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Abstract

Recombinant lysine:N“-hydroxylase (rlucD) catalyses the conversion of L-lysine to
its N*-hydroxy derivative and requires flavin adenine dinucleotide (FAD) and the reduced
form of nicotinamide adenine dinucleotide phosphate (NADPH) for its catalytic function.
Previous studies had revealed that, of the five cysteine residues present in rlucD, cwo of
them were susceptible to alkylation with iodoacetate and three such residues were amenable
to modification by 5,5’-dithiobis-(2-nitrobenzoic acid), DTINB, with the concomitant loss of
lysine monooxygenase function. Furthermore, two of rlucD’s alkylatable cysteine residues,
Cys51 and Cys158, could be replaced, by alanine, without adverse effect on the catalytic
function (L. Marrone and T. Viswanatha, Biochim. Biophys. Acta 1343, 263-277, 1997).

In the current investigations, the effect of individual replacement of lucD's Cys31,
Cys146, and Cys166 with alanine on the protein's structural integrity and catalytic function
was examined by monitoring Ty, using differental scanning calorimetry and lysine:N“-
hydroxylase activity respectively. Each of these substitutions appeared to lead to a slight
decrease in the stabiliy of the protein, as indicated by a lower T, relative to that of the
parent protein. Interestngly, the Cys166—Ala subsutution, which was found to be
accompanied by the largest decrease in Ty, (-2.4 K), had no significant effect on the protein's
catalytic function. In contrast, Cys146—Ala replacement, which results in a relauvely much
lower decrease in T, (-0.8 K), was accompanied by profound conformational changes as
indicated by approximately 50% reduction in monooxygenase activity and the ready
accessibility of the remaining cysteine residues to chemical modification.

Ligand-induced conformational changes in rlucD were assessed by monitoring its
CD spectra, DSC profile, and suscepdbility to both endo- as well as exopeptidases. The first
two methods indicated the absence of any significant conformational change in rlucD, while
the last approach revealed that FAD, and its analog ADP, can protect the protein from the
deleterious action of proteases. NADPH was partially effective and L-lysine was ineffectve
in this regard. Deletion of the C-terminal segment, either by treatment with
carboxypeptidase Y or by mutagenesis of z«D, results in the loss of rlucD’s monooxygenase
activity. These findings demonstrate the crucial role of the C-terminal segment in

maintaining rlucD in its native conformation.
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1.0 Introduction

The dependence of all forms of life on iron, regardless of their status in evolutionary
development, hardly needs to be stressed. Iron, by virtue of its presence in a number of
biologically active substances is involved in muldple functions (DNA replication, O,
transport, electron transfer, detoxification reactions, etc.) that are vital both to the
sustenance as well as to the propagation of life. Although the fourth most abundant element
on our planet, its bioavailability is highly restricted due ro its presence predominantly in the
Fe(111) oxidation state, as Fe(OH),. In this form it is virtually insoluble (K, = 10™ M*) under
physiological conditdons. The equilibrium concentradon of free iron at physiological pH is =
10" M and this level is far too low to support growth of even the simplest microorganism
(1-4). Hence, it is not surprising to find that living systems have developed novel
mechanism(s) not only for sequestering this element from their environment, but also for
minimising its loss following uptake.

When confronted with iron starvation, miccroorganisms respond with elegant
strategies to fulfil their requirement for the metal. One such strategy for iron acquisition
involves the production of siderophores, compounds of low molecular weight and high
affinity for ferric iron (5). The primary functon of these siderophores concerns the retrieval
of iron from the environment for fulfilling the requirement of the parent organisms. In
general, the uptake of iron bound to siderophores is a receptor mediated and an energy
dependent process (6).

The identification of siderophore mediated iron uptake in microorganisms was made
possible by the inital finding of ferrichrome in the culture fluids of Usti/ago sphaerogena (7,8).

This pioneering contribution by Neilands in 1952 set the stage for research endeavours



which have resulted in the isolation and characterisation of siderophores with diverse
structural features from a wide variety of microorganisms (9-11). Chemical syntheses of
many of these siderophores have been accomplished (12-19). Based on the functional groups
that serve as ligands for the metal, the siderophores would appear to fall into three distinct
categories. These are: (i) hydroxamates; (i) catecholates; and (iii) the mixed type with more
that one kind of ligand for the metal. Structures of some of these are presented in Figures
1A and 1B.

1.1 Aerobactn

Aerobactin, a mixed type siderophore, is of particular interest to our investigation.
As shown in Figure 2, this siderophore comprises two residues of N®-aceryl-N°-
hydroxylysine which are condensed to the distal carboxyl functons of citric acid (20). Lt
forms 2 1:1 octahedral complex with ferric iron (Figure 2). The observaton that aerobactin
mediated iron uptake system encoded by pColV plasmids forms the basis for virulence in the
invasive strains of Escherichia cofi provided an impetus for further investigations on the
genetic basis governing the phenomenon (21,22). The ability of this siderophore, upon
release, to retrieve iron from the environment and even from transferrin would appear to be
responsible for its functoning as a virulence determinant in pathogenic organisms (23).

Elegant work by both Braun and co-workers (24,25) as well as by Neilands and his
colleagues (26,27) has led to the identification of five genes in the aerobactin operon, of
which four encode for enzymes participating in the biosynthesis of aerobactin, while the
fifth encodes for the protein involved in the transport of the ferric iron-siderophore
complex. These genetic investigations and the biochemical studies in this laboratory (28)
provided insights into the sequence of events in the biosynthesis of the siderophore (Figure

3). Thus, the initial step in aerobactin biosynthesis concerns the N*-hydroxylation of



Figure 1A: Structures of some representative hydroxamate siderophores (10)
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Figure 1B: Structures of some representative catecholate and mixed type
siderophores (10)
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Figure 2: Structure of aerobactin and ferric aerobactin
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Figure 3: Genes in the aerobactin operon and the enzyme catalysed reactions in
the biosynthesis of acrobactin
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L-lysine, which, in the subsequent step, is converted to its N®-acetyl derivative. The final two
steps pertain to the condensation of the N*-acetyl-N*-hydroxylysine residues to the distal
carboxyls of citric acid. Furthermore, these studies have shown lysine:N-hydroxylase, IucD,
(E,) and the acetyl transferase (E,) to be membrane associated while the cytosolic enzvmes
(E, and E,) catalyse the terminal steps of peptde bond formation resulting in the production
of aerobactun (29).

1.2 Regulation of aerobactin biosynthesis

The biosynthesis of aerobactin in E. e/ is regulated by a ferrous iron binding
protein, Fur, the product of the fur (ferric sptake regulation) gene and the protein occurs in
the dimeric torm. This protein has been found to control transcription of iron dependent
promoters in many prokarvotes (30). Fur is a zinc containing, Fe(II) binding protein that
represses the transcription of the genes implicated in the response to iron deprivation when
the metal is abundant in the medium (31). [nterestingly, Fur appears to play a role in a
variery of cell funcdons unrelated to iron acquisitdon (Figure 4). Such processes include: (i)
the production of a number of virulence determinants (32); (ii) defence against oxygen
radicals (33,34); (iii) chemotaxis (33); and (iv) metabolic pathways (36). The interaction of
Fur-Fe®" complex with its operator, referred to as the “iron box’ has been characterised with
the following nucleoude sequence: 5'-(GATAATGATAATCATTATC)3' (31). The binding
of Fe*” to the C-terminal domain of Fur has been found to be accompanied by
conformational changes in the protein’s N-terminal region, promoting its interaction with
the operator (37). The mode of binding of Fur repressor to the operator has been shown to
result in a helical wrapping of protein around the DINA helix. Recent studies have revealed
Fur to contain 2 moles of Zn(lI) per monomer. Of these two Zn(1II), one is tughty bound to

the protein and plays a structural role, while the other would appear to be replaceable by



Figure 4: Functions affected in the furregulon of E. coli K12 (38)
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Fe(ll). Both Fur-Zn, and Fur-Zn, complexes have been found to be capable of tight
interaction with the operator DNA (the iron box). These observations suggest the need fora
re-examination of the role of Fe(ll) as a corepressor in the reguiation of iron-responsive
genes (39).

1.3 Lysine:N®-hvdroxvylase (TucD)

As noted earlier, lysine:N“-hvdroxvlase, lucD, was found to be associated with the
membrane component of the cell-free system (28,40). Furthermore, since the cell-free
system was obtained by osmotic shock of the lysozyme treated cell preparations, the
membrane vesicles would be expected to retain their normal RSO (right side our) orientation
(28,40,41). Lysine:N“-hydroxylation catalysed by these RSO vesicular enzyme preparations
was found to by stimulated by pyvruvate, which appeared to serve both as a source of
reducing equivalents required for O, activation, as well as for the acetyl moiety needed for
the conversion of N“-hydroxylysine to its hvdroxamate derivative (28,40.41). The process of
pyruvate oxidation and lysine:N“-hyvdroxylation mediated by the vesicular enzyme
preparation appeared to be tightly coupled since pyruvate analogs (fluoropyruvate,
methylacetyl phosphonate, and cinnamylidene) were found to inhibit not only the former,
but also the latter reaction (41,42). Although none of the amino acids other than L-lysine
served as a substrate, both L-glutamic acid and L-glutamine were found to both stimulate as
well as activate the N-hydroxylase activity of the enzyme preparauon (40,43).

Further evidence for the location of [ucD in a membrane environment was provided
by the observations recorded in the studies with incD =" phoA and ucD’-"/acZ constructs
(44). These investigations have revealed the presence, in IucD, of at least two domains of
attachment to the inner side of the cytoplasmic membrane. The first such membrane

attachment domain has been noted to occur within the first twenty four amino acid residues
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of the protein and the sequence of this segment resembles that of the signal pepude (44).
[ucD’s association with the membrane was further confirmed by the conunued presence of
lysine:N"-hydroxylase activity in 1SO (inside out) vesicular enzyme preparations (45).

Repeated efforts to achieve membrane free preparations of IucD were futile (46). To
circumvent this problem, recombinant [ucD proteins with modified amino termini were
produced by performing three in frame gene fusions of lucD to the amino terminal amino
acids of the cytoplasmic protein f3-galactosidase as shown in Figure 5. Two of these
constructs involved the addition, to the /#D coding region, of a hydrophilic leader sequence.
In one, the attached leader sequence results in the additon of 13 amino acid residues
(construct pATS that would result in the production of AucD439) and in the second, the
appended leader segment would lead to a gain of 30 amino acids (construct pAT2). The
third construct, pAT3, involved the addition of 19 N-terminal amino acid residues from -
galactosidase to the C-terminal fragment of /«D (obtained by the deletion of the nucleotide
sequence encoding for the first 47 amino acids) and this allowed for the production of
rlucD398. E. c/i DH5 transformed with pATS5 or pAT3 were found to produce
cytoplasmic forms of lucD. In the case of pAT?2, lysine:N"-hvdroxvlase activity could be
either cytoplasmic when expressed in s#pIK strain of E. col, or membrane bound when
expressed in E. co/f DH50. This observation lends further evidence for [ucD being normally
located in a membrane environment (46).

Recombinant forms of IucD are produced as apoproteins and require NADPH and
FAD for their catalytc function, with L-lysine funcuoning as the preferred hyvdroxylatable
substrate (46,47). Neither pyruvate nor L-glutamine has any effect on the reactions caralysed
by the AucD preparations. Although the membrane bound and the cytoplasmic

(recombinant) forms of IucD are similar in their function and many other properties, they
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Figure 5: Details of the pUC19-7ucD gene fusions (4G)

The DNA sequences of the fusion endpoints in pAT2, pAT3, and pAT5 were deduced from
the published sequences of pUC19 and z«D (44,48). Shadowed amino acids indicate the
portion of the recombinant polypeptide segment contributed by the B-galactosidase o-
peptde encoded by pUC19. Double underlined amino acids denote the lucD sequence.
Underlined regions of the DNA sequence in pAT2 and /#¢D deriote the leader sequence that
contains the ribosome binding site of the wild-type z#D gene and two UGA stop codons
(asterisks). Shaded bases in the /ucD sequence indicate the Shine-Dalgarno sequence as
reported by Herrero ez a/. (44)
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do differ with respect to their cofactor requirements as indicated in Table 1. The basis for
such a difference is not apparent at the present time.

The primary structure of IucD, deduced from the nucleotide sequence of 7D, has
revealed the presence of two potential nucleotide binding domains, one comprising the first
27 amino acid residues at the N-terminus and the other in the segment comprising residues
183-213 of the protein. However, the availability of the former for cofactor occupancy
appears remote in view of its involvement in the protein’s attachment to the cvtoplasmic
membrane. This view is further supported by the observation that deletion of this domain,
as in 7lucD398, has no deleterious effect on the protein’s catalytic functuons. Consequently,
the latter domain, which fulfils the fingerprint requirements (49) more effectively than the
former, has been assigned as the flavin cofactor binding domain (47). The situation with
respect to the NADPH binding domain would appear to be analogous to that in the case of
p-hydroxybenzoate hydroxylase, which has no identifiable domain in its primary structure for
this obligatory cofactor (50). However, the exact locations of the nucleotde binding domains
for NADPH and FAD in the primary structure of IucD remains to be firmly established (51-
53). Besides the determinaton of crystal structures of rlucD-cofactor complexes, studies
with photolabile cofactor analogs (54,55) may prove helpful in an unambiguous assignment
of ligand binding domains in the protein.

Puritication and physico-chemical characterisation of rlucD439 and rlucD398 has
been achieved (46,47,56,57). Chemical modification of thiol funcuons of the proteins has
been found to result in a loss of their lysine monooxygenase function, an observation that
led to further studies on the role of cysteine residues in rlucD’s catalyuc functons.
Treatment of rlucD with either ICH,COO" or DTNB under denaturing conditons

consistently indicated the presence of 5 moles of cysteine residues per mole of protein (58)
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Table 1: Enzymatic activity of membrane bound and cytoplasmic IucD
preparations under conditions of various effectors (50)

Relative enzymatc activiey’

Effector Cytoplasmic IucD  Membrane bound IucD
None 100 100
-70°C o° 0
L-Glutamine (1 mM) 100 200
Pvruvate (1 mM) 100 100 (22)°
Acetaldehyde (1 mAD 100 120 (22)°
Cinnamylidene (400 M) 8 25
Gramicidin S (100 M) 100 19
CCCP (100 unD) 6 10
FCCP (100 uM) 11 15
Phenyl hydrazine (500 M) 0 27

In the case of cytoplasmic IucD, the assay (final volume of 5 mL) comprised
enzyme (100 pg), L-lysine (1 mM), FAD (40 uM), NADPH (80 UM, regenerated
using 1 mM G-6-P and 1 unit G-6-P deH,), and potassium phosphate (50 mM,
pH 7.2). Incubadon: 15 min at 37°C. In the case of the membrane bound
enzyme, the assay (final volume of 10 mL) comprised membrane vesicles (1 mL),
L-lysine (1 mM), pyvruvate (I mM), and potassium phosphate (50 mM, pH 7.2).
Incubation: 1 h at 37°C. These served as controls and the acuvity of each was set
at 100 in the assessment of the influence of effectors indicated.

Lability at subzero temperatures noted in the case of enzyme preparations in
buffer media conraining NaCl (= 500 mM). The enzyme is stable at subzero
temperatures when maintained in 200 mM potassium phosphate, pH 7.0 in the
absence of NaCl. The membrane bound enzyme preparation is labile at
temperatures < 0°C regardless of the nature of the medium of its maintenance.
The activity in the absence of pyruvate or acetaldehyde.
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instead of the 6 such residues predicted by the nucleotide sequence of ixD (44).
Consequently, the nucleotide sequence has been redetermined leading to a revised version
which predicted the presence of 5 cysteines in lucD, a finding in agreement with the
experimentally observed value (58,59). Examination of the number of cysteine residues
accessible to modification in the native conformation of rfucD indicated that two residues
were suscepuble to alkylation with [CH.COO' while three were amenable to modificaton by
DTNB (59). Of these three cysteine residues accessible to DTNB, two reacted “fast” while
the third was “slow” to undergo modification (Note: for convenience, the terms “fast” and

“slow” are used in the presentaton; “fast”, reaction time < 20 sec; “slow”, reaction tume

> 150 sec). The two cysteine residues of AucD alkylatable by [CH,COO' have been
identfied as Cys51 and Cys158 of the protein (59). Interestungly, replacement of these
alkvlatable cvsteine residues, either individually or in combinaton, has been noted to have no
adverse effect on [ucD’s lysine monooxygenase functon. Furthermore, analysis of results of
the reaction of rlucD muteins with DTNB indicated that Cys51 as one of the “fast” reacting
residues and Cys138 as the “slow” one to undergo modification (59).

Both rlucD and its thiol modified preparations have been found to promote the
NADPH-dependent DPIP reduction. However, the unmodified s7lucD preparation has been
noted to rapidly lose its ability to accommodate the flavin cofactor in the process due to the
inherent ability of the dye to effect covalent modification of protein’s thiol functions (60-62).
In contrast, rlucD preparadons with prior modification of its cysteine residues can still allow
for the participation of FAD in the electron transfer process, since such covalent labelling is
precluded due to the nonavailability of thiol function(s) (58). Thus rlucD preparations, with

their thiol groups modified are devoid of monooxygenase activity, but can still participate in
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NADPH oxidation, with the process leading to the production of H,0O, or reducton of
exogenous electron ﬂCCCp[Of.

1.4 Xanthine oxido-reductase

Regulation of catalytic function(s) of enzymes based on changes in the red-ox state
of their cysteine residue(s) is not uncommon. Xanthine oxido-reductase serves as an
excellent example of such phenomena (63). This enzyme, which has been isolated from a
wide range of organisms, catalyses the hydroxylation of a variety of purine, pyrimidine,
pterin and aldehyde substrates. The enzymes trom different sources have similar molecular
weight and composition of red-ox centres (64,65). The mammalian enzyme cartalyses
hyvdroxvlaton of hypoxanthine and xanthine, the last two events in the production of urate.
This enzvme is a dimer, with each subunit containing one molybdopterin cofactor, two
distinct [2Fe-2S] clusters and one FAD cofactor. Each of the subunits is catalytcally
functional. The oxidation of xanthine occurs at the molybdopterin centre and the electrons
introduced are distributed in other centres by an intramolecular electron transfer process,
resulting in the 6 electron reduced species of the enzyme (Scheme 1). In contrast to other
hydroxylases, xanthine oxidase utlises water as the source of oxygen incorporated into the
product (Scheme 2).

[nterestingly, the enzyme is synthesised as a dehydrogenase (XDH) and is converted
to an oxidase (XO) by oxidation or chemical modification of its cysteine residues or by
proteolysis (66-68). XDH shows a preference for NAD™ as an electron acceptor and the
reduction occurs through the FAD cofactor. Conversion of XDH to XO is accompanied by
a loss of ability to bind NAD® with a concomitant increase (4-fold) in the affinity for
molecular oxygen. In XO, the reduced form of the flavin cofactor (FADH,) reacts

exclusively with dioxygen which serves as the ultimate electron acceptor. The reactions



Scheme 1:

Generation of 6 electron reduced xanthine oxidase (67)

X = xanthine; U = urate
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Scheme 2:

The mechanism of xanthine oxidase

The reduced enzyme is subsequently reoxidized by O., yielding H,O,.
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catalysed by XDH and XO are illustrated in Scheme 3. Although Scheme 3 depicts exclusive
formation of H.O, in the reaction between FADH, and dioxygen, studies with cytochrome c
as electron acceptor have revealed the process is actually accompanied by the generation of

both the superoxide anion, O»* (the product of one electron transfer) and peroxide, O,” (the

product of two electron reduction). The process can be visualised as follows:

Oz OZ} 0> Ozl O, OZ; O Oz
EH - o EHr~ Bt~ p EH. N X E
6 &) (4 e) 2e) ; :{+

The generation of 3 equivalents of O3* during the process has also been reported (63).

