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The flavin-dependent alkanesulfonate monooxygen@sD) catalyzes the

oxidation of alkanesulfonate to aldehyde and suifit the presence of,Gand FMNH
provided by an FMN reductase (SsuE). The goal e$¢hstudies was to investigate the
kinetic mechanism of SsuD through rapid reactiometcs, steady-state kinetics, and
substrate binding studies. The SsuD enzyme showka preference for FMNH
compared to FMN. The kinetic trace of premixed Ssafii FMNH mixed with
oxygenated buffer was best fit to a double expoakewith no observed formation of the
C4a-(hydro)peroxyflavin. However, when FMMKas mixed with SsuD and oxygenated
buffer an initial fast phaségs 12.9 §) was observed, suggesting that the mixing order

is critical for the accumulation of the C4a-(hygre)oxyflavin. Results from fluorimetric



titrations with octanesulfonate imply that redudéalvin must bind first to promote
octanesulfonate binding. There was a clear hyperls@pendence on octanesulfonate
binding, indicating that octanesulfonate binds apid equilibrium, and further results
indicated there was a second isomerization stépwiolg binding. These results suggest
that an ordered substrate binding mechanism isritapbin the desulfonation reaction by
SsuD with reduced flavin binding first followed bsither Q or octanesulfonate.
The conserved putative active site His228 residag proposed as a catalytic base in
the desulfonation reaction by SsuD. In this stubig conserved residue was replaced by
alanine, asparatate and lysine (H228A, H228D, aBd8K). The catalytic efficiencies
(kealKm) of His228A, H228D, and H228K SsuD with octanesndte as substrate were
50-200 fold lower than wild-type, suggesting thevalvement of His228 in the
desulfonation reaction by SsuD. Stopped-flow kmemalyses indicated that the His228
residue is not directly involved in the reactionvieen the C4a-(hydro)peroxyflavin and
alkanesulfonate substrate. The pH dependence d@.tlaadk..: /Ky, values of wild-type
and H228A SsuD were similar, suggesting His228®isancatalytic base in catalytic steps
involving the octanesulfonate substrate. The agtifar H228A SsuD could be partially
rescued with exogenous imidazole at increasingipticating the deprotonated form of
histidine exerts a functional role. Further anatysedicates that this residue is more
likely indirectly participating in the catalysis bstabilizing and properly orientating

another amino acid, that is directly involved ie ttesulfonation reaction.
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CHAPTER ONE

LITERATURE REVIEW

Flavoproteins play important roles in diverse rhet& reactions. This review will
focus on the reactions of reduced flavin and flawtgins with dioxygen. The
mechanistic and structural studies of flavin-camteg monooxygenases (FMOSs), which
is one of the most extensively characterized flaotgin groups, will be summarized and
discussed in detail. Mechanistic and structuraperties of flavin-dependent oxygenase
enzymes, in which flavin is present as a co-sutesti@her than a prosthetic group, will
also be discussed. Previous structural, functiomald mechanistic studies on the
alkanesulfonate monooxygenase system, which belotgsa flavin-dependent

two-component monooxygenase family, will be revidwe

1.1 Activation of dioxygen by flavins and flavoproteins

Flavins, discovered and characterized in the 1988se been recognized as being
capable of both one- and two-electron transfer ggses I]. They are also known as
versatile compounds that can function as electteprand nucleophiles, with covalent
intermediates of flavin and substrate frequentindpénvolved in catalysis?]. Flavin is a
tricyclic heteronuclear organic ring based on plieg whose biochemical source is the

vitamin riboflavin (Vitamin B2). The flavin moietis often attached with a phosphate
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Figure 1.1 Structure of riboflavin, FMN and FAD

group to form a flavin mononucleotide (FMN). FMNnche further converted to flavin
adenine dinucleotide (FAD) by is the condensatidn FMN with an adenosine
monophosphate (Figure 1.1).

The FMN or FAD forms are typically present as phnesit groups or substrates in
flavoproteins In most flavoproteins, flavin cofactors are tightut noncovalently bound
to the apoprotein. A small number of flavins argatently attached to the protein at the
C(8n) or C(6) position of the isoalloxazine ring. Thavalent linkage between the flavin
and polypeptide is usually bridged by ther@ethyl group of FMN or FAD linked to Tyr,
His, or Cys B]. The linkage to the C6 position of the flavinrestricted to Cys and FMN
[4]. More recently, flavin has also been identifisdaasubstrate in some enzyma&s The
typical examples are the flavin-dependent monoomgges from the two-component

monooxygenase systems and some corresponding flaglictasesl], 2. Most of the



information about these two-component monooxygenases been obtained in the last
decade. This flavin-dependent monooxygenase fahak/ only been found in bacteria,
and has the ability to catalyze a wide range ofabmic reactions that include

detoxification, biodegradation, and biosyntheds %, §. Their substrates are usually
aromatic compounds or compounds containing a retipgulfur, phosphorous, selenium,
or other nucleophilic heteroatoms [7].

Either as a prosthetic group or substrate, flagsimvolved in a wide range of redox
reactions in flavoproteins. In some instances, yliex is one of the substrates involved
in the reaction. The protein-bound flavin alwaysivates dioxygen first; then further
oxidizes other substrates. With flavoproteins, ridie of the reaction with Omay differ
by orders of magnitude, depending on the specifavoprotein or the class of
flavoproteins to which it belongs. Hence, the reagt of the reduced flavin with @is
modulated by the protein environment where it ated. In the following sections, we

will discuss the reaction routes of both free flaand flavoproteins with dioxygen.

1.1.2 Reaction of free reduced flavin with oxygen

The reactions involved in the oxidation of freeueed flavin by dioxygen are shown
in Scheme 1.1. After a relative slow oxidation efluced flavin (FIF to oxidized flavin
(Flox) through hydroperoxyflavin (FIHOOH), Firtan react with Bk and a proton to
produce a highly reactive radical FIH . The radiEli” initiates a series of reactions to

generate other active radicals such as the onératereduced form of oxygen {0,

water radicals (H®), and flavin radicals (FIH'). The oxidation ofdweced flavin by @



is an extremely rapid reaction. Due to the fornrattmd accumulation of this reactive
species, the reaction of reduced flavins with dgetyis an autocatalytic proce&$. [One
key intermediate generated in these reactionseiCda-(hydro)peroxyflavin. The initial
reaction of reduced flavin and,@enerates the C4a-(hydro)peroxyflavin intermedgte
two spin inversion steps [8]. As shown in Schent &an electron is transferred from
singlet reduced flavin to triplet Oto form a radical pair, which converts to the
C4a-(hydro)peroxyflavin after spin inversion. Thattéer is unstable in aqueous
environments, dissociating heterolytically to,®3 and oxidized flavin. Evidence
supporting the sequences of Scheme 1.2 come fraiolysis experiments2]: The
neutral flavin radical and O were produced in an aerated solution of riboflakin

radiolysis and the flavin radical was convertedthe C4a-(hydro)peroxyflavin

K _ 11
FIH + O, + H'—=— FIHOOH k1~250 M’s
K2 ko~260
FIHOOH Flox + HO2 270U S
FIH + Floy + H" E& 2 FIH® kg~1x 10° M5
-3

k3~5x 18 M1st

k - 1.1
F|H0+()2—4> F|0X+02- k4 1X108M S

FIH'+ 0y +H o g 40, ksl 1PMIs?

_ - k
FIH + Oy + 2H—2 ~ FIH*+ H,0,

Scheme 1.1 Reactions in the oxidation of reducadrflby dioxygen

4



intermediate at a fast second order rate, whiclsesylently decayed to oxidized flavin.
This result is consistent with the pathways showB8¢heme 1.2. After the initial binding
of the neutral flavin radical and ,0 this complex can be further converted to

C4a-(hydro)peroxyflavin.

FleH (1)) + (M )— [FIH # QT1—[FIH*} O]

l

FIHOOH —— FIHOO

Scheme 1.2 Activation of oxygen by reduced flate formation of

C4a-(hydro)peroxyflavin

1.1.2 Oxygen activation by flavoproteins.

Because of their chemical versatility, flavins arwolved in a wide range of
biological reactions. All flavoprotein reactions/aive two separate half-reactions, which
usually can be monitored separately by rapid reacttechniques §, 9. The
flavoprotein-reducing substrate (AHs dehydrogenated in a two-electron reductionl, an
the resulting reduced flavin is re-oxidized by thadizing substrate (B), as shown in
Scheme 1.3.

In some flavoenzymes, dioxygen is the physiologimeaidizing substrate. Due to

different protein environments, the molecular aatien of flavoproteins can



AH> Flox BH,

A Flred B

Scheme 1.3 Reductive and oxidative half-reactidriweoproteins

Fl, flavin; ox, oxidized; red, reduced.

follow various pathways. Flavoproteins can be dfestsinto four different groups based
on the rate of the reaction of the flavin with &d the nature of products formeéd?.
The first group, dehydrogenases, react very slomitih dioxygen and generate mainly
H.O, but also some £ Acyl-CoA dehydrogenase in fatty acid metabolismaitypical
example in this group. The acyl-CoA dehydrogenasgdizes acyl-CoA thioesters to the
corresponding enoyl-CoA esters, and the flavin cofais reduced. The reduced flavin
cofactor is reoxidized by a one-electron transkaction, and the reoxidized flavin
participates in the next cycle of fatty acid delogination 10]. The second group, the
electron transferases, often reacts with oxygery ¥ast to yield mainly @ and the
neutral flavin semiquinone. An example of artransferase is flavodoxin, which plays a
direct role in nitrogen fixation by transfering atectron from the flavin semiquinone to

the iron-containing subunit of the nitrogenase clexgl1]. The third group are the



oxidases, which react rapidly with dioxygen andd/exidized flavoprotein and #D,. A
well characterized example is glucose oxidase whichalyzes the oxidation of
B-D-glucose to D-glucono-1, 5-lactone with the fotima of hydrogen peroxide using
dioxygen as the final electron acceptor. The prtdocof hydrogen peroxide in
peroxisomes has a protective effect against migaasms 12]. The fourth group are
the monooxygenases, which inserts one oxygen attmaisubstrate and reduce the other
oxygen atom to bD. Bacterial luciferase, which catalyzes the lightitting reaction in
the presence of reduced flavin, long-chain aldehgde dioxygen, is a typical example
from this group. A distinguishing feature of thisogp of enzymes is that a stabilized
flavin-oxygen intermediate, C4a-(hydro)peroxyflavia generated during the catalytic
reaction [L, 2, §.

As mentioned, the oxidation of free flavins proceeth the C4a-(hydro)peroxyflavin
intermediate. Therefore, generation of this flawkygen intermediate is widely accepted
as a common route for the reaction of all flavopimd with dioxygen. The
C4a-(hydro)peroxyflavin intermediate has been idiedt primarily in monooxygenases,
and the stability of this intermediate varies dejyeg on the enzyme under investigation.
Some experimental data support the identificatibthis intermediate in flavin oxidases,
including glucose oxidase, nitroalkane oxidase, [HADPH oxidase reactions, however,
the Cda-(hydro)peroxyflavin intermediate is gerlgralless stable than in
monooxygenase&].

Several possible pathways have been proposed inrehetion of reduced
flavoproteins with dioxygen as shown in scheme Alflavoproteins have a common

initial step: the initial 1-electron transfer reaat [1, 2. Different flavoproteins may



undergo different routes to the initial electroansfer reaction. In electron transferases,
the initial 1l-electron transfer is very fast and ulb simply be followed by the
dissociation of the radical pair to form the neuftavoprotein radical (FIH in Scheme
1.4) and @. There is no other intermediate detected in flal@éhydrogenases, so it might
be a safe assumption that the rate-limiting steghésinitial 1-electron transfer. The
overall reaction of these flavoproteins with diogygis extremely slow. The routes that
follow the 1-electron transfer step are still uacland remain an interesting challenge in
this field. Studies from monooxygenases and oxglagaedicated that the
C4a-(hydro)peroxyflavin (Intermediate IV or V in[8me 1.4) is the common route in
the activation of dioxygen by these two groups.oidases, the half-lives of the
C4a-(hydro)peroxyflavin intermediates are very shahich implies that the decay of
C4a-(hydro)peroxyflavin must be extremely fast tgid@zed flavin and HO,. In
monooxygenases, the enzyme-bound C4a-(hydro)pedawxyfintermediate is protected
from breakdown by the microenvironment of the enegnThe C4a-(hydro)peroxyflavin
could undergo further productive oxygen atom transf eliminate hydrogen peroxide to
oxidized flavin. The detailed mechanism of flavimhrtaining monooxygenases (FMO)
will be discussed later.

Although C4a-(hydro)peroxyflavin might be not thenamon intermediate generated
in the dioxygen activation of all flavoproteinsjststill an essential intermediate in many
known flavoproteins such as flavin containing/degestt monooxygenases (FMO). The
actual role of the oxygenated-flavin intermediaies different flavoproteins often

becomes a critical question in the mechanistic istudf these flavoproteins. The



half-lives of these intermediates bound by différactive sites vary significantly among
different flavoproteins. Mechanistic, structuratdafunctional studies on these enzymatic
C4a-(hydro)peroxyflavin intermediates show that thieroenvironments of active sites,
substrate binding, and conformational changes noggther affect the stability and
activity of these intermediates.

Monooxygenases are enzymes which catalyze the pgocation of one atom of
oxygen from Q into their substrates, while the other oxygeneduced to water. The
reducing agent works as either an external eleati@mmor or a substrate. A number of
monooxygenases have been shown to be flavoprotginglavin as cofactor or substrate.
The reactions of flavin-containing/dependent monygexases (FMO) usually include a
NAD(P)H, dioxygen, and a substrate with the ability be further oxidized. The
C4a-(hydro)peroxyflavin intermediate is commonlyngeated in the activation of
dioxygen by reduced flavin. The C4a-(hydro)peroavih is usually directly involved in
inserting one oxygen atom into the substrate blyeeitn nucleophilic or electrophilic
attack. The overall reaction catalyzed by flavopimotmonooxygenase is a complicated
process including flavin reduction, dioxygen actioa via reduced flavin, and oxidation
of the substrate. Two different strategies havenbeged in nature to modulate the
different requirements of this complicated processgle-component monooxygenases
and two-component monooxygenases. The biologications, catalytic mechanism, and

structural studies of FMOs will be discussed iradet
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1.2 Flavin-containing/dependent monooxygenase

Flavin-containing/dependent monooxygenases (FM@yeh been identified in
bacteria, yeast, plants, and mammals where thégrpeessential biological functions by
catalyzing diverse metabolic reactions [5, 13]. FvWere first discovered during the
1960s in hepatic microsomes as NADPH- andré€uiring activity that converted N,
N’-imethylaniline to N-oxide [14]. In animals, theeare five functionally expressed FMO
genes (e.g. human FMO1-FMO5) [13,14]; FMOs have been found in bacteria and
unicellular eukaryotic organisms, for example, éhisra single FMO gene in yeast [13].
FMO had not been identified in plants until 200bwever, there are now many
FMO-like genes found in plants [15]. FMOs can tfan&iydroxyl groups to a variety of
small, nucleophilic, heteroatom-containing (e.gtiragen, sulfur, selenium or iodine)
substrates, thus rendering them more polar andlyeadtretive.
1.2.1 Mechanism

The mechanism by which FMOs insert a single oxyagm into the substrates has
been elucidated in detaill$-18. The major characteristic steps, which are based
kinetic and spectral studies with FMOs from differeources, are summarized in Figure
1.2. In the absence of substrate, the FMO enzymesfoa complex with NADPH
resulting in a rapid reduction of the enzyme-bogmgjle flavin molecule (step 4). The
reduced flavin—enzyme complex binds & the C4a position of the flavin molecule,

resulting in a C4a-(hydro)peroxyflavin (FI-OOH of-®O") (step 5). In this highly
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reactive conformation, the enzyme awaits the hatern-containing substrate, which
needs a free electron pair (such as N or S) or @iorsubstrate. Access to the active site
is thus a crucial determinant of substrate spetifi©Once the substrate is in place, one of
the two oxygen atoms is transferred to the sules{step 1), whereas the other oxygen
atom reacts to form water (step 4). NAD® released and the binding of NADPH starts a
new cycle (step 3).

As stated above, the (hydro)peroxyflavin internagelican be formed in the absence
of the substrate. This means that just “a singlatpmontact” is all that is required for
product formation. This unique property is respblesifor the extraordinary broad
substrate ranges of these enzyni&}. [Because the energy required to drive the reactio
is present in the enzyme before it encounters gatbsta precise fit (usually required to
lower the energy of activation of an enzyme catdyreaction) is not required. FMOs
catalyze the oxidation of compounds as dissimitaroalide, boronic acids, phosphines,
most functional groups bearing sulfur or selenia®,well as a host of synthetic and
naturally occurring amines and hydrazind®-P3. While a single point of contact
between the substrate and the enzyme-bound flagrdaot will often suffice, this does
not preclude more complex interactions with certsilbstrates. For example, it is very
probable that substrate binding lowers the energwativation for the oxidation of
cyclohexanone by the bacterial cyclohexanone moygenase 23], but the oxidation of
organic sulfur compounds and boronic acids catalyag this flavoprotein probably
requires only a single point of contact between géheyme and substrate for catalysis

[24].
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Figure 1.2 General mechanism of flavin-containinghooxygenases (FMO)

1.2.2 Hydroperoxyflavin: a nucleophile or electrdph

All FMO have three substrates, NAD(P)H to reduwe ¢énzyme flavin, the substrate
to be oxygenated, and dioxygen. The overall reactoatalyzed by flavoprotein
monooxygenases involves three general chemicakpses: (A) Reduction of the flavin
by NAD(P)H, (B) reaction of the reduced flavin witdioxygen to generate a

C4a-(hydro)peroxyflavin, which is the oxygenatinggeat, and (C) binding,
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orienting, and activating the substrate for its geyation by the flavin
C4a-(hydro)peroxyflavin ). C4a-(hydro)peroxyflavin is an essential intermagel and
directly inserts one oxygen atom into the substratavever, it functions in different
ways depending on the type of oxygenation reactiancomplished. The
C4a-(hydro)peroxyflavin intermediate are capablexaflizing substrates through either a
nucleophilic or electrophilic reaction.

The C4a-(hydro)peroxyflavin is known as a commotermediate in the reactions
when free or protein-bound reduced flavin reactthvdioxygen [1, 2, 8, 13]. The
C4a-(hydro)peroxyflavin has a distinguished absomptspectrum from oxidized and
reduced flavin with a peak between 350-400 nm. féidu3 shows the absorption spectra
of the microsomal FAD-containing monooxygenase lie wxidized, reduced, and
peroxyflavin forms. Label A is the spectrum of twadized FAD with two absorbance
peaks between 350-400 nm and 420-480 nm; Label Bhés spectrum of the
hydroperoxyflavin with only one peak between 35@-4tmn; the spectrum of reduced
FAD (Label C) has no absorbance peak in both drEgsMore interestingly, although
the spectra of protonated and deprotonated stdtetheo peroxyflavin intermediate
(FIOOH and FIOQ are quite similar to each other, there are solightsdifferences
between these two forms. The absorbance peak dDIFIG located at approximately
370 nm, while FIOO has a maximum absorbance at around 380 nm. Thuesxra
differences among the three different states efrflanake it possible to trace the change

of the flavin states during the catalytic reaction.
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Figure 1.3 Absorption spectra of the microsomal Fé&dhtaining monooxygenase in the

oxidized (solid line), reduced (dot line), and pesftavin (dash line) forms.13]

(Reprinted with permission)
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1.2.2.1 Peroxyflavin as a nucleophile

Peroxyflavin (FIOO) can work as a nucleophilic agent in FMOs. A Baydiger
oxidation is typically involved in these types efctions. The Baeyer-Villiger oxidation
mechanism of oxidative cleavage involves the attddke peroxy group on the substrate
to form a FIOO-substrate complex; then a rearramggmeaction converts the substrate

from a ketone to an ester (Scheme 1.5).

B a8
FIH-OO " + Cc=0
I
R2 Ro Ro

FIH-O™ + R1—0—<|3=O

Scheme 1.5 Baeyer-Villiger reaction by C4a-percawifh.

A well-characterized C4a-peroxyflavin is generateth cyclohexanone
monooxygenase, where the peroxyflavin is generatdéemely rapidly. Cyclohexanone
monooxygenase catalyzes the insertion of an oxygem into the cyclohexanone
substrate to form a 6-hexanolide product. The Gaxyflavin intermediate can be
generated in the absence of cyclohexanone substtateoxygenated-flavin intermediate
is relatively unstable; however, the binding of ot NADP can greatly improve the
stability of FADOO [25]. Peroxyflavins have been shown to be unstablagueous

environments, so NADPmay prevent this intermediate from accessing tieest. The
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decay of the peroxyflavin intermediate is accekdtatin the presence of the

cyclohexanone substrate. When cyclohexanone isepregnzyme-bound FADOO

makes a nucleophilic attack on the ketone groupQ)Ckellowed by a Baeyer-Villiger
rearrangement to form theecaprolactone product (Scheme 1.6). The produeleased
from the enzyme forming an enzyme-bound FADOH, whidecays to FAD and water.
By this mechanism, one oxygen atom is inserted tiocyclohexanone substrate while
the other oxygen is released as water from FADOH.

Another well characterized example where peroxyfldehaves as a nucleophile is
bacterial luciferase. This is an unusual enzynthan reduced FMN is a substrate instead
of a tightly bound cofactor. The reduced FMN isnfied by a separate NAD(P)H-flavin
reductase. An enzyme-stabilized peroxyflavin hanhdentified and even purified in the
luciferase reaction in the absence of aldehydetsatbs These reduced flavin-dependent
monooxygenases like luciferase always follow acssubstrate binding order. Bacterial
luciferase binds FMNE and enzyme-bound FMNHeacts with dioxygen to form a
C4a-peroxyflavin intermediate, which has a longf-hd at low temperatures. The
luciferase-FMNOOintermediate works as a nuclophilic agent to &taevide range of
aldehyde substrates along with a Baeyer-Villigearr@angement to produce the
corresponding alcohol, light and FMNb4. The catalytic mechanism of bacterial

luciferase will be further discussed in a latertisec
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1.2.2.2Hydroperoxyflavin as an electrophile

The C4a-hydroperoxyflavin (FIOOH) intermediatetimg as an electrophilic agent,
can also be an active form in catalysis §. The most widely and extensively studied
FMOs involves the hydroxylation of an activated raatic substrate. The
C4a-hydroperoxyflavin intermediate was first obsehexperimentally in this class of
enzymes 2]. Phenol hydroxylase ang-hydroxybenzoate hydroxylase are classic
examples where hydroperoxyflavin behaves as antreptlic oxygenating agent.
Scheme 1.7 shows the mechanism of phenol hydraxyld®e hydroperoxyflavin
intermediate is generated before the substratérestly involved in the reaction. Only
the protonated form of the peroxyflavin (FIOOH)) Ican actively oxidize the phenol
substrate by electrophilic addition. The subsequsteps are quite similar to those
enzymes in which peroxyflavin intermediates worknasleophile agents. As the product
is released from the enzyme complex, an enzymedBADOH intermediate is formed,
which decays to FAD and 8. p-Hydroxybenzoate hydroxylase (PHBH), which is one
of the most thoroughly studied aromatic hydroxyjasatalyzes the oxygenation of
p-hydroxybenzoate to produce protocatechu2@.The catalytic mechanism has been
investigated in detail and is consistent with naplalic displacement by the substrate of
the terminal oxygen of the flavin hydroperoxid®¥][ In the PHBH mechanism, protein
and flavin dynamics involving the protein and flaare crucial in catalysi2§].

