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Organization of the Multiple Coenzymes and Subunits and Role of the Covalent
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ABSTRACT. Heterotetramerico[3yd) sarcosine oxidase fro@orynebacteriunsp. P-1 (cTSOX) contains
noncovalently bound FAD and NAD and covalently bound FMN, attached f(His173). The
PB(His173Asn) mutant is expressed as a catalytically inactive, labile heterotetramet.afig® subunits

are lost during mutant enzyme purification, which yields a stablecomplex. Addition of stabilizing
agents prevents loss of tidebut not thes subunit. The covalent flavin link is clearly a critical structural
element and essential for TSOX activity or preventing FMN loss. dlsebunit was expressed by itself

and purified by affinity chromatography. The and f subunits each contain an Nterminal ADP-
binding motif that could serve as part of the binding site for NA@ FAD. Thea subunit and thexy
complex were each found to contain 1 mol of NABut no FAD. Since NAD binds toa,, FAD probably

binds toj. The latter could not be directly demonstrated since it was not possible to egpbgssself.
However, FAD in TSOX fromPseudomonas maltophiligpTSOX) exhibits properties similar to those
observed for the covalently bound FAD in monomeric sarcosine oxidass-amethyltryptophan oxidase,
enzymes that exhibit sequence homology withA highly conserved glycine in the ADP-binding motif

of the a(Gly139) or3(Gly30) subunit was mutated in an attempt to generate AW FAD-free cTSOX,
respectively. Thex(Gly139Ala) mutant is expressed only at low temperattggd«um = 15 °C), but the
purified enzyme exhibited properties indistinguishable from the wild-type enzyme. The much larger barrier
to NAD™ binding in the case of the(Gly139Val) mutant could not be overcome even by growth &€ 3
suggesting that NADbinding is required for TSOX expression. THESly30Ala) mutant exhibited subunit
expression levels similar to those of the wild-type enzyme, but the mutation blocked subunit assembly
and covalent attachment of FMN, suggesting that both processes require a conformational ch@nge in
that is induced upon FAD binding. About half of the covalent FMN in recombinant preparations of cTSOX
or pTSOX is present as a reversible covalent 4a-adduct with a cysteine residue. Adduct formation is not
prevented by mutating any of the three cysteine residues i ubunit of cTSOX to Ser or Ala. Since
FMN is attached via its 8-methyl group to tjffesubunit, the FMN ring must be located at the interface
betweens and another subunit that contains the reactive cysteine residue.

Heterotetrameric sarcosine oxidase (TSOXp sarcosine-  size from about 100 to 10 kDa (103, 44, 21, and 11 kDa,
inducible bacterial enzyme that is important in the catabolism respectively). The isolated enzyme contains three coenzymes
of sarcosine \-methylglycine), a common soil metabolite (noncovalently bound FAD and NADand covalently bound
that can act as sole source of carbon and energy for manyFMN) and a binding site for a fourth coenzyme [tetrahydro-
microorganismsY). TSOX is a complex, multimeric enzyme folate (Hifolate)] that acts as a substrat2—7). TSOX
that catalyzes both sarcosine oxidation and the synthesis ofcontains a single binding site for sarcosine near the non-
5,10-methylenetetrahydrofolate (5,10-£H4folate). TSOX covalently bound FAD. Sarcosine oxidation to the corre-
contains four different subunitsx( 3, y, 0) that range in sponding imine is accompanied by the reduction of FAD to
1,5-dihydroFAD (FADH). Electrons from FADH are
transferred, one at a time, to the covalently bound FMN,
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! Abbreviations: TSOX, heterotetrameric sarcosine oxidase; cTSOX,
TSOX from Corynebacteriunsp. P-1; pTSOX, TSOX fronPseudo- presence of kfolate, TSOX catalyzes the transfer of the
monas maltophiliaaTSOX, TSOX fromArthrobactersp. 1-IN; FAD, oxidized 1-carbon fragment from the imine tosfblate,
flavin adenine dinucleotide; MSOX, monomeric sarcosine oxidase; forming 5,10-CH-H.folate plus glycine &, 7). The role of
MTOX, N-methyltryptophan oxidase; FMN, flavin adenine mono- NAD* is unknown
nucleotide; EDTA, ethylenediaminetetraacetic acid; NADicotin- ’
amide adenine dinucleotide; SBAGE, sodium dodecyl sulfate The &t-position of the FMN ring is attached to N(3) of

polyacrylamide gel electrophoresis; IPTG, isopropgtp-thio- ; ; ; ;
galactopyranoside; SHMT, serine hydroxymethyltransferase; TCA, His173 in the subunit of TSOX fromCorynebacterium

trichloroacetic acid; MMTS, methyl methanethiosulfonate; MTA, SP- P'll 6). An additional covalent link is found in the
methylthioacetate. recombinant enzyme where about half of the covalent FMN
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Scheme 1: Sarcosine Oxidation by TSOX in the Presence  structural element in TSOX and provide considerable insight

and Absence of Holate regarding the organization of the multiple coenzymes and
sarcosine FADOYMNHZ o, subunits in this complex enzyme.
imineXFADHz FMNOXXHzOz EXPERIMENTAL PROCEDURES
Materials. Plasmids pET17b and pET23a were from
i Hifolate 0 L olate Novagen. Plasmids pLCJ305 and pLJC400 contain the
imine iy complete cTSOX operon and are nearly identical pBluescript
H,0 glycine Il SK(+) derivatives except that &pnl site has been

eliminated from the vector DNA in pLJC400; plasmid
pLJC303AKpnl is a pLJC305 derivative containing a portion
glycine of the cTSOX operon5, 10). Plasmid pBluescript Il
SK(+)AKpnl was constructed as previously describBy (
forms a reversible 4a-adduct with an unidentified cysteine Escherichia coli strain XL-1 Blue was obtained from
residue. Adduct formation is accompanied by changes in the Stratagene. Carbenicillin, IPTG, FMN, FAD, TCA, MMTS,
visible absorption spectrum and the appearance of a pro-yeast alcohol dehydrogenase, horseradish peroxidase,
nounced lag in an NADH or horseradish peroxidase coupled dianisidine, and imidazole hydrochloride were from Sigma.
assay 10). The 4a-thiolate adduct is disrupted by reagents Sarcosine and methylthioacetic acid were obtained from
that alkylate (methyl methanethiosulfonate, MMTS) or Aldrich. Sodium sulfite was from Fluka. Glycerol was
oxidize (H0,) the cysteine residue (Scheme 2). The adduct purchased from Fisher. Tryptone and yeast extracts were
is not found in the natural enzyme isolated fr@oryne-  from Difco. T4 DNA ligase and the Klenow fragment of
bacteriumsp. P-1, probably because the adduct is disrupted DNA polymerase were obtained from New England Biolabs.
in vivo by reaction with HO, produced during turnover with  Restriction enzymes were purchased from New England
sarcosine which is used to induce expression of the naturalBjolabs and Promega. Oligonucleotides were purchased from
enzyme but not recombinant TSOX(). The location of  Ransom Hill Bioscience, Inc. The T7 Sequenase version 2.0
the binding sites for the other coenzymes and the organizationDNA sequencing kit was purchased from Amersham Life
of the multiple subunits are unknown. Theandf subunits,  Science, and sequencing was performed using dITP mixes.
however, contain an NiHterminal ADP-binding motif that The Geneclean Il kit was obtained from BIO1dagDNA
could serve as part of the binding site for FAD or NAD  polymerase was purchased from Promega Bful DNA
(10). polymerase from Stratagene. dNTPs were from Pharmacia.
TSOX is a member of a recently recognized flavoprotein The Advantage-GC cDNA kit and the Talon affinity resin
family of amine oxidases. Unlike TSOX, other known were purchased from Clontech. Geneluter spin columns were
members of this family are simple monomeric proteins about purchased from Supelco. Amicon-10, Microcon-30, and
44 kDa in size, contain covalently bound FAD as their only Micropure-EZ columns were obtained from Amicon. The
prosthetic group, and do not usgfélate as a substrate. Other  Qiaquick PCR purification kit, Qiaquick gel extraction Kit,
family members include monomeric sarcosine oxidase Qiaprep spin miniprep kit, and midiprep kit were from
(MSOX), N-methyltryptophan oxidase (MTOX), and pipe- Qiagen.
colate oxidasel(1—16). The crystal structure of free MSOX PCR All reactions were performed in a Hybaid Touch-
and its complexes with substrate analogues has recently beedown thermocycler. Unless otherwise indicated, reaction
determined 11, 14). The 8 subunit of TSOX exhibits 23%  conditions were as specified by the polymerase supplier. PCR
amino acid sequence identity with MSOX. Residues in fragments were purified by agarose gel (038%) electro-
MSOX which have been implicated in sarcosine binding and phoresis and recovered using Geneluter spin columns or the
oxidation are conserved in thfesubunit of TSOX. The role  Qiaquick gel extraction kit. If required in double restriction
of the covalent flavin link has not been established for any digests, the buffer was exchanged and the first restriction

formaldehyde
+

member of this family. enzyme removed using Micropure-EZ in conjunction with
Most of the studies described in this paper have beena Microcon-30 microconcentrator or a Qiaquick PCR puri-
conducted with TSOX fronCorynebacteriunsp. P-1 (cT- fication kit. After insertion of a PCR fragment into a given

SOX); others have been performed with a recently character-vector, the recombinant plasmids were used to transform
ized TSOX fromPseudomonas maltophili@TSOX). In this XL-1 Blue competent cells to ampicillin resistance, unless
paper we show that the covalent flavin link is a critical otherwise indicated. Plasmids from several colonies were

Scheme 2: Reversible Formation of a 4a-Thiolate Adduct in Recombinant TSOX
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Ficure 1: Plasmids used in site-directed mutagenesis studies.
Vector DNA is shown as a thin line at either end of corynebacterial
DNA which contains genes for serine hydroxymethyltransferase
(SHMT) and the subunits of cTSOX3( 9, a, y), as indicated.
Restriction sites are designated as follows: X¥4d; E, ECORI; S,

Sal; P, Pst; K, Kpnl; B, BarHI; C, Clal; (C), Clal site that is not

cut by Clal, probably due to in vivo methylation; C*Clal site
present in pLJC400 but not pLCJ500. Plasmid pLJC&0pnI
contains unique restriction sites that flank the codong{@iy30)
(EcaRl, Sal), f(Cys146) Bal, Pst), 5(Cys195) Gal, Pst), and
B(Cys351) Pst, Kpnl). Plasmids pLJC305Kpnl and pLJC400

(5, 10) were used as intermediate and final cloning vectors,
respectively, in creating mutations at these sites. Plasmid
pLJC40\Clal contains unique functional restriction sit&a(rHl,

Clal) that flank the codon for(Gly139) and was used as the

SHMT S

-

intermediate vector in mutating this residue; pLJC500 was used asy

the final cloning vector. The construction of pLIJC400lal and
pLJC500 is described in Experimental Procedures.

generally initially screened by restriction analysis and then

Eschenbrenner et al.

generation of thex(Gly139Ala) ora(Gly139Val) mutation
required five successive PCR reactions, using plasmid
pLJC400 as template. The first reaction was performed using
1.25 units ofPfu DNA polymerase in the presence of 2%
DMSO. The other four reactions were performed using the
Clontech Advantage-GC cDNA PCR Kkit.