In light of the control of xanthine oxidoreductase function via the red-ox state of its
cysteine residues, it may be pertinent to reassess the role of cysteine thiol functions in lucD.
The maintenance of lvsine monooxygenase activity in the rlucD muteins, developed by the
substitution of two of the alkylatable cysteine residues, would appear to rule out their
participation in the protein’s catalytic mechanism. And, this may indeed hold true in the case
of the wt-iucD gene product. However, the possibility of the cysteine residues being involved
in an 77 17zo post-translational reguladon of the protein’s ability to function as a
monooxygenase needs to be considered. In this connecdon, the narrow window observed in
the manifestation of the lysine:monooxygenase activity in cultures producing aerobactin
(28,43) may be a reflection of the control exercised in the regulaton of the acuvity of this
enzyme. In uivo, modulation of the protein’s lysine:monooxygenase function by a change in
the red-ox state of its cysteine residue(s) may provide one such control mechanism. If the
above situation were to prevail, it would mean that the monooxygenase activity of rlucD

muteins



Scheme 3: Reaction catalysed by xanthine dehydrogenase (XDH) and xanthine
oxidase (XO)

X = xanthine; U = urate
SH S
7 7
XDH =E NXO=E
N AN
SH S

XDH to XO conversion can also be achieved by chemical modification of the
cvsteine residues.
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with cysteine substitution(s) (with alanine in this study) may not be subject to such /n vze
post-translational regulation.

As noted above, the transition of XDH to XO is accompanied by a change in the
protein’s preference for its electron acceptor from NAD™ to dioxygen. As a consequence,
the products of the electron transfer reactions catalysed by the two forms of the protein are
distinct, with the formation of the reduced form of nicotinamide adenine dinucleotide
(NADH) in the case of XIDH and that of peroxide (H.O,) and superoxide anion (O»*) from
XO. The situaton in the case of rlucD is distinct from that noted above in that the enzyme
with its cysteines intact functions as a monooxvgenase while that with such residues oxidised
is capable of mediating electron transfer to artificial electron acceptors. Thus, it would
appear that O, serves as an electron acceptor in both the parent and the modified rlucD
preparadons, the difference being that in the former case, the activated oxygen species Is
utilised for the hydroxvlation of substrate, while in the latter instance it mayv be channelled
towards the producton of H,0O,; and/or the reduction of exogenous electron acceptors.

1.5 Obijectives

In light of considerations cited above, current studies were initiated to address
aspects that yet remained to be resolved in order to gain an insight into the mechanism(s)
operative in rlucD catalysed processes. These are: (i) the basis for the loss of rlucD’s
monooxygenase activity upon chemical modificaton of its accessible cysteine residues; (if)
the role of the cysteine residues inaccessible to chemical modification in the protein’s
catalytic function(s); (iii) the factor(s) contributing to the anomaly in the number of rlucD’s
cysteine residues susceptible to modification by thiol modifying agents, namely iodoacetate
and DTNB; and (iv) evaluation of approaches employved for monitoring the ligand (substrate

or cofactor) induced conformational changes in rAucD.



2.0 Materials

Chemical

Supplier

Dyematrex Orange A gel
Centricon 50 kDa concentrators
Centriprep 50 kDa concentrators

Amicon Corporation
Beverly, MA

ar-1,4-dichloro-2-butene

diethyl acetamidomalonate
L-glutamine

Imidazole

DL-norleucine

L-norleucine

Phthalimide, potassium derivatuve
Sodium Azide
as-1,2,3,6-tetrahydrophthalimide

Aldrich Chemical Company
Milwaukee, WI

Polyclonal anti-rlucD antbodies (from rabbit)

Alpha Diagnositcs [nternational
San Antonio, TX

Ampicillin trihydrate

Amersham Life Sciences
Arlington Heights, IL

Aminopeptidase M

Calcium chloride dihvdrate

DPIP

Guanidine hydrochloride, ultrapure bioreagent
HEPES, ultrapure bioreagent

Hydrochloric acid

Isopropylthiogalactoside (IPTG)

Magnesium sulphate heptahydrate (MgSO,*7H,0)
Potassium phosphate, dibasic (K,HPO,)
Potassium phosphate, monobasic (KH,PO,)
Potassium thiocyanate

J.T. Baker Chemical Company
Phillipsburg, NJ

trans-4,5-dehydro-L-lysine
Furylacryloyl-L-Phe-Ala

Bachem, Biosciences Inc.
King of Prussia, PA

Acetic Acid

Ethanol

Glycine

lodine
a-Naphthylamine
Sodium bicarbonate
Sodium chloride

BDH Chemical Company

Toronto, Ontario
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Sodium hydroxide
N,N,N’,N’-tetramethylehylenediamine (TEMED)
Trochloroacetic acid

Trifluoroacetic acid

Urea

BDH Chemical Company
Toronto, Ontario

Acrylamide

Ammonium persulphate

AP conjugate substrate kit

BioGel p4 (200-400 mesh)

Bisacrylamide

Coomassie brilliant blue R-250

Dowex 50W-X8 and X16 (200-400 mesh, H" form)
Goat anti-rabbit IgG-AP conjugate

Kaleidoscope prestained standards

Protein Assay Dye Reagent Concentrate
SDS-PAGE low molecular weight standards

(97.4 kDa, 66.2 kDa, 45 kDa, 31 kDa, 21.5 kDa, 14.4 kDa}
Sodium dodecylsulphate (SDS)

Trans blot transfer medium

Bio-Rad Laboratories
Richmond, CA

Tween-20

A-DNA Boehringer Manheim
Agarose LE Manheim, Germany
Carboxypeptdase B

BamH 1 restricion endonuclease and reaction buffer
EcoR 1 restriction endonuclease and reaction buffer
Kpn 1 restricion endonuclease and reacton buffer
Proteinase K

Pwo DNA polymerase and reacton buffer

Isopropyl alcohol, HPLC grade

Caledon Laboratories Ltd.
Georgetown, Ontario

Carboxypeptidase Y Carlbiotech

Copenhagen, Denmark
Ethanol Commercial Alcohols
Methanol Brampton, Ontario
DTT Diagnostic Chemicals Lid.

Charlottetown, PEIL

Bacteriological agar
Casamino acids
Tryptone

Yeast Extract

Difco LLaboratories
Detroit, MI




Methanol, HPLC grade EM Science
Gibbstown, NJ
T4 DNA ligase Fermentas

Burlington, ON

Iodine
Sulfanilic acid

Fisher Scientfic
Toronto, Ontario

Ampicillin

Carboxypeptidase A (PMSF treated)
DTT

Glucose-6-phosphate dehydrogenase
Leucine aminopeptidase
Trifluoroacetic acid

Fluka Biochemika
Switzerland

E. coli DH50 [F $80d/acZAM15 A( lacZY A-argF) U169 endAl recAl
hsdR17(r, m,”) deoR thi-1 phoA supE44 X gyrA96 relAl]

Gibco BRL
Gaithesburg, MD

Ammonium sulphate, ultrapure
PMSF

1CN Biochemicals
Cleveland, OH

Oligonucleotide primers
DNA sequencing

MOBIX

McMaster University, Hamilton, Ontario

Carnadon instant skim milk powder

Nestlé

Don Mills, Ontario

Dpn 1 restricion endonuclease with reaction buffer
HinD 111 restricton endonuclease with reaction buffer
BSA, molecular biology grade

New England Biolabs
Mississauga, Ontario

E. coli BL21(DE3) [F ompT hsdS,(ty my) gal dem (DE3)]

Novagen, Inc.
Madison, WI

dNTPs, ultrapure

MAbTrap GII kit

SDS-PAGE low molecular weight standards
(94 kDa, 67 kDa, 43 kDa, 30 kDa, 20.1 kDa)
Thrombin

Pharmacia

Baie d’Urfe, Quebec

Qiagen plasmid midi kit
QIAquick gel extracuon kit
QIlAprep miniprep kit

Qiagen Inc.
Chatsworth, CA




ADP

ADP-agarose

BSA

Chymotrypsin (3x crystallised)
Cyclophilin

Cytochrome C

Diamide

DNAase

DTNB

EDTA

Ethidium bromide

EZMix™ LB broth

Ferrous ammonium sulphate
FAD

GDP

D-(+)-glucose
Glucose-6-phosphate
Glucose-6-phosphate dehydrogenase
L-glutamine

Glycine

Hippuryl-Arg

Hippuryl-Phe

lodoacetate

L-lysine

Lysozyvme
B-mercaptoethanol

NADP™

NADPH

PIPES

Potassium thiocyanate
Protease X (thermolysin}
RNAase

SBTI
N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide
TLCK-Chymotrypsin
TPCK-Trypsin

Trizma base (T't1s)
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Sigma Chemical Company
St. Louis, MO

Spectra/Por® membrane (MWCO 6,000-8,0000)

Spectrum
Gardena, CA




3.0 Methods

A list of buffers used in these investigations is provided below, along with the buffer
composition when available.

Buffer Name Compositon
Qiagen® (69-71)
P1 50 mM Tris-Cl, pH 8.0; 10 mM EDTA; 100 gg/mL RNAase A
P2 200 mM NaOH, 1% SDS
P3 3.0 M potassium acetate, pH 5.5
QBT 750 mM NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol; 0.15% Triton®™
X-100
QC 1.0 M NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol
QF 1.25 M NaCl; 50 mM Tris-Cl, pH 8.5; 15% isopropanol
TE 10 mM Tris'Cl, pH 8.0; 1 mM EDTA
PB Supplied Buffer (Qiagen®)
PE Supplied Buffer (Qiagen®)
EB Supplied Buffer (Qiagen®)
QG Supplied Buffer (Qiagen®)
N3 Supplied Buffer (Qiagen®)
MabTrap G II  (72)
Buffer EQ Supplied Buffer (Pharmacia)
Buffer EL Supplied Buffer (Pharmacia)
Buffer NE Supplied Buffer (Pharmacia)
General 73,74)
buffer CC 60 mM CaCl,; 15% glycerol; 10 mM PIPES, pH 7.0
buffer DS 0.25% bromophenol blue, 0.25% xylene cyanol FF, 50% glycerol in water
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3.1 Molecular biology protocols

3.1.1 Preparation of competent cells

3.1.1.1 Preparation of competent cells by treatment with CaCl, (75.76)

The desired bacterial cell culture was grown overnight in a 5 mL starter culture at
37°C in LB medium with constant shaking. This culture was used to inoculate 100 mL of LB
medium and was allowed to grow, at 37°C with constant shaking, unul it reached an O.D. at
600 nm of about 0.3. The culture was chilled to 4°C in an ice bath for 15 minutes prior to its
transfer to sterile centrifuge tubes for centrifugation (2,000 x g) for 5 minutes at 4°C. The cell
pellet was washed in 80 mL of sterile, ice-cold buffer CC and allowed to sit in an ice-bath for
30 minutes prior to centrifugation (2,000 x g) for 5 minutes at 4°C. After a second washing,
the cell pellet was resuspended in 6-8 mL of sterile, ice-cold buffer CC containing 15%
glycerol (v/v). Aliquots of the cell suspension (100-150 L) were transferred to sterile

Eppendortf tubes, snap-frozen in liquid nitrogen and stored at —80"C until needed.

3.1.1.2 Preparation of competent cells for electroporation (77)

The desired bacterial cell culture was grown overnight in a 5 mL starter culture at
37"C in LB medium with constant shaking. The starter culture was used to inoculate 1L of
LB medium, which was grown at 37°C with continuous shaking untl reaching an O.D. at 600
nm of ~0.5. At this point, the culture was cooled in an ice bath for 10 minutes before
harvesting by centrifugation (4,000 x g) for 15 minutes at 4°C. The supernatant was removed
and the cells were washed in 1L of ice-cold sterile 10% glycerol and centrifuged (4,000 x g)
for 15 minutes at 4°C. The washing cycle was repeated with 500 mL and 250 mL of ice-cold

sterile 10% glvcerol. Following removal of the supernartant the cell pellet was resuspended in



3 mL of ice-cold sterile 10% glycerol. The competent cells were divided into 100 UL aliquots,

frozen in liquid nitrogen and stored at —80°C.

3.1.2 Transformation protocol

3.1.2.1 Procedure for competent cells prepared bv CaCl2 treatment (75.76)

Approximately 1 Hg (in 5 UL) of the appropriate plasmid prepararion was added to a
suspension of competent cells (100-150 uL) and allowed to sit in an ice-bath for 30-45
minutes. The cells were heat shocked in a 42°C water bath for 2 minutes, LB medium (500
LLL) was then added to the suspension and the culture was incubated at 37°C for 2-3 hours
with no shaking. This suspension was streaked on LB agar plates containing ampicillin (100
Hg/mL) and incubated for ~20 hours at 37°C for the selecuon of ampicillin resistant

colonies.

3.1.2.2 Procedure for competent cells prepared for electroporation (77)

Competent cells were thawed and cooled in an ice-bath along with the cuvette holder.
An aliquot (2 HL) of the desired plasmid was added to 100 gL of competent cells and let
stand for | minute in an ice-bath. Following transfer to an electroporaton cuvette and its
placement in the holder, voltage (250 kV) was applied for 3 seconds. This was immediately
followed by the addition of 1 mL of SOC medium and transfer to a sterile Eppendorf tube in
an ice-bath. The transformed cells were incubated at 37°C with gentle shaking for 1 hour. The
suspension was streaked on LB agar plates (containing ampicillin, 100 ug/mL) and incubated

for 20 hours at 37°C for the selection of ampicillin resistant colonies.

3.1.3 Isolation and purification of plasmids
The procedures followed and described below are those recommended by Qiagen

(69,70).
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3.1.3.1_Miniprep

E. coli DH50 transformed with the plasmid of interest was grown in 5 mL of LB
medium, containing ampicillin (100 ttg/mL), at 37°C with constant shaking for ~16 hours.
The cells were harvested by centrifugation (6,000 x g) for 15 minutes and the culture
supernatant was discarded. The pellet was resuspended in ice-cold P1 buffer (250 HL) and
transferred to an Eppendorf tube. P2 lysis buffer (250 UL) was added and the reaction
allowed to proceed for no longer than 5 minutes before the additon of neutralising N3
buffer (350 puL). The lysis mixture was centrifuged (16,110 x g) for 10 minutes. The

supernatant was removed and applied to a Qiaquick column, placed in a 2-mL collection
tube. The column was centrifuged (16,110 x g) for I minute and the collection tube emptied.
PB buffer (750 pL) was added and the column centrifuged (16,110 x g) for I minute. The
collection tube was emptied and the column centrifuged again (16,110 x g) for 1 minute to
remove all liquid. The column was then allowed to air dry for 5 minutes. Subsequent to air
drying, the column was placed in a sterile Eppendorf tube followed by the addition of sterile
water or TE buffer (50 UL) to the column. After standing for | minute, the column was
centrifuged for the last time (16,110 x g) for 1 minute, the Eppendorf sealed and stored at —
20"C untl needed.
3.1.3.2 Midiprep

E. coli DH50 transformed with the plasmid of interest was grown in 5 mL of LB
medium containing ampicillin (100 pg/mL) at 37°C with constant shaking for ~16 hours.
Alternatively, a single colony was picked from a streak plate and was grown in 5 mL of LB
medium containing ampicillin (100 wg/mL) at 37°C with constant shaking for ~8 hours. This

culture was used to inoculate 100 mL of LB medium, containing ampicillin (100 pug/mL), and
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incubated at 37°C with constant shaking. After achieving a cell density of ~3 x 10 cells/mL
(A Of 1.4) the cells were harvested by centrifugation (6000 x g) for 15 minutes at 4°C. Cell
pellets were resuspended thoroughly in Buffer P1 (4 mL). Butter P2 (4 mL) was then added,
the suspension mixed by inversion and then incubated at room temperature for no longer
than 5 minutes. Ice cold Buffer P3 (4 mL) was added, the suspension mixed by inversion and
incubated on ice for 15-20 minutes. Precipitated proteins and chromosomal DNA were
removed by centrifugation (35,000 x g) for 30 minutes at 4°C. The supernatant was then
promptly removed and filtered through glass wool prior to its application, by gravity flow,
onto a Qiagen Tip 100 column that had previously been equilibrated with Butfer QBT (4
mL). The Tip 100 column was then washed with Buffer QC (2 x 10 mL), which was followed
by elution of the DNA using Buffer QF (5 mL). The DNA was precipitated by the additon
of 0.7 volumes (3.5 mL) of isopropanol at room temperature. Following mixing, the soluton
was allowed to sit at —20°C for 15-20 minutes prior to centrifugation (28,000 x g) for 30
minutes at 4°C. Pelleted DNA was washed with 70% ethanol (2 mL) and maintained at -20"C
for 15-20 minutes prior to centrifugation (28,000 x g) for 15 minutes. The pellet was air dried
for 15 minutes and then redissolved in sterile H,O to achieve a final concentration of ~200-
300 ng/pL. The plasmid soludon was stored at —20”C until needed.

3.1.4. Digestion of plasmid DNA with restriction endonucleases

Plasmid DNA (0.5-1.0 pg) was digested with the appropriate restriction endonuclease

using conditions described by the manufacturer. A typical reaction mixture is shown below

using BamH I:
H.O 4 uL
SuRE/Cut buffer B (10X), for BamH 1 1 ul

BSA, 10X 1 UL



plasmid DNA (200-300 ng/pL) 3uL

BamH 1 (10 U/pL) 1 uL

3.1.5 Electrophoretic analysis of DNA fragments (78)

Plasmids and DNA fragments were separated and visualised by electrophoresis on
agarose gels. A suspension of agarose (0.7 %) in TAE was heated in a microwave for ~40
seconds in order to obtain a clear solution. This solution was mixed with an aliquot of
ethidium bromide (20 pL of 10 mg/mL) and cooled to luke warm temperature prior to being
poured into the horizontal gel casting chamber to achieve a gel thickness of ~ 5 mm. A
comb, with the appropriate number of lanes, was placed at one end of the gel prior to the
setting of the agarose to produce the necessary wells. The comb was removed and the set
agarose gel placed into the horizontal electrophoresis chamber and covered with TAE buffer
(200 mL). The DNA samples and standards, final amount of 100-500 ng in buffer DS, were
then added to the wells and the electrophoresis conducted at constant 80 volts for 2 hours at
room temperature. DNA bands were visualised under ultra-violet light and the gel was
photographed using a Polaroid photographic transilluminator system (Bio/Can Scientific,
Mississauga, Ontario).

3.1.6 _ Extraction and purification of DNA fragments from agarose gels (71)

The DNA band of interest was excised from the agarose gel using a clean, sharp razor
blade, weighed, and transferred to an Eppendorf. Buffer QG (3 volumes to 1 volume of
agarose, where 100 mg of agarose = 100 UL Buffer QG) was added to the Eppendorf and the
mixture heated at 50°C for 2-3 minutes, or undl the agarose was completely dissolved. (Butter
QG contains a pH indicator to ensure that the pH of the soludon was below 7.5. If the
solution is pink, the pH must be adjusted undil the solution turns yellow.) Isopropanol (1

volume) was added to the Eppendorf, the solution mixed and then applied to a QlAquick
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column and centrifuged (16,110 x g) for 1 minute. The flow-through was discarded, Buffer
PE (750 pL) was added, and the column was washed by centrifugation (16,110 x g) for 1
minute. The flow-through was discarded and the column was re-centrifuged (16,110 x g) for
1 minute to remove residual ethanol from Buffer PE. The QIAquick column was then placed
in a clean Eppendortf tube and the DNA was eluted by adding H,O, or Buffer EB, (30-50 pL)
to the centre of the membrane, waiting for 1 minute, and centrifuging (16,110 x g) for !

minute. This DNA was stored at —20"C until needed.

3.1.7 Complementary primers

The ixcD gene present in pAT5 was selected for site-directed murtagenesis to achieve
the desired single Cys—Ala replacement(s) in IucD. The site-directed muragenesis of 7D
was accomplished by the use of complementary primers with the triplet for cysteine having
been changed to that of alanine. The plasmid preparation containing 7D encoding for C31A
rucD was employed to effect the second desired Cys—Ala replacement. The sequence of
mutagenic complementary primers for achieving replacement of cysteine residues in AucD is
shown in Table 2.

This approach was also employed to achieve deledon of C-terminal segments at
specified locations in lucD. The ixD gene in pAT5 was targeted for deletion of segments
encoding for the C-terminal region of lucD by site-directed mutagenesis employing
complementary primers with the trplet for the desired amino acid changed to that for
termination. The nucleotide sequence of the mutagenic complementary primers employed to

generate truncated versions of rlucD are shown in Table 3.