As stated, FMO is widely distributed in mammalsnts and bacteria. FMOs from
different sources have different structures andobioal functions. Examples of FMOs

from different sources will be summarized and coragan the following sections.
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1.2.3 FMO from mammals

Mammalian FMOs, are widely distributed in varioissties, such as liver, brain,
kidney, lung and small intestine. These FMOs oxgfen nucleophilic
heteroatom-containing chemicals and drugs and gbyeronvert them into harmless,
polar, readily excreted metabolites. Sometimes, dvawy FMOs bioactivate chemicals
into reactive materials that can cause toxicityeréfore, mammalian FMOs have
extremely important pharmacological and toxicolag&ignificance 13, 14. The general
function of FMO is considered to be as a xenobid&toxication catalyst. Similar to
cytohrome P450, FMOs have envolved to protect mamfram the assault of lipophilic
nucleophilic chemicals especially in the early eowment R9]. In some cases, FMOs
can be highly selective. This is exemplified by thetoxication and deoderation of
trimethylamine (TMA) BO]. The inability toN-oxygenate TMA because of a defective
FMO3 causes a condition called trimethylaminuridiich is also known as fish odor
syndrome 31]. On the other hand, FMOs can oxygenate a widegaamf
heteroatom-containing compounds to remove unwamiral products 13]. Like
cytochrome P450, FMOs appears to sacrifice coraidierenzyme velocity to bind a
wide range of substrates in its substrate bindiognaln R2]. Sometimes, FMO
oxygenates physiological compounds to their cooedmg oxide, leading to the
pharmacological activity of the compound. FMOs atso known to convert some
nucleophiles to more oxygenated compounds withtgresdectrophilicity that can result
in a product with higher toxicity3p-34.

Because of their pharmacological and toxicologisanificance, FMOs from

humans have been extensively studied and well cteized L4]. The FMO gene family
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in humans arose as a duplication of an ancestrad gethrough a series of independent
gene duplication event8%]. FMOs with sequence identities >40% have beenpgd in
the same family, indicated by the first numeral. céwling to this systematic
nomenclature based on the primary sequence idettigye are five well characterized
FMO groups: FMO1-FMOS5.

FMOL is a prominent form of FMO in adult human legn esophageal, and nasal
mucosa. It is unlikely that FMO1 contributes extealy to amineN- and other chemical
oxygenation reactions unless the amine or chemgalresent at relatively elevated
substrate concentrationt4]. Evidence indicates that human FMO1 may accepgelaN-
and S-containing nucleophiles than other FMO enzyrkRerthermore, FMO1-mediated
pesticide metabolism may represent an example wHeviO1l plays a larger
detoxification role than previously thoughi¥]. Because FMOL1 is the major form in fetal
human liver, there may be instances of altered lmoéitan in the fetus owing to FMOL1
variants.

Although FMO2 is a prominent FMO expressed at higvels in the lungs of
nonhuman primates and other mammals, it is nobmimrent functionally active enzyme
in human lung 14]. FMO2 wild-type enzyme showed efficient activity S-oxygenation
of sulfur-containing chemicals, such as thioureads shioamides, and because the
sulfenic acids of thioureas are chemically reactiuamans with full-length FMO2 may
be more susceptible to toxicity of certain thiowceataining chemicals. On the other
hand, thioether-containing pesticides may be détediby S-oxygenation by full-length
FMO2, and individuals with wild-type FMO2 may shamcreased protection from the

toxic properties of thioether-containing pesticides

22



Full-length FMO3 mRNA is strongly detected in adultman liver, but at relatively
low levels in adult kidney and lung. In view of thiggh prevalence of FMO5 in adult and
fetal liver, it is not clear which FMO form (FMO3J &MO5) predominates. It may be
that the role of FMO3 versus FMOS5 depends on tlemital structure of the substrate.
In general, human FMO3 prefers to oxygenate nutidiopheteroatom—containing
substrates that are slightly smaller that thoseegted for human FMO1. Based on
limited information, FMO5 substrate specificity oorly defined, although it is
apparently distinct from FMO3. Apparent pharmacageneffects of FMO3on drug
metabolism have been observed. For example, tleateat benzydamindl-oxygenation
was correlated to the FMO3 genotype in groups dividuals with trimethylaminuria
[31]. Prototypical chemicals have been examineth agtro substrates for FMO®@ariants
[14], and the oxygenation of methimazole, TMA, and tpmbe substrate 10-
(N,N-dimethylaminopentyl)-2-(trifluoromethyl) phenothiae (5-DPT) were all
significantly decreasedl]].

Human FMOA4 is present in adult liver and kidnewpproximately the same extent.
About ten-fold less FMO4 is present in human fdiaér and the small intestine
compared with adult liver. FMO4 is unstable and éD&kpression is problematic, and
the activity of the expressed enzyme is poor. g teason it has been difficult to
establish extensive FMO4 substrate specificity.

In light of the prominence of FMO5 in adult humawvel and the small intestine
examination of FMO5 has taken on new significaf®dO5 does not oxygenate typical
FMO3 substrates, and is apparently an atypical FM@vever, an increasing number of

compounds are reported to be oxygenated by FMIh [ncluding compounds with
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functionalities not typically associated with FMG@tigity (i.e., thioethers with proximal
carboxylic acids). Currently, however, FMO3 is thezyme associated with the vast
majority of human FMO-mediated hepatic metabolisAs more information is
discovered about FMO4 and FMO5, revision of theferin drug and chemical

metabolism is likely.

1.2.4 FMO from plants

The first functional characterization of a plaM® was reported in 2001, almost 40
years after the enzymes had been discovered inadifib]. The FMOs have been
studied mostly in the model plaAtabidopsis in which 29 distinct genes encode proteins
that share motifs typically found in FMOs. Companf the putative FMO proteins of
those plants for which the genome sequence isablairevealed that the FMOs from
plants fall into three clades: (i) Clade | contain® Arabidopsisproteins, FMO1 and a
closely related pseudogene, for which no expredsaenbeen detected, three FMOs from
rice and six from poplar (Populus trichocharpd);iG Clade I, 11 Arabidopsis YUCCA
proteins are found together with eight FMOs frooerand 12 from poplar; (iii) Clade 11l
is comprised of 16 Arabidopsis FMOs, of which oram S-oxygenate glucosinolates,
seven FMOs from rice, and four poplar FMOs (Figur€). As mentioned, the
physiological function of animal FMOs appear tothe detoxification of a vast spectrum
of xenobiotics. Interestingly, research has sholat plant FMO can catalyze specific
steps in the biosynthesis of auxins or in the naisin of glucosinolates. Auxins are a
class of plant growth substances (often called gifoitmones or plant hormones), and

play an essential role in coordination of many gtoand behavioral processes in the
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Figure 1.4 Phylogenetic tree of Arabidopsis, ripeplar and human FMOs. Clade |
FMOs (pathogen defense clade) are in blue; Cla#iDs (YUCCA clade involved in
auxin biosynthesis) in red; Clade Ill FMOs (S-oxygeng clade) are in black and the

human FMOs (detoxification clade) in green [15]eRnted with permission)
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plant life cycle B6]. The glucosinolates are a class of organic comgsuhat contain
sulfur, nitrogen, and a functional group derivednir glucose. Plants use substances
derived from glucosinolates as natural pesticidebas a defense against herbivodes. [
Experiments showed that two mutants of YUCCA praea group of plant FMOs, are
responsible for the biosynthesis of auxin. YUCCAlably catalyzes the rate-limiting
step in auxin biosynthesis from tryptamine to N+toyyl tryptamine, because the
recombinant YUCCA protein was able to catalyze toisversion in vitro. Moreover, the
plant FMO1 (AtFMO) has been reported to be involiredefense against pathogeB3][

In Arabidopsis there are multiple-layered defenses against pati® Basal resistance
helps to limit the multiplication and spread ofulent pathogens and the severity of
disease symptoms, to which pathogen-derived tocoméribute. This kind of defense is
not specific to a certain isolate or strain of pan. In plants, another defense layer can
be involved. When host-adapted pathogens injeotthe plant cell, effector proteins that
are recognized by resistance (R) genes-encodedimsoare activated. Most R genes
encode nucleotide-binding, leucine rich repeat (MHR)-containing proteins. In
Arabidopsis, two major classes of NB-LRR proteirasdn been defined based on the
presence at their N-termini of either a coiled-admain (CC-NBLRRs) or a domain
showing sequence similarity to the Toll or Intekigu receptors of animals
(TIR-NB-LRRSs). TheArabidopsisEDS1 and PAD4 genes, two signaling genes that
mediate some bubt all R responses, have been shown to be involved in ba$ahse
reactions, and also in defense reactions medigtddR®- but not CC-NBLRR-resistance
proteins. The FMOL1 gene has been identified as®1E and PAD4-dependent gene in

a microarray study3g]. Increasing evidence indicates FMO1 is importéort basal
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defenses as well as R gene-mediated defensesadyntd EDS1 and PAD43B].
Significantly more FMO-like genes have been foundplants than in mammals,
which indicate that plant FMOs may have the abitity perform other functions in
addition to detoxification. As stated above, sonenpFMOs are involved in essential
reactions in biosynthesis and the defense agaatkbgens. Research on plant FMOs has
already changed the somewhat simplistic view of EVE3 broad substrate-accepting

detoxifying enzymes.

1.2.5 FMO from bacteria

There are hundreds of FMOs found in bacteria.llliFOs known from mammals
and plants, flavin is present as a prosthetic grbopever, this is not always the case for
bacterial FMOs. There are two different types of ¥/ flavin present as a cofactor or
utilized as a substrate. Moreover, flavin is alwayssent as FAD in either mammals or
plants FMOs, while both FMN and FAD have been idiet in bacterial FMOs.

As mentioned, the overall reaction catalyzed byd&Ms a very complicated reaction,
which typically includes the reduction of flavin IBAD(P)H, the activation of dioxygen
to form a Cd4a-(hydro)preoxyflavin intermediate, armlibstrate oxygenation by
C4a-(hydro)preoxyflavin. Each of these processessumque requirements. Two general
strategies are utilized by FMOs to manage this dmated reaction mechanism. First, in
the case of single-component flavoprotein monoowrgges, the enzymes undergo
significant protein and flavin dynamics during dgsés. The isoalloxazine ring of flavin

moves along with the significant conformational mfga of enzymes7|. This indicates
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the flavins switch their position inside the enzybyeconformational changes to modify
their varied functions. The other approach usesamaymes working together to separate
flavin reduction and substrate oxidation by using@uctase to generate reduced flavin,
and another enzyme, the monooxygenase, to rechwerdduced flavin, and active
dioxygen for the oxygenation of substraté§. [Compared to the well characterized
single-component FMO, very little information abotihe mechanism of these
two-component enzymes is known. The mechanism diaed flavin transfer between
two-component systems has also generated a gralatfdaterest.

Unlike mammals and plants, both one enzyme andetmzyme FMOs have been
found in bacteria. Recent studies on these twostypie FMOs in bacteria will be

summarized in the following sections.

1.2.5.1 Bacterial FMOs: flavin as a prosthetic gpou

The FMO enzymes in bacteria perform a varietyigéide reactions by oxidizing a
wide range of aromatic and aliphatic compouriisi, 22, 3P Flavin is tightly bound
to these flavoprotein monooxygenases. Accordintpéorelease of the NADRr NAD*
product, sequence and structural similarity, baateéfFMOs can be divided into two
classes. In class A, NADPRr NAD" is released immediately upon flavin reduction;levhi
in class B enzymes the NADPH/NADRofactors remain bound during catalysis. In the
following sections, the substrate specificity, semge similarity and specific structural

features of each class will be summarized and dssam) respectively.
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Class A monooxygenases

Typical substrates of class A monooxygenases raraatic compounds that contain
an activating hydroxyl or amino group. The C4a-toysroxyflavin is the oxygenating
flavin species, which performs an electrophili@ekt on the aromatic ring. All structural
known monooxygenases from this subclass contain sequence motifs for flavin
binding: an N-terminal GxGxG sequence that bindtheoADP moiety of FAD and the
amino acid sequence, GD, that is in contact withrthoflavin moiety of FAD. On the
other hand, there is no NAD(P)H binding region hirs tsubclass of enzymed(], 41.
This is not a surprising result, because NAD(P)# dorms a complex to reduce flavin
then the product NAD(P)is rapidly released. Members of the class A flavtgn
monooxygenases usually are involved in microbigrdéation of aromatic compounds
by ortho- or para hydroxylation of the aromatic ring and display arow substrate
specificity. A typical enzyme of this subclass ihytlroxybenzoate 3-monooxygenase
from Pseudomonagswhich participates in benzoate degradation vidrdwylation and
2,4-dichlorobenzoate degradatio#2| 43. Interestingly, a class A monooxygenase has
been identified that catalyzes a Baeyer—Villigeridakon. This bacterial enzyme
(MtmOIV) is involved in the biosynthesis of mithrgoin, an anticancer drug and
calcium lowering agent4d, 43. It will be interesting to elucidate how this sta A
monooxygenase catalyzes a Baeyer-Villiger rearnaege as these reactions typically
utilize a Cd4a-peroxyflavin intermediate while Clags monooxygenases utilize a

C4a-hydroperoxyflavin intermediate.
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Class B monooxygenases

This subclass of enzymes is also referred to alsifumctional flavin containing
monooxygenases, because these monooxygenasedeate editalyze the oxygenation of
substrate with either carbon atoms or heteroatdfesiooxygenases that belong to this
subclass play an essential role in detoxificatiod &iodegradation. These enzymes
catalyze an atypical oxygenation reaction: the Ba&#lliger oxidation of ketone or
aldehyde to an ester or lactone. The flavin-rel&adyer-Villiger oxidation includes the
nucleophilic attack of C4a-peroxyflavin on the ogpgting substrate. Cyclohexanone
monooxygenase and phenylacetone monooxygenasgarples of monooxygenases in
this subclass. The crystal structure of phenylasetmonooxygenase, which inserts an
oxygen atom into phenylacetone to form the prodbacizyl acetate, has been determined
[46]. The structure is composed of two binding domaios flavin and NADPH,
respectively. Coenzyme NAD(P)H/NAD(Pyemains bound to the monooxygenases of
this subclass during the entire catalytic proc@$® binding of NAD(P)H/NAD(P) is
catalytically important to the enzymatic reactibicreased stability of the cyclohexanone

bound peroxyflavin intermediate was observed bybihding of NADP [25].

Significant protein and flavin dynamics

The reactions catalyzed by flavoprotein monooxygesare complicated processes.
To satisfy different requirements, significant giaotand flavin dynamics are critical in
reactions catalyzed by single-component flavoproteionooxygenases. The PHBH
enzyme, one of the most thoroughly studied flavtgnomonooxygenases, catalyzes the

oxidation of p-hydroxybenzoate to protocatechuate. Three confiomsawere detected
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during the catalytic reaction of PHBH by X-ray dajiography and kinetic analyses of
wild-type and variant enzymes [43, 47-49]. Ant conformation allows NADPH to
access the exposed flavin and initiate the PHBHti@a by reducing the isoalloxazine
ring. An in conformation shields the flavin from solvent, thu®tecting the reactive
FADOOH intermediate formed when FADRHreacts with @ Finally, an open
conformation permits trafficking of substrate an@duct in and out of the active site.
These dynamic properties afford multiple sites éarrying out separate phases of
catalysis, thereby optimizing each step in thetreagathway.

In summary, these complicated conformational cbhangre essential to FMOs to
stabilize the C4a-(hydro)peroxyflavin intermediatghile also adjusting the orderly
sequence of chemical events. With PHBH it can lea $leat once initiated, the series of

mechanistic steps proceeds like a “domino effextiring about efficient catalysis.

1.2.5.2 Bacterial FMOs: flavin is utilized as a stiate

Flavins are a tightly bound prosthetic group imewous flavoproteins, however, in
some enzymes the flavin can also be utilized ashatsate. As mentioned, the reactions
catalyzed by flavoprotein monooxygenases are caaield and involve multiple
processes. In addition to the single polypeptidedprotein monooxygenases discussed
above, two-component flavin-dependent monooxygenasee been discovered, where
reductive and oxidative reactions are catalyzed thwo separate enzymes, a
flavin-reductase and a monooxygenase. In the twopoment flavin-dependent
monooxygenases, the flavin is reduced by a sepB&P)H-dependent reductase, and

then transferred to the monooxygenase enzyme. Téralb catalytic mechanism of these
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two-component monooxygenase systems is quite simdathe flavin containing
monooxygenases. Since there are actually two ereymvelved in flavin reduction and
substrate oxygenation, a major area of focus haa bee mechanism of reduced flavin
transfer from the reductase to the monooxygenasethe monooxygenase component,
the activation of dioxygen by reduced flavin, theistural and functional relationship of
the enzymes, and the substrate binding order arallyshe focus of the mechanistic
studies. A stabilized hydroperoxyflavin intermediabas also been identified even
isolated in some well characterized two-componerinooxygenase systems. A
combination of structural and biochemical approacivere performed to explore the
ability of these monooxygenases to stabilize theérdyeroxyflavin intermediate. In the
following section, three different aspects of theemll mechanism of these
two-component flavin-dependent monooxygenase enzywié be discussed: 1) the
mechanistic and structural studies of the flavidutase component; 2) the mechanistic
and structural studies of the monooxygenase conmpcened 3) the mechanism of the

reduced flavin transfer between these two companent

1.2.5.2.1 Flavin reductases

Reduced flavin, as a product, is generated by d¢hagalytic reactions of
NAD(P)H-flavin reductases in the following reaction
FI + NAD(P)H + H > FIH, + NAD(P)" (1.1)
where Fl stands for oxidized flavin substrate aldhFefers to the reduced flavin product.
In addition to reducing flavins for oxidation reacts by flavin-dependent

monooxygenase, these reductases are also invaivediucing iron complexe$(, 51.
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The size of flavin reductase monomers are genesatigil, ranging from 13 to 34.5 kDa
[6].

Flavin reductases are usually classified into éhgroups based on substrate
specificity: FRP, NADPH-preferring flavin reductase FRD, NADH-preferring
reductases, and FRG, the general flavin reducths¢sitilizes NADH and NADPH with
similar efficiencies. Flavin reductases are alsod#id into two classes based on the role
of the flavin: flavoprotein class | and non-flavof®in class Il. In class | flavin reductases,
the flavin is present as a cofactor, while theifiag a substrate in class Il reductasg]s [
The preference for FMN or FAD has no direct relasioip on whether flavin is required
as a cofactor.

The FRP fromVibrio harveyj and Fre fromEscherichia coliare two extensively
characterized flavin reductases. WéarveyiFRP, which favors NADPH as a substrate,
belongs to Class I5p). This enzyme is a homodimeric enzyme with eachusi
comprising two domains and containing one bound FpEY monomer. The first and
major domain contains four-stranded antipardiisheet flanked by helices on either side.
The second domain reaches out from one subunittéoaict with the first domain of the
second subuni]. A disordered nine-residue l0op 4A-S-R-T-S-N-G-kKyg) is present in
the crystal structure. Moreover, the Arg203 residitbin this loop is critical for NADPH
recognition and binding5B]. A NADPH/NADP" shuttle mechanism between an open
and closed conformation during catalysis has beepgsed based on structural studies of
V. harveyiFRP B4]. The V. harveyiluciferase and FRP enzyme was used as a model for
the elucidation of the reduced flavin transfer natbm between the reductase and

monooxygenasebp]. After the formation of specific complex(es) been FRP and
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luciferase, the reduced flavin cofactor is transf@r directly to luciferase for
bioluminescence.

The E.coli Fre/FRII represents a non-flavoprotein Class tluctases that does not
contain any flavin cofactor. Fre is able to utiliketh FMN and FAD as cosubstrate;
however this enzyme shows a moderate preferendeMoi [56] and a strong preference
for FAD [57]. Fre exhibits a sequential kinetic mechanism wittlered substrate binding
of NAD(P)H followed by flavin, with the reduced flm product released first before
NAD". Although Fre does not contain a bound flavin, fr@y be closely related to a
flavoprotein family of which the spinach ferredostitADP* reductase (FNR) is a
structural prototype. The Fre enzyme contains &ffesidue motif similar to a sequence
in FNR known to interact with flavin. Ser49 residughin this motif is indeed critical to
flavin binding and catalytic activity5g]. The Fre and FNR flavin reductases also have
certain mechanistic similarities in that chargesfer complex intermediates detected in

the Fre reaction are similar to those observedfdRr.

1.2.5.2.2 Flavin-dependent monooxygenases

Two-component flavoprotein monooxygenases are Iwidistributed in bacteria to
catalyze the oxygenation of a variety of substratebich usually are aromatic
compounds or compounds containing heteroatoms.eTb@snpounds typically are very
stable in nature and difficult to oxidize. In tworaponent flavoprotein monooxygenases,
the reduced flavin is acquired from the flavin retéhse.
S+FH+0,> S-O+F+HO 1.2)

The reduced flavin is first converted to the C(Agdhoperoxyflavin intermediate for
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substrate oxygenation and released as an oxidilsadn f product. This group of
monooxygenases catalyze oxidative half-reactiog. onl

The mechanism of flavin-dependent monooxygenas#sei two-component systems
has been studied for decades, however, most of nieehanistic and structural
information regarding these two-component monoorgges have only recently been
reported. Some catalytic reactions have been \aliacterized, such as bacterial
luciferase 56|, p-hydroxyphenylacetate hydroxylase (HPAH) fréinaeruginosaandA.
baumannii [48, 49, and RebH %7], an oxygenase responsible for halogenating
tryptophan in the biosynthesis of rebeccamycin. Meehanism of these enzymes will be
discussed in the following section.

These two-component monooxygenases have beeneglanfm two subclasses in
terms of flavin substrates. To be consistent whith ¢tlassification of single-component
monooxygenases, class D (FMMNHependent monooxygenases) and class E

(FADH,-dependent monooxygenases) will be used.

