing mode of an
SX20 stopped-flow apparatus (Applied Photophydiks€) in an anaerobic glove box.
Preparation of anaerobic buffer was carried abgutpeated cycles of vacuum and flushing
with O, free argon for 5 hours. The same procedure wastos@ake the enzyme anaerobic;
however it was cycled for 2 hours. Anaerobic Sat/0uM was mixed with an equal volume
of 60 uM [NADPH] for a final enzyme and coenzyme concetmdraof 30uM. An initial test
was done to determine the time scale for full réidacof the flavin, which was used as the lag
time before mixing with buffer containing 2@ O,. The final concentration after double

mixing was 15uM. Re-oxidation of the flavin was measured by aréase in absorbance at 452

12



nm, and the production of the C4a-hydroperoxyflamtermediate was measured by an increase

in absorbance at 380 nm.

When the data were fit to a single exponentiafftiewing equation was used, where A is the

absorbance at 380 or 452 nm,sks the observed rate constant, andsBhe amplitude:

A = B e(“kobst )
When the data were fit to a double exponentiafdHewing equation was used, where A is the
absorbance at 380 or 452 nmgy,skand kpsoare the apparent first order rate constants for th
observed phases; Bnd B are the amplitudes of the corresponding phasele Whis the final

absorbance:

A= Ble(_kobst ) + Bze(_kobst ) +C

13



CHAPTER llI
Results and Discussion
a. Determination and Analysis of SidA Structure byX-ray crystallography

The crystal structure of SidA in complex with NAD&ndL-ornithine was solved at 1.9
A resolution. The crystal belonged to the spacegiccentered orthorhombic (1222), meaning
90 ° of data collection was sufficient to obtainanplete data set. The complete list of
crystallographic parameter data can be found in€rald. The phasing was solved by molecular
replacement using-ornithine hydroxylase frorRseudomonas aeruginosa (PvdA) as a template.
SidA is organized as a tetramer with each subumitaining a bound FAD, NADR andL-
ornithine molecule (Figure 3.1). The NADRolecule is positioned with the nicotinimide riimg
close proximity to the Rland C4a positions of the flavin. The bound ormi¢hinolecule is
located adjacent to the flavin, poised to inteveith the C4a-hydroperoxyflavin intermediate.
The structure revealed that the NAD&#hd FAD molecules were each bound by an atypical
Rossmann fold (3.1a). A Rossmann fold is a nudedbinding domain commonly organized as
a beta/alpha/beta motif. A typical Rossmann foldasiprised of 5 parallel beta strands linked to

3 anti-parallel beta strands by 2 alpha helices.

14



Figure 3.1.SidA is a tetramer determined by x-ray crystalkqury. Panel A shows a SidA crystal
used for crystallography (size: 0.4 micron x 0.2nmi). Panel B shows the structure of SidA as
a tetramer with each subunit in a different coldre bound FAD and NADPmolecules are

depicted as sticks in yellow and red respectively.

15



Figure 3.1a.SidA contains 2 Rossmann folds. The layout isaegdiusing a 2D topology map.
Each Rossman fold binds either A) NADB) FAD where the alpha/beta/alpha motif is shown
in red/blue/pink. In panel A, the additionall hetig which were not part of the Rossmann fold
were left in red. The relative length of the alptgdicies and beta strands is crudely depicted,

where alpha helicies and beta stranglamino acids are shown larger than those < 6@min

acids.

16



Table 3.1.The X-ray crystallographic parameters for the bijiresolution crystal with NADP

andL-ornithine bound are shown here.

Crystallographic Parameter

Data

Unit cell (a,b,c) (A)
Space group
Resolution (A)
Rmerge (%0)
Completenes@bo)
Unique reflections
Redundancy
l/lo
No. of atoms
Average B value (3
Reryst (%)

Rfree (%)

RMS bond length (&)

RMS bond angles (°)

77.80, 84.42, 145.13
1222
1.90

7.7 (50.7)
98.7 (99.5)
38112
13.8 (13.0)
12.1 (5.1)
4023
27.8
20.41
22.94
0.0051

0.999

*Highest resolution shells are shown in parenthesis

17



As shown in Figure 3.2, each SidA monomer is omghinto 3 domains. The FAD
binding domain is the largest, and is compose@sifiues 1-214, 409-456, and 466-501. The
NADP" binding domain is composed of 215-285 and 325-708.smallest domain is the

ornithine binding domain contains residues 286-82d 457-465.