32

"UONEINW PUOIDS A 193439 01 pafojduwa sea an-ygg 1D 10y Supoous quar Sutuvauod pruwseid sy,

UOHVINW PUODS 93 13)32 01 padojdwd sem ganp-y¢o) 303 Suiposua s Suuraauos prussed ay g, “Buirano)

pasialeal put pjoq ‘Aed ul paroudp a1v ‘SIS[LUY UONDLISII 10§ ‘SUOREINLU JUD(IS DUIIOPUN PlOC UL PIICUIP 21T SUOREINW
ey4=sdry asormur jo (s)uonunw stp Fuupauod siowpd Sauswsidwos jo asn oy £q pasdiyde sum (suopranw
aipoads-ous pansop ot jo uonviodiodu Ay, suonwnw pansap ayl 193j32 03 pasn suav (9p) sLyd prusyd ayg,

£(ODDV.LYIOVIO VY DOIDLYIOVOLY.LYIOLILODIVOIPS

V8SID/V1E) £OLOIDVOVIOLY.LYIIDDLYOODALLD DIDOLY.LOOOPS SLVA-vgs1D
£(ODDV.LVIOVIOFYHOIDLYIDVOLV.LYDIOLILOOIVOIPS
VISD/VIED £(OLODDVOVIOLVLYDIDOLVODDIALLY OLDOLV.LOOOPS SLyd-vied
COLYLYILOLOLLYOOIDVYVOOLYIODIDVILPS
Y9910 SWVOLOVIDIOLYIDLLIDDDDILYVIVIVOLY.LYDPS cLvd
S(OOVV.ILVVVLODLOOOIOVIVILLIZLO LVILOLOLLYOOPS
V8S1D CODLYVYIVIVOILVIFI OVYOLOIIDDIIVIIV.LLLY.LIDDIPS cLvd
SVVVYIONOINLLY.LYOIDDOVYIIVIOLIDLLLLPS
VorID SYYVVDDOVIVILOOLLDIDIDODLY.LYIOIIDOLLLPS ¢.Lyd
£ODDVLYIOV IO FFOOIDLYIDVOLY.LYIOLILODIVOIRS
YISO COLODIVOVIOLVLVIIDOLYOODALLD DIDDLV.LOODP,S GLvd
SULVODLIDLLOVIDLODIDVOVOVVOVVVILVILLPS
vIED CSWVVOLVOLLLDLIDIDIDINDVOOLIVYOVYOILYIPS cLyd
(Jong/ uruoneny pasp) saownag Arauawoyduon pruaseldg

qgons jo sisouseinw e[y -s4) 305 pasn syownd owadeinw Lresuswaidwod jo souanbas apnoappnN 7 9qulL,



Table 3: Nucleotide sequence of complementary primers used for C-terminal mutagenesis of iucD
Plasmid Complementary Primers Mutation in flucD  Protein
pATS S5'd(GTAATGGGACGTGATTAATTCGATCTCAGTATG)3 LL409-ter rlucD Al7
5'd(CATACTGAGATCGAATTAATCACGTCCCATTAC)3
pATS 5d(CGTGATTTATTCGATTAGAGTATGCCGCCCGCC)S L412-ter rlucD Al4
5'd(GGCGGGCGGCATACTCTAATCGAATAAATCACG)S
pATS 5'd(TTCGATCTCAGTATGTAGCCCGCCCTGATTCAG)Y P415-ter lucD All
S5'd(CTGAATCAGGGCGGGCTACATACTGAGATCGAA)Y
pATS 5'd(CTCAGTATGCCGCCCGCCTAGATTCAGTGCCGCAGC)3 L418-ter ucD A8

5'd(GCTGCGCCACTGAATCTAGGCGGGCGGCATACTGAG)3!

The plasmid pAT5 (46) was used to effect deletion at the desired location. The incorporation of the termination triplet

at the desired location was achieved by the usc of complementary primers containing the deletion codon (bold underline),

129
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3.1.8 Conditions for Quick Change™ mutagenesis (79)

The parent plasmid, pATS5 containing the /D gene and the ampicillin resistant gene,
served as the template for Pwo polymerase. In order to effect a second cysteine replacement
in lucD, the plasmid containing ixD encoding for C31A rlucD served as the template for

Puwo polymerase. The following reagents were added to a PCR tube in order:

Pwo reacton buffer (10X) 5uL
pATS (5 ng/ul) 10 uL
complementary primer 1 (125 ng/pL) 10 uL
complementary primer 2 (125 ng/{L) 10 uL
dNTP mixture (10 m>M of all four dNTPs) 1ul
sterile H,O 13 ul
Pwo DNA polymerase (5 U/uL) 1 uL

The reaction mixture was kept at 4°C until ready for thermocycling using an Ampligene 11
thermocvcler. The temperature cycling was programmed as follows:
jumpstart 85"C, 2 minutes
95°C, 30 seconds
16 x 55"C, 1 minute
68°C, 10 minutes
The cycle, excluding the jumpstart, was repeated an additional 15 times followed by a dwell
period of 15 minutes at 68°C to allow for the extension of any incomplete replications. The
reaction products were either used immediately or stored at —20"C until needed.
The PCR reaction mixture was treated with Dpn I (20 U) for 1 hour at 37°C in order

to degrade the parent plasmid and the mutant plasmid product (15 HL) was used to
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transform competent E. co/f DH50. Transformants were selected from LB agar plates on the
basis of ampicillin resistance. The transformed cells were grown in LB media (100 mL) and
the cells were harvested and used for the isolaton of the plasmid as described in secuon
3.1.3.2. The incorporation of the desired muration was established by analvsis of the
nucleotide sequence of the z#D gene in the plasmid.

3.2 Growth of Escherichia coli cultures

3.2.1__Escherichia coli DH5¢t and BL.21 (DE3)

The E. colf DH50 and BIL21 (DED3) cells were grown and maintained on LB agar
plates at 4°C. A typical starter culture was prepared by inoculating 5 mL of LB medium with
the bacrerial cells and growing at 37°C with contunuous shaking for 10-12 hours.

3.2.2 Growth of E.coff transformants

E. coli DH5@ was transformed with the plasmid pATS, or its varaats, (~1 Hg) and
allowed to sit in an ice bath for 30-45 minutes. The suspension was then heat shocked at
42°C for 2 minutes. LB medium (500 pL.) was added and the suspension was incubated at
37°C for 2-3 hours with no shaking. This growth was used to inoculate 5 mL. of LB medium
with ampicillin (100 pg/mL), which was incubated at 37°C for 12-16 hours with continuous
shaking. The cells were transferred to 1.5 L of minimal medium (Monod M9), with yeast
extract (1 g/L) and casamino acids (1 g/L), supplemented with ampicillin (100 pg/mL) and
grown at 37°C for 24-28 hours with constant shaking. Cells were harvested (6,000 x g) for 15

minutes at 4°C.

3.3 Isolation and purification of AucD and its muteins

3.3.1 Preparation of cell-free extract
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Cell-free extracts were obrained by rupturing cells under high pressure (French press)
similar to the procedure described previously (41,45,46). The cells were first harvested by
centrifugation (6,000 x g) for 15 minutes at 4°C. The pellets were washed with a NaCl
solution (0.85%) and centrifuged (6,000 x g) for 15 minutes at 4"C. The cells were
resuspended in ~40 mL of an ice-cold potassium phosphate buffer (10 mM, pH 7.0)
containing L-glutamine (1 mM) and DTT (I mM). This suspension was ruptured by a single
passage through a prechilled (4"C) French press chamber at 10,000-12,000 psi. The cell-free
extract was incubated at room temperature with DNAase (10 pg) and RNAase (10 pg) for
10 minutes prior to centrifugation (113,612 x g) for 60 minuzes ar 4”C.

3.3.2. Purfication of lvsi

ne:N“-hvdroxvylase (46
Ammonium sulphate was added to the cell-free extract to achieve 40% saturadon
and the suspension was allowed to stand at 4°C overnight. The suspension was centrifuged
(48,384 x g) for 15 minutes at 4°C, the supernatant discarded and the pellet resuspended in
~10 mL of potassium phosphate (10 mM, pH 8.0), containing NaCl (300 mM) and DTT (1
mM), and dialysed against 1 L of the same butfer for 12-16 hours. To the dialysed material,
ammonium sulphate was added to 30% saturation and the suspension was allowed to stand
at 4°C overnight. The suspension wus centrifuged (48,384 x g) for 15 minutes at 4°C and the
supernatant removed. The pellet was resuspended in ~10 mL of potassium phosphate (10
mM, pH 7.0), conraining NaCl (250 mM) and DTT (I mM), and dialysed against | L of the
same buffer for 12-16 hours. The material was finally dialysed against a soluton (1L)
containing potassium phosphate (10 mM, pH 7.0) for 2 hours prior to its applicauon onto
the Orange A Dyematrex column, equilibrated with the same buffer. Protein was recovered
by elution with potassium phosphate (10 mM, pH 7.0) buffers containing stepwise increases

in NaCl concentration (0 mM, 250 mM{, 500 mM, 750 mM, 1000 mM). Two ~30 mL
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fractions (elution rate ~1 mL/min) of each of the elution media were collected and
examined for the presence of protein by measuring their absorbance at 280 nm and by SDS-
PAGE. Lysine:N‘-hydroxylase activity was most often found in the second 500 mM and the
two 750 mM NaCl fractons. Fractions showing lysine:N"-hydroxvlase activity were pooled
and concentrated using Centriprep 30 kDa membrane to achieve a final protein
concentration of 20 - 50 uM. The buffer was changed by dialysis against potassium
phosphate (200 mM, pH 7.0) containing DTT (I mM) for 12-16 hours. The protein soluton
was divided into 1 mL aliquots, frozen in liquid N, and stored at —80"C until needed.

With repeated use of the Orange A column, the lysine:N"-hydroxvlase activity was

found to elute in buffer media containing NaCl < 500 mM.

3.3.3 _Preparation of S-carboxymethyl-rlucD (58)

In a rypical experiment, a solution of rlucD (100 nmoles) in 3 mL of potassium
phosphate (200 mM, pH 7.0) containing DTT (2 mM) was treated with an aliquot (50 uL) of
an aqueous solutdon of ICH,COO" (1 M) to achieve an approximately 20-fold excess of the
reagent over that of thiol functions present in the protein and DTT. After 20 minutes at
25°C, the reaction was terminated by the addidon of DTT equivalent to that of ICH,COO
and allowed to stand for 30 minutes at 25°C. The reaction mixture was finally dialysed
extensively against potassium phosphate (200 mM, pH 7.0) and the dialysed marerial stored
at -20"C. The concentratdon of S-carboxymethyl-rlucD was estimated using an €, of 6.2 x
10* M'em™.

3.3.4 _ Synthesis and purification of the decapeptide (C-peptide)

The decapeptide Pro-Ala-Leu-Ile-Gln-Trp-Arg-Ser-Gly-(D)-Thr, the amino acid

sequence corresponding ro that of the C-terminal segment of rlucD except for the change in

configuration of the terminal threonine residue, was synthesised by Dr B.A.IK. Chibber



(Central Bio-core Facilites, University of Notre Dame, IN). The material was purified by
HPLC on a 0.8 x 10 cm Bondapak C,; RCM column employing a solvent system comprising
water (0.1% TFA) and CH,CN (01.% TFA) with the latter being brought to 25% and 90%
after 40 and 50 minutes respectively, subsequent o the initiaton of the procedure at a flow
rate of 1 mL/min and at 25°C. The material was characterised by ESMS analvsis. Calculated
1128.3; Found 1127.4.

3.3.5 Synthesis and characterisation of DL-&s-4,5-dehyvdrolvsine

The methods used were essenaally as those described previously in the literature
(80,81).

(1) Synthesis of 1-chloro-4-phthalamido-2-butene. To a flask equipped with a water
condenser, was added 1,4-ds-dichloro-2-butene (15 g, 120 mmol) that was heated to 130-
140°C. Potassium phthalimide (11.1 g, 60 mmol) was added in portions over 20 min and the
mixture was heated at 150°C for 45 min. The viscous material was allowed to cool and then
extracted with ether (100 mi). The ether extract was concentrated 7 vacno and the beige
precipitate was collected and recrystallised from hot ethanol yielding 2.9 g (21%) of off-white
crystals. Melting point - 80-81.5°C (literature value - 75-76°C).

(2) Synthesis of DL-s-4,5-dehydro lysine hydrochloride. Sodium metal (washed in
hexane, 0.56 g, 24 mmol) was added over a 5 min period in small portions to anhydrous
ethanol (30 ml) cooled on ice under argon. When all the sodium had dissolved, diethyl
acetamidomalonate (3.2 g, 15 mmol) was added at once and allowed to dissolve with mild
heating. To the solution was added 1-chloro-4-phthalamido-2-butene (2.9 g, 12 mmol) in
portions and the mixture was refluxed for 6 hr. After cooling, the solvent was removed iz
vacio and the solid taken up in methylene chloride (100 ml) and washed successively with

water (30 ml) and brine (30 ml). The organic layer was dried over MgSO, and was
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evaporated /7 vacuo. The resulting viscous oil, was used without further purificadon. The
crude product was refluxed in 6 N HCI for 24 h, the reaction allowed to cool, and phthalic
acid was removed by filtraton. The filtrate was concentrated 7n vacuo and was
chromatographed over 2.5 x 10 cm of DOWEX 50W x 8 (NH," form). The column was
washed with water (300 ml), 0.2 M ammonium hydroxide (120 ml) and then eluted with 2 M
ammonium hydroxide and fractions (10 ml) containing the product as judged by TLC (silica,
ethylacetate/hexanes (1:3), R 0.05) were pooled and taken to dryness. The solid was
recrystallised from hot water-ethanol. Yield, 0.31 g.

Meldng point 251-254°C (literature value 255-257°C). ESMS: exact mass calculated

for C,H,,N,O., 144.17; found, 144.32. [0],, (1.33% in water) = 0.003 + 0.002. 'H NMR
(250 MHz, D,O) 8 5.56 (m, 2H, CHYy, CHJ), 3.40 (d, 2H, ] = 6.5 Hz, CH,g), 3.28 (¢, IH, ] =

6.0 Hz, CHa, 2.31 (dd, 2H, J = 6.0 Hz, 6.5 Hz, CH,B).

3.4 Treatment of AucD with proteases

The susceptibility of rlucD to proteolytic degradation was investigated both in the
absence as well as in the presence of cofactors and analogs (FAD, ADP, NADP", NADPH)
and substrate, L-lysine. The effect of endopeptidases (TPCK-trypsin, TLCK-chymotrypsin,
and thermolysin) and exopeptidases (carboxypeptidases A, B, and Y) on both the structural
integrity as well as catalytic competency of rlucD was investigated by monitoring changes in
the SDS-PAGE profile and lysine:N“-hydroxylase activity respectively.
3.4.1 Reaction with endopeptidases

Preliminary experiments, performed with TPCK-trypsin, pertained to establishing
conditions optimal for monitoring the effect of proteases on both the structural integrity as
well as the catalytc function of rlucD. Initially, the effect of temperature on both the

inherent stability of rlucD as well as its susceptibility to proteolytic degradation was
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investigated. These studies revealed that: (f) AucD undergoes irreversible inactivation when
exposed to 51°C for 2 minutes, presumably due to thermal denaturation; (i) exposure of the
protein at 45"C for 5 minutes has no such adverse effects as indicated by the complete
retention of its monooxygenase actvity when assayed at 37°C under conditions normally
emploved; (iif) maintenance of the protein at 37°C is accompanied by a steady decline in its
monooxygenase actvity, with approximately 30% loss of original activity being noted after
100 minutes of incubation; and (iv) AucD preparations are relatively stable at 25"C over a
period of 3 hours.

The next phase of these studies pertained to experiments to identfy the
concentration of protease that would effect degradation of rlucD at a rate suitable for
monitoring the process by both SDS-PAGE as well as by an assessment of its
monooxygenase activity. These studies performed with TPCK-trypsin at 25°C showed that :
(i) at a substrate:protease ratio of 100:1, the rate of proteolysis was slow, with 80% of intact
rlucD still remaining after 60 minutes of reacton; (ii) increasing the protease concentration
to a substrate:enzyme rato of 20:1, led to a relatively greater extent of proteolysis with
approximately 70% of rlucD degraded after 60 minutes of incubation; and (ii1) at a
substrate:protease ratio of 2:1, the rate of proteolysis was rapid with less than 10% of
monooxygenase activity being noted after 12 minutes of incubation.

Finally, since rlucD’s native conformaton depends on its maintenance in media of
ionic strength 2 0.25 (46), experiments were also performed at various salt (NaCl or
potassium phosphate) concentrations. These studies revealed that susceptbility of rlucD to
proteolysis declined progressively with increases in the ionic strength of the reaction

medium. However, this phenomenon was not unique to rlucD, since similar studies with
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casein (or azocasein) as substrate also showed progressive loss in the catalytic efficiency of
TPCK-trypsin in media of ionic strength > 0.2.

As a result of the above mentioned studies, the following protocol was employed.
rlucD (14 UM) in potassium phosphate (100 mM, pH 7.0) was treated with TPCK-trypsin (7
UM) and the reaction allowed to proceed at 25"C. The concentration of the cofactors,
analog(s), or substrate, when included in the reaction was: FAD (0.2-1.0 mM), ADP (1 mM),
NADPH (1 mM), NADP" (1 mM) and L-lysine (5 mM). At desired time intervals, aliquots
were removed and treated with SBTI (2-fold molar excess over that of TPCK-trypsin) to
stop further proteolysis. These samples were used for SDS-PAGE analysis and for the
measurement of lysine:N"-hvdroxylase actdviry.

The conditions used to study the actdon of TLCK-chymotrypsin on rlucD were
similar to those emploved in the case of TPCK-trypsin except for the use of PMSF, instead
of SBTI, to stop further proteolysis. In the case of thermolysin, rlucD (12 uM) in PIPES
buffer (100 mM, pH 7.5) containing CaCl, (10 mM) was treated with the protease (6 LM).
Aliquots drawn at desired intervals were treated with EDTA (10 mM) to stop further
proteolysis and used for SDS-PAGE analysis and assessment of N-hydroxylase actvity.
3.4.2 Reaction with exopeptidases

The experimental conditions for the treatment either with CPDA or with both
CPDA and CPDB were: rlucD (10 UM) in potassium phosphate (100 mM, pH 7.0-8.0),
exopeptidase(s) (3 UM of CPDA or 3 uM of each CPDA and CPDB, when used in
combination) and temperature 25"C or 37°C. Aliquots drawn at desired intervals were used

for SDS-PAGE analysis and for measurement of lysine:N‘-hydroxylase activity.
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In experiments with CPDY, a typical reaction mixture, in a final volume of 1 mL
comprised: potassium phosphate (100 mM, pH 6.0), AucD (10 uM) and CPDY (0.3 uM).
The reacton was allowed to proceed at 37°C. Aliquots drawn at desired intervals were either
diluted (1:1000) with phosphate buffer (pH 7.0) or with Tris-glycine buffer (200 mM, pH
8.3). The former sample was used for the determination of lvsine:N"-hydroxvlase activity and
the latter tor SDS-PAGE analysis. The final concentraton of the cofactor or the substrate,
when included, was as follows: FAD (1 mM), ADP (1 mM), NADP" (1 mM) and L-lysine (5
mM).

In some experiments, the C-peptide (the synthetic decapeptide with amino acid
sequence identcal with that of the segment comprising residues 416-425 of rlucD, except
for the D-configuration of its C-terminal residue) was included in the reaction mixture over a
concentration range of 0.1-0.5 mM.

3.43 Amino acid analyses

For quantrtative esumaton of the amino acids released by action of exopeptidases,
the procedure was similar to that documented previously (82). Aliquots drawn at desired
intervals were treated with a slurry of Dowex 50-X16 (H™ form resin). The resin was washed
extensively with water and the amino acids were recovered by elution with 6N HCI. After
removal of HCI, the sample was analysed for amino acids by ion exchange chromatography
(83).