Class D monooxygenases: FMNéependent monooxygenases

A number of monooxygenases belong to the Classrdbpgof flavin-dependent
monooxygenases based on substrate specificity equeace homology. These enzymes
use reduced FMN as substrate, which is generatethdyeductase. Structurally, the
subunit(s) display a TIM-barrel fold. The most exdwely studied representatives are
bacterial luciferases. The luciferases exist astarbdimeric structuren(& p subunits);
however, the two subunits of the heterodimer arg semilar in sequence and structure

[58]. The elucidated crystal structure of the lucigerdromVibrio harveyihas revealed
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that both subunits exhibit a TIM-barrel fold withet only major difference being a
flexible loop located only in the-subunit (LuxA). Individual subunits are inactivajt
when recombined under appropriate conditions thegover nearly full activity.
Although they are similar in sequence and strugttite two subunits are functionally
distinct. Substrate binding and catalytic propsrgpear to reside on thesubunit. The
function of thep-subunit (LuxB) is required for the high quantunelgi and protein
stability [58].

LadA, a long-chain alkane monooxygenase, utilizeésminal oxidation pathway for
the conversion of long-chain alkanes to their @pomding primary alcohols. The
structure of LadA and its complex with FMN were odpd recently. LadA, a
homodimeric enzyme, shows a TIM-barrel architectinglar to bacterial luciferase, and
alkanesulfonate monooxygenase (SsuD) friérooli. The LadA:FMN binary complex
structure and a Lad:FMN:alkane model revealedttiaflavin ring lies in a hydrophobic
cavity [59]. The LadA monomer differs from the prototypicalMI barrel structure by
five extended insertion regions and an extensiothatC-terminus of the polypeptide
chain. In LadA, dimerization is promoted by a pllalour-helix bundle formed bg2
anda3 of each subunit. The dimerization interfaceas #nd is predominantly built up by
hydrophobic residues. The same dimer arrangemerd wlgo found in other
monooxygenases in this two-component family, sugggshe functional importance of
dimeric forms of these enzymes.

Except for bacterial luciferases, the catalytic haism of flavoprotein
monooxygenases in this subclass is still not clBacterial luciferase catalyzes the

production of visible light from the reaction ofdieced FMN, long-chain aldehyde and
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dioxygen. This reaction has an unusual slow tureroate, which may be caused by a
long lifetime enzymatically-stabilized C4a-(hydrejpxyflavin intermediate36]. The
reaction pathways and intermediates involved in Itleiferase reaction are shown in
Scheme 1.8. After the initial binding of luciferaaed FMNH, this complex reacts with
dioxygen extremely fast to form a hydroperoxyflagintermediate 11). In the absence of
aldehyde substrate, this hydroperoxyflavin haslatively long lifetime, which can be
isolated and characterized using low-temperatucanigues §1]. As mentioned, this
oxygen-containing intermediate differs from botldueed and oxidized flavin; it has
absorption peaks in the visible range at 372 nrd, farorescence emission centered at
490 nm. In the presence of aldehyde, peroxyflamselits an oxygen atom into the
aldehyde substrate to form the corresponding awidemitting intermediate [FMNOH]*,

which further decays to FMNOH to emit light.

Class D monooxygenases: FAR#ependent monooxygenases

In this monooxygenases subclass, reduced FAD ligadtias substrate. Structurally,
these enzymes show more diverse structures thas €lamonooxygenases. Sequence
homology suggests that a number of class D mona@mages have structural similarities
with the acyl-CoA dehydrogenase fold. Typical stdiss of these monooxygenases are
aromatic compounds. The prototypical exampl@-lsydroxyphenylacetate hydroxylase
(HPAH), which catalyzes the hydroxylation pfhydroxyphenylacetate (HPA) to form
3,4-dihydroxyphenylacetate (DHPA) in a number ofcteaia. More recently, the

three-dimensional structure of HPAH has been sokledg with the structure of the
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HPAH-FADH, complex p2. The HPAH is a homotetrameric structure with four
identical subunits. Each monomer is made of thaains; the N-terminal domain, the
B-sheet domain, and the C-terminal domain. Intevastibetween the subunits of the
tetramer are mediated by helical bundles in ther@inal domains. The reduced flavin
bound HPAH structure shows a hydrophobic cavityeeal in stabilizing the
hydroperoxyflavin intermediate. This hydrophobicvica is able to protect the
hydroperoxyflavin intermediate from accessing sotve

Styrene monooxygenase froRseudomonas spatalyzes the degradation of styrene
to 2, 5-dihydroxyphenylacetate and includes onle ahnucleotide binding domain
(FAD). This structural information indicates an eimnary link with the Class A
flavoprotein monooxygenases. Some halogenationtiosac occurring in nature are
catalyzed by two-component flavoprotein monooxygesa One of the best studied
flavin-dependent halogenases is tryptophan 7-hakgge (RebH)g7]. The tryptophan
7-halogenase structure is a dimer with each subianrhing a single domain. The
halogenase subunit contains a helical substratdintgnmodule. A hydroperoxyflavin
intermediate is generated during catalysis, and pproposed that a chloride ion will
perform a nucleophilic attack on the hydroperoxyftaresulting in the formation of
HOCI. This highly reactive molecule will travel thugh a tunnel to reach and halogenate

the bound tryptophan molecule.

Active sites of the two-component monooxygenases
As single-component flavin-containing monooxygesas the two-component

flavin-dependent monooxygenases are capable dfizitadp the C4a-(hydro)peroxyflavin
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intermediate. Attempts have been made to deterwiae structural properties lead to the
stabilization of the oxygen-flavin intermediated2[ 63]. Another general property for
this family of monooxygenases is that the monoorgge component always has a
higher affinity for the reduced flavin over the died flavin, although the structure and
size of both states are quite similar to each offi@s preference for reduced rather than
oxidized flavin plays important roles in flavin trsfer between the reductase and the
monooxygenase components.

As mentioned, bacterial luciferase is the mosersively studied enzyme in this
two-component monooxygenase family. The crystaicstire of bacterial luciferase from
Vibrio harveyi has been elucidate®d], however the binding sites for the FMN and
aldehyde substrates have not been identified. dhsubunit (LuxA) is primarily
responsible for catalysis; however, the presencéh@fd subunit is essential for high
catalytic efficiency $6]. The active site thus is believed to be locatedhie o subunit
with the phosphate moiety of FMN anchored at acteda dense inorganic phosphate
site located on LuxAg6]. Amino acid substitutions have been carried ouptobe the
binding sites of both substrates, and the catalygles of conserved residues in the
luciferase reaction6d-67. A model of the luciferase-flavin complex struetbased on
the structural activity data, energetic criteriag dhe geometric requirement for catalysis
has been propose@d]. In this model, the location of the phosphate etpwas used as
the anchor in a flexible docking procedure perfainiy a conformational search. As
shown in Figure 1.5, the resulting model of thetéaal luciferase-FMN complex is
consistent with the reported experimental data.eBasn the model, bound FMN is

surrounded by several hydrophobic residues, whitp to form a relatively hydrophobic
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environment. Considering the C4a-(hydro)peroxyflavs extremely unstable under
aqueous conditiond [ 2, this hydrophobic environment may be criticabtabilizing this
oxygen-flavin intermediate. This agrees with resuftom mutagenesis studies on
contribute to the hydrophobic cavity. A conservegdrdophobic residue, Phe46, was
replaced by Asp resulting in an enzyme C4a-(hydnmyyflavin intermediate with a
shorter half-life due to the change of the hydrdpbe@nviromentsg9]. In addition, the
reduced flavin preference of luciferase may be @&rpld by this structural information.
The N5 hydrogen atom of reduced flavin may be hgdmbounded to theis-peptide
between Ala75 and Ala74, while the oxidized flagannot form this type of bon&§].
Cys106, a conserved active site residue in batledderase, plays an important role in
the stabilization of the C4a-(hydro)peroxyflavinermediate. Mutation of Cys106 to
alanine, valine, and serine was shown to reduckirbinoescence and destabilize the
C4a-(hydro)peroxyflavin intermediat&.q]

The crystal structure of HPAH also shows a hydodpd cavity in front of the
reduced FMN in the HPAH-FMNgHcomplex B2]. The shape and position of this cavity
are perfect fit for housing the oxygen atoms offtaein C4a-hydroperoxide intermediate
and prevent it from accessing the solvent. Figufeshows the hydrophobic residues
surrounding reduced flavin in the active site o”AHP The reduced flavin is embedded in
a protein scaffold formed by several stretchesnoiha acid residues. The flavin is kept
in position by a network of hydrogen bonds and bptiobic interactions. The shape and
position of this cavity are specifically arrangeat housing the oxygen atoms of the

C4a-(hydro)peroxyflavin intermediate.
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Figure 1.5 The modeled luciferase-FMN complex stmec The FMN ligand is shown in
ball-and-stick. Selected protein residues lininge thinding site are shown as
capped-sticks and labeled. Inter- and intra-mobechlydrogen bonds formed by the

FMN are shown as dashed liné§][ (Reprinted with permission)
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1.2.5.2.3 Mechanism of reduced flavin transfer

As mentioned, reduced flavin is quite unstablanraqueous environment because of
a series of self-catalytic reactions which generatective oxygen radicals. Therefore,
direct reduced flavin transfer between the redectasd the monooxygenase should
overcome this unstable property of reduced flaReduced flavin transfer in several
two-component monooxygenases has been exploredlawin f reductase-bacterial
luciferase, styrene monooxygenasey-hydroxyphenylacetate hydroxylase, and
alkanesulfonate monooxygenase. Generally, there tare possible flavin transfer
mechanisms: 1) free diffusion of reduced flavin thee monooxygenase; 2) direct
channeling of reduced flavin from donor to accepEach transfer mechanism has been
demonstrated depending on the system under studye Mterestingly, recent studies
reveal that both diffusion and direct channelingchaisms occur in reduced flavin

transfer from the reductase to bacterial luciferase

Direct channeling of reduced flavin transfer froeductase to monooxygenase

Reduced flavin transfer between the reductasdumiférase was the first extensively
studied system. Although bacterial luciferase setia reduced flavin transferred from an
external reductase, luciferase can obtain reduleethffrom multiple reductases. Other
well characterized flavin-dependent monooxygenasesusually co-expressed with a
reductase to provide reduced flavin. Evidence sstggthat FMNH can be directly
transferred from the reductase to luciferase. Wheiferase receives FMNHby free
diffusion, it can be reasoned that thg of the reductase for the flavin and pyridine

nucleotide substrates should be the same in betheitiuctase single-enzyme assay and
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the reductase-luciferase coupled assay. On the b#mel, knowing that the turnover rate
of luciferase is markedly slower than the reductade overall efficiency of a
reductase-luciferase functional complex will be iled by luciferase. In various
reductase-luciferase systems, substantially loMigervalues were observed in coupled
assays than in single-enzyme assays monitoringnfl@duction by the reductasgy.
Therefore, direct transfer of FMNHRvas proposed in the reductase-luciferase reaction.

The Vibrio harveyiNADPH-FMN oxidoreductase (FRP) and luciferase pedre
chosen as a model for further studies of the ratldlavin transfer mechanism. The
steady-state kinetic mechanism of the reductasd®RfRas altered in the presence of
luciferase, as shown in scheme 1.9. The reductasessa typical ping-pong mechanism
in single enzyme assays. Interestingly, a sequemntechanism was observed in the
luciferase-coupled assay. This implies a directdfer of reduced flavin to luciferasgqy.
However, the reduced flavin transfer mechanism @sed for theV. harveyi
FRP-luciferase couple does not preclude other nmsims for reduced flavin transfer to
luciferase. In fact, the results from the tRéotobacterium fischerNAD(P)H-FMN
oxidoreductase (FRG) and luciferase coupled adsawed the ping-pong mechanism of
the FRG remained unchanged in reductase-lucifecaspled assays. HowevelKm
values of both substrates for reductase were sgnif lower in coupled assays than
those measured in single-enzyme assay. This afgmosded a direct transfer of reduced

flavin from FRG to luciferasebp).
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Scheme 1.9 (A) Ping-pong mechanism of flavin redsetfromV. fischeriandV. harveyi
in the respective single-enzyme reactions. (B) 8etial mechanism of flavin reductase
in the reductase-luciferase coupled reactions.réBuctase; NH: NADPH; F: oxidized

flavin; FH,: reduced flavin; N: NADP, L: luciferase)

Free diffusion of reduced flavin from reductasentonooxygenase

A free diffusion transfer mechanism has been psegdoin the two-component
p-hydroxyphenylacetate hydroxylase (HPAH)1]. Because of the fast reoxidation of
reduced flavin, the monooxygenase should binddoged flavin extremely fast to avoid
reoxidation if the reduced flavin is transferredftse diffusion. Their findings imply the
important role of HPA in regulating the rapid treersof reduced flavin between
components in the HPAH system. Without HPA, theuotidn of flavin by the reductase
is about 153, while in the present of HPA, the reduction ratélavin is 20 fold faster.
Thus it would appear that HPA, a substrate for thenooxygenase component,
allosterically influences the reactivity of the vethse and controls the overall rate of
production of reduced flavin. However, the kinetieffect of the monooxygenase
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substrate on reductase activity actually showsrtteraction between these two enzyme
components.

More recently Tu and colleagues investigateduitieio harveyiluciferase and flavin
reductase (FRP) kinetic reaction by using d@ncentrations as a probe. The reductase
activity was evaluated in both single and coupledyee assays at various oxygen
concentrations72). If reduced flavin is transferred by a directlyamneling mechanism,
the oxidation of reduced flavin during coupled-emeyassays should be independent of
increased oxygen concentrations. If a rate depemdem oxygen concentration is
observed in coupled-enzyme assays, free diffusiay atso be involved in flavin transfer.
Results show that increases in oxygen concentrégmmo gradual decreases in the peak
bioluminescence intensitm gvn, andKm, nappn Of FRP in the coupled reaction. This
implied that some reduced flavin may transfer t® tmonooxygenase by free diffusion.
Therefore, a mixed transfer mechanism includindhbdote diffusion and direct transfer
in the FRP/luciferase system was proposed basdbese experiments. This conclusion
was based on an assumption that the FPR-bounduaifdrase-bound FMNHwere
stable at various oxygen concentrations. Howewergtis a possibility that the oxidation
of enzyme-bound reduced FMNHespecially FRP-bound FMNH occurs at higher
oxygen concentrations. Regardless of how the retitiagin is transferred, the transfer
efficiency would be decreased as oxygen conceaotraticreases which will result in a

gradual decrease in bioluminescence intensity.
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1.3 Two-component flavin-dependent alkanesulfonate momenase from E. coli

The alkanesulfonate monooxygenase system fformoli includes two enzymes: an
NAD(P)H:FMN reductase (SsuE); and an FMNiependent alkanesulfonate
monooxygenase (SsuD). This system belongs to tlhecomponent flavin-dependent
monooxygenase family. FMN is reduced by SsuE wigDIRH and is then transferred
to SsuD, which directly catalyzes the oxidationattanesulfonate to aldehyde and
sulfite in the presence of dioxygen. The overalact®n mechanism of this
two-component system is shown in Scheme 178). [The biological function of this
enzymatic system is to find an alternative sulfourse by catalyzing the desulfonation
of alkanesulfonate compounds under sulfur starmationditions. In the following
sections, sulfonate-sulfur metabolismErcoli, some related sulfur starvation induced
(Ssi) proteins, and previous mechanistic and sirattstudies on the alkanesulfonate

system will be summarized and reviewed.
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Scheme 1.10 Reaction mechanism of the alkanestéfonanooxygenase

system
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1.3.1 Sulfonate-sulfur metabolism in and sulfurstion-induced (Ssi) proteins

Sulfur is an essential element for bacterial growthich can be assimilated from
different sources. As shown in Figure 1.7, cystésnthe preferred source of sulfur fér
coli and other bacteria. Sulfonate can be assimildtemigh a series of reductions and
incorporated into cysteine. However, under sulfianation conditions, bacteria must
find alternative sources for obtaining sulfur. Soonganic sulfur compounds are utilized
by bacteria during sulfur limiting condition34]. In E.coli, alkanesulfonate and taurine
are the two most common alternative sources fouiagog sulfur.

E. coliis primarily found in the gut, an environment wéhitable sulfate and cysteine
levels. SurprisinglyE. coli are able to grow in soil environments where inargsulfate
may be limiting. Under sulfur starvation conditiopnSsi proteins are induced and
expressed. They play different roles in releasialfits from organic sulfur sources.
Based on the assumption that the expression gir8t&ins would be repressed by sulfate
and cysteine, these proteins have been identifyecbmparing the protein expression of
cell growth with and without cysteine and sulfé®®me of the eight Ssi proteins were
identified as proteins involved in uptake of cystiftystine binding protein, FliY) or in
the biosynthesis of cysteine from sulfate (O-asefyhe-(thiol)-lyase, CysK), and a
sulfate binding protein (Sbp). Two important gemesters,tauABCD and sSUEADCB,
were later identified and shown to be directly ilweadl in sulfur acquistion74]. Both
gene clusters encode an ABC transport system (T&@ua&i! SSuABC) and an oxygenase
system {auD andssuDB. ThetauABCDgene cluster is involved in the desulfonation of

taurine [/5]; while the ssu gene cluster participates in the release of sulfibm
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Figure 1.7 Cysteine biosynthesis from sulfate dkdreesulfonates ik. coli.
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alkanesulfonates/p].

For the ABC-type transporters, A proteins are pasimic binding proteins, B
proteins are ATP-hydrolyzing enzymes, and C pretesme the integral membrane
components of the corresponding transporter. Tawan only be transported into a cell
by the TauABC transport system and desulfonatedl@&yD, while most long-chain
aliphatic sulfonates were exclusively transporteg the SsuABC system and
desulfonated by the SsuE/D system (Figure 1.7prdstingly, a few alkanesulfonate
substrates can be transported by both systemsnhe £ases, these substrates can be

catalyzed by both oxygenase systems.

1.3.2 Taurine Dioxygenase

Taurine dioxygenase is an-ketoglutarate-dependent dioxygenase. The TauD
enzyme converts taurine to sulfite and aminoacekslde, and is dependent on the
presence of Fe(ll) and-ketoglutarate 17]. Besides taurine, other sulfonate substrates,
for example butanesulfonate, pentanesulfonate, aM@PS (3-(N-morpholino)
propanesulfonic acid) can serve as substrates daDTwith lower affinity than taurine
[74].

The kinetic mechanism of TauD was proposed basedtopped-flow kinetic
analyses (Scheme 1.11) [78]. Theketoglutarate coenzyme binds first in a
six-coordinate Fe(ll) complex. Taurine binding edes the water ligand to form a
five-coordinate Fe(ll) complex, so,@an access the iron center. Succinate and carbon
dioxygen are then cleaved to form a Fe(IV)=0O intedrate, from which oxygen is

inserted into taurine. In the final step, sulfitkdaaminoacetaldehyde are released from
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the active site.

1.3.3 Substrate ranges of SsuD and TauD: two cangiéary systems

As mentioned, both the Ssu and Tau system helfn@nacquisition of inorganic
sulfur during limited sulfur conditions. These twgstems are complementary to help
E.coli survive under sulfur starvation conditions witteatative sulfur sources. Table 1.1
summarizes the substrate ranges of both SsuD amd. T@suD utilize a wider range of
substrates range than TauD. One of the common prbps of

flavin-containing/dependent monooxygenase is thbility to catalyze a wide range of

Relative Activity
Sulfonated Substrate SsuD TauD
%
Taurine 0.0 100.0
N-Phenyltaurine 65.5 0.0
4-Phenyl-1-butanesulfonic acid 42.4 25
HEPES 10.6 5.0
MOPS 36.4 34.2
PIPES 29.2 3.1
2-(4-Pyridyl)ethanesulfonic acid 87.4 0.5
1,3-Dioxo-2-isoindolineethanesulfonic acid 100.0 30.1
Sulfoacetic acid 19.8 -2
L-Cysteic acid 0.0 0.0
I sethionic acid 14.3 12
M ethanesulfonic acid 0.7 0.0
Ethanesulfonic acid 52 0.8
Propanesulfonic acid 14.0 2.3
Butanesulfonic acid 17.8 8.4
Pentanesulfonic acid 40.4 225
Hexanesulfonic acid 43.8 11.3
Octanesulfonic acid 46.3 --
Decanesulfonic acid 432 --
Dodecanesulfonic acid 20.1 3.3
Tetradecanesulfonic acid 2.9 --

--2 not determined

Table 1.1 Substrate ranges of SsuD and TauD: twgpmentary systems
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substrates?3]. SsuD was able to desulfonate C-2 to C-10 ungubedi alkanesulfonates,
substituted ethanesulfonic acids, as well as N-gteurine, 4-phenyl-1-butanesulfonic
acid, and sulfonated buffers. The TauD enzyme igersabstrate specific in the catalysis
of taurine along with MOPs buffer and several aésarifonates. Taurine actually is not
an abundant amino acid in nature, therefore inisettain whether taurine is the natural

substrate for TauD.

1.3.4 Flavin-dependent two-component alkanesulfonate moygenase system

Many characterized bacterial enzymes catalyze @lesidistinct reaction; however,
enzymes working as complex systems with multifomti have increasingly been
identified [39]. Enzyme systems coexpressed on the same opedan tire control of a
single promoter are usually involved in a similaindtion. The alkanesulfonate
monooxygenase system is an example of a complégmyavolved in the desulfonation
reaction of alkanesulfonategd. The SsuD enzyme directly catalyzes the desutiona
reaction of alkanesulfonate substrates in the poesef dioxygen and reduced flavin,
provided by SsuE (Scheme 1.10). The alkanesulfamatgooxygenases system has also
been identified in other bacterial soil organismdudingBacillus subtilis, Pseudomonas
aeruginosaand Pseudomonas putidalhis enzyme system has also been detected in
several bacterial pathogens, suchEasoli 0157:H7, Bacillus anthracieind Yersinia
pestis but the alkanesulfonate monooxygenase systenmdtalseen identified in higher

organismsT4].
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1.3.4.1 SsuE and FMNHransfer mechanism in the alkanesulfonate moncngse
system

SsuE, a homodimeric protein of 58.4 kDa, catalyttes reduction of FMN by
NAD(P)H. Similar to other characterized flavin retases, the steady-state kinetic
mechanism of SSuE proceeds by an ordered sequercianism with NADPH binding
to SsuE first followed by FMN to form a ternary colex. After the reduction of the
flavin, the FMNH product is released first followed by NADIPAs shown in scheme
1.12) [79]. In the presence of SsuD and the alkanesulfosatestrate, the kinetic
mechanism of SsuE is changed to a rapid equilibraudered mechanism where the
NADPH substrate and NADPproduct are in equilibrium with free enzyme. This
suggests that SsuD and the alkanesulfonate subsimatire the reaction is driven in the
forward direction even in the presence of low comiaions of NADPH. The altered
mechanism of SsuE in the presence of SsuD andcta@esulfonate substrate support a
model that involves protein-protein interactiongween SsuE and SsuD. Moreover,
direct protein-protein interactions between Ssuld 8suE have been detected through
several biochemical approaches. Therefore, a dateabhneling mechanism for reduced

flavin transfer has been proposed in the alkanesate monooxygenase system.

