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Abstract 

Recombinant ~~sine:N'-h~dros)-lase (rIucD) catalyses the conversion o f  L-lysine to 

its N'-hvdrosy derivative and requires flavin adeNne dinucleotide P A D )  and the reduced 

form o f  nicotinamide adenine dinucleotide phosphate (NADPH) for its catalytic function. 

Previous srudies had revealed that, o f  the five cysteine residues present in rIucD, nsio of 

h e m  were susceptible to allqdaüon with iodoacetate and three such residues were amenable 

to modification by 5,s'-dichiobis-(2-nitrobenzoic acid), DTNB, with the concomitant loss of 

lysine monoosygenase function. Furthemore, nvo of rfucD's alkylatable qsteine residues, 

Cys51 and Cys158, could be replaced, by alanine, without adverse effect on  the catalvcic 

function (L. Marrone and T. Viswanatha, Biocbinz- Bio#& Arta 1343, 263-277, 1997). 

In the current investigations, the cffect o f  individiial replacement of rIucD's Cys31, 

Cvs146, and Cys 166 lvith alanine on the protein's structural integrïty and catalyüc function 

\vas examined by monitoring T,, usinp differential scanning calorimetry and 1-si ne:^"- 
hydrosylase activiry respectk-ely. Each of these substitutions appeared to lead to a siigh t 

decrease in the srabilin. of the protein, as indicnted by a lower T,, relative to that of the 

parent protein. Interesungly, the CyslGb+hla substimtion, which was found CO be 

accompanied by the largest decrease in Th, (-2.4 19, had no significant effecr on  the protein's 

catalytic function. In contrasr, Cysl46--+Ala replacement, which resulrs in a relatively much 

lower decrease in Th, (-0.8 K), was accompanied by profound conformational changes as 

indicated by approsimately 50% reduction in monoosygenase activity and the ready 

accessibiiity of the remaining cysceine residues to chernical modification. 

Ligand-induced conformational changes in rIucD were assessed by monitoring its 

C D  spectra, DSC profile, and susceptibility to both endo- as weil as exopepudases. The first 

nvo methods indicated the absence of an! significant conformauonal change in rIucD, while 

the 1 s t  approach re\?ealed that FAD, and its andog ADP, can protect the protein from the 

deleterious action of proteases. NADPH was partially effective and L-lysine was ineffective 

in this regard. Deletion o f  the C-terminal segment, either by ueatment with 

carbosypeptidase Y o r  bv mutagenesis of iz~cD, results in the loss o f  rIucD's monoosygenase 

aco'sity. These findings demonstrate rhe crucial role of the C-terminal segment in 

maintaining rIucD in its native conformation. 
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1.0 Introduction 

The dependence of dl Çorms of life on iron, regardless o f  their status in evolutionary 

developrnent, hardly needs to be stressed. Iron, by virtue of  its presence in a number of 

biologically active substances is involved in multiple Çuncùons @NA replication, 0, 

transport, electron transfer, detoxification reacüons, etc.) that are vital both to the 

sustenance as well as to the propagation oÇLife. Alchough the fourth mosr abundant element 

o n  Our planet, its bioavailabiliry is highly rescrïcted due to its presence predominantly in the 

Fe(I11) osidation state, as Fe(OH),. In this Çorm ic is virtually insoluble (K,, = 10." hl13 under 

physiological conditions. The squilibnum concentrauon of free iron at ph>~siologicd pH  is = 

IO-'' M and this level is Far too low to support growth of  even the simplesr microorganism 

(1-4). Hence, it is not surprishg to find that iiving systems have developed novel 

mechanism(s) noc only for sequesterïng this element from their environment, but also for 

rninimising its loss following uptake. 

\men  confronted with iron stawation, rniccroorganisms respond mith elcgant 

strategies to fulfil their requiremrnt for the metal. One such strategy for iron acquisiuon 

involves the producuon of siderophores, compounds o f  low molecular weight and high 

affiniry for ferSc iron (5). The prirnary funcuon of these siderophores concerns the cetrieval 

of iron from the environment for fultilling the requirement of  the parent organisms. In 

general, the uptake o f  iron bound to siderophores is a receptor mediated and an e n e r g  

dependent process (6). 

The identification of  siderophore mediated iron uptake in microorganisrns \vas made 

possible by the initial finding of ferrichrome in the culture fluids of Ustilgo qherogena (7,8). 

This pioneering conuibuuon by Neilmds in 1952 set the stage for research endeavours 



which have resulted in the isolation and characterisauon of siderophores with diverse 

structurai features from a uide varïetv of rnicroorganisms (9-1 1). Chemicd syntheses of  

many of these siderophores have been accomplished (1 2-19). Based on the functional groups 

that serve as ligands for the metal, the siderophores would appear to fa11 into three distinct 

categories. These are: (i) hydroxamates; ( i i )  catecholates; and (iiï) the mised type with more 

chat one Lnd of ligand for the metd. Structures of some of these are presented in Figures 

I A  and ZB- 

1 -1 Aerobacün 

Aerobacün, a mixed type siderophore, is of particular interest to our investigation- 

As shomn in Figure 2, this siderophore comprises two residues of Pu"'-acetyl-N"- 

Iiydrosylysine which are condensed to the distd carboayl funcuons of citnc acid (20). It 

forms a 1 :1 octahedrai cornplex wirh Çemc iron (Figure 2). The obsenration that aerobactin 

mediated iron uptake system encoded ty pColV plasmids forms the basis for vinilence in the 

invasive strains of E~cbericbia coii provided an impetus foc further invesugaGons on the 

genetic basis governing the phenornenon (21,22). The abilin; of this siderophore, upon 

release, to rcuieve iron from the environment and even from transferrin would appear to be 

responsible for ics functioning as a virulence derenninant 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 lrd ro the identification of five genes in the aerobactin operon, of 

which four encode for enzymes participating in the biosynthesis of aerobactin, while the 

tifth encodes for the protein involved in the transport of the ferric iron-siderophore 

cornples. These genetic investigations and the biochemical studies in chis laboratoq (28) 

provided insighcs into che sequence of events in the biosynthesis of the siderophore (Figure 

3). Thus, the initial step in aerobactin biosynthesis concerns the N~hydrosytauon of 



Figure 1 A: Structures of some representative hydroxamate siderophores (10) 
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Figure 1B: Structures of some representative caeecholate and mixed type 
siderophores (1 0) 
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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 aerobactin 
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L-lysine, which, in the subsequent step, is converted to its N"acery1 derivative. The final nvo 

steps pertain to the condensation o f  the ~~-ace~l-N'-h~dros~I~sine residues to the distal 

carbosyls o f  ciuic acid. Furthermore, these studies have shown lysine:N6-h~rosylase, IucD, 

(El) and the acetvl transferase (EJ to be membrane associated while the cytosolic enzymes 

(E; and E,) catalyse the terminal steps ofpeptide bond formation rcsulting in the production 

o f  aerobacun (29). 

1.2 Re~ulation of aerobacun biosvnthesis 

The biosynthesis of aerobactin in E. COL? is regulated by a ferrous iron binding 

protein, Fur, the product of chefirr (,herric nptake regdation) gene and the protein occurs in 

the dimeric tom.  This protein has been found to conuol transcription of iron dependent 

promoters in mnny p r o k q o t e s  (30). Fur is a zinc containing, Fe(I1) binding protein that 

represses the transcription of the genes implicated in the response co iron deprivation when 

the metal is abundant in the medium (3 1). Interesungly, Fur appears to pIay a role in a 

variet)- of ce11 functions unrelared to iron acquisition (Figure 4). Such processes include: (i) 

the production of a numbrr o f  virulence dererminants (32); (iïj defence against osygen 

radicals (33,34); (iii) chernotasis (35); and (iv) mmabolic pathways ( 3 9  The interaction of 

Fur-~e"  comples with its operator, referred to as the "iron box' has been chxacterised with 

the following nucleoude sequence: 5'-(GXT;MTGAT&lTCA?TATC)3' (31). The binding 

of  ~ e ' +  to the C-termind domain of  Fur has been found to be accompanied by 

conformational changes in the protein's N-terrninal region, promoting its interaction with 

the operator (37). The mode of  binding oEFur repressor to the operator has been shown to 

result in a helical wrapping o f  protein around the DNA helis. Recent studies have revealed 

Fur to contain 2 moies of Zn(T1) per monomer. O f  these nvo Zn(II), one is tightly bound to 

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



Figure 4: Funcùons affected in the fur reguion of E. colïRl2 (38) 



Regulation of fur GrMh on 
~ e n e  by cAMP-CAP dicarboxylic acids 

Receptors for FERRlC UPTAKE 
lethal agents REGULATION resistance 

(FUR) PROTEIN k -- 
Regulation of Shiga-like 

!or in sy nth esis 

Regulalion of 
hemofysin synthesis 

Expression of superoxide 
dismutase 6 



Fe(IJJ. Both Fur-Zn, and Fur-Znz complexes have been found to be capable of tight 

interaction ~ 6 t h  the operator DNA (the iron box). These observations suggest the need for a 

re-esamination of the role of Fe(I1) as a corepressor in rhe regdation ofiron-responsive 

genes (39). 

1.3 ~vsine:~"-hvdroxvlase (IucD) 

As noted earlier, lvsine:N~hydrosylase, lucD, \vas found to be associated mich the 

membrane component of  the celI-free srstcrn (23,40)- Furchermore, since the cell-free 

system was obtxined by osmouc shock of the lysozyme created ceIl prepnrauons, the 

membrane vesicles wouId be espected to retxin their normal RSO (rïght side out) orientation 

(28,40,41).  s si ne:^"-h~rosylauon caral!-scd by these RSO vesicular cnzyme prcparations 

was found to by stimulated by pyruvate, ~vhich appeared to sen-e both as a source o f  

reducing equivalents required for Oz actil-ation, as u-el1 as for the acecl moicry needed for 

the conversion of ~"h~drosy-lysine to its hvdroxamate derivacive ((28.40.4 1). The process of 

pymnTate osidation and lus inc:~"-hydros~~~cion mediared by the vesicular enzyme 

preparation appeared to be üghdy coupled since pynn-are andogs (fluoropyruvate, 

methylacetyl phosphonate, and cinnamyiidene) wcre found to inhibit not only the former, 

but also the latter reaction (41.42). Although none of the amino acids other than L-lysine 

senred as a substrate, both L-glutamic acid and L-glutamine were found to both stimulate as 

welI as activate the N-hydrosylase activinv of the enzyme prepnrauon (40,43). 

Further eridence for the location of IucD in a membrane environment was provided 

by the obsen~auons recorded in the srudies with iztcDe--phoA and hcD'-'/acZ constructs 

(44). These investigations have revealed the presence, in IucD, of at least nlro domains of 

attachment to the inner side of the cytoplnsmic membrane. The firsr such membrane 

attachment domain has been noted to occur \\rithin the first hventy four amino acid residues 



of the protein and the sequence of this segment resembles chat of the signal peptide (44). 

IucD's association with the membrane was further confirrned bv the conunued presence of 

lysine:~f ' -h~rosylase acuviry in 1SO (inside out) vesicular enzyme preparaùons (45). 

Repeated efforts to achieve membrane Çree preparauons of IucD were Çuule (46)- T o  

circumvent this probiem, recombinant IucD proteins with moditied amino termini wcrc 

produced by performin~ three in frnme gene fusions of IucD to the amino terminal amino 

acids of the cytoplasmic protein P-galactosidase as shown in Figure 5. Tmo of rhese 

consmcts involved the addition, to the rircD coding region, of a hydrophilic leader sequence. 

In one, the attached leader sequence results in the addition of 13 amino acid residues 

(construct pAT5 that wouid resuIt in the production of ducD439j 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 P- 

galactosidase co the C-terminal fragment of iztcD (obtained by the deleuon of the nucleotide 

sequence encoding for the first 47 arnino acids) and this allowed for the production of 

rIucD398. E. col i  DH5a transformed with pAT5 or  phT3 Lvere found to producç 

cytoplasmic forms of rIucD. In  the case of pAT2, 1~sine:~"-hydrosylase acuvir\- could be 

either cytoplasmic when espressed in J Z ~ K  strain of E. coli, or membrane bound when 

espressed in E. coli DH5m This obsenmïon lends further evidence for IucD being normally 

located in a membrane environment (46). 

Recombinant Çorms of IucD are produced as apoproteins and require NAADPH and 

FAD for their catalyuc Çunction, with L-lysine functioning as the preferred hydres)-latable 

subs trace (46,47). Nei ther pÿruvate nor L-gluramine has any effect on the reacuons cataiysed 

by the rIucD preparations. Although the membrane bound and the cytoplasmic 

(recombinant) Çoms of IucD are similar in their function and man!- other properues, they 



Figure 5: Details of the pUC19-iucD gene fusions (46) 

The D N h  sequences of rhe fusion cndpoints in pAT2, phT3, and pAT5 wcre deduced from 
the published sequences of pUC19 and ikcD (44,48). Shadowed arnino acids indicate the 
portion of the recombinant pol~pepude segment conrribured by the P-galactosidase a- 
peptide encoded by pUC19. Double underlined arnino acids denote the lucD sequence. 
Underlined regions of rhe DNA sequence in pAT2 and irrcD denore rhe leader sequence that 
conrains the ribosome binding site of the wild-type NKD gene and nvo UGA stop codons 
(asterisks). Shaded bases in the iucD sequence indicate the Shine-Dalgarno sequence as 
reported by Herrero et. a/. (44) 





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 tirne. 

The prima. structure of IucD, deduced from the nucleotide sequence of IUrD, has 

revealed the presence of nt70 potenual nucleotide binding domains, one comprising the first 

27 amino acid residues ar the N-terminus and the other in the segment comprising residues 

1 83-213 of the protein. However, the availability of  the former for cofactor occupancy 

appears remote in view of its involvement in the protein's attachmenc to the cytopIasmic 

membrane. This 1-iew is further supported by the o b ~ e ~ a t i o n  that deleuon of this dornain, 

as in riucD398, has no deleterious effect on the protein's catalytic functions. Consequently, 

the latrer domain, which fulfils the fingerprint requirements (49) more effectivelj- than the 

former, has been assigned as the flavin cohctor binding dornain (47). The situation with 

respect to the NADPH binding domain would appear to be andogous to that in the case of 

p-hydroxybenzoare hydrosylase, which has no idenufiable domain in its prima? structure for 

this obiigatorv CO factor (50). However, the exact locations of the nucleoude binding domains 

for NADPH and FAD in the primas. structure o f  IucD remains to be firmly established (51- 

53). Besides the determination of crystai structures of rIucD-cofactor complexes, studies 

with photolabile cofactor anatogs (54,55) may prove helpful in an unarnbiguous assignment 

of Ligand binding domains in the protein. 

Purification and physico-chernical characterisation of rIucD439 and riucD398 has 

been achieved (46,47,56,57). Chernical modificauon of thio1 functions of  the proteins has 

been found to result in a loss of their lysine monoosygenase function, an observation that 

led to further studies on the role of cysteine residues in rIucD's catnlyüc funcuons. 

Treatment of  rIucD with either ICH,COO- or DTNB under denaturing condiuons 

consistently indicated the presence of 5 moies of  cysteine residues per mole of  protein (58) 



Table 1: Enzymatic activity of membrane bound and cytoplasrnic IucD 
preparations under conditions of various effectors (56) 

Relative enzvmauc activitv" 

None 
-70°C 

L-Glutamine (1 mh.0 

Pyruvate (1 rnM) 

Acetaldehyde (1 mhf! 

Cinnamylidene (400 khi') 

Gramicidin S (1 00 ph.0 
CCCP (100 phi) 
FCCP (1 00 phZ) 

Phenyl hydrazine (500 phi) 

- -- - -  

Cytoplasmic IucD hfembrane bound IucD 

" In the case of rntoplasmic ZucD, the assay (final volume of 5 mL) comprised 
enzyme (100 p&, L-lvsine (1 mM), FAD (40 pAQ, NADPH (80 pil, regenerated 
using 1 mhl G-6-P and 1 unit G-6-P deHJ, and potassium phosphate (50 mM, 
pH 7.2). Incubacion: 15 min at 37°C. In the case of the membrane bound 
enzyme, the assay (final volume of  10 rnL) comprked membrane vesicles (1 mL), 
L-lysine (1 mhl), pyt-uvate (1 mhl), and potassium phosphate (50 mM, pH 7.2). 
Incubation: 1 h at 37°C. These senyed as controls and the acuvit): of  each was set 
at 100 in the assessment of  the influence ofeffectors indicated- 

b Labiiity ar subzero temperatures noted in the case of  enzyme preparations in 
buffer media containing NaC1 (1 500 mM). The enzyme is stable at subzero 
temperatures when mainrained in 200 mki potassium phosphate, pH 7.0 in the 
absence of NaCI. The membrane bound enzyme preparation is labile at 
temperatures < 0°C regardless of  the nature of the medium of its maintenance. 
The acuvity in the absence o f  pymvate or acetaldehyde. 



instead of the G such residues predicced by the nucleotide sequence of iucD (44). 

Consequendy, the nucleoùde sequence has been redetermined leading to a revised version 

which predicred the presence o f  5 cysteines in IucD, a finding in agreement with the 

esperimentally obsenred \-due (58,59). Examination of  the number o f  cysteine residues 

accessible ro modificauon in rhe naü\-e conformation of  rIucD indicarcd that nvo residues 

w-ere susceptible r o  alkylation with ICH,COO \\-hile three were amenable ro modification by 

DTIùB (57). O f  these three cvsteine residues accessible to D m B ,  nvo reacted "fast" while 

the [hird was "slou~" to undergo modificntion @ore: for conrenience, the terms "fast" and 

"slow" are usçd in the presentauon; "fast", reaction Üme S 20 sec; "slolr.", reacùon urne 

2 150 sec). The nx7o cysteine residues o f  rIucD alkylatnble by ICH,COO have been 

idenüfied as C>.s5 1 and Cys 158 of the protein (53). Interesungly, replacement of these 

alkylatable nsteine residues, either indixridüally o r  in combinaüon, has been notcd to have no 

adverse effect on  lucD's lysine moooosygennse funcüon. Furthemore, analysis of results of 

the reaction of  rIucD muteins wirh DTNB indicatcd that Cys51 as one  of  the "fast" reacùng 

resid~ies and Cvs158 as the "slow" one to undergo modificauon (59)- 

Both rIucD and ics thiol rnodified preparauons have been found to promote the 

NADPH-dependent DPlP reducuon. However, the unmodifird rIucD preparation has been 

noted to npidly lose its ability to accommodate the flavin cofacror in the process due to the 

inherent abiliy o f  the dve to effect covalent modification of  prorein's thiol functions (60-62). 

In contrast, rIucD preparxïons with prior modificarion of  its q-steine residues can still nllow 

for the participation of FAD in the electron transfer process, since such covalent labclling is 

precluded due to the nonavailabilin of thiol funcuon(s) (58). Thus rIucD prepantions, with 

their thiol groups rnodified are devoid of  monooxygenase activiv, but c m  su11 parucipate in 



NADPH osidation, with the process leading to the producüon of  H,O2 or  reducüon of 

esogenous etectron acceptor. 

1.4 Xanthine osido-reductase 

Regulation o f  catdvüc funcuon(s) o f  enzymes based on  changes in the red-os state 

o f  their cysteine residue(s) is not uncornmon. Xanthine osido-reductase senres as an 

escellent esample of  such phenomenn (63). This enzyme, which has been isolated from a 

wide range o f  organisms, cnralvses the hydrosylation oÇa variecy of purine, pyrimidine, 

pterin and ddehyde substrates. The enzymes from difkrent sources have similar molecular 

weighr and composiuon of red-os crnues  (64,651- The  mammalian enzyme catalyses 

h~drosylauon of hyposanrhine and saorhine, the last w o  events in the production of urate. 

This enzyme is a dimer, with ench subunit conraining one molybdopterïn cofactor, nvo 

distinct [2Fe-2s) clusters and one FhD cofactor. Each of the subunits is catal-ricallu 

funcuond- The osidation of xanthine occurs at the molybdopterin centre and the electrons 

introduced are distributrd in other centres by an inuamolecular electron uansfer process, 

resulung in the 6 electron reduced species of  the enzyme (Scheme 1). In conrrast to other 

hydrosylases, sanchinç osidase utilises water as the source o f  osygen incorporated into the 

product (Scheme 2). 

Interestinglc, the enzyme is synchesised as a dehydrogenase (XDH) and is converted 

co an osidase @O) bu osidarion or chernical modification o f  its cysteine residues or  by 

proteolysis (66-68). S D H  shon-s a preference for NAD' as an electron acceptor and the 

reduction occurs through the FAD cofactor. Conversion of XDH to SO is accompanied by 

a loss o f  ability to bind NAD* wirh a concomitant increase (4-fold) in the affiniq- for 

molecular osygen. In SO, the reduced form of  the flavin cofacror (FIIDHJ reaccs 

esclusively with diosygcn which semes as the ulùrnate electron acceptor. The reactions 



Scheme 1: Generation of G electron reduced xanthine oxidase (67) 

S = xanthine; U = urate 



Mo(V1) 
FADH 
FeS - 1 

FADH* 
FcS 



Scheme 2: The mechanism of xanthine oxidase 

The reduced enzyme is subsequently reosidized by O=, yietding H-O,. 





catalysed by XDH and XO are illustrated in Scheme 3. Although Scheme 3 depicts exclusive 

formation of H-O, in the reacuon benveen FADHz and diosygen, smdies with cyrochrome c 

as electron acceptor have revealed the process is actually accompanied by the generauon of  

both the superoside anion, O?; (the product of one electron transfer) and peroside, 0: (the 

product of nvo eiecuon reducüon). The process can be visualised as follo\vs: 

The generaüon of 3 equivaients of Or' during the process has also been reported (63). 