The active site of SidA is arranged with the flaextending into the center of the protein
monomer with the isoalloxazine ring facing the tigionide ring of NADP which extends into
the active site from the opposite direction. As timared beforel.-ornithine is bound between
the NADFP and FAD molecules extending toward the C4a pasiitthe flavin. It appears from
the structure that the oxygen that is part of tinéda group of the nicotinamide ring is capable of
hydrogen bonding with theposition on the flavin. It is also possible tHa& &mino group can

participate in hydrogen bonding with the C4a-hy@mpxyflavin intermediate (Figure 3.3).

Figure 3.3 specifically highlights residues thaeract with NADP andL-ornithine, as
well as some residues speculated to be involvedtalysis. It appears that Lys105, Asn293, and
Ser469 interact with the amino and carboxyl groofpsrnithine. It is also possible that Asp288
plays a role in binding ornithine as well. Ser2bf&racts with the 5’phosphate group of NADP
while Glu260, Argl44, GIn256, and GIn102 are posiid around the nicotinamide ring. It is
important to note that the backbone nitrogen of2G6hinteracts with the 5’ phosphate of
NADP" as well through a helix dipole effect which creasepartial positive charge on this atom.

This will be discussed in more detail later in thecussion.

18



FAD Binding Domain

NADPH Binding Domain

L-ornithine Binding Domain

Figure 3.2.SidA is organized into three domains. SidA is igpd as a monomer with the
flavin binding domain shown in blue, the NADP(Hphting domain in grey and theornithine
binding domain shown in orange. As sticks, the NAD®lecule is shown in red, the flavin is

shown in yellow, and the ornithine molecule is shawpink.
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Figure 3.3.The SidA active site contains many several residionportant for catalysis which
are highlighted here. The top panel shows an iddai SidA subunit with alpha helices in
skyblue, beta sheets in firebrick, and loops iregré& he bottom panel shows a blow up of the
active site with NADP and ornithine bound near the FAD cofactor. Residhat appear to bind
ornithine and NADP as well as possible catalytic residues are shaasiieks and are colored
based on what secondary structure are contained in.
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As previously mentioned, SidA is organized astieateer. Through analysis of the crystal
structure, we were able to determine several mitdgsinvolved in interactions between
subunits. The largest motif is a helix loop heligtrhbetween residues 281-294. This motif
interacts with an identical motif from another salbun the reverse orientation. For simplicity,
each monomer will be referred to as M1-4, with Minlg the reference subunit. The interaction
previously described was between M1 and M2. M1MABdare linked by 2 helix/helix
interactions between residues 130-136 and 336R3ddidues 130-136 on M1 interact with
residues 336-344 on M3 and vice versa. There aefgw interactions between M1 and M4;
however of particular note is ring stacking betwpbenylalanine 140 of each subunit (Figure

3.4).

It was of particular to interest to examine thieiactions of SidA with NADPand to
understand the role of this coenzyme in oxygervattin. We have shown that SidA has a ten
fold higher affinity for NADPH over NADH and maxinmu stability of the C4a-
hydroperoxyflavin can only be achieved when ushrggdoenzyme NADPH. It has been shown
that when the enzyme is reduced with NADH, the byglation reaction is uncoupled, leading
to the release of the toxic reactive oxygen speéigl, [Pages 33-38]. Thus, by examining
residues that interact with NADRve were able to identify a residue, Arg279 thétriacts with
the adenine ring of NADPand with the 2’phosphate group (specific to NAP§hown in Figure

3.5.
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Figure 3.4.The interactions of each SidA subunit are showe.Heanel A shows a broad view

of the interactions, where M1 is shown in blue witteracting domains shown in pink with
sticks. Interacting residues of M2, M3, and M4 sinewn in yellow, green, and red respectively.
Panel B) shows detailed interaction between M1MBdC) shows detailed interactions between
M1 and M4 D) depicts the interactions between Md ki2. Residues at the start and end of an
interaction region are labeled as well as thoseues making key interactions.
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Figure 3.5: Arg279 interacts with the 2’ phosphate of the sivthat carries the adenine moiety

on NADF' as well as with the adenine ring. Alpha heliclesta strands, and loops are shown in
skyblue, firebrick, and green respectively. Wheovah as sticks, nitrogen atoms are blue,
oxygen atoms are red, and carbons are depictedknyellow, and green for NADPFAD, and

Arg279. Distances between atoms were determined) yggimol v0.99.
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Another residue of particular interest is SerZHYs residue appears to interact most
likely through hydrogen bonding with the 5’phosghgtoup on NAD(P) We speculated that
this residue was involved in stabilizing the NAD{R)ositioning it to interact favorably with the
flavin to promote oxygen reactivity and intermediatability. Additionally, a helix dipole effect
is observed with the 5’phosphate group, where #uklbone nitrogen between Ser257 and
GIn256 exhibits a partial positive charge thatrnatés with the negatively charged phosphate

group (Figure 3.6).