344 Influence of FAD and ADP on the catalytic activity of endopeptidases

The measurement of the proteolytic activity of endopeptidases (TPCK-trypsin,

TLCK-chymotrypsin, and thermolysin) was performed using azocasein as the substrate (84).

A typical reacuon, in a final volume of 3 mL, consisted of azocasein (1% w/v), potassium

phosphate or PIPES (100 mM, pH 7.5) and endopeptidase (150 Ug). Following incubation at
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25°C for 30 minutes, the reaction was terminated by the additon of an equal volume of TCA
(10%). After an hour of standing at room temperature, the absorbance at 336 nm of the
supernatant was recorded. The principle of the method is based on the conversion of the
protein to TCA soluble oligopeptides due to degradation by proteases. FAD and ADP, when
included in the assay were used at a final concentration of 1 mM.

3.4.5 Effect of ADP and C-peptide on the catalytic function of CPDY

The enzymatic activity of CPDY was assessed using furyl acryloyl-L-Phe-L-Ala (FA-
Phe-Ala) as substrate (85). Typically, the reaction mixture of 1 mL in volume, consisted of :
potassium phosphate (100 mM, pH 6.0), FA-Phe-Ala (0.5-1.0 mM) and CPDY (10 ug). The
assay, initiated by the addidon of CPDY, was followed by monitoring the decrease in
absorbance at 340 nm. The concentration of ADP, when included, was 1 mM while that of

the C-peptide was varied over the range of 0.06-0.5 mM.

3.5 Analytical Methods

3.5.1 _Determination of the homogeneity and molecular weight of the protein preparations

SDS-PAGE analyses of AucD and its variants at various stages of their purification
were performed using 10% polyacrylamide gels according to the procedure of Laemmili (86).

Whole cell lysates were also examined for the presence of the i#D gene product and
these were prepared by suspension of cells, collected by centrifugation after 24 hours of
growth, in SDS-PAGE sample buffer and boiled for 3 minutes.

3.5.2 Determinaton of protein concentration

3.5.2.1 Spectrophotometric method
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The absorbance of lysine:N“-hydroxylase was measured at 280 nm and the
concentration of lysine:N‘-hydroxylase, or its muteins, was estimated using an &, of 62,000
M cm™ (59).

3.5.2.2 Bradford assay

In some cases, protein concentration was determined by the Coomassie blue binding
technique reported by Bradford (87). The Coomassie blue reagent was purchased from
BioRad laboratornies.

In a typical procedure, an aliquot (100 iL) of the protein was treated with 5 mL of
the above reagent. After thorough mixing, the absorbance at 595 nm was recorded. A
reagent blank using buffer instead of protein solution served as a control. The concentration
of the protein was estimated by reference to a calibration curve constructed using a solution
of bovine serum albumin (over the range 0-1.0 mg/mL).

3.5.3 Determination of DNA concentration
The concentration of DNA, either single or double stranded, was determined using

its absorbance at 260 nm. An absorbance of 1.0 at 260 nm corresponds to 50 ng/UL and 33

ng/WL for double stranded and single stranded DNA, respectively (88).

3.5.4 Determination of lysine:N‘-hvdroxylase activity

The protocol employed for the measurement of Ivsine:N“-hydroxvlase activity was
similar to that reported previously (40). A typical assay, in a final volume of 5 mL, consisted
of: potassium phosphate (100 mM, pH 7.2), L-lysine (1 mM), FAD (40 pM), NADP" (160
uM), G-6-P (800 uM), G-6-P dehydrogenase (1.25 units), and rAucD (83.3 nM). Following
incubation at 37°C for 15 minutes, the reaction was terminated by the addidon of a slurry of

Dowex 50W-X8 (200-400 mesh, H form) resin in distilled water. The entire mixture was
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transferred to a 1.4 x 25-cm glass column and washed with 0.2N HCI (40 mL) prior to
eludon with 6N HCl (25 mL). The effluent was taken to dryness and the residue was
dissolved in water and used for the determination of N*-hydroxylysine by the iodine
oxidadon procedure (89).
3.5.5 Determination of NADPH oxidation

The oxidation of NADPH was followed by the decrease in absorbance at 340 nm. A
typical assay mixture, in a 1 mL volume, consisted of potassium phosphate (200 mM, pH
7.0), FAD (40 uM), NADPH (200 M), L-lysine (1 mM), and rlucD (2-3 UM). A baseline
was established by adding FAD and NADPH to the potassium phosphate and recording the
absorbance for 30 seconds. At this point rlucD, or its muteins, was added, the solution
mixed and the decrease in A,,, monitored for 1 minute. L-Lysine was then added to the
assav, the solution mixed and the decrease in A,,, monitored for a further 2 minutes. The
inidal decrease in A.,, in the absence of L-lysine reflects the NADPH oxidation that is not
coupled to the N-hydroxylation process.
3.5.6  Determinadon of kinetic parameters

The effect of Cys—Ala replacement(s) in ucD on its K, values for FAD and L-
lysine was investigated as follows. In the case of I, determination for FAD, the
concentrations of L-lysine (1 mM) and NADPH (200 pM) were maintained constant while
that of the flavin cofactor was varied over the range of 0-50 UM. For the determination of

K,, for L-lysine, the concentration of FAD (30 M for all except C31A/C51A rlucD which

was 60 uM) and NADPH (200 uM) was held constant and that lysine was varied over the

range of 0-10 mM. Identical assay mixtures except for the increasing concentrations of FAD

(or L-lysine) were employed and the initial rate of NADPH oxidation was recorded by
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monitoring the decrease in absorbance at 340 nm. Approprate correction was made for the
NADPH oxidation that occurs in the absence of the hydroxylatable substrate. These
experiments were repeated twice. Assessment of K, was achieved using GraFit 3.0 by the
Marquart-Levenberg method for non-linear regression (90).

Since the rate of N-hydroxyladon of L-lysine is inhibited at high concentrations of
FAD (> 80 mM) and NADPH (= 300 mM), conditons chosen in the experiments designed
to assess the Ky, value for FAD were found to be opamal for the determinaton of k_, of the
protein. The V__ obtined from the double reciprocal plot provided the basis for the
estimaton of k_,,

3.5.7 Determination of H,O, production

The procedure described by Hildebrandt ef a/ (91) was used for the quanurtative
determination of H,O, production by rlucD. In a typical experiment, the assay mixture, in a
final volume of 5 mL, consisted of: potassium phosphate (100 mM, pH 7.0), FAD (40 udI),
NADP™ (80 uM), G-6-P (1 mM), G-6-P dehydrogenase (1.25 units) and AucD (83.3 nM).
The reaction was allowed to proceed at 37°C for 15 minutes. At desired intervals, aliquots
(1.5 mL) were removed and the reaction stopped by the addition of an equal volume of TCA
(3% w/v). The mixture was centrifuged (6000 x g) for 5 minutes. The clear supernatant was
treated with ferrous ammonium sulphate (0.5 mL, 10 mM) followed by potassium
thiocyanate (0.2 mL, 2.5 M). After 10 minutes at room temperature, the absorbance at 480
nm was recorded. A calibradon curve constructed using authendc H,O, (0-100 (M)
provided the basis for quantitation of the amount present in the samples.

In experiments designed for the determination of H,O, under conditions of

lysine:N°-hydroxylation, assay mixtures also included L-lysine (1 mM). After 15 minutes of



Figure 6: Standard curve used for the quantitative determination of H,O,

Aliquots of H,0, (concentrations as shown) were analysed by Hildebrandt's
procedure (91) to construct the reference curve.
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incubation, a 3.5 mL aliquot was used for the determination of N*-hydroxylysine and the

remaining aliquot for H,O, determinaton.

3.5.8 Determination of cysteine residues (92)
The number of thiol groups accessible to modificaton in the native conformation of

rlucD, or its variants, was assessed by treatment with DTNB. In a tvpical experiment, final
volume of 1 mL, the procedure adopted was as follows: to a solution (900 uL) of DTNB
(300 uM) in potassium phosphate (200 mM, pH 8.0), an aliquot (100 pL) of rlucD was
introduced and the increase in absorbance at 412 nm was recorded until such change was
negligible. The final concentration of AucD in these reactions was in the range of 3-5 HM.
Appropriate corrections for dilution and contributions due to spontaneous hydrolysis were
achieved by the use of controls which were identical to the reaction samples but for the
omission of rlucD. The quantitation of the number of thiol groups per mole of rlucD was
achieved using an €, value of 14,150 M'cm™ for 2-nitro-5-thiocyanobenzoate anion (93).

The same reaction was performed in the presence of guanidine hydrochloride (4 M),
conditions that effect the denaturation of the protein, providing an estimate of the total
number of cysteine residues in rlucD.
3.5.9 Reaction of rlucD with DPIP

The ability of rlucD muteins to form covalent adducts with DPIP was assessed by
the procedure described previously (58). In a typical experiment, the initial absorbance of a
solution (800 L) of DPIP (100 UM) in 200 mM potassium phosphate, pH 7.0 was recorded
prior to the introduction of an aliquot (200 UL) of the desired flucD mutein preparadon to
achieve a final concentradon of 10 UM with respect to the protein. Following thorough

mixing, the reaction was monitored untl there was no further decrease in the absorbance at
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600 nm, a process which required 6-8 min. The magnitude of the decrease in absorbance at
600 nm was recorded. Since the participation of each cysteine residue in the oxidatve
addition process results in a decrease in absorbance at 600 nm, the magnitude of diminution
in absorbance will be proportional to the number of thiol functions involved in the reaction
with DPIP. Hence, the number of cysteine residues involved in conjugation was established
from the total decrease in absorbance at 600 nm using an operadonal € value of

1 x 10° M'em™ for the dve (60-62).

In some instances, the reaction mixture was subsequently subjected to
chromatography on a 10 x | cm column of Biogel P2 with 200 mM potassium phosphate,
pH 7.0 serving as equilibration and elution medium. The absorbance of the recovered
protein at 280 nm and 654 nm was recorded. In these studies, parent AucD preparation
served as control. This data served to establish the stoichiometry of the process.

3.5.10 FAD and DPIP reductase acuvity

The ability of both unmodified as well as covalent DPIP conjugates of rlucD and its
muteins to catalyse the FAD-dependent electron transfer process berween NADPH and the
exogenous dye was investigated. The procedure was similar to that reported previously (58).
Thus, protein samples incubated with DPIP for 1 minute prior to the introduction of
NADPH followed by FAD were taken to approximate the situation that occurs with the
unmodified protein preparations, while those preincubated with the dye for 15 minutes were
regarded to mimic the phenomenon that prevails in the case of covalent DPIP adducts of
the proteins.

Typically, the reaction mixrture in a final volume of 1 mL, consisted of DPIP (100
M) and rlucD or its murtein (2.5 pM) in 200 mM potassium phosphate, pH 7.0. After either

1 or 15 minutes of incubation, an aliquot of NADPH soludon was introduced to achieve a
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final concentration of 200 M with respect to the cofactor. The decrease in absorbance at
600 nm was monitored for 40 s. This was followed by the addition of an aliquot of FAD
solution to achieve a final concentration of 40 WM and the decrease in the absorbance was
again recorded over a period of 60 s. The initial process represents DPIP reductase acuivity
in the absence of FAD while the latter reflects the same phenomenon in the presence of the
flavin cofactor.

It is pertinent to note that the term "diaphorase” has been commonly used to
describe the electron transfer reaction between NAD(P)H and an aruficial electron acceptor
in the presence of flavin cofactor (94,95). In this study, the phenomenon is referred to as
"DPIP reductase” activity. Such a definition would allow for a clear distunction berween the
processes that occur in the absence and in the presence of the flavin cofactor.

3.5.11 _Purification of anti-rlucD antibody from rabbit serum

Polyclonal ant-rlucD (developed in rabbits) was purchased from Alpha Diagnostic
Internatonal. This was purified with the aid of er\bTmpm GII kit (Pharmacia). The
procedure is given below.

The kit (stored at 4°C) was allowed to equilibrate to room temperature over a period
of 30 minutes. The HiTrap Protein G column was washed with 5 mL of water (MilliQ
filtered) prior to its equilibration with buffer EQ (3 mL). Rabbit serum containing anti-rlucD
was filtered (Gelman filter, 0.45 pm) and diluted with an equal volume of buffer EQ. An
aliquort (2 mL) of this material was applied to the HiTrap Protein G column. The gel was
washed with buffer EQ (7 mL) and was subsequently eluted with buffer EL (5 mL), the
effluent collected in 1 mL fractons in tubes containing buffer NE (75 (L) to bring the

soluton to pH 7.0. The concentration of the protein was determined both by Bradford assay

as well as absorbance at 280 nm. Protein rich fractions were pooled and desalted by
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chromatography on a 15 x 1 ¢m column of Sephadex G-15 (50 mM portassium phosphate,
pH 7.0 containing 150 mM NaCl serving as equilibration and eluton medium). The fracton
containing protein was stored at 4°C.

3.5.12 Western blot analvsis

Protein samples (25 pg), after separation by SDS-PAGE (10% gel), were transterred
to nitrocellulose over 2 hours at 4°C (100 V constant voltage) followed by two brief washes
in Tris-buffered saline (TBS; 20 mM Tus, 500 mM NaCl, pH 7.5). Non-specific binding of
the anubody was inhibited by blocking the membrane with 5% skim milk powder (w/v) in
TBS overnight at 4°C. The membrane was then rinsed twice with TTBS (TBS containing
0.05% Tween-20) for 5 minutes at room temperature prior to incubaton with purified
polvclonal rabbit and-rlucD (1:2000 dilution in TTBS) for 2 hours at room temperature. The
membrane was rinsed twice with TTBS for 10 minutes at room temperature prior to
incubation with goat ant-rabbit alkaline phosphatase conjugated secondary antibody (1:3030
dilution in TTBS) for 2 hours at room temperature. The membrane was subsequently
washed twice for 5 minutes in TTBS and once for 5 minutes in TBS at room temperature
prior to detection by incubation with nitroblue tetrazolium and bromochloroindolyl
phosphate (96).

35.13 CD

CD spectra were recorded over the range 185-250 nm on a Jasco J-700
Spectropolarimeter set at 20 mdeg sensitivity, 0.2 nm resolution, 4 unit accumulation, 8 s
response and a scanning speed of 200 nm/min. rlucD concentraton was 5 UM in potassium

phosphate (200 mM, pH 7.0). Measurements were made in a 300 UL cylindrical quarez cell

with a 1 mm pathlength. Concentradons of ligands when used were: FAD (200 pM) and L-

lysine (5 mM).
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3.5.14 DSC

Differental scanning calorimetric studies were performed using a Nano DSC from
Calorimetry Sciences Corp., Provo, UT. rlucD concentration: 1 mg/ml in potasstum
phosphate (200 mM, pH 7.0) containing DTT (1 mM). Concentrations of ligands when

present: FAD (0.5 mM); ADP (1 mM); L-lysine (5 mM). heating rate: 1 deg/min.



4.0 Results

4.1 Physico-chemical characterisation of ducD

Isolation and purification of the recombinant form of lucD was achieved by
employing procedures that have been previously documented (46,47,59). The final step in
the above protocol involves chromatography on Orange A Dyematrex with the recovery of
protein being achieved by elution with a medium containing high concentrations of NaCl
(= 500 mM). As reported earlier (46) rlucD isolated under such conditions was recovered as
an apoprotein in its tetrameric state and required NADPH and FAD for its catalytic
funcdon. Since high concentrations of CI ions have been noted to exert a chaotropic effect
(58), protein preparadons, isolated in the current investigations, were routinely rendered free
of Cl ions by ultrafiltration with repeated supplementation with 200 mM potassium
phosphate, pH 7.0. This procedure also allowed for considerable (approximately 10-15 fold)
increase in protein concentration. Since changes in operadonal manipulations can have
profound influence on the properties of proteins and other biologically active materials,
especially allosteric enzymes which are known to become desensitised by the mildest
possibie treatment (97,98), physico-chemical properties of rlucD were assessed subsequent
to its transfer to a chloride free buffer medium as mentioned above.

4.1.1 _ Stability of AucD

Superdex 200 chromatography of rlucD immediately after protein isolaton from
Orange A Dyematrex revealed the protein to exist as a tetramer, with a molecular weight
=200 kDa, an observation in agreement with that previously recorded (47). Furthermore, the
tetrameric organisation of rflucD did not appear to involve inter-subunit disulphide bridges

since the protein, upon SDS-PAGE under non-reducing conditions, migrated as a single

53
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component of molecular weight =50 kDa, corresponding to that of the monomer. Storage of
rAucD, either at 4°C or -80"C, under conditions that minimise its denaturation (potassium
phosphate, pH 7.0, ionic strength ~0.25) has been found to be accompanied by a
progressive loss in its monooxygenase activity. This phenomenon could be reversed with
complete restoration of monooxygenase function by treatment with thiol reagents such as
DTT (=10 mM), indicating partcipation of the protein’s cysteine residues in the formation
of disulphide bridges during its storage. In order to assess whether these disulphide bridges
occurred within the tetramer (intra-tetramer) or between tetramers (inter-tetramer) of AucD,
the molecular weight of the protein was monitored by chromatography on Superdex 200
matrix at various intervals subsequent to its isolation. These studies have revealed that
riucD, immediately after isolation, is expected to exist predominantly as a tetramer (Figure
7A). During storage, this form of the protein disappears with the concomitant appearance
of species with molecular weights > 200 kDa (Figure 7B). Treatment of such protein
preparations with DTT results in the restoration of the inidal tetrameric state (Figures 7C
and 7D), indicating a rupture of inter-tetrameric disulphide bridges by the thiol reagent. As
noted above, DTT treatment is also accompanied by restoration of the monooxygenase
function of the protein. However, it is not possible to attribute the regeneration of
enzymatic activity solely to the rupture of inter-tetramer disulphide bridges, since similar
linkages occurring either within or between the monomeric subunits contributing to the
tetrameric structure of the protein are also prone to reduction by the thiol reagents.
4.1.2 _ Strudies with substrate analogs and other compounds

rlucD has been shown to be stringently specific, with only L-lysine and (S) 2-
aminoethyl-L-cysteine serving as hydroxylatable substrates (47,99). Among the various lysine

analogs studied, L-0-N-methyl-lysine was found to be a poor substrate (approximately 20%



Figure 7: Chromatography of AucD on Superdex 200

The conversion of the tetrameric form of rlucD to polytetrameric species and the
reversal of this process by DTT was monitored by chromatography of the samples
ona 10 mm x 30 cm Superdex 200 column with 100 mM potassium phosphate, pH
7.0 serving both as equilibration and eluton medium. Prior to chromatography of
rlucD sampiles, calibraton was achieved by the determination of the retention times
of molecular weight standards as follows: Cytochrome ¢ (12.4 kDa), 17.6 min;
carbonic anhydrase (30 kDa), 16.5 min; albumin (67 kDa), 14.1 min; alcohol
dehydrogenase (128 kDa), 12.8 min; and B-amylase (200 kDa), 12.2 min. Under these
conditons, freshly prepared AucD was found to have a retention time of 12.4 min.

Experimental conditions: protein concentration as shown; eluant, 100 mM potassium
phosphate, pH 7.0; flow rate, 1 mL/min; chart speed, 0.4 cm/min.

A. rlucD immediately after isolation from chromatography on Orange A Dye
matrix (46); 50 UL (8 {lg) of sample was injected

B. rlucD sample from storage at -80"C, allowed to thaw at 4°C for 24 hours (free of
NaCl and DTT); 25 UL (34 Ug) of sample was injected

C. rlucD, same as in B but for treatment with DTT (10 mM) for 75 minutes; 25 plL
of sample was injected

D. rlucD, same as in B but for treatment with DTT (50 mM) for 180 minutes; 25
UL of sample was injected.

Species emerging at 12.4 min represents the rlucD tetramer; species emerging at
times <12.4 min reflect the polytetrameric form(s) of AucD; and the species
emerging at times >12.4 min represent buffer ions and/or DTT.
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as effective as L-lysine) while trans-4,5-dehydro-L-lysine was devoid of this function. L-
norleucine and L-methionine were found to inhibit lysine:N*-hydroxylaton mediated by
AucD (99). In the current investigations, the ability of hitherto untested lysine analogs to
serve as either substrates or inhibitors of rflucD was explored. The compounds included
were: L-B-lysine, DL-a¢e-4,5-dehvdrolysine, L-methionine, DL-trifluoromethionine, DL-S-
methyimethionine, DL-methionine phosphinate, DL-methionine phosphonate, L-
methionine sulfoxide, L-norleucine, dimedone, and ds-A-4-tetrahvdrophthalimide. Structures
are shown in Figure 8. The last two compounds, although not substrate analogs were
included to determine if a protein-sulfenic acid intermediate plaved a role in the enzyme's
catalytic function by red-ox regulation (100). The ability of these two compounds to trap
sulfenic acid(s) has been documented (101,102).