In tight of the control of xanthine osidoreductase funcuon via rhe red-os state of its 

cysteine residues, it may be pertinent to reassess die role of qsteine thiol funcüons in IucD. 

The maintenance of lrsine rnonoosygenase activiy in the rIucD muteins, developed by the 

substitution of nvo of the alkylatable cysteine residues, would appear to rule out their 

participation in the protein's catalyuc mechanism. And, this ma- indeed hold uue in the case 

of the rt~t-zkcD gene product. However, the possibility of  the cysteine residues being involved 

in an in iiro post-translauonal regulauon of the protein's ability to funcüon as n 

rnonoosygenase needs to be considered. In this connecuon, the narrow window observed in 

the manifestation of the Iysine:monoosygenase accivity in cultures producing aerobacun 

(28,43) may be a reflection of the control esercised in the regulaüon of the activity of this 

enzyme. In LILV, modu1auon of the protein's lysine:monoosygenase funcuon bg a change in 

the red-os state of its cysteine residue(s) may provide one such control mechanism. If the 

above situation were to prevail, it would mean chat the monoosygenase acuvity of rIucD 

muteins 



Schcme 3: Reaction catalysed by xanthine dehydrogenase W H )  and xanthine 
oxidase @ O )  

S = santhine; U = urate 

XDH to SO conversion can also be achieved by chemicai modification of the 
qs tc ine  residues. 





with cysteine subsütution(s) (wirh alanine in this study) may not be subject to such in riru 

post-translational regulation. 

As noted above, the ~ransiuon o f  SDH to SO is accompanied by a change in the 

protein's prekrence for its electron acceptor from NAD' to diosygen. As a consequence, 

the products of  the electron transfer reacuons catalysed by the ni-O forms o f  the protein are 

distinct, with the formation o f  the reduced form of nicotinamide adenine dinucleotide 

(NADH) in the case of  S D H  and thar of pero'lide (H-01) and superoside anion (03) from 

SO. The situation in the case o f  ducD is distinct t'rom that noted above in that the enzyme 

with its cysteines intact functions as a mono os^-gcnase Lvhile that wirh such residues oxïdised 

is capable of  rnediaung electron transfer to artificial electron acceptors. Thus, it would 

appear that Oz semes as an elecrron acceptor in borh rhc parent and the modified rIucD 

preparations, the difference being chat in the former case, the actirated osygen species is 

utiiised for the hydrosylauon of substrnre, u-hile in the latter instance it ma? be channelled 

rowards the production o f  HLOI nnd/or the reduction ~Fesogenoris electron acceptors. 

1.5 Obiecuves 

In tight of considerations cited aboere, current srudies \vere iniuated to address 

aspects that yet remained to bç resolved in order to gain an insight into the mechanism(s) 

operative in AucD catalysed processes. These are: (i) the bnsis for the loss ofr1ucDYs 

monoosygenase activiy upon chernicd modification of its accessible qsreine residues; (ii) 

the role of the cysteine residues inaccessible to chemical moditicauon in the protein's 

catdytic function(s); (iii) the hctor(s) contribuüng ro the anomdy in the number of  rIucD's 

cysteine residues susceptible to modification by thiol modifiing agents, namely iodoacerete 

and DTNB; and (iv) eeraluaüon o f  approaches employed for monitoring the ligand (substrate 

o r  cofactor) induced conformncionai changes in rlucD. 



2.0 Materials 
Chernical Sup~lier 

Dyematrex Orange A gel 
Centricon 50 k D a  concenerators 
Centriprep 50 kDa concentrators -- 

diethyl acetamidomalonate 
Aldrich Chemical Company 

Mil\vaukee, \VI 

Phthalimide, potassium derivative 
Sodium rizide 
ir-l,2,3,6-tetrahydrophthalimide ---------- 

Polyclond anti-ducD antibodies (from rabbi t) Aipha Diagnosircs International 
San Antonio, T X  - ------- -- 

Ampicillin trihydrate Amcrsharn Lifc Sciences 

-- Arlington Heights. IL 

Arninopeptidase hf 
Cdcium chloride dihydrate 
DPIP 
Guanidine hydrochloride, ultrapure bioreagcnc 
HEPES, uItrapure bioreagent 
Hydrochloric acid 
Isopropylthiogalactoside (IPTG) 
Rlagnesium sulphate heptahydrate (3 fgS0,*7HLO) 
Potassium phosphate, dibasic (K2HPOJ 
Potassium phosphate, monobasic (KH2P0,) 

J.T. Baker Chemical Company 
Pl-iillipsburg, NJ 

Potassium thiocyanate --- - 

trans-4,5-dehydro-L-lysine Bachem, Biosciences Inc. 
Fuq1acr);loy 1-L-Phe-Ala --- King of Pnissia, PA -- ---A--- 

Acetic Acid 
Ethanol 
Glycine 
Iodine 

BDH Chemical Company 
Toronto, Ontario 

a-Naph thÿlamine 
Sodium bicarbonate 
Sodium chIoride -- ---- --- 



Sodium hydroside 
N,N,N'S\J7-cetramethylehylenediamine V M E D )  
Trichloroaceùc acid 
Trifluoroaceuc acid 
Urea 

BDH Chernical Company 
Toronto, Ontario 

AcryIamide 
Ammonium persulphate 

Bio-Rad Laboratories 
Richmond, CA 

AP conjugate subsuate kit 
BioGel p4 (200-400 mesh) 
Bisacrylamide 
Coomassie bdliant blue R-250 
Dowex 50V7-SS and SI 6 (200-400 mesh, H' forrn) 
Goat anu-rabbit IgG-AP conjugate 
IGdeidoscope pres taîned standards 
Protein Assay Dye Reagent Concentrate 
SDS-PAGE low molecular weight standards 
(97.4 m a ,  66.2 ma, 45 D a ,  31 D a ,  21 -5 D a ,  14.4 kDa) 
Sodium dodeqlsulphate (SDS) 
Trans biot transfer medium 
Tween-20 --- a------------ 

h-DNA 
Agarose LE 
Carbosypeptidase B 
BamH 1 restriction endonuclease and reacuon buffer 
EcoR 1 restriction endonuclease and reacuon buffer 
kpn 1 restriction endonuclease and reaction buffer 
Proteinase I< 

Boehringer Llzinheirn 
hlanheim, Gerrnany 

Pwo DNA polymerase and reacuon buffer 

Isopropyl alcohol, HPLC grade Caledon Laboratories Ltd. 
Georgetown, Ontario -- 

Carbosypepüdase Y Carlbio tech 
Copenhagen, Denmark ------- 

EthanoI Commercial Alcol-tols 
Methanol -- Brampton, Ontario - 

D?T Diagnostic Chemicnls Ltd. 
Charlottetown, PEI ------- 

Bac teriological agar 
Casamino acids 
Tryptone 

Difco 1,aboratories 
Detroit, hl1 

Yeas t Estract 



Methanol, HPLC grade EM Science 
Gibbstown, NI 

Fermen tas 
Burlington, O N  

Iodine Fisher Scientfic 
Sulfanilic acid Toronto, - Ontario - 

AmpiciIlin 
Carbosypeptidase A (Ph1 SF  treated) 
D?T 

Fluka Biochemika 
Swi tzerland 

Glucose-G-phosphate dehydrogenase 
Leucine aminopepudase 
Tri fluoroacetic acid 

Ammonium sulphate, ultrapure LCN Biochcmicals 
PhISF Cleveland, O H  - 

O tigonucleotide prirners hIOBIS 
DNA sequencing McMaster Universiq-, Hamilton, Ontario -- 

Carnation instant skim milk powder Nestlé 
Don kfills, Ontario --- 

D p  1 restricuon endonuclease with reacuon buffer 
HinD III restriction endonuclease 114th reacüon buffer 

New England Biolabs 
h~lississauga, Ontario 

BSA, molecular bioIogy grade -- 

E. coli BL2 1 (D E3) [F ompT b~&,,(r,, ml;) gai d m  @Es)] Novagen, 1 nc. 
Madison, Wi 

dNTPs, ultrapure Pharrnacia 
hMbTrap GII  kit Baie dYUrfe, Quebec 
SDS-PAGE low molecuIar weight standards 
(94 D a ,  67 D a ,  43 m a ,  30 kDa, 20-1 D a )  
Thrombin -- 

Qiagen plasmid midi kit Qiagen Inc. 
QlAquick gel extraction kit Chatsworth, CA 
QlAprep rniniprep kit -- 



ADP 
ADP-agarose 
BSA 
Chymoqpsin (3s cnrstallised) 
Cyclophilin 
Cytochrome C 
Diamide 
DNAase 
DTNB 
EDTA 
Ethidium bromide 
EZMisTM LB broth 

Sigma Chernical Company 
St. Louis, MO 

Ferrous ammonium sulphate 
FAD 
GDP 
D-(+)-glucose 

L-gluramine 
Glycine 
Hippuq-1-Arg 
Hippuql-Phe 
lodoacerate 
L-lysine 
Lysozyme 
(3-mer~a~toethanol 
NADP' 
NADPH 
PIPES 
Potassium chjocyanate 
Prorease S (thermolysin) 
RNAase 
SBTI 
N-succinyl-Na-Ala-Pro-Phe-p-nitroanilide 
TLCI<-Chymocn~sin 
TPC I<-Trypsin 
Trizrna base (Tris) 

Speccra/Por@ membrane @ W C 0  6,000-8,0000) Spectrum 
Gardena, CA 



3.0 Methods 

h Lst of buffers used in these invesùgauons is provided below, dong  with the buffer 
composition when available. 

Buffet Name Composition 

50 mhl TrisCi, pH 8.0; 10 miM EDTA; 100 pg/mL RNAase A 
200 rnM NaOH, IGh SDS 
3.0 h l  potassium acetate, pH 5.5 
750 mM NaCI; 50 d l  IvIOPS, pH 7.0; 15% isopropanol; 0.15%  rito on^ 
5-1 O0 
1.0 M NaCl; 50 rnhl MOPS, pH 7.0; 15% isopropanol 
1.25 hl NaCI; 50 m&l Tris-Cl, pH 8.3; 15% isopropanol 
10 m&I Tris-CI, pH 5.0; 1 mhl EDTA 
Supplied Buffer ( ~ i a ~ e n q  
Supplied Buffer ( ~ i ~ n " )  
Supplied Buffer (~ i agen?  
Supplied Buffer (~ i agen?  
Supplied Buffer ( ~ i a ~ e n @ )  

Buffer EQ Supplied Buffer (Pharmacia) 
BufÇer EL Supplied Bu ffer (Pharmacia) 
Buffer N E  Supptied Buffer (Pharmacia) 

General (73,741 

bu ffer CC GO m h l  CaCl,; 15% glycerol; 10 rnM PIPES, pH 7.0 
buffer DS 0.25% bromophenol blue, 0.25% sylene cyan01 FF, 30% glycerol in water 



3-1 -1 Pre~arauon of  cornrietent cells 

3-1 -1 -1 Preparation of comcetent cells bv treatment with CaC1, C75.76) 

The desired bacteriai ce11 culture was grown overnight in a 5 rnL starter culture at 

37°C in LB medium with constant shaking. This culture was used to inoculate 100 mL of LB 

medium and \vas allowed to grow, at 37°C with constant shaking, u n d  it reached an O.D. at 

GO0 nm o f  about 0.3. The culture \vas chilled to 4°C in an ice bath for 15 minutes prior to its 

transfer to çterile centrifuge tubes for centrifugation (2,000 s g) for 5 minutes at 4°C. The ceU 

pellet was washed in S0 rnL of sterile, ice-cold buffer CC and dlowed to sit in an ice-bath for 

30 minutes pnor to centrif;#ation (2,000 s c$) for 5 minutes at 4°C. After a second washing, 

the ceIl pellet was resuspcnded in 6-8 mL of sterilz, ice-cold bufier CC containinç 15% 

elyceroi (v/v). Aliquors of the cell suspension (100-1 50 PL) were transferred to sterile 
C- 

Eppendorf tubes, snap-frozen in liquid nitrogen and stored at -80°C until needed. 

3.1.1 -2 Preparation of  corn etent cells for eIectrouorarion (77‘1 

The desired bacterid ce11 culture was grown overnight in a 5 rnL starter culture at 

37°C in LB medium with constant shaking. The starter culture was used to inoculate 1 L of 

LB medium, which was grown at 37°C with conunuous shaking until 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 

hamesting by centrifugation (4,000 s for 15 minutes at 4°C. The supernatant was removed 

and the cells were washed in 1 L of ice-coId sterile 10°/o glycerol and centrïfuged (4,000 x g) 

for 15 minutes at 4°C. The ~vashing cycle was repeated with 500 mL and 250 mL of ice-cold 

sterile 10°/o glycerol. Following removal o f  the supernatant the cell pellet was resuspended in 



3 mL of  ice-cold sterile 10% glycerol. The competent cells mere divided into 100 PL aiiquots, 

frozen in iïquid nitrogen and stored at -80°C. 

3- 1.2 Transformation ~ ro tocoI  

3-1 -2.1 Procedure for corn~etent  cells r i re~ared by CaC12 treaunent n5.761 

Approsirnateli- 1 pg (in 5 PL) o f  the appropriate plasmid preparauon \vas added to a 

suspension o f  competent cells (1 00-1 50 PL) and allowed CO sit in an ice-bath for 33-45 

minutes. The  cclls were heat shocked in a 42°C water bath for 2 minutes, LB medium (500 

PL) \vas then added to the suspension and the culture \vas incubated at 37°C for 2-3 hours 

with no shakng. This suspension was strenked on  LB agar plates containing ampicillin (100 

pg/mL) and incubated for -20 hours at 37°C for the seIecuon of  ampicirlin resistant 

colonies. 

3.1 -2.2 Procedure for corn~erent  cells prepared for electro~orauon (77) 

Competent ceiis were thawed and cooled in an ice-bath d o n g  with the cuvette hoIder. 

An ahquot (2 PL) of the desired pIasmid was added to 100 pL o f  competent cells and let 

stand for 1 minute in an ice-bath. Following tram fer to ui electroporaùon cuvette and its 

placement in the holdcr, voltage (258 k13 \vas appiied for 3 seconds. This was immediacely 

followed by the addicion of 1 mL of SOC medium and transfer to a sterile Eppendorf tube in 

an ice-bath. The  transformed cells were incubated nt 37°C with gentie shaicing for 1 hour. The 

suspension \\-as srrcaked on LB agar places (containing ampicillin, 100 pg/mL) and incubated 

for 20 hours ac 37°C for the selection OF ampicillin resistant colonies. 

3.1 -3 Isolation and ~urïfication of dasrnids 

The  procedures followed and described below are chose recommended by Qiagen 

(69,70). 



3-1 -3.1 M i n i ~ r e ~  

E. co/i D H 5 a  transformed with the plasmid of interest was grown in 5 mL of  LB 

medium, containing ampiciIlin (100 pg/mL), ar 37°C with constant shaking for -16 hours. 

The cells were harvested by centrifugation (6,000 I g) for 15 minutes and the culture 

supernatant was discarded. The pellet \vas resuspended in ice-cold P l  buffcr (250 PL) and 

transferred co an Eppendorf tube. P2 lysis buffer (250 PL) \vas added and the reacùon 

allowed to proceed for no longer than 5 minutes before the addition of  neuualising N3 

buffer (350 PL). The Iysis mixture was centrifuged (16.1 10 s g) for 10 minutes. The 

supernatant was removed and applied to a Qiaquick column, placcd in n 2-rnL collecuon 

tube. The column was centrifugcd (1 6.1 10 s s) for 1 minute and the collection tube empued. 

PB buffer (750 PL) \vas added and the column crntrifuged (16,110 s p) for 1 minute. The 

collection tube was emptied and the column centrifuged again (1 6.1 10 s g) For 1 minute to 

remove al1 Liquid. The column was then allowed to air d q  for 5 minutes. Subsequçnt to air 

drying, the column \vas placed in a sterile Eppendorf nibe followrd b -  the addition of sterile 

water or T E  buffer (30 PL) to the column. Atier standing for 1 minure, the column \vas 

cencrifuged for the last Ume (16,110 s g) for 1 minute, the Eppendorf seded and stored at - 

20°C u n d  needed. 

3.1.3.2 blidiprep 

E. ~ 0 l i D H 5 a  transforrned with the plasmid of interest was grown in 5 mL of LB 

medium containing ampicillin (100 pg/mL) at 37°C with constant shakng for -16 hours. 

Alternatively, a single colon- Kvas picked from a streak plate and was grown in 5 mL of LB 

medium containing ampicillin (100 pg/mL) at 37°C with constant shaking for -8 hours. This 

culture was used to inoculate 100 mL of  LB medium, contining ampicillin (100 pg/mL), and 



incubated at 37°C with constmt shakïng. Afrer achieving a ceIl densiy of -3 s 10\el ls/m~ 

(A,., of  1.4) the cells were harvested b y centrifugation (6000 s g) for 1 5 minutes at 4°C. Ce11 

pellets were resuspended thoroughly in Buffer Pl (4 mL). Buffer 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. Precipitnted proteins and chromosomal DNA were 

removed by centrifuga~on (35,000 s g) for 30 minutes nt 4°C. The supernatant \vas then 

prornptly removed and filtered through glass ~ o o l  prior to irs application, b!~ gravi. flow, 

onto a Qiagen Tip 100 column chat had previously been equilibnted with Bufier Q B T  (4 

mL). The X p  100 column was then washed \rith Bu ffer QC (2 s 10 mL), kvhich was followed 

by elution of the DNA using Buffer QF (5 mL). The DNh wxs precipitated by the addition 

of 0.7 volumes (3.5 mL) of isopropanol nt room temperature. Follo~ving mising, the solution 

was allowed to sit at -20°C for 15-20 minutes prior to centrifugation (28.000 s 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 centrifugacion (25,000 s g) for 15 minutes. The pellet \\.as air dned 

for 15 minutes and then redissolved in sterile HzO to achieve a final concentracion of -300- 

300 n g / a .  The ptasmid soluüon \vas srored at -20°C und  needed. 

3.1 -4. Di~estion of  ~ lasmid  DNA with restricùon endonucleases 

Plasmid DNA (0.5-1.0 p& was digested with the appropriate restriction endonuclease 

using conditions described by the manufacrurer. h typical reaction misrure is shown below 

using BnmH 1: 

H,O 

SuRE/Cut buffer B (lOX3, for BamH 1 

BSIA, 1 O S  



plasmid DNA (200-300 n g / w )  

Ba& 1 (10 U/pL) 

3.2 -5 Electrophoreac analvsis of  DNA Çramnents (781 

Plasmids and DNA fragments were separated and visuaiised by elecuophorcsis on 

açarose gels. h suspension of  agarose (0.7 '/O) in TAE \vas heated in a rnicrowave for -40 

seconds in order to obtain a clear solution. This soluuon was rnised with an aliquot of 

ethidiurn bromide (20 pL of  10 mg/mL) and cooled to luke wmn temperature p i o r  to being 

poured into drh horizontal gel casting chamber to achieve a gel thickness of  - 5 mm. A 

comb, with rhe appropriate number of  lanes, was placed ar one end of the gel prior CO the 

setung of  the agarose to produce the necessaq* weils. The comb \vas removed and the sec 

ngarose gel placed into the horizontal eIecuophoresis chamber and covered with TAE buffer 

(200 mL). The DNh samples and standards, final amount of 100-500 ng in buffer DS, were 

then added to the wells and die electrophoresis conducted at constant 80 1-olts for 2 hours at 

room temperature. DNA bands were visualised under ultra-violet light and the gel \vas 

photographed using a Polnroid photographie transilluminator sysrem @io/Can Scirntific, 

Mississauga, Ontario). 

3.1.6 Extraction and ~unf ica t ion of DNA framents from aqarose ~ e l s  f7l) 

The DNA band of interest was escised Çrom the agarose gel using a clean, sharp razor 

biade, weighed, and uansferred to an Eppendorf. Buffer QG (3 volumes to 1 volume OF 

agarose, where 100 mg of  agarose = 100 PL Buffer QG) was added to the Eppendorf and the 

misture heated at 50°C for 2-3 minutes, or until the agarose was completely dissolved. (Bufier 

QG conrains a pH indicator ro ensure thnr the pH of the solution mas below 7.5. If the 

soluuon is pink, the pH must be adjusted u n d  the solution turns yellow.) Isopropanol (1 

volume) was added to the Eppendorf, the solution mised and then applied to a QlAquick 



column and centrifuged (16,110 x g) for 1 minute. The flow-through \vas discarded, Buffer 

PE (750 PL) was added, and the column \vas washed by centcifugaaon (16,110 s g) for 1 

minute. The flow-through was discarded and the column was re-cenrrifuged (16,110 s g) for 

1 minute to remove residual ethanol from Buffer PE. The QLAquick coIumn was then placed 

in a clean Eppendocf tube and the DNA was eluted b- adding H,O, or Buffer EB, (30-50 PL) 

to the centre of  rhe membrane, waiung for 1 minute, and centrifuging (16,110 s g) for 1 

minute. This DNA was stored at -20°C u n d  needed. 

3.1 -7 Com~lementanr mimers 

The incD gene present in phT5 v a s  selected for site-directed mursgenesis to achieve 

rhe desired single Cys+rUa replacemenc(s) in IucD. The site-directed mutagenesis of ilicD 

was accomplished by the use of complementaq primers with the tripler for cysteine having 

been changed to thnt of alanine. The plasmid preparauon containing i ~ c D  encoding For C31A 

ducD was employed to effect the second desired Cys+hla replacement. The sequence of 

mutagenic complementary primers for achieving replacement of cysteine residues in rIucD is 

shown in Table 2. 