Construction of Plasmid pLJC4AClal. Plasmid pLJC400
was digested witiClal and then treated with T4 DNA ligase
at low DNA concentration to favor self-ligation of a 6174
bp fragment. The resulting plasmid, pLJCAQDlal, contains
the 3 end of the serine hydroxymethyltransferase gene, the
genes for thes and 6 cTSOX subunits, and the ®nd of
the gene for thex cTSOX subunit.

Construction of Plasmid pLIJC3@8sml Plasmid pL-
JC305 was digested with Bsml. The fragment containing
vector DNA plus the 3end of the gene for serine hydroxy-
methyltransferase, the entire gene for thesubunit of
cTSOX, and the 5end of the gene for thé subunit of
cTSOX was purified by agarose gel electrophoresis and
submitted to ligation at low concentration to favor self-
ligation. Plasmid pLJC305Bsml, obtained after transforma-
tion of XL-I Blue cells, contains only a single complete
corynebacterial gene, coding for tifesubunit of cTSOX.

Construction of Plasmid pLJC50®lasmid pBluescript
II SK(+)AKpnl was digested witfClal, treated with the
Klenow fragment in the presence of dNTPs for 30 min at
°C, and then treated with T4 DNA ligase at low
concentration to favor self-ligation. Plasmid pBluescript ||
SK(+)AKpnIAClal was obtained after transformation of
XL-1 Blue cells; the deletion of th€lal site was confirmed

sequenced across the entire insert. Automated DNA sequencby restriction map analysis. The largéba —Hindlll frag-
ing was conducted at the Nucleic Acid/Protein Research Corement obtained upon digestion of pLJC305 contains the

Facility of Children’s Hospital of Philadelphia using Big Dye
terminators and the Perkin-Elmer ABI 377 DNA sequencer.

corynebacterial DNA insert. This fragment was subcloned
between thexba and Hindlll sites of pBluescript Il SK-

In a few cases, manual DNA sequencing was done using(T)AKpnIACIal to yield plasmid pLJC500.
the T7 Sequenase version 2.0 DNA sequencing kit and dITP  Construction of Plasmid f#G30A Left- and right-half

mixes.
MutagenesisAll site-directed mutations were generated

reaction fragments (created using the primers in Table 1)
were combined with primers 10C ap€146S#1 to generate

using PCR and the overlap extension method described by 602 bp product which was purified, digested bBgoR|

Ho et al. L7). The large size of the cTSOX operon made it
difficult to identify unique restriction sites that flanked

and Sal, and then subcloned between tBedR| and Sal
sites of pLJC30AKpnl to yield plasmid pLIJC308Kpnl-

codons targeted for mutagenesis. This problem was resolved3G30A). The latter was digested witkpnl and Xba and

by using intermediate cloning vectors (pLJCA0&pnl,
pLJC40Q\Clal), created by deleting a portion of the coryne-
bacterial DNA from pLJC305 or pLJC400, respectively
(Figure 1). After a fragment of the wild-type sequence was
substituted with the corresponding mutagenic PCR product,
the corynebacterial DNA was cut out from the intermediate
cloning vector and subcloned into the final cloning vector
(pLJIC400 or pLIC500). The only difference between pLCJ400
and pLCJ500 is that €lal site in the vector multicloning
region is deleted in pLIC500 (Figure 1).

Reactions for the generation of ti6Cys146Ser) mutation

the 1862 bpKpnl—Xba fragment was subcloned between
the Kpnl and Xba sites of pLJC400, to yield plasmid
pBG30A.

Construction of Plasmid fC146S Left- and right-half
reaction fragments (created using the primers in Table 1)
were combined with primergG30A#2 andPst end to
generate the secondary product which was purified, digested
with Sal andPst, and then subcloned between tBal and
Pst sites of pLIC30BKpnl to yield plasmid pLIC305Kpnl-
(8C146S). The latter was digested wKlpnl and Xbd, and
the desirepnl—Xbd fragment was subcloned between the

were conducted using pLJC305 as template and 1.25 unitsKpnl andXbd sites of pLIC400, to yield plasmig3C146S.

of Pfu DNA polymerase. For the generation of tife
(Cys195Ser) of3(Gly30Ala) mutation, pLJC305 was used
as template with 2.5 units ofaq DNA polymerase (Pro-
mega) in 1.5 mM MgGl Reactions for the generation of
the 5(Cys351Ala),A(His173Ala), and3(His173Asn) muta-
tions were conducted using 1.25 units Rfu DNA poly-
merase with pLJC400 as template. As will be described,

Construction of Plasmid fC195S Left- and right-half
reaction fragments (created using the primers in Table 1)
were combined with primerSal end andPst end to
generate a final 352 bp product which was purified, digested
with Sal andPst, and then subcloned between thal and
Pst sites of pLJIC30BKpnl to yield plasmid pLIC305Kpnl-
(6C195S). The latter was digested wKlpnl and Xbd, and
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Table 1: PCR Primers Used To Generate Mutations by the Overlap Extension Hethod

left-half primary reaction right-half primary reaction
mutation name sequence name sequence
B(Gly30Ala) 10C 5-GAGGCTTTTGCCGAG-3 BG30A#2 B8-CGGCGGCGCcCGGCCATGG3
SG30A#1 B-CCATGGCCGQgCGCCGCCG*3 PCL46SHL 5GATGATCGGGGAGACTTCCTTG-3
B(Cys146Ser) BG30A#2 B-CGGCGGCGCCGGCCATGG 3 BCL46SH2 5CAAGGAAGTCTCcCCCGATCATC-3
y pC146S#1  5GATGATCGGGQgAGACTTCCTTG-3 Pst end B-GCTCGGAGACCAGGGCC-3
B(Cys195Ser) Sal end 5-GCGCCGCGTGGAGGCC*3 BCLI5SH2 5CATCCAGAACTCCGAAGTCACC-3
Y pC195S#1  5GGTGACTTCGgAGTTCTGGATG-3 Pst end B-GCTCGGAGACCAGGGCC-3
B(Cys315Ala) Pst end #2 B3CCCATCCAGTCCCACCCG-3 BC351A#2 5-CTCTACGTCAAtgcCGGCTGGG-3
Y PC351A#1 B-CCCAGCCGgcaTTGACGTAGAG-3 EcoRl end 2154 5GCCACATGGGCCTGGCC-3
B(His173Ala) Sal end B-GCGCCGCGTGGAGGCC-3 Pst end B8-GCTCGGAGACCAGGGCC-3
pH173A#1 B-CCACGTGGTCGQcCTTGGCGATGC 3 SH173A#2 B-GCATCGCCAAGQcCGACCACGTGG-3
B(His173Asn) Sal end B-GCGCCGCGTGGAGGCC-3 Pst end B8-GCTCGGAGACCAGGGCC-3
pH173N#1  B-ACGTGGTCGTtCTTGGCGATG-3 PHL73N#2 5-CATCGCCAAGaACGACCACGT-3

@ Mutagenic sites in primers are indicated by lowercase characters.

the 1862 bpKpnl—Xba fragment was subcloned between 1, 2 3
the Kpnl and Xbd sites of pLJC400, to yield plasmid < S = -
BC195S. .| l

Construction of Plasmid #C351A Left- and right-half P1< >
reaction fragments (created using the primers in Table 1) P2 +—=
were combined with primeBsi end #2 andecaR| end 2154 4 -
to generate a final 583 bp product which was purified, 5 P3 {3—
digested withPst andKpnl, and subcloned between tRst P4 = >

and Kpnl sites of pLJC3038Kpnl, to yield plasmid

pLJC30AKpNI(3C351A). The latter was digested wikpnl

and Xba, and the 1862 bpKpnl—Xba fragment was P5 = >
subcloned between thepnl and Xba sites of pLJC400 to g]gg@ (S

yield plasmid pC351A.

. . Ficure 2: The five successive PCR reactions designed to mutate
Construction of Plasmids/#H173A and BH173N.The o(Gly139) to Ala or Val and also eliminate a nearyal site.

left-half primary reaction was conducted using the primer The Jatter corresponds to ti@al site in pLIC40@Clal, pLIC400,

Sal end and mutagenic primgtH173A#1 or fH173N#1. and pLCJ500 that is not cut fylal (see Figure 1). Template DNA
The right-half primary reaction was conducted using the and PCR products are represented by large pairs of arrows. Primers
primer Pst end and mutagenic primeBH173A#2 or are shown as short single arrows and are numbered to match the

. resulting PCR product; a solid square on the arrow tail indicates a
PH173N#2 (see Table 1 for primer sequences). The two mutagenic primer. The first three PCR products (P1, P2, P3) were

fragments were combined with prime&al end andPst generated using pLJC400 as template and the indicated primers.
end to generate a final 401 bp product containing either the PCR product P4 was generated using products P1, P2, and the

B(His173Ala) or(His173Asn) mutation. Each PCR product indicated primers. PCR product P5 was generated using products
was purified, digested wittsal and Pst, and subcloned ~ P3: P4, and the indicated primers.

between theésal and Pst sites of pLIC30B8Kpnl to yield
the corresponding new plasmids, pLJCA8%HnI(5H173A)
and pLJC30BKpnl(AH173N). The new plasmids were

Table 2: PCR Primers Used To Generate d{€ly139Ala) and
a(Gly139Val) Mutationd

digested withKpnl and Xba. The 1862 bpKpnl—Xba hame sequence
fragment from each digest was subcloned betweeint Bantllend 2394  5GAACTGAACACCCAGGGAG-3
and Xbal sites of pLIC400 to yield the final expression ~ “3139/#5 O NI
, aG139V#2 5 CAGGGaCGGCGCCTACCA'3
plasmids (BH173A and FH173N). aG139A#4 5TGGTAGGCGCCGCCCCTG!3
Construction of Plasmidsgiz139A and pG139V. For aG139V#1 5 TGGTAGGCGCCGICCCTG-3
each mutation, a succession of five PCR reactions was oClal#2 3-GACGGTCGCATCIATCCACGCTG-3
oClal#1 5-CAGCGTGGATaGATGCGACCGTC-3

performed to create the desired mutation and also eliminate
aClal restriction site via a conservative mutation (see Figure
2 for PCR strategy and Table 2 for primer sequences).
PrimersBanmHI end 2394 andoG139A#5 oraG139V#2
S e S s e s taton PSGL98) and PSIG39V), espocivey
to generate the second PCR product, P2 (167 bp). Primers| "€S€ PCR products were purified, digested i and
oClal#1 andClal end 3280 were used to generate the third Cl&!, and subcloned between tiEamH! and Clal sites of
PCR product, P3 (425 bp). PCR products P1 and P2 werePLJC40Q\Clal to yield plasmids pLJC4Q0CIal(aG139A)
combined with primer8BanHI| end 2394 andxClal#2 to and pLJC400Clal(@G139V), respectively. The new plas-
generate the fourth PCR product, P4 (596 bp). PCR productsmids were digested witkba and Clal; the 3264 bpXba —

P3 and P4 were combined along with prim&aHI end Clal fragments of interest were each subcloned between the
2394 andClal end 3280 to generate the final PCR product Xba andClal sites of pLJC500 to yield plasmidsy®139A
(998 bp) containing the3(Gly139Ala) or 5(Glyl139Val) and mG139V, respectively.