L-B-Lysine failed to serve either as a substrate or as an inhibitor of lucD. On the
other hand, a5-4,5-dehvdrolysine was found to be a substrate, although only 20% as effective
as L-lysine. As reported earlier (99), both L-norleucine and L-methionine served as inhibitors
of rlucD's monooxygenase activity. Further studies indicated L-norleucine to funcuon as a
compedtitive inhibitor (Figure 9) with a K| value of approximately 340 UM. None of the other
methionine analogs exhibited inhibitory action on AucD's monooxygenase function. While
ds-A-4-tetrahydrophthalimide failed to inhibit rlucD, dimedone appeared to exert an adverse
effect. Total inhibition of lysine:N“-hydroxylase activity was noted by inclusion of dimedone
(1mM) in the assay. Further investigation of this phenomenon revealed dimedone to have no
effect when rlucD's monooxygenase activity was assessed by monitoring oxidaton of
NADPH coupled to N°-hydroxylation of lysine. Furthermore, dimedone was found to

interfere in the quantitative determination of both NH,OH and N®-hydroxylysine.



Figure 8:

Structures of L-lysine analogs and other compounds
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Figure 9:
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-

Influence of L-notleucine on AucD mediated N°-hydroxylation of L-
lysine. Double reciprocal plot of the data.

no L-norleucine
0.2 mM L-norleucine

1.0 mM L-norleucine
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Table 4:
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Influence of various L-lysine analogs and other compounds on the
monooxygenase activity of ducD

Effector Lysine:N“-hydroxylase Activity’ (%)
+L-lysine -L-Lysine
None 100 0
B-lysine 100 0
ds-4,5-dehvdrolysine 102 21
L-norleucine 52 (18) 0
L-methionine” 56 (106) 0
DL-trifluoromethionine” (78) 0
L-methionine sulfoxide 97 0
DL-norleucine phosphonate 108 0
DL-methionine phosphonate 96 0
DL-methionine phosphinate 98 0
DL-S-methylmethionine 100 0
Difluoremethionine 100 0
cs-A-4-tetrahydrophthalace 100 0
dimedone® 0 0

Typical assay, in a final volume of 5 mL, consisted of: L-lysine (1 mM),
potassium phosphate (100 mM, pH 7.0), FAD 30uM), DTT (2 mM), NADP*
(80 uM), G-6-P (2.5 mM), G-6-P dehydrogenase (1.25 units) and rlucD (100
aM). The incubation period was 15 minutes at 37°C and the amount of N*-
hydroxylysine was determined as described in Methods. The compounds were
included at a final concentration of 1 mM. In instances where lucD's activity
was also assessed by monitoring NADPH oxidation, G-6-P, G-6-P
dehydrogenase and NADP® were omitted and NADPH (200 pM) was included.
Values obtained at 5 mM concentration of effector in the assay shown in
parenthesis.

Loss of activity due to dimedone forming an adduct with N*-hydroxylysine and
thus interfering in its quantitative determination (see text).
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The ability of carbonyl compounds to interfere in the quantitadve determination of
hvdroxylamine and its derivatives by the iodine oxidation procedure has been documented
(89). The results are summarised in Table 4.

4.1.3 Influence of L-norleucine and L-methionine on NADPH oxidation in the absence of

L-lvsine

Since L-norleucine and L-methionine inhibit AucD mediated lysine:N"-hydroxylation
their influence on the protein's inherent ability to promote FAD-dependent NADPH
oxidation was examined. As shown in Table 5 both L-norleucine and L-methionine inhibit
NADPH oxidaton that occurs in the absence of L-lysine.

Finally, the influence of L-norleucine on the interaction berween rucD and its flavin
cofactor was investigated. The dissociation constant, K,,, of the lucDeFAD complex was
determined both in the absence and in the presence of L-lysine (5 mM) or L-norleucine (5
mM). The AucDeFAD complex has been shown to be characterised by a K, value =16 pM
(101) and this value is only marginally affected by the presence of L-lysine (I, =17.8 uM). In
contrast, the K, value for the complex in the presence of L-norleucine is approximately 4.6
UM, indicating that the analog promoted a relatively stronger interaction between rlucD and
its flavin cofactor. This was further confirmed by the following observation.
Chromatography of a mixture of AucD (10 pM) and FAD (200 uM) on a 20 x 1 cm column
of BioGel P4 (200-400 mesh) (equilibration and elution buffer was 200 mM potassium
phosphate, pH 7.0) resulted in a clear separation of the two components with the protein
emerging free of the flavin cofactor. When a similar experiment was performed in the
presence of L-norleucine (in both the equilibration and elution buffers) the protein

recovered was found to be associated with the flavin cofactor in the amount corresponding



Table 5: Influence of L-norleucine and L-methionine on ducD mediated
NADPH oxidation in the absence of L-lysine

Compound

Acuvity (%)

None
L-norleucine
1 mM
5 mM
L-methionine
1 mM
5 mM

100

69
62

56
47

A typical assay in a final volume of 1 mL comprised: NADPH (200 uM), FAD (30

61

pM), DTT (2 mM), AducD (2 ud), and potassium phosphate (100 mM, pH 7.0). The

reaction was monitored by recording the decrease in absorbance at 340 nm. The

compound(s) when included are used at the final concentratons indicated.
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to approximately 0.5 mole per mole of rlucD. Thus L-norleucine would appear to enhance
the protein’s affinity for the flavin cofactor.

4.2 Studies with S-carboxvmethyl-ducD

Treatment of ucD with thiol modifving agents such as DTNB or ICH,COO" has
been found to be accompanied by a loss of its monooxygenase function. [n sharp contrast,
replacement of its Cys51 and Cys158 residues, identified as the targets of alkylaton by
ICH,COQ, has no such adverse effect (39). These apparently incongruous findings
prompted further studies so as to establish the basis for the loss of rlucD's ability to effect
N®hydroxvlation of L-lysine upon chemical modification of its thiol functions.
Consequently the protein was converted to its S-carboxymethyl derivatve by alkvlauon with
ICH,COO (58).

Inidal efforts pertained to chromatography of the S-carboxymethyl-rlucD on
Superdex 200. This study revealed S-carboxymethyl-rlucD to occur as a tetramer similar to
the parent protein. Furthermore, the DSC profile of S-carboxymethyl-rlucD would appear
to be very similar to that of the parent protein (Figure 10). The above observauons
demonstrate that chemical modification of rlucD is not accompanied by major aberrations
in its structural organisation.

Furthermore, its affinity for the flavin cofactor was not adversely affected as
indicated by its ability to mediate the reduction of exogenous electron acceptors, such as
DPIP. FAD has been shown to be an obligatory participant in the electron transter
processes catalysed by rlucD and its S-carboxymethyl derivative (58). AucD has been noted
to rapidly lose its ability to accommodate FAD in the electron transfer processes in the

presence of DPIP. This outcome has been linked to the covalent modification of the



Figure 10: DSC profiles for ducD and S-carboxymethyl AducD

rlucD and S-carboxymethyl-rlucD (=1 mg/mL) in potassium phosphate (200 mM,
pH 7.0) containing DTT (1 mM) was heated at a rate of 1 K/min.

AueD; o -_ S-carboxymethyl AucD
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protein’s thiol funcdons by DPIP, resultng in a loss of its catalytic activity. In contrast, S-
carboxymethyl-rlucD, by virtue of its inability to undergo covalent interaction with DPIP,
has been found to accommodate FAD in its diaphorase function (58). These reactions are
illustrated in Schemes 4 and 5. When cytochrome ¢, which cannot enter into such covalent
interaction, was used as an electron acceptor, both rIucD and its S-carboxymerhyl derivarive

were found to be as effective in diaphorase activity. These results are shown in Figure 11.
4.3 Physico-chemical characterisation of AucD muteins

4.3.1 _ Isolation and purification

The individual replacement of Cys31, Cys146 and Cys166 of rlucD with alanine was
achieved by effecting appropriate site directed mutagenesis of z«cD present in pATS (see
procedures outlined on pp. 34-35). pAT5 harbouring the /#D gene variant encoding for
C31A-rlucD served as a template for the production of the protein with both Cys31 and
Cys51 substituted with alanine. The incorporation of the desired mutation(s) was contirmed
by the determination of the nucleotide sequence of D and this approach also served as a
means to verify the absence of other mutatons in the gene.

The plasmid preparations containing the z#D or its variants were used to transform
E. coli DH50. (or in some instances E. co/i BL21(DE3)) and the cultures (1.5L) were used for
the production of rlucD or its mutein(s). Cultures expressing catalytically functonal IucD
have been noted to accumulate N*-hydroxvlysine in the medium and this feature provided a
preliminary diagnostic means of assessing the effect of muration(s) in acD. After 16-24
hours of growth, the cells were collected by centrifugation (6000 x g) for 15 minutes. The
supernatant, prior to being discarded, was tested for the presence of N°-hydroxylysine by the
iodine oxidation procedure (89). Such an analysis revealed that cultures expressing C31A-,

C146A-, C166A-, and C31A/C51A-rlucD to be capable of producing N“-hvdroxylysine,
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Scheme 4: Mechanism for NADPH-dependent reduction of exogenous DPIP by
covalent AucD-DPIP complex (103)

DPIP reductase activity that occurs in the absence of FAD (p. 50).

1. First oxidative addition.
2. Electron transfer to free DPIP.
3. Second oxidauve addidon.
4. Inability to bind FAD.
O
DPIP = R=

Ci Cl
NR OH
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Scheme 5: Mechanism for NADPH-dependent reduction of exogenous DPIP by
noncovalent complex of ducD and DPIP (103)

Diaphorase activity (p. 50).
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Figure 11: Cytochrome c reduction catalysed by AucD and its S-carboxymethyl
derivative

A typical reaction mixture in a final volume of 1 mL consisted of: potassium
phosphate (100 mM, pH 7.0), NADPH (200 pM), FAD (40 pM), Cyec (100 ThY))
and rAucD or its S-carboxymethyl derivative (0.9 HM). The reaction was monitored
by following the increase in absorbance at 550 nm.

rlucD

S-carboxymethyl AucD

2. + L-lysine (1 mM)

1. + L-lvsine (1 mM) or SOD (10 pg)
Blank (no enzyme)

PN S

These observations suggest that modification of rlucD’s cysteine residues by
ICH,COO' does nor affect its binding of cofactors, NADPH and FAD. Hence, the
loss of monooxygenase activity may arise due to constraints imposed on the binding
of the substrate.
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indicating that the protein’s monooxygenase activity was not adversely affected by the above
amino acid replacements.

The isolation and purificaton of rlucD or its muteins was accomplished by the
procedures described earlier (pp. 36-37). Following recovery from Orange A Dvematrex, the
protein was rendered free of Cl” ions by membrane filtration (Amicon Centriprep) tollowed
by dialysis against potassium phosphate (200 mM, pH 7.0). As noted earlier, this procedure
also served as a means for obtaining concentrated protein preparations.

SDS-PAGE analysis of the rlucD variants is shown in Figure 12.

4.3.2 Cysteine content of rflucD muteins

As noted earlier, the analysis of the nucleotide sequence of i«D variants encoding
for the AucD muteins served to confirm the incorporation of the desired exchange of the
nucleotides in the gene. However, in order to unequivocally demonstrate the replacement of
cysteine residue(s) with alanine(s), the determination of the total number of such residues
present in the various rlucD muteins was undertaken. This was accomplished by the reacton
of the protein with DTNB (500 UM) in potassium phosphate (200 mM, pH 8.0) conraining
guanidine hydrochloride (4.0 M). The increase in absorbance at 412 nm was recorded and
the number of cysteine residues present in the protein was estimated using an &, value of
14150 M'cm’ for the 2-nitro-5-thiocyanobenzoate (93). Since AucD contains five cysteine
residues, its variants with single cysteine replacements should be characterised by the
presence of one less thiol function. As shown in Table 6, C31A-, C146A-, and C166A-rucD
preparations show the presence of approximately 4 moles of cysteine residues per mole of
protein and in the case of C31A/C51A-rucD the observed value is 3 moles of cysteines per
mole of protein. Thus, the data recorded in Table 6 would appear to be in conformity with

those expected on the basis of Cys—>Ala replacements in AucD.
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Figure 12: SDS-PAGE analysis of AucD and its muteins

From left — right

Lane 1, molecular weight standards: phosphorylase b (97.4 kDa), serum albumin
(66.2 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), trypsin inhibitor (21.5
kDa), and lysozyme (14.4 kDa); lane 2, rlucD; lane 3, C31A-AucD; lane 4, C51A-
AucD; lane 5, C146A-rlucD; lane 6, C158A-rlucD; lane 7, C166A-rlucD; lane 8,
C31A/C51A-rlucD; and lane 9, C51A/C158A-rlucD. (200 pmoles of each protein)
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Table 6: Total number of cysteine residues in AucD and its muteins
Protein Number of Cysteine Residues®
rlucD 4.85 (5)
C31A-rlucD 3.95 (4)
C146A-rlucD 3934
C166A-rlucD 4.04 (4)
C31A/C51A-rlucD 293 (3)
C51A-C166A-rlucD 2.77 (3)

The protein (2-5 M) was treated with DTINB (500 UM) in potassium phosphate
(200 mM, pH 8.0) containing guanidine hydrochloride (4 M). AA,, was used to
calculate the number of cysteine residues (see text). The values in parentheses
indicate the probable number of cysteine residues per mole of protein.

The values shown represent the average of determinations done in duplicate.
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4.3.3 _ Reactivity of cysteine residues in the native conformation of the protein

Similar reaction of the protein with DTNB under identical conditions except for the
omission of guanidine hydrochloride provided an estimate of the thiol function(s) accessible
to modificatdon in the native conformation of the protein. For the sake of clarity in
presentation as well as for the purpose of comparison, the results of similar studies recorded
earlier (59) with rlucD, C51A-AucD, C158A-rlucD, and C51A/C158A-rlucD are presented
in Figure 13.

In the current investigations, C31A-rlucD behaves similarly to rlucD by showing the
presence of three thiol funcuons capable of undergoing modificatdon with DTNB, the
reaction with two thiols being "fast” and that of the third being "slow". And the situation in
the case of C31A/C51A-rucD is similar to that of C51A-rlucD in that it has one "fast " and
one "slow" reacting thiol funcdon, indicating that Cys31 does not contribute to the second
"fast" reacting thiol group in rlucD. In the case of C166A-rlucD, which still has Cys158 (the
residue shown to be the "slow" reacting thiol function in rlucD) intact, DTNB ttratuon
indicates the presence of two "fast” reacting cysteine residues. Finally, the replacement of
Cys146 with alanine results in profound conformational changes in rlucD, rendering all of
its cysteine residues accessible to modificadon by DTNB. Of the four cysteine residues
present in the protein, three are "fast” in their reaction with DTNB, while the fourth is
"slow" to undergo such modificadon. All of these resuits are shown in Figure 14 and
summarised in Table 7.

4.3.4 Thermal stability

The effect of Cys—Ala replacements on the structural integrity of rlucD was
assessed by monitoring the change in its thermal stability. Accordingly, DSC profiles of

rlucD and its variants (developed in the current study as well as those obtained earlier) were



Figure 13: Accessibility of cysteine residues of AucD and its muteins to
modification by DTNB
Redrawn based on data from Marrone, L. and Viswanatha, T. (1997) Biochim
Biophys Acta 1343, 263-277.

The desired protein preparation in 1 mL of potassium phosphate (200 mM, pH 8.0)
was treated with an aliquot (100 uL) of DTNB (5 mM) and the progress of the
reaction was monitored at 412 nm. After correctdon for the spontaneous hydrolysis
of the reagent, AA values at 412 nm at various intervals of the reaction were used to
determine the number of thiol group(s) modified per monomer of the protein.

0O-O rucD

s-8 C51A-rlucD

e-¢ CI158A-rlucD

Oo-0 C51A/C158A-AucD
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Figure 14: Accessibility of cysteine residues of ducD muteins to modification by
DTNB

The protein (2-5 ULM) in potassium phosphate (200 mM, pH 8.0) was treated with
DTNB (500 uM). The increase in absorbance at 412 nm was recorded. The number
of cysteine residues modified was calculated using an €, value of 14150 M'em™.

0O-O0 C31A-rlucD

m-m  C146A-rlucD

-0 Cl166A-rlucD

o-a C31A/C51A-rlucD
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Table 7: Number of cysteine residues susceptible to modification by DTNB in
the native conformation of ducD and its muteins

Protein Number of Cysteine Residues Accessible to
Modificadgon in the Native State *
Fast Slow
rlucD 2 1
C31A-AucD 2 1
C51A-rlucD 1 1
C146A-rlucD 3 I
C158A-rlucD 2 -
C166A-rlucD 2 —
C31A/C51A-AucD 1 1
C51A/C158A-rucD 1 —
C51A/C166A-AucD 1 -

2

Estimated from Figures 13 and 14.
The experimental conditions are those described in the legends to Figures 13 & 14.

Fast, reaction time < 20 sec; slow, reaction ume 2 150 sec.
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recorded and these are shown in Figures 15 A-H. As shown in Figure 15A, rlucD is
characterised by a T, value of 324.5 K. Although, at first glance, the DSC profiles of riucD
and its muteins appeared to be similar, single cysteine replacements other than that of Cys51
resulted in a lowering of the T, value with such decrease being maximum (2.4 K) in the case
of C166A-rlucD (Table 8). In the case of C146A-rucD and C166A-rlucD, the transiton
from the native to the denatured state is not smooth as indicated by the tailing in their DSC
profiles. This feature may indicate the presence of region(s) that are relatively more prone to
thermal denaturation than other areas in the protein as a consequence of the replacement of
the cysteine residue. It is pertinent to note that the vield of the protein in cultures expressing
C146A-rlucD, C158A-rAucD and C166A-rAucD is low relative to that in the one producing
unmodified AucD, although growth conditions were identical in all instances. This finding
may be a reflection of these AucD muteins being more susceptible to denaturation under
growth conditions (37°C, 24 hours and vigorous shaking) than the parent protein. In the case
of C51A-rlucD, the amino acid replacement results in an increase in the Ty, (325.5 K)
compared to the value of 324.5 K for unmodified rlucD. This enhanced thermal stability is
also reflected in the protein being more stable and exhibiting approximately 40% increase in
specific activity (with respect to monooxygenase function) when compared to the parent
protein. Introduction of a second cysteine replacement in C51A-rlucD results in a lowering
of the T,, value.

4.3.5_Reaction with DPIP

In addition to its being capable of serving as a terminal electron acceptor, DPIP can
also function as 2 thiol modifying agent by virtue of its ability to participate in oxidative
addition reaction(s) with mercaptans (60-62). Hence, the preparations of rlucD and its

variants have to be rendered free of extraneous thiols (primarily DTT) prior to their use in
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Figure 15 A-D: DSC profiles of AucD, C31A-, C51A-, and C146A-ducD

rfucD, C31A-, C51A-, and C146A-rlucD (=1 mg/mL) in potassium phosphate (200
mM, pH 7.0) containing DTT (I mM) was heated at a rate of 1 IK/min.
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Figure 15 E-H: DSC profiles of C158A-, C166A-, C31A/C51A-, and
C51A /C158A-ducD

C158A-, C166A-, C31A/C51A-, and C51A/C158A-rucD (=1 mg/mL) in potassium
phosphate (200 mM, pH 7.0) containing DTT (1 mM) was heated at a rate of 1
K/min.
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Table 8: Summary of T, values for AucD and its muteins

Protein T, (K AT,, (K)
rlucD 3245 _
C31A-rlucD 3249 +0.4
C51A-rlucD 325.5 +1.0
C1406A-rtucD 323.7 -0.8
C158A-rlucD 323.1 -1.4
C166A-rlucD 322.1 2.4
C31A/C51A-AucD 3237 -0.8
C51A/C158A-rlucD 323.9 -0.6

Values taken from Figure 15 A-H.
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experiments with DPIP. This was accomplished by chromatography of the protein
preparatons on a 20 x 1 cm BioGel P4 (200-400 mesh) column with potassium phosphate
(200 mM, pH 7.0) serving both as equilibration and elution medium.