The crystal structure of SidA was also solveddmplex withL-lysine and in the absence
of substrateL-lysine is identical ta-ornithine but extends one methylene unit longer.
Additionally, SidA hydroxylates lysine poorly anduses significant uncoupling of the reaction.
In both crystal structures, no conformational clemngere observed. The structure of SidA in
complex with lysine was interesting, because itngabdisplacement of a water molecule
originally observed between theornithine molecule and the C4a-position of theifig Figure
3.7). This observation allowed us to speculate @& controls substrate selectivity through

distance to the C4a-hydroperoxyflavin.

Reduced crystals that diffracted to 2.5 A weredped by soaking oxidize SidA crystals
in a solution of dithionite or NADPH. Bleaching thie crystals was observed in 5-10 s and re-
oxidation (clear> yellow) took place rapidly (1-5 min) when dithiewas used and slowly
(>1 hour) when NADPH was used as a reducing a@agstals that were reduced with both
chemicals showed hydroxylated product bound irattteve site, indicating that SidA is active in
crystal form. Other than the presence afrnithine-OH, no significant conformational chasge

were observed between the oxidized and reducectstes.
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Figure 3.6.Residues Ser257 and GIn256 interact with the @sphate of NADP. The left

panel shows the helix containing Ser257 and Glré25@ell as the NADPand FAD molecules.
The partial positive charge at the N-terminal & Helix allows the backbone nitrogen of GIn256
to form and ionic interaction with the 5’ phosphBt&DP* (2.96 A). The 5’ phosphate interacts

with the side chain of Ser257 through possible bgdn bonding.
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Figure 3.7.The crystal structure with-ornithine bound versus that withlysine bound is
depicted in this figure. The crystal structure witbrnithine is shown in green while the crystal
structure withL-lysine is shown in teal. The water molecule isvehdn red as a sphere located
within 2.33 A of the R position of the_-ornithine molecule and 3.30 A from the C4a posiiid
the flavin. The crystal structure withlysine bound does not contain a water molecutéis

position.
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b. Kinetic characterization of Arg279A mutant

As mentioned before, residue Arg279 was idenitifedugh analysis of the crystal
structure and appears to be important becausterats with the adenine ring as well as the
2’phosphate on NADP We speculated that this interaction is criticalthe enzyme’s
specificity for NADPH over NADH. Additionally, wepeculated that the interactions with the
adenine moeity is important in binding affinity footh coenzymes. In order to test this
hypothesis, site directed mutagenesis was usegptaae the arginine at position 279 with an

alanine. We will refer to this mutant enzyme asR259A.

The wild type enzyme binds NADPH tightly with a aseirable I, of 7 uM while
showing a roughly 10 fold decrease in the ié&r NADH measured to be 48M. In contrast,
R279A binds NADPH loosely, showing a 40 fold in@ean Ky (310uM). As expected there is
less of an effect (5 fold increase in thg)Kvhen using NADH (Table 3.2). The,; of the
reaction is unchanged between mutant and WT enZyhese data suggest that this mutation
causes the enzyme to be ineffective in binding2thghosphate due to the observed lack of
specificity for coenzymes. The increases jp\alues above those of WT with NADH are likely

due to interactions of this residue with the ademoiety (Figure 3.8).
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Figure 3.8.The oxygen consumption plots are shown for WT RAd9A. Each assay was done
at 15 mML-ornithine and 21M final enzyme concentration in a 1 mL total reactvolume with

varying concentrations of A) NADPH B) NADH.
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Table 3.2.The values of oxygen consumption for WT and R2&@&Ashown with varying

concentrations NADPH and NADH. The percent coupbhthe reaction is also shown.