Clal end 3280 5CGCGGCGGACACCGTGGTGCG:3
a Mutagenic sites in primers are indicated by lowercase characters.
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Subcloning the Gene for th& Subunit of cTSOX (soxB)
into pET17b Ndd and Hindlll sites were introduced at the
5 and 3 ends, respectively, ofoxB by PCR using the
primerspstart (3-GAGAATACatATGGCTGATTTGCT-3)
andgend (B-CAATaAGCITCATGGTGGCTGCTC-3. [The

Eschenbrenner et al.

subcloned between théhd and theKpnl sites at the 3end
of soxAin pALPHA-1 to yield plasmid pALPHA-2. XL-1
Blue cells were transformed with plasmid pALPHA-2 for
expression studies.

Enzyme Expression and Purificatioells expressing

lowercase characters indicate the mutations introduced torecombinant, wild-type cTSOX (XL-1 Blue/pLJC400)
create the restriction sites (underlined).] The reaction was were grown in LB {8) containing ampicillin or carbenicillin

conducted using 1.25 units &fu DNA polymerase with

(100 ug/mL) at 29°C, as previously described@. The

pLJC400 as template. The 1252 bp PCR product was same conditions and host cell were used for expression of

digested withNdd and Hindlll, purified, and subcloned
between theNdd and Hindlll sites of plasmid pET17b.
Plasmid pETS was obtained after transformation of XL-1

the following mutants: f(Cysl141Ser),5(Cys195Ser),s-
(Cys351Ala), angB(His173Asn). Thex(Gly149Ala) mutant
was isolated from XL-1BluepG139A cells grown in the

Blue cells, and the sequence of the insert was verified. For same medium (initially at 29C) but harvested 3 days after

expression studies, pETwas transferred into BL21(DE3)
cells.

Subcloning the Gene for the Subunit of cTSOX (SoxA)
into pET23aPCR was used to introdud&d and Xhd sites
at the 5 and 3 ends ofsoxA respectively. The reaction was
conducted using the primeostart (3-GGAGGATCCatAT-
GAGCCAGAACACG-3) andoend (B-atGTGcTcgagGC-
CATCGCGGCGGCTC-3, the Clontech Advantage-GC
cDNA PCR kit, and plasmid pLJC 400 as template. (The
silent mutations in the first two bases at tHeeBd of primer

induction at 15°C. Thea subunit was isolated from XL-1
Blue cells/pALPHA-2 cells grown in the same medium; the
growth temperature was switched from 29 to°Z5prior to
induction. For the expression of other mutants or subunits,
transformed XL-1 Blue or BL21(DES3) cells were grown in
LB or tryptone-phosphate 19) containing ampicillin or
carbenicillin (100ug/mL) at various temperatures, as indi-
cated in the Results section. Cells were harvested and cell
lysates prepared as described by Chlumsky etlé). (

The natural form of cTSOX was isolated froBoryne-

oend were introduced to reduce the high GC content.) The bacterium sp. P-1 as previously described0). Unless

introduction of theXhd site eliminates the stop codon and
inserts codons for leucine and glutamate at then@l of the

otherwise indicated, recombinant cTSOX (wild-type and
mutant forms) were purified from cell lysates using a

SoxA gene. The PCR product (2923 bp) was digested with procedure similar to that previously describd@)( The -

Ndd and Xhd, purified, and subcloned betwed&dd and

Xhd sites of plasmid pET23a, a vector designed to incor-
porate a (His) tag at the C-terminus of the recombinant
protein. After transformation of XL-1 Blue cells, plasmids

(His173Asn) ¢TSOX mutant bound more tightly to the
phenyl-Sepharose column than wild-type enzyme and was
not eluted with the standard gradient (820 M ammonium
sulfate in 50 mM potassium phosphate buffer, pH 7.0,

from several colonies were purified, sequenced, and foundcontaining 5.0 mM EDTA) but did elute with deionized
to contain between one and three mutations within the 3 kb water. Lysate from cells expressing thesubunit by itself
soxAgene. Using unique restriction sites, a final mutation- was dialyzed against 50 mM sodium phosphate buffer, pH

free construct (plasmid pEd@) was generated by replacing
mutation-containing sections in one plasmid with the corre-

7.0, containing 500 mM NaCl and 20% glycerol. The
dialyzed sample was mixed with a cobalt affinity matrix

sponding error-free section from another plasmid. When (Talon affinity resin). The matrix was washed twice with

BL21(DES3) cells were transformed with plasmid pE&T-

dialysis buffer in a batchwise procedure. The washed matrix

expression of thex subunit was observed but expression was mixed with dialysis buffer containing 15 mM imidazole,

levels were found to vary greatly in different experiments,
prompting a search for a different expression system.

and the suspension was poured into a glass column. Fractions

were collected as the matrix settled to form a %.3.5 cm

Subcloning of the cTSOX soxA Gene from a pET to a column. The column was then washed with dialysis buffer

pBluescript Deriative. Plasmid pETe. was digested with
Ndd and Xhd. The resulting 2903 bpldd —Xhd fragment
containing thesoxAgene [without the C-terminal (His)ag]
was subcloned between thield and Xhd sites of plasmid
pPMEA430 to yield plasmid p-ALPHA-1. (Plasmid pME430
is a pBluescript derivative similar to pLJC400; it contains a
uniqgueNdd site at the 3end of the gene coding for SHMT
and a uniquexXhd site in the vector multicloning region
downstream of the TSOX gené&sTo reintroduce a C-
terminal (His) tag, a region in plasmid pE@&-that included
the 3 end of thesoxAgene, the (Hig)tag, and downstream
vector sequence was amplified in a PCR reaction uBifug
polymerase and primerXhd end (8-GAGCCGCCGC-
GATGGCCTCG-3) and Kpnl end #1 (5-ggggtaCCG-
GATATAGTTCCTC-3). [The lowercase characters indicate
mutations introduced to create kpnl restriction site
(underlined).] The 183 bp PCR product was digested with
Xhd and Kpnl. The 155 bpXhd—Kpnl fragment was

2M. Eschenbrenner and M. S. Jorns, unpublished results,

containing 150 mM imidazole. Fractions were pooled as
detailed in Results, concentrated (Amicon YM-10), and
dialyzed against dialysis buffer to remove imidazole. The
cloning, expression, and isolation of the recombinant form
of TSOX fromP. maltophilia(pTSOX) and the purification

of the natural enzyme will be published elsewhere.

Protein concentration was determined by the Bradford
method R0) or from the absorbance at 280 nm using the
extinction coefficient E'”* = 13.1) as reported by Suzuki
(21), unless otherwise indicated. Enzyme activity was
measured using the discontinuous Nash asgay23), the
NADH coupled assaylQ, 24), or the horseradish peroxidase
coupled assay. The latter assay was conducted in 50 mM
potassium phosphate buffer, pH 8.0, containing 120 mM
sarcosine, under conditions otherwise identical to those
previously describedl1@).