In these investigations, attentdon was focused on the following two aspects: (i) the
assessment of the number of cysteine residues of the protein involved in the oxidatve
addidon reaction with DPIP; and (ii) the ability of the covalent DPIP conjugate of the
protein to bind FAD, the cofactor essential for its catalytic funcdon(s).

The first of these objectives was achieved by recording the decrease in absorbance at
600 nm for 10 minutes after initiating the reaction between the desired protein preparation
and DPIP (see pp. 48-49 for derails). Oxidauve addituon of thiol(s) (Scheme 4) would lead to
conversion of the quininoid structure of DPIP to its leuco form as indicated by the
diminution in absorbance at 600 nm. The magnitude of the decrease is proportional to the
number of cysteine residue(s) participating in the oxidative additon process. The data
presented in Table 9 show the number of cysteine residues of rlucD or its muteins involved
in the conjugation reacuon with DPIP. In the case of rlucD and C158A-rlucD, two cvsteine
residues would appear to be involved in conjugadon with the dve and these results are in
agreement with those recorded previously (59). C31A-rlucD mimicked rlucD and C158A-
rIucD in thar its interaction with DPIP also involved two thiol funcuons. As noted before
(59), the interaction of DPIP with C51A-rlucD involved just one cysteine residue and the
same situation prevailed for C31A/C51A-rlucD. These observatons suggest that Cys51 in
rlucD contributes to one of the two thiol groups participating in the oxidative addition
reacton with DPIP, and a cysteine residue other than Cys31 in AucD provides the second
thiol group for conjugation with the dye. In the case of C166A-rucD, approximately two

thiol functons were involved in the conjugation process with DPIP. Finally, replacement of
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Table 9: Number of cysteine residues involved in the oxidative addition
reaction with DPIP

Number of Cysteine Number of DPIP
Protein Residues Involved in molecules Involved in
Conjugauon’ Conjugation

rlucD 1.94 (2) 1
C31A-rucD 2.13 (2) 1
C51A-rucD 1.24 (1) 1
C146A-rlucD 3.00 (3) 2
C158A-riucD 1.98 (2) 1
C166A-rlucD 1.79 (2) 1
C31A/C51A-rlucD 1.00 (1) 1
C51A/C158A-rlucD 0.89 (1) 1
C51A/C166A-rlucD 0.85 (1) 1

After initiating the reacton berween the protein and DPIP, the decrease in A,
was recorded until there was no further change and this was reached after 6-8
minutes. Since each oxidative addition of a thiol group to DPIP results in the
diminution in the absorbance at 600 nm, the magnitude of the decrease is
proportonal to the number of cysteine residues involved in the conjugation with
the dve. The number was calculated from the decrease in absorbance using an g,
value of 1 x 10* M'em™.

The values in parentheses represent probable numbers of cysteine residues involved
in conjugation with DPIP.
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Cys146 of rlucD with alanine resulted in rendering three of its cysteine residues amenable to
interacton with the dyve.

The second aspect of this study concerned the ability of DPIP-protein conjugates to
accommodate the flavin cofactor (FAD) in their catalytic functon. To this end, two identical
assay mixtures were prepared, both containing the desired protein (rlucD or its mutein) and
DPIP. The reaction berween the dye and the protein was allowed to proceed for 1 minute, in
the first mixture, and 15 minutes in the second mixture. The first sample served to
approximate conditions at the initiation of the reaction, while the second sample represented
the situadon that prevails subsequent to the protein's conjugation with DPIP. The ability of
each of these samples to promote NADPH-dependent reduction of the exogenous dye was
recorded both in the absence as well as in the presence of FAD (see pp. 49-50 tor details).
These are designated A (absence of FAD) and B (presence of FAD) in Figure 16. The
observations recorded in the presence of FAD (section B, Figure 16) reflect the ability of the
DPIP-protein conjugate to accommodate FAD in the catalytic mechanism. The results
obtained are shown in Figure 16 and would appear to fall into three categories: (i) proteins
which are unable to interact with the flavin cofactor subsequent to their covalent
conjugation with DPIP. In these cases, the enhancement in the role of electron transfer
process due to the presence of FAD can be observed in the protein sample pre-treated with
DPIP for 1 minute, but not after 15 minutes of such treatment. Thus, the protein appears to
lose its ability to bind FAD subsequent to its covalent modification by DPIP (58). This type
of phenomenon was observed in the case of rlucD, C31A-rAucD, C158A-rlucD and C166A-
rucD (Figure 16a); (if) lucD murteins capable of accommodating FAD despite their
covalent conjugation with DPIP. With these proteins, the ability of FAD to promote the

electron transfer process is not affected by their prior incubation with the dye. C51A-rlucD,
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Figure 16: Ability of AucD-DPIP conjugates to promote FAD-dependent
reduction of exogenous dye

In a typical experiment, two samples of AucD (3 1M) in potassium phosphate (200
mM, pH 7.0) were prepared. Reaction with DPIP (100 uM) was allowed to proceed

for 1 minute (®-®) in one and for 15 minutes (O-O) in the other. With NADPH
serving as the electron donor, the ability of each of these samples to promote
reduction of the exogenous dve both in the absence (/) and the presence (B) of
FAD was examined.

a) observations noted in the case of rlucD, C31A-, C158A-, and C166A-rlucD
preparations

b) observations recorded with C51A-, C51A/C158A-, and C31A/C51A-rlucD

¢) C146A-rlucD

Data shown are gypical of results obtained in experiments performed in triplicate.
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C31A/C51A-rlucD and C51A/C158A-rIucD exhibited this phenomenon (Figure 16b); and
finally (iii) a case where FAD had no effect on the electron transfer process regardless of the
period of the protein's prior exposure to the dye. This situation was observed in the case of
C146A-rlucD. The reacton of this protein with DPIP would appear to be extremely rapid
such as to instantaneously abolish its ability to interact with FAD (Figure 16c).
4.5.6  Kinetic parameters

The effect of Cys—Ala replacements in rlucD on the K, values and the caralytc

efficiency, k

carr

were examined using its substrate, L-lysine, and FAD, one of its cofactors.

The dissociation constant, K,,, for the AucDsFAD complex has been shown to be
approximately 16 UM (cited on p. 60). In the current investigations, attenton was focused
towards K, rather than K, based on the following consideradons. K, is a dissociaton
constant of the enzymeeFAD complex and in view of the absence of the other obligatory
participants (NADPH, the other cofactor, and the substrate L-lysine) in the cartalytic
mechanism of the protein, its significance is difficult to fathom. In contrast, the K, value,
which is a composite of dissociation constants of the complexes of the enzyme with various
forms of the flavin cofactor (FAD, FADH,, FADOOH, and FADOH) that occur in the
catalytic cvcle of the protein, would appear to be an appropriate parameter to consider.

The rate of L-lvsine-dependent oxidation of NADPH was monitored over a range of
concentration (0-50 UM) of FAD with the concentrations of NADPH (200 M) and L-
lysine (1 mM) maintained constant (see pp. 45-46 for details). Appropriate correction was
made for the process of NADPH oxidation in the absence of L-lysine. The dara provided
the basis for the evaluation of the K, values for FAD. The K, values for FAD observed in

the case of rlucD and its muteins are given in Table 10.
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Table 10: Kinetic parameters of AucD and its muteins
Protein K, (LM) kcat * (sec™)
FAD L-lvsine

rucD 3.29 £0.10 390 £ 68 0.405 £ 0.01
C31A-rtucD 2.46 £0.05 466 * 26 0.351 £0.06
C51A-rlucD 1.57 £0.02 nd 0.479 +0.01
C146A-rlucD 1.94+029 423.5 £ 67 0.243 £ 0.05

C158A-rlucD nd nd nd
C166A-rTucD 2.19 £0.10 420 + 36 0.305 £ 0.01
C31A/C51A-rlucD 5.59 £0.05 389 £ 24 0.614 £0.02
C51A/CI158A-AlucD 2.13+021 nd 0.543 + 0.01

A typical assay mixture, in a 1 mL volume, consisted of lucD (2 M) in potassium
phosphate (200 mM, pH 7.0), with DTT (1 mM). The concentrations of NADPH
(200 M) and L-lysine (1 mM) were maintained constant while that of the flavin
cofactor was varied over the range of 0-50 UM in experiments designed to determine
K, of the flavin cofacror.
For the determination of the K, for L-lysine, the concentrations of NADPH (200
mM) and FAD (30 uMI for all except C31A/C51A rlucD which was 60 M) were
held constant while the L-lvsine concentration was varied over 0-10 mM.
Since high concentratdons of FAD (2 80 uM), NADPH (2 200 M) and L-lysine
(2 mM) inhibit L-lysine monooxygenase activity, k_, values were estimated from
data recorded in the experiments designed to determine the K, value for FAD.
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An examination of the data indicates that single Cys—Ala replacement in rlucD led
to a slight lowering of K, for FAD, with the maximum of such decrease noted in the case of
C51A-rAucD (K, value of =1.6 UM compared to a value of =3.3 UM for unmodified rlucD).
A two-fold increase in the K,, was noted in the case of C31A/C51 A-rlucD.

For the determination of K, values for L-lysine, its concentration was varied over
the range of 0-10 mM while maintaining concentration of NADPH (200 UM) constant and
that of FAD at 10 x K, for lucD and its muteins (30-60 UM). The iniaal rate of NADPH
oxidation at each concentration of L-lysine was recorded and corrected for the spontaneous
process occurring in the absence of substrate. Plots of velocity versus substrate
concentraton of the data and analysis using the program GraFit provided the basis for the
assessment of the K,; values. The results are presented in Table 10.

An examinadon of the dat indicated that single Cys—Ala replacement in rlucD to
have no significant effect on its Ky, value for L-lysinc. In the case of proteins with two
Cys—Ala substitutions, modest increases (less than two-fold) in the K, values was noted.
Finally, the k_, values were calculated from the data in the studies for the determinaton of
K,, for FAD. The results are shown in Table 10.

As noted before, rlucD and its muteins catalyse NADPH oxidaton in the
absence of hydroxylatable substrate, resulting in the production of H,O,. The extent of such
a process occurring under conditions of hydroxylation of L-lysine was assessed by
quantitative estimation of H,0, produced during the period. Thus, a typical assay in a
volume of 5 mL contained: potassium phosphate (200 mM, pH 7.0), FAD (40 uM), L-lysine
(1 mM), NADP+ (160 M), G-6-P (800 uM) and G-6-P dehydrogenase (1.25 units). After

incubation at 37°C for 15 minutes, an aliquot (1.5 mL) was used for H,O. determination and
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Table 11: Production of N°-hydroxylysine and H,0, by ducD and its muteins
Protein N*-hydroxylysine H,O, Total NADPH Consumed
(nmoles) (nmoles) (nmoles)

rlucD 359 137 496
C31A-rlucD 462 143 603
C51A-rlucD 453 148 603
C146A-rAucD 173 144 317
C158A-rlucD 350 138 488
C166A-rlucD 399 142 541
C31A/C51A-rlucD 379 153 530
C51A/C158A-rlucD 499 160 559

Assay mixture, 5 mL volume, was incubated at 37°C for 15 min. An aliquot (1.5 mL)
was used for H,O, estimation (91) and the remainder for determination of N
hydroxylysine (89).

*  the values shown represent the amount (converted to the nearest whole number)
in the inital volume (5 mL) of the assay.
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the remainder (3.5 mL) used for the determination of N°-hydroxylysine. The results obtained
are shown in Table 11. In the case of AucD, H,O, production during conditions of
hydroxylation of the substrate constitutes approximately 22% of the NADPH consumed
during the period. Whether this is a reflection of the degree of uncoupling between the
processes of NADPH oxidation and lysine:N“-hydroxylatdon will be addressed later. The
effects of Cys—Ala replacement in rlucD were as follows. Single Cys—Ala substitution in
rlucD was found to have no significant effect on the extent of H,O, produced under
hydroxylating conditions. A slight enhancement in the amount of H,O, produced was noted
when two cysteine residues were replaced with alanine. Except for Cys146—Ala
substitution, single cysteine replacements in rlucD had no appreciable effect on its
monooxygenase activity. The Cys146—Ala change in rlucD was accompanied by
approximately 40% decrease in its N-hydroxylase activity. Replacement of Cys31 and Cys51
with alanine resulted in an approximately 30% increase in AlucD's monooxygenase activity

and this is also observed in the case of C51A/C158A-rlucD.

4.4 Interaction of ducD with its ligands

The conformational changes in rlucD accompanying its interaction with its ligands
were assessed by examining the CD spectra, DSC profiles of the protein, and its
susceptibility to degradation by proteases. Neither the CD spectra nor the DSC profile of
rlucD was significantly affected in the presence of its cofactors or substrate (Figures 17 &
18). However, its susceptibility to the action of proteases was found to be influenced by the

presence of some of its ligands, the details are given below.



Figure 17: CD spectra of ducD

rlucD (5 uM) in potassium phosphate (200 mM, pH 7.0} was scanned art a rate of

200 nm/min. Concentradons of ligand when present were: FAD (200 uM) and L-
lysine (1 mM).

AucD
..... rucD + L-lysine
—eee=rlucD + FAD
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Figure 18: DSC profile of AucD

rAucD (=1 mg/mL) in potassium phosphate (200 mM, pH 7.0) containing DTT (1
mM) was heated at a rate of 1 K/min. Concentrations of ligands when present: FAD
(0.5 mM); ADP (1 mM); and L-lysine (5 mM).

rlucD

..... rAucD + ADP
......... AucD + FAD
e flucD + L-lysine
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4.4.1 Susceptibility to endopeptidases

Treatment of AucD with TPCK-trypsin (see pp. 39-41 for details) resulted in rapid
degradation of the protein with concomitant loss of its monooxygenase actvity. Similar
studies performed in the presence of FAD (0.5 mM) revealed the absence of such adverse
action by the protease as indicated by the total rerention of AucD’s structural integrity and
catalytic function. Further investigations performed over a range of FAD concentrations
indicated that a cofactor concentration of 200 M was adequate to protect rlucD from
proteolytic degradation. Interestingly, ADP (ImM) was also found to shield rlucD from
tryptic digestion as indicated by the preservadon of the protein’s structural integrity and
catalytic function. Of the other two obligatory participants in the catalytic process mediated
by rlucD, NADPH and L-lysine, the tormer was parually effective while the latter (Sm)
was totally ineffective in protecting the protein from degradation by trypsin. Thus, in the
presence of NADPH (1mM), approximately 50% rlucD was degraded by the protease as
indicated by SDS-PAGE analysis and measurement of lysine:N“-hvdroxylase actvity. These
results are presented in Figure 19.

[n view of the partal (=50%) protection observed at 1 mM concentration of
NADPH, an experiment was performed to determine the concentration of the cofactor
capable of conferring rlucD total protection from degradation by trypsin. The cofactor
concentration used in these studies ranged from | to 7 mM. Increases in the concentration
of NADPH resulted in enhanced protection from degradation by the protease, with the
maximum value (=80%) of lysine:N“-hvdroxylase activity being retained at a cofactor
concentration of 7 mM (data not shown). Thus NADPH, even at a concentration of 7 mM

was incapable of providing rlucD total protection from degradaton by proteases.
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Figure 19: (A) SDS-PAGE profile of ducD samples treated with TPCK-trypsin

rucD (14 UM) was incubated (25°C, 12 min) with TPCK-trypsin (7 M) in the
presence of cofactors and substrate indicated. The reaction was stopped by the
addition of SBTI (15 iM) prior to analysis. Lanes: 1. FAD (0.5 mM); 2. ADP (1.0
mM); 3. NADPH (1.0 mM); 4. L-lysine (5 mM);5. L-norleucine (5 mNM); 6. none; 7.
control, trypsin added after SBT1; 8. molecular weight standards expressed in kDa.
(phosphorylase b, 94; serum albumin, 67; ovalbumin, 43; carbonic anhvdrase, 30;

trypsin inhibitor, 20; and ot-lactalbumin, 14)

(B) Vertical bar graph representation of lysine:N°®-hydroxlyase activity
following treatment with TPCK-trypsin

Lysine:N“hydroxlyase activity was determined after addition of SBTI as mentioned
above in A. The vertcal bars are matched to their corresponding lanes in A.
Increase in NADPH concentration has been found to result in an enhanced
protection from degradation by the protease, with maximum value (=80%) being
achieved at an NADPH concentraton of 7 mM (data not shown). Studies with
azocasein as substrate revealed that none of the cofactors even at the highest
concentrations, functon as inhibitors of the proteases.
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In the experiments with TLCK-chymotrypsin and thermolysin, the observations
were similar to those recorded in the studies with TPCK-trypsin. Both FAD and ADP
prevented rlucD degradation by these proteases while NADPH and lysine were marginally
effective and ineffective respectvely. The protective effect exerted by FAD and ADP does
not appear to be due to their ability to function as inhibitors of the proteases since these
compounds, as well as NADPH (at the concentrations used in the study), have no adverse
effect in experiments with azocasein serving as a substrate.

442 Reaction with exopeptidases

Treatment of rlucD with exopepudases CPDA and CPDB, either singly or in
combination, did not lead to loss in JucD's monooxygenase activity. Based on the specificity
of these enzymes, CPDB should be ineffective in releasing amino acid residues from the C-
terminus of rlucD. In the case of CPDA, one could expect the release of three C-terminal
residues (Figure 20). Treatment of rlucD with both exopeptidases can be expected to release
only 8 C-terminal residues of the protein in view of their inability to cleave proline, and
often the amino acid residue that is preceded by proline. Since there was no appreciable
change either in size (by SDS-PAGE) or catalytic tunction of rlucD upon treatment with
CPDA and CPDB, characterisation of the truncated form(s) of the protein was not pursued.

The reaction of rlucD with CPDY was accompanied by a steady decline in lysine:N‘-
hydroxylase actvity with approximately 85% activity being lost after 80 minutes of
incubation (Figure 21). At this stage of the reaction with CPDY, analyses revealed the release
of the following C-terminal amino acids residues from rlucD (amounts relative to that of
threonine in parentheses): Thr (1.00), Ser (1.20), Gly (1.80), Arg (0.91), Glu (0.25), lle (0.80),
Leu (0.96), Ala (1.10), Pro (1.20), and other amino acid residues (< 0.2). Allowing for the loss

of tryptophan under strong acidic condidons and the low recovery of glutamic acid, due to
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Figure 20: Extent of cleavage of ducD attainable by exopeptidases

Amino acid sequence of the C-terminal segment comprising residues 407-425 of
rlucD. Vertical arrows denote the extent of cleavage attainable by the exopeptidases
CPDA and CPDB, either individually or in combination. A horizontal arrow
represents the known extent of cleavage of rlucD using CPDY. Amino acid residues
that have had their triplet codes replaced by a triplet encoding for termination are
denoted in bold with asterisks above. These replacements resulted in the production
of the following C-terminal truncated muteins: rlucD A8 (Leu418ter), lucD All

(Pro415ter), rlucD A14 (Leu412ter), and rducD A17 (Leu409ter).