This approach was also ernployed to achieve deleuon of C-terminal segments ac 

specified locations in rlucD. The i,rcD gene in pAT5 was targeted for deleuon of segmenrs 

encoding for the C-terminal region of IucD by site-directed mutagenesis employing 

complementary primers with the triplet for the desired amino acid changed to that for 

rermination. The nucleotide sequence of  rlie mutagenic complernenrary primers employed to 

generate truncared versions of rIucD are shown in Table 3. 





Xible 3: Niicleotide seqiicnce of complcmentary priniers iiscd for C-terminal mutagciiesis of iircD 

5td~CGATCTCAGTATGTAGCCCGCCCTG/\~~rCAG)3t P4 1 5- ter rlucD A 1 1 

5'd(CTGAATChCGGCGCGCTACt\'11hCTG hGr\TCC; h43' 

The plasiiiid pAT5 (46) wns used to effect deletion at the desircd locntion. The iiicorporation of the termination triplet 
at the clesircd locatioii was acliirvcd by the ~isc  of cornpleimiitary priiiiers coiiteiiiing the delctioii cocloii (bolci iiiidcrline). 



3-1 -8 Conditions for Ouick ChanpeThs muta~enesis C79) 

The parent plasmid, pAT5 containing the i.icD gene and the ampicilhi resistant gcne, 

senred as the template for Pwo polymerase. In order to effect a second cysteine replacement 

in IucD, the plasmid containing ir,rD encoding for C 3 l h  rlucD served as the remplace For 

Pwo polymerase. The following reagenrs were added to a PCR tube in order: 

P m  reaction buffer (ZOSJ 5 UL 

complementary primer 1 (125 ng/pL) 10 PL 

cornplementary primer 2 (125 ng/pL) 10 PL 

dNTP mixture (1 O mhl of al1 four dNTPs) 1 PL 

Pwo DNA poIyrnerase (5 U/pL) 1 PL 

The reaction misture \vas kept ar 4°C u n d  ready for thermocycling using an hmpligene II 

thermocycler. The tcmperacure cycling mas programmed as follows: 

jumpstarr W C ,  2 minutes 

r 95°C 30 seconds 

16 s 55"C, 1 minute 

6S"C, 10 minutes 

The cycle, escluding the jumpstart, was repeated an additional 15 urnes followed by a dweil 

period of 15 minutes at 68°C to allow for the extension of  any incomplete replications. The 

reacuon products were either used immediarely or  stored at -20°C u n d  needed. 

The PCR reaction misrure was rreated with Dpti 1 (20 U) for 1 bout ar T C  in order 

to degrade the parent plasrnid and the mutant plasmid product (15 PL) was used to 



transform competent E. CO& DH5a. Transformants were selected from LB agar places on  the 

bnsis of  ampicillin resistance. The cransformed cells were grown in LB media (100 mL) and 

the cells were hamested and used for the isolaaon o f  the plasmid as described in secuon 

3-1.3.2. The incorporauon of rhe desired mutation \\-as esciblished by analysis of  the 

nucleotide sequence of  thc hcD gene in the plasmid. 

3.2 Growth of Eschenchia coficuitures 

3.2.1 Escbe~chiucoliDH5ûcandBL21 (DE31 

The E. COL DH 5a and B I 2 1  (DE3) cells n-ere grown and maintained on LB agar 

plates at 4°C. h $pic$ starter culrure was prepnred by inoculating 5 mL of LB medium mith 

rhe bacteriai cells 2nd growing at 37°C with conünuous shaking For 10-1 2 hours. 

3.2.2 Growth of E-roli transformants 

E coli DHja \vas trmsformed with the plasmid pAT5, or its varianrs, (-1 pg) and 

ailowed to sit in an ice bath for 30-45 minutes. The suspension \vas chen heat shocked at 

4Z'C for 2 minutes. LB medium (500 PL) \vas ndded and the suspension \vas incubated nt  

37°C for 2-3 hours mith no shaliing. This go\\-th was used CO inoculare 5 mL of LB medium 

with ampicillin (100 pg/mL), which was incubated at 37°C for 12-1 6 hours with continuous 

shakng. The  cells Lvere transferred to 1.5 L of  minimal medium (Monod Rlg), with yeast 

estract (1 g/L) and casamino acids (1 g/L), supplemented with ampicillin (100 pg/rnL) and 

grown at 37°C for 24-28 hours with constant shaking. Ceiis were harvesred (6,000 s g) for 15 

minutes 3t 4°C. 

3.3 Isolation and purification a of ducD and its muteins 

3.3.1 Pre~arauon of  cell-free estract 



CeU-free extracts were obtained by rupturing cells under high pressure (French press) 

sirnilar 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 washcd with a NaCl 

solution (0.8S0/0) and centrifuged (6,000 s for 15 minutes at 4'C. The cells were 

resuspended in -40 mL of nn ice-cold potassium phosphate buffer (1  0 mhI, pH 7.0) 

containing L-glutamine (1 mhl) and DTT (1 mhî). This suspension \vas ruptured by a single 

passage through a prechilled (4°C) French press chamber at 10.000-1 2,000 psi. The celi-free 

extract was incubared at room temperature with DNAase (10 pg) and RNhase (10 pg) for 

10 minutes prior to centrifugation (1 13,613 s g) for 013 minuies nr  4°C. 

3-3.2. Purification of 1vsine:~"-h~drosrlase M6) 

Ammonium sulphate \vas ndded to the cell-frse estrncr to acliievc JO'!'o saturation 

and the suspension was alleu-ed to stand at 4°C ol~ernight. The suspension \vas centrîfuged 

(48,384 s g) for 15 minutes at 4"C, the siipernarant discarded and the pellet resuspended in 

-10 mL of potassium phosphate (10 mh1, pH 8.0), containing NaCl (300 mhl) and DTT (1 

mM), and dialysed againsr 1 L of the same buffer for 12- 16 hours. To the dialysed matennl, 

ammonium sulphate was added CO 30°,6 saturation and the suspeficlîn v:3s allowed to stand 

at 4°C overnight. The suspension wvs cenuÏFuged (48,384 s p) for 15 minutes at 4°C and the 

supernatant removed. The pellet \vas resuspended in -1 0 mL of potassium phosphate (10 

mM, pH 7.0), containing NaCl (250 mM) and DTT (1 mhl), and dialysed againsr 1 L of the 

same buffer for 12-1 6 hours. The material was finaII? dialysed ngainst a solution (1 L) 

containing potassium phosphate (IO dI, pH 7.0) for 2 hours prior to its application ont0 

the Orange A Dyematres column, equilibrated ~vith the same buffer. Protein \vas recovered 

by elution with potassium phosphate (1 0 mhI, pH 7.0) buffers containing stepwise increases 

in NaCl concentration (O mhl, 250 mhI, 500 mM, 730 mhl, 1000 mAI). Two -30 mL 



fractions (eluüon rate -1 mL/min) ofeach of  the elution media were collectcd and 

exarnined for the presence of protein by measuring cheir absorbance at 280 nm and by SDS- 

PAGE. ~ ~ s i n e : N ~ h ~ r d r o s ~ l a s e  activitv was most often found in the second 500 mhl and the 

nvo 750 mM NaCl fracaons. Fractions showing lysine:Nc'-h2dros-lase actiri- lvere pooled 

and concentrated using Cenuiprep 30 k D a  membrane to achie1.e a final protein 

concentrxïon of  20 - 50 pi4. The bufÇer \vas chnnged by dialysis against potassiiirn 

phosphate (200 mM, pH 7.0) containing DTT (1 mhl) for 12-16 hours. The protcin solution 

was divided into 1 mL aliquots, frozen in Liquid N, and stored at -SO'C und  needed. 

\Vich repeated use of che Orange h column, the lysinc:N6-hydrosylase i ~ c t i \ - i ~  \ras 

found to elute in bufÇer media containing NaCI < 500 mhl. 

3.3.3 Preparation of S-carboxvmeth\-1-ducD (58) 

In a q-pical experiment, a solution of'rlucD (100 nrnoles) in 3 mL of pornssium 

phosphate (200 mM, pH 7.0) containing DTT (2 mhI) was ueared \vith an aliquot (50 PL) of 

an aqueous soluùon of ICH,COO- (1 hl) to achieve an approsimatcly 20-fold escess of the 

ragent over that of thiol Eùnctions present in the protein and DTT. hftcr 20 minutes at 

25"C, the reacuon was terminateci by the addition of DTT equivalent to chat of 1CH2C00- 

and allowed to stand for 30 minutes at 25°C. The reaction mixture \vas finalIy dial>-sed 

esrensively against potassium phosphate (200 mhl, pH 7.0) and the didysed marerial stored 

at -20°C. The concentration of S-carbosymeth!-1-rIucD was estimated using an E,, of 6.2 s 

1 O' bh-n- ' .  

3.3.4 Svnthesis and ~urificaùon of  the decapepude (C-oe~tide) 

The decapepude Pro-Ah-Leu-Ile-Gln-TrpArg-Ser-Gly-@)-Th, the amino acid 

sequence corresponding ro char of the C-renninal segment of rIucD escept for the change in 

configuration of the terminal threonine residue, \vas synthesised by Dr B.AI<. Chibber 



(Central Bio-core Facilities, University of Notre Dame, IN). The material was purified by 

HPLC on  3 0.8 s 10 cm Bondapak C,,  RCM column employing a solvent system comprising 

water (0.1% TFA) and CH,CN (O1 .% TFA) with the latter being brought to 25% and 90% 

after 40 and 50 minutes respecuvely, subsequent to the iniuation of the procedure at a flow 

rate of 1 mL/min and at 25°C. The materid was characterised by ESMS analysis. Calculated 

1 128-3; Found 1 127.4. 

3.3.5 Svnthesis and characterisation of  DL-ni-4.5-dehudrolvsine 

The methods used were essentially as those described previously in the literature 

(1) Synthesis of 1 -chlore-4-phthdamido-2-butene. To  a flask equipped with a n-ater 

condenser, \vas added 1,4-ni-dichloro-2-butene (1 5 g, 120 mmol) that was heated CO 130- 

140°C. Potassium phthnlimide (1 1.1 g, GO mmo1) \vas added in portions ovrr 20 min and the 

mixture was heated at 150°C for 45 min. The viscous material was dlowed to cool and then 

estracted wich ether (100 ml). The ether estrxct was concentrated in mc:m and the beige 

precipirate was collected and recrystallised from hot ethanol yielding 2.9 g (21 O h )  OF off-u-hite 

cqstals. Melüng point - 80-81.5"C (Literature value - 75-7G°C). 

(2) Spnthesis of DL-LI?-4,s-dehydro lysine hydrochloride. Sodium metal (washed in 

hesane, 0.56 g, 24 mmol) was added over a 5 min penod in small portions to anhydrous 

ethanol (30 ml) cooled on ice under argon. When ail the sodium had dissolved, diethyl 

acetamidomalonate (3.2 g, 15 mmol) was added at once and allowed to dissolve with mild 

heaung. To the solution \vas added 1 -chlore-4-phthalamido-2-butene (2.9 g, 12 mmol) in 

portions and the miscure was reflused for 6 hr. hfrer cooling, the solvent was removed NI 

uamo and the solid taken up in merhylene chloride (100 ml) and washed successively with 

water (30 ml) and bnne (30 ml). The organic layer was dned over MgSO, and mas 



evaporated in LWCZIO. The resulung viscous oil, was used without funher purification. The 

crude product was reflused in 6 N HCI for 24 h, the reaction ailowcd to cool, and phthaiïc 

acid was removed by filtration, The filtrate was concentrated in LWCHO and \vas 

chromatographed over 2.5 s 10 cm of DO\YES 5OW s 8 PH, '  forni). The column \vas 

n-ashed with water (300 ml), 0.2 Ar1 ammonium hydroside (120 ml) and then eIuted with 2 h:1 

ammonium hydroside and fractions (10 ml) containing rhe product as judged by TLC (silica_ 

ethylacetatejhesanes (1:3), RF 0.05) were pooled and taken to dqness. The soiid was 

recrystallised from hot water-ethanol. Yield, 0.3 1 g. 

Melung point 25 1-254°C ci trrature value 255-257°C). ESMS: esact mass calculated 

for CJ-i,ZN,OI, 144.17; found, 144.32. [a],, (1.33% in water) = 0.003 k 0.002. 'H NhlR 

(250 bIHz, D,0) 6 5.56 (m, 2H. CHy, CHq, 3.40 (d, 2H, j = 6.5 Hz, CH-), 3.28 (t, 1 H,J = 

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

3.4 Treatment of AucD with proteases 

The susceptibilin~ of  ducD to proteolytic degradation was invesugared both in the 

absence as well as in the presence of cofactors and analogs (FAD, ADP, NADP', NADPH) 

and substrate, L-lvsine. The eEect o f  endopeptidases (TPCK-tr'psin, TLCK-chymotrypsin, 

and chermolvsin) and esopeptidases (carbosypeptidases A, B, and Y) on boch the structural 

integriry as welI as catalytic comperency of rIucD \vas invesugated by monitoring changes in 

the SDS-PAGE profile and Iisine:NG-hydroxy1ase acuvity respectively. 

3.4.1 Reaction with endopepùdases 

Preliminary esperiments, perfomed with TPCK-tqpsin, perrained to esrabiishing 

conditions optimal for monitoring the effect of proteases on both the structurai integrity as 

well as the catalvüc function of  ducD. Initially, the effect of  temperature on both the 

inherent smbilitv of rIucD as well as its suscepubilit)' to proteolytic degradation was 



investigated. These studies revealed that : (9 rIucD undergoes irreversible inacüvaüon when 

esposed to 51°C for 2 minutes, presumably due to thermal denaniraaon; (ii) esposure o Ç  the 

protein at 45°C for 5 minutes has no such adverse effects as indicated by the complete 

retention of  its monoosygenase activity when assayed a t  37°C under conditions normally 

emploved; (iii) maintenance of the protein at 37°C is accompanied by a steady decline in its 

monoosygenase activir)., with approsimately 30% loss o f  original activity being noted after 

100 minutes o f  incubation; and (iv) ducD preparations are relatively stable at 25°C over a 

period of 3 hours. 

The nest phase o f  these studies pertained to esperiments to identie the 

concentration o f  protease that would effect degradation o f  riucD at a rate suitable for 

monitoring the process by both SDS-PAGE as well as by an assrssment of its 

monoosygenase activiri;. These studies performéd with T P C K - q s i n  at 25°C showed that : 

(i) at a substrate:protease ratio o f  100: 1, the rate of proteolysis was slow, wirh 80" '  of intact 

rIucD su11 remaining after 60 minutes of reacuon; increasing the protense concenuauon 

to a substrate:enz\-me ratio oÇ20:1, led to a relauvely greater estent of proteolysis with 

approsimarelo 70% o f  rIucD degraded after 60 minutes o f  incubation; and (iiï) n t  a 

substrate:protease ratio o f  2 3 ,  the rate of proteolysis \vas rapid with less than 10% of  

monoosygenase acüvity being noted after 12 minutes OF incubation. 

Finally, since riucD's nauve conformation depends on  its maintenance in media of  

ionic strength 2 0.25 (46), esperiments were also performed at various salt (NaCl o r  

potassium phosphate) concentmtions. These studies revealed that susceptibility of rlucD to 

proteolysis declined progressively wirh increases in the ionic suength of the reaction 

medium. However, this phenomenon was not unique to rIucD, since similar studies with 



casein (or azocasein) as 

TPCK-trypsin in media 

substrate dso showed progressive loss in the catalytic efficiency of 

ofionic suength > 0.2. 

As a result o f  the above mentioned studies, the f-ollowing protocol was ernployed. 

rIucD (14 phr> in potassium phosphate (100 mhI, pH 7.0) \vas treated with TPCK--?sin (7 

piii,Li\I) and the reaction allowed to proceed at 25°C. The concentration of the cofactors, 

analog(s), or  substrate, when included in the reacuon was: FAD (0.2-1.0 mhl), ADP (1 miLl), 

NADPH (1 mhf), NADP' (1 mhI) and L-lvsine (5 mM). At desired time intends, aliquots 

were removed and treated with SBTI (2-fold molar escess over that of TPCK-q-psin) to 

stop furrher proteolysis. These samples urere used for SDS-PAGE analysis and for the 

mcasurcment of 1-si ne:^"-hydrosylase activity. 

The conditions used to study the acüon of TLCK-chymotqpsin on rIucD were 

similar to those employed in the case ofTPCK-trypsin escept for the use of PMSF, instead 

of SBTI, to stop further proteolysis. In the case o f  thermolysin, rIucD (12 wl) in PIPES 

buffer (1 00 mM, pH 7.5) conraining CaCI, (10 mhl) was treated with the proteease (6 jiihl). 

hliquors drawn at desired intends were treated with EDTA (10 mhO to stop further 

proteolysis and used for SDS-PAGE analysis and assessrnent of N1-hydroxylase ac t i v i~ .  

3.4.2 Reaction with esopeptidases 

The esperimental conditions for the treament either with CPDA or wich both 

CPDA and CPDB were: rlucD (10 phi) in potassium phosphate (100 mM, pH 7.0-8.0). 

esopepudase(s) (3 pXL of CPDA or 3 ph4 of each CPDA and CPDB, when used in 

combination) and temperanire 25°C or 37°C. hliquots drawn a t  desired intervals were used 

for SDS-PAGE analysis and for measurement of IYsine:N6-hydrosylase activity. 



In cspcriments with CPDY, a typical rencuon mixture, in a final volume of 1 mL 

comprised: potassium phosphate (1 00 mM, pH &O), rlucD (1 O and CPDY (0.3 pi3.i). 

The reaction was allowed to proceed at 37°C- Aliquots drawn at desired in tends  were either 

diIuted (1:lOOO) with phosphate buffer (pH 7.0) or with Tris-glycine buffer (200 &I, pH 

8.3). The former sample \vas used for the deteminauon of IYsine:NG-hydrosylase activity and 

the latter for SDS-PAGE analysis. The final concentration of the cofactor or the substrate, 

when included, was as follows: FhD (1 mhl), ADP (1 mhl), NADP' (1 mhi) and L-lysine (5 

mhQ- 

In some esperiments, the C-peptide (the synthetic decapeptide with amino acid 

scquence idcnucal with thnt of the se-grnent comprking residues 41G-425 of ducD, escept 

for the D-configuratîon of its C-terminal residue) u-as included in the reaction misture over a 

concentration range of 0.1-0.5 mA1- 

3.4.3 Amino acid analvses 

For quanütacn.r estimation of the amino acids releascd by action of esopepudases, 

the proccdurc was sirnilar to that docurncnted previously (52). Aliquors drawn at desired 

inten-als were treated with a slurn. of Dowes 50-XI6 (H- forrn resin), The resin was washed 

cstensively \\.ith water and the amino acids urere recovered by eluùon with 6N HC1. After 

rernoval of HCI, the sarnpie was analvsed for amino acids by ion eschange chromatography 

(8 3) .  

3.4.4 Influence of FAD and ADP on the catalyuc acuvity of endope~udases 

The rneasurement o f  rhe proteolytic activity of endopeptidases (.TPCI<-trypsin, 

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

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

phosphate or PIPES (200 mM, pH 7.5) and endopepudase (150 CLg)- Following incubation at 



25°C for 30 minutes, the reacuon l a s  terminated by the addition of an equal volume of TCCA 

(lOO/o). hfter 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 duc ro degradation by proteases. FAD and ADP, when 

included in the assay were used at a final concentration of 1 mhl. 

3.4.5 Efkct of ADP and C-pe~tide on the catall-tic function of CPDY 

The enzymauc activiry of CPDY was assessed using fu-1 acq-loyl-L-Phc-L-hla (FA- 

Phe-Ah) as substrare (85). T>-picdi-, the reaction misture of 1 mL in volume, consisted o f :  

potassium phosphate (1 00 mhI, pH 6.Oj, FA-Phe-Ala (0.5- 1.0 mhI) and CPDY (1 O ~ Q J -  The 

assa?, initiated bv the addition of CPDY, \vas followed by monitoring the decrease in 

absorbance at 340 nm. The conccncration of LADI', u-hen included, \vas 1 mhl u-hile that of 

the C-peptide \vas varicd over the range of 0.06-0-5 m M  

3.5 Analvtical Methods 

3.5.1 Determinauon of the homo~encin. and molecular urei~ht of the ~ r o t e i n  preparauons 

SDS-PAGE anal~eses of rIucD and irs variants ar various stages of their purificauon 

were performed using 10% polyacrylamide gels according to the procedure o f  Laemmli (86). 

W?iole ce11 lysares were also esamined for the presence of the izlfD gene product and 

these were prepared by suspension of cells, collected by centrifugation after 24 hours of 

growth, in SDS-PAGE sample buffer and boiIed for 3 minutes. 

3.5.2 Determination o f~ ro t e in  concentration 

3-5.2.1 S~ectrophotometric inethod 



The absorbance of IYsine:N6-hydrosyiase was measured at 280 nm and the 

concentration of  lysine:^'-h@rosulase, o r  its muteins, \vas esümsred using an E,, of 62,000 

kî' cm" (59) ). 

3.5.2.2 Bradford assay 

In some cases, protein concentration was decermined by the Coornassie blue binding 

technique reporced by Bradford (57). The Coomassie blue reagent n-as purchased from 

In a qpical procedure, an aliquor (100 PL) of  the protein \vas treared wirh 5 mL of 

the above reagent. hfter thorough mising, the absorbance nt 595 nm \vas recorded. A 

reagenr blant using buffer instead of  procein soluuon s e n d  as a concrol. The concentration 

of  the protein was esümaced by reference ro a calibraüon ciirve cansrructed usifig a solution 

of bovine serum dbumin (over rhc range 0-1 -0 mg/mL). 