Gel ElectrophoresisElectrophoresis was conducted as
previously describedlQ) except that 7% and 12% resolving
gels were used for native and SBBAGE, respectively.
Proteins were detected by staining with Coomassie 886 (
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TSOX activity was visualized as a pink band using iodo- hydrochloride at 25°C. The sample was microfiltered
nitrotetrazolium violet as a redox indicator dye, as previously (Microcon-30), and the absorbance of the filtrate at 450 nm
described 24). As will be described, purification of thg- was used to estimate the contribution due to noncovalently
(His173Asn) cTSOX mutant in the absence of stabilizing bound FAD €450 = 11.5 mM™ cm™%). The absorbance of
agents yields a preparation containing omlgindy subunits. the unfiltered solution at 450 nm was corrected for the
To determine the molar ratio of these subunits, the SDS contribution due to FAD, and the amount of covalently bound
PAGE gel was scanned (Bio-Rad imaging densitometer, FMN was estimated using an extinction coefficient for free
model GS-670) and analyzed using the Molecular Analyst FMN (ess0 = 12.1 mM* cm™). Protein concentration was
program (Bio-Rad). The volume (areaabsorbance) of each  estimated using an extinction coefficient at 280 nm deter-
band was estimated for samples of mutant or wild-type mined on the basis of amino acid compositiesd{= 216.2
enzyme run on the same gel using the volume report function.mM~* cm™ for wild-type cTSOX;ez50= 130.6 mM*cm?
The relative volumes measured for theand y bands in for a 1:1oy complex;ezgo= 106.5 mM for the o subunit),
wild-type cTSOX were used as a standard for a 1:1 complex. after correcting the observed absorbance of the unfiltered
Antibody PreparationRabbit antibodies against a pure solution at 280 nm (when necessary) for the contribution
sample of recombinant cTSOX were prepared by HTI Bio- due to FMN €250 = 20.6 mM™* cm™1), FAD (e250 = 22.3
Products, Inc., using a standard protocol. Briefly, booster mM~t cm™), and NAD'" (e2g0= 3.5 mM~* cm™?). Extinction
shots were given 21, 35, and 49 days after the initial injection. coefficients for free FMN, FAD, and NADwere measured
The rabbits were bled at 46, 59, and 66 days after the initial in 3 M guanidine hydrochloride. To determine NAD
injection. Serum was isolated from each bleed and testedcontent, a separate enzyme sample was precipitated with 10%
for the presence of the cTSOX antibodies using an ELISA TCA. The protein pellet was redissolved 6 M guanidine
assay. The highest titer of antibodies was observed for thehydrochloride, and protein was determined on the basis of
last bleed which was used for all studies. the absorbance at 280 nm, after correcting for the contribution
Western Blot AnalysiSamples (1xg of protein per lane)  due to covalently bound FMN (when present). TCA was
were subjected to native or SBPAGE as described above. removed from the supernatant by extraction seven times with
The gel (20 cmx 20 cm) and sheets of Whatman 3MM an equal volume of ether. Residual ether was removed by
paper (precut to the gel dimensions) were equilibrated for 5 bubbling argon through the solution. The TCA-free super-
min with transfer buffer (20% methanol, 20 mM Tris, 150 natant was diluted 1:1 with 100 mM sodium pyrophosphate
mM glycine, pH 8.3). Nitrocellulose membranes (Bio-Rad) buffer, pH 8.8, containing 45 mM semicarbazide, and then
(precut to the gel dimensions) were wet with deionized water 128 mM ethanol was added. The NADcontent was
for 5 min. The transfer “sandwich” (three sheets of paper, determined on the basis of the amount of NADH formed
acrylamide gel, nitrocelluose membrane, three sheets ofafter a 6 min incubation at 25°C with yeast alcohol
paper) was assembled in a transfer cassette and placed intdehydrogenase (2.6 units/mL). NADH formation was esti-
the tank of a Bio-Rad Trans-Blot cell filled with transfer mated on the basis of the increase in absorbance at 340 nm
buffer. The transfer was conducted at@ (20 V, 16 h); all (€340 = 6.2 mM™1 cm™1). Spectra obtained during titration
subsequent steps were performed at room temperature. Afteof pTSOX with sulfite or methylthioacetate were corrected
transfer, the nitrocellulose membrane was removed andfor dilution.
washed three times for 20 min each with MTTBS. MTTBS
was prepared by adding 2 tsp of powdered makltL of RESULTS
TTBS [8 g/L NaCl, 0.2 g/L KCI, 3 g/L Tris-HCI, pH 7.4, Is the Reactie Cysteine in thg Subunit?About half of
0.2% (v/v) Tween 20]. The primary antibody against cTSOX the covalent FMN in recombinant cTSOX forms a reversible
was diluted 10 000-fold with TTBS and added to a pouch 4a-adduct with an unidentified cysteine residue. The adduct
containing the nitrocellulose membrane. The pouch wasis not found in the natural enzyme. Pure preparations of
sealed and rocked for 90 min, and the membrane was therrecombinant enzyme exhibit larger values for the ratig/
washed four times for 10 min each with MTTBS. A A5 than the natural enzyme because the adduct exhibits
secondary antibody [mouse peroxidase conjugated mono-negligible absorbance at 450 nm (Table 3, Scheme 2).
clonal anti-rabbit IgG ¥-chain specific) antibody] (Sigma) Preparations of cTSOX that contain the 4a-adduct also
was diluted 5000-fold with TTBS and added to a pouch exhibit increased values for the ra#gsg/A4s0 (Table 3) and
containing the nitrocellulose membrane. After being rocked a lag in coupled catalytic assays.
for 90 min, the membrane was washed two times for 15 min  The &-position of FMN is attached to th@ subunit. To
each with MTTBS and two times for 15 min each with determine whether this subunit also contained the reactive
TTBS. The membrane was then incubated with freshly cysteine, the three cysteine residues in fheubunit in
prepared developing solution [1 tablet of ‘3¢amino- cTSOX were changed to serine or alanine. Good expression
benzidine (DAB) (Sigma) and 1 tablet of ureld,O, (Sigma) was observed for the Cys Ser mutation a(Cys141) or
per 5 mL of deionized water] for 13 min when color B(Cys195) but noB(Cys351). Good expression was observed
development was stopped by washing the membrane withfor the 5(Cys351Ala) mutant. The purified mutant enzymes
deionized water. Membranes were air-dried. exhibited specific activity values similar to those of the wild-
SpectroscopyAbsorption spectra were recorded atZ5 type recombinant cTSOX or the natural enzyme isolated from
using a Perkin-Elmer Lambda 3B spectrophotometer, unlessCorynebacteriumsp. P-1 (Table 3). All of the mutant
otherwise indicated. To determine the amount of covalently enzymes and wild-type recombinant cTSOX exhibited a
bound FMN and noncovalent FAD, samples of TSOX in 10 pronounced lag in an NADH peroxidase coupled assay and
mM potassium phosphate buffer, pH 8.0, containing 0.3 mM elevated values for the spectral ratlsyAsso andAged Auso
EDTA were diluted with an equal volumé 6 M guanidine as compared with the natural enzyme. The lags and differ-
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Table 3: Comparison of Natural TSOX fro@orynebacteriunsp. P-1 with Wild-Type and Mutant Recombinant Enzymes

spectral properties

specific

enzyme activity untreated MMTS treatéd 4a-thiolate

preparation (units/mg}§ Azgd/Auso Ased/Auso Azgd/Auso Agsd/ Auso adduct (%
natural 9.0 11.6 0.83 (11%) (0.83y% 0
recombinant

wild type 9.9 15.4 0.95 114 0.86 49 (52)

B(Cys141Ser) 6.3 18.0 1.1 13.3 0.80 71 (52)

B(Cys195Ser) 8.9 18.4 1.0 14.4 0.87 74 (44)

B(Cys351Ala) 10 16.2 1.1 14.4 0.91 57 (22)

aEnzyme activity was estimated by measuring formaldehyde production using the discontinuous NasR2ag8y*(Samples were reacted
with 1.0 mM MMTS in 10 mM potassium phosphate buffer, pH 8.0 af@5as previously described (). ¢ The spectral properties of the natural
enzyme are not affected by MMT3@). ¢ Estimated by comparingzso/Asso of the untreated recombinant enzyme with the natural enzyme. Values
shown in parentheses were estimated by compatigffuso of the untreated recombinant enzyme with the corresponding MMTS-treated preparation.

Table 4: Comparison of Natural TSOX fromi maltophiliawith the Recombinant Enzyme

spectral properties

enzyme untreated HO, treated 4a-thiolate
preparation Asgd/Auso Aged/ Auso Asgd/Asso Agsd/Aaso adduct (%)
natural 13.9 0.92 (13.9) (0.92y 0
recombinarit
lac promoter 19.2 1.06 13.3 0.84 61
T7 promoter 16.4 0.98 13.3 0.84 38

a Samples in 10 mM potassium phosphate buffer, pH 8.0 &C2%vere reacted with successive aliquots of 20 mpDFuntil no further increase
in absorbance at 450 nm was observed. The larger amount@f tequired, as compared with recombinant cTSOX (2 miD)(is due to a
catalase contaminant in the recombinant pTSOX prepardtibne spectral properties of the natural enzyme are not affected®y. FEstimated
by comparingAzso/Asso of the untreated recombinant enzyme with the value observed after reaction@ith®fRecombinant pTSOX was expressed
in two differentE. coli host strains under the control of different promoters, as described in the text.

ences in spectral ratios were largely eliminated by treatment 5
with MMTS (Table 3). In each case, the changes induced
by MMTS were reversed upon treatment with DTT and

dialysis, as previously reported for the wild-type recombinant 15 i
enzyme 10).
The amount of 4a-thiolate adduct in untreated wild-type
recombinant cTSOX (49%) or the mutant enzymes—57
1.0 .

74%) was estimated by comparison of the spectral ratig

Asso with that observed for the natural enzyme. Somewhat
lower values for the mutant enzymes were estimated by
comparison of the ratidAxsdAss0 Observed for untreated
versus MMTS-treated enzyme (Table 3). In either case, it is 0.5 | —
clear that all mutant enzymes contain a significant amount
of 4a-thiolate adduct. The results show that none of the
cysteine residues in thesubunit is involved in the formation

Absorbance

of the 4a-adduct or is important for catalysis. 0.0 : L . L
Is a 4a-Thiolate Adduct Found in Recombinant TSOX from 300 400 500 600
Other SourcesTSOX fromArthrobactersp. 1-IN (aTSOX) Wavelength (nm)

exhibits the same subunit and coenzyme composition andg; re 3: Reaction of recombinant pTSOX with hydrogen
shares 96% amino acid sequence identity with cTS@6. ( peroxide. Curve 1 is the absorption spectrum of the untreated
A recent study, however, failed to detect a 4a-adduct in enzyme in 10 mM potassium phosphate buffer, pH 8.0, at@5
recombinant aTSOX. We recently cloned and expressedcur\’_e 2 was recorded after reaction with hydrogen peroxide, as
TSOX fromP. maltophilia(pTSOX). pTSOX is less similar ~ detailed in the legend to Table 4.
to cTSOX than is aTSOX, as judged by the amino acid with the natural enzyme (Table 4). The 4a-adduct in
sequence identity observed with pTSOX and cTS@X (  recombinant pTSOX is disrupted by reaction withQ4, as
84%; 3, 96%;y, 72%; 0, 80%)? judged by characteristic changes in the visible absorption
A 4a-adduct is not found in the natural form of pTSOX spectrum of the enzyme (Figure 3)2(912 treatment also
isolated fromP. maltophilig® similar to that observed with  eliminates the lag in the coupled assay and shifts the spectral
cTSOX. Recombinant pTSOX, however, exhibits a lag in a ratios to values similar to those of the natural enzyme isolated
horseradish peroxidase coupled assay and increased valueBom P. maltophilia(Table 4).
for the spectral ratio#\xsd/Auso and Ageg/Asso as compared The recombinant forms of cTSOX and pTSOX are
typically isolated in our laboratory from transformgdcoli
3G. Zhao and M. S. Jorns, unpublished results. XL-1 Blue cells where the enzymes are expressed under the
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control of thelac promoter, using pBluescript Il SK{) as A B
vector. The recombinant form of aTSOX was expressed
under the control of the T7 promoter using a pET vector
with E. coli BL21(DE3) as host cell26). We therefore
investigated the effect of a similar expression system on the
4a-adduct content of pTSOX. In fact, a substantial amount
of 4a-adduct (38%) was found in preparations of pTSOX
when expression of the recombinant enzyme was placed
under the control of the T7 promoter using a pET vector
(PET17b) ancE. coli BL21(DES3) as host cell (Table 4).
Role of the Cealent Flavin Link: Mutation of3(His173)
to Ala. Studies to evaluate the role of the covalent link
between the &-position of FMN and thef subunit of
cTSOX were initiated by mutating(His173) to alanine.
Wild-type recombinant cTSOX constitutes about 30% of the
protein in cell lysates1(0) which exhibit a prominent band 1.2 3 4 5 6 12 34 5 6
on native gels (Figure 4A, lane 1), comigrating with pure
enzyme (Figure 4A, lane 6). Expression of fi{elis173Ala)
mutant was not detected when cell lysates were subjected . . ___
to native gel electrophoresis (Figure 4A, lane 3) or assayed s
for TSOX activity. SDS-PAGE analysis readily detects the
o subunit in wild-type lysates (Figure 4C, lane 1). All four
subunits are detected when wild-type lysates are subjected *
to Western blot analysis using a polyclonal antibody (Figure %
4D, lane 1). No subunits were detected when mutant lysates |
were subjected to SDSPAGE (Figure 4C, lane 3) or
Western blot analysis (Figure 4D, lane 3). Inclusion body
formation could be ruled out since no subunits were detected | .
when mutant cell pellets were subjected to SIPRAGE i B .
analysis (data not shown). The results show that the
B(His173Ala) mutation blocks protein expression in cells
grown under standard conditions (LB, 2@). 1 2 3 4 5 8§ 1 2 3 4 5 6
Growth of cells on an enriched medium (tryp_te_ﬂe . Ficure4: Expression of thg(His173Ala) mutant of cTSOX. Panel
phosphate) at reduced temperature can overcome difficultiesy “is 5 "native gel stained for protein, and panel B is the
in the expression of recombinant proteinkd) Indeed, corresponding Western blot developed using a polyclonal antibody
mutant lysates from cells grown on tryptenghosphate  against wild-type recombinant cTSOX. Panel C is an SDS gel
medium at 25 C exhibited subunit expression levels similar stained for protein, and panel D is the corresponding Western blot.