WT R279A
Enzyme Keat (S7) Kv (UM) % Coupling  kea (8% Km (UM) % Coupling

NADPH 0.45+0.01 8x1 92 048+0.01 310+24 50

NADH 0.75+0.01 5+7 53 0.75+0.04 511+71 33
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To further understand this interaction, WT and & Wwere compared in terms of
product formation using the iodine oxidation asSays assay allows us to follow product
formation directly by measuring the amount of hygtamine produced in a reaction. The most
notable change that was observed by studying ptdduoation was that the mutant enzyme
showed a 2 fold decrease in product formation wdwenpared to WT enzyme (Figure 3.9, Table
3.3). The decreasdd,; observed for product formation did not makgh values obtained in the
oxygen consumption assay suggesting that the ogaistiuncoupled leading to the production of
H,0.. It is likely that in addition to donating a hydgen bond to the 2’ phosphate, Arg279 is in
fact interacting with the adenine moiety, stabilizthe NADP molecule. This interaction
appears to affects the stability of the intermeiahich is supported by the increased
uncoupling seen in the R279A mutant. The uncoupingerved in the R279A mutant is 50%
with NADPH whereas there is only slight uncouplotgserved with the WT enzyme. The
R279A mutant is only 33% coupled with NADH whilestdVT enzyme with NADH is about

53% coupled.
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Figure 3.9.TheN-5 hydroxyornithine detection plots are shown fof Ahd R279A. Each assay
was done in triplicate at 15 mMornithine at 2uM final enzyme concentration in a total volume

of 104uL with varying A) NADPH B) NADH.
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Table 3.3.The values of Rthydroxyornithine formation with varying NADPH amADH for

WT and R279A are shown here.

NADPH NADH
Enzyme  keat(SY) Km (MM) Ki(MM)  Kear(SY) Kv (MM) K (mM)
WT 0.7 £0.05 0.45 £ 0.07 6.1+1.1 1.0+0.2 08.2 1.2+0.3

R279A 0.4 +£0.05 0.35+£0.10 45+15 05+0.1 8903 2+1
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In order to probe the hypothesis that bindinghef2'phosphate by Arg279 is directly
involved in inducing a conformational change faldegfor C4a-hydroperoxyflavin intermediate
stabilization the flavin fluorescence assay waslugie flavin can be excited at 450 nm and
emits with a maximum value of 525 nm. Fluorescencesases as the microenvironment around
the flavin becomes more hydrophobic, while a dbifh more hydrophilic environment would
cause quenching. Thus, by adding coenzyme in v&goncentrations we can measuge K
values for the oxidized coenzymes and the parti@ianges they induce on the flavin. WT
enzyme exhibits a profile where NARauses an increase in fluorescence while NAGRises a
decrease in fluorescence (Figure 3.10). We belieaethe observed quenching is due to the
nicotinimide ring being in close contact with thavin, while the increase in fluorescence with
NAD™ is due to the flavin moving to a more hydrophadriwironment but not being in close
contact with the nicotinimide ring. Thus it appetrs close proximity of the nicotinimide to the

flavin is important for enhanced stability of thda&hydroperoxyflavin intermediate.

R279A exhibits an increase in fluorescence witth®dADP" and NAD" which strongly
suggests that this enzyme is functioning withownayme specificity (Figure 3.10).
Additionally, a Ky for NADP* with WT was measured to be i1 while a Ky for NADP" with
R279A was measured to be 729 (Table 3.4). This 40 fold increase in bindingansistent

with values obtained from the oxygen consumptisags
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Figure 3.10.Fluorescence changes occur for WT and R279A wigraddition of coenzyme.

Panel A) shows the fluorescence trace for WT witDR* while panel B) shows the

fluorescence trace for R279A with NADRPanel C) monitors the fluorescence changes at 525

nm for WT and panel D) monitors fluorescence charages25 nm for R279A. In panels A and

B, the blue line represents the fluorescence witbaenzyme added and the red line represents

the fluorescence at maximum coenzyme concentréfibe red arrow indicates the shift in

fluorescence with increasing [coenzyme]).
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Table 3.4.The binding coefficients were measured by plotfingrescence changes at 525 nm.

NADP* NAD"
Enzyme Ka (UM) Ka (UM)
WT 10+1.1 252+ 34

R279A 751+140 38071
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Rapid reaction kinetics following the reductivdfireaction show an increase iy K
values for NADPH in the R279A mutant consistentwitat observed in the steady state oxygen
consumption assay (Figure 3.11, Table 3.5). Adaily, the Ky values were higher than those
with WT enzyme with NADH suggesting the importarde¢he interaction with the adenine
moiety. These data were consistent with the vablégined from the steady state oxygen

consumption assay.
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Figure 3.11.The reductive half reaction is depicted for WT &2F9A with NADH. These data
were obtained by measuring rates of anaerobic teu absorbance at 452 nm with
increasing concentrations of NADH. Data was fihgsa single exponential and these values

were plotted versus concentration and fit withMiehaelis Menten Equation.
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Table 3.5.The values for the reductive half reaction for \AAld R279A with NADPH and

NADH are shown here.