3.5.3 Determinacion of DNA concentration 

The concentration of DNA, either single or double srranded, \ras determined using 

its absorbance ar 260 nm. An absorbance of 1 .O ar 260 nm corresponds to 50 ng/pL and 33 

ng/pL for double stranded and single stranded DNA, respcctiwl\- (88). 

3.5.4 Determination of 1vsine:~~hvdros~~Iase  acrivicy 

The protocol employed for the rneasurement of IYsine:~"-hl-drosylase acùvity \vas 

similar to thar reponed preriouslï (40). h typical assay, in a final volume of  5 mL, consisted 

of: potassium phosphate (1 00 mhI, pH 7.2), L-lysine (1 mXI), FAD (40 PM), NADP' (160 

wr)7 G-6-P (800 FM), G-6-P dehydrogenase (1.25 units), and rlucD (83.3 nhl). Following 

incubation at 37°C for 15 minutes, the reaction was terminnted bu the addition of  a slurn of 

Dowes 50W-X8 (200-400 mesh, H' form) resin in distillrd \vater. The enure misture was 



transferred to a 1.4 s 25-cm giass coIumn and washed with 02N HCI (40 mL) prior to 

elution with 6N HC1 (25 mL), The effluent Kvas taken to dryness and the residue was 

dissolved in water and used for the determinauon o f ~ ~ h y d r o s ~ l ~ s i n e  by the iodine 

osidaaon procedure (89). 

3.5-5 Determination of NADPH osidation 

The osidanon of N-ADPH was followed by the decrease in absorbance at 340 nm. A 

typical assay mixture, in a 1 mL volume, consisced of potassium phosphate (200 mhl, pH 

7.0), FAD (40 @l), NADPH (200 p\I), L-lysine (1 rnhf), and rlucD (2-3 p.?[). A badine 

was estabIishcd bv adding FAD and NADPH to the potassium phosphate and recording rhe 

absorbance for 30 seconds. At this point rIucD, o r  its muteins, was addcd, the solution 

mised and the decrease in A,, monirored for 1 minute. L-Lvsine was then added to the 

assay, the solution mised and the decrease in A,,, moriitored for a further 2 rninures. The 

initial decrease in A,,, in the absence of L-lysine reflects the NADPH osidation chat is not 

coupled to the N-hydrosylation process. 

3.5.6 Determiriauon of Lnetic parameters 

The e f i c t  ofCys+Aia replacement(s) in AucD on its K,, values for FAD and L- 

lysine \vas investigated as FoUows. In the case of I<,, determination for FAD, the 

concentrations of L-Iysine (1 mM) and NADPH (200 p.hi) were maintained constant while 

that of the flavin cofactor was varied over the range of 0-50 p l .  For the determination of 

K,, for L-lysine, the concentration of FAD (30 for al1 escept C3l h / C S l A  riucD which 

was 60 jiiLI) and NADPH (200 phf )  was herd constant and chat lysine was varied over the 

nnge of 0-10 mi\.[. Idenucal assay mistures escepc for the increasing concenuauons of FAD 

(or L-lvsine) were employed and the initial rate ofNhDPH osidaoon \vas recorded by 



monitoring the decrease in absorbance at 340 nm. Appropriate correction was made for the 

NADPH osidauon that occurs in the absence of the hydrosylatable substrate. These 

experiments were repeated nvice. Assessrnent of K,, was achieved using GraFit 3.0 by the 

hlarquart-Levenberg method for non-linear regression (90). 

Since the rate of N-hvdrosyIauon of L-lysine is inhibited at high concentrations of 

FAD (> 80 mhl) and NADPH (2 300 m'f), conditions chosen in the esperiments designed 

to assess the K,, value for FAD were found to be opumal for the determinauon of k,,, of the 

protein. The V,, obtained €rom the double reciprocai plot provided the basis for the 

estimation of k,,,. 

3-57 Determination of H2Q2 ~roduccion 

The procedure described by Hildebrandt et nl. (91) was uçed for the quantitatire 

determination of HZOI producuon by 1-IucD. In a typicai esperiment, the assay misture, in a 

final volume of 5 mL, consisted OF: potassium phosphate (100 mhf, pH 7.0), FAD (40 phl), 

NADP' (80 ph?, G-6-P (1 G-6-P dehydrogenase (1 -25 units) and rIucD (53.3 nhQ. 

The reaction was allowed to proceed nt 37°C for 15 minutes. At desired intenrals, nliquots 

(1 -5 mL) were removed and the reacuon stopped by the addition of an equal volume of TCA 

(3% w/v). The mismre was centnfuged (6000 s 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 ;LI). After 10 minutes at room temperature, the absorbance at 480 

nm was recorded. A calibration curve consuucted using authenuc HzOz (0-100 wI) 

provided the basis for quantitaüon of the amount present in the samples- 

In esperiments designed for the determinauon of H,O, under conditions of 

 s si ne:^'-hydrosylation, assay mixtures also included L-lysine (1 rnM) hfter 15 minutes of 



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

hliquots of H,02 (concentrations as shown) were andysed by Hildebrandt's 
procedure (91) to  construcr the seference cunre. 





incubaaon, a 3 5  mL aliquot was used for the determinauon o f  ~ ' ' - h ~ d r o x ~ l ~ s i n e  and the 

remaining aliquot for H,O, determination. 

3.5.8 Determination of cvsteine residues (921 

The  nurnber of  thioi groups accessible to rnodificaaon in the native conformation of  

ducD, or its uariants, was assesscd by treatment u-ith DTNB- In a typical esperiment, fina1 

volume of  1 mL, the procedure adopted was as fol!o\vs: to a soluuon (900 PL) of DTNB 

(500 /LM) in potassium phosphate (200 mR1, pH 8.0), an aliquot (100 PL) o f  rlucD was 

introduced and the increase in absorbance at 412 nrn was recorded u n d  such change was 

negligible. The final concentration o f  rlucD in these reacuons was in the range of 3-5 phl. 

hppropriare corrections for dilution and contnbuüons due to spontaneous hydrolvsis were 

achieved by the use of controls which were identical to the reaction samples but for the 

omission o f  rIucD. The quanutauon o f  rhe number of  thiol groups per mole of  rLucD was 

achieved using an E,, value of 14,150 M h f '  for 2-nitro-5-thioqanobenzoate anion (93). 

The  same reacuon was performed in the presence ofguanidine hydrochloride (4 XI), 

conditions that effect the dcnaturation o f  the protein, providing an estimate of the total 

number of  cysteine residues in rIucD. 

3.5.9 Reaction of rIucD with DPIP 

The ability of  rIucD muteins to forrn covalent adducts with DPIP was assessed by 

the procedure described previously (55). In a typical esperiment, the iniùd absorbance of a 

solution (800 PL) o f  DPlP (100 ,piil) in 200 mM potassium phosphate, pH 7.0 was recorded 

pnor to the introduction o f  an aliquot (200 PL) of the desired rIucD mutein preparation to 

achieve a final concentration of 10 with respect to the protein. Following thorough 

mising, the reaction was monitored u n d  there was no further dccrease in the  absorbance at 



600 nm, a process which required 6-8 min. The magnitude of  the decrease in absorbance at 

GO0 nm was recordcd. Since the parücipaüon of each qsteine residue in the osidative 

addition process results in a decrease in absorbance at 600 nm, the magnitude of diminution 

in absorbance will be proportional to the number o f  thiol functions involved in the reacuon 

with DPIP. Hence, the number of cystcine residucs involved in conjugation \vas estabtished 

from the total decrease in absorbance at 600 nm using an operational &,, value of  

1 s 10' M'cm-' for the dye (6042). 

In sorne instances, the reaction misrure mas subsequcntly subjected to 

chromatography on a 10 s 1 cm column of Bioyel P2 wirh 200 mhI potassium phosphate, 

pH 7.0 sen-ing as equilibration and cluuon medium. The absorbance of the recovered 

protein at 280 nm and 654 nm 11-as recorded. Ln these studies, parent rIucD preparation 

sen-ed as control. This data senred to cstablish the stoichiometn* of  the process. 

3-5-10 FAD and DPIP reductase activin 

The abilin. of both unrnodified as u-el1 as covalent DPIP conjug~res ofrIucD and its 

muteins to cacîl!-se the FAD-dependent electron transfer process benveen NADPH and the 

esogenous dye \\--as inxresugated. The ~rocedure  nras similar to thnt reporred pre\~iously (58)- 

Thus, protein samples incubated with DPlP for 1 minute pt50r to the introduction of 

NADPH follo\ved by FAD \vere taken to approsimate the situation thar occurs wich the 

unmodified protein preparaûons, while those preincubated with the d- for 15 minutes were 

regarded CO mimic the phenornenon thac prevails in the case of  covalent DPIP adducts of 

the proteins. 

TypicaIly, the reaction misture in a final volume of  1 mL, consisred of  DPIP (100 

phî) and rIucD or its mutein (2.5 piif) in 200 mhl potassium ~hosphare,  pH 7.0. After eirher 

1 or 15 minutes of incubation, an aliquor of  NADPH solution was introduced to achieve a 



final concentration of 200 @I nich respect to the cofactor. The decrease in absorbance at 

600 nrn was monitored for 40 S. This \vas Çollowed by the addition of  an aliquot of FAD 

soIution to achieve a final concentraùon of40 p. i i I  and the decrease in the absorbance was 

again recorded ovcr a pcriod of 60 S. The iniual process represenrs DPlP reductase acüvity 

in rhe absence of FAD whik the latter reflects the samc phenomenon in the presence of the 

fiavin cofactor. 

It is pertinent to note chat the term "diaphorase" has been cornmonly used to 

describe the electron transfer reaction benveen NAD(P)H and an aruficia1 electron acceptor 

in the presence of flavin cofactor (94,75). in this study, the phenomenon is referred to as 

"DPIP reductase" activiq-. Such a definition u-ould alIo\\. for a clear disünction benïeen the 

processes thac occur in the absencc and in the prescncc of thc t h - i n  cofactor. 

3.5.1 1 Purificauon of mu-rIucD anùbodv from rabbit serurn 

Polyclonal anü-rIucD (del-eloped in rnbbits) n-as purchased €rom Alpha Diagnostic 

International. This \vas purified with the aid of h ~ b ~ r a ~ " '  GII kir (Pharmacia). The 

procedure is given below. 

The kit (stored at C C )  was dio\t-ed to equiiibrate to room temperature ovcr a penod 

of 30 minutes. The HiTrap Protein G column was \vashed with 5 mL of mater (AlilIiQ 

filtered) p i o r  to irs equilibraüon with buffer EQ (3 mL). Rabbir scmm conraining anri-rIucD 

was filtered (Gelman filter, 0.45 prn) and diluted n-ith an equal volume of buffer EQ. An 

aliquor: (2 mL) of this material was applied to the HiTrap Protein G column. The gel was 

washed with buffer EQ (7 mL) and was subscqucntlv eluted x-ith buffer EL (5 mL), the 

effluent collected in 1 mL fractions in tubes containing bufÇer NE (75 PL) to bring the 

solution to pH 7.0. The concentration of the protein u-as determined both by Bradford assay 

as well as absorbance at 280 nm- Procein rich fractions were pooled and desaited by 



chromatography on a 15 s 1 cm coIumn of Sephades G-15 (50 mh'I potassium phosphate, 

pH 7-0 containing 150 IY&I NaCl sen-ing as equiiibration and eluuon medium). The fraction 

contaïning protein was stored at 4°C- 

3.5.1 2 LVestern blot analvsis 

Protein samples (25 pg), afrer separauon by SDS-PAG E (10% gel), were trnnsferred 

to nitroceIlulose over 2 hours at 4°C (100 V constant voltage) foliowed by n\?o brief 11-ashes 

in Tris-buffered saiine (733s; 20 d l  Tris, 500 mil NaCl, pH 7.5). Non-spccific binding of 

the antibody was inhibited by blocking the membrane with 5% skim milk powder (w/\.) in 

TBS overnight at 4°C. The membrane was then rinsed &vice u-ith ?TBS (TBS containing 

0-05?4 Tween-20) for 5 minutes at room temperature prior to incubation with purit-led 

polyclonal rabbit mu-AucD (1:2000 dilution in ?TBS) for 2 hours nc room remperarure. The 

membrane was rïnsed nvice with ?TBS for I O  minutes at raom ternpcrature prior to 

incubation with goat mu-rabbit alkaline phosphatase conjugatcd second- antibod- (1 :3030 

dilution in TTBS) for 2 hours at room temperature. The membrane \vas subsequencly 

washed mice for 5 minutes in TTBS and once for 5 minutes in TBS at room temperaturc 

prior to detection by incubation with nitroblue ~etrazolium and bromochloroindolyl 

phosphate (96). 

3-5-13 CD 

CD spectra were recorded oKYer cl-ie range 185-250 nm on a Jasco J-700 

Spectropolarimeter set at 20 mdeg sensitivity, 0.2 nm resolurion, 4 unit accumulation, 8 s 

response and a scanning speed of 200 nm/min. rIucD concentration \vas 5 pi1 in potassium 

phosphate (200 mM, pH 7.0). hreasurements were made in a 300 PL cylindrïcal quartz ce11 

with a 7 mm pathlength. Concentrauons o f  Ligands when used were: FAD (200 PM) and L- 

lysine (5 mM). 



3.5.14 DSC 

Dilferential scanning calorimetnc studies were performed using a Nano DSC from 

Calorimeuy Sciences Corp., Provo, UT. rIucD concentration: 1 mg/ml in potassium 

phosphare (200 mM, pH 7.0) containing DTT (1 rnlvl). Concenuaüons of Ligands when 

present: FAD (0.5 rnhl); A D P  (1 rmkl); L-lysine (5 rnhl). heating rate: 1 deg/min. 



4.0 Results 

4.1 Phvsico-chemical characterisation of ducD 

Isolation and purification of the recombinant form o f  IucD was achieved by 

employing procedures rhat have been previously documented (46,47,59). The final step in 

the above prorocol involves chromatography o n  Orange h Domacles with the recoaery of 

prorein being achieved by elution with a medium containing high concenuauons of NaCl 

($500 m&Q. As reported earlier (46) rlucD isolated under such condiüons was recovered as 

an apoprotein in its retrameric state and required NADPH and FAD for its catalytic 

funcüon. Since high concentrations of Cl- ions have been noted to esert a chaotropic effect 

(58), protein preparntions, isolated in the current investigations, were routinel~ rendered free 

of Cl  ions bv ultrafiluauon with repeated supplementaüon with 200 mM potassium 

phosphate. pH 7.0. This procedure also allowed for considerable (approsimately 10-1 5 fold) 

increase in protein concentration. Since changes in operauonal manipulations c m  have 

profound influence on the properues of proteins and other biologically acüve materials, 

especially allosteric enzymes which are known to become desensitised by the mildest 

possible treatment (97,98), physico-chernical properties of rIucD were assessed subsequenr 

to its transfer to a chlonde free buffer medium as mentioned above- 

4.1 -1 Stabilitv of ducD 

Suprrdex 200 chromatography of rIucD immediately after protein isolation from 

Orange A Dyematres reveded the protein to esist as a tetramer, with a molecular weight 

=200 D a ,  an observation in agreement with that previously recorded (47). Furthermore, the 

tetrameric organisation of rlucD did not appear to involve inter-subunit disulphide bridges 

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



cornponent of molecular irveighc 4 0  D a ,  corresponding to that o f  the monomer. Storage of 

rIucD, either at 4 T  OC -80<'C, under conditions chat minimise its denaturation (potassium 

phosphate, pH 7.0, ionic screngrh -0.25) has been Found co be accompanied by a 

progressive loss in its monoosygenase acuviry. This phenomenon could be reversed with 

complete restoraüon of monoos-genase function by treatment with thiol reagents such as 

DTT (210 mM), indicaüng parücipaüon of the protein's cysteine residues in the fo rmkon 

of  disulphide bridges during its storage. In order to assess whether these disulphide bridges 

occurred within the tetramer (intra-tetramer) or benveen teuamers (inter-tetramer) of rIucD, 

the rnolecuIar weight of the pratcin \vas monitored by c h r o r n a ~ o ~ p h y  on Superdes 200 

matris at V ~ ~ O U S  in tends  subsequent to its isolauon. These studies have reir-ealed chat 

rIucD, immediately after isolation, is espected to esist predominantly as a tetramer (Figure 

711). During storage, this form of the protein disappears with the concomitant appearance 

of species wirh molecular weighcs > 200 D a  (Figure 7B). Treatment of such protein 

preparaüons with DTT resulcs in the restoration of the inicial tetrameric state (Figures 7C 

and 7D), indicating a rupture of inter-tetrameric disulphide bridges by the thiol reagent. As 

noted above, D?T treaunent is also accompanied b -  restoration of the monoosygenase 

function of  the protein. Howevcr, it is not possible to artribute the regeneration of 

enzymatic acuvity soIel\r to the rupture of inter-teuarner disulphide bridges, since similar 

linkages occurring either wichin o r  benveen the monomenc subunits contribuüng to the 

tetrarneric structure of  the protein are also prone to reduction by the thiol reagents. 

4.1.2 Studies with substrate analoes and other com~ounds  

rIucD has been shown to be strïngencly specific, with only L-lysine and (S) 2- 

aminoethyl-L-cystejne senring as hj~drosylatable subsuates (47,99). Among the various lysine 

analogs studied, L-a-N-methyl-lysine \vas found to be a poor subscnte (approsimately 20% 



Figure 7: Chromatography of ducD on Superdex 200 

The conversion of the tetrarneric form of  riucD to polytetrarneric species and the 
reversal OF rhis process by D'IT was monitored by chromatography of the sarnples 
on  a 10 mm s 30 cm Superden 200 column with 100 mM potassium phosphate, pH 
7.0 serving both as equilibration and eluuon medium- Prior to chromatography of 
rIucD samples, calibrauon was achieved bu the detemination of the retention times 
o f  molecular weight standards as foIlows: Cytochrome c (1 2.4 m a ) ,  17.6 min; 
carbonic anhydrase (30 m a ) ,  16.5 min; albumin (67 kDa), 24.1 min; alcohoI 
dehydrogenase (128 D a ) ,  12.8 min; and p-amylase (200 D a ) ,  12.2 min. ünder these 
conditions, freshly prepared r1ucD was found to have a retenuon time o f  12.4 min. 

Esperïmen td conditions: protein concentrauon as shown; eIuant, 2 00 mh.1 potassium 
phosphate, pH 7.0; flow rate, 1 rnL/min; chart speed, 0.4 cm/min. 

A. rIucD immediately afcer isolation frorn chromatography on Orange A Dye 
matris (46); 50 pL (8 pg) of sample \vas injected 

B. rIucD sample from storage at -WC, allowed to thaw at 4OC for 24 hours (Free of 
NaCl and DIT); 25 PL (34 pg) O €  sample was injected 

C. ducD, same 3s in B but for treatment ~vith D'TT (10 mbl) for 75 minutes; 25 ~LL 
of sample was injected 

D. rIucD, same as in B but for treaunent with D T ï  (50 mlM) for 1S0 minutes; 25 
jiL of sample was injected. 

Species emerging at 12.4 min represents the rIucD tetramer; species emerging at 

times d2.4 min refiect the polyteuameric Form(s) of rlucD; and the species 
emerging at times >12.4 min represent buffer ions and/or DTT. 
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as eEfecuve as L-lysine) while ~ran.~4,5-dehydro-L-l).sine \vas devoid of this function. L- 

nodeucine and L-methionine were found to inhibit lysine:N6-hydrosvlaÜon mediated by 

rIucD (99). in the current investigations, the abili- of- hitherto untested lysine analogs to 

sen-e as either substrates o r  inhibitors o f  rIucD \vas esplored. The compounds included 

were: L-P-lysine, DL-Nr-4.5-dehvdrolysine, L-rncrhionine, DL-crifluorornethionine, DL-S- 

methylmethionine, DL-methionine phosphinate, DL-methionine phosphonate, L- 

methionine sulfoside, L-norleucine, dimedone, and n>-A-4-tetrahydrophthdirnide- Structures 

are shown in Figure 8. The hs t  n v o  compounds, alrhough not subsccite analogs were 

included to determine if a protein-sulfcnic acid intermediate played a role in the enzyme's 

cardyuc Çiincuon bv red-os regulation ( 1  00). The abiliry o f  these nrro compounds to trap 

sulfenic acid(s) has been documcnted (1 01,102). 

L-p-Lysine Çailed to sen-e either as a substrate o r  as an inhibitor of rlucD. O n  the 

othcr hand, rir-4,S-dehydrol-sine wns found to be n substrate, nlthough only 20V0 as effecuve 

as L-lysine. As rcported eartier (99). both L-norleucine and L-methionine sen-ed as inhibiton 

of  r1ucD1s monoosygenase activin. Further srudies indicared L-norleucine to luncuon as a 

competitiïe inhibitor (Figure 9) with a K, value ~Tapproximately 340 phi. None of the other 

methionine analogs eshibired inhibirory action on r1ucD1s monoosygenase Çuncuon. \mile  

k-A-4-tetiahydrophthalimide Failed to inhibit rlucD, dimedone appeared to esert an adverse 

effect. Total inhibition of t ~ r s i n e : ~ ~ h ~ d r o x y l a s e  acuvity \vas noted by inclusion of dimedone 

(1 mhI) in the assay. Furcher in\-estigation of this phenornenon reveded dimedone to have no 

effect when rlucD1s monoosygenase activity was assessed by monitoring osidation of  

NADPH coupled to N"-hydrosylation of lysine. Furthermore, dimedone was found to 

interfere in the quantirative determinauon of both KHZOH and Nf'-hydrosylysine. 