a ; In each of the four panels, an aliquot of a given protein sample
to those of the wild-type enzyme, as judged by SFRAGE was run in lanes labeled with the same number. Cells were grown

(Figure 4C, lane 5) or Western blot (Figure 4D, lane 5) o, |8 medium at 29C or tryptone-phosphate (TP) at 25, as
analysis. No subunits were detected in control lysates (laneindicated. Lanes 1 and 6 (LB, 2€) are lysate and purified enzyme,
4 in Figure 4C,D). Despite the enormous effect on subunit respectively, from cells (XL-1 Blue/pLJC400) expressing wild-type

expression, the new growth conditions did not resolve the |5 aTET Z2R0IG Bace R (L, ) H0e cmoiant vetor IXL
subunit assembly problem, as judged by native gel analysis; Blue/pBluescript SKE)]; lanes 3 (LB, 29°C) and 5 (TP, 25C)

of_cell lysates where the mutant pro_tein was barely d_etectableare lysates from cells (XL-1 Bluef173A) designed to express
(Figure 4A, lane 5). When the native gel was subjected to the f(His173Ala) cTSOX mutant. A faint band, comigrating with

Western blot analysis, a thin, weak band was seen with thepure cTSOX, was seen on the original, native gel (panel A) with

mutant lysate (Figure 4B, lane 5) that appeared to comigrate!ysate from mutant cells grown on TP at 26 (lane 5) but not

ith th ild-t Ei 4B | 6 with the corresponding control extract (lane 4). [The reason for
wi e pure, wild-type enzyme (Figure 4B, lane 6). ihq weak reaction of the polyclonal antibody with the wild-type
However, the mutant lysate also exhibited a larger, diffuse, enzyme in crude extracts (Figure 4B, lane 1) is unclear.]

slower migrating band that may reflect the presence of a
heterogeneous mixture of oligomeric forms. The latter might benign, neutral replacement for histidine. Asparagine can be
account for the absence, in native gels stained for protein,a much better substitute in certain locations, possibly
of a prominent band, comigrating with the wild-type enzyme. reflecting a requirement for a degree of steric bulk that cannot
Attempts to overcome the subunit assembly problem by be satisfied by alanin€7). Indeed, thes(His173Asn) mutant
growing cells at lower temperature (&) or by adding of cTSOX was found to exhibit apparently normal subunit
riboflavin (20—200uM) to the tryptone-phosphate growth  expression and assembly even when grown under standard
medium were unsuccessful. conditions (LB, 29°C), as judged by native gel electro-

Role of the Coalent Flavin Link: Mutation of3(His173) phoresis. A distinct protein band is observed with the mutant
to Asn Previous studies suggest that alanine is not always alysate (Figure 5, lane 4) that comigrates with wild-type
cTSOX (Figure 5, lanes 3 and 6). TREHis173Asn) mutant

4 Expression as an unstable protein that is rapidly degraded cannotiS, however, catalytically inactive and does not exhibit a band
be ruled out. when the native gel is stained for activity (Figure 5, lane 9),
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Ficure 5: Expression of thgg(His173Asn) mutant of cTSOX. B
Lysates were prepared from cells grown on LB medium at@9
unless otherwise indicated. Lanes: 1, molecular mass markers; 2 Pres— Prp——
and 7, lysate from control cells containing nonrecombinant vector ——

[XL-1 Blue/pBluescript SK{)]; 3 and 8, lysate from cells (XL-1
Blue/pLJC400) expressing wild-type recombinant cTSOX; 4, 5, and

9, lysate from cells (XL-1 Blue/pH173N) expressing the- B
(His173Asn) mutant and grown at 29, 25 (TP), and %5,
respectively; 6 and 10, pure wild-type cTSOX. ?"‘"’ W o s e

unlike wild-type enzyme (Figure 5, lanes 8 and 10).
Expression of thgg(His173Asn) mutant was not enhanced
by growth on tryptone phosphate medium at 2& (Figure 1 2 3 4 § 6

5, lane 5), unlike thg(His173Ala) mutant. Ficure 6: Analysis of fractions obtained during the purification
h . ii . he f of the 3(His173Asn) mutant of cTSOX in the absence of stabilizing
The f(His173Asn) mutant was purified using the four-  5gents. Panel A shows the Western blot analysis of an SDS gel.

step procedure developed for the wild-type enzyme: am- Lane 1 is pure wild-type cTSOX. Lane 2 is lysate from control
monium sulfate fractionation and gel filtration, followed by cells containing nonrecombinant vector [XL-1 Blue/pBluescript SK-

chromatography on phenyl-Sepharose and DEAE—Sephace(ﬁJ(F&]; Igg&ys?te%%n;(cellf ()?Zl-l B'g)elﬂ"173’\!%_ eé(%reSSing the
; : : : is sn) c mutant (lane 3) was purified by ammonium
(10). Isolation of the catalytically inactive mutant was sulfate fractionation (not shown), gel filtration on Ultrogel AcA

monitored by Western blot (Figure 6A) or SBEAGE 34 (lane 4), hydrophobic chromatography on phenyl-Sepharose (lane
(Figure 6B) analysis. All four subunits are present in the 5), and anion-exchange chromatography on DEAE-Sephacel (lane
cell lysate (Figure 6A, lane 3) and retained up to and 6). Panel B is an SDS gel stained for protein. Lane 1 is the eluate
including the gel filtration step (Figure 6A, lane 4). Purifica- oM the phenyl-Sepharose column. Lane 2 is pure wild-type
L h . cTSOX. Lane 3 is an initial wash of the DEAE-Sephacel column.
tion Is, howe\_/er’, accompamed by a progressive loss of the Lanes 4-6 are fractions (12, 15, and 18, respectively) eluted when
/5 subunit, which is particularly pronounced after the phenyl- the DEAE-Sephacel column was developed with a salt gradient.
Sepharose step (Figure 6A, lane 5; Figure 6B, lane 1). TheFractions 12, 15, and 18 are the leading edge, peak fraction, and
loss of theB subunit appears to coincide with the accumula- trailing edge of the DEAE-Sephacel column eluate. Fractions 14
tion of unidentified bands that react with the polyclonal 16 were pooled for NAD analysis.

antibody and migrate at an intermediate rate as compared Tpheq andj subunits each contain an Merminal ADP-
with the o and 5 subunits. This material is diminished but  pinding motif that could serve as part of the binding site for
not entirely eliminated by the DEAE-Sephacel step (Figure EaD or NAD* in the wild-type enzyme. The location of
6A, lane 6). Depletion of thé subunit is first evidentinthe e binding sites for these coenzymes was, however, not
eluate from the phenyl-Sepharose column (Figure 6A, 1ane known. The isolation of a complexu) that contained the
5; Figure 6B, lane 1) and complete after the DEAE-Sephacel o supunit but not the8 subunit provided an opportunity to
step. The final preparation contains only two subunitand  aqgress this issue. Tleer complex did not exhibit significant
7. as judged by Western blot (Figure 6A, lane 6) or SDS  gpsorbance in the visible region, ruling out the presence of
PAGE analysis (Figure 6B, lane 5). The results strongly FaAD. To determine whether the complex contained NAD
implicate the covalent flavin link as an important structural pe protein was precipitated with TCA. The supernatant was
element in wild-type cTSOX. extracted with ether to remove TCA, diluted with buffer
Characterization of thexy Complex A nearly pureay containing semicarbazide (45 mM), and then mixed with
complex was isolated upon purification of thgHis173Asn) ethanol (128 mM). The diluted supernatant exhibited an
mutant, as described above. The subunit stoichiometry of absorption maximum at 260 nm and a broad, weak shoulder
this complex was estimated on the basis of the relative around 300 nm (Figure 7, curve 1). Addition of yeast alcohol
amounts of thex andy subunits detected upon SBEAGE dehydrogenase resulted in the appearance of a new absorption
analysis of the peak fraction from the DEAE-Sephacel band at 340 nm attributed to NADH formation (Figure 7,
column (Figure 6B, lane 5). Results obtained for ¢thand curve 2). The NAD concentration (42M) was estimated
y subunits in pure wild-type cTSOX were used as a standardon the basis of the increase in absorbance at 340 nm. The
for a 1:1 complex, as detailed in Experimental Procedures. corresponding concentration of thg complex (44uM) was
The analysis indicates that the purified complex contains determined on the basis of the observed absorbance at 280
approximately stoichiometric amounts of the and y nm when the pellet of the TCA-precipitated enzyme was
subunits ¢/a. = 0.95+ 0.25). redissolvedn 6 M guanidine hydrochloride, as detailed in
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Ficure 8: Western blot analysis of fractions obtained during the
purification of the(His173Asn) mutant of cTSOX in the presence
of stabilizing agents (10% glycerol, 1 FAD, and 10uM FMN).
- Lane 1 is pure wild-type cTSOX. Lane 2 is lysate from control
cells containing nonrecombinant vector [XL-1 Blue/pBluescript SK-
(+)]. Lysate from cells (XL-1 Blue/fH173N) expressing thg-
(His173Asn) cTSOX mutant (lane 3) was purified by ammonium

. L sulfate fractionation (lane 4), gel filtration on Ultrogel AcA 34 (lane
250 300 350 400 450 5), hydrophobic chromatography on phenyl-Sepharose (lane 6), and

Wavelength (nm) anion-exchange chromatography on DEAE-Sephacel (lane 7, side

fraction; lane 8, main fraction).