A B P

| |t
E EA EAB EPQ EQ E
A=NADPH; B=FMN; P=FMNH,; Q=NADP"*

Scheme 1.12 Ordered sequential mechanism of SSukE
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Rapid reaction kinetic analyses were performeddédine the flavin reduction
mechanism by SsuB(]. The typical mechanism of flavin by reductasebere flavin is
a tightly bound prosthetic group, proceeds throalgarge-transfer intermediates. These
charge-transfer intermediates have a broad UV-bisodance peak in the range of
500-800 nm. The kinetic trances recorded at 550showed that reduction of FMN
occurs in three distinct phases (Scheme 1.13)oWwolg a possible rapid equilibrium
binding of FMN and NADPH to SsuE (MC-1) that occbefore the first detectable step,
an initial fast phase (241% corresponds to the interaction of NADPH with FNIBIT-1).
The second phase is a slow conversion to form agekaansfer complex of reduced
FMNH, with NADP" (CT-2), and represents electron transfer from pyeidine
nucleotide to the flavin. The third step is the aleof the charge-transfer complex to

SsuE with bound products (MC-2).

NADPH NADP"

FMN FMNH,
— —— FMN ki ——FMN Ko [——FMNH, ks ——FMNH, } —
— —— NADPH —— NADPH — NADP" —— NADP* L

Scheme 1.13 Proposed mechanism of flavin redublydBsuE

1.3.4.2 FMNH-dependent Alkanesulfonate monooxygenase (SsuD)
SsuD is the two-component monooxygenase, whereceedflavin is present as a
substrate. The FMNfheeded for the desulfonation reaction of SsuDasiged by SsuE,

which is co-expressed with SsuD from the sasweEADCRByene cluster73).
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The three dimensional structure shows SsuD has rarsual homotetrameric
structure in the two-component FMMdependent monooxygenase class, where most
known structures exist as a dimég@]. The SsuD monomer consists of a single domain in
an eight-strandef{/a-barrel motif, which classifies SsuD as a membethef TIM-barrel
family. The SsuD structure differs from the profmtal TIM-barrel structure by four
extended insertion regions located in segments emmy B-strands anda-helices
(Figure 1.9).

SsuD shares little sequence identity with othevl Dlarrel flavoproteins. Bacterial
luciferase LuxAB (15% sequence identity), and theg,ddependent

N® N°-methylenetetrahydromethanopterin reductase Me®s(E@quence identity) are

Figure 1.9 Topology diagram showing the secondtnctiral elements of SsuD
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identified as the closest structure homologuesstd>S Attempts to grow SsuD crystals in
the presence of FMN have failed and various alkalf@sate substrates could not bind to
SsuD crystals. Therefore, the active site of SsaPriot been definitively identified. The
amino acid residues Cysb54, His11, His333, Tyr33%2PB and Arg226 flank the wall of
a cavity, located at the C-terminal end of of ffHearrel, where active sites are commonly
observed in TIM-barrel enzymes. Even through, thiesrdow amino acid sequence
identity with luciferase, amino acid residues CysH&228 and Tyr331 of SsuD have a
similar spatial arrangement as Cys106, His44 and IOy of LuxA, which have been
identified as important to catalysis. The role gs@006 has been extensively investigated
by both site-directed mutagenesis and chemical ficaton studies in bacterial
luciferase. Substitution of Cys106 to valine showsath a decrease in aldehyde
utilization and destabilization of the C4a-(hydrengxyflavin intermediate. The stability
of the C4a-(hydro)peroxyflavin in the C106V variamtas significantly decreased
dramatically in stopped-flow analyse&)]. His44 has been implicated as a catalytic base
in the mechanism of bacterial luciferase. The krei$e bioluminesence activity of the
His44 variants was reduced around-fdld. The addition of imidazole rescued 30% of
the activity at increasing pH (pH >6.59¢]. Bacterial luciferase shows an alpha-beta
heterodimeric structure with two structurally siamiland functionally distinct subunits.
The major structural difference betweenand  subunits of bacterial luciferase is a
flexible loop which only located betwediT-a7 loop ofa subunit. This flexible loop is
essential to substrate binding and conformatioiinges in the bacterial luciferase
reaction. Interestingly, a flexible loop was obsetvbetweenp7-a7 loop of SsuD

monomer structure. Initial cloning of SsuD led to aherrent mutantion of Arg297 on
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the flexible loop of SsuD that abolished catalgativity [73]. The roles of the conserved

amino acids at the putative active site of SsuDcareently being investigated.

1.4 Summary

Flavoprotein monooxygenases, which are widelyitisted in mammals, plants, and
bacteria, are able to catalyze a variety of medtianmieactions. Substrates of flavoprotein
monooxygenase are typically aromatic compoundshemicals containing heteroatoms,
which are very stable in nature and are difficalokygenate. In mammals, there are five
groups of FMOs (1-5) distributed in different tissu They play essential roles in
xenobiotic metabolism, especially in detoxicatiorhere are more FMO-like genes
identified in plants than mammals; more interesyingMOs from plants are also
involved in the biosynthesis of plant hormones atiter metabolins, and some plant
FMOs may also play roles in gene defense. FMOslaewidely distributed in bacteria
and are essential in bacterial detoxification, bgrddation, and biosynthesis. A number
of two-component flavin-dependent monooxygenasege halso been identified in
bacteria along with the single-component flavogrotemonooxygenases. All
two-component monooxygenases are composed of ainflagductase and a
flavin-dependent monooxygenase. Flavin reductioml @&ubstrate oxygenation are
performed by two separate enzymes. The flavinsradeiced by the reductase then
transferred to the monooxygenase. These two-conmponéavin-dependent

monooxygenases are divided into two subclasses: HEMI¢pendent monooxygenases
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(Class C) and FADHdependent monooxygenases (Class D). All structafdsnown
Class C monooxygenases show a TIM barrel struchanwgver, the structures of Class D
monooxygenases are diverse. The alkanesulfonat@aorggenase (SsuD) belongs to
Class C, the FMNKHdependent monooxygenases. Considering the ingyadiilreduced
flavin in the presence of dioxygen, two flavin tsér mechanisms have been proposed:
channeling and dissociative. Each transfer mechrahss been demonstrated depending
on the system under study.

Even though flavoprotein monooxygenases are devergheir substrate specificity,
structural assembly, and biological functions, @kierall catalytic mechanisms are similar.
All reactions catalyzed by flavoprotein monooxygess include a reductive and an
oxidative reaction. Flavin is reduced by coenzym&DP)H, and the reduced flavin
activates dioxygen to form a enzyme-bound C4a-(byeroxyflavin, which serves as a
oxygenating agent to directly insert an oxygen atota the substrate. Both protonated
(FIOOH) and deprotonated (FIOQare able to oxidize substrates. FIOOH is usually
involved in the oxygenation of aromatic substratesn electrophilic agent; while FIOO
acts as a nucleophilic agent to attack chemicatdaguing heteroatoms. Compared to
other flavoproteins and free reduced flavin, the-@#ydro)peroxyflavin of flavoprotein
monooxygenases is relatively stable. Structuralyhydrophobic cavity is required to
prevent this hydroperoxyflavin intermediate frontvemt decomposition.

The two-component alkanesulfonate monooxygenademyis able to desulfonate a
wide range of alkanesulfonate compounds. Workimg@iwith other Ssi proteins, the
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alkanesulfonate monooxygenase system hé&m®li utilize aliphatic sulfonates as a
alternative source of sulfur. Previous studies stioat the reduction of flavin by Ssuk
proceeds through the formation of two charge temisitermediates, which is similar to
reductases with a tightly bound flavin prosthetioup. The flavin is transferred from
SsuE to SsuD by a direct channeling mechanism baseHinetic analyses and the
detection of protein-protein interactions betweesuESSsuD. However, the catalytic
mechanism of SsuD is still not clear. In the foliogvchapters, the catalytic mechanism

of SsuD will be probed and discussed.
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CHAPTER TWO
CATALYTIC IMPORTANCE OF THE SUBSTRATE BINDING
ORDER FOR THE FMN-DEPENRENT ALKANESULFONATE

MONOXYGENASE ENZYME

2.1INTRODUCTION

In Escherichia coli, sulfur is typically acquired from inorganic subatand
assimilated through the cysteine biosynthetic pathfB1l, 74-7%. Alternative sulfur
sources including organic sulfonate and sulfateresire utilized when inorganic sulfate
is limiting in the environment. Sulfate limitationduces specific proteins that enable the
organism to acquire and metabolize these altematitfur sources. Proteins produced
from thessuoperon are involved in the uptake and desulfonadbalkanesulfonates in
the environment. In addition to an ABC-type tran$po a two-component protein
system is required for sulfur acquisitiof3]. The NAD(P)H-dependent FMN reductase
(SsuE) catalyzes the reduction of FMN by NAD(P)Hdwed by the transfer of reduced
flavin to the monooxygenase (SsuD), which catalyites oxygenolytic cleavage of
alkanesulfonate to aldehyde and sulfite (Schemg[23]. The released sulfite is reduced

and assimilated into sulfur-containing compounds.
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Scheme 2.1 Reaction mechanism of the alkanesufanahooxygenase system

Several bacterial flavin reductases associated withrcomponent systems have
been kinetically evaluated?9-85. Although SsuE shares little sequence identitthwi
other flavin reductases, the mechanism of flaviduotion is similar. In steady-state
kinetic assays, the results have shown that SsubBwl® an ordered sequential
mechanism, with NADPH as the first substrate taldind NADP as the last product to
dissociate. Reduction of the flavin by NADPH leadsmmediate transfer from SsuE to
SsuD. While the steady-state kinetic parametershefsystem were not significantly
altered in the presence of SsuD and octanesulfotiaekinetic mechanism of SsSuE is
altered to a rapid equilibrium ordered mechanisnmese results suggested that
protein-protein interactions are relevant to flawnansfer 79]. Results from rapid
reaction kinetic studies of flavin reduction by Bsudentified the formation of
charge-transfer intermediates between the pyridungeotide and flavin substrat8g].
Therefore, the mechanism of flavin reduction inwedy formation of charge-transfer
complexes is similar to standard flavoproteins. iiddal studies have been performed to

better understand the mechanism of reduced flaaimster between SsuE and Ss@b] [
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Stable protein-protein interactions were identifidgetween the alkanesulfonate
monooxygenase proteins through affinity chromatplgyaand spectroscopic analyses.
These studies further support a model involvingdiflavin transfer from the reductase
to the monooxygenase enzyme.

While the flavin reductase belonging to the alkalfesate monooxygenase system
has been well characterized, much less is knownitaihe catalytic mechanism of the
monooxygenase component. The reaction mechani$sudd involves the oxygenolytic
cleavage of the carbon-sulfur bond of alkanesuliemaThea-ketoglutarate-dependent
taurine dioxygenase fronkscherichia coliis another enzyme that utilizes primary
aliphatic sulfonates as sulfur sourcég][ The mechanism involved for sulfur acquisition
by taurine dioxygenase is notably different frone thlkanesulfonate monooxygenase
system. Taurine dioxygenase utilizesketoglutarate and an iron center to activaiéod
cleavage of the carbon-sulfur bond, while the afisaffonate monooxygenase relies on a
reduced flavin for dioxygen activatioidd]. The SsuD enzyme was previously shown to
catalyze the desulfonation of a wide range of atkatfonate substrates, and this
catalysis was dependent on reduced flavin and dexy73]. Comparison of the amino
acid sequence identity of SsuD with other two-congrd monooxygenase enzymes is
low; however SsuD is structurally related to baetduciferase §0, 68, 87. Specifically,
there are several conserved and spatially simitéivea site residues common to each
protein. The catalytic role for several of thessidaes has been determined in bacterial
luciferase, however their corresponding role in thesulfonation reaction by SsuD
remains to be elucidate@4-66, 70, 88-8P

While the initial characterization of SsuD has beparformed, the detailed
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mechanism of sulfur acquisition by this enzyme has been fully explored7g@]. A
C4a-(hydro)peroxyflavin intermediate is proposedbéothe reactive Ospecies for SsuD
and other monooxygenase components belonging se gystems?, 61, 90-92 Several
groups have identified the formation of a flavirdadt when the monooxygenase enzyme
is mixed with reduced flavin in the presence of gety. Detailed presteady state kinetic
analysis of aromatic hydroxylation bp-hydroxyphenylacetate 3-hydroxylase has
provided valuable insight into the mechanism of royglation [71,9]. The
desulfonation of alkanesulfonates by SsuD likelyoiwes the formation of a
C(4a)-(hydro)peroxyflavin intermediate similargenydroxyphenylacetate 3-hydroxylase,
however the kinetic mechanism may be more closgted to bacterial luciferase given
their structural and catalytic similarities. Prestg state evaluation of the SsuD reaction
has been performed, and a mechanism for sulfurigsitiqn and substrate binding is

described in these studies.
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22MATERIAL & METHODS

2.2.1 Materials.

FMN, NADPH, EDTA, potassium phosphate (monobasibydnous and dibasic
anhydrous), sodium chloride, sodium hydrosulfite ithjdnite), and
5,5-dithiobis(2-nitrobenzoic acid) (DTNB), glucogficose oxidase, and urea were from
Sigma (St. Louis, MO). Glycerol was purchased freisher (Pittsburgh, PA). Standard
buffer contains 25 mM potassium phosphate, pHanh8, 10% glycerol unless otherwise
noted. SsuD and SsuE enzymes were expressed afiedoas previously described@9).
The concentrations of SsuD and SsuE proteins weterrdined from Ago measurements
using a molar extinction coefficient of 47.9 rittdm* and 20.3 mM cmi?, respectively.
2.2.2 Binding ratio of reduced flavin to SsuD

The binding ratio of FMNK by SsuD was measured by the method of Hummel and
Dreyer [L00-10]. A FPLC system (Biorad) was used for the analy&iSephadex G-25
column (L.6 x 2.5 criwas equilibrated with 25 mM potassium phosphatiéeb, pH 7.5,
containing FMNH (10 uM, reduced with dithionite). Samples contagnSsuD (9 uM)
and various concentrations of FMNKD-18 uM) were injected into the column at a rate
of 0.5 ml/min, and the protein eluted from the cotuwith equilibration buffer. The
flavin concentration was determined by measurirggdbhsorbance at 450 nm after the
flavin in all samples had been completely reoxidiz€he absorbance at 450 nm was
plotted against the fraction number. The area ef ghcond peak (free flavin) varies
linearly with increasing flavin concentrations hretsample over the quantity contained in

the elute buffer. The X-intercept corresponds te tfuantity of flavin bound by the
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protein.
2.2.3 Reduced flavin binding.

Reduced flavin binding to SsuD and SsuE was medshyespectrofluorimetric
titration using a similar method described for azédl flavin [74]. Spectra were recorded
on a Perkin Elmer LS 55 luminescence spectromé@alo(Alto, CA) with an excitation
wavelength at 280 nm and an emission wavelengB8#44fnm. Anaerobic SsuD or SsukE
enzyme solutions were prepared in a glass titratiovette by at least 15 cycles of
evacuation followed by equilibration with ultra higurity argon gas. Glucose (20 mM)
and glucose oxidase (10 units) were added to rertrage amounts of dioxygen. Flavin
prepared in standard buffer was added to an dit-tigirating syringe with an
oxygen-scrubbing system of glucose (20 mM) and agacoxidase (10 units). The
syringe was incubated in an anaerobic glove-box2@min to remove © The anaerobic
FMN solution was photoreduced by irradiation forr8 in the presence of EDTA (10
mM), and the titration apparatus was assembleddarahaerobic glove-box.

For the titration of SsuD with reduced flavin, anl solution of SsuD (0.5M) in
standard buffer was titrated with reduced flavinl@7.8 uM) and the fluorescence
spectra recorded following a two min incubatiorea&ach addition. The titration of SSUE
(0.5 puM) with reduced flavin was performed as diésct for SsuD, however the reduced
flavin concentration used for the titration randgezm 0.5-97.0uM. Bound FMNH was

determined using the following equati@8]:

— (IO_Ic)
[S]bound_[E] (IO_If) (21)

Where Blpoundrepresents the concentration of enzyme bound subs{E] represents the
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initial concentration of enzyméy is the initial fluorescence intensity of enzyméopto
the addition of substratd. is the fluorescence intensity of enzyme followiagch
addition, andis is the final fluorescence intensity. The concemraof FMNH, bound
was plotted against the free substrate to obta@rdibsociation constank{) according to
Eq. 2.2.

—_ Bmaxx

Y =
Ky + X

(2.2)

Y and X represent the concentration of bound and freetsubs respectively, following
each addition.Bnax is the maximum binding at equilibrium with the nraxm
concentration of substratiéy is the dissociation constant for the substrate.

2.2.4 Octanesulfonate binding.

Octanesulfonate binding to SsuD or the SsuD-FMNbimplex were performed by
similar spectrofluorimetric methods used in theviflabinding experiments. A 1 mL
solution of SsuD (11M), either alone or with reduced flavin (1), was made anaerobic
in a glass titration cuvette as described. Aliquotsoctanesulfonate (2.7-54M or
2.7-108uM) in an air-tight titrating syringe were added $suD or the SsuD-FMNH
complex. The fluorescence spectra were recorded avitexcitation wavelength at 280
nm and emission intensity measurements at 344 Howiog a two min incubation. The
concentration of bound octanesulfonate was detewdnoy Eq. 1, and plotted against the
concentration of free octanesulfonate to determihe dissociation constantky)
according to Eqg. 2.2.

2.2.5 Rapid reaction kinetic analyses.

Stopped-flow kinetic analyses were carried out ontharmostatted Applied
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Photophysics SX. 18 MV stopped-flow spectrophot@nefhe stopped-flow instrument
was made anaerobic by filling with an, Gcavenging system containing 25 mM
phosphate buffer, pH 7.5, 10% glycerol, 100 mM Nah 20 mM glucose and 10 units
of glucose oxidase in the inner system and drivengg. The oxygen-scrubbing solutions
were allowed to stand in the system overnight aatewhoroughly rinsed with anaerobic
standard buffer prior to performing the experime®f reactions were carried out in
standard buffer at 4°C. Alternate mixing of theyane and substrates were performed in
these studies, however all experiments containedM55suD and 15 uM FMNHThe
FMNH, solutions were made anaerobic in a glass tononagigrthen photoreduced by
irradiation for 30 min in the presence of EDTA (). The Q concentration remained
constant at 210 uM (air-saturated buffer), or wiegaluating the @ dependence was
varied from 0.1-1.0 mM. The £Zoncentrations were determined on a Hansatecheoxyg
electrode (Norfolk, UK). The @saturated buffer in experiments monitoring dioxyge
dependence was prepared by bubbling 100%dnGstandard buffer for 30 min in an
air-tight syringe. Solutions containing differerdncentrations of @were prepared by
mixing different volumes of @saturated buffer with anaerobic buffer solutionen
included in the reaction, the octanesulfonate cotmagon was constant (100 or 200 pM),
or when monitoring the octanesulfonate dependeraged from 0.5-1.0 mM. All
experiments were carried out in single-mixing mdyjemixing equal volumes of the
various solutions, and monitored by single wavellemgalyses at 370 and 450 nm.
2.2.6 Activity assay.

SsuD activity was assayed based on a previouslgrides method with some

modifications F3]. Reactions were initiated by the addition of NABDS00 uM) into a
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reaction mixture containing SsuD (Qu¥), Ssuk (0.6:M), FMN (1 uM), and a range of
octanesulfonate concentrations (5-2Q00) in standard buffer with 100 mM NaCl at 25
°C. After a three min incubation, the reaction wampped by the addition of urea (2.0 M),
and DTNB (1 mM) was added to a 2Q0 aliquot of the reaction solution. The
colorimetric reaction was allowed to develop atmotemperature for two min, and the
absorbance measured at 412 nm using a molar eatirattefficient for the TNEnion of
14.1 mM*cm™.

An assay was also developed to compare the formaticaldehyde product using
alternate mixing of reaction components, analogtmgeactions carried out in the
stopped-flow instrument. The contents of syringanfl B are shown in Table 2.2, and all
reactions were performed in 25 mM potassium phaspbaffer, pH 7.5, 25 °C. Solutions
in syringe A always contained the flavin substraitber in the presence or absence of
SsuD and the octanesulfonate substrate. Reducei fieas prepared in an air-tight
syringe with an @scrubbing system containing glucose (20 mM) ancage oxidase
(10 units). Syringe A was incubated in an anaerghge-box for 20 min to remove;0
and the flavin was photoreduced in the presence®fA (10 mM). The solution in
syringe A was then mixed with the solution in sgerB to give a total volume of 1 mL.
The reaction mixture was incubated at 25 °C foe finin, and 1 mL methylene chloride
was added to extract the octanal product fromehetion solution. A standard curve was
generated with a range of octanal concentratior20(tM) in 1 mL methylene chloride,
and 50 pM pentadecane added as the internal sthadention time: 15.9 min). The
methylene chloride extract solution was analyzedaoBhimadzu gas chromatograph

G-15A equipped with a flame ionization detectorl ALL sample was chromatographed
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on a 300x 0.25 cm HP-1 (crosslinked methyl silicgnen) column with nitrogen at 180
°C, and the detector temperature at 250 °C.
2.2.7 Data analysis.

Initial analyses of the single wavelength stopped+traces at 380 and 450 nm were
performed with the PROKIN software (Applied Photggios, Ltd.) installed on the
stopped-flow spectrophotometer. Global analysis \applied to discern the steps
involved in flavin oxidation. A two- or three-stegequential reversible model was
adopted during the fitting, and the kinetic travese resolved into two or three distinct
phases depending on the wavelength evaluated.imleswavelength traces at 370 and
450 nm were imported and fitted with Kaleidagrapiftvgare (Abelbeck Software,
Reading, PA). The single-wavelength traces wetedito a double or triple exponential
using the following equations:

A= Aexpt-kt)+ A exptk,t)+C (2.3)
A= Aexplkt) + A expk,t) + AexpCk;t) +C (2.9)
wherek; ky, andks are the apparent rate constantd, is the absorbance at tinheA;, A,
Az are amplitudes of each phase, &nd the absorbance at the end of the reaction.