Figure 8: Structures of L-lysine analogs and other compounds 
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Figure 9: Influence of L-norleucine on AucD mediated N6-hydroxylation of L- 
lysine, Double reciprocai plot of the data. 





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

None 1 O0 O 
B-Iysine 100 O 
ci-4,5-dehvdrolysine 102 21 
L-norleucine 5 2 (1 8) O 
L-methionine" 56 (16) O 
DL-tri fluoromethionine" (78) O 
L-methionine sut foside 97 O 
DL-norleucine phosphonate 1 08 O 
DL-methionine phosphonate 96 O 
DL-methionine phosphinate 98 O 
DL-S-methyhethionine 1 O0 O 
Difluorornethionine 100 O 
5-A-4-tetrahydroph thdate 1 O0 O 
dimedonec O O 

Typical assay, in a final volume of 5 mL, consisted of: L-lysine (1 mili), 
potassium phosphate (1 00 mk1, pH TB), FMI (30pl~î), DTT (2 mRi), NADP+ 
(80 PM), G-6-P (2.5 mR.I), G-6-P dehydrogenase (1 -25 units) and rIucD (100 
nhQ. The  incubation penod \vas 15 minutes ac 37°C and the amount oFN6- 
hydrosylysine was deterrnined as described in Merhods. The compounds were 
included at a final concentration of 1 rrill,I. In instances where rIucDts activity 
was also assessed by monitoring NADPH osidauon, G-6-P, G-6-P 
dehydrogenase and NADP' were ornitted and NADPH (200 \vas included. 

b LTalues obtained at 5 mhI concenuauon ofeffector in the assay shown in 
parenthesis. 
Loss of activity due to dimedone forming an adduct with N"-hydrosylvsine and 
thus interfering in its quantitative determinauon (see test). 



The abiliw of  carbonyl compounds to interfere in che quantitative determination o f  

hvdrosylamine and its derivatives by the iodine osidation procedure has been documented 

(89). The results are summarised in Table 4. 

4.1 -3 Influence OC L-norleucine and L-methionine on NADPH osidation in the absence of  

L-IL-sine 

Since L-norleucinc and L-methionine inhibit rIucD mediated  lysine:^"-hydrosylaü~n 

their influence on the protein's inherent abilin to promote FAD-dependent NADPH 

osidation \vas esamined, As shown in Table 5 both L-norleucine and L-methionine inhibit 

NADPH osidaùon that occurs in the absence of L-lysine. 

FinaIl-, the iniluence of L-norleucine on  the interaction beriveen AucD and its flavin 

cofactor \vas inrestigated. The dissociation constant, KI,, of the rIucDeFAD comples was 

determined both in the absence and in the presence of  L-lysine (5 mhi) or L-norleucine (5 

mkl). The ducDeFhD comples has been shown ïo be charactensed bu a Ki, value =16 kk1 

(101) and this value is only marginally affected by the presence of L-lysine ccI, ~ 1 7 . 8  Nl). In 

contrasc, the K,, d u c  for the cornples in the presence of L-norleucinr is approsimatel~ 4.6 

phi, indicaung that the analog promoted a relauvely strongcr interaction beween rIucD and 

its flavin cofactor. This was further confirmed by the CoUowing observation. 

Chromatography of a misture ofrIucD (10 piM) and FAD (200 pil) on a 20 s 1 cm column 

of BioGel P4 (200-400 mesh) (equilibraüon and eluuon buffer \vas 200 mM potassium 

phosphate, pH 7.0) resulted in a clear separauon of  rhe nvo components wich the protein 

emerging free of the flavin cofactor. When a similar esperiment was perforrned in the 

presence of L-norleucine (in both the equilibration and elution buffers) the protein 

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



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

Compound Acuvi tv ( O h )  

h n.picd assay in a final volume of 1 mL comprised: NADPH (200 PM), FAD (30 
phr), DTT (2 mhr), rIucD (2 and potassium phosphate (100 mM, pH 7.0). The 
reaction was monitored by recording the decrease in absorbance at 340 nm. The 
comporind(s) when included are used at the final concentrations indicated. 



to approximately 0.3 mole per mole of  rfucD. Thus L-norleucine would appear to enhance 

the protein's affinity for the flavin cofactor. 

4.2 Studies with S-carboxvmethvl-ducD 

Treaunent of rIucD with thiol modif>.ing agents such as DTNB o r  ICH,COO has 

been found to be accompanied by a loss of its monoosyçenase funcuon. In sharp contrnst, 

replacement of its CysS1 and Cys158 residues, identified as the targets OF alkylation by 

ICH,COO , has no such adverse effect (59). These apparently incongruous findings 

prompted further smdies so as ro establish rhe basis for the loss of  ducD's abilicy to effect 

N-hïdrosvlation of  L-lvsine upon chernical modification of its rliiol Çunctions. 

Consequentlj- the protein \vas converted ro irs S-carbosymethyl derirxive by alkylation with 

ICH,COO' (58). 

Initial efforts pertained to chrornatography of  the S-carbox!-me cl^!.!-rlucD on 

Superdes 200. This study revealed S-carbosyrnethyl-rIucD to occur as a tetramer similar to 

the parent protein. Purthermorc, the DSC profile of S-carbosymethyl-rlucD would appenr 

ro be very similar to rhac of the parenr protein (Figure 10). The abo\-e obscnacions 

demonstrate that chernical modification of  riucD is noc accompanied b ~ .  major aberrations 

in its structural organisation. 

Furthermore, its afinity For :he flavin cofactor was not adversely affected as 

indicated by its ability to mediate the reduction of  esogenous electron acceptors, such as 

DPIP. FAD has been shown to be an obligatoq- participant in the electron trans fer 

processes catalysed by rlucD and its S-carbosymethyl derivative (55). rIucD has been noted 

to rapidly lose its abili- to accommodate FAD in the elecuon transfer processes in the 

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



Figure 10: DSC profdes for ducD and S-carboxymethyl ducD 

rIucD and S-cnrbosymethyl-rlucD (=1 mg/mL) in potassium phosphate (200 mhl, 
pH 7.0) containing DTT (1 mM) was hrated at a rate o t  1 I</rnin. 
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protein's thiol functions by DPIP, resulüng in a loss of its catalytic acaviy. In contrasr, S- 

carboxymethyl-rIucD, by virtue of its inability to undergo covdent interaction with DPIP, 

has been found to accommodate F14D in its diaphorase function (58). These reactions are 

ilIustrated in Schemes 4 and 5, I n e n  cytochrome c, which cannot enter into such c o d e n t  

interaction, was used as an electron acceptor, both rIucD and its S-carbosymethyl derivative 

were found to be as effective in diaphorase activity. These results are shown in Figure 1 1.  

4.3 Phvsico-chernical characterisation of ducD muteins 

4.3.1 IsoIation and purification 

The individual replacement of Cys31, Cys146 and Cys166 of rIucD with alanine \ a s  

achieved by effecting appropriate site directed mutagenesis of iz/cD present in pATS (sec 

procedures outlined on pp. 34-35). pAT5 harbouring the iz~D gene variant encoding for 

C31A-rIucD senred as n template for the production of the protein with both Cys3l and 

Cys51 substimted with alanine. The incorporation of the desired murauon(s) was confirmed 

by the determination of the nucleotide sequence ofiucD and this approach also served as a 

means to vene the absence ofother mutauons in the gene. 

The plasmid preparations containing the iucD or  its variants were used to transform 

E. coh DH5a (or in some instances E. coli B U 1  (DE3)j and the cultures (1 -5L) were used for 

the production of rIucD or irs mutein(s). Cultures espressing catalyticallg functional IucD 

have been noted to accumulate Nb-hidrosilysine in the me9ium and this feature provided a 

prel iminq diagnostic means of assessing the effect of mutation(s) in ~MD. After 16-24 

hours of growth, the cells were collected by centrifugation (6000 s g) for 15 minutes. The 

supernatant, prior to being discarded, was tested For the presence of N'-hflrosol.sine bg the 

iodine oxidation procedure (89). Such an andysis revealed that cultures expressing C3l A-, 

C146A-, Cl GbA-, and C3l A/C5 1A-rIucD to be capable of producing ~ ~ - h ~ d r o s ~ l ~ s i n e ,  



Scheme 4: Mechanism for NADPH-dependent reduction of exogenous DPIP by 
covalent AucD-DPIP cornplex (103) 

DPIP reductnse activinf that occurs in the absence of FXD @. 50). 

1. First osidauve addition. 
2. Elecuon uansfer to free DPIP. 
3. Second osidauve addition. 
4. Inabilitv to bind FXD- 

DPIP = 0 



NADPH + H+ NADP+ 



Scheme 5: Mechanism for NADPH-dependent reduction of exogenous DPIP by 
noncovalent cornplex of AucD and DPIP (103) 

Diaphorase activicy (p. 50). 





Figure 1 1 : Cy tochrome c reduction catalysed by ducD and its S-carboxymeihyl 
de riva tive 

A typical reaction mixture in a final volume of 1 mL consisred of: potassium 
phosphate (100 mhl, pH 7.0). NADPH (200 phl), FAD (40 /.LAI), Cyt c (100 wif) 
and rlucD or irs S-carbosymethyl derivaci\-e (0.9 phi). The reacrion was monirored 
by following the increase in absocbance at 550 nm. 

1 .  riucD 
2. S-carbosymethyl d u c D  
3. 2. + L-lysine (1 mhi) 
4. 1. + L-lvsine (1 mhi) or SOD (20 pg) 
5. Blank (no enzyme) 

These observations suggest that modificaüon o f  rlucD1s cysteinc residues by 
ICH,COO does not affect its binding of  cofactors, NADPH and FAD. Hence, the 
loss oimonoosygenase ac&-ity may anse dur  ro consrraints imposed on the binding 
of the subscrate. 



Time (min) 



indicating chat the protein's monoosygenase acüvity was not adversely affected by the above 

amino acid replacements. 

The isolation and purification of rlucD or its muteins was accomplished by the 

procedures described earlier @p. 36-37). Following recovet-y from Orange h Dvematrex, the 

prorein was rendered free of CI- ions by membrane filtration (Amicon Cenrriprep) followed 

by dialysis aginst  potassium phosphate (200 mh4, pH 7.0). As noted earlier, this procedure 

dso served as a means for obtaining concenuated protein preparauons. 

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

4.3.2 Cvsteine content of ducD mureins 

As noted earlier, the analysis of the nucleoude sequence oCiricD variants encoding 

€or the AucD muteins sen-ed to confirm the incorporation of rhe desired eschange of the 

nucleoùdes in the gene. However, in order to unequivocdly demonstrate the replacement of 

cysteine residue(s) with alanine(s), the detemination of the total number of such residues 

present in the various rIucD muteins mas undenaken. This was accomplished by the reacùon 

of the protein wirh DTNB (500 p l Q  in potassium phosphate (200 mhl, pH 8.0  conraining 

guanidine hydrochloride (4.0 RI). The increase in absorbance at 412 nm was recorded and 

the number of cysteine residues present in the protein was esümated using an E,, value of 

14 1 50 ~ - ' c r n - '  for the 2-nitro-5-thiocyanobenzoate (93). Since FI ucD contains five cys reine 

residues, its variants with single cysteine replacements should be characterised by the 

presence of one less hi01 function. As shown in Table 6 ,  C31h-, Cl46A-, and ClG6h-rIucD 

preparations show the presence of approsimately 4 moles of cysteine residues per mole of 

protein and in the case ofC31A/CSlh-rIucD the observed value is 3 moles of cysreines per 

mole of protein. Thus, rhe data recorded in Table 6 would appear to be in conformi- with 

those especred on the basis of Cys-+Ala replacemenrs in rIucD. 



From !eft + right 

Lane 1, molecular weight standards: phosphoqlase b ('97.4 Wa), serum albumin 
(66.2 kDa), ovalbumin (45 D a ) ,  carbonic anhydrase (31 ma), tqpsin inhibitor (21.5 
ma), and lysozyme (14.4 kDa); lane 2, rlucD; Iane 3, C3lA-rIucD; Iane 4, CSlA- 
rIucD; Iane 5, C146A-rIucD; lane 6 ,  Cl58A-ducD; lane 7, ClGGA-rtucD; lane 8, 
C3lA/C51A-ducD; and lane 9, CSlA/C158A-riucD. (200 pmoleç of each protcin) 





Table 6: Total number of cysteine residues in AucD and its muteins 

Protein Number o Ç  Cysteine Residues" 

rIucD 
C3lA-rIucD 
Cl 4GA-rIucD 
C l  66A-rIucD 

C3 1 A/CS 1A-ducD 
C5 1 A-C 1 G6A-r1 ucD 

J e  protein (2-5 was treated with DTNB (500 WI) in potassium phosphate 
(200 mhl, pH 8.0) containing guanidine hydrochloride (4 ho. Ail,,, w-as used to 
calculate the number ofcysteine residues (see cest). The values in parentheses 
indicate the probable number of cysteine residues per mole of protein. 

The values shou-n represent the average of determinations done in duplicate. 



4-33 Reactiviry o f  cvsteine residues in the natïx-e conformauon of the  rotei in 

Similar reacuon of the protein with DTKB under identical conditions except for the 

omission o f  guanidine hydrochlotide provided an estimate o f  the thiol Çunction(s) accessible 

to modification in the native conformation o f  the protein. For the sake o f  clarity in 

presentation as a-el1 as for the purpose of cornparison, the resiilts of similar studies recorded 

earlier (59) with rlucD, C5 1 A-rlucD, C l  58A-rIucD, and C5 1 h/C158A-rIucD are presented 

in Figure 13- 

In the current in\restigntions, C3lA-rlucD behavcs similarly to r1ucD by showing the 

presence o f  three thiol functions capable of  undergoing modification wich DTNB, the 

reacuon wirh rwo thiols being "fast" and char o f  the third being "slow". And the siniation in 

che case o f  C3lh/C3lA-rIucD is simiiar to that 0 K 5 1  A-rlucD in that it has one "fast " and 

one "slow" rencting thiol funcuon, indicating that Cys31 does not contribute to the second 

"fast" reacung thiol group in riucD. In the case of  Cl66A-rIucD, which su11 has Cys158 (rhe 

residue shou-n to be the "slow" reacung thiol funcuon in rlucD) intact, DTNB utration 

indicates the presencc of nvo "fast" reacting esreine residues. Finallv, rhe replacement of  

Cys146 wirh alanine results in profound conformational changes in rlucD, rendering al1 o f  

its cysteine rcsidues accessible ro moditicauon by DTNB. O f  the four cysteine residues 

presenr in the protein, three are "fast" in their reacuon mich DTNB, whiie the Fourth is 

"slow" to undergo such modification. AI1 of  chese resulrs are shown in Figure 14 and 

summarised in Table 7. 

4.3.4 Thermal stabilin. 

The effect of Cys-+Ala replacements o n  the structural integrity o f  rIucD was 

assessed by monitoring the change in its thermal stabiliv. Accordinglv, DSC profiles o f  

AucD and its \-ariants (developed in the currenc smdy as well as those obuined earlier) were 



Figure 13: Accessibility of cysteine residues of AucD and its muteins to 
modification by DTNB 
Redrawn based on data Çrom Xlarrone, L. and Viswanatha, T. (1997) Biochlnl 
B i o p b ~  Acta 1343, 363-277. 

The desired protein preparauon in 1 mL o f  potassium phosphate (200 mM, pH 8.0) 
was treated with an aliquot (100 PL) o f  DTNB (5 mhl) and the progress of the 
reacuon was monitored at 4 12 nm. Afrer correction for the sponrnneous hydrolysis 
of che reagenent, A h  values nt  4 12 nm n t  L-arious intemals of the reacuon were used to 

determine the number of tliiol group(s) modified per monomer o f  the protein. 





Figure 14: Accessibiliq of cysteine residues of rIucD muteins to modification by 
DTNB 

The prorein (2-5 phl) in potassium phosphate (200 mhl, pH 8.0) \vas treated with 
DTNB (500 phf). The incrense in absorbante at 412 nm was recorded. The number 
of cysteine residues modified was calculared using an E,, value of 14150 i\llcrn-'. 





Table 7: Number of cysteine residues susceptible to modification by DTNB in 
the native conformation of rIucD and its muteins 

Protein Number of  Cysteine Residues Accessible to 
h.Iodificaüon in the Native State " 

Fast Slow 

1 

" Estimated from Figures 1 3 and 14. 
The esperimental conditions are those descnbed in the legends to Figures 13 Kr 14. 
Fast, reaction Ume 5 20 sec; slow, reacuon urne 2 150 sec. 



recorded and these are shown in Figures 15 A-H. As shown in Figure 1 SA, rIucD is 

characterïsed by a Th, value o f  324.5 K. Although, at fint glance, the DSC profiles of rIucD 

and its muteins appeared to be similar, single cysteine replacements other than chat oCCys5l 

resulted in a lowering of the Tkl value with such decreasc being maximum (2.4 h3 in the case 

of Cl  GGA-rIucD (Table 8). In the case of C 1421-rIucD and CI 66A-rlucf), the transition 

Erom the native to the denamred state is not smooth as indicated by the tailing in their DSC 

profiles. This feamre 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 chat the yield of the protein in cultures espressing 

Cl46A-rIucD, Cl5SA-riucD and Cl GGA-rIucD is low relaave to that in the one producing 

unmodified rIucD, although growth conditions were idenucal in ail instances. This finding 

may be a reflection of these rIucD muteins being more susceptible to denaturauon 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 T,, (325.5 I q  

compared to the value of 324.3 K for unmodified rlucD. This enhanced thermal stabiliq is 

also retlected in the protein being more stable and eshibiting approsirnarely 40°/o increase in 

specific activity (with respect co monoosygenase Çuncuon) when compared to the parent 

protein. Introduction of a second qsteine replacement in C51A-rIucD results in a lomenng 

of the Th, value. 

4.3.5 Reaction with DPIP 

In addition to its being capable of serving as a termi-nal electron accepter, DPIP can 

also function as a thiol modi@ing agent by virrue ofits ability to participate in osidative 

addition reaction(s) with mercaptans (60-62). Hence, the preparauons of rIucD and its 

variants have to be rendered free of estraneous thiols (prïmarily DTT') prior to their use in 



Figure 15 A-D: DSC profües of ducDy C3îA-, CS1A-, and C14GA-ducD 

riucD, C31A-, C31A-, and C14Gh-rIucD (=l mg/mL) in potassium phosphate (200 
mM, pH 7.0) containing DTT (1 mM) was heated at a rate of 1 I</min. 



Tctmpcrarure (K) Temprrarurr (K) 

-1; l l f n  \ - 325.7 h 



Fi'pre 115 E-H: DSC profies of C158A-, C166A-, C31A/C51A-, and 
CSIA/C158A-ducD 

Cl %A-, Cl 66h-, C31A/CSl A-, and C5l A/Cl SA-r lucD (zl  mg/mL) in potassium 
phosphate (200 mA1, pH 7.0) containing D ï T  (1 mhf) was heated at a rate of 1 
I</rnin. 



Tempera t u r c  (K) 



Table 8: Summary of T,, values for ducD and its muteins 

Protein T ( 1  AT,, (19 

Values taken from Figure 15 A-M. 



esperiments \.th DPIP. This was accomplished by chrornatogrnphy o f  the protein 

preparations o n  a 20 s 1 cm BioGel P4 (200-400 rnesh) column with potassium phosphate 

(200 mM, pH 7-0) sen~ing both as equilibrauon and elution medium- 

In these invesugauons, attention \vas focused on the following tsvo aspects: (i) the 

assessrnent o f  the number ofcysteine residues of  the protcin involved in the osidatil-e 

addition reaction with DPIP; and (ii) the ability o f  the covalent DPIP conjugate of the 

protein to bind FAD, the coÇactor essential for its catdyuc function(s). 

The firsï o f  these objectives was achieved by recording the decrease in absorbance at 

600 nm for 10 minutes after initiau'ng the reaction bemeen the desired protein preparation 

and DPIP (see pp. 48-49 for details). Osidative addition of thiol(s) (Scheme 4) urould lead to 

conversion o f  the quininoid structure of  DPIP to its leuco form as indicated by the 

diminution in absorbance at 600 nm, The  magnitude of the decrcase is proportional to the 

number of cysteine residue(s) participating in the osidative addition process. The data 

presented in Table 9 show the number o f  cysreine residues of AucD o r  its muceins involved 

in the conjugauon reacuon with DPIP- In the case oÇrIucD and Cl  58A-rIucD, two cysreine 

residues would appear to be involved in conjugauon with the dye and these rcsults arc in 

agreement with those recorded previously (59). C3lA-rIucD mimicked rIucD and C15SA- 

rIucD in chat its interaction with DPIP ais0 involved nvo thiol Çuncuons. As nored bcfore 

(559, the interaction of DPIP with CSlA-rIucD invohed just one cysteine residue and the 

same situation prevaïled For C j l  AIC51.A-rIucD. These observations suggest thac Cys5 1 in 

d u c D  contributes to one of the nrro thiol groups participating in the osidative addition 

reaction with DPIP,  and a cysteine residue other than Cvs31 in rIucD provides the second 

thiol group for conjugauon with the dve. In the case of C166h-rIucD, approsimately two 

thiol Euncuons were involved in the conjugauon process with DPIP. Finally, replacement of 



Table 9: Number of cysteine residues involved in the oxidative addition 
reaction with DPIP 

Number o f  Cysteine Number of DPIP 
Protein Residues Involved in motecules lnvoIved in 

Con jugation" Con ju,~;iüon 

" After initiating the reacuon benveen the protein and DPIP, the decrense in A,., 
was recorded until there was n o  further change and this \vas reached after 6-8 
minutes. Since each osidative addition o f a  dùoi group to DPIP results in the 
diminution in the absorbance at 600 nm, the magnitude of the decrease is 
proportional to the number of q-steine residues involved in the conjugation wirh 
the dye. The number was calculated from the decrease in absorbance using an &,, 
value of 1 s 1 O-4 hf 'cm-'- 

The values in parentheses represenr probable numbers of cysteine residues involved 
in conjugation with DPIP. 