FiIGuRe 7: NAD™ content of theay complex isolated upon
purification of thef(His173Asn) mutant of cTSOX in the absence 1 2 34 5 6 7 8
of stabilizing agents. Curve 1 is the absorption spectrum of the - -
supernatant obtained after precipitation of tle complex with A J
1
L]

TCA, ether extraction, 1:1 dilution with 100 mM sodium pyro-
phosphate buffer, pH 8.8, containing 45 mM semicarbazide, and
addition of 128 mM ethanol. Curve 2 was recorded 6 min after
addition of yeast alcohol dehydrogenase (2.6 units/mL) at@5

\

Experimental Procedures. The results show that diyre
complex contains a nearly stoichiometric amount of NAD
(0.95 mol/mol of complex) and strongly suggest that the
NAD™ binding site is in thex subunit.

Purification of thef(His173Asn) Mutant in the Presence
of Stabilizing Agents Purification of the f(His173Asn) 1 2 3
mutant was conducted in the presence of 10% glycerol, 10 g
uM FAD, and 10uM FMN in an attempt to prevent loss of
the § and 0 subunits. Western blot analysis of various =
fractions during the purification shows that the presence of
these stabilizing agents does not prevent loss gf thebunit.

As observed in the absence of stabilizing agents, loss of the
/3 subunit is especially pronounced after the phenyl-Sepharose
step and accompanied by the appearance of immunoreactive
material with a migration rate intermediate between dhe
and 8 subunits (Figure 8, lane 6). The presence of the
stabilizing agents does, however, prevent loss of ¢dhe FIGURES: Expression of thet subunit from cTSOX by itself. Panel
subunit. The final preparation contained three subunifs, A is an SDS gel stained for protein. Panel B is the corresponding

. : . Western blot. In each panel, an aliquot of a given protein sample
7, ando (Figure 8, lanes 7 and 8) but no flavin, consistent was run in lanes labeled with the same number. Dialyzed cell lysate

with the loss of theS subunit and its flavin binding sites. (jane 1) was mixed with cobalt affinity matrix. Lanes 2 and 3 are
Expression of thex Subunit by ItselfThe oy complex the eluates obtained when the matrix was washed (twice) with

was found to contain 1 mol of NAQ implicating thea dialysis buffer (50 mM sodium phosphate, pH 7.0, containing 500
subunit as the binding site for NAD Direct evidence was MM sodium chloride and 20% glycerol). The matrix was then mixed
. . - with dialysis buffer containing 15 mM imidazole and poured to
sought by expressing the subunit from cTSOX by itself. 50 3 column. Fractions collected as the column settled were
The gene encoding the subunit of cTSOX oxA was combined into two pools: fractions—111 (lane 4) and fractions
amplified by PCR and subcloned between Nud and Xhd 12-29 (lane 5). Fractions collected upon washing the column with
sites of plasmid pME430, a pBluescript derivative. The final dialysis buffer containing 150 mM imidazole were combined into

: ; ; ; two pools: fractions 3635 (pool A, lane 6) and fractions 3612
expression plasmid was generated after inserting a I:)CR(pooI B, lane 7). Pure wild-type cTSOX (lane 8) exhibits bands

product at the 3end of thesoxAgene that was designed 10 qye to thew, 8, andy subunits but not thé subunit which ran off
incorporate a (Hig)tag at C-terminal end of the protein. the gel.

Good expression of the His-taggedsubunit was observed

when cells were induced at 2&. Thea subunit was purified mM imidazole eluate was combined into two pools (pool
using a cobalt affinity column. About one-third of the A, tubes 36-35; pool B, tubes 3642.). All three fractions
subunit applied to the column was eluted by washing with contained highly purifiedx subunit, as judged by SDS

15 mM imidazole (12.8 mg); the remainder (24.7 mg) was PAGE or Western blot analysis (Figure 9). None of the
recovered upon washing with 150 mM imidazole. The 150 fractions exhibited significant absorbance in the visible region

L
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FiGURE 10: NAD™ content of thea. subunit from cTSOX. Curve 300 400 500 600

1 is the absorption spectrum of the supernatant obtained after TCA
precipitation and further treatment as described in the legend to
Figure 7. Curve 2 was recorded 6 min after addition of yeast alcohol FiGure 11: NAD* content of thex(Gly139Ala) mutant of cTSOX.
dehydrogenase (2.6 units/mL) at 5. The experiment shown was  Curve 1 is the absorption spectrum of the supernatant obtained after
conducted withe subunit purified by cobalt affinity chromatography ~ TCA precipitation and further treatment as described in the legend
(150 mM imidazole eluate, pool A), as described in the text. to Figure 7. Curve 2 was recorded 6 min after addition of yeast
alcohol dehydrogenase (2.6 units/mL) at 5. Curve 3 is the
and therefore did not contain flavin. An aliquot of each difference spectrum obtained by subtracting curve 1 from curve 2.

fraction was denatured with TCA. The NAZontent in each The inset shows the corresponding data obtained with wild-type
of the TCA-free supernatants was estimated after addition "€¢ombinant enzyme.

of semicarbazide, ethanol, and alcohol dehydrogenase, as . :
described above for they complex. NAD" was present in ay complex. In this case, the gxtract qontalned the nonco-
all three supernatants, as illustrated by the results obtainedValent FAD and exhl_blted a typical flavin spectrum (Figure
with the supernatant from the 150 mM imidazole eluate, pool 11, curve 1). Addition of yeast alcohol dehydrogenase

A (Figure 10). Data analysis showed that each fraction resulted in an increase in absorbance in the-3tD nm
contained a nearly stoichiometric amount of NADO.90 region (Figure 11, curve 2). The difference spectrum shows

mol/mol of & (15 mM imidazole eluate): 1.1 mol/mol of a peak at 340 nm (Figure 11, curve 3), as expected for the
(150 mM imidazole eluate, pool A): 1 3,mollmol of (150 formation of NADH. The reaction with the mutant extract

mM imidazole eluate, pool B). The results provide definitive 'S V&Y S|m|l_ar to that obsgrved_w[th wild-type cTSOX
evidence for the presence of the NADinding site in the (Figure 11, m_set). Calculations indicate that_the mutant
o subunit. enzyme contained 1.0 mol of NADmol of protein.

Mutation of a(Gly139) to Ala or Val The ADP-binding The results show that NADis tightly bound to theo-
motif near the NH terminus of the 967 residue subunit (Gly139Ala) mutant and not lost during enzyme purification
from cTSOX contains three highly conserved glycine at4°C.Loss of NAD" has been observed upon incubation
residues (G)XG139XXG). Studies with other NAD(P) of the wild-type enzyme at elevated temperatures (€50%
binding proteins suggested that a Gly Ala mutation of loss after 30 min at 37C) (3). To determine whether the
the second glycine in this motif would cause a significant ®(Gly139Ala) mutation affected the stability of bound
decrease in nucleotide binding affinigg, 29). In an attempt ~ NAD™, wild-type and mutant enzymes were incubated for
to generate NAD-free cTSOX, thea(Gly139Ala) mutant 40 h at 25°C and then for 24 h at 31C. Aliquots were
was constructed. Expression of the mutant protein was foundWithdrawn at various time points; free NADvas determined
to be highly temperature dependent. No expression wasUSing yeast alcohol dehydrogenase, which does not react with
detected under standard conditions (LB, Z%) but was ~ CTSOX-bound NAD (3). The same rate of NADrelease
observed at lower temperatures. Cell lysates from cells grownWas observed for wild-type and mutant cTSOX (data not
at the optimal temperature (15C) exhibited a specific ~ Shown).
activity that was 20% of that observed for wild-type extracts ~As compared with a Gly> Ala mutation, a much larger
from cells grown at 29C. decrease in nucleotide binding affinity would be expected

The a(Gly139Ala) mutant, purified from cells grown at upon mutation ofa(Gly139) to Val, as judged by results
15 °C, exhibited a specific activity (10.7 units mihmg2) obtained with other NAD(P)binding proteins Z8). How-
similar to that of the wild type enzyme (see Table 3). Flavin €ver, no expression was detected with th&ly139Val)
analysis showed that the mutant enzyme contained approxi-CTSOX mutant when cells were grown in LB medium at
mately stoichiometric amounts of covalently bound FMN (0.8 29, 25, 15, 10, or 3C*
mol/mol) and noncovalently bound FAD (1.1 mol/mol). To Mutation of 3(Gly30) to Ala.The observed stoichiometric
evaluate the NAD content, a TCA extract was prepared and binding of NAD" to the o subunit strongly suggests that
mixed with semicarbazide and ethanol, as described for thethe FAD site is likely to involve the second ADP-binding

Wavelength (nm)
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motif near NH terminus of theS subunit. In an effort to
isolate FAD-free cTSOX, the second glycine in the ADP-
binding motif of the subunit (GXG3XXG) was changed

to alanine. Thg8(Gly30Ala) mutant was not expressed when
cells were grown under standard conditions (LB,°29, as
judged by native or SDSPAGE analysis of cell lysates.
Extracts from cells grown on tryptorgphosphate medium

at 25°C exhibited wild-type expression levels of all four
subunits. The subunits did not undergo normal assembly
since a band that comigrated with the wild-type enzyme was
not detected upon native gel electrophoresis. The
(Gly30Ala) mutant expression patterns (data not shown) are
virtually identical to those observed with tfi¢His173Ala)
mutant (see Figure 4) where covalent flavinylation was
blocked by mutating the FMN attachment site. This similarity
suggested that th&Gly30Ala) mutation might also prevent
covalent attachment of FMN. To test this hypothesis, SDS
gels were overloaded with protein (8@ of soluble extract
per lane) and examined under UV light prior to being stained
for protein. Under these conditions, tffesubunit in wild-
type lysates exhibits a yellow fluorescence due to covalent
FMN. The subunit in the mutant extract was nonfluores-
cent, indicating that thg(Gly30Ala) mutation also blocks
covalent flavinylation.