The data for the concentration dependence of estdionate oik; were fitted with a
simplified hyperbolic equation:

Kope = ki [S1/K, +[S] (2.5)
where kops IS the observed rate constakiy, is the limiting rate constant for flavin
reduction,Kq is the dissociation constant for the enzyme-satisitomplex, an& is the

substrate concentration.
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23 RESULTS

2.3.1 Binding ratio of SsuD and reduced flavin

The binding of FMNH to SsuD was initially measured by the Hummel-Dreye
method [00-10]. A Hitrap™ Sephadex G-25 columnl.¢ x 2.5 ch was
pre-equilibrated with 25 mM potassium phosphatddoupH 7.5, containing FMN4
Samples of SsuD at varying FMMNHconcentrations were injected into the
pre-equilibriated column, and eluted with a buffeontaining the same FMNH
concentration as equilibrium buffer. As shown igle 2.1A, two flavin peaks were
generated. The first peak represents the protaimdbdlavin, and the second peak was a
negative peak due to the deficit of free reducethfaound by SsuD. When the FMNH
concentration of the injected sample was highen tha elute buffer (10 uM), positive
peaks were observed at the retention time of flaeinf Negative peaks were also
observed at the same retention time if the FMNbincentration of the injected sample
was lower than elute buffer (10 uM). The area & fecond peak of FMNHvaries
linearly with the excess of FMNHnN the injected sample over the quantity contaimed
the elute buffer (Figure 2.1B). The X-interceptiwihe x-axis corresponds to the quantity
of FMNH; bound by the protein. Our results showed 9 uM Sswidomer could bind

about 9.5 uM FMNHwith an approximate 1:1 binding ratio.
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Figure 2.1. FMNH binding measurements by gel filtration chromatpbsa A.
Chromatographic profile. Column: HitrA Sephadex G-25 columri.¢ x 2.5 crh
Eluent: 25 mM patossium phosphate Buffer, pH 7®%61glycerol, 10 uM FMNH
1mg/mL dithionite. Sample: 9 uM SsuD, 0.5 mL. Babarea of FMNH plotted against
excess FMNHK The arrow indicates the quantity of FMiblound by SsuD. 9 uM SsuD

can bind 9.5 uM FMNK FMNH, binds to SsuD with a 1:1 stoichiometry.
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2.3.2 Reduced flavin binding

Previous studies have shown that each proteireitvib-component monooxygenase
family has a specific affinity for the oxidized oeduced form of the flavin7p]. The
dissociation constants for the binding of reduc&lih to SsuE and SsuD were
determined by fluorimetric titrations. The decreaseahe intrinsic protein fluorescence
emission intensity due to the binding of FMpWas monitored at 344 nm for each
protein. The concentration of bound and free FMMIds calculated according to Eqg. 2.1,
and the concentration of flavin bound to each ereywas plotted against the
concentration of free FMNHadded with each aliquot (Figure 2.2). The disdamia
constants for FMN and FMNHbinding to each alkanesulfonate monooxygenasenemzy
are summarized in Table 2.1. The averdggalue for FMNH binding to SsuD was 0.32
+ 0.15 uM with a binding stoichiometry of one redddlavin bound per SsuD monomer.
A similar binding ratio was also obtained by edwilim gel filtration. The averagéy
value for FMNH binding to SsuE was 15.5 + 1.3 pM. As a substcdt&suE and
product of SsuD, theKyq for oxidized flavin binding to each alkanesulfanat
monooxygenase enzyme was previously determinediroyas fluorimetric titration
methods described for reduced flavin. The dissmeiatonstants for FMN binding to
SsuE and SsuD were 0.015 £ 0.004 uM and 10.2 {1044 respectively §). These
results show that Ssuk has a higher affinity fadi@ed FMN, while SsuD has a higher
affinity for reduced flavin. These contrasting affies ensure that once SsuE reduces the

flavin, it is immediately released and transfert@&suD.
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Figure 2.2. Fluorimetric titration of the alkandsulate monooxygenase with FMMNH
The SsuD enzyme (0.5 pM) was titrated with FMINBL.16-7.8uM). Emission intensity
measurements at 344 nm were measured using aatextivavelength at 280 nm. The
change in fluorescence of the SsuD enzyme followimg addition of FMNH was
converted to the estimated concentration of boudtlliH, (Eq. 2.1) and plotted against
the concentration of free FMNHInset: Change in the emission intensity at 344 Tine
solid line represents the fit of the titration ceito Eq. 2.2. Each titration was performed

in triplicate.
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Table 2.1 Dissociation constants for FMN and FMNbthding

SsukE SsuD
UM uM
FMN? 0.015 £ 0.004 10.2+0.4
FMNHZIO 155+1.3 0.32+0.15

@Previously reportecs].

bDetermined under anaerobic conditions as desciibbthterials & Methods
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2.3.3 Kinetic studies of flavin oxidation by SsuD

The short half-life of reduced flavin in the preserof dioxygen often makes it
difficult to assay the activity of the monooxygeaas the absence of the flavin reductase
for the two-component monooxygenase enzymes. Homvestepped-flow kinetic
analyses have been used successfully to probe itietik mechanism of these
monooxygenases from the flavin-dependent two-enzgystems %7, 91-92, 94-96
Stopped-flow kinetic studies in the absence ofradiallfonate were performed to monitor
the oxidation of FMNH-bound SsuD at 370 and 450 nm. The formation of the
C4a-(hydro)peroxyflavin by SsuD should be obseiivea step prior to conversion of the
flavin to the oxidized form in the kinetic tracebtained at 370 nm. Single-wavelength
kinetic traces were also obtained for the reaatibitree FMNH, with air-saturated buffer
in the absence of SsuD (data not shown). The aridaf free FMNH was best fit to a
double-exponential equation with rates of 2.2qls), 1.19 §" (k,) at 370 nm and 2.04's
(ky), 1.43 & (ko) at 450 nm, respectively. For the oxidation of FMiNbound SsuD, a
higher concentration of SsuD (45 pM) was used ivdab FMNH, (15 uM) to ensure
that the enzyme-catalyzed oxidation of reducedirflavas monitored. Under these
conditions, the kinetic traces at both wavelengtitseased at almost identical rates in
two distinct phases at 370 and 450 nm. These kinegtces were best fit to a
double-exponential equation with rates of 0.43(lg), and 0.15S (k,) at 370 nm and
0.50 §' (k1), and 0.16 $ (ko) at 450 nm (Figure 2.3A). The rate of oxidatiorr fo
FMNH,-bound SsuD at both wavelengths was significartdwer than the oxidation of
free FMNH. There was no direct evidence for the formationaofstabilized

C4a-(hydro)peroxyflavin intermediate generated ryiflavin oxidation by SsuD under
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Figure 2.3. The kinetics of flavin oxidation by $swith alternate mixing of FMNHKand
O in the absence of octanesulfonate. A: Premixe®S34NH; (SsuD: 45 uM, FMNHK
15 uM) was mixed with air-saturated buffer. Kinetraces of flavin oxidation were
monitored at 370«)) and 450 nmq). B: Free FMNH solution was mixed with SsuD (45

pHM) in air-saturated buffer. Kinetic traces of flawoxidation were monitored at 37@)(

and 450 nmd).
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these conditions. The two phases observed in tiegi&itraces can be attributed to flavin
oxidation.

Additional stopped-flow kinetic experiments werendacted to obtain information
on the binding and oxidation of FMNHby SsuD. When FMNKHwas mixed with SsuD
in air-saturated buffer, the kinetic traces wegn#icantly altered from the oxidation of
pre-mixed SsuD and FMNHFigure 2.3B). An initial fast phase was now obsérn the
reaction at 370 nm that was best fit to a triplpamential equation with rates of 129 s
(ka), 0.95 & (ko), and 0.08 S (ks), while the kinetic trace at 450 nm was best ditat
double-exponential equation with rates of 1:3(;), and 0.09 § (k;). The increase at
370 nm should be correlated with the C4a-(hydr@ypgtavin, and implies that the
flavin adduct is only observed when reduced flagimd SsuD are not premixed. To
determine if the fast phase is dependent on diaxylgee FMNH was mixed with SsuD
at varying Q concentrations at 370 nm. Interestingly, the catestant for the first phase
was not dependent on increasing €»ncentrations. The lack of an effect on the fast
phase with varied ©concentrations may indicate that a slow bindingarformational
step masks this dependence, or that the phaseseapsea step unrelated to formation of
the C4a-(hydro)peroxyflavin.

2.3.4 Kinetic parameters for octanesulfonate

The steady-state kinetic parameters for SsuD wetermhined by measuring the
amount of TNB anion formed at 412 nm from the neacbf the sulfite product with
DTNB. The SsuE enzyme was included in the readtioprovide reduced flavin to the
monooxygenase enzyme, and was in excess relatissub so reduced flavin would not

be limiting in the reaction. there was no meas@rabhount of TNB anion produced
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Figure 2.4 Initial velocities of SsuD with octandsoate. SsuD activity was measured by
a modified SsuE-SsuD couple enzyme assay as rdd@8k Reactions was initiated by
the addition of NADPH (500 pM) into a reaction nuiseé containing SsuD (0.2 pM),
SsuE (0.6 uM) and a range of octanesulfonate coratems (0.05-2 mM) in standard
buffer at 25 °C. The reactions were stopped byattdition of Urea (2 M) and DTNB was
added to reaction solution. After 2 mins colorintetreaction, the absorbance was
measured at 412 nm using a molar extinction caeffidor the TNB anion of 14.1 m¥

cm™,

Table 2.2 Kinetic parameters for octanesulfonat8safD

Kinetic parameters Keat (MiN™) Km (UM-min'™)

SsuD 56.2 + 3.3 342+ 5.8
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due to side reactions with protein thiols. g andk values for octanesulfonate were
34.2 +5.8 uM and 56.2 + 3.3 miiprespectively (Figure 2.4, & Table 2.2). The valoe
the catalytic efficiencyk.{Ky) of the enzyme with octanesulfonate was 1.65 £ 0.2
pM™* min™,

Octanesulfonate was also used to determine theimgnaffinity of the
alkanesulfonate substrate to SsuD. Aliquots of @aresulfonate solution were added to
SsuD under anaerobic conditions, however there mmbservable change in the
intrinsic protein fluorescence at an emission wawgth of 344 nm (Figure 2.5A). These
results suggest that octanesulfonate is not albntb directly to SsuD. Ordered binding
of the alkanesulfonate substrate to SsuD site reagohtingent upon the binding of other
substrates required for catalysis. The binding damesulfonate to the SsuD-FMMNH
complex was evaluated under anaerobic conditiondetermine if flavin-bound SsuD
promotes the binding of octanesulfonate. To enthatall SsuD was bound to FMNH
2:1 ratio of FMNH to SsuD was used in these studies. The additimctainesulfonate
showed a decrease in the intrinsic fluorescencéhef SsuD-FMNH complex at an
emission wavelength of 344 nm (Fig. 2.5B). The emtiation of bound octanesulfonate
and free octanesulfonate was calculated accordingd. 2.1. The concentration of
octanesulfonate bound to the SsuD-FMMNidmplex plotted against the concentration of
free octanesulfonate after each addition is shovthe inset of Figure 2.5B. Th& value
for octanesulfonate binding to the SsuD-FMNgdmplex was 17.5 + 0.9 uM with a 1:1
stoichiometric ratio of octanesulfonate to SsuD.e3é results indicate that the
octanesulfonate substrate can bind to SsuD onlyMNH; is initially bound, and

suggests that octanesulfonate binding may be dep#ndn a conformational
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Figure 2.5. Fluorimetric titration of the SsuD em®y and SsuD-FMNgcomplex with
octanesulfonate. A: Titration of SsuD with octarfsate in the absence of FMNH
SsuD enzyme (1 uM) was titrated with octanesulfer{at7-54 puM). B: Titration of the
SsuD-FMNH complex with octanesulfonate. SsuD (1 pM) was pxethwith FMNH,
(2 uM), and the complex was titrated with octaniesdte solution (2.7-108 uM). Inset:

Change in the emission intensity at 344 nm.
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change induced by FMNH
2.3.5 Kinetic studies of flavin oxidation by SsuRhe presence of octanesulfonate
Flavin oxidation by SsuD in the presence of octaliesate was investigated
through stopped-flow kinetic analyses at 370 ar@l @5 mixing free FMNH with SsuD
and octanesulfonate in air-saturated buffer. At tmtanesulfonate concentratiors1(00
K1M), the kinetic traces at 370 nm were best fiattriple exponential equation (Figure
2.6). However, as the concentration of octanesat®imcreased the kinetic traces were
best fit to a double exponential (data not showny. the reactions monitored at 370 nm,
the kops for the first (when observed at low octanesulfenabncentrations) and third
phase did not vary with the octanesulfonate comagah , while the second phase
showed a hyperbolic dependence on the octanestédfopacentration that was best fit to
Eq. 2.4 to give &4 of 93 pM and a limiting rate constant of 2:4(Bigure 2.6, Inset A).
These results are consistent with octanesulfonateliny in two steps. A rapid
equilibrium step is involved in the initial bindingf octanesulfonate to the enzyme
followed by either an irreversible isomerization dremical step. The chemical step
could involve the formation of the C4a-(hydro)peyitavin intermediate or carbon-sulfur
bond cleavage if @reacts with reduced flavin prior to octanesulfenbinding. Kinetic
traces recorded at 450 nm under similar experirhezgaditions were best fit to a
double-exponential equation. Tlkgys for the first phase again displayed a hyperbolic
dependence on the octanesulfonate concentratibnaiig of 85 UM and a limiting rate
constant of 2.8°5(Figure 2.6, Inset B), similar to the kinetic paeters obtained at 370

nm.
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A fast initial phase was observed when reducedrflaxas mixed with the SsuD at
low octanesulfonate concentrations. The observeshegtion and accumulation of the
putative C4a-(hydro)peroxyflavin intermediate mag Hirectly related to increased
product formation. To determine if the initial faphase could be correlated with
C4a-(hydro)peroxyflavin formation, a single turnoveaction assay for SsuD, analogous
to reactions carried out in the stopped-flow insteat, was developed to directly
measure the aldehyde product. Product octanal veasumed by GC-FID and figure 2.7
shows the GC-FID chromatography of octanal andrttegnal standard. The ratios of the
octanal peak area at various concentrations (1Mptp 50 uM internal standard are
linear relative to the octanal concentration (Fegu2.8). Single-turnover reaction
conditions were established to ensure that theatioid of reduced flavin was directly
coupled to product formation. The SsuD enzyme anbtsate were mixed in different
orders according to Table 2.3. The results frons¢hessays showed that 5.8 pM octanal
was produced when FMNHwas reacted with premixed SsuD and octanesulfoimate
air-saturated buffer, a 4-fold increase comparethéoreaction of SsuD-FMNHmixed
with octanesulfonate and air-saturated buffer gdvboctanal). The amount of the octanal
produced in each reaction should be directly careel with the amount of
C4a-(hydro)peroxyflavin intermediate observed irche@eaction. Therefore, increased
formation of the C4a-(hydro)peroxyflavin intermegicoccurs when reduced flavin is

reacted with premixed SsuD and octanesulfonate-sesurated buffer.
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Figure 2.6. Kinetics of flavin oxidation by SsuD the presence of octanesulfonate.
Experiments were performed by stopped-flow kinatialysis at 4 °C. Flavin oxidation of
free FMNH (15 pM) mixed with SsuD (45 uM) and octanesulfen&0 pM) in
air-saturated buffer monitored at 370) (and 450 nm «). Inset A: Octanesulfonate
concentration dependence on tkgs for the second phase at 370 nm. Inset B:
Octanesulfonate concentration dependence olk,théor the first phase at 450 nm. The
kinetic traces shown are the average of three apaxperiments. The solid lines are the

fits of the kinetic traces to Eq. 2.3 or 2.4.

86



1.2 10°

110° |-
810* |-

6 10* -

Intensity

410" |-

210*

-2 104 | | | | | | | |
0 2 4 6 8 10 12 14 16

Time (min)

Figure 2.7 Detection of octanal by gas chromatdyyaghe methylene chloride solution
containing 20 pM octanal (retention time: 8.1 mang 50 uM pentadecane (retention time: 16.3
min) was analyzed on a Schimadzu gas chromatodgsapbA equipped with a flame ionization
dector. 1 pL sample was chromatographed on aX30®5 cm HP-1 column (crosslink methyl

silicone gum).
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Figure 2.8 Standard line of octanal measuremer@®@yFID. A series sample containing
various octanal (1-20 uM) and 50 uM pentadecane aealyzed by gas chromatograph.
The peak area ratios of octanal and pentadecane \hktted against octanal

concentrations giving a lineal dependence on ottameentrations.
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Table 2.3 Determination of octanal product frongirturnover reactions of SsfiD

Type of reaction Octanal
Syringe A/Syringe B uM
[FMNH)/[SsuD, octanesulfonate . 5.8
[SsuD,FMNH]/[octanesulfonate, £ 15

®All reactions were carried out in 25 mM potassiunogphate buffer, pH 7.5, 25 °C. The
solutions of SsuD (80 uM), FMNH80 uM), octanesulfonate (200 pM) and oxygenated
buffer (0.21 mM) were mixed in two air-tight syriegjaccording to the table. The octanal
product was extracted as described Materials & Mthods and analyzed by gas
chromatography. Under the experimental conditidhs, retention time of octanal and

pentadecane (internal standard) was 8.1 min ar®lni®, respectively.
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2.3.6 Kinetic studies of flavin oxidation by Ssuithvalternate octanesulfonate mixing
The results suggest that the binding of FMNB SsuD induces an isomerization
promoting octanesulfonate binding. However, it was clear if octanesulfonate binding
induced a second isomerization step. If there issamerization step following binding
of the octanesulfonate substrate, then the oxidatioof premixed
SsuD-FMNH-octanesulfonate should be faster than that ofSieD-FMNH complex
with octanesulfonate and,OFigure 5A shows the kinetic traces at 450 nm tfoo
alternate mixing conditions. Two phases were albseoved in the reaction of the
SsuD-FMNH-octanesulfonate complex mixed with air-saturatefidn, a fast phaseky)
followed by a slower phasé,j. At 200 uM octanesulfonate concentration, thex deds
best fit to a double-exponential equation with sat€2.31 § (ky), 0.18 § (k»). The rate
of the fast phase{) for the SsuD-FMNRoctanesulfonate complex reaction with as
approximately 2-fold faster than that of SsuD-FMNHomplex reaction with
octanesulfonate in air-saturateed buffer (1.30). sThe rate dependence on
octanesulfonate concentration was performed torm@te if any of the individual steps
were dependent on the alkanesulfonate concentrdioptic analyses at 450 nm for the
oxidation of the SsuD-FMNHoctanesulfonate complex at varying octanesulfonate
concentrations mixed with air-saturated buffer sbdwa clear hyperbolic dependence on
ki (Figure 2.9). A fit of the data gaveka value of 37.4 uM and a limiting rate constant
of 2.8 §'. The octanesulfonate-dependent experiments wereared by mixing the
SsuD-FMNH complex with increasing amounts of octanesulfoirasar-saturated buffer.
The kops for the first phase also showed a hyperbolic dépeoe on the octanesulfonate

concentration witha Ky value of 100.8 pM and a limiting rate constant.¢f s* (Figure
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2.9B). The lowerKy value and higher rate observed with the reactiénthe
FMNH,-bound SsuD and octansulfonate complex with aursééd buffer supports the

existence of an isomerization step following octari@nate binding.
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Figure 2.9. Kinetics of flavin oxidation by SsuDtlvalternate mixing in the presence of
octanesulfonate. Experiments were performed bypstflow kinetic analyses at 4 °C. A:
Kinetic traces of flavin oxidation at 450 nn)(Kinetic trace of SsuD-FMNH (SsuD:
45 uM, FMNH: 15 uM) mixed with octanesulfonate (200 uM) insaturated buffer;e()

Kinetic trace of SsuD-FMNHoctanesulfonate (SsuD: 45 puM, FMBMNH15 pM,
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octanesulfonate: 200 uM) mixed with air-saturateéfds. The kinetic traces shown are
the average of three separate experiments. Thet Isws are the fits of the kinetic traces
to Eg. 2.3. B: Octanesulfonate concentration degeoe on thdys for the first phase at
450 nm. ¢) Plot of kops for the first phase when SsuD-FMMIE mixed with varied
octanesulfonate solutions. e)( Plot of ks for the first phase when
SsuD-FMNH-octanesulfonates mixed with air-saturated buffer. The solid line

represents the fit of the curve to Eq. 2.5.
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2.4 DISCUSSION

While the kinetic mechanism of the flavin reducthss been extensively studied
in the two-component alkanesulfonate monooxygesgsteem 79, 84, the mechanism
of the monooxygenase enzyme in this system isrstillwell understood. The detailed
mechanism of SsuD should prove interesting given uhique role of this enzyme in
carbon-sulfur bond cleavage. Several groups hawsvisithat rapid reaction kinetic
analyses are a valuable tool for probing the reactechanism of the two-component
monooxygenase enzymeS7[91-92, 94-96 The results from these substrate binding
studies and rapid reaction kinetics analyses peowundight into the substrate binding
specificity of SsuD, and apparent protein isoméidre relevant to catalysis.
Understanding the catalytic mechanism of SsuD [gomtant to further probe the role of
this enzyme system in bacterial sulfur acquisition.

Studies focused on determining the affinity offb8suE and SsuD for FMNHvere
central in establishing the preferred redox fornthef flavin for each enzyme. Results
from equilibrium gel filtration chromatography arfliliorescent titration experiments
show that both SsuD and SsuE bind FMN#¥ith a 1:1 ratio, which is consistent with the
binding stoichiometry of one oxidized FMN to SsuttléSsuD 79]. SsuD had a 40-fold
lower K4 value than SsukE for FMNiHwhile SsuE showed a 600-fold lowky value
compared to SsuD for FMN (Table 2.1). Based onetliesultdhe monooxygenase has a
much stronger affinity for FMNEthan the flavin reductase, while the flavin redset
can bind FMN more tightly than the monooxygenaske Ppreference of the flavin

reductase for FMN and the monooxygenase for FiYIdHh commonly observed feature

94



in the two-component monooxygenase familL,[ 90, 93, 9F The preference of the
flavin reductase and monooxygenase for differedbxeforms of the flavin appears to
play an essential role in flavin transfer betwele@ese two enzymes. Previously studies
showed that there is a direct interaction betwesrESand SsuD8f|. Once the flavin is
reduced by SsuE it is directly transferred to Sstereby preventing uncoupling of the
desulfonation reaction due to autoxidation of #éuced flavin.