Cys146 of rIucD with alanine resulted in rendering three of its cysteine residues amenable to 

interaction with the dye- 

The second aspect of this smdy concerned the ability of  DPIP-protein conjugates to 

accommodate the flavin cofactor (Fm) in their catalycic function. T o  this end, nvo identical 

assay mixtures were prepared, both containing the desired protein (rIucD or its mutein) and 

DPIP. The reacüon benveen the dye and the protein \vas allowed to proceed for 1 minute, in 

the first mixture, and 15 minutes in the second mismre. The first sample sen-ed to 

approsimate conditions at the initiation of the reaction, while the second sampie represented 

the situation that prevails subsequent to the protein's conjugation with DPIP. The abiliv of 

each of  these samples to promote NADPH-dependent reducuon of  the esogenous dye was 

recorded both in the absence as met1 as in the presence of FAD (see pp. 49-50 for details). 

These are designated h (absence of FAD) and B (presence of F m )  in Fiwre 16. The 

obsen.ations recorded in the presence of  FhD (secsion B, Figure 16) reflect the abiliv of the 

DPIP-protein conjugate to accommodate FAD in the catalyüc mechanism. The results 

obtained are shown in Figure 1 G  and would appear to fall into three categones: (i) proteins 

which are unable to interact with the Llavin cofactor subsequent to their covalent 

conjugation with DPIP. In these cases, the enhancement in the role of elecuon uansfer 

process due to the presence of F m  can be observed in the protein sample pre-treated with 

DPIP for 1 minute, but nor after 15 minutes of such treatment. Thus, the protein appears to 

lose its ability to bind FAD subsequent to its covnlent modificauon by DPIP (55). This type 

of phenornenon was observed in the case of rIucD, C31A-rIucD, C158A-rIucD and C166A- 

rIucD (Figure 163; (iï) rIucD mureins capable of accornmodating FAD despite their 

covalent conjugation with DPIP. With these proteins, the ability o f  FAD to promote the 

elecuon transfer process is not affected by their pnor incubation with the dye. C5lA-rIucD, 



Figure 16: Ability of ducD-DPIP conjugates to promote FAD-dependent 
reduction of exogenous dye 

In a typical esperimenr, -1-0 samples oErIucD (3 pihQ in potassium phosphate (200 
mM, pH 7.0) were prepared. Reacuon with DPLP (IO0 ph0 \vas allowed to proceed 

for 1 minute (O-.) in one  and for 15 minutes (0-0) in the other. W'ith NADPH 
senring as the elecrron donor, the abiiïq of  each of these samples to promote 
reducuon of the esogenous dye boch in the absence (A) and the presence (B) of  
FAD \vas csamined. 

a) observations noted in the case of rIucD, C31A-, C158A-, and ClG6A-ducD 
preparauons 

b) obsen.aùons recorded with C5 1 A-, CSlA/Cl5srl-, and C31AIC51A-ducD 
c)  C l  4GA-rIucD 

Data shown are qpical o f  results obtained in esperiments performed in triplicate. 
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C31 A/C5 1A-AucD and CS 2A/C158A-rIucD exhibited this phenornenon (Figure 16b); and 

finally (iiî) a case where FhD had no effect on rhe elccrron uansfer process regardiess o f  the 

period of rhe prorein's prior esposure to rhe dye. This situation was observed in the case of  

CI46h-rIucD. The reacüon o f  this prorein with DPIP would appear to be estremely rapid 

such as to instantaneousl\- abolish ics abilin. to interact u-ith FAD (Figure 1Gc). 

4.3.6 IGneuc Daramerers 

The effecr of Cys+Ala replacements in rIucD on the K,, d u e s  and the catalyuc 

efficiency, k,,,, mere esamined using its subsrrate, L-lysine, and FAD, one of its cofacrors. 

The dissociation constant, K,,, For the rIucDmFAD complcs has been shown to be 

approsimatcly 16 ph1 (cited on p. 60). In the curent  invesug;iuons, attention \vas focused 

towards K,, rather chan KI, based on the following consideraüons. K,, is a dissociation 

constant of the enzyme.F.AD cornples and in view of the absence of rhe other obligatoy 

participants (NADPH, the other cofacror, and the substrare L-lysine) in rhe catalyuc 

mechnnism of the prorein, its significance is difficulr to hthorn. In contrasr, the K,,' value, 

which is n composire of dissociation constants of  the cornpleses of rhc enzyme LI-ich various 

forms of the flarin cofactor (FAD, FADH, FADOOH, and FADOH) that occur in the 

catalytic cycle of the protein, would appear to be an appropriate parameter to consider. 

The rare of L-lysine-dependent osidauon of NADPH was monirored over a n n g e  of  

concentration (0-50 phl) of FAD with the concenrraüons of  NADPH (200 PM) and L- 

lysine (1 mhl) maintained constant (see pp. 45-46 for derds). Appropriate correction was 

made for the process of NADPH osidation in the absence o f  L-lysine. The dara pro\-ided 

the basis for the evaluaüon o f  the K,, values for FAD. The K,, values for FAD observed in 

the case of  AucD and its muteins are given in TabIe 10. 



Table 10: Kinetic parameters of AucD and its muteins 

Protein KN (PW kcat " (sec-') 
FAD L-lvsine 

A cypical assay misturc, in a 1 mL volume, consisted of  rlucD (2 wiQ in potassium 
phosphate (200 mhl, pH 7.0): with DTT (1 rnhi). The concentrations OFNADPH 
(200 pl1) and L-lysine (1 mh4) were maintained constant while that of the flavin 
cofactor was varied ovcr the range of 0-50 @il in esperiments designed to determine 
I<,, of the flavin cofactor. 
For the determination of the K,, for L-lvsine, the concentrations of NADPH (200 
mM) and FAD (30 ph1 for al1 escept C31AlC51A rlucD which was 60 pM) were 
held constant while the L-Iysine concentration was varied over 0-10 mïI. 
" Since high concentrations of FAD (2 80 phi-), NADPH (2 200 @Q and L-lysine 

(2 mh3) inhibit L-l>.sine monoosygenase acuviy, k,,, values were esumaced from 
data recorded in the esperirnencs designed to derermine che II;,, value for FAD. 



An examination of the data indicates thar single Cys+Ala replacement in rIucD led 

to a slight lowvering o f  K,, For FAD, with the masimum of  such dccrease noted in rhe case of  

C5lA-ducD (KA, value o f  ~ 1 . 6  ph[ compared to a value o f  =3.3 pA.1 for unmodified rIucD). 

A nvo-fold increase in the I<,, was noted in the case o f  C3 1 A/C5 1 A-rIucD. 

For the determination o f  Kkl values for L-lysine, irs  concentration was varied over 

the range of O-IO miil while rnaintaining concenrration o f  NXDPH (200 constant and 

that o f  F m  at 10 s K,, for rIucD and its muteins (30-60 plh;I). The initial rate of  NADPH 

oxidation at each concentration o f  L-lysine was recorded and corrected for the spontaneous 

process occurring in the absence of  substmte. Plots o f  w-elociry versus substrate 

concentration of  the data and analysis usinç rhe program GraFit pro\-ided the basis for the 

assessrnent of the K,, values. The  rcsults are prescnted in Table 10. 

An esamination o f  the data indicated that single C!-s+Ala rep!acernent in AucD to 

have no  significant effect o n  its IC,, value for L-lysine. In the case of protcins wirh nïo 

C y s j A I a  substitutions, modest increnses (less than nvo-fold) in the K,, values \ras nored. 

Finaiiy, the kc,, values were calculatcd from the data in the studies for the detrrminaüon o f  

I<,, for Fm. The results are shown in Table 10. 

As noted before, rIucD and its muteins catalyse NADPH osidation in the 

absence of  hydroylatable substrate, resulcing in the production o f  HZOL. The estent of such 

a process occurring under conditions of hydrosylaüon o f  L-lysine was assessed by 

quantitative estimation o f  H,O, produced during the period. Thus, a t pic al assay in a 

volume of  5 mL contained: potassium phosphate (200 mhl, pH 7.0), FAD (40 PM), L-lysine 

(1 mM), NADP+ (160 plvr), G-6-P (800 NI) and G-6-P dehydrogenase (1.25 units). AÇter 

incubation at 37'C for 15  minures, an aliqiiot (1.5 mL) was uscd for H202 derermination and 



Table 1 1 : Production of N6-hydroxylysine and H,O, by ducD and its muteins 

- . - - - - -. 

Pro tein ~ ~ - h ~ d r o s ~ l ~ s i n e  H20z Total NADPH Consumed 
(nmoles) (nrnoks) (nmoles) 

Assay mixture, 5 mL volume, was incubated nt 37°C For 15 min. An aliquor ( 1  3 mL) 
was used for H,O, estimation (91) and the remainder for determination of N"- 
hydrosylysine (89). 

the values shown represent the amount (converted to the nearest \vhole number) 
in the initial volume (5 mL) of the assay. 



the remainder (3.5 rnL) used for the determination of N6-hydrosylysine. The results obtaïned 

are shown in Table 11. In the case OF riucD, H20z production during conditions of 

hydrosylation of the substrate constitures approsimately 22% of che NADPH consumed 

during the period. Whether this is a reflection of the degree of uncoupling benveen the 

processes of NADPH oxidation and IYsine:N0-hJrdrosylauon will be addressed Iarer. The 

effects of Cys-thIa replacement in rIucD were as follows. Single Cys+Ala substitution in 

AucD was found to have no si,@ftcant effect on the estent of H,O, produced under 

hydrosylating condiuons. A slight enhancement in the amount of H,O, produced was noted 

when nvo cysteine residues were replaced wirh alanine. Escept for Cysl46+hla 

substitution, single cysteine replacements in rlucD had no appreciable effecc on its 

monoosygenase activitv. The Cys l4G+Ala change in rlucD was accompanied by 

approsimarely 40% decrease in its N-hydrosylase activity. Replacement of Cys3l and Cgs51 

with alanine resulted in an approsimately 30% increase in rlucD's monoosygenase activiy 

and this is also observed in the case of C5lAICI58A-rIucD. 

4.4 Interaction of rIucD with its l i~ands 

The conformational changes in rIucD accompanying its interaction with its Ligands 

were assessed by esamining the C D  spectra, DSC profiles of the protein, and its 

susceptibili~r to degradation by proreases. Neither the C D  spectra nor the DSC profile of 

rIucD was significantiy affected in the presence of io cofactors or substrate (Figures 17 & 

18). However, its susceptibiliry 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 AucD 

rIucD (5 p\f) in porassium phosphate (200 mhI, pH 7.0) was scanned at a rate of 

200 nm/min. Concentrations of' ligand when present were: FAD (200 @1\-1) and L- 
lysine (1 mhl), 





Figure 1 S: DSC profile of ducD 

r IucD (=t rng/mL) in potassium phosphate (200 mhl, pH 7.0) containing DTT (1 
mhl) n7as heated at a rare of 1 K/min. Concentrations of ligands when present: FAD 
(0.5 mXQ; ADP (1 rnhI); and L-lysine (5 mhl). 
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4.4.1 Suscewtibilin- to endowewudases 

Treatment of  rIucD with TPCK-trqxin (see pp. 39-41 for details) resulted in rapid 

degradation of the protein with concomitanr loss of  its monoosygenase acuvity. Similar 

studies performed in the presence of FAD (0.5 rnhf) revealed the absence OF such adverse 

action by the protease as indicated bv the total retention of rlucD's structural inregri? and 

cataiytic function. Further inuestigauons performed over a range of FAD concenuarions 

indicated chat a CO factor concentrntion of 200 piil  was adequate to protect rIucD from 

proteolyic degradation. Interestingly, ADP (1 mhl) was also Çound to shield rIucD from 

q p i c  digestion as indicated by the prescn-ation of  the protein's structural integrin and 

catd@c function. Of rhe other m-o obligaton- parucipants in rhc cî.tal!-tic process mcdiated 

by ducD, NADPH and L-lysine, the former \vas parually effective u-hile the latter (5mbi) 

was totally ineffectk-e in protecting the prorein from degradation by tr?psin. Thus, in the 

presence of NADPH (1 mhi), approsimately 50% ducD \ras degraded by the protease as 

indicated by SDS-PAGE analysis and rneasurernent o f  1-si ne:^"-h!.drosj?lase acuvity. These 

results are presented in Figure 19. 

In view of the parrial (=5O0/n) protection obsemed at 1 mhf concentrauon of 

NADPH, an esperiment was performed to determine the concentration o f  the cofactor 

capable o f  conferring rIucD total protection from degradation bv - tn-psin. - The cofactor 

concentration used in rhese studies ranged from 1 to 7 m M  Increases in the concentration 

o f  NADPH resulted in enhanced protection from degmdation by the protease, with the 

masimum value (=SOO/o) o f  I)rsine:Nc'-hvdros)lase activinr being retained at a CO factor 

concentration of 7 mR.1 (data not shown). Thus NADPH, elren at a concentration of  7 mhf 

was incapable OF providing rIucD total protection from degradauon by proteases. 



Fiyre 19: (A) SDS-PAGE profie of rfucD samples treated with TPCK-trypsin 

rIucD (14 PLI) was incubated (ZÇ'C, 12 min) u-ith TPCK-trvpsin (7 PLI) in the 
presence o f  cofacttors and substrate indicated. The reaction \vas stopped by the 
addiaon o f  SBTI (15 @l) prior to analysis. Lanes: 1. FAD (0.5 mAi); 2. XDP (1 .O 
mRii); 3. NADPH (1.0 mhi); 4. L-lysine (5 mh1);5. L-norleucinc (5 rni\I); 6. none; 7-  
control, tqrpsin added atier SBTi; 8. molecular weight standards espressrd in D a .  
(phosphoqlase b, 94; semm albumin, 67; ovalbumin, 43; carbonic anhvdrase, 30; 
q 'psin inhibitor, 20; and a-lactalbumin, 14) 

(B) Vertical bar graph representation of lysine:~l-hydroxlyase activity 
foiiowing treatment wïth TPCK-trypsin 

Lysine:N6-hydroslyase activin- \vas determined afrer addiüon OF SBTI as mentioned 
above in A. The vertical bars are matched to thek corresponding lanes in A\. 

Increase in NADPH concentration has been found to result in an enhanced 
protection from degradaion by the prorease, with masimum rdue (=SOU/n) being 
achieved at an NADPH concentration o f  7 m i 1  (data not sholvn). Studies with 
azocasein as substrate reveaied that none of  the cofactors cven at the hiyhest 
concentrauons, funcùon as inhibitors o f  the proteases- 





In the experimenrs with TLCK-chgmotqpsin and themolysin, the observations 

were similar to those recorded in the studies with TPCK-trypsin. Both FAD and ADP 

prevented rIucD degradauon by these proteases while NADPH and lysine were marginally 

effective and ineffective respectively. The protective eEect eserted by FAD and A D P  does 

not appear ro be due to their abiliry to function as inhibitors of the proteases since these 

compounds, as wel1 as NADPH (at the concenrrauons used in the study), have no adverse 

effect in esperiments with azocasein senring as a substrate. 

4-42 Reacaon with e s o ~ e ~ u d a s e s  

Treaunent of ducD n-ith esopeptidases CPDA and CPDB, either singly or  in 

combinauon, did not lead to loss in duciYs monoosygenase activity. Based on the specificiy 

of these enzymes, CPDB should be ineffective in releasing amino acid residues from the C- 

terminus of rIucD. In the case oÇCPDA, one could espect the release of three C-terminal 

residues (Figure 20). Treatment of rIucD with borh esopepudases can be espected to release 

only 8 C-terminal residues of the protein in view of their inability to cleave proline, and 

often the arnino acid residue that is preceded by proline. Since rhere was no  appreciable 

change either in size ( b y  SDS-PAGE) o r  catalyuc function of rIucD upon treatment wirh 

CPDA and CPDB, characterisauon of the tmncated form(s) of the protein was not pursued. 

The reacuon of rIucD with CPDY was nccompanied by a steady decline in lysine:Nf'- 

hydrosylase actïvity with approsimately 83% acuvity being lost after 80 minutes of  

incubation (Figure 21). At this stage of the reaction with CPDY, analyses revealed the relcase 

of the followïng C-terminal amino acids residues from rIucD (amounts relative to that of 

rhreonine in parentheses): Thr (1.00), Ser (1.20), GIy (1.80), Arg (0.91), Glu (0.25), Ile (0.80), 

Leu (0.96), Ala (l.lO), Pro (1.20), and other amino acid residues (5 0.2). Allowing for the loss 

of wptophan under strong acidic conditions and the low recoveq of glutamic acid, due to 



Figure 20: Extent of cleavage of ducD attainable by exopeptidases 

Amino acid sequence of rhe C-terminal segment cornprising residucs 407-425 of 
rIucD. Vertical arrows denote the estent of cleavage attainable by the esopepudases 
CPDA and CPDB, either individually or  in combination. A horizontal arrow 
represents rhe known estent of cleavage of rIucD using CPDY. hmino acid residues 
that have had cheir triplet codes replaced by a triplet encoding for termination are 
denoced in boid wich asterisks above. Thest  replacements resulted in the production 
of che following C-rerminal cnincared muteins: rlucD A8 (Leu41 Bter), rlucD A1 1 
(Pro41Ster), rIucD Ai4 (Leu422ter), and rIucD A17 (Leu409ter). 



CPDA + CPDB 

CPDA only 

4 CPDY 
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Figure 21: Effect of CPDY on lysine:fr16-hydroxylase activity of AucD 

ALICD (1 O NI) in 100 mhl potassium phosphate, pH 6-0 was created with CPDY (20 
pg) at  37°C. The concentration of other compounds, when included, were: FAD (0.5 
mhi) and ADP (1 .O mhf). Niquots taken at desired intervals were diluted (1 :1000) 
with 200 mhl potassium phosphate buffer, pH 7.0 to stop further degradation and 

used for the determinaùon o f  1-si ne:^"-hydrosylase acuviy, 0 -0 none; 0-0, con trol 

(no CPDY); +-• FAD o r  ADP. L-lysine (5 mhi) failed to protect From the adverse 
action of CPDY (data not shown). 
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its poor rerention by the cation eschange resin (in view of  the relatively high ionic strength 

o f  the CPDY reacuon medium), the above data would appear to be consistent wich the 

deletion o f  10-2 1 C-terminal amino acid residues from ducD. Interesüngly, both FAD (0.5 

mM) and hDP (ImXI) offered protection from such deleterious effects as indicated by total 

retention o f  rIucD's monooxygcnnse acuvin- evrn after prolonged esposure to CPDY, while 

NADPH and lysine were devoid of such beneficial action (Table 12). FinaIl!-, FAD and ADP 

were found to have no adverse effect o n  the ability of CPDY to mediate the hydrolysis of its 

typical peptide substrate, fuq-lacqloyl-Phc-hla (85). Hcnce, tlieir protecuve influence 

obsewed in the studies with rIucD wouId appear to be due to factors other than Çuncuoning 

as inhibitors of  the esoprotease. 

The deteuon of the C-terminal residues ofrlucD 11-ould appear to resuIt in a 

disrupuon of  irs native coniormaùon as indicated by the development of opalescence in the 

reaction misture(s) after prolonged (2 75 min) incubation with the esoprotease. Since rhese 

observations suggested a crucial role for the C-rerminal segment in the maintenance of 

rIucD in irs native conformation, the possibility of synthetic peptide mimic(s) compensating 

for the section deleted by CPDY was explored by performing esperiments in the presence of 

the C-peptide (Pro-Ala-Leu-Ile-Gln-Trp-Arg-Ser-GI>--(DI-Thr, see rnethods for details). 

These studies showed chat in the presence o f  the C-pepude (0.5 mhl), rlucD1s 

rnonoosygenase activity remnined unaffected even after prolonged (2 3 hrs) period of 

reacuon with CPDY. Hence, the following three aspects were considered to esplain the 

protecuve influence eserted bv the C-peptide: (i) its ability to compensate for the section of  

the protein deleted by CPDY; (ii) the possibilin of its competing wich rIucD and senring as a 

substrate for CPDY; and (iii) its c a p a c i ~  to sen-e as an inhibitor of CPDY. The first of these 

three aspecrs would appear untenable, since addition of C-peptide to rIucD preparauons 



Table 12: Susceptibility of rIucD to degradation bv proteases: Influence of 
subsuate, cofactors and analogs 

Effector 

FAD (0.5 mhf) 

ADP (1 .O mhl) 

NADPH (1 .O mM) 

L-lysine (5 rnM) 

none 

control 

O h  Relative Acuvih 

T K K - T q x i n  TLCI<-Ch ymo q s i n  Carbosypepùdase Y 

In the case ofTPCK-tqpsin and TLCI<-chyrnotrypsin, rlucD (12-14 ph1) in 

potassium phosphare (100 mhl, pH 7.0) uras ueated with the protelse (6-7 piif) at 
2YC. hfter 12 minutes, the reacuon was stopped by  the addition of SBTI or PhISF 
pnor to determination of  lysine:^"-hydrosylase acriviy. 
In the case o f  CPDY, rIucD (10 in 100 mM potassium phosphate, pH 6.0 was 

ueated with the exopepudase (0.3 PM) for 2 hours at  37°C prior to determinauon of 
1vsine:N"-h\rdrosylase acuvity. 
The concentration of  effector, when included, are as shown in the rable. Similar 
results were obtained wlth thermol!.sin. 
" The apparent increase in the activity of ducD in the presence of FAD and ADP - - 

is a reflection of their protecuve action against the slow inactivation that occurs 
due to thermal denaturaaon rit 37°C. 



pre-treated with the CPDY did not result in the restorntion of lysine monooxygenase 

acùvity. Concerning the second aspect, HPLC analysis of  the C-pepade preparauon 

subsequent to its creatrnent with CPDY indicated the absence of an? degradation, pointing 

to its inability to sen7e as a substrate for the esoprotease. This finding is not unespected in 

view- of the D-configuration of the C-peptide's carbosv terminal residue, a feature 

deiiberately incorporated to minimise its serving as a substrate for CPDY. The abiliv of the 

C-peptide to act as an inhibitor of  CPDY was confimed in the studies using ~~~~~~~~~1- 

Phe-Ala. Data presenred in Figure 22 show thar the C-peptide is an effective inhibitor of  

CPDY, with approsimately 90°/o inhibiu'on in the hydrolysis of the chromophoric peptide 

substrate being noted when present in the assay at a concenuauon of 90 phl. 