NADPH NADH
Enzyme ked (S Kg (UM) Krea (S1) Kg (LM)
WT 0.63 <1 2.2+0.04 99 +7
R279A 0.879 £ 0.09 268 + 92 1.84 £ 0.04 369 + 34
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The oxidative half reaction for WT enzyme sleovformation of the C4a-
hydroperoxyflavin as measured bygfoccurring at a 0.22swith a decay of this intermediate
denoted by kZapoor Occurring at a rate of 0.005sThe re-oxidation of the flavin as measured
by A4s. took place in two phases as well. The first phk&gy was fast with a measured rate of
0.158s8" while the second phaseds@was slow with a measured rate of 0.008sigure 3.12,
Table 3.6). We hypothesize that the first rateesponds to the formation of the C4a-
hydroperoxyflavin because it is very similar ta-kdoon, While the second corresponds to the
slow decay of this intermediate. These phases@rdypdefined when NADH was used to
reduce the enzyme indicating reduced stabilitthef@4a-hydroperoxyflavin which is consistent

with the uncoupling observed with this coenzyme.

The oxidative half reaction for R279A was sigrafitly different from WT. The profile
showed a similar klpoon; however there was no observable decaysa @ the intermediate
indicating that decay and formation most likelykgadace simultaneously. Additionally, instead
of measuring a negative absorbance fgjxkthe R279A mutant had a rapid increase in
absorbance at 452 nm, 0.816gith NADPH and 0.4435with NADH (Table 3.7). This phase
was followed by a kgx that matched the WT enzyme (Figure 3.13). Thete steongly suggest
that the mutant enzyme is unable to form a stadleIg/droperoxyflavin intermediate, and that
it is formed and broken down rapidly. This is catent with the reduced amounts of

hydroxylated product formed by the mutant enzyme.
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Figure 3.12.The oxidative half reaction was measured for Wayeme. The top panels are

traces of the oxidative half reaction for WT enzyatearious time points with A) NADPH and

B) NADH. The bottom panels follow the absorbanc8&i nm (blue) and 452 nm (red) with C)

NADPH and D) NADH. The fits shown in panels C an@i@ outlined by a thin black line and

were fit to either single or double exponentialwgito or decay. The X axis is displayed in the

logarithmic time scale to more clearly visualize thata.
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Figure 3.13.The oxidative half reaction was measured for R2i#®Aant enzyme. The top
panels are traces of the oxidative half reactiorRid79A at various time points with A) NADPH
and B) NADH. The bottom panels follow the absorleaat380 nm and 452 nm with C)
NADPH and D) NADH. The fits shown in panels C ana@i@ outlined by a thin black line and

were fit to either single or double exponentialwgito or decay. The X axis is displayed in the

logarithmic time scale to more clearly visualize thata.

41



Table 3.6.The kinetic values for the oxidative half reactionWT enzyme are listed here as

determined from the plots in figure 3.12.

NADPH NADH
Enzyme Ktapoor (S K2rapoon (SY)  klox (%) k2o (S7) keaooom (57)  kox (57)
0.158 + 0.011+
+ s t *
wWT 0.22£0.001 0.005+0.0001 "~ =  0.008:+0.00010.131+0.001 ',

Table 3.7.The kinetic values for the oxidative half reactfonR279A are listed here as

determined from the plots in figure 3.13.

NADPH NADH

Enzyme kaooon (S Klox (ST)  k20x(s)  Keapoon (S!)  Klox (s%) k2ox (s%)

0.005 + 0.008 £
R279A 0.310+0.002 08160.04 - '~ 0.258+0.001 0.443%0.014 '
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c. Kinetic characterization of WT and Arg279A with the allosteric effectorL-arginine

A paper was recently published describingrginine as an allosteric activator of SidA
[12]. In order to understand this effect in a mooenplete sense, we characterized WT kinetics
in the presence afarginine.L-arginine is involved in the biosythesislebrnithine making it

likely thatL-arginine can have an allosteric effect on tharnithine hydroxylase.

The kinetics of the WT enzyme were first analybgdneasuring oxygen consumption
and product formation at steady state. The adddfanarginine increases oxygen consumption
by 58%. Additionally, this change is reflected ve thydroxylation assay. The oxidase activity of
this enzyme was measured by measuring oxygen cqigumn the absence of substrate. The
measured rate corresponds to the slow re-oxidafitime flavin. In the absence of substrate a
rate of 0.058 was measured; however, whesarginine is added this rate slows to 0:6Zhis
change suggests thatarginine does not act to uncouple the enzymellilssine, but instead

improves the stability of the hydroperoxyflavinenmnediate (Table 3.8).
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Table 3.8.A comprehensive list of steady state kinetic valiee WT enzyme are shown here.