Attempted Expression of thg Subunit by Itself.Two
constructs were developed in an effort to express the
subunit from cTSOX by itself. In plasmids pLIC38Bsml
and pETS, expression of the gene coding for thesubunit
(soxB was placed under the control of thac and T7
promoters, respectively. No expression of theubunit was
observed with either construct usifg coli XL-1 Blue or
E. coli BL21(DE3) as host cell, respectively, as judged by
SDS-PAGE or Western blot analysis. Growth conditions
tested included different media (LB, tryptonphosphate)
and temperatures (15, 20, 25, and°Z9.

Reaction of pTSOX with Sulfit¥’arious results suggest
that FAD binds noncovalently to thgsubunit of TSOX in

a manner otherwise analogous to that observed for the

covalently bound FAD in MSOX and MTOX. Thesubunit

of TSOX exhibits sequence similarity with MSOX and
MTOX. An NHx-terminal ADP-binding motif is present in
all three polypeptides and forms part of the coenzyme binding
site in MSOX. Residues which bind sarcosine in MSOX are
conserved in th@ subunit. The single sarcosine binding site
in cTSOX is located near FAD, the flavin that acts as the
immediate electron acceptor from sarcosine in TSOX,
MSOX, and MTOX @, 11, 14). Given this scenario, the
environment and reactivity of the noncovalent FAD in TSOX
should resemble that observed for the covalent FAD in
MSOX and MTOX.

Formation of a reversible covalent complex involving
nucleophilic addition of sulfite at flavin N§) is a feature
characteristic of flavoprotein oxidases and not generally
observed with other classes of flavoenzyma6).( Sulfite
complex formation is observed with MSOX and MTOX, but
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Ficure 12: Reaction of pTSOX with sulfite. The recombinant
enzyme was treated with,8, to disrupt the 4a-adduct, as described
in the footnote to Table 4. Panel A shows a titration of the enzyme
with sulfite in 45 mM potassium phosphate buffer, pH 8.0 at 25
°C. Curves 16 were recorded immediately after addition of 0.0,
0.025, 0.073, 0.164, 0.469, and 58.6 mM sulfite, respectively. The
inset to panel A shows a fit (solid line) of the titration data (filled
circles) to a hyperbolic saturation curvAAqps = AAma{sulfite]/
([sulfite] + Kg)]. Panel B shows the spectral course of the reaction
of pTSOX with 150 mM sulfite in 40 mM potassium phosphate
buffer, pH 8.0 at 4£°C. Curves 1 and 2 were recorded before and
immediately after addition of sulfite, respectively. Curves83vere
recorded after incubation for 1, 10, 20, 35, 50, and 70 h,
respectively. The inset shows a fit (solid line) of the data (filled
circles) for the slow reaction to a single-exponential expres#ign (

= AAnag K + Asinal).-

reaction with the covalent FMN occurs immediately upon
mixing with sulfite.

The sulfite reaction was reexamined in studies with
pTSOX after the 4a-adduct in the isolated recombinant
enzyme was disrupted with,B,. Titration of pTSOX results
in the immediate formation of a sulfite complex with about
half of the flavin, as judged by the 40% bleaching of the
absorbance at 450 nm (Figure 12A), similar to that observed
with recombinant cTSOX (42%) or the natural corynebac-
terial enzyme (4548%) (10, 23). The titration data with
pTSOX give a good fit to a theoretical binding curve (Figure
12A, inset) with an estimated dissociation constadtt €

.00
300 400

the reaction is orders of magnitude slower than observed with143 + 2 uM) similar to that observed for the reaction of

other flavoprotein oxidased{, 31). Our previous studies
with cTSOX led us to conclude that only the covalent FMN
forms a complex with sulfite23). However, the recently
observed slow reaction of MSOX and MTOX with sulfite
raised the possibility that a comparable reaction with the FAD
in cTSOX may have been overlooked, particularly since the

sulfite with the covalent FMN in cTSOXKy = 260 uM)
(8) under the same reaction conditions (pH 8.0,°25.

To investigate a possible slow reaction with the non-
covalent FAD, spectral changes were monitored after pTSOX
was mixed with 150 mM sulfite under the same conditions
except that the temperature was lowered f&€40 enhance
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the long-term stability of the enzyme. Consistent with the
titration study, 40% bleaching of the absorbance at 450 nm
was observed immediately after sulfite addition (Figure 12B,
curve 2). A second reaction was, indeed, observed upon
further incubation that resulted in the bleaching of 70% of
the initial absorbance at 450 nm (Figure 12B, curve8j

The slow reaction exhibited apparent first-order kinetics
(Figure 12B, inset)Kys = (25.4+ 0.2) x 1073 h™Y]. The
results show the noncovalent FAD in pTSOX forms a sulfite
complex in a slow reaction, similar to that observed with
MTOX and MSOX. The observed reaction of sulfite with
both flavins in pTSOX suggests that caution must be
exercised in attempting to simplify the reductive half-reaction
kinetics by assuming that sulfite will only react with the
covalent FMN 26).

Reaction of pTSOX with MethylthioacetaMSOX and
MTOX form charge transfer complexes with methylthio-
acetate (MTA), a substrate analogue where the amino
nitrogen in sarcosine is replaced by sulfdad,(31). If the
noncovalent FAD in TSOX is equivalent to the covalent FAD
in MSOX and MTOX, TSOX would be expected to form a
similar charge transfer complex involving the noncovalent
FAD. Titration of pTSOX with MTA shows that the

compound does indeed form a charge transfer complex, as

judged by the development of a new absorption band at
longer wavelengths (Figure 13A). The charge transfer band
is not well resolved in the absolute spectrum owing to overlap
with the red edge of the flavin absorption spectrum. The
position of this bandAmax = 512 nm) was estimated from
the difference spectrum (Figure 13B, curve 1). The dissocia-
tion constanti{q = 4.7 £ 0.1 mM) was determined by fitting
the titration data to a theoretical binding curve (Figure 13A,
inset). The properties observed for the pTS®IXA com-
plex are similar to those observed for the corresponding
complexes with MSOX and MTOX (Table 5).

To determine whether the pTSGMTA complex involved
the noncovalent FAD, the enzyme was mixed with 10 mM
sulfite and then titrated with MTA. The sulfite concentration
used in this experiment was sufficient to quantitatively
complex the covalent FMN whereas negligible reaction could
occur with the noncovalent FAD, particularly during the short
time (20 min) required for the MTA titration. Complexing
the covalent FMN with sulfite did not significantly affect
the difference spectrum observed for the pTSMXA
complex (Figure 13B, curve 2) as compared to that observed
in the absence of sulfite (Figure 13B, curve 1) and caused
only a small increase in the dissociation const&at=€ 7.9
+ 0.2 mM). The results show that the MTA charge transfer
complex involves the noncovalent FAD in pTSOX.

DISCUSSION

Role of the Ceoalent Flavin Linkage.Insight regarding
the function of the covalent bond between the@sition
of FMN and His173 in thgg subunit of cTSOX was obtained
by mutating this residue to Asn. TH¥His173Asn) mutant

Eschenbrenner et al.
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Ficure 13: Reaction of pTSOX with methylthioacetate (MTA).
The recombinant enzyme was treated witiOhlto disrupt the 4a-
adduct, as described in the footnote to Table 4. Panel A shows a
titration of the enzyme with MTA in 50 mM potassium phosphate
buffer, pH 8.0 at 25°C. Curves 17 were recorded immediately
after addition of 0.0, 0.50, 0.98, 1.92, 3.70, 12.7, and 106 mM MTA,
respectively. The inset to panel A shows a fit (solid line) of the
titration data (filled circles) to a hyperbolic saturation curnd&\jys

= AAno{MTAJ/([MTA] + Kg)]. Panel B: Curves 1 and 2 show
difference spectra for the MTA complex determined in the absence
or presence of 10 mM sulfite, respectively. Spectra were normalized
to 100% complex formation using the measured complex dissocia-
tion constants and the spectral data obtained at the highest ligand
concentration tested (106 mM). Curve 2 was also normalized to
the same initial concentration of MSOX used in the titration in the
absence of sulfite.

600

700

Table 5: Comparison of pTSOKITA, MSOX-MTA, and
MTOX-MTA Charge Transfer Complexgs

enzyme Amax (NM) Kg (MM)
pTSOX 512 4.7
MSOX 532 2.6
MTOX 516 32.3

2The complex with pTSOX involves the noncovalent FAD, as
described in the text. Values for MSOX %) and MTOX 31) are as
previously reported.

flavin-free, complex containing the andy subunits in a
1:1 stoichiometry. The addition of possible stabilizing agents
(glycerol, FMN, FAD) to buffers used during purification
prevents loss of thé subunit but not thg subunit, resulting
in the isolation of a flavin-freeryé complex.

The results show that the covalent flavin link is a critical

exhibits apparently normal subunit expression and assembly structural element in TSOX. Th&subunit is the least stable

as judged by native, SDSPAGE, and Western blot analysis
of mutant cell lysates. The mutant heterotetramer is, however,
catalytically inactive and considerably less stable than wild-
type cTSOX. Thes andd subunits are lost from the mutant
enzyme during purification, which yields a nearly pure,

subunit in the mutant heterotetramer. Loss of h&ubunit
appears to weaken the interaction betweenjteebunit and
the oy complex, as judged by the observed instability of
theoyd complex in the absence of external stabilizing agents.
Recent studies show that the covalent flavin link has an
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important structural function in monoamine oxidase A. The show that the8 subunit does not contain the reactive cysteine.
mutant enzyme is very unstable when removed from the outerSince the covalent FMN is attached via its 8-methyl group
mitochondrial membrane whereas wild-type monoamine to thej subunit, this finding indicates that the flavin ring is
oxidase A can be solubilized in a stable ford2) A located at the interface betwegrand another subunit that
structural role for the covalent link is not, however, a contains the reactive cysteine residue.