4.4.3 Studies with C-terminal truncated forms of ri~icD: 

In order to gain an unambiguous insight into structural feature(s) indispensable For 

the maintenance of ducD in its native conformation, four weIl-defined ducD 1-ariants, 

differing in the estent of  C-teminal deletion, were developed (Table 3) .  The abiliy of 

truncated versions of iUcD to encode for a catalytically funcuonal protein was assessed by 

examining the culture fluids for the presence ~ " h y d r o s ~ l ~ s i n e ,  an inherent Feature of cells 

expressing the catalyricdly funcüond form of  rIucD. Such analyses revealed the presence of 

~ " - h ~ d r o x y l ~ s i n e  only in the culture fluid of cells designed to express rlucD A8 and not in 

che case of  cells transformecl to espress the other three uuncared imD gene producrs, 

namely; rIucD A1 7, rIucD A1 4, and rIucD A1 1. The absence of N"-hodrosylysine in the case 

of the latter three culmres could be either due to their inability to espress these parücular 

uuncated forms of iucD or  a reflection of a loss of catalytic hnction in the three truncnted 

forms of rIucD. Analyses of the whole ce11 lysares of cultures espressing these truncated 



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

Conditions: FA-Phe-Ah (1 mM) in 100 mRI potassium phosphate, pH 6.0 wirh 
CPDY (10 M. 

(1) in the absence oÇC-peptide 
(2) in the presence of C-peptide (70 pkQ. 
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proteins revealed the presence, in dl four cases, o f  a protein with a moIecuIar weight 

corresponding to chat o f  the NfcD gene product, and its identiy as such was further 

confirmed by Western blot analyses using polyclonal anübodies raised againsr rIucD (Figure 

23). Thus, ail four truncated Çorrns o f  the NICD gene product would appear co be espressed. 

However, while rIucD AS is capable of  lysine N-hydrosylaüon, the other three murmrs 

(rlucD A17, rIucD A1 4, and rIucD A1 1) are devoid of such catalyüc activity. Furthermore, 

during attempts to isolate these truncated riucD preparations, it was noted that their 

presence could be detected onlv in the whole ceU lystates and the cmde cell-free systems, but 

nor in the fractions obtained in subsequent stages of  purification. This finding is in distinct 

contrast with those noted in the case of  normal rIucD, which is detectable during al1 stagcs 

of purification (46,47,56). The lalility of  rhese truncated rIucD preparations during later 

stagcs of purification would appear to be related CO the removal of flavin coÇactor(s) 

normallv associated with whole cells and the crude ceIl-free system. This observation is 

consistent with the protecuve action of FAD menrioned in the previous section. 



Figure 23: Western Blot analyses 

The espression OP uuncared torms of rIucD in E. CO/. DHSU and their stability 
dunng rhe protocol for their p ~ r i f i ~ a ü ~ n  was monitored by Western blot analyses 
using pol!donal rabbit anu-rIucD antibodies (sec methods for details). Results 
obtained with rlucD A17 are rypical of those recorded wirh other truncated rIucD 
preparntions. Similar srudies with intact riucD served as a control. 

(.A) \Vesrern bloc idenuficacion of rlucD, from left to rïghc: (1) whole ceIl lysare; (2) 
crude cellfree extract; (3) ammonium sulphate (40@/0) fraccion; and (4) pure rlucD. 

(D) Western blot idenuficarion of rIucD A17, from let? to righr: (1) whole ce11 
Ivsate; (2) cell-Çree extract; and (3) ammonium sulphate (40'4 precipitate. 
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5.0 Discussion 

The disparity benveen the esperimentally determined value for the qsteine residues 

in rIucD and that predicted Çrorn the nucleotide sequence of  izfcD, the gene encoding for the 

protein, had necessitated a redetermination of the latter Fe~ture. Such studies Ied to a 

revision o f  the nucleoade sequence ofimD, which predicted the presence of fi\-e c!-steine 

residues in its product, a finding in harmony with chat observed in rIucD (59)- 

Tmo obsemations rccorded in the previous investigations, the first pertaining to the 

progressive loss of monoosvgenase function dunng storage (at 5 4°C) and its reversal by 

mercaptans (Dm, and the second concerning the Facile susceptibilin- to inactivation by 

thiol group specific reagents (1CH2C00- and DTNB) hacl formed the basis for the notion 

that cysteine residue(s) play a rital role in rIucD's catali~tic mechanism (46,47,58,59). The 

former phenomenon hns been shown to be linked, in the current invesugations, CO the 

propensity o f  the protein to assume polytetrarneric torm(s), stabilised by interrecrameric 

disuiphide bridges. Hou-ever, the totally unespecred obsenracion, that the alkvlatable cysteine 

residues can be replaced (~14th alanine) without an) adverse eifecrs not only minimised the 

importance of these residues, but: aIso stressed the need For further studies to determine the 

besis for the anomal' (59). As a consequence, the earlp phase o f  the current invesug~ùons 

concemed the characterisauon o f  S-cm-bosymeth y1 -ri ucD. These studies have rel-ealed the 

modified rIucD to be similar to irs unmodified counterpart both in its stnicmral organisation 

as weii as in its abiliw to prornote electron uansfer rcactions not related to lysine:NG- 

hydrosylation. Thus, the basis for the loss of monoosygenase function upon modification o f  

the cysteine residues o f  rIucD suIl rernains to be determined. 



A major objective of this study perwins to the identification of the basis underlying 

the difference noted in the accessibitiry of r1ucD1s cysteine residues ro modification by  

1CH-00- and D m B .  For the sake of borh clarity in prescntaüon as well as convenience, it 

would appear appropriate to reiterate the observations that were available from prior 

investigaùons in our Iaboratory. These are: ueatmcnt of  rIucD with lCHrCOO results in the 

alkylation of  cwo of  its cysteine residues, identified as Cys51 and Cys 158, of  the protein. This 

value of  cysteine residues modified remains unaltered in spite of  the variation (increase the 

iodoacetate concentration and/or extension of the reaction period from 20 to 60 minutes) in 

the conditions of ueatrnent. In conuast, treatment of rIucD with DTNB results in the 

modification of diree cysteine residues, mith the reacuon of  nvo of them occurring "fast" 

(reacuon urne 5 20 seconds) and the remaining one "s!od' (reacuon urne b 150 seconds). 

Similar studies with C51 A-, C l  %ri-, and C5 1 A/CISSA-rIucD led to the idcnti ticauon of 

Cys51 as one of the "fast" and Cys 158 as the c'slow" residues to undergo modification by 

DTNB (59). The preceding review of prior literanire draws atrention to rhc aspects that need 

to be resolved. These are: O identificaüon of the cysteine residues, other tlian Cys5 1, in 

rlucD that parücipates in the "fast" reacuon wirh DTNB; and (ii) the origin of the additional 

thiol Çuncüon detectable in the esperïments with DTNB. Replacement of the other three 

cysteine residues (Cvs31, Cys146, and Cys166) of rIucD with alanine \vas performed to 

address the above cited aspects. 

The reaction of C31A-ducD with DTNB yielded results identical with thai recorded 

in the case of parent rIucD, thus eliminating Cys31 as a candidate for the ver to be identified 

residues capable oÇUfast" reacuon mith the above thiol rnodi%ing agent. Similar studies with 

C146A-rIucD revealed that a11 four of its cysteine residues were amenable to reacuon with 

DTNB, with three of them reacting "hst" and one "slow" to be modified. This latter residue 



is probably Cys158 which, has been shown to be sluggish towards modification. The 

reaction of ClGGA-rIucD with DTNB showed the presence of nvo "fast" reacting cysreine 

residues. Surprisingly no "slow" reacting thiol \vas found despite the presence of Cys15S in 

the protein. Hence, it would appear chat the effect of Cys166Ala substitution in rIucD would 

be such as to enhance the reactivity of the vicinal Cys 158 and render it capable of "hst" 

reacüon with D n B .  This view- appears to be consiscent wirh the finding of jusr one 

cysteine residue in CSlh/C166h-rIucD capable of "fast" reaction with DTNB (Table 7 ) .  

These observations on  the reacuvities of che cysteine residues in rIucD and its muteins 

suggest char CyslG6 is probably the hitherto unidenüfied residue that is capable of "fast" 

reacüon wirh DTNB. Thus, of the three cvsteine residues of rIucD that interact with DTNB, 

the moditication of Cys51 and Cys166 would appear to occur rapidlv while chat of Cys 158 to 

proceed slowly. 

It is evident from the above presentation thet cysteine residues in rlucD would 

appear to faIl inro nvo distinct categories. One OF these groups comprises cysteine residues 

(Cys31 Y Cys51, and Cysl58) which can be substituted with alanine without any appreciable 

effect on the rexctivity of the remaining such residues in the protein. This feature would 

imply thac such Cys+hla replacemenr(s) do not lead to significanr alterations in the nauve 

conformation of the protein. In concrast, the substitution o f  cysteine residues in the second 

category (Cys146 and Cysl6G) would appear to be accompanied by conforrnauonal changes 

in the protein as reflected in an enhancernent of the accessibility of sorne of  the remaining 

such hncuon(s) to chemical modification. These studies demonstrate the ability of DTNB 

to serve as an effecuve and sensitive diagnostic agent for monitoring Cys+Ala induced 

conforrnauonal changes in rIucD. 



As regards the second aspect, namely the additional cysteine residue noted during the 

reacuon of rIucD with DTNB, it would appear chat the phenomenon might be related to the 

mechanism involved in achievïng the modification of the thiol funcuon(s). ICH,COO- 

effects alkylauon of cysteine residues- This process, being a covalent rnodifrcacïon, can not 

be reversed bv mercaptans Lke DïT. In contras, the modification of cysteine(s) by D T N B  

involves disulphide eschange mechanisms resulung in the formation o h  mixed disulphide 

with the concomitant release of 2-nitro-5-thiobenzoate anion This type of modification is 

reversible by DTT and other thiol agents (Scheme 6). 

The above noted difference in the mechanisms of action of the nvo thioI modifying 

agents forms the basis for the following proposa1 that could account for the third cvsteine 

residue in rIucD apparendy being capable of reaccïon only wïth DTNB. The proposa1 is 

based on the premise that hvo of r1ucDys cysteine residues that react "fast" with DTNB are 

in prosimity to each other (or induced to such justaposition subsequent to modificaüon of 

one of them) in the three dimensional conformauon of the protein. IÇ such a situation were 

to prend,  the reacuon of one of hese  cysreinr residues (likeiy Cys51 by virtue of its 

susceptibilîty to alkylation by ICH,COO') with DTNB will result in its conversion to the 

mised disulphide with concomitant release of one equivalenc of 2-nitro-5-thiobenzoate 

anion. In  view of the prosimity of the second cysteine, this initial event is irnmediately 

followed by disulphide exchange process with the  formation of an incramolecular disulphide 

bridge and the concomitant release of another (or second) equivalent of 2-nitro-5- 

thiobenzoate anion. Finally, the modification of Cys158, slow compared to chat of the other 

nvo, would result in the release of another (third) equivalent of 2-nitro-5-thiobenzoate anion 

(Scheme 7). Thus, according to the proposal, onIy nvo molecules oÇDTNB are consumed 

during the modification of cysteine residues of rIucD. However, the process is accompanied 



Scheme G: Reaction of protein thiol functions tvith ICH,COO- (A) and DTNB (B) 
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Scheme 7:  A hypothetical sequence of events in the reaction benveen AucD and 
DTNB 
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by the release of nor nvo as espected, but three equivalents of 2-nitro-5-thiobenozate anions 

(as a consequence of intramolecular disulphide iinkage) giving the impression chat three 

cysteine residues o f  the protein have participated in a direct interaction with DTNB. At the 

present urne, the elucidaüon of the three-dimensional suucture of rIucD has yet to be 

redsed. In the absence of such information, which c m  provide insights into the prosimiy 

and orientation of the residues in the native conformation of  the  protein, the proposais 

pertaïning to Cys51 being in the vicinicv ofanother of its kind has to remain in the realm of 

conjecture. 

DPIP, by \rimie of its ability to s ene  as a thiol modifj-ing agent, also prowd to be an 

effective probe for monitoring the mutation induccd structural and funcuonal changes in 

rIucD. O n  the basis of the number of cysreine residues parucipating in clic osidative addiuon 

process and the s to ich iomet~  wiîh respect to the number of mole(s) of  covalrntly bound 

DPIP per mole of protein, rIucD and its muteins can be cinssified into nïo distinct 

caregories. m e s e  are: (i) proteins that bind one mole of DPIP as a consequence of the 

participation of nvo of their cysteine residues in successi\-c osidative addition rcacùons with 

the dye. In this family, which includes rIucD, GIA- r IucD,  C158h-rlucD, and CIGGA- 

rlucD, DPIP is rigidly bound, a feature that prevents rhe protcin from interacung mith irs 

flavin cofactor; and (ii) ducD rnuteins which incorporate one mole of DPIP by covalent 

attachment to one OF their cysteinc residues. This group wliich comprises C5 1 A-riucD, 

C31A/CSlA-rIucD, and C5lh/C158i\-rIucD, can accommodatc the flavin cofktor in their 

catalytic function in view of the flexibility in the posiuon of DPlP bound by a single cysteine 

residue. Finally, Cl  46A-AucD represents a siruauon where both types of DPlP nttachment 

are encountered. Thus, in this case, three qsteine residues are involved in conjugation with 2 

moles o f  DPIP, one of them being held rigidly by linkagc of nvo thiol functions and the 



other attached to a single thiol hnction. The interaction of rIucD and irs muteins with DPIP 

is illustrated in Scheme 8. 

The Cys+Ala replacements in rIucD w-ould appear to have no significant effect on 

the monoosygenase function of the protein with the exception of Crs11Ghla substitution. 

which results in approximately 40-5O0/0 loss in such acuvity (Table I l ) .  The reason for such 

loss of  catdytic efficienq in the case of C146A-rlucD is not apparent, especially since the 

affiniùes for the flavin cofactor (FAD) and the hydrosylatable substrate &-lysine) are not 

signi ficandy affected by the amino acid replacement. 

The events shown in Scheme 9 represent a superficial overc-iew of the mechanism 

operative in rIucD catalysed reactions. According ro rhis prescntacion, the reduced form of 

the flavin cofactor, FADH, Çorrned in the initial step is rapidly converted ro the 4a- 

perosyflavin. This species c m  be channelled towards the production of eirher N"- 

hvdrosylysine when lysine is present or HIOz in the absence of the hydrosylnrable substrate. 

An esamination of the stoichiometq benveen the processes of NADPH osidation 

and Iysine:N6-hydrosylation catalysed by ducD and its variants indicated thnt a considerable 

(approximately 25%) of the former event is channelled touxrds production of HZ02 (Table 

11). This feature, at first glance, could be regarded as a reflection of the degree of  uncouplîng 

benveen the two reacuons catalysed by the protein. Such an interpreraaon would suggest 

thar one out of every four NADPH olddised by the enzyme may noc be Linked to the 

hydrosylauon of the substrate. However, other considerations tend to indicnte that the 

process of NADPH oxidaùon leading to Hz02 production may indeed be an inherent 

feature of ducD, a process distinct €rom that coupled to N-hydrosylation of  lysine. These 

are: O rIucD and irs muteins catalyse the FAD-dependent process of NADPH osidauon in 

the absence of  L-lysine, the hydrosylatable substrate; and (ii) S-carbosymethyl-rIucD. mhich 



Scherne 8: Reaction of AucD and its muteins with DPIP 

A) Proteins (rIucD, C3 1 A-, Cl .%A-, and Cl 66A-rIucD muteins) that participate in 
nvo successive osidauve addition ceactions with the dve. 

B) Proreins (Cs1 A-, C31 h / C 5 l  A-, and C5l h/C158h-rIucD) that participate in a 
single osidauve addition to the dye 

C )  C14GA-r.ucD involved in both type A) and type B) oxidative addition processes. 

This assignment of &CD and its muteins was baced on: (a) the number of cysteine 
rcsidues involved in conjugaüon Fable 9); and (b) the stoichiometry with respect to 
the number of moles of DPIP conjugated per mole of protein. 





Schemc 9: A proposal for d u c D  catalysed N6-hydroxylation of L-lysine and 
production of H,O, in its absence 





is devoid of  monoosygenase funcûon promotes Fm-dependent  NADPH osidation both in 

the absence as well as in the presence o f  elecuon acceptor (Figure 1 1) as effectively as the 

parent protein. Thus, it would appear that rIucD (or its mutein) is capable of  mediating nvo 

distinct qpes  of NADPH osidation reactions, one "lysine-independent" and the other a 

"lrsine-dependent" process. The former reaction results in the generauon of H-O, regardless 

of the presence or absence of the hydrosylatable substrate, while the latter, being Ughdy 

coupled to the NL-hydrosylation process, occurs only in the presence otlysinc. In both of 

the above reacüons, NiiDPH osidation leads to the formation of  the rcduced form of the 

flal-in cofxctor, FADH,, which by interaction with O, generates the 42-perosyflavin, 

FAD-OOH, species. Hoacvcr, in the "lysine-independent" process, perosytlavin species 

semes as a precursor For H,O, u-hile in the "lysine-dependent" reaction, it effects 

hydrosylation of the substrate. Thus ,  rhe perosyflavin species necds to be shielded from the 

solvent medium in the latter process to prevent its senring as a source of H,02- 

In  the case OF other flarin-dependent monoosygenases such as p-hydres!-benzoate 

hi-drosvlase (54j and phrnol hvdrosvlase (1 O4), a n a l ~ c s  of the three-dimensional structure(s) 

o f  the proreins have rexrealed the occurrence of  substrate induced conforrnational changes 

that result in the shielding of the red-os domain (isoallosazine chromophore) of the flavin 

cofactor from the solvent medium. Such shielding has been noted to result in a Üght 

coupling of the enzyme mediated processes of NADPH osidation and hydrosylation of the 

substrate. In the case of rlucD, as nored before, the elucidauon of  its three-dimensional 

structure is yet to be achiel~ed. However, neither the CD spectra nor the DSC profile of 

rIucD are apprecinbly affected in the presence of  L-lysine. It  is conceivable chat subtle 

substrate induced conformational changes in rIucD may not be detectable by the techniques 

employed CO monitor thern in the current study. 



Interestingly, both L-norleucine as me11 as L-methionine have been shown to inhibit 

rlucD mediated N-hydrosylaüon OF L-lysine regardless of wherher the process is monitored 

b y  the determinauon o f  Eu'"-hydro~~lysine o r  by an assessment o f  NADPH osidation during 

the process. These substrate analogs have also been found to esert apprecinble (40-50%) 

inhibition o f  the process of NADPH osidauon occurring in the absence of L-lysine (Table 

5). This observation, coupled with char o f  rfucD's abiliry ro bind FAD relatively more ughth- 

in the presence o f  L-norleucine than in its absence (see p. 60) would suggest rhat part of the 

bound fial-in cohctor  ma- become shielded from the esternal medium during the protein's 

monoosygenase function. in  view of  the terrameric organisation of rIucD, the possibility of 

N h D P H + F h D  elecrron uansfer process occurring eirher intra- o r  inter-subunic ma:r have 

to be considered to esplain the obscmed phenomenon. However, such delibernüons have ro 

be deferred unùl the renlisauon of the prorein's three-dimensional structure and the 

determination of  the size of its cntalytïcally competent unit by radiation inactivation studies 

O €  the protein (I05,lOG). 

The last phase of thesc inaesugaüons concerns an assessmenc of  ligand induced 

cooformaüonal changes in riucD. The observations recorded in rhis study have revealed that 

neither the substratc (L-lysine) nor the cofactor (FAD) elicirs significant conformational 

changes in rlucD as is evidenc from the CD and DSC profiles (Figures 17 and 18). However, 

mhen suscepubi l i~  ro degradation by protenses is employed as a criterion for monitoring the 

structurnl changes in rIucD, significant differences in the response due to interaction wirh its 

various ligands become apparent. Thiis, rIucD, in the absence o f  its cohctors or  subsrrate, is 

susceptible to degradauon both b y  endopepudases as well as an esopeptidase (CPDY) wirh 

concomitant Ioss of its monooq-genase funcùon. Such adverse action of proteases on rlucD 

is completely prevented when espcrimenrs are performed in the presence of low 



concentrations of FAD (0.2 df) or t\DP (0.5 mM)- Concerning the other nvo ligands, 

N D P H  (1 dl) has been found to confer partial protection, while the substrate, L-lysine (5 

rnlvl), is vinually ineffective in preventing the proteolyuc degradauon of AucD. The reasons 

for the inability of  L-lysine, rhe preferred substrate, ro protrct rlucD from the deleterious 

action of proteases are not clear. In the case of  the flavin cohctor, the magnitude of the 

dissociaüon constant K,, of the rlucDmLigmd comples would appcar to gol-ern thelr 

effectiveness in rendering the protein resistanc CO the ncuon of proteases. Thus, since rlucD's 

interaction with FAD is charactensed by a K,, value of approsimately 20 ph1 (103), cofactor 

concentciuons (200 phi) rhac ensure the maintenance of the protein in the ligand bound, or 

the holoenzyme, state are effective in proteccing it from proteol>-tic degradnuon. The abilin 

of  ADP ro bind at the flavin cofactor site (103) appears to be responsible for its protecuve 

e ffect. 