A C4a-(hydro)peroxyflavin is widely accepted asc@mmon intermediate for
flavin-dependent monooxygenase reactid@dis [71, 90-92 The flavin-dioxygen adduct
can either act as an electrophile or nucleophijgedding on the reaction catalyzed. A
C4a-(hydro)peroxyflavin is also thought to be tlaative flavin intermediate in the
desulfonation of alkanesulfonates by SsuB|.[More specifically, the C4a-peroxyflavin
(FI-OO ) would seem the plausible intermediatéhéreaction making a nucleophilic
attack on the sulfonate functional group to formirtial alkanesulfonate peroxyflavin
intermediate (Scheme 2.2). A Baeyer-Villiger reagament of the flavin adduct would
lead to the generation of the aldehyde and suftdurts. Given the structural similarity
of SsuD to bacterial luciferase it was expected tha peroxyflavin would be a highly
stable intermediate observable at a range betw8@raBd 400 nm34-37). However,
results from stopped-flow analyses in the abseri¢bhenalkanesulfonate substrate show
that the order of addition of FMNHand Q determines whether the formation of the
putative C4a-(hydro)peroxyflavin intermediate isigaobserved at 370 nm (Figure 2.3).
The overall oxidation of pre-mixed FMNHbound SsuD is significantly slower than that
of free FMNH. This is likely due to the protected nature of EMNH, within the active

site of SsuD. The kinetic traces obtained at 376 460 nm for the premixed SsuD
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Scheme 2.2. Proposed mechanism of the SsuD deatitfomeaction

solution increased at almost identical rates in tiginct phases with a faster initial
phase K;) and a slower second phagg) (Figure 2.3). There was no direct evidence for
the formation of a stabilized C4a-(hydro)peroxyifaintermediate, and the kinetic traces
observed represent the generation of the FMN. Hewevhen free FMNEwas mixed
with SsuD in oxygenated buffer, the kinetic trashsw a different pattern compared to
the oxidation of premixed SsuD-FMNHnNd free FMNH (Figure 2.3). The kinetic trace
now showed three phases, and a new fast pkagat(12 &) was observed in the kinetic
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traces obtained at 370 nm that was absent frorkitie¢ic traces obtained with premixed
SsuD and FMNH This fast phase was also absent in the kinedzes obtained at 450
nm. The rates obtained for the last two phases wiendar to the rates obtained with
premixed SsuD and FMNH(k; andk,), and are assigned to the decay of the flavin
intermediate back to the oxidized form. This iditfast phase following mixing of
FMNH, with SsuD in oxygenated buffer may representwriladduct that forms prior to
regeneration of FMN. In the absence of octanesatirthe probable intermediate is the
C4a-(hydro)peroxyflavin. These results suggest tleat C4a-(hydro)peroxyflavin
intermediate is likely generated in the desulfaratieaction catalyzed by SsuD and the
identification of this intermediate is dependenttioa order of addition of FMN{Hand Q
to SsuD. It was expected that the initial fast phdentified in the kinetic trace at 370 nm
would be dependent on,@oncentration, but there was no clear dependenseradyl.
This could be due to a slow binding or conformadistep that masks this dependence.
The dependence on the enzyme and substrate mixiaegr dor the observed
formation of the C4a-(hydro)peroxyflavin was alspaorted for the flavin-dependent
halogenase Rebtb]. A three-form model for binding and complex foima of RebH
and FADH has been proposed in this enzymatic reaction.chmeternary complex was
initially formed that readily reacted with ;0o form the C4a-(hydro)peroxyflavin
intermediate. Under anaerobic conditions, the tgreamplex appears to convert to an
inactive form that is not immediately reactive with, but can undergo a moderately
slow conversion back to the active ternary compdexe Q is available. This slow
conversion back to the active form would not alltve C4a-(hydro)peroxyflavin to

accumulate to detectable levels. Double-mixing erpents also provided evidence for
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the conversion of the inactive complex to a deadl-@mplex. For the dead-end complex,
FADH,-bound RebH reacts with ;,Oto form oxidized flavin with no significant
accumulation of C4a-(hydro)peroxyflavin. Similaopgin dynamics could be involved in
the SsuD reaction, which would explain the lack o&ccumulated
C4a-(hydro)peroxyflavin when SsuD and FMNHre premixed. While evidence was
obtained for the readily reversible inactive foraouble-mixing experiments will need to
be performed to fully determine if the ternary desd complex is also formed in SsuD.
Alternatively, the formation of the C4a-(hydro)peyfiavin intermediate may form
rapidly in SsuD within the dead time of the instemh When SsuD is mixed with
FMNH, the observed intermediate may be caused by a sleemerization step that
precedes the formation of the C4a-(hydro)peroxyflaVhis would alter the time scale in
which the flavin intermediate is formed allowingethC4a-(hydro)peroxyflavin to
accumulate.

The stability of C4a-(hydro)peroxyflavin intermatks formed in two-component
monooxygenase reactions are quite variable depgraithe enzyme under investigation.
Strong kinetic evidence supports the formation of Cda-(hydro)peroxyflavin
intermediate in numerous two-component monooxygersystemsdl, 71, 90-9P In
luciferase, this intermediate is so stable in theeace of the aldehyde substrate that it
was isolated at 4 °C28). Recent structural studies gf-hydroxyphenylacetate
hydroxylase fromAcinetobacter baumannsuggest that a hydrophobic cavity lies in
front of C4a on the isoalloxazine ringZ). A packed hydrophobic cavity may be required
to create a solvent-free environment that preveapsl breakdown of the unstable flavin

intermediate. The C4a-(hydro)peroxyflavin internagdisignal in the SsuD reaction is
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weak compared to other two-component monooxygeraggmes, which implies this
intermediate may show decreased stability dueweidydrophobicity within the SsuD
active site. While SsuD shares low amino acid secgiéentity with bacterial luciferase,
the arrangement of conserved residues within thatiga active site are highly similar
[60, 87. Therefore, one would expect to observe increastability of the
C4a-(hydro)peroxyflavin in SsuD as seen with baakeluciferase. Obtaining the
structure of SsuD with flavin bound will help totdemine the nature of the flavin
environment within the active site.

Results from fluorimetric titrations imply that ectesulfonate is not able to bind to
SsuD unless FMNH s first bound, as there is no observable intcrffuorescence
intensity change with the addition of octanesulterta SsuD. The fluorescence intensity
was significantly quenched with the addition of amgsulfonate to the SsuD-FMMNH
complex giving aKy value of 17.5 uM (Figure 2.5). These results saggeat the
alkanesulfonate substrate is not the first sulestrdiat binds to SsuD, and an
FMNH2-induced conformational change is necessary tavatiotanesulfonate to bind.
The addition of substrates to SsuD likely occurudlgh a partial ordered process
initiated by the binding of reduced flavin. An ordé binding mechanism has been
demonstrated through Kkinetic analyses for sevemal-domponent monooxygenase
enzymes %7, 71, 9% The reduced flavin is always the first substretebind, and the
subsequent addition of substrates varies deperafinthe enzyme being evaluated. In
bacterial luciferase, the aldehyde substrate caah lbefore or after reaction of the ®ith
reduced flavin 95]. For p-hydroxyphenylacetate 3-hydroxylase, the reducavdrfl also

binds first and the addition of either, ©r hydroxyphenylacetate is random. However,
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double-mixing stopped-flow experiments support risaction of Q with the FMNH; to
form the C4a-(hydro)peroxyflavin prior to bindin§@hydroxyphenylacetaté&y].

The C4a-(hydro)peroxyflavin intermediate was alsgiedted at 370 nm at low
octanesulfonate concentrations when FMN¥hs mixed with SsuD and octanesulfonate
in air-saturated buffer, and three distinct phasese observed (Figure 2.7). However,
this oxygenated flavin intermediate did not accuatellto detectable levels at higher
octanesulfonate concentrations. This indicatesght dctanesulfonate concentrations the
reaction of octanesulfonate with the C4a-(hydrajgpeilavin would be rapid and does
not accumulate to significant levels. The decathefC4a-(hydro)peroxyflavin showed a
hyperbolic dependence on the octanesulfonate ctmatiem, which suggests the binding
of octanesulfonate occurs in two steps. The octdfmeste binds in rapid equilibrium to
SsuD followed by an isomerization step or direcboa-sulfur bond cleavage. However,
there was still no observed, @ependence on the initial fast phase at 370 nm aeen
lower octanesulfonate concentrations. When premi@sdD and FMNHKH were mixed
with octanesulfonate in oxygenated buffer there wasinitial increase at 370 nm
corresponding to the formation of the C4a-(hydroggflavin. An assay analogous to
reactions carried out in the stopped-flow instrumesms developed to measure the
aldehyde product. Higher product formation showddbserved if the initial fast phase at
370 nm attributed to C4a-(hydro)peroxyflavin caatek with product formation. As a
single turnover reaction, the amount of productdependent on the intermediates
generated in each reaction. There was a 4-folceas® in the amount of octanal
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produced when FMNH alone was reacted with premixed SsuD-octanesulea
compared to the reaction of SsuD-FMNWith octanesulfonate and,@Table 2.3). The
octanesulfonate is unable to bind to SsuD unlessliFMs first bound, therefore even
though octanesulfonate is present with SsuD itosyet bound to the enzyme. These
results further supported the presence of an vecomplex between SsuD and FMNH
The lower octanal product produced with premixedCsand FMNH may be due to the
slow conversion of the SsuD- FMNHbinary complex back to the active form in the
presence of octanesulfonate and @hen SsuD is not premixed with the reduced flavin
the inactive complex is unable to form. The presioesults suggest that an isomerization
step precedes octanesulfonate binding. Evidensagport this observation was obtained
by alternate mixing experiments monitored at 450: rBsuD-FMNH mixed with
octanesulfonate in oxygenated buffer, and premiS=sliD-FMNH-octanesulfonate
mixed with oxygenated buffer. The for the decay of the reaction when octanesulfonate
was premixed with SsuD and FMNI$ 2-fold faster than the reaction that had na&nbe
premixed with octanesulfonate (Figure 2.9A). As esult, the decay of the flavin
intermediate occurs at a faster rate if octanesat®is premixed with SsuD and FMNH
The faster rate for the decay of the flavin intedrate is directly correlated with an
increase in product formation (data not shown)ddition, theKy value is 3-fold lower
when SsuD, FMNK and octanesulfonate are premixed (Figure 2.9B)isAmerization

step would be masked in this reaction because estdfonate would already be bound to
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Scheme 2.3. Order of substrate binding for SsuD

form the ternary complex, and the net effect wdidda rate increase and decrease in the
octanesulfonate binding affinity.

A minimal model for substrate binding can be dedirfoy the described experiments.
After binding of reduced flavin to SsuD to from ti&suD-FMNH complex, the
enzymecan carry out the reaction through one of twmths: 1)
SsuD-FMNH-octanesulfonate is formed prior to reacting with, Gind 2) the
SsuD-FMNH-O, intermediate is formed prior to reacting with extaulfonate. A faster
rate and loweKy value for octanesulfonate binding was observet wiemixed SsuD,
octanesulfonate, and FMNHIuggesting that octanesulfonate binds prior foBased on
these experiments it would appear thati©the last substrate to bind thereby ensuring
that formation of the C4a-(hydro)peroxyflavin idlyucoupled to desulfonation, however
both paths are represented in the model.

In summary, this study has elucidated the reactienhanism of the alkanesulfonate

monooxygenase component (Scheme 2.3). The resudfgest an ordered substrate
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binding mechanism where SsuD binds FMHNikst leading to a conformational change
that promotes the binding of octanesulfonate. Remocdf FMNH, with O, to form
aC4a-(hydro)peroxyflavin intermediate is directipvolved in desulfonating the
alkanesulfonate substrate to produce the correspgp@ttiehye and sulfite. This substrate
binding order plays an essential role in catalysmg significant protein dynamics during
the course of the reaction was shown to be invoindzsbth FMNH and alkanesulfonate

binding.
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CHAPTER THREE
ON THE CATALYTIC ROLE OF THE CONSERVED RESIDUE
His228 LOCATED IN THE PUTATIVE ACTIVE SITE OF THE

ALKANESULFONATE MONOOXY GENASE

3.1INTRODUCTION

In Escherichia coli cysteine, sulfate or inorganic sulfur starvatimauces the
synthesis of a set of proteins involved in acqgirsulfur from alternate sulfur sources.
The two-component alkanesulfonate monooxygenaseterays comprised of a
NAD(P)H:flavin reductase (SsuE) and an alkanesalflermonooxygenase (SsuD), is
expressed along with other proteins to utilize @adrrange of alkanesulfonates as an
alternative sulfur source. In the overall reactiBNIN is reduced by SsuE in the presence
of NAD(P)H, then the reduced flavin is further tséarred to SsuD73]. The SsuD bound
FMNH, activates dioxygen to form a C4a-(hydro)peroxyfiamtermediate that directly
cleaves the carbon-sulfur bound releasing sulfitttae corresponding aldehydedp).

In our previous studies, the mechanism of SsuD pvabed by a combination of
biochemical and kinetic approaches. The octanesaiéosubstrate was unable to bind to
SsuD until FMNH was first bound, which implied an ordered substrhinding

mechanism in the SsuD reaction. This conclusionfwdker confirmed by stopped-flow
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Scheme 3.1 Proposed mechanism of the SsuD destitiomeaction

kinetic analyses, in which the orders of substradielition showed different kinetic
behaviors. Therefore, the SsuD reaction undergoexdered substrate mechanism and
this substrate binding mechanism has catalyticifstignce. A C4a-(hydro)peroxyflavin
intermediate has been identified in the SsuD readty stopped-flow analyses in the
absence or at low concentrations of octanesulfomatirestingly, the order of addition of
FMNH, and Q determines whether the formation of the C4a-(hymkmxyflavin

intermediate is observed in stopped-flow kinetamcés. The flavin intermediate signal
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was only observed when FMNHand SsuD were not premixed under anaerobic
conditions, which implied that the initially formessuD-FMNH complex converted to
an inactive complex. The C4a-peroxyflavin is praggbsas the oxygenating flavin
intermediate during SsuD catalysis. The C4a-petaxyf makes a nucleophilic attack on
the sulfur group of the alkanesulfonate substridten a Baeyer-Villiger rearrangement
mechanism is involved in the cleavage of the carhdfur bond (As shown in Scheme
3.1) [107. A catalytic base has also been proposed to atisdr proton from the alkane
peroxyflavin intermediate so the aldehyde prodwm be released from the enzyme
following rearrangement. ldentification of this algtic base would provide valuable
information on the desulfonation mechanism by SsuD.

SsuD has an unusual homotetrameric structure ia flavin-dependent
two-component monooxygenase family, which is cosgatiof two homodimers (A/B
and C/D) with a monomeric molecular weight of 45d0a [60]. Although the amino
acid sequence homology is low, SsuD is similar werall structure to other
flavin-dependent monooxygenases; bacterial lucderand long-chain alkane
monooxygenase (LadA). These FMN-dependent monomaggs display similar TIM
barrel architectures. Since there is neither anDSkavin or SsuD-alkanesulfonate
complex structure available, the location of thevacsite is still not clear. The conserved
amino acid residues Cys54, His11, His333, Tyr33%22B and Arg226 form the wall of
a cavity. The location of this cavity is in agreemwith the observation that the active
site of all TIM-barrel enzymes are located at thtefninal end of th@-barrel. Several

amino acids located in the putative active siteSetiD (His228, Tyr331, and Cys54)
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Figure 3.1 Conserved residues in putative activeeasiSsuD

are in a similar arrangement as catalytically refg\amino acids from bacterial luciferase
(His44. Tyr110 and Cys106) and LadA (His138 and6Byi(Figure 3.1)38, 60, 6] The
Cys54 was showed to play an important role in Brafg the C4a-(hydro)peroxyflavin
intermediate (unpublished data), which is similathwthe catalytic role of Cys106 of
bacterial luciferase7p, 8§. These results indicate that the conserved residmong the
flavin-dependent monooxygenases not only are straictelated but also have similar
catalytic functions. His44 in the-subunit of bacterial luciferase has been showbpeta
catalytic base in the bioluminescence reaction. atiloh of this histidine residue to

alanine showed significant decreases in the irntendilight emitted. It was found that
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the enzymatic activity could be rescued with thdimh of imidazole to the reaction at
increasing pH (pH > 6.56p]. Based on the similar spatial arrangement of tegdue
with bacterial luciferase, His228 of SsuD is praggbs$o be the putative active site base
involved in proton abstraction from the alkane pgflavin intermediate.

The present study was performed to determinedleeof H228 in the mechanism of
desulfonation. Several His variants were construeted analyzed through steady-state
and rapid reaction kinetics. The pH dependence atalytic steps involving
octanesulfonate was performed to further probentbehanistic role of this His residue.
The information obtained from these pH profiles everupplemented with chemical
rescue experiments. From these studies a rolehéoHis residue in the mechanism of

SsuD is proposed.
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3.2MATERIALS& METHODS

3.2.1 Materials.

E. coli strains including XL-1, BL21(DE3) and QuickChangé&eslirected
mutagenesis kit were purchased from StratageneJ@lla, CA). Plasmid vectors and
pET21a were obtained from Novagen (Madison, WI) ADimers were synthesized by
Davis Sequencing (Davis, CA). FMN, NADPH, EDTA, assium phosphate (monobasic
anhydrous and dibasic anhydrous), sodium chlomsdelium hydrosulfite (dithionite),
Imidazole, streptomycin sulfate, trifluoroacetic idac trypsin, Tris base,
5,5-dithiobis(2-nitrobenzoic acid) (DTNB), glucoggicose oxidase, and urea were from
Sigma (St. Louis, MO). Ammonium sulfate, ethidiumoimide, formaldehyde, glacial
acetic acid, isopropyl-Dthiogalactoside (IPTG), r&gmnol, glycerol, sodium carbonate,
sodium phosphate and glycerol were purchased frameF (Pittsburgh, PA). LB-agar
and LB-medium were from BIO 101 Systems (Carlsb@d). Streptavidin agarose
column matrix was obtained from Invitrogen (Carl$p&A). Phenyl Sepharose column
matrix was from Amersham Biosciences (Piscataway). Mcrylamide/Bis solution,
sodium dodecyl sulfate (SDS), and Macro-prep HigtSgpport were from Bio-Rad
(Hercules, CA). Standard buffer contains 25 mM gsitam phosphate, pH 7.5, and 10%
glycerol unless otherwise noted. SsuD and SsuEneegyvere expressed and purified as
previously described. The concentration of SsuD $suE proteins was determined from
A,go measurements using a molar extinction coefficié@7.9 mM*cm™* and 20.3 mM

cm’?, respectively.
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3.2.2 Site-directed mutagenesis.

A recombinant pET21a plasmid containing 8®iDgene was used for site-directed
mutagenesis. Histidine 228 was substituted to aéa(iH228A), aspartate (H228D) and
lysine (H228K) using the QuickChange site-directedtagenesis kit from Stratagene
(Santa Clara, CA). Primers for each variant wergigiteed as 29 base oligonucleotides
containing the desired mutation (3.1). The PCR #ra@lproducts were purified with the
QIAquick PCR Purification Kit (). The mutant constts were transformed int. coli
XL-1 Blue supercompetent cells for amplificationpddsmid DNA and storage. Plasmids
were extracted following the QIlAprep Miniprep prood (Gaithersburg, MD) from a 5
mL growth of E. coli XL-1 Blue cells incubated overnight in LB-Amp media 37 °C.
The generated mutations were verified by DNA segeamalysis at Davis Sequencing
(University of California, Davis). The plasmids ¢taiming the desired mutations were
transformed intce. coli BL21(DE3). The SsuD His228 variant proteins werpregsed
in E. coli BL21(DE3) and purified as previous report@@|[ The purified proteins were
frozen and stored at -80 °C.

Table 3.1 Primers used in His228 mutagenesis

Primers
H228A F C GGT ATT CGT CTG GCGTG ATT GTT CGT G
H228A R C ACG AAC AAT CAC CGQCAG ACG AATACCG
H228D F C GGT ATT CGT CTG GAGTG ATT GTT CGT G
H228D R C ACG AAC AAT CAC ATCCAG ACG AAT ACC G
H228K F C GGT ATT CGT CTG AAAGTG ATT GTT CGT G
H228K R C ACG AAC AAT CACTTTCAG ACG AAT ACC G

aF: forward; R: reverse
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3.2.3 Circular dichroism

Circular dichroism (CD) spectra of the wild-typeuBsand His228 variants (H228A,
H228D, and H228K) were obtained with 1}M enzymes in 25 mM potassium
phosphate buffer (pH 7.5), 100 mM NacCl at room terafure. Spectra were recorded on
a Jasco J-810 Spectropolarimeter (Easton, MD). Measents were taken in 0.1 nm
increments from 300 to 185 nm in a 0.1 cm pathtlecgvette with a bandwidth of 1 nm
and a scanning speed of 50 nm/min. Each spectrutheisaverage of eight scans;
smoothing of the data was performed using the digfanameters within the Jasco J-720
software.

3.3.4 Flavin titration

Flavin binding affinities of His228A, H228D, and B&K SsuD were determined by
spectrofluorometric titration recorded on a Perlidimer LS 55 luminescence
spectrometer (Palo Alto, CA) with an excitation wkangth at 280 nm and emission
measurements at 344 nm. For the titration of theDSgariants with FMN, a 1.0 ml
solution of SsuD (0.pM) in standard buffer was titrated with FMN (2.6-88M), and
the fluorescence spectra recorded following a 2 ingnbation after the addition of each
aliquot of FMN. Titration of each SsuD variant wigduced FMN was performed under
anaerobic conditions. Anaerobic SsuD enzymes (DB were prepared in a glass
titration cuvette by at least 15 cycles of evaaratfollowed by equilibration with
ultrahigh purity argon gas. Glucose (20 mM) andcgie oxidase (10 units) were added
to remove trace amounts of oxygen. Flavin  prepamestandard buffer was added to

111



an airtight titrating syringe with an oxygen scrutgpsystem of glucose (20 mM) and
glucose oxidase (10 units). The syringe was in@&tat an anaerobic glovebox for 20
min to remove oxygen. The anaerobic FMN solutios whotoreduced by irradiation for
30 min in the presence of 10 mM EDTA, and thetibraapparatus was assembled in the
anaerobic glovebox. The fluorescence spectra wesrerded after 2 mins following the
titration of each SsuD variant with FMNHO0.16-7.8uM). Bound and free flavin were
calculated using equation 2.1. The concentratiobooind flavin was plotted against free
flavin to obtain the dissociation constalit) according to equation 2.2.

3.2.5 Octanesulfonate binding

The binding of octanesulfonate to the SsuD variaotaplexed with FMNH were
performed under anaerobic conditions. Anaerobic8A22H228D, or H228K SsuD and
FMNH, solutions were prepared as previous describedan®stilfonate solutions were
kept in an anaerobic glovebox overnight and an erygcrubbing system of glucose (20
mM) and glucose oxidase (10 units) was added tamventrace oxygen. The titration
apparatus was assembled in the anaerobic glovéltiguots of octanesulfonate (2.5-110
uM) were added to the the SsuD variants complexatd WMNH,. The fluorescence
spectra were recorded with an excitation waveleagtB80 nm and emission intensity
measurements at 344 nm following a 2 min incubatibime concentration of bound
octanesulfonate was determined by Eq. 2.1 andepl@tainst the concentration of free

octanesulfonate to determine the dissociation eomgf,) according to Eq 2.2.
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3.2.6 Activity assay

The activities of the H228A, H228D, and H228K Sswbre assayed based on a
previously described methods with some modificatipt8]. Reactions were initiated by
the addition of NADPH (50@M) into a reaction mixture containing each SsuDiarr
(0.8 uM), SsuE (2.4uM), FMN (2 uM), and a range of octanesulfonate concentrations
(0.01-5 mM) in standard buffer with 100 mM NaCl2& °C. After a 3 min incubation,
the reaction was stopped by the addition of ureéd ¥, and DTNB (1 mM) was added
to a 200uL aliquot of the reaction solution. The colorimetrieaction was allowed to
develop at room temperature for 2 min, and the rlas@e measured at 412 nm using a
molar extinction coefficient for the TNB anion of.1 mM'cm™.