93a

CPDA + CPDB

CPDA only
-—-20)RDLFDLSMPPALIQWRS G Tazs
< CPDY

«x- CPDB



94

Figure 21: Effect of CPDY on lysine:N°-hydroxylase activity of AucD

rlucD (10 uM) in 100 mM potassium phosphate, pH 6.0 was treated with CPDY (20

Lg) at 37"C. The concentration of other compounds, when included, were: FAD (0.5
m) and ADP (1.0 mM). Aliquots taken at desired intervals were diluted (1:1000)
with 200 mM potassium phosphate buffer, pH 7.0 to stop further degradation and

used for the determination of lvsine:N®-hydroxylase activity, O-O none; o-e, control

(no CPDY); e-¢ FAD or ADP. L-lysine (5 mM) failed to protect from the adverse
action of CPDY (data not shown).
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its poor retention by the cation exchange resin (in view of the relatively high ionic strength
of the CPDY reacdon medium), the above data would appear to be consistent with the
deletion of 10-11 C-terminal amino acid residues from rlucD. Interestngly, both FAD (0.5
mM) and ADP (1mM) offered protection from such deleterious effects as indicated by total
retention of rlucD’s monooxygenase acuvity even after prolonged exposure to CPDY,, while
NADPH and lysine were devoid of such beneficial action (Table 12). Finally, FAD and ADP
were found to have no adverse effect on the ability of CPDY to mediate the hydrolysis of its
typical peptide substrate, furylacryloyl-Phe-Ala (85). Hence, their protective influence
observed in the studies with rlucD would appear to be due to factors other than functioning
as inhibitors of the exoprotease.

The deletion of the C-terminal residues of AucD would appear to result in a
disruption of its native conformation as indicated by the development of opalescence in the
reaction mixture(s) after prolonged (2 75 min) incubation with the exoprotease. Since these
observations suggested a crucial role for the C-terminal segment in the maintenance of
rlucD in its native conformation, the possibility of synthetic peptide mimic(s) compensating
for the section deleted by CPDY was explored by performing experiments in the presence of
the C-peptide (Pro-Ala-Leu-Ile-Gln-Trp-Arg-Ser-Gly-(D)-Thr, see methods for details).
‘These studies showed that in the presence of the C-peptide (0.5 mM), rlucD's
monooxygenase activity remained unaffected even after prolonged (2 3 hrs) period of
reaction with CPDY. Hence, the following three aspects were considered to explain the
protective influence exerted by the C-peptide: (i) its ability to compensate for the section of
the protein deleted by CPDY; (ii) the possibility of its competing with rducD and serving as a
substrate for CPDY; and (iii) its capacity to serve as an inhibitor of CPDY. The first of these

three aspects would appear untenable, since additon of C-peptide to rlucD preparations
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Table 12: Susceptibility of AucD to degradation by proteases: Influence of
substrate, cofactors and analogs

Effector % Relatuve Actvity

TPCK-Trvpsin TLCK-Chymotrypsin Carboxvpeptidase Y

FAD (0.5 mM) 105 107 139"
ADP (1.0 mM) 106 114 114
NADPH (1.0 mM) 58 n.d. 7
L-lysine (5 mM) 25 4 11
none 18 4 8
control 100 100 100

In the case of TPCK-trypsin and TLCK-chymotrypsin, rlucD (12-14 HM) in
potassium phosphate (100 mM, pH 7.0) was treated with the protease (6-7 (M) at
25°C. After 12 minutes, the reaction was stopped by the addition of SBTI or PMSF
prior to determination of lysine:N"-hydroxylase activity.
In the case of CPDY, rlucD (10 uM) in 100 mM potassium phosphate, pH 6.0 was
treated with the exopeptidase (0.3 UM) for 2 hours at 37°C prior to determination of
lysine:N“-hydroxylase actvity.
The concentration of effector, when included, are as shown in the table. Similar
results were obtained with thermolysin.
The apparent increase in the activity of AucD in the presence of FAD and ADP
is a reflection of their protective action against the slow inactivation that occurs
due to thermal denaturadon at 37°C.
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pre-treated with the CPDY did not result in the restoration of lysine monooxygenase
activity. Concerning the second aspect, HPLC analysis of the C-peptide preparation
subsequent to its treatment with CPDY indicated the absence of any degradation, pointing
to its inability to serve as a substrate for the exoprotease. This finding is not unexpected in
view of the D-configuration of the C-peptide's carboxy rerminal residue, a feature
deliberately incorporated to minimise its serving as a substrate for CPDY. The ability of the
C-peptide to act as an inhibitor of CPDY was confirmed in the studies using furylacryloyl-
Phe-Ala. Data presented in Figure 22 show that the C-peptide is an effective inhibitor of
CPDY, with approximately 90% inhibition in the hydrolysis of the chromophoric peptide
substrate being noted when present in the assay at a concentration of 90 M.

4.4.3  Studies with C-terminal truncated forms of rlucD:

In order to gain an unambiguous insight into structural feature(s) indispensable for
the maintenance of rlucD in its native conformation, four well-defined rlucD variants,
differing in the extent of C-terminal deletion, were developed (Table 3). The ability of
truncated versions of i#D to encode for a catalytically functional protein was assessed by
examining the culture fluids for the presence N*-hydroxylysine, an inherent feature of cells
expressing the catalytically functional form of AucD. Such analyses revealed the presence of
N®-hydroxylysine only in the culture fluid of cells designed to express rlucD A8 and not in
the case of cells transformed to express the other three truncated /#D gene products,
namely; AlucD A17, AlucD Al4, and rlucD A11. The absence of N*-hydroxylysine in the case
of the latter three cultures could be either due to their inability to express these partcular

truncated forms of ZucD or a reflection of a loss of catalytic function in the three truncated

forms of rlucD. Analyses of the whole cell lysates of cultures expressing these truncated



Figure 22: CPDY catalysed hydrolysis of furylacryloyl-Phe-Ala

Conditions: FA-Phe-Ala (1 mM) in 100 mM potassium phosphate, pH 6.0 with
CPDY (10 pg).

(1) in the absence of C-peptide
(2) in the presence of C-peptide (90 HM).
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proteins revealed the presence, in all four cases, of a protein with a molecular weight
corresponding to that of the znD gene product, and its identity as such was further
confirmed by Western blot analyses using polyclonal antibodies raised against ducD (Figure
23). Thus, all four truncated forms of the /#cD gene product would appear to be expressed.
However, while lucD AS is capable of lysine N-hydroxylation, the other three murants
(rlucD A17, AucD Al4, and rlucD A11) are devoid of such caralytic activity. Furthermore,
during attempts to isolate these truncated rlucD preparations, it was noted that their
presence could be detected only in the whole cell lystates and the crude cell-free systems, but
not in the fractions obtained in subsequent stages of purification. This finding is in distinct
contrast with those noted in the case of normal rlucD, which is detectable during all stages
of purification (46,47,56). The lability of these truncated rlucD preparations during later
stages of purification would appear to be related to the removal of flavin cofactor(s)
normally associated with whole cells and the crude cell-free system. This observadon is

consistent with the protective action of FAD mentioned in the previous section.
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Figure 23: Western Blot analyses

The expression of truncated forms of rlucD in E. /i DH5¢t and their stability
during the protocol for their purification was monitored by Western blot analyses
using polyclonal rabbit and-rTucD antibodies (see methods for details). Results
obtained with rlucD A17 are typical of those recorded with other truncated rlucD
preparations. Similar studies with intact rlucD served as a control.

(A) Western blot identification of rlucD, from left to right: (1) whole cell lysate; (2)
crude cellfree extract; (3) ammonium sulphate (40%) fraction; and (4) pure rlucD.

(B) Western blot identification of rlucD A17, from left to right: (1) whole cell
lvsate; (2) cell-free extract; and (3) ammonium sulphate (40%) precipitate.
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5.0 Discussion

The disparity berween the experimentally determined value for the cysteine residues
in rlucD and that predicted from the nucleotide sequence of /D, the gene encoding for the
protein, had necessitated a redetermination of the latter feature. Such studies led to a
revision of the nucleotde sequence of /D, which predicted the presence of five cysteine
residues in its product, a finding in harmony with that observed in rlucD (59).

Two observatons recorded in the previous investigations, the first pertaining to the
progressive loss of monooxygenase tunction during storage (at < 4"C) and its reversal by
mercaptans (DTT), and the second concerning the facile susceptibility to inactivation by
thiol group specific reagents (ICH.COO™ and DTINB) had formed the basis for the noton
that cysteine residue(s) play a vital role in ducD's catalvtic mechanism (46,47,58,59). The
former phenomenon has been shown to be linked, in the current investigadons, to the
propensity of the protein to assume polytetrameric form(s), stabilised by intertetrameric
disulphide bridges. However, the totally unexpected observation, that the alkvlatable cysteine
residues can be replaced (with alanine) without any adverse effects not only minimised the
importance of these residues, but also stressed the need for further studies to determine the
basis for the anomaly (59). As a consequence, the early phase of the current investigations
concerned the characterisation of S-carboxymethyl-rlucD. These studies have revealed the
modified rlucD to be similar to its unmodified counterpart both in its structural organisation
as well as in its ability to promote electron transfer reactions not related to lysine:N"-
hydroxylation. Thus, the basis for the loss of monooxygenase function upon modification of

the cysteine residues of rlucD sull remains to be determined.

101



102

A major objective of this study pertains to the identification of the basis underlying
the difference noted in the accessibility of AucD’s cysteine residues to modificatdon by
ICH,COO" and DTNB. For the sake of both clarity in presentation as well as convenience, it
would appear appropriate to reiterate the observations that were available from prior
investigations in our laboratory. These are: treatment of rfucD with ICH,COO results in the
alkyladon of two of its cysteine residues, identified as Cys51 and Cys158, of the protein. This
value of cysteine residues modified remains unaltered in spite of the variadon (increase the
iodoacetate concentration and/or extension of the reaction period from 20 to 60 minutes) in
the conditons of treatment. In contrast, treatment of rlucD with DTNB results in the
modification of three cysteine residues, with the reaction of two of them occurring “fast”
(reaction time < 20 seconds) and the remaining one “slow”” (reaction ume 2 150 seconds).
Similar studies with C51A-, C158A-, and C51A/C158A-rIucD led to the identification of
Cys51 as one of the “fast” and Cys158 as the “slow” residues to undergo modificaton by
DTNB (59). The preceding review of prior literature draws attention to the aspects that need
to be resolved. These are: (i) identification of the cvsteine residues, other than Cys51, in
rIucD that participates in the “fast” reaction with DTNB; and (ii) the origin of the additional
thiol function detectable in the experiments with DTNB. Replacement of the other three
cysteine residues (Cys31, Cys146, and Cys166) of rlucD with alanine was performed to
address the above cited aspects.

The reaction of C31A-rAucD with DTNB yielded results identical with that recorded
in the case of parent rlucD, thus eliminating Cys31 as a candidate for the ver to be identified
residues capable of “fast” reaction with the above thiol modifying agent. Similar studies with
C146A-rlucD revealed that all four of its cysteine residues were amenable to reacuon with

DTNB, with three of them reacting “fast” and one “slow” to be modified. This latter residue
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is probably Cys158 which, has been shown to be sluggish towards modification. The
reaction of C166A-~rlucD with DTNB showed the presence of two “fast’” reacting cysteine
residues. Surprisingly no “slow” reacting thiol was found despite the presence of Cys158 in
the protein. Hence, it would appear that the effect of Cys166Ala substituton in rlucD would
be such as to enhance the reacuvity of the vicinal Cys158 and render it capable of “fast”
reaction with DTINB. This view appears to be consistent with the finding of just one
cysteine residue in C51A/C166A-rlucD capable of “fast” reacton with DTNB (Table 7).
These observations on the reacuvides of the cysteine residues in rlucD and its muteins
suggest that Cys166 is probably the hitherto unidentified residue that is capable of “fast”
reacton with DTNB. Thus, of the three cysteine residues of AlucD that interact with DTNB,
the modification of Cys51 and Cys166 would appear to occur rapidly while that of Cys158 to
proceed slowly.

It is evident from the above presentation that cysteine residues in rlucD would
appear to fall into ewo distnct categories. One of these groups comprises cysteine residues
(Cys31, Cys51, and Cys158) which can be substituted with alanine without any appreciable
effect on the reactivity of the remaining such residues in the protein. This feature would
imply that such Cys—Ala replacement(s) do not lead to significant alteradions in the natve
conformation of the protein. In contrast, the substitution of cysteine residues in the second
category (Cys146 and Cys166) would appear to be accompanied by conformatonal changes
in the protein as reflected in an enhancement of the accessibility of some of the remaining
such functon(s) to chemical modification. These studies demonstrate the ability of DTNB
to serve as an effective and sensitive diagnostic agent for monitoring Cys—>Ala induced

conformational changes in rlucD.
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As regards the second aspect, namely the additional cysteine residue noted during the
reaction of rlucD with DTNB, it would appear that the phenomenon might be related to the
mechanism involved in achieving the modificaton of the thiol functon(s). ICH,COO’
effects alkylaton of cysteine residues. This process, being a covalent modificatdon, can not
be reversed by mercaptans like DTT. In contrast, the modification of cysteine(s) by DTNB
involves disulphide exchange mechanisms resulting in the formation of a mixed disulphide
with the concomitant release of 2-nitro-5-thiobenzoate anion. This type of modificaton is
reversible by DTT and other thiol agents (Scheme 6).

The above noted difference in the mechanisms of action of the two thiol modifying
agents forms the basis for the following proposal that could account for the third cysteine
residue in rlucD apparently being capable of reaction only with DTNB. The proposal is
based on the premise that two of AucD’s cysteine residues that react “fast” with DTNB are
in proximity to each other (or induced to such juxtaposition subsequent to modification of
one of them) in the three dimensional conformation of the protein. If such a situagon were
to prevail, the reaction of one of these cysteine residues (likely Cys51 by virtue of its
suscepubility to alkylauon by ICH,COQ) with DTINB will result in its conversion to the
mixed disulphide with concomirant release of one equivalent of 2-nitro-5-thiobenzoate
anion. In view of the proximity of the second cysteine, this inital event is immediately
followed by disulphide exchange process with the formation of an intramolecular disulphide
bridge and the concomitant release of another (or second) equivalent of 2-nitro-5-
thiobenzoate anion. Finally, the modificatdon of Cys158, slow compared to that of the other
two, would result in the release of another (third) equivalent of 2-nitro-5-thiobenzoate anion
(Scheme 7). Thus, according to the proposal, only two molecules of DTNB are consumed

during the modification of cysteine residues of lucD. However, the process is accompanied
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Scheme 6: Reaction of protein thiol functions with ICH,COO" (A) and DTNB (B)
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Scheme 7: A hypothetical sequence of events in the reaction berween ducD and
DTNB
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by the release of not two as expected, but three equivalents of 2-nitro-5-thiobenozate anions
(as a consequence of intramolecular disulphide linkage) giving the impression that three
cysteine residues of the protein have participated in a direct interaction with DTNB. At the
present time, the elucidation of the three-dimensional structure of rlucD has vet to be
realised. In the absence of such information, which can provide insights into the proximity
and orientaton of the residues in the native conformation of the protein, the proposals
pertaining to Cys51 being in the vicinity of another of its kind has to remain in the realm of
conjecture.

DPIP, by virtue of its ability to serve as a thiol modifying agent, also proved to be an
effective probe for monitoring the mutation induced structural and functonal changes in
rlucD. On the basis of the number of cysteine residues participating in the oxidative additon
process and the stoichiometry with respect to the number of mole(s) of covalently bound
DPIP per mole of protein, fucD and its muteins can be classified into two distinct
categories. These are: (i) proteins that bind one mole of DPIP as a consequence of the
participation of two of their cysteine residues in successive oxidative addition reactons with
the dye. In this family, which includes rducD, C31A-AucD, C158A-rlucD, and CI66A-
AucD, DPIP is rigidly bound, a feature that prevents the protein from interacung with its
flavin cofactor; and (ii) lucD muteins which incorporate one mole of DPIP by covalent
attachment to one of their cysteine residues. This group which comprises C51A-riucD,
C31A/C51A-rAucD, and C51A/C158A-rAucD, can accommodate the flavin cofactor in their
catalytic function in view of the flexibility in the position of DPIP bound by a single cysteine
residue. Finally, C146A-rlucD represents a situation where both types of DPIP attachment
are encountered. Thus, in this case, three cysteine residues are involved in conjugation with 2

moles of DPIP, one of them being held rigidly by linkage of two thiol functions and the
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other attached to 2 single thiol functon. The interaction of rducD and its muteins with DPIP
is illustrated in Scheme 8.

The Cys—Ala replacements in rlucD would appear to have no significant effect on
the monooxygenase function of the protein with the exception of Cys146Ala substtution,
which results in approximately 40-50% loss in such actvity (Table 11). The reason for such
loss of catalytdc efficiency in the case of C146A-rlucD is not apparent, especially since the
affinities for the flavin cofactor (FAD) and the hydroxylatable substrate (L-lysine) are not
significandy affected by the amino acid replacement.

The events shown in Scheme 9 represent a superficial overview of the mechanism
operative in rlucD catalysed reactions. According to this presentation, the reduced form of
the flavin cofactor, FADH,, formed in the inital step is rapidly converted to the 4a-
peroxyflavin. This species can be channelled towards the production of either N*-
hydroxylysine when lysine is present or H,O, in the absence of the hydroxylatable substrate.

An examination of the stoichiometry between the processes of NADPH oxidation
and lysine:N®-hydroxylation catalysed by rlucD and its variants indicated that a considerable
(approximately 25%) of the former event is channelled towards production of H,O; (Table
11). This feature, at first glance, could be regarded as a reflection of the degree of uncoupling
between the two reactions catalysed by the protein. Such an interpretation would suggest
that one out of every four NADPH oxidised by the enzyme may not be linked to the
hydroxylation of the substrate. However, other considerations tend to indicate that the
process of NADPH oxidation leading to H,O, production may indeed be an inherent
feature of AucD, a process distinct from that coupled to N-hydroxylation of lysine. These
are: (i) rlucD and its muteins cartalyse the FAD-dependent process of NADPH oxidation in

the absence of L-lysine, the hydroxylatable substrate; and (if) S-carboxymethyl-rlucD, which
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Scheme 8: Reaction of ducD and its muteins with DPIP
(@)
Cl Cl
NR OH

A) Proteins (rlucD, C31A-, C158A-, and C166A-rlucD muteins) that participate in

two successive oxidative addition reactions with the dye.

B) Proteins (C51A-, C31A/C51A-, and C51A/C158A-rlucD) that participate in a
single oxidatuve additon to the dye

) C146A-rlucD involved in both type A) and type B) oxidative addidon processes.
This assignment of rlucD and its muteins was based on: (2) the number of cysteine

residues involved in conjugaton (Table 9); and (b) the stoichiometry with respect to
the number of moles of DPIP conjugated per mole of protein.
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Scheme 9: A proposal for AucD catalysed N°-hydroxylation of L-lysine and
production of H,O, in its absence
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is devoid of monooxygenase function promotes FAD-dependent NADPH oxidation both in
the absence as well as in the presence of electron acceptor (Figure 11) as effectively as the
parent protein. Thus, it would appear that AucD (or its mutein) is capable of mediating two
distunct types of NADPH oxidation reacuons, one “lysine-independent” and the other a
“lysine-dependent” process. The former reaction results in the generaton ot H,O, regardless
of the presence or absence of the hydroxylatable substrate, while the latter, being ughdy
coupled to the N*-hydroxylation process, occurs only in the presence of lysine. In both of
the above reactions, NADPH oxidaton leads to the formation of the reduced form of the
flavin cofactor, FADH., which by interaction with O, generates the 4a-peroxyflavin,
FAD-OOH, species. However, in the “lysine-independent” process, peroxyflavin species
serves as a precursor for H.O. while in the “lysine-dependent” reaction, it effects
hydroxvlation of the substrate. Thus, the peroxyflavin species needs to be shielded from the
solvent medium in the latter process to prevent its serving as a source ot H,O..