Substrate Keat (S7) Kum (MM) % Coupling
NADPH' 0.45+0.01 0.007 + 0.001 92
NADPH + 1 mM Ard 0.73+0.03 0.007 + 0.003 97
L-ornithin€ 0.46 +£0.02 0.645 + 0.011 89
L-Iysine2 0.17+0.01 0.680 + 0.012 16
L-ornithine + 1 mML-Arg? 0.71 +0.02 1.2 +0.14 97
None (oxidase act) 0.05+0.01 - -
L-Arginine 0.02 +0.01 - )

[L-ornithine] was kept constant at 10 mM, thg &iven is for NADPH
2INADPH] was kept constant at 1 mM, thelgiven is forL-ornithine/L-lysine
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We were able to measure @ Kf activation (Ky) for the enzyme by incubating a
saturated reaction mixture with various concerdregiofL-arginine. A K. of 60 uM was
measured with the coenzyme NADPH andadk550uM was measured for NADH. The
difference between Kvalues between coenzymes is roughly 10 fold, &x#oe same fold
change measured for thgyiKalues of NADPH and NADH (Figure 3.14, Table 3Bhis
strongly suggests that an enzyme/coenzyme/acticataplex is formed in order to achieve
maximal activation of SidA. The same analysis waisedusing the R279A mutant. We measured
a K for L-arginine with NADPH of 2 mM for the mutant enzyniéis roughly 40 fold
difference is exactly the same fold change obsewseh comparing k values for NADPH
between mutant and WT enzyme. This supports thereatgon that an

enzyme/coenzyme/activator complex is formed.

Using the information from these experiments, veasured product formation at
saturating concentrations iofarginine. The rate of hydroxylation showed a digant increase
only when the enzyme was reduced with NADPH. Theaes little to no change in product
formation when the coenzyme NADH was used for Mythand mutant enzyme. Thus, the
changes seen in oxygen consumption with NADH aeetdwncoupling of the enzyme leading
to production of HO,. This data clearly shows that the activating éféée -arginine is
dependent on the 2’phosphate (Figure 3.15, Tal@)3lt is unclear; however if the 2’phosphate

is interacting directly with the activator to impeenzyme function.
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Figure 3.14.The rate of oxygen consumption for WT and R279Ankanced with the addition

of L-arginine. Each assay was done in the presence wi\L-ornithine, 1 and 3 mM NADPH
for WT and R279A respectively, andu® final enzyme concentration in a 1 mL total reawti
volume with the addition of varying {arginine].ARates were obtained by subtracting out the

rate of reaction in the absenceLeérginine.
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Figure 3.15.The rate oN>-hydroxyornithine formation is enhanced by the &ddiof L-

arginine WT and R279A with NADPH. Product formatifmr WT enzyme is shown in panels A)
NADPH and B) NADH. Product formation for R279A isasvn in panels C) NADPH and D)
NADH. Assays were done using 15 mMornithine and saturating concentrations &frginine

as determined by the oxygen consumption assay.
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Table 3.9.L-arginine enhances oxygen consumption for WT andoR2

NADPH NADH
Enzyme Kact (1) Ka (MM) Kact (1) Ka (MM)
WT 0.23+0.01 0.060 + 0.001 0.23+0.02 0.55 480.0
R279A 0.38 +0.01 2.0+0.26 0.41+0.01 1.1 +£0.12

Table 3.10.L-arginine enhances the rate othydroxyornithine formation with NAD(P)H for

WT and R279A.

NADPH NADH
Enzyme H.-arginine ke (S1) Km (mM) Ki (mM) keat(ST)  Kw (MM)  Ki (mM)