3.2.7 Rapid reaction kinetic analyses

Stopped-flow kinetic analyses were carried out ontharmostatted Applied
Photophysics SX. 18 MV stopped-flow spectrophot@methe stopped-flow instrument
was made anaerobic by filling with an, Gcavenging system containing 25 mM
phosphate buffer, pH 7.5, 10% glycerol, 100 mM Nafh 20 mM glucose, and 10 units
of glucose oxidase in the inner system and driviengg. The oxygen-scrubbing solutions
were allowed to stand in the system overnight aatevthoroughly rinsed with anaerobic
standard buffer prior to performing the experimet reactions were carried out in
standard buffer at 4 °C. The FMNK{L5 uM) solutions were made anaerobic in a glass
tonometer and then photoreduced by irradiatiorB&Bmin in the presence of EDTA (10
mM). The solution containing each SsuD variant emzy45uM), oxygen (21QuM) and
octanesulfonate (0-1000M) was kept in an air-tight syringe. All experimgnivere

carried out in single-mixing mode by mixing equallumes of the solutions and
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monitored by single wavelength analyses at 37048@ nm. The kinetic traces were
fitted to Eq. 2.3 or Eq. 2.4.
3.2.8 Imidazole rescue of H228A SsuD variant

Imidazole solutions were prepared in 50 mM potamsplnosphate buffer, 100 mM
sodium chloride, 10% glycerol at the desired imalazconcentration (5-200 mM) and
pH value (5.5-9.0). The H228A SsuD enzyme actiwgs assayed under the following
conditions: H228A SsuD (1.6M), SsuE (4.8uM), FMN (5.0 uM), NADPH (500 uM)
and octanesulfonate (0.02-4 mM) in a total volurh@.6 mL. The effect of imidazole on
the activity of H228A SsuD was determined by meaguthe enzymatic activity with
octanesulfonate (1 mM) as substrate for the enzymehe presence of varying
concentrations of imidazole (5-200 mM) in 50 mM gsstium phosphate (pH: 6.0, 7.0,
and 7.5). The effect of imidazole on the turnovemmber of H228A SsuD was
determined by measuring the enzymatic activity withrying concentrations of
octanesulfonate substrate (0.02-4 mM) in the peseh50 mM imidazole at varying pH
values (5.5 t0 9.0).

3.2.9 The pH dependence of wild-type and H228A SsuD

The effect of pH on the kinetic parameters of oetatfonate were determined in 50
mM potassium phosphate (pH 5.8-7.8), and Tris-HiEl 7.5-9.5), supplemented with
100 mM sodium chloride to maintain the ionic stiéngH228A or wild-type SsuD
activity was assayed as previous described anditie¢ic parametersk{; andK,) were

determinted by fitting the data to the Michaelissittn equation. The pH dependence of
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kear andkea{ K were fitted to a double ionization model equatah [103,104.

ko = k1im1 xlO(pKl_pH) + lﬂimZ (31)
bs 1+ 1de1— pH) 4 10 pH- pK2)
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3.3RESULTS

3.3.1 Circular dichroism of the wild-type and Sswdiants

The far-UV CD spectrum of proteins can reveal ini@otr properties regarding their
secondary structures. The far-UV CD spectroscopyeements were performed to
compare the secondary structures of H228A, H228id, l4228K and wild-type SsuD.
All recorded spectra obtained appeared to overlafh wach other (Figure 3.2),
suggesting that the single mutation at His228 ditlgause any major perturbations in
secondary structure.
3.3.2 Oxidized and reduced FMN binding affinity

To determine whether His228 is directly involvedflavin binding, the dissociation
constants of oxidized and reduced FMN to His228R28D, and H228K SsuD were
determined by fluorimetric titration. The decreasehe intrinsic protein intensity was
monitored upon the binding of flavin to each Ssudiant. The concentration of bound
and free FMNH or FMN was calculated according to Eq. 2.1, areddbncentration of
flavin bound to each enzyme was plotted againstctireentration of free FMNHor
FMN added with each aliquot. Figure 3.3 shows regméative spectra of the titration of
H228A SsuD titration with FMNKH The inset shows the plot of bound FMN&gainst
free FMNH, with each addition of FMNE The dissociation constants of oxidized and
reduced FMN to each SsuD variant are listed andranmed in Table 3.2. The average
Kqvalues for FMNH binding to H228A, H228D, and H228K SsuD were 0£30.09,
0.56 = 0.24 and 0.41 + 0.11, respectively. The ayeKy values for FMN are 40- to

50-fold higher than FMNEK with values of 18.3 + 2.7 (H228A SsuD), 16.5 £ 3.

116



1.5 10°

S 110° —WT
£ — H228A
=2 - —-H228D
L A U H228K
o
(D)
) e
° \\Ww/

-510

5|
180 200 220 240 260
Wavelength (nm)

Figure 3.2 Circular dichroism spectra of H228A, BP2 H228K and wild-type SsuD.
All experiments were performed with each SsuD ereyin2uM) in 25 mM potassium

phosphate buffer (pH 7.5), 100 mM NaCl at room terafure. Each spectrum is the

average of eight scans.
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Figure 3.3 Fluorimetric titration of H228A SsuD WiEFMNH,. H228A SsuD (0.5uM)
was titrated with FMNH (0.16-7.8uM) under anaerobic conditions. Emission intensity
measurements at 344 nm were measured using a@atextitvavelength at 280 nm. The
change in fluorescence of H228A SsuD following &ldelition of FMNH was converted
to the estimated concentration of bound FMN{Eq. 2.1) and plotted against the
concentration of free FMNH Inset: Change in the emission intensity at 344 mhe

solid line represents the fit of the titration cee Eq. 2.2.

118



(H228D SsuD), and 22.1 + 4.4 (H228K SsuD). Thers wa significant change in the
binding affinity of oxidized and reduced flavin be&ten wild-type and the His228
variants, which implies that the His228 residuaas directly involved in the binding of
flavin to SsuD.
3.3.3 Octanesulfonate binding to the SsuD variants

The binding affinity of octanesulfonate to eachu3svariant complexed with
FMNH, was determined by fluorimetric titrations undeaarobic conditions. To ensure
that all SsuD enzyme was bound to FMNE saturating FMNEconcentration (2:1 ratio
of FMNH, to SsuD) was used in these studies. Figure 3.4vsh@ representive
fluorescence spectra recorded during the titrabbroctanesulfonate to H228A SsuD
complexed with FMNH The addition of octanesulfonate showed a decr@aashe
intrinsic fluorescence of the H228A SsuD-FMphebmplex at an emission wavelength of
344 nm. The concentration of bound octanesulforzatd free octanesulfonate was
calculated according to Eg. 2.1. The concentratbroctanesulfonate bound to the
H228A SsuD-FMNH complex plotted against the concentration of fsenesulfonate
after each addition is shown in the inset. Kaevalue for octanesulfonate binding to the

H228A SsuD-FMNH complex was 22.8t 0.37 uM. The dissociation constants of

octanesulfonate to H228D (194 0.29 uM) and H228K (28.2+ 0.46 uM) SsuD

complex with FMNH are summarized in table 3.2. There was no sigmfichange
between wild-type SsuD and the H228 SsuD variantsrms of octanesulfonate binding.
These results indicate that His228 is not direcithyolved in the binding of

octanesulfonate to SsuD.
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Figure 3.4 Fluorimetric titration of octanesulfoaaib H228A SsuD complexed with
octanesulfonate. Emission intensity measuremen®&iatnm were measured using an
excitation wavelength at 280 nm. The H228A SsuDavdar(1 uM) was premixed with
FMNH, (2 uM), and the complex was titrated with octanesulten@.5-110uM). Inset:
Change in the emission intensity at 344 nm. Thédsabe represents the fit of the

titration curve to Eq. 2. Each titration was penfied in triplicate.
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3.3.4 Steady-state kinetic parameters of the HZ2S/ariants

The kinetic parameters for wild-type SsuD with ametsulfonate as substrate were
previous reported 102. The kinetic parameters of the H228 SsuD varianith
octanesulfonate as substrate were determined bysaE/SsuD coupled assay and
compared to wild-type. When the kinetic parametdr$i228A SsuD (Figure 3.5) was
compared to the wild-type enzyme, a 50-fold de@eas the k.o/K, value for
octanesulfonate was observed (Table 3.2). Therean2@0-fold decrease in the./Kn
value for H228D SsuD, and a 48-fold decreases @ékiiyKm value for H228K SsuD
(Figure 3.5). H228A SsuD and H338K SsuD showedralai decrease in the catalytic
efficiency, while H228D SsuD showed a larger deseem thek../{K, value then the
other variants. An aspartate residue would like¢y unprotonated, and the negative
charge may affect the electrostatic propertieshefdctive site, or proper orientation of
another catalytic residue. These results indidse H228 plays a role in the oxidation of
octanesulfonate; however, a more dramatic changbarkinetic parameters would be
expected if His228 were acting as a general badeidesulfonation reaction.
3.3.5 Presteady-state kinetics

Stopped-flow kinetic studies were performed toberdhe oxidation of flavin by
H228A SsuD in the absence and presence of octdoeatd substrate. In the absence of
alkanesulfonate substrate, a C4a-(hydro)peroxyflaviermediate has been identified in
the wild-type SsuD reaction when SsuD are not prédated with FMNH Stopped-flow
analyses were performed with varied substrate mikindetect the formation and decay
of this oxygenated-flavin intermediate by H228A Bsn the absence of alkanesulfonate

substrate. The FMNH(15 uM) solution photoreduced in the presence of EDTAs wa
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Figure 3.5 Initial velocities of H228A, H228D and®2PBK SsuD with octanesulfonate.
The activity of H228 SsuD variants [H2284)( H228D (), and H228K K) ] was
measured by a modified SsuE-SsuD coupled enzymay aas 25°C. Each point
represents the average of three to five measuremeéheé solid lines are the fits of the

data to the Michaelis-Menten equation.
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Table 3.2 Comparion of kinetic parameters and satesbinding afffinities for

wild-type and SsuD variants

Kd,FMN Kd,FMNHZ Kd,octa kcat Km,oct kcal/Km
(LM) (LM) (LM) (min™) (LM) (HM/miri")
WT 15.5+1.3 0.32£0.15 17.5-0.15 56.2+6.4 38.4-7.8 1.45+0.45
H228A 18.3+2.7 0.39-0.09 22.8+0.37 7.3:1.4 256.%-12.1  0.028+0.07
H228D 16.5+3.5 0.56-0.24 19.9+0.29 2.10.7 278.2t11.3 0.0075t0.01
H228K 22.1+4.4 0.41+0.11 28.2+0.46 9.2:25 302.9:22.5 0.030+0.01

#Determined with the SsuD-FMNHomplex
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mixed against H228A SsuD (4@M) in air-saturated buffer. The kinetic traces were
recorded at 370 nm and 450 nm (Figure 3.8). Thetkirtrace at 370 nm was best fitted
to a triple-exponential equation with rates of 18'2(k;), 1.88 & (k2),and 0.17 3 (ks),
while the kinetic trace at 450 nm was best fittedatdouble exponential equation with
rates of 2.5 (ky), and 0.21°S (ko). A signal at 370 nm corresponding to the fornmatio
of the C4a-(hydro)peroxyflavin intermediate was ered in H228A SsuD reactions
similar to wild-type SsuD. The rate of formationr fthe C4a-(hydro)peroxyflavin
intermediate by H228A SsuD shows a 1.4-fold inceeashile the rate of decay shows a
1.9 fold increase from wild-type.

Flavin oxidation by SsuD in the presence of octaliesate was investigated
through stopped-flow kinetic analyses at 370 an@ 4B, mixing free FMNH with
H228A SsuD and octanesulfonate in air-saturatedfebufFigure 3.9). At low
octanesulfonate concentrations (10M), the C4a-(hydro)peroxyflavin intermediate
signal was observed; however, as the concentratfoactanesulfonate increased the
kinetic traces at both wavelengths increased abstindentical rates in two distinct
phases at both 370 and 450 nm. All kinetic tra¢etb8 nm were best fitted to a double
exponential equation. THeys for the fast phase showed a hyperbolic dependemtbe
octanesulfonate concentration that was best fitieflg. 2.4 to give &4 of 74uM and a
limiting rate constant of 4.54'Figure 3.10). The hyperbolic dependence of the fas
phase on octanesulfonate cencentration is simdawild-type SsuD, indicating a
two-step binding of octanesulfonate. TKgvalue is similar to wild-type SsuD (98V)
obtained under similar conditions, while the limgirate constant is 1.8-fold higher than

wild-type (2.4 §). The decay of the C4a-(hydro)peroxyflavin is fofd faster
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Figure 3.6 Kinetics of flavin oxidation by the H228SsuD in the absence of
octanesulfonate. Experiments were performed bypstiflow kinetic analyses at 4 °C.
Flavin oxidation of free FMNHK (15 uM) mixed with the H228A SsuD variant (46M)

in air-saturated buffer monitored at 3&) @nd 450 ¢) nm. The kinetic traces shown are

the average of three separate experiments, andotftelines are the fits of the kinetic

traces to Eq. 2.3 or 2.4.
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Figure 3.7 Kinetics of flavin oxidation by H228A (#3 variant at 100uM
octanesulfonate buffer. Experiments were perforimgdtopped-flow kinetic analyses at
4 °C. Flavin oxidation of free FMNH(15 pM) mixed with H228A SsuD (4%M), and
octanesulfonate (10QM) in air-saturated buffer monitored at 37€) @nd 450 ¢) nm.
The kinetic traces shown are the average of theparate experiments, The solid lines

are the fits of the kinetic traces to Eq. 2.3 @r. 2.
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Figure 3.8 Kinetics of flavin oxidation by H228A #3 in the presence of
ocatanesulfonate. Experiments were performed ypstb-flow kinetic analyses at 4 °C.
Flavin oxidation of free FMNHE (15 uM) mixed with H228A SsuD (4aM) and various
octanesulfonate concentrations [0 mW),(0.05 mM ¢) 0.1 mM @) 0.2 mM (») 0.5
mM(m) 1 mM (@) ] in air-saturated buffer at 450 nm. Inset: oetuifonate concentration

dependence on thegysfor the first phase at 450 nm.
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than wild-type SsuD, so it is highly possible ttras limiting rate change is caused by the
instability of H228A-bound FMNHKin the presence of octanesulfonate.

Overall, the kinetics of flavin oxidation by H2282suD and wild-type SsuD enzyme
are similar. The C4a-(hydro)peroxyflavin intermeedisavas observed with H228A SsuD
in the absence of octanesulfonate or at low octdfueste concentrations. There is a
hyperbolic dependence on the octanesulfonate ctratiem with H228A SsuD, which
was also observed in wild-type SsuD under simigeeimental conditions. These results
indicate that His228 residue is not directly inwadvin the reaction between the
C4a-(hydro)peroxyflavin and alkanesulfonate sulbstra
3.3.6 Chemical rescue of H228A SsuD

From a structural standpoint, the histidine to mammutation in the active site of
SsuD is equivalent to the removal of an imidazol@ety from the side chain of the
amino acid residue at position 228. The kinetic bioghemical properties that have been
affected by such a mutation should be at leasigtlsirrestored in the enzyme in the
presence of exogenous imidazole. At pH values a@@gthe activity of H228A SsuD
increased with increasing amounts of exogenousanailg in the assay reaction mixture
(Figure 3.9), indicating that H228A SsuD activitgnc be rescued by imidazole. In
contrast, no significant effect was observed whb wild-type enzyme under similar
conditions. Interestingly, the rescue of activityimidazole is pH dependent. The effect
of imidazole on the turnover number of H228A Ssu@swletermined in the pH range of
5.5-9.0 (Figure 3.10). As summarized in table B@significant change was observed in
the keat Values in the presence of saturated imidazolen{sf) at pH 5.5 and 6.0. In the

pH range of 7.0-9.0, about 10-15% of the activibyld be rescued by imidazole. The

128



results indicate that only the deprotonated fornmoflazole is relevant to catalysisk(p
of imidazole: 6.8-7.046)).
3.3.7 pH dependence of wild-type and H228A SsuD

In order to further investigate the role of His2a8 an active site base in the
desulfonation reaction by SsuD, the pH profilestioé k.o: and keafKy, values for
wild-type SsuD were obtained from pH 5.8-9.5. Thiddsype SsuD enzyme shows
optimal catalysis between 7.0-8.5 (Figure 3.11 A &). Controls with octanesulfonate
substrate in the absence of SsuD or with SsuDdratisence of octanesulfonate gave no
measurable activity. The pH dependence on khevalue for wild-type SsuD, an
indicator of the enzyme-substrate complex, revéais titratable residues withkp
values of 6.61 £ 0.19 and 9.6 + 0.10. The pH depecé on thé /K, value of SsuD, an
indicator of free enzyme or substrate, reveals titvatable residues withKy, values of
6.57 £ 0.32 and 9.54 + 0.34.

To determine whether His228 is the catalytic baselved in desulfonation, the pH
dependence on the, andke.a/Km values for H228A SsuD were also evaluated from pH
5.8-9.5 (Figure 3.11 A and B). The pH profiles the k.a; andkea/Ky, values of H228A
SsuD and wild-type SsuD were similar. For H228A [3stwo titratable residues were
also revealed in pH profiles of boky, andk../Kn,. The H228A SsuD variant gav&p
values of 6.66 £ 0.18 and 9.77 + 0.06 for Kag pH profile and 6.72 £ 0.26 and 9.89 +
0.28 fot thek.a{Kn pH profile. The K, values for both wild-type and H228A SsuD are
summarized in table 3.3. The differences betweergth values between H228A SsuD
and wild-type SsuD are modest and within the eraage. If His228 is the catalytic base

involved in the desulfonation reactiork4 should be absent in the pH profiles of H228A
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SsuD, or a more significant change should be obserRResults here suggest that the
His228 residue is not an active site base in cdadyeps involving the octanesulfonate

substrate.
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Figure 3.9 Initial velocities of H228A SsuD with imslazole at varying pH values. The
activity of H228A SsuD was measured at saturatetgreesulfonate concentration (1 mM)
by varying imidazole concentrations at a range léfyalues (pH 6.0-7.5). The points

shown are the average of three separate experiments
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Figure 3.10 pH dependence of the imidazole-resaatidity of H228A SsuD. At each
pH value, the activity of H228A was measured vagyocttanesulfonate concentrations
(0.02-4 mM) in the presence of saturating imidaz&é mM) and in the absence of
imidazole. Thek.y values were determined by fitting the data to Miehaelis-Menten
equation. The percentage increasekdn values of H228A SsuD as a function of pH,
calculated from the ratio of tHe, measured in the presence of saturating imida&dle (

mM) to thek.,: value measured in the absence of imidazole.
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Table 3.3 The effect of imidazole on the turnovember of H228A SsuD at different pH

values

pH kcam mmla kcat(imidazole) miﬁlb Kimidazole mM*© RZ
5.5 5.13 £ 0.32 5.10+£ 0.17 ND ND
6.0 5.21 £ 0.19 5.38t 0.25 ND ND
7.0 6.37 £ 0.42 11.23+ 2.32 3.2 0.982
7.5 6.91 £ 0.41 14.32+ 3.11 4.9 0.984

*Turnover number in the absence of imidazole
®Turnover number in the presence of 50 mM imidazole

“The concentration of imidazole at which half theximal initial velocity observed.
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Figure 3.11 pH profiles dfcalKm (A) andkea (B) of the wild-type SsuDs¢|, left y-axis)

and H228A SsuDq righty-axis).
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3.4 DISCUSSION

Although the amino acid sequence homology is I8&D is strikingly similar in
overall structure to other flavin-dependent monagenases, bacterial luciferag8[ 87
and long-chain alkane monooxygenase (Lad?.[Several amino acids located in the
putative acite site of SsuD are in a similar spafaangement as catalytically relevant
amino acids from bacterial luciferase and LadA. i& Ksidue is highly conserved in the
active site of all three monooxygenases: His44hmatsubunit of bacterial luciferase,
His228 in SsuD, and His138 in LadA. The His44 rasidas been reported to be the
active site catalytic base involved in the reactiatalyzed by bacterial luciferase through
mutagenesis and imidazole chemical rescue expetinfgédl. Based on similar spatial
orientations with bacterial luciferase, SsuD His22®l LadA His138 are both proposed
to be the catalytic bases involved in proton alstya from their corresponding
substrates 99, 6Q. To determine the catalytic role of His228 in tkhesulfonation
reaction by SsuD, this putative active site resias replaced by alanine, asparatate and
lysine. The mechanistic and catalytic functionstlws residue were elucidated by a
combination of substrate binding, steady-state,andteady-state kinetic analyses.

Steady-state kinetic assays were performed tardete the kinetic parameters of
each His228 variant. The H228A and H228K SsuD emzysihowed similar decreases in
Keat Values from wild-type at 7.3 £ 1M (8-fold) and 9.2 £ 2.5uM (6-fold), respectively
(Table 3.2). The H228D SsuD enzyme showed an ali®@gbld decrease in thie;
value at 2.1 £ 0.7M. All of the SsuD variants gave similar 7-fold reases in th&n,

values. While both the H228A and H228K SsuD enzyrskswed an approximate
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50-fold decrease in thk./Kn, value, the H228D SsuD variant decreased by nearly
200-fold. If this amino acid were acting as a gahéase as proposed then one would
expect a more dramatic change in the kinetic patenselt is interesting that H228D
SsuD showed a larger decrease inkhéK, value than the other variants. An asparate
residue would likely be unprotonated, and the negatharge may affect the electrostatic
properties of the active site, or proper orientatmf another catalytic residue. The
putative active site residue His228 is not direatiyolved in the binding and orientation
of FMNH, or alkanesulfonate substrate. Evidence to sugh@tconclusion came from
fluorimetric titration studies monitoring substrdtieding. TheKy values for FMNH and
octanesulfonate binding to the H228 variants werglar as wild-type SsuD (Table 3.2).
However, substrate induced conformational changesurowith both FMNH and
octanesulfonate, so it is not known how His228 affesubstrate binding with both
substrates present.