In the case of other flavin-dependent monooxygenases such as p-hydroxybenzoate
hvdroxylase (54) and phenol hvdroxvlase (104), analyses of the three-dimensional structure(s)
of the proteins have revealed the occurrence of substrate induced conformatonal changes
that result in the shielding of the red-ox domain (isoalloxazine chromophore) of the flavin
cofactor from the solvent medium. Such shielding has been noted to result in a tght
coupling of the enzyme mediated processes of NADPH oxidation and hydroxylation of the
substrate. In the case of AucD, as noted before, the elucidation of its three-dimensional
structure is vet to be achieved. However, neither the CD spectra nor the DSC profile of
rlucD are appreciably affected in the presence of L-lysine. It is conceivable that subtle
substrate induced conformational changes in rlucD may not be detectable by the techniques

emploved to monitor them in the current study.
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Interestingly, both L-norleucine as well as L-methionine have been shown to inhibit
rlucD mediated N-hydroxylation of L-lysine regardless of whether the process is monitored
by the determinaton of N*-hydroxylysine or by an assessment of NADPH oxidadon during
the process. These substrate analogs have also been found to exert appreciable (=40-50%))
inhibition of the process of NADPH oxidaton occurring in the absence of L-lysine (Table
5). This observation, coupled with that of AucD’s ability 1o bind FAD relatively more ughdy
in the presence of L-norleucine than in its absence (see p. 60) would suggest that parr of the
bound flavin cotactor may become shielded from the external medium during the protein’s
monooxygenase functon. In view of the tetrameric organisation of rlucD, the possibility of
NADPH--FAD electron transfer process occurring either intra- or inter-subunit may have
to be considered to explain the observed phenomenon. However, such deliberatons have to
be deferred untl the realisation of the protein’s three-dimensional structure and the
determination of the size of its catalvucally competent unit by radiation inactivation studies
of the protein (105,106).

The last phase of these invesugatons concerns an assessment of ligand induced
conformatonal changes in rlucD. The observations recorded in this study have revealed that
neither the substrate (L-lvsine) nor the cofactor (FAD) elicits significant conformational
changes in rlucD as is evident from the CD and DSC profiles (Figures 17 and 18). However,
when suscepubility to degradation by proteases is employed as a criterion for monitoring the
structural changes in rlucD, significant differences in the response due to interaction with its
various ligands become apparent. Thus, rlucD, in the absence of its cofactors or substrate, is
susceptible to degradation both by endopeptidases as well as an exopeptidase (CPDY) with
concomitant loss of its monooxygenase function. Such adverse acuon of proteases on rlucD

is completely prevented when experiments are performed in the presence of low
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concentradons of FAD (0.2 mM) or ADP (0.5 mM). Concerning the other two ligands,
NADPH (1 mM) has been found to confer partial protection, while the substrate, L-lysine (5
mM), is virtually ineffecdve in preventng the proteolytc degradation of AucD. The reasons
for the inability of L-lysine, the preferred substrate, to protect rlucD from the deleterious
action of proteases are not clear. In the case of the flavin cofactor, the magnitude of the
dissociation constant K, of the rlucDeligand complex would appear to govern their
effectiveness in rendering the protein resistant to the action of proteases. Thus, since rlucD’s

interaction with FAD is characterised by a K, value of approximately 20 uM (103), cofactor

concentrations (200 UM) that ensure the maintenance of the protein in the ligand bound, or
the holoenzyme, state are effective in protecting it from proteolyvtc degradauon. The ability
of ADP to bind at the flavin cofactor site (103) appears to be responsible for its protectve
effect.

Under conditdons identical with those emploved in the studies with FAD, NADPH
(1 mM) has been found to be parually effective in preventing the proteolysis of AucD as
indicated by the retention of ~50% of the protein’s monooxygenase acuvity (Figure 19).
Further increases in the concentration of NADPH result in an enhancement in the degree of

protection afforded, with a maximum value =80% retention of monooxygenase activity,

being observed at cofactor concentrations 2 7 mM (data not shown). The reasons tor not
achieving complete protection are not obvious. The finding may be a reflection of a high K,
value of the MucDeNADPH complex. Although an apparent K, value of approximately 100
UM for the reduced pyridine nucleotide cofactor has been recorded in experiments with
lysine:N“-hydroxylase activity serving as the criterion for the assessment (46,47), efforts to

determine the actual K, value of the AucDeNADPH complex have been fudle. Itis not
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clear whether this situation is a reflection of the protein’s binding of NADPH being
contingent upon its inital interaction with FAD. However, the ability of ducD to mediate
FAD-dependent NADPH oxidation even in the absence of its substrate (L-lysine) precludes
the determination of the dissociation constant for the cofacror under such condiuons. The
situation appears to be similar to that recorded in the case of p-hydroxvbenzoate
hydroxylase, which utlises FAD and NADPH as cofactors. In the case of this latter enzyme,
X-ray crystallographic studies have not been successful in identifying the NADPH-binding
domain, in view of the cofactor’s propensity to displace FAD from its binding domain in the
protein (107). These observations pertaining to the protection of rlucD by ligands are
analogous to those recorded in the case of glucose oxidase (108), creatine kinase (109), and
NADPH quinone reductase (110).

Both the studies with CPDY as well as those with well-defined C-terminal deletion
variants of rlucD have provided unambiguous evidence for the indispensability of the C-
terminal segment for rlucD to functon as a monooxygenase. The latter approach has also
resulted in pinpointing the segment essential for the protein to be catalytcally functonal.
Thus, while ducD A11 is incapable of N°-hydroxylysine production, the rlucD A8 variant is
competent to perform such a function. This observauon suggests that the structural
feature(s) inherent in this segment, residues 415-417, may be crucial for the maintenance of
rlucD in its catalydcally acdve conformadon.

Reports concerning the importance of the C-terminal domain for the structural
integrity and/or catalytic function of proteins have been widely documented (111-119). The
observations recorded in the case of lipoamide dehydrogenase from Agesobacter vineland:i
would appear to be especially relevant since this protein, like AucD, is both oligomeric and

utilises FAD for its catalydc funcdon (120). The function of the C-terminus of this protein
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has been investigated by deletion of 5, 9, and 14 C-terminal residues respectively. Deletion of
5 residues has no adverse effects, that of 9 residues led to decreased conformational stability,
and the removal of 14 residues was accompanied by complete loss of catalytic function
(121). Furthermore, these studies also demonstrated the presence of intersubunit interacton
involving a tyrosine residue at the N-terminus of one subunit and a histidine at the C-
terminus of the second subunit. This structural feature, which is proposed to be involved in
mediating the red-ox propertes of the flavin cofactor via the conformation of the C-terminal
segment, is not present in preparations of enzyme with deletion of either 9 or 14 C-terminal
residues (121). As noted before, further studies are needed, especially the elucidation of the
three-dimensional structure of the protein, to determine whether a similar situation as above
prevails in rlucD.

Finally, the basis for the ability of FAD (and ADP) to protect rlucD from proteolytic
degradation needs to be addressed. This feature is truly remarkable in view of the muldrude
of targets (47 scissile sites for trypsin and a similar number for the other two proteases used
in this study) potendally available for cleavage by the endopeptidases. An examinadon of the
following aspects may provide an insight into the facror(s) contributing to this process: (i)
specificity of the phenomenon; (i) susceptibility of proteins in their native conformaton to
proteolysis; and (iii) structural features that are indispensable for the maintenance of proteins
in their stable, native conformation.

Concerning the first of these aspects, the protective effect of FAD (and ADP) does
not extend to every protein but is restricted to slucD (as demonstrated in this study) and to
others which require this flavin cofactor for their function (108,110). The phenomenon
appears to be stringently specific to proteins containing ADP binding domain(s), since other

nucleotide diphosphates (GDP, CDP, etc.) have been found to be devoid of such protective
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influence. Furthermore, total protection from proteolytic degradation has been found to
require the presence of the flavin cofactor at concentradons 2 10 x K, of the AucDeFAD
complex. This finding implies that the maintenance of AucD in the holoenzyme (FAD
bound) state is a prerequisite for the protein’s acquisiton of resistance to proteolysis. This
view draws further support by the finding that glucose oxidase in its holoenzyme form (with
just one mole of FAD bound per mole of protein) is totally refractory to the action of
proteases, while its apoform, under identical experimental condiuons, requires a relatively
large molar excess (= 100 fold) of the flavin cofactor to preserve its structural integrity (108).
Concerning the second aspect, proteins in their native conformations have long been
known to be less susceptible to proteolvtic degradaton than their denatured counterparts
(122). Studies with svnthetic peptides and ester substrates have led to the identification of
minimal structural features that meet the specificity requirements in the case of both endo-
as well as exopepddases (123). However, in the case of polypeptide substrates the
complementary interactions between the amino acid residues on either side of the scissile
peptde bond and those present in the corresponding locations in the enzyme’s acuve site
have been shown to play an important role in the action of proteases (124). These
complementary interacions between the polypeptide substrate and the active site of a
protease are shown in Figure 24. Needless to note that such complementary interactions, as
mentioned above, depends on the flexibility of the polypeptide strand. However, the
secondary and tertiary structural features inherent in the native conformation of a protein
impose constraints of the flexibility of the polypeptide chain preventng its etfective
interaction with proteases. The above mentioned considerations may provide the basis for
the observed low susceptibility of native proteins to proteolytic degradation. However, it

should be noted that they are not rotally immune to the action of proteases. Since the native
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Figure 24: Schecter and Berger nomenclature for protease subsites (124)

The protease is represented as the shaded area. P1 ... P17 are the side chains of six
amino acids, and S1 ... S1~ are the corresponding subsites on the enzyme.
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conformation of a protein is not synonyinous with the entre populaton of its molecules
being in the most stable conformauonal state. In contrast, a protein in its “natve’” state
needs to be visualised as a heterogeneous population of molecules with the predominant
majority in the most stable contormation in equilibrium with a small number of others in
less stable conformauons. The transient relief from the earlier noted structural constraints in
these latter less stable conformers serves as the basis for the observed low level of
susceptibility of “native” proteins to the action of proteases. In the case of rlucD, the
presence of FAD would appear to suppress even this tendency towards proteolytic
degradation. Whether this is a consequence of the flavin cofactor stabilising a unique
structural feature that is pivoral to the maintenance of the protein in its most stable, natve
conformation remains to be determined. As noted earlier, the peptide segment in rlucD
comprising amino acid residues 415-417 appears to be crucial for the maintenance of AucD
in its nauve conformation. Elucidation of such aspects as whether this peptide segment
derives its unique feature by virtue of the presence of a a@s-peptide bond, a feature commonly
encountered with peptide bonds of proline (125), and whether it serves as a recognition
point for the flavin cofactor depend on the determination of the three-dimensional structure
of the protein.

In summary, of the five cysteine residues present in rlucD, individual replacement of
three of them (Cys31, Cys 51 and Cys158) with alanine has no significant effect either on the
susceptibility of the remaining residues to reaction with DTNB or on the catalytic functuon
of the protein. Such substitution of Cys146 and Cys166 results in the enhancement of the
reactivity of other cvsteine residue(s) to modificadon by DTINB and, in the former instance
significant diminution in the protein’s monooxygenase function. Concerning the interaction

of rlucD with its ligands, only FAD (and its analog ADP) would appear to induce
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conformadonal changes capable of rendering the protein totally resistant to proteolytic
degradation.

The need for further investugations to establish the chemical basis of rlucD’s catalydc
functon has been made apparent. The following lines of pursuit would appear to be most
appropriate for achieving the above objecuve: (i) elucidaton of the three-dimensional
structure of rlucD; (ir) determination of the size of the catalyucally functuonal unit of the
protein by radiation inactivation experiments; and (iii) further physico-chemical
characterisatnon of Cys146-rlucD to identifv the structural basis for its monooxygenase

functon.



6.0 Appendix

Bio-Rad SDS-PAGE molecular weight standards

Kaleidoscope prestained

Myosin Blue 207 kDa
B-galactosidase Magenta 123 kDa
Bovine serum albumin Green 86 kDa
Carbonic anhydrase Violet 44.6 kDa
Soybean trypsin inhibitor Orange 31.4 kDa
Lysozyme Red 18.7 kDa
Aprotinin Blue 7.2 kDa

SDS-PAGE markers, low range

Phosphorylase b 974 kDa
Serum albumin 66.2 kDa
Ovalbumin 45 kDa
Carbonic anhydrse 31 kDa
Trypsin inhibitor 21.5 kDa
Lysozyme 14.4 kDa

Pharmacia SDS-PAGE molecular weight standards

Low molecular weight electrophoresis calibration kit

Phosphorylase b 97 kDa
Albumin 66 kDa
Ovalbumin 45 kDa
Carbonic anhydrase 30 kDa
Trypsin inhibitor 20.1 kDa
o¢-lactalbumin 14.4 kDa

120
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Composition of growth media and transformation buffer

Nutrient agar

One liter of LB nutrient agar contained the following:

Bacto agar I5g
Bacto tryptone 10g
Yeast extract 5g
NaCl i0g

The solution was adjusted to pH 7.2 with NaOH and the preparation was autoclived for 20 minutes

at 121°C. When the solution had cooled to 50"C ampicillin, if necessary, was added to a final concentration of

100 pg/ml and aseptically distributed to sterile petri plates and cooled to room temperarture.

LB mediurn
The composition of the LB medium was similar ro that described above except for the omission of Bacto agar.

Alternatively, EZMix™ LB broth (Sigma) was used.

2X YT medium

One liter of 2X YT medium contained the following:

Bacto trvptone 16 g
Yeast extract 10g
NaCl 5g

The solution was adjusred to pH 7.0 with NaOH and the preparadon was autoclaved for 20 minutes

at 121C. LB and 2X YT medium were used interchangeably for both liquid media and nutnent agar.

Moadified version of Monod minimal medium

One liter of the modified minimal medium contained the following:

Ampicillin 100 mg
Ammonium sulfate 2g
Calcium chlornde, dihydrate 10 mg
Casamino acids lg
Glucose 5g
Magnesium sulfate, heptahydrate 200 mg
Potassium phosphate, dibasic 138¢g
Potassium phosphate, monobasic 273 ¢g
Yeast extract lg

The glucose, yeast extract, and casamino acids were autoclaved separately from the salt solution and
were added prior to inoculation. Ampicillin was either filter sterilized or added directly to the medium prior to

inoculaton.
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SOC medium

One liter of SOC medium conrtained:
Bacto tryptone 20g
Yeast extract 5g
NaCl 05¢g

Add the ingredients to 950 mL of H2O and stir until completely dissolved. Add 10 mL of a 250 mM
solution of KCI and adjust the pH to 7.0 with 3N NaOH. Make to 980 mL with H:O and autoclave for 20

minutes at 121°C. Allow the medium to cool to 60°C and add 20 mL of a sterile 1 M glucose soluton.

Transformation buffer

CaCl, 100 mM
MOPS 10 mM
Glucose 0.5 % (w/v)
Glycerol sterilized separately and added to the

transformation when applicable.
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SDS-PAGE stock solutions

Acrvlamide/Bis (30%T, 2.67% Q)

292¢g acrylamide
08¢g N’ N’-bis-methylene-acrylamide

Add these components to ~70 mL of H2O, stir until dissolved and then make to 100 mL with H-O.
1.5 M Trs-HCl, pH 8.8
18.15¢ Tos
Add to ~60 mL HO, pH to 8.8 with 6N HClI and make to 100 mL with H-O.
0.5 M Tris-HCI, pH 6.8

6g Tas
Add to ~60 mL H-0, pH to 6.8 with 6N HCI and make to 100 mL with H20.

10 % SDS (w/v)
10g SDS
Add to ~ 90 mL of H:0, sur unti lcompletely dissolved, and then make to 100 enL. with H>O.

10% APS (w/v)
20 mg APS

Add ro 200 pl. of H-O and mix unul dissolved.
TEMED
Standard solution (BDH)

SDS-PAGE gel formulas

Separating Gel (12%%)

Bio-Rad Hoefer
H-O 3.35 mL 8375 mL
1.5 M Tas, pH 8.8 25mL 6.25 mL
10% SDS (w/v) 100 pL. 250 pl.
Acrylamide/Bis 4.0 mL 10.0 mL
10% APS (w/v) 50 pL 125 L
TEMED 5 pL 125 pL
Stacking Gel
HO 6.1 mL
0.5 M Tris, pH 6.8 25mL
10 % SDS (w/v) 100 pL
Acryvlamide/Bis 1.33 mL
10% APS (w/v) 50 uL

TEMED 10 pL
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Western blotting buffers

Electroblotting buffer

303¢g Tos
44g Glycine
200 mL Methanol

Add the compounds to 700 mL H>O and sdr unul completely dissolved. Adjust the pH to 8.3 and

make to 1 L with H2O.
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Amino acid and nucleic acid sequences of the TucD gene

M L L Ser Val Ph 4] Gl Val® Giv
ATG ARA AXA AGT GTC ('?i."T m° AfT GG"T GTA GGG ACA GGG E&a m AAT

Leu S 1l
St A8c AT & GCT GCG TTG TCA CAT CAG ATC GAA GAA CTG G C TGT CTC

Ph Ph
TTE ToT GAF Gaa Cir &8 i BT 180 786 &or &8 Sl M8 &5 J8a

-~ Val Ph Le
&8 8%r Tér CI{T AT?} GG ACe ACC e 85 &6 A AAA é‘ifr é‘"G G%C E‘E‘;TT S&T

Val Ala Pro™ Ser Phe Val His®
GTT GCA CCT ACA AAT CCC TAC AGT I ITGTT AAC TAT CTG GTG AAG CAC

L L Phi Tvr
ARA ARG TTC TATCE T nc CTT ACA AGC A &5 cogr Al BT S

Glu Giu_ Phe Ser'™® Asp Ala Ala Met''® Asn  Asn'?
GAA GAG TTr TCT GAC TAC CTC & 186 &&r &8t GAA GAT ATG AAT AAC

Glu'™ Asn  lle  Asp Lvs Arc,gif'
CTG TAT TTC AGT CAT ACC GTI' GAA AAC ATT GAT 'ITC GAT AAA AAA C

Gg Leu'® Phe Ser Gin Glv Glu Tvr'® Phe Ala éC
CGATIGTTT CTG GTGCAAACC AGC CAGGGAGAATAT'ITI’GCCC AAT

Ile Cvs Leu
ATC TGC CTT GGT ACA 8GA AAA CAA CCT T'AT TI'A CCA CCC TGT GTG AXG

Ser'® Gla M Asn 17
CAT ATG ACA Can T8k 8 e CAT GCC AGT Chn AL A & 88 céc

Le Ser'® Gi L: Val Gi Gl G Gt
CCG GACT CTT AGT CBA ARA 886 A A%C o B Sl SBa &8 G RET

Gl 1 T Gl Gl Al
COT QA EFc i B &8 C'I'TAAT S 155 88 Gd'GGGA'AT GGVAGu &G
Ala Glu™ e As Phe™® As
GCG GAA ATA AAC Tc'.pc; Gtc Tec 88 & Ax AA'I‘ AAT 'lTl‘ AAC GCA S &X1
Glu Ala Ala Phe Glu Tvr Phe Ser GIv®
GAG GCT GCT TTT GCT GRT GAG TAT TTT ACA CCT GAA TA’I‘ AST TCA GGC

Ph S
TTC TCC GdA CT'b GAG Shia cﬁf&"T ATT c& & s, TTA CTG &r Shic 846

Lvs Met Gl Ser Thr 7° lle Tve?
AR ATG Al TEG &8 SBe Ak e &§8c &Fr T8T 1574 CTG ACC ATT TAT

L T Hi Phe Gl Val Leu 11
& SiG Tf"G TAIc': CA'?: & B GXA G1“'T ctG AcfA ARA CCA AéA A_A{‘T Asc

A(szr Leu™ Gluw'® Pro®
C CTG CTA CCC AGC C(fC TCG GTA ACA ACT CTG GAA AGT AGT GGT CCT

M J0 l Gl
GGC TG"’G AAG 16 &6 M S CAT it 48 O 38 Slic A Sh R&¢

Val 11 Al The® Giv Tvr Al L
&S GAA ACT GApr GTaG G'?G AfT TTC Gc“c ACA GGI‘ TAC &8t TC'T & He

Pro lle sm
CCA CAA ATA CTT CCC TCA CTG ATG CCC CTG ATC ACC AT(G CAC GXT

As Ph L Val
ARC ACC T ARS GT“G cc’;"r &5 wa TFE ACT CF6 &y 18 % AGT GGC &G

Lvs Glu’® Asn Ser Met™ G Gnh*
AAA G G AAC AAC ATC e 616 &ic AAC GCC ACT AT Cia ACC EXT GGC
330
Ser
ATc Gt CAa EEc G HiC A8 Ko Mebs &8 T8 A58, 1% TCT &8s & N5t

e

L M IID PI'O

CPr AR Cc;% GTA ATG CGA & 821 T4 BT &0 &5 8t M &8 &&¢
L . 125

SEc &6 A% &6 T &% S8 §hc T 156
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