WT 1.0+0.05 084+0.13 129+3.0 1.0+x02 H@2 21+0.6

R279A 1.03+0.1 11+04 98+3 0.7+0.1 063 2+1
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In order to further understand the role_edrginine, the reductive and oxidative half
reactions were probed using the stop flow. The ¢tdel half reaction was probed by incubating
enzyme with 1 mM NADPH and various concentratiohs-arginine. The K values measured
for L-arginine differed from the Kvalues determined from those at steady statd&WT
enzyme. A k for L-arginine of 65QuM was measured for WT, and a lor L-arginine of 1.95
mM was measured for R279A. At saturating conceioinatofL-arginine, keqincreased 6 fold
for WT enzyme and 8 fold for R279A mutant enzymigfFe 3.16, Table 3.11). Although, the
rate of reduction is influenced very heavily by #usition ofL-arginine, there is a much smaller
effect at steady state suggesting that whanginine is present, flavin reduction is no lontjer

rate limiting step of the reaction.
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Figure 3.16.The rate of the reductive half reaction is enhdrfoe WT and R279A mutant
enzyme by -arginine. Panel A and B show traces of the redaditalf reaction for A) WT and
B) R279A with the addition af-arginine at various concentrations. Panel C shbe/plot of

the absorbance at 452 nm. The fits for each indalideductive half reaction in panels A and B

are outlined by a thin black line and were ploti@a single exponential decay.
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Table 3.11.The values for the rate enhancement observeeirettuctive half reaction with

arginine are shown here.

NADPH
Enzyme Kact (S7) Ka (MM)
WT 6.03+0.11 0.657 £ 0.046
R279A 8.17 +0.33 1.95+0.26
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Data regarding the oxidative half reaction is mgdete for the R279A mutant but WT
data with NADPH has recently been completedrginine enhances the rate of formation of the
C4a-hydroperoxyflavin adduct over 50 fold and ims@s the stability of the intermediate as
well. At 20QuM O,, the formation of the intermediate (FABY) increases from 0.22g0
11.1¢" in the presence of saturatingarginine. It is interesting to note that a secphése is not
observed when measuringgy however it is possible that the rate correspogtiinthe decay of
the C4a-hydroperoxyflavin is too slow to measunethe absence afarginine, re-oxidation of
the flavin begins to occur after 15 s while in giresence of-arginine re-oxidation of the flavin
begins after 50 s (Figure 3.17). Whearginine is present, the rate ofd«lis significantly faster
changing from 0.158sto 8.628". This roughly 50 fold increase in rate provide&lemce that
klox corresponds to the formation of the intermediatectvis greatly enhanced by the presence
of L-arginine. The rate of re-oxidation of the flavk2§x) in the absence afarginine is 0.0085
but in the presence efarginine FADRx is 0.0055 (Table 3.5, Table 3.12). From this data it is
clear that.-arginine not only acts to improve the rate of idhn but enhance the formation and
stability of the critical intermediate the C4a-hgderoxyflavin.

The effect ol.-arginine on the oxidative half reaction is simidth NADH. Formation
of the C4a-hydroperoxyflavin is improved as welkgability. klapoor changes from 0.131g0
2.46s" with the addition of -arginine, a 19 fold increase (Table 3.5, Tabl@B.Additionally, a
second phase appearsgisbon, Which corresponds to decay of the C4a-hydropetaxiyf
indicating that addition af-arginine allows the intermediate to persist longuegh to measure
the decay unlike in its absence. When measuringliserbance at 452nm, 2 phases were
observed, kdx corresponds to the formation of the C4a-hydropgtaxin intermediate as

previously discussed which was not apparent irasence of-arginine. kx was very similar
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to those values obtained for the WT enzyme in tisziace of -arginine suggesting strongly that
this rate corresponds to decay of the C4a-hydrogéavin. These observations suggest that
arginine allows the enzyme to function more effithg with NADH as well but does not achieve

a maximal effect as seen with NADPH.
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Figure 3.17.The oxidative half reaction is greatly affectedtbg addition of -arginine. The top
panels show the oxidative half reaction for WT eneywith the addition af-arginine at various
times for A) NADPH and B) NADH. The bottom panel®s plots of absorbance at 380 nm and
452 nm for the above traces for C) NADPH and D) MR he fits in panels C and D are
outlined by a thin black line and were plot to eitkingle or double exponential growth or

decay.
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Table 3.12.L-arginine significantly impacts the oxidative hedaction of WT enzyme with

NADPH and NADH. These values were derived fromifgg8.17.

NADPH NADH

Enzyme kaooor (S7) klox (S7) Kk20x (") klrapoor (S  K2rapoon (5-1) Klbx (SY)  k2ox (S7)

WT +L- 0.005 + 0.025+ 0.0035 +
11.1+0.1 8.62 +0.42 2.46 +0.0 0.006 + 0.0002
arginine 3 0.0001 3 0.001 0.0001
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CHAPTER IV

Conclusions

SidA is a highly specific-ornithine hydroxylase that shows both a high Sty for L-
ornithine and for the coenzyme NADPH. In order ésign an effective inhibitor, we needed to
develop a complete understanding of this enzymenagxhanism through structural and
mutational analysis. The structure of SidA in coexplvith L-ornithine and.-lysine allowed us
to speculate that SidA controls its amino acidcelgy by distance to the C4a-
hydroperoxyflavin intermediate. Additionally, theduced structures containedrnOH
allowing us to determine that SidA is active instef form. This means that the C4a-
hydroperoxyflavin intermediate can be formed in¢hgstal and this intermediate may be able to

be observed in a crystal structure.