Stopped-flow kinetic analyses were performed wilie H228A SsuD variant to
determine the specific step affected in flavin atidn by the replacement of histidine
with alanine. In the absence of the alkanesulfosatsstrate, the kinetic traces recorded
at 450 nm and 370 nm in H228A SsuD reactions sinwlavild-type with slight changes
observed in the reaction rates (Figure 3.6). Thée raf formation of the
C4a-(hydro)peroxyflavin intermediate increased fbll (k; at 370), while the rate of
decay increased 1.9 fold (bottkk, at 370 nm andk; at 450 nm). The
C4a-(hydro)peroxyflavin intermediate was also obsérin the H228A SsuD reaction at
low octanesulfonate concentrations (1@®), but was not detectable at higher

octanesulfonate concentrations (Figure 3.7). The o&ithe fast phase obtained from the
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kinetic traces at 450 nm displayed a similar hypkcbdependence on octanesulfonate
concentration as wild-type (Figure 3.8). Therefottegre is no observable evidence
showing any step was significantly changed by épacement of His228 with alanine. If
His228 were a catalytic base as proposed, thisluesivould directly uptake a proton
from the alkane peroxyflavin intermediate basedtlon proposed mechanism (Scheme
3.1). One may expect to see a delay of the decdlyi®iC4a-substituted intermediate in
the presence of octanesulfonate substrate. Rémrkén imply that His228 is not directly
involved in the reaction between C4a-(hydro)pertawh with the alkanesulfonate
substrate.

Chemical rescue experiments were performed witB8A2SsuD to determine if the
desulfonation activity could be enhanced by theitandd of imidazole. On the basis of
results of the rescue experiments with imidazdie,@énzymatic activity of H228A SsuD
can be partially rescued by imidazole. Kagvalues increased at pH values above 7 with
maximum increases observed at pH 8 (figure 3.9¢nEtough a 15% increase in thg
value was observed with the addition of imidazoles overall rescue of the enzymatic
activity was limited compared to wild-type SsuD.eTimcrease in activity at pH values
greater than 7.0 suggest that the deprotonated dbrris228 is important for catalysis;
however, the modest increase in activity does uly Support this residue as the active
site catalytic base in SsuD desulfonation reaction.

The pH dependence on thg: and k., /Ky values of wild-type and H228A SsuD
enzymes was determined in the pH range of 5.8Rigufe 3.7). Wild-type SsuD pH
profiles showed a bell shaped curve and were fitbed two ionization equation to give

two pK, values of 6.61 + 0.19 and 9.6 £ 0.10 from the péfife of keay, and 6.57 + 0.32
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and 9.54 + 0.34 from the pH profile kf.:/Kn. The p<; values from the pH profile d
are almost identical to wild-type enzyme, while g values from the pH profile o
IKm are 6.72 + 0.26 and 9.89 + 0.28. Thekg yalues are slightly shifted but still in the
margin of error. The pH profiles of the SsuD enzyweze not dramatically perturbed by
the replacement of histidine with alanine at posit228.

The overall results from these studies suggedt ks228 plays a role in the
desulfonation reaction by SsuD, but is not diredtlyolved in catalysis. His228 was
proposed as a catalytic base on the basis of gtalctomparisons with bacterial
luciferase and LadA and kinetic studies on the tiugaactive site base from bacterial
luciferase. Even though imidazole could rescue H238uD activity at pH values higher
than 7.0, this only indicates that the deprotondtedh of His228 is the active form
during catalysis. If His228 was the catalytic bas@e would expect that pH profiles of
H228 variant would be altered; however, the pH ifgsffor thek o andkea: /Ky, values of
wild-type and H228A SsuD enzymes are similar. Redutre suggest that His228 is not
an active site base in catalytic steps involvirg dstanesulfonate substrate. Unless an an
alternative base is utilized when His228 is subtd with Ala. However, it seems more
plausible that histidine in the depronated formneeded either for a catalytic step
following the release of sulfite and the correspogdaldehyde, or is required for the
stabilization and proper orientation of an aminim @aesidue important in catalysis.

Based on chemical rescue experiments by imidazti&}4 was identified as the

catalytic base in bacterial luciferase. Because Histidine is a highly conserved active
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site residue among some flavin-dependent monooxasgs) the corresponding
conserved histidine residues located in the adtites of other monooxygenases were
proposed as the catalytic base as well. Our resl¢is demonstrate a pH dependent
imidazole rescue of the His228A SsuD variant; haaveidis228 is not the catalytic base
as proposed based on further kinetic and biochénaicalyses. Since there were no
reported pH profiles of bacterial luciferase, itnst clear if the pH profiles would be
perturbed by the replacement of His44 with otheinamacids. Based on the results
reported here, the evidence from imidazole resspergnents is not enough to identify
the His228 residue as a catalytic base.

On the basis of the proposed mechanism of Ssube(Be 3.1) and the data reported
here, there are two possibilities on the catalgtie of His228: a) the stabilization and
proper orientation of an amino acid residue impdrta catalysis, or b) involvement in a
step following the C4a-(hydro)peroxyflavin reactisth alkanesulfonate. The proposed
proton transfer events are shown in Scheme 3.2r Alfie release of sulfite and aldehyde
products, an active site residue (HA) is proposed general acid to provide a proton to
form a hydroxyflavin (FMNOH), which decays to oxdd flavin. Chemical rescue
experiments with imidazole showed that it is therdenated state of His228 that
directly participates in the desulfonation reactioym SsuD, which implies His228 is
unable to work as a general acid. Therefore, thst fileely catalytic role of His228 is in

the stabilization and proper orientation of an amacid residue important in catalysis.
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Scheme 3.2 Proton-transfer events involved in Seeddlfonation reactions

Based on three-dimensional structural informatioyr331 or His333 could be the
catalytic base in the SsuD reaction. Both of thesedues are within hydrogen-bonding
distance with the His228 residue (Figure 3.12).3Byris another conserved amino acid
located in a similar spatial position in the actsree of SsuD whose catalytic relevance
has not been explored. Th&of Tyr is about 10.1, which is somewhat highemthize
pKa2 Of the active site baseKp=9.7) obtained from the pH profiles of wild-typeubs
The K, of an amino acid residue can be altered in thegarviroment of the active site.
If Tyr331 is the catalytic base in the SsuD reagtib is highly possible that the SsuD
desulfonation reaction undergoes a reverse de@btonmechanism105. In this case,

a His residue may help to bind and orientate Tyr¥Blbther potential catalytic base is
His333. The K, is about 6.6, which is close to thEjof histidine, suggesting that the
proposed catalytic base could be a histidine residuthe putative active site. It is
possible that His333 is the active site catalytisdy while His228 is required for the
stabilization and proper orientation of His333. @ut studies are aimed at the

identification of the catalytic base.
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Figure 3.12 Putative active site of SsuD

In summary, the results presented herein use aiocation of biochemical and
mechanistic approaches to probe the catalyticabldis228, a conserved residue in the
putative active site of SsuD. His228 plays a rolehie desulfonation reaction by SsuD;
however, it is not the catalytic base proposedr@vipus studies. Further kinetic analyses
indicates that this residue is more likely indihggtarticipating in catalysis by stabilizing
and properly orientating another amino acid, whish directly involved in the

desulfonation reaction by SsuD.

141



CHAPTER FOUR

SUMMARY

The alkanesulfonate monooxygenase system fEoooli, which is composed of a
NAD(P)H-dependent flavin reductase (SsuE) and sirfldependent monooxygenase
(SsuD), is capable of desulfonating a wide rangelkénesulfonate substrates in the
presence of FMN, NAD(P)H, and dioxygen to form aresponding aldehyde, sulfite and
NAD(P)" [73]. This enzymatic system is induced under sulfansttion conditions and
expressed on a single operon along with an ABC-typesporter which transfers
alkanesulfonate substrates into cells for desutfona The flavin reductase supplies
FMNH, to the flavin-dependent monooxygenase to actidibsygen for C-S bound
cleavage. Alkanesulfonates are considered nattablescompounds, which are difficult
to eliminate from the environment. The two-compdredkanesulfonate monooxygenase
system has potential applications for the biodegfiad of these stable organosulfur
compounds 74]. From a mechanistic view, the chemistry of C-Sdaleavage and
flavin transfer between the two components are hotrel in these enzymes.

While the flavin reductase of the alkanesulfonai@nooxygenase system has been

well characterized and the flavin transfer mecharniss been extensively exploretd]
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80, 84, much less is known about the catalytic mechandthe monooxygenase
component. In this research, the catalytic mechanief the alkanesulfonate
monooxygenase enzyme has been extensively probexigth a combination of
biochemical and mechanistic approaches.

4.1 Flavin binding and flavin transfer mechanisntteé alkanesulfonate monooxygenase
system.

Based on the overall mechanism of this two-compbmeonooxygenase system,
SsuE reduces FMN in the presence of NAD(P)H, then reduced flavin is further
transferred to SsuD for the oxygenation of alkatiesate substrates. The information on
flavin binding and transfer within the two-compoherystem is important in
understanding the overall catalytic mechanism of #ikanesulfonate monooxygenase
system.

The dissociation constants of oxidized FMN forth&suE and SsuD proteins were
previously reported. The SsuE enzyme had a 10@i&ler K4 value than the SsuD
enzyme for the oxidized flavin. Due to the inst@pibf reduced flavin in the presence of
dioxygen, the reduced flavin binding affinities cgmovide valuable information
regarding the mechanism of flavin transfer betwtenreductase and monooxygenase
components. A fluorimetric titration method was eleyped to determine the dissociation
constants of reduced FMN binding to SsuE and Ssuizruanaerobic conditions. SsuD
had a 40-fold loweKq4 value than SsuE for the reduced flavin, whichgatks that SSUE
has a preference for oxidized FMN, while SsuD hhgher affinity for reduced flavin.

The preference of the flavin reductase for FMN #m&lmonooxygenase for FMNH
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is a commonly observed feature in the flavin-depamhdwo-component monooxygenase
family. The reductase and monooxygenase dissogiatimstants for the reduced and
oxidized flavin are summarized in Table 4.1 foresal two-component systems. The
dissociation constants for both oxidized and redutavin binding to the reductase and
monooxygenase enzymes were only determined inlka@esulfonate sulfonate system
from E.coli and the ActVA-ActVB system involved in actinorhadbiosynthesis from
Streptomyces coelicol¢®0]. In both systems, the monooxygenase enzymes ai@eeto
bind reduced flavin with high affinity, while theeductase components had a higher
binding affinity for oxidized flavin. In HPA hydrostase and styrene monooxygenase, the
monooxygenase component had a several hundredbfe#t Ky value for reduced flavin
than oxidized flavin, [48,106. The preference of the flavin reductase and
monooxygenase for different redox forms of theiftaappears to play an essential role in
flavin transfer between these two components.

Table 4.1 Dissociation constants for oxidized asdtliced flavin binding in

flavin-dependent two-component systems

System Component Oxidized flavin Reduced flavin
Alkanesulfonate Reductases 0.015 £ 0.004:M 10.2 £ 0.4uM
monooxygenase Monooxygenases  15.5+ 1.3uM 0.32 £ 0.15uM

Reductases 4.4 £ 0.6uM 6.6 + 0.6uM
The ActVA-ActVB system
Monooxygenases  26.3 + 6.2uM 0.30 + 0.04uM
Reductases ND ND
Styrene monooxygenase
Monooxygenases 68.5uM 0.5uM
p-Hydroxyphenylacetate Reductases ND ND
hydroxylase (HPAH) Monooxygenases 250 +50uM 1.2 +0.2uM

144



To elucidate the flavin transfer mechanism betw8suE and SsuD, a combination
of kinetic analyses and biochemical approaches weeeformed. Results from
steady-state kinetic analyses indicated that Ssoowls an ordered sequential
mechanism, with NADPH as the first substrate talind NADP as the last product to
dissociate. Interestingly, the kinetic mechanisngstiE is altered to a rapid equilibrium
ordered mechanism in the presence of SsuD and estiHonate, even though the
steady-state kinetic parameters of the system wetesignificantly altered79]. More
recently, stable protein-protein interactions weletected between SsuE and SsuD
through affinity chromatography and spectroscopialyses. Based on information from
kinetic studies, biophysical analyses, and bindaffinities of flavin substrates, our
studies support a model involving direct flavinnséer from the reductase to the
monooxygenase enzyme.

4.2 Ordered substrate binding mechanism and pratgiramics

Flavoprotein monooxygenases are capable of catglyzarious reactions involving
oxygen activation and transfer. Reactions by flagtggn monooxygenases include three
steps: a) flavin reduction by NAD(P)H; b) activatioof dioxygen to form a
enzyme-stabilizing C4a-(hydro)peroxyflavin interregd; c) the oxygenation of the
substrate. Two different strategies have been addpy flavoenzymes to accomplish the
oxidation of substrate7]. In single-component monooxygenases, flavingstty bound
to protein as a prosthetic group and complicatetepr dynamics occurs during catalysis
to modify the different mechanistic steps. In twmynponent monooxygenase systems,
the reductive and oxidative reactions are perforiogdwo separate enzymes and the

flavin is present as a cosubstrate rather thawstipetic group.
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The results from fluorimetric titrations revealdtht octanesulfonate is not able to
bind to SsuD enzyme unless FMBpi$ first bound. A FMNH induced conformational
change is important for the alkanesulfonate sutestta access the active site. These
results further support the presence of an inactoraplex between SsuD and FMMH
An isomerization followed by the binding of octandsnate was observed in
stopped-flow kinetic analyses. This isomerizatian a@ rate-limiting step based on
alternate mixing experiments in the presence ofredulfonate. The oxidation of
reduced flavin was 2-fold faster in the reaction ofpremixed
SsuD-FMNH-octanesulfonate with oxygenated buffer than thactien of the
SsuD-FMNH complex with octanesulfonate in oxygenated butfethe initially formed
SsuD-FMNH-octanesulfonate complex directly reacts with @en the rates of these
two alternate mixing reactions should be simildnisTsituation was not experimentally
observed, thus the results shows the ternary comgdes not react with Quntil a
rate-limiting unimolecular isomerization occursofin dynamics has been shown to be
critical in catalysis by flavin monooxygenases. Séemultiple substrate induced
conformational changes have been observed in devevall-characterized
flavin-dependent monooxygenase systems. In batlederase, the enzyme-FMNH
complex has to convert to an active enzyme-FMNiemplex by a unimolecular
conversion before reaction with,@ form C4a-(hydro)peroxyflavin occurgg]. The
reaction kinetics for the flavin-dependent halogengRebH) indicated there are
significant protein dynamics prior to the formatiohthe FADOOH intermediate. This
complicated protein dynamics process includes tfoeas of the RebH-FADKFcomplex

[57]. These dynamic properties afford multiple confatimns in catalysis, so enzymes
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are able to utilize the shielded conformation tevent access of the solvent to the
reactive flavin intermediate.

In summary, an ordered substrate binding mechahizsnbeen proposed in SsuD
catalysis based on the reaction kinetics and stlestbinding studies. Multiple
conformational changes were observed during th® Ssdalytic reaction to control the
binding order of substrates and protect the readtitermediates from solvent. Therefore,
ordered substrate binding and protein dynamics isgemeral property of the
alkanesulfonate monooxygenase.

4.3 C4a-(hydro)peroxyflavin intermediate

One of the general properties of flavoprotein noygenases is their ability to
stabilize a C4a-(hydro)peroxyflavin intermediatengeated by flavin activation of
dioxygen. This flavin intermediate is usually theygenating agent involved in substrate
oxygenation. Therefore, identification and charaz#ion of a C4a-(hydro)peroxyflavin
intermediate is essential to elucidate the catalytmechanism of flavoprotein
monooxygenases. The C4a-(hydro)peroxyflavin inteliate has a distinguished UV-vis
spectrum from oxidized and reduced flavins withaéasorbance peak between 350-400
nm. Rapid reaction kinetics on the formation andageof this C4a-(hydro)peroxyflavin
intermediate provides valuable information aboet ¢htalytic mechanism of flavoprotein
monooxygenases.

The C4a-(hydro)peroxyflavin has been identified the SsuD reaction by
stopped-flow analyses in the absence of or at lowcentrations of alkanesulfonate
substrate. Interestingly, the order of additiorFMNH, and Q determines whether the

formation of the C4a-(hydro)peroxyflavin intermetgiais observed in stopped-flow
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kinetic traces. The oxidation of pre-mixed FMNBsuD is significantly slower than that
of free flavin, and the kinetic traces obtaine@#d nm and 450 nm increased at identical
rates in a two step model, indicating that flavixidation was an enzyme-mediated
reaction. However, when free flavin was mixed w8buD in oxygenated buffer, the
kinetic trace obtained at 370 nm increased attarfaste than the kinetic trace at 450 nm
with a new fast phase (12%s observed. These results suggested that a
C4a-(hydro)peroxyflavin was likely generated in tessulfonation reaction catalyzed by
SsuD. Under anaerobic conditions, the initiallynied SsuD-FMNEK complex will
undergo a unimolecular reaction to convert to atima SsuD-FMNH complex which is
unable to stabilize the C4a-(hydro)peroxyflavirenmediate. This unique dependence on
the enzyme and substrate mixing order for the eeserformation of the
C4a-(hydro)peroxyflavin was also reported for thevih-dependent halogenase RebH.
Three forms of the Reb-FADHomplex have been proposed in this enzymatic iceact
The initial binding of FADH by RebH yields an enzyme complex (complex A) which
readily reacts with dioxygen to form FADOOH. Howevander anaerobic conditions,
the active complex converts to complex B and C. plemB does not readily react with
O, and undergoes a slow conversion back to complexX@mplex C is an inactive
complex, which reacts with Qo form FAD and HO, with no significant accumulation
of FADOOH observed. These complicated conformatichanges during the formation
of C4a-(hydro)peroxyflavin in SsuD and RebH demiatst the ability of enzyme to
adjust to the availability of £)57].

The stability of the C4a-(hydro)peroxyflavin imeediates formed in two-component

monooxygenase reactions are quite variable depgmudirihe enzyme under investigation.

148



This intermediate in the SsuD reaction is weak camegp to other
extensively-characterized enzymes from this fantilge possible reason for the decrease
stability may be a more polor enviroment, or thenpbcated conformational changes
that occur during the binding of FMNH

4.4 Putative active site of SsuD and the catalytie of His228

Most structures reported for monooxygenases frone tflavin-dependent
two-component monooxygenase shows a dimeric oligaateon state of the enzyme,
while SsuD is an unusual homotetramer which coreprid two homodimers. Although
the amino acid sequence homology is low, SsuDnslai in overall structure to other
flavin-dependent monooxygenases, bacterial lugkeraand long-chain alkane
monooxygenase (LadA). More interestingly, severain@ acids located in the putative
active site of SsuD (His228, Tyr331, Arg297 and ®2sare in a similar spatial
arrangement as catalytically relevant amino acidsnfbacterial luciferase and LadA.
Amino acid residue His44 in thesubunit of bacterial luciferase has been repaxduke
a catalytic base in the bioluminescence reactitve. Fi228 residue, which corresponds to
His44 in thea-subunit of bacterial luciferase, has been repduedat the catalytic base in
the desulfonation reaction.

Several His228 variants (H228A, H228K and H228[¥revgenerated in order to
determine the catalytic role of this residue. Rissfubm substrate titrations indicated that
His228 is not directly involved in FMNHor alkanesulfonate binding. Stopped flow
kinetic analyses showed that the replacement dt2@isvith alanine did not generate any
significant changes in flavin oxidation in the abse and presence of alkanesulfonate

substrate, which implies that His228 is not dineativolved in the reaction between the
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C4a-(hydro)peroxyflavin intermediate and alkanesudte substrate. There was not a
dramatic reduction in thé&. /Ky, values (50 fold in H228A and H228K, 200-fold in
H228D), as would be expected for a catalytic b@semical rescue was performed with
the His228A SsuD variant to determine if the atyiould be enhanced by the addition
of imidazole. Even though a 10-15 % increase irkthevalue was observed at pH values
above 7, the overall rescue of the enzymatic dgtivas limited compared to wild-type
SsuD. The increase in activity at pH values gretiten 7 suggest that the deprotonated
form of the His is important for catalysis, howevwke modest increase in activity does
not fully support this enzyme as the active sitsebamportant in catalysis. The pH
dependence on the./Km andk values of H228A and wild-type SsuD are also simila
further suggesting that the His228 is not an acsie base in catalytic steps involving
the octanesulfonate substrate. While these resoiltlel suggest that an alternative base is
utilized when His228 is substituted with Ala, iteees more plausible that His228 in the
deprotonated form is either needed for a catabep following the release of sulfite and
the corresponding aldehyde, or is required fordtiadilization and proper orientation of
an amino acid residue important in catalysis.

The catalytic functions of other conserved residirethe putative active site were
explored in our current studies. Results from kinabalyses suggest that the C54 variant
plays a role in the stabilization of the C4a-(hydeyoxyflavin similar to Cys106 in
bacterial luciferase (unpublished data). It wasviogsly reported that the activity of an
abherrent R297C SsuD variant was totally aboligii8# Arg 297 is located in a flexible
loop, which may play essential roles in proteinayics and protein-protein interactions.

SsuD was shown to be more susceptible to protenigsine absence of reduced flavin,
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while SsuD was cleaved more slowly in the presefdEMNH,. These results indicate
that the binding of FMNHK induces a conformational change that protects SbaD
enzyme from proteolysis, and the flexible loopikelly involved in this conformational
change. There is no activity detected in the stestae kinetics for R297A and R297K
SsuD. Results from fluorescence titrations showed & slight decrease in the binding
affinity FMNH, was observed in R297A and R297K SsuD, suggestiagthe Arg297
residue is not essential for flavin binding. Inmted-flow studies, flavin oxidation by
R297A or R297K SsuD occurs at a faster rate folgwreduction by SsuE than
wild-type SsuD. Since the Arg297 residue is locatadthe flexible loop, there are two
possible explainations for this faster oxidatioptHe flexible loop is essential to protect
reduced flavin and C4a-(hydro)peroxyflavin internage; 2) Arg297 play an essential
role in the acquisition of flavin by SsuD from Ssukhe lag phase present in kinetic
traces of wild-type SsuD at 450 nm, but not in tteezes of R297A or R297K SsuD,
could represent the transfer of FMNIitb SsuD. (unpublished data). Therefore, these
results provided evidence for the Arg297 residudifating the transfer to the FMNHo
SsuD or protecting the FMNHN the active site of SsuD.

In summary, the catalytic mechanism of the alkaliesate monooxygenase enzyme,
SsuD, has been extensively explored. The overattham@sm of SsuD shows some
common properties with other flavin-dependent moiygenases with a ordered
substrate binding mechanism and a C4a-(hydro)péewy intermediate generated in
catalysis. Multiple conformational changes are lagd in catalysis and play important
roles in protecting the reactive intermediates eowtroling the substrate binding order.

Catalytic roles of His228 have been probed by kinahalyses, chemical rescue, pH
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profile evaluation, and substrate binding studiEse His228 residue is not a catalytic
base as previous proposed, but is more likely reduior the stabilization and proper
orientation of an amino acid important in cataly§determinating the catalytic roles of
additional conserved residues in the putative acsite will lead to information on the

desulfonation reaction catalyzed by SsuD.
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