universal property, as judged by results obtained with other  on the basis of the results obtained with cTSOX and
enzymes [vanillyl alcohol oxidas@8, 34), fumarate reduc-  pTSOX, we postulate that the 4a-adduct is a general property
tase 85), succinate dehydrogenas#6)] where the mutant  of recombinant TSOX and is an intermediate in the biosyn-
forms exhibit stability and structural properties similar to  thesis of the heterotetramer that is subsequently consumed
those of the corresponding wild-type enzymes. The fumaratequring turnover of the newly synthesized enzyme with
reductase and succinate dehydrogenase data are of particulafarcosine. In this case, the reactive cysteine that forms the
interest because these heterotetrameric enzymeS exhibit aa_adduct Shou'd be a h|gh|y Conserved residue_ ahe
complex quaternary structure and contain multiple redox sybunit contains three absolutely conserved cysteine residues,
centers, analogous to that observed with TSOX. as judged by multiple sequence analysis of five different
The covalent flavin link in TSOX may also be essential heterotetrameric sarcosine oxidases. No conserved cysteine
for catalysis, as judged by the absence of TSOX activity in residues were found upon comparison of the corresponding
ﬁ(Hlsl73Asn) cell Iysates that contain the intact, mutant a,ﬂor‘y subunite Interaction between tr@anda subunits
heterotetramer. This proposal, however, assumes that thgs consistent with results obtained with té¢His173Asn)
intact heterotetramer contains noncovalently bound FMN in mutant where dissociation of th@ subunit appeared to
place of the covalently bound FMN present in the wild-type weaken the interaction between thesubunit and thexy
enzyme. If this assumption is incorrect, the results would complex. The data suggest that fhesubunit in the wild-
suggest that the covalent link in TSOX plays a key role in type enzyme binds to both thesubunitandthe oy complex
preventing FMN loss. In studies with monoamine oxidase and thereby stabilizes the association dofwith the ay
A (32), succinate dehydrogenasgs), fumarate reductase  complex. 4a-Thiolate adducts are formed as catalytic inter-
(39), vanillyl alcohol oxidase 33, 34), and trimethylamine  mediates in flavoenzymes with redox-active disulfid@8)
dehydrogenase3(), the mutant enzymes were found to and probably during the photocycle of a plant blue light
contain noncovalently bound flavin and exhibit significant receptor 39) The postu|ated role of the 4a-adduct as an

catalytic activity, albeit at reduced levels as compared with intermediate in the biosynthesis of an oligomeric enzyme is
the wild-type enzyme. The tight binding observed for the novel and currently under investigation.

noncovalent flavin in the mutant forms of vanillyl alcohol Role and Binding Site of NADIn TSOX The o and
oxidase a_md monoamine oxidase A has led SOmMe Workerssubunits each contain an Miterminal ADP-binding motif
(32) to reject a possible role of the covalent flavin link in

) . that could serve as part of the binding site for FAD or NAD
preventing flavin loss. Indeed, the numerous noncovalent

! . o in the wild-type enzyme. The flavin-freey complex was
Interactions bgtween FAD and the protein in 'V'SO“?‘)( found to contain 1 mol of NAD, implicating thea. subunit
led us to predict that loss of the covalent link would yield a ¢ e binding site for NAD. Definitive evidence was
mutant enzyme containing noncovalently bound FAD. How- obtained by expressing tliesubunit from cTSOX by itself
ever, FAD binds very weakly to the mutant fo”‘_“ _Of MSOX'_ and showing that the purified subunit contained 1 mol of
which is isolated as an apoenzyme that exhibits catalytic

. X NAD*/mol of protein.
activity when assayed in the presence of excess RAR, o dies h h hat NAD duced b
= 2 x 1074 M).2 The results clearly show that the covalent ur studies have shown that S not reduced by

flavin link can play an important role in preventing flavin ;arcosine orin redo>§ equilibrium Wit_h the flavins. NAEB.
loss in some enzymes. Overall, the findings indicate a tightly bound to the wild-type enzyme; attempts to selectively
diversity of function for the covalent flavin link in different remove the_coenzyme were _not successil ‘Q’_he AD'.D'
proteins. The current TSOX data do not allow us to binding motif near the N-terminus of tleesubunit contains
distinguish between the two possible explanations for the three highly conserved g%gne re_srlguoexs (Gcﬁ%%g)' In
total lack of activity in cell lysates that contain the intact, an at:e(rjntpt'tat\)l gen(\e/ralte_rh Grlee ,gl t’oi'( y d )_wallls
mutant heterotetramer. However, we suspect that FMN bindsMutated to Ala or Val. The Gly~ Ala mutation drastically

weakly to the mutant enzyme and that loss of FMN yields affects cTSOX expression, which was detected only in lysates
an unstable apoenzyme that undergoes irreversible denaturtrom cells grown at low temperature. TREGly139Ala)
ation. mutant enzyme (isolated from cells grown at U5) was
The Caalent FMN Binding Site.About half of the found to contam_ll mol ea(;h of NAD FAD, and cgva_lent
covalent FMN in preparations of recombinant TSOX from FMN an_d t_o exhibit catalytic pr_opertles and NADBinding
Corynebacteriunsp. P-1 andP. maltophiliais present as a affinity similar to those of the wild-type enzyme. The slower

reversible covalent 4a-adduct with a cysteine residue. In vitro rate of protein synthesis at the low temperature required for

studies show that the adduct is irreversibly disrupted by gxpressmp of :heN(ﬁgly.lgngtlﬁ) muttartlt dmt?'y dfamhta}tte
turnover with sarcosine or reaction with,® (10). The Incorporation 0 into the mutated binding Site.

adduct is not found in the corresponding natural enzymes HOWE"?“ once NAD incorporation has _OCC!J”?": th_e
probably because the adduct is disrupted in vivo by reaction properties of the mutant enzyme are essentially indistinguish-

with sarcosine which is used to induce expression of the able from those of t.he wild-type enzyme. As compared W.'th
natural but not the recombinant enzymes. Adduct formation the Gly— Ala mutation, a much larger decrease in nucleotide
was not prevented by mutating any of the three cysteine
residues in thgg subunit of cTSOX to Ser or Ala. The results 5M. S. Jorns, unpublished results.
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binding affinity would be expected upon mutation of
a(Gly139) to Val, as judged by results obtained with other
NAD(P)*-binding proteins 28). No expression of the-
(Gly139Vval) mutant was detected, even at temperatures as
low as 3°C. In this case, slowing the rate of protein synthesis
is apparently insufficient to overcome the much larger barrier
to NAD™ binding. The results suggest that binding of NAD

to thea subunit is important for cTSOX expression, probably
due to its effect on the folding and/or stability of tle
subunit.

FAD Binding Site and Properties of TSOX-Bound FAD.
Since thex subunit bound NAD, the FAD-binding site was
likely to involve the ADP-binding motif near the NH
terminus of thes subunit, as observed for the covalently
bound FAD in MSOX {4). The second glycine in the ADP-
binding motif in theS subunit (GXG3XXG) was changed
to alanine in an attempt to generate FAD-free cTSOX.
Although wild-type subunit expression levels were observed pgure 14: TSOX model. aa and ia refer to sarcosine and its
in lysates from cells grown in rich medium at reduced corresponding imine, respectively. The symbotl,es used to
temperature, thg(Gly30Ala) mutation was found to block  represent electron transfer from sarcosine to FAD and then to FMN.
both subunit assemblgnd covalent flavinylation of the3
subunit. The results suggest that the noncovalent binding ofSer149 in MSOX. The hydroxyl group of Ser149 in MSOX
FAD to the 8 subunit in the wild-type enzyme triggers a is located in a small depression on the protein surface, about
conformational change that is required for covalent FMN 8 A above thesi face of the FAD ring {4). We therefore
attachment and subunit assembly. Attempts to express thepropose that FMN is covalently attached to the side ofthe
wild-type B subunit by itself were unsuccessful, suggesting subunit opposite to the sarcosine entry channel. The resulting
that one (or more) of the other subunits may be needed forseparation between the flavin rings is reasonably consistent
the 3 subunit to achieve a stable conformation. This scenario With other studies which indicate that the flavins in TSOX
is consistent with the finding that the covalent FMNAris must be at least 10 A apa#,(9). The FMN ring in TSOX
bound at a subunit interface. Unlike tifesubunit, thea is located at the interface betwegnand a subunit which
subunit can fold into an apparently stable native conformation contains the cysteine residue that forms a 4a-thiolate adduct
when expressed by itself, as judged by the observedwith FMN. The 6 subunit is tentatively assigned to this
stoichiometric incorporation of tightly bound NAD subunit interface since it contains the three absolutely

Although we could not obtain definitive evidence to show conserved cysteine residues found in TSOX from various
that the noncovalent FAD binds to th@ subunit, the  sources. The postulated interaction between Ahend o
proposed binding site is supported by various other observa-subunits could also account for results which suggest that
tions, including the observed sequence similarity of ghe  the subunit stabilizes the interaction between dhgubunit
subunit with MSOX and MTOX (especially the conservation and theoay complex. A two-domain structure is proposed
of residues that bind sarcosine) and the presence of a singldor the o subunit, consistent with sequence analysis studies
binding site in cTSOX near the noncovalent FAD, the flavin (2). NAD™ binds to the ADP-binding motif in the NH
that serves as the immediate electron acceptor from sarcosinéerminal domain. Preliminary results indicate that the isolated

H4folate—; ——5,10-CHyH4folate

Hyfolate

4

(8, 11, 14). Given this scenario, it was predicted that the
environment and reactivity of the noncovalent FAD in TSOX
would resemble that observed for the covalent FAD in
MSOX and MTOX. This postulate is consistent with results
obtained for the reaction of the noncovalent FAD in cTSOX

a subunit binds kfolate® We propose that Holate binds

to the COOH-terminal domain, which exhibits sequence
homology with other enzymes that bindfelate and catalyze
the formation of 5,10-CHH_folate, using different 1-carbon
donors ). In the presence of fiblate, sarcosine oxidation

with sulfite and methylthioacetate. Formation of a covalent is efficiently coupled to the synthesis of 5,10-&H,folate

sulfite complex with the noncovalent FAD in cTSOX is

with the sarcosine imine as the probable 1-carbon dagor (

extremely slow, unlike the rapid reactions observed with most 7). Efficient coupling of two reactions involving a hydro-

other flavoprotein oxidases, but similar to the very slow
reactions observed with MSOX and MTOXY, 31). The

lytically labile intermediate might be accomplished by
substrate channelinglQ), as suggested in the model where

sarcosine analogue, methylthioacetate, forms similar chargethe flavin and folate sites are connected by a tunnel with

transfer complexes with the noncovalent FAD in pTSOX
and with the covalent FAD in MSOX or MTOX, as judged

restricted solvent access. Alternatively, efficient coupling
may involve juxtaposition of the two catalytic sites to form

by the position of the charge transfer bands and the stability @ composite active site. Thesubunit does not contain any

of the complexes (see Table 5).

TSOX Model In our working model (Figure 14), we
propose that FAD binds noncovalently to {hsubunit with
an entry channel for sarcosine abovetthéace of the flavin

identifiable motifs or exhibit sequence homology with any
other protein. It is proposed that tiresubunit binds only to
the a subunit and does not interact with tAer 6 subunits,
a model consistent with the fact that theandy subunits

ring, analogous to the binding mode observed for the can form a stable 1:1 complex.

covalently bound FAD in MSOX14). The covalent attach-
ment site for FMN in the3 subunit (His173) aligns with

6 P. Khanna and M. S. Jorns, unpublished results.
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