The crystal structure of SidA showed that, Argim@racts with the 2’phosphate specific
to NADP' as well as the adenine moeity of this molecule.Speculated that this interaction is
critical to selectivity for NADP(H) over NAD(H). Walso speculated that the interactions with
the adenine moeity would be important for tightdang of the coenzyme and possibly influence
stability of the intermediate. The Arg279A mutarasacritical in testing this hypothesis. This
mutant showed little difference in oxygen reactiviiowever, Kk, values for both coenzymes
became much more similar. We speculate that thedaspecificity observed is due to
interactions with the 2’phosphate. Additionallyetky values for both coenzymes increased
well above WT levels suggesting that the interactath the adenine moeity is equally critical.
The substrate hydroxylation assay showed us tttadwadh levels of oxygen consumption were

about equal, the amount of product formation wgsicantly less for the mutant. The observed
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uncoupling with both coenzymes tells us that theraction with the adenine moeity is very

important in stabilizing the C4a-hydroperoxyflawrermediate.

As expected, the reductive half reaction suppastachypothesis showing little to no
specificity for coenzymes as well as a higher bigdiffininty. The oxidative half reaction was
of particular interest showing a completely differprofile for re-oxidation of the flavin. The re-
oxidation in the R279A mutant occurred in positpleases. The first phase was a rapid decay of
the C4a-hydroperoxyflavin, where as in the WT engyhis rate was slower with a negative
absorbance. The second phase proceded with aguateekent to that of WT enzyme and
corresponded to the decay of the C4a-hydroperoxyil&xperiments done with NADH were
quite similar showing an almost identical profitg R279A which lacks specificty for
coenzymes. The oxidative half reaction for WT eneymith NADH showed only two phases
revelaing that the 2’phosphate specific to NADPIdgsential for proper intermediate
stabilization. Again, the extremely poor stabilifyserved in the R279A mutant is likely due to a

combination of losing the interaction with the 2gsiphate as well as with the adenine moiety.

The effect oL-arginine on the WT and R279A mutant enzyme gasggin into the
mechanism of oxygen activation and substrate hydiation of this enzyme. A significant
increase in oxygen consumption was observed fdr W6I and R279A mutant wheanrarginine
was added. This increase in oxygen activation tralyslated to an increase in product formation
when reducing the enzyme with NADPH. When reducall WADH, the reaction became more
uncoupled. It is clear from thesralues obtained by comparing R279A and WT that an
enzyme/NADP/ L-arginine complex is formed because thewalues show very similar fold

changes to those of NAD(P)H.
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L-arginine effects both the oxdiative and reducheaé reactions. Adding-arginine is
able to increase the rate of reduction by 6 foldt enzyme and 8 fold for the R279A mutant
enzyme. The rate of reduction is the rate limmistep of the hydroxylation reaction. This
improvement in the rate of reduction most likelg@ants for the increase in steady state values;
however, it is clear that there is another steghénreaction that proceeds with only a slightly
faster rate than that of reduction since a <2 ébldnge is observed in the steady state. The
oxidative half reaction shows that the addition@frginine causes the C4a-hydroperoxyflavin
intermediate to form roughly 50 fold faster tharthe absence of substrate, while improving the

stability of the intermediate.

The structure of the SidA co-crystallized with NRDandL-arginine showed an arginine
bound in the active site and in another site capabinteracting with the adenine ring of NADP.
We believe that the binding ofarginine in the active site is the cause for theeoved allosteric
enhancment of this enzyme as it has been showm {hastive charge near the flavin improves

oxygen activation.

The work to crystallize this enzyme and understuaktrate selectivity for both
ornithine and NADPH will hopefully prove importaimt designing inhibitors that are specific
and effective against SidA. Additionally, this infieation is important in understanding oxygen
activation by flavin containing monooxygenases anate specifically NMOs. The residue
Arg279 which was a primary focus of this thesikighly conserved in many flavin containing
monooxygenases that preferntially utilitze NADPHWUS, the information may be quite relevant

all NADPH dependent FMOs.
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