Under conditions identicd w i t h  those employed in the sriidies wirh FAD, NADPH 

(1 df) has been found to be partially effective in prevenùng the proteolysis of rIucD as 

indicated by  the retention of -50% of the protein's monoos>*genase a c ü v i ~  (Figure 19). 

Further increases in the concentraùon of  NADPH result in an enhancement in the degree of 

protection afforded, with a masirnum value =SO% ;etencion of  monoosygenase activin, 

being observed at cofactor concenrrations 2 7 mM (data not shown). The reasons for not 

achieving complete protection are noc obvious. The finding ma? be a reflecuon of a high K,, 

value of  the r1ucD.NADPH comples. Although an apparent K,, value of  approximarely 100 

pM for the reduced pyridine nucleotide cofactor has been recorded in esperiments wirh 

lysine:N~hydrosylase a c t i v i ~  serving as the criterion for rhe assessrnent (46,47), efforts to 

determine the actual K,, value of the rIucDoNhDPH comples have been futile. I t  is noc 



clear whether this situation is a reflecüon of the protein's binding of  N m P H  being 

contingent upon its initial interaction with FAD. However. the ability of rIucD to mediate 

FAD-dependent NADPH osidaüon even in the absence of its subsuate (L-lysine) precludss 

the determinauon of  the dissociaùon constant for the cofnccor under such condiuons. The 

siniauon appears to be similar to that recorded in the case ofp-hydrosybenzoate 

hydroxylase, which utilises FAD and NADPH as cofactors. In the case of this latter enzyme, 

X-ray crystallographic studies have not been successful in idenüeing the NADPH-binding 

domain, in viem of the cohcror's propensity to displace FAD from its binding domain in the 

protein (107). These observations pertaining to the protection of rIucD by Ligands are 

analogous to those recorded in the case of glucose osidase (108), creaune kinase ( I O ) ,  and 

NADPH quinone reductase (1 10). 

Both the studies with CPDY as weil as chose with well-defined C-terminal deletion 

variants of rIucD have provided ;narnbiguous evidence for the indispensability of the C- 

terminal segment for AucD ro funcuon as a monoosygenase. The latter approach has also 

resulted in pinpoinüng rhe segment essential for the protein to be catalytically Çuncüonal. 

Thus, while rIucD Al 1 is incapable  of^'-hydroxylysine production, the rlucD AS variant is 

competent to perform such a function. This observation suggests that the structural 

feature(s) inherent in d i s  segment, residues 415-417, may be crucial for the maintenance of 

rIucD in its catalyucally acüve conformation. 

Reports concerning the importance of the C-terminal domain for the structural 

integrïty and/or catalyuc function of proteins have been widely documented (1 11-1 19). The 

obsenmions recorded in the case of Li poarnide deh ydrogenase from A@ootobacter vitrelandii 

would appear to be especially relevant since this protein, Like rIucD, is both oligomeric and 

utilises FAD for its catalyuc funcaon (120). The function of the C-terminus of this protein 



has been invesagated by deletion of 5,9, and 14 C-terminal residues respecuvely. Delecion of  

5 residues has no adverse effects, that of 9 residues 1ed to decreased conformational stability, 

and the removal of 14 residues \vas accornpanied by cornplete loss of catdyuc funcuon 

(1 21). Furthemore, diese smdies also demonstrated the presence of intersubunit interxction 

involving a qrosine residue at the N-terminus of one subunit and a histidine ac the C- 

terminus of the second subunit. This structural feature, which is proposed to be involved in 

mediating the red-os properties of the flavin cohctor via the conformation of the C-terminal 

segment, is not present in preparauons of enzyme with deleuon of either 9 or 14 C-terminal 

residues (121). As noced before, further studies are needed, espedally rhe elucidation of the 

chree-dimensional structure of  the protein, to determine whether a similar situation as above 

prevails in ducD. 

Finally, the basis for the ability of FAD (and ADP) to protect rIucD from proteolyuc 

degradation needs to be addressed. This feature is uuly remarkable in view of the mulatude 

ofcargets (47 scissile sires for rrpsin and a similar nurnber for the other two proteases used 

in chis study) potenually available for cleavage by the  endopepudases. An esaminauon of the 

following aspects may provide an insight into the factor(s) contributhg to this process: (i) 

specificity of the phenomenon; (ii) susceptibility of proteins in their native conformauon to 

proteolysis; and (iii) structural Çeatures that are indispensable for the maintenance of proteins 

in their stable, native conformaùon. 

Concerning the tirsr of  these aspects, the protecuve effect of FAD (and ADP) does 

not extend to every protein but is resrricted to rIucD (as demonstrated in this study) and to 

ochers which require this flavin cohctor for their function (108,110). The phenomenon 

appears to be stringently specific to proteins containing ADP binding domain(s), since other 

nucieoude diphosphates (GDP, CDP, etc.) have been found ro be devoid of such protecuve 



influence. Furthemore, rotai protection Çrom proteolytic degradauon has been found to 

require the presence of the flavin cofactor at concentrations 2 10 x K,, of the rIucDmFhD 

cornplex. This finding implies thnt the maintenance of rIucD in the holoenzyme (FAD 

bound) state is a prerequisite for rhe protein's acquisition of resistance to proceolysis. This 

view draws furdier support by the finding that glucose osidase in its holoenzyme form (u-ith 

just one mole of FhD bound per mole of protein) is totally refractory to the action of 

proteases, while its apoform, under identical esperimental condiuons, requires a relatively 

large molar escess (2 100 fold) of  the flavin cofactor to presewe its suucmral integrity (108). 

Concerning the second aspect, proteins in their native conformations have long been 

linown to be less susceptible to proteolytic degradauon than their denatured counterparts 

(122). Studies with syntheüc peptides and ester substrates hzve Ied to the identification of  

minimal structurai features chat meet the specificity requirements in the case of both endo- 

as well as esopeptidases (123). However, in the case of polypeptide substrates the 

complementary interactions beni-een the amino acid residues on either side of the scissile 

peptide bond and chose presenc in the corresponding iocauons in che enzyme's active site 

have been shown to play an important role in the action of proteases (124). These 

complementary interacuons benveen the polypepride substrate and che active site of a 

protease are shown in Figure 24. Needless to note thar such complementary interactions, as 

mentioned above, depends on the flexibility of the polypeptide strand. However, the 

seconda. and tertiary structural Çeatures inherent in the native conformation of a protein 

impose consuaints of the flesibilicy of the polypeptide chah  prevencing its effecuve 

interaction with proteases. The above mentioned considerations may provide the basis for 

the observed low susceptibility of native proteins to proteolytic degradauon. However, i t  

should be noted that the- are not rotally immune to the acuon of proteases. Since the native 



Figure 24: Schecter and Berger nomenclature for protease subsites (224) 

The protease is represented as the shaded area. Pl . . . Pl * ;ire the side chains of sis 
amino acids, and SI - -. SI - are t h e  corresponding subsices on  the enzyme. 



Scissile bond 



conformation of  a protein is not synonymous Mth the entire populaaon of its molecules 

being in the most stable conformauonal state. In conuast, a protein in its "native" state 

needs to be visualised as a heterogeneous population o f  molecules u-ith the predominant 

majority in the niost stable conformation in equilibrium wïth a small number o f  others in 

less stable conformations. The rransient relief from the earlier noted structural consuaints in 

thesc latter less stable conformers senes  as the basis for the observed l o ~  level of 

susceptibili~ of  "nauve" proreins to the action of  proteases. In the case of rIucD, the 

presence of  FAD would appear to suppress even this tendency rowards proteolyüc 

degradation. \Vhedier this is a consequence of the flarin cofactor stabilising a unique 

structural Çeature thnt is pi\-oral to the maintenance o f  the protein in its most stable, native 

confomacion remains to be determined. As noted earlier, the peptide segment in ducD 

comprising amino acid residues 41 5-41 7 appears r o  be cruciai for the maintenance of rIucD 

in its native conformation. Elucidation o f  such aspects as whether this peptide segment 

derives its unique fcature b!- virtue of the presence of a tir-pcpude bond, a feature commonly 

encountered with pcptide bonds of proline (!25), and whether it sen-es as a recognition 

point for the Aavio cofacror depend on the determination of the three-dimensional structure 

of  the protein. 

In surnrnan, of  the five cysteine residurs present in rIucD, individual replacement of 

three of them (Cps31, Cys 51 and Cvsl5S) with danine has no significant effect either on the 

susceptibility o f  the remaining residues to reaction wich DTNB o r  on the catalyuc Çunction 

o f  the protein. Such subsutuüon ofCys146 and CyslG6 results in the enhancement o f  the 

renctivity ofother cysteine residue(s) to modification by DTNB and, in the former instance 

significant diminution in the protein's monoosyçenase function. Concerning the interaction 

of  rIucD with its ligands, only FAD (and irs anslog ADP) would appear to induce 



conforrnauond changes capabIe of rendering the protein totalIy resistant to proteoiytic 

degradation. 

The need for further investigations ro estnblish the chernical basis of rïucD's catalytic 

function bas been made apparent The folIowing lines of pursuit would appear to be mosc 

appropriate for achieving the above ob jecuve: ( i) elucidaüon of the three-dimensional 

structure of ducD; (ii) determinauon of the size of the catalyticalIv funcuonal unit of the 

protein by radiation inactivation esperimenrs; and (iii) further physico-chemicai 

cbaractensation of Cys14G-rIucD to identif? the structurztl basis for ics monoosygenasc 

function. 



Bio-Rad SDS-PAGE molecular weight standards 

Myosin BIue 207 kDa 
B-placrosidase A lagenta 123 kDa 
Bovine serum albumin Green 
Carbonic anhydnse Iriolet 
Soybean tn-psin inhibitor Orange 
Lysozyme Red 
Aprounin Blue 

SDS-PAGE mm-kers. low range 

Phosphorylase b 
Serum albumin 
Ovd burnin 
Carbonic anhydmse 
Trypsin inhibitor 
Lysozyme 

Pharmacia SDS-PAGE molecular we i~ht  standards 

Low molecuiar weieht electrophoresis caiibrzuon kit 

Phosphorylase b 
--\!bumin 
Ovalburnin 
Carbonic an hydrase 
TqpsLi inhibitor 
a-lactalbumin 



Composition of momh media and transformation buffer 

Nuuient a m r  

One liter o€LB nutnent agar contîined the foI1owing 

Bacro agar 15 g 

Bacto txyptone 10 g 

Seast estract 5 9  

NaCi l o g  

The solution \vas adjusted to pH 7.2 ~ 1 t h  NaOH and the preparauon was autoclaved for 20 minutes 

ar 1 21t1C. When the solution had cooled to 50BC ampicillin, if necessan-, was added to a final concentnuon of  

100 &/ml and aseptically distributed ro sterile petn plates and cooled to room temperature. 

LB medium 

The composiuon of the LB medium \vas simiiar to chat described abot-e escept for the omission of Bacto agar. 

-\ltematively, EZ;\LisTh' LB broth (Sigma) \vas used. 

2): E T  medium 

One liter of 2Y I T  mediurn contzïned the follo\vïng: 

Bacto tryptone ' 6  g 

Yeast estracr 10 9 

NaCl 5 9 

The soIution was adjusred to pH 7.0 wïtli saOH and tlie preparaùon \~-ns autoclared for 20 minutes 

at 12It1C. LB and 2Y \T medium were used interchangeably for both iiqutd media and nutrient ngar. 

Modified version of Monod minimal medium 

One liter of the modified minimal medium contained the foIIowïngr 

.\mpiciliin 100 mg 

=\mmoniurn sulfate 25 

Calcium chloride, dihydrate 10 mg 

Casamino acids 13 

Glucose 5 9  

LIagnesium sulhte, hepah!-drate 200 mg 

Potassium pllosphare, dibasic 13-8 g 

Potassium phosphate, monobasic 2-73 g 

Yeast estract l g  

The glucose, yeasc estnct, and casarnino acids were autoclaved separatel? from the sdt solution and 

were added prior to inoculation. .impicillin was either filter srerilized or added directly to the medium pnor to 

inoculation. 



SOC medium 

One tirer of SOC medium contained: 

Bacto tryptone 20 g 

Yeast estnct 5 S 

NaCl 0.5 g 

,-\dd the ingredients to 950 mL of  Hz0 and stir until completely dissolved. -idd 10 rnL of a 250 m&I 

solution of KCI and adjust the pH to 7.0 mith 5K iLaOH. AIake to 980 mL ïvïth H:O and autoclave for 20 

minutes at 121C ;\llow the medium to cool to 6OlC and add 20 mL o fa  s tede 1 A I  glucose solution. 

Transformation buffer 

CaClz 

hIOPS 

GIucose 

Glyccroi 

100 mAl 

10 mM 

0.5 ?'O (w/v) 

steriiized sepanteIy and added to the 

transformation when applicable- 



SDS-PAGE stock solutions 

;icmlamide/Bis (30?GT. 2 ~ 3 7 9 ~  

23.2 g acqlamide 

0.8 g iu",N'-bis-methylene-qlamrde 

,idd these components to -70 rnL of HzO, sur und dissolv 

1.5 A I  Tris-HC1. DH 8.8 

18-15 g Tris 

nd then make to 100 mL xcith &O- 

Add ro -6Q mL HzO, pH ro 8.8 xvith 6'; HCI and make to 100 mL nith H2O. 

0.5 X I  Tris-HCI. nH 6.8 

6 9  Tris 

-4dd to -60 mL H.0, pH to 6.8 wïth 6N HC1 and make to 100 rnL xvith HzO. 

1 o sns w1q 

'O 3 SDS 

=\dd to - 90 mL of H20, sur unti lcompletely dissolx-ed. and rlien make to 100 mL \\ith HzO. 

1 no/* .Ars ( d v )  
20 mg -\PS 

.\dd CO 200 pL o f  Hz@ and mis u n d  dissolved. 

TEhfED 

Standard solution (f3DFI) 

SDS-PAGE ce1 formuias 

Sepantinp Ge1 1'1 2°'0) 

H -0 

1.5 A1 Tris, pH 8.8 

1 0?/0 S D S  (w / v) 

--\crylamide/Bis 

10% -1PS (xv/v) 

TEA E D  

S tack in~  Gel 

Fr 2 0  

0.5 M T n s ,  pH 6.8 

1 O '/O SDS (W/V) 

.\cq-lamide/Bis 

1 O?'o &+PS (xv/ v) 

Bio-Rad 

3.35 mL 

2.5 mL 

100 p L  

4.0 mL 

50 pL 

5CrL 

Hoefer 

8.375 mL 

6.25 mL 

250 pL 

10.0 mL 

125 pL 

12.5 p L  

TE;\ IED 



Western blotting buffers 

ElectrobIotun~ bu ffer 

3.03 g Tris 

14.4 g G1~cine 

200 mL Afethanol 

-4dd the compounds to 700 mL H z 0  and sur und cornpletely dissoIved. --\djust the pH to 8.3 and 

make ro 1 L \vith H.0. 



Arnino acid and nucleic acid seouences of the IucD cene 

Met Lvs Ser Val Phe ne Glv ValIo Giv Glv Pm Phe ~ s n ' ~  
ATG AAA AGT GTC BT ï"ïT ATï GGT GTA GGG ACA GGG CCA m AAT 
Leu Ser Ile Alam Ala teu Ser His Gln ne Glu Glu Leu 

c T c  AGC A n -  GCT GCG rr~ TCA CAG ATc GAA GAA CTG G% T%T FiC 
Phe Phe Glu His Pn, Hk  Phe" Ser T His Ro Glv Mu LN Vala 

TTC TTT G% GAA CAT CCT CAT ï T T  TCC T& CAT CCG GGT ATG CTG GTA 
'O CIS His Met Gln Thr Val Phe Leu Lvs * Leu Val Al CPG &T TGT CAT ATG CAG ACC GTC rn CTG MA &XT CTG GTC BT CX!T 

Va1 Ala Ro Thr Asn Pro'' Tvr Ser Phe Val Asn Tvr Leu Val Lvs Hi? 
GTT GCA CCT ACA AAT CCC TAC AGT TTT GTT AAC TAT CTG GTG AAG CAC 
Lys Lvs Phe TVT Ar Phe Leu Thr Scr Ar " Leu Ar Thr Vaï Scr 
AAA AAG TTC TAT C& TTC CIT ACA AGC A ~ A  CTA C& ACA GTA TCC CCP; 

Glu Giu Phe Serloo k p  Ty r Leri Ar Ala Ala Glu M~I'' Asn Asn'" 
GAA GAG m TCT GAC TAC CTC CC% T i  GCT GCT GAA GYT ATG AAT MC 
Leu Tvr Phe Ser His Thr Val Glu1" Asn Ile Asp Phe LI LIS Ar la 

CTG TAT TTC AGT CAT ACC GTT GAA AAC ATT GAT TTC &T AAA AAA CC% 
Leu'" Phe Leu Val Gln nir Ser Gln Glv Glu Tvrla Phe Ala Ar k n ' &  SA TTG rn CTG GTG CAA ACC AGC CAG GGA GAA TAT m GCC cc% AAT 

Ile Cvs Leu Glv ?hr IV'% LM Gln Pro Tvr Leu Pn, Pro Cvs Val 
ATC TGC CTT GGT ACA &A AAA CAA CCT TAT I T A  CCA CCC TGT GTG &G 

His Met Thr Gln Ser Cvs Phe His Ala Glu Ma Asn Lru Ar Ar '76 

CAT ATG ACA CAA TCC TGT TTC CAT GCC AGT GAA AAT CTT CR C& 
Pro Asp Leu SerIm Glv Lvs ik Thr Val Val Glv Glv ~ l v ' ~  Gfn Sef" 

CCG GAC CTT AGT GGA AAA C% ATA ACC GTG GTT GGT GGA GGA CAG AGI. 
Glv Ah Leu Phe Leu Asn Aam Leu G h  Glu T Glv Glu Alam 

GGT GCA &C CTG TTC CTT AAT GCA TTA C% GGG GAA T& GGA GAA GCG 
Ala GIU"' Ile Asn T Val Ser Ar Ar Asn Asn pk?' Asn Ala Leu 

GCG GAA ATA AAC T& GTC TCC C ~ G  CG? AAT AAT TTT AAC GCA CTG %G 
Glu N a  Ma Phc A h  As Glu Tvr Phe Thr Pm Glu Tvr k Ser Gl9'" 

GAG GCT GCT TTT GCT G ~ T  GAG TAT m ACA CCT GAA TAT ATT TCA GGC 
Phe Ser Glv Lcu Glu Glu Ile Ar H i p  Gln Leu Leu 

TTC TCC GGA CTG GAG GAA &?T ATT C& CAT CAG TTA CTG &T 8 k ~  8; 
Lvs Met T ~ T  %$OQ As Glv Ile Thr Ala 

AAA ATG ACA TCCI GA? CCJC ATC ACT G ~ C  c&T -f'yT n!+ CTG ACC mz70 ATT 'le TAT TVr'R 
Glu Leu Tyr His Ar Phc Glu" Val Leu Ar L,s R o  Ar k n  Ilem CE+ GAG TTG TAC CAC cdi rn GA* GTT CTG A ~ A  AAA CCA A& AAT ATC 
~ c u ~ L e u  Pro Scr Ar Ser Val Ru Thr Leu Gluw Ser Ser Glv Prow c"& CTG CTA CCC AGC C ~ C  TCG GTA K A  ACT CTG GAA AGT AGT GGT CCT 

L n  Leu Leu ~ e i " '  Glu His His Leu As Gin Glv Glu SeP" GGC ?J MG TTC CTG ATG GAG CAT CAT CTG GAY CAG GGC F~FG GAG AGC 
Lcu Glu Ser As Val Val Ilc Phe Ala Thr'm Glv TYT Ar Ser Ah LeuJb 

CTG GAA AGT GAP GTG GTG ATT TTC GCC ACA c m  TAC C& TCT GCG TTG 
R o  Gin Ile Leu" R o  Ser LN Met Pm Leu Ile Thr Met H i P  As L e  

CCA CAA ATA CTT ccc TCA CTG ATG ccc CTG ATC ACC ATG CAC GAT AAG 
Asn Thr Phe Lvs Va1 Ar As As Phe Thr Leu Glu T Ser GIv ProM 
AAC ACC TTT AAA GTG CC% GA? G ~ P C  TTC ACT CTG GAA TEG AGT GGC CCG 
Lvs GIU'" Asn Asn Ile Phe VI Val Asn Ala Ser M ~ L ~  GIn Thr His GhW 
MGAGAACAACATCTTCGTGGTCAACGCCAGTATGCAAACCCATGGC 

N a  Glu Pro Gln Leum Scr Leu Mct Ah T Ser N a  Ilc" Affc GCC GAA ccc CAG CTC AGC CTG ATG GCA T ~ G  A%A TCT GCA chFr *TT 
Lcu Asn Vat Mc! Glv Ar Lcu Phc4"' Asp Leu Ser Mct Pm Pro"" 
CTT AAT C% GTA ATG GGA CC% &T TTA TTC GAT CTC AGT ATG CCG CCC 
A h  Lcu Ilc Glnm Scr GIv ThrJu ter 
GCC CTG ATT CAG T~& cAe AGC GGC ACC TAG 
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