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The gene encoding trimethylumine dehydrogenase (EC 1.5.99.7) from bucleriun W,A, has bevn cloned. Using the polymerase chain reaction a
510 bp DNA lruginent encoding o distal purt of the gene wus amplified. Using this fragment of DNA as a probe, a clone was then isolated as a
4.5 kb BamHl fragment and shewn (o encode residues 3 to 729 of irimethylumine dehydrogenase. The polymerase chain reastion was ussd also
to isolate the RPNA encoding the missing N-terminal purt of the gene, The compleie open reading frume contained 2,190 bass pairs ceding for the
pracessed protein of 729 amino neids whieh lacks the N-teeminal methionine residuc, The high-level expression of the gene in Excherichiu cali wis
achieved by the eomstruction of an expression vestor derived (rom the plasmid pKK223-3. The ¢laning und sequence analysis described here
complete the partia! assignment of the umine neid sequease derived from ehemical sequencing [1j und will now permit the reflnement of the
erystallographic strueture of icimethylumine dehydrogenase and ulso u detailed investigation of the meehanism and properties of the enzyme by
prolein engincering.

Trimethylamine dehydrogenase: Bueterium WiA,: Tron-sulphur (lavoprotein

1. INTRODUCTION

Trimethylamine dehydrogenase (EC 1.5.99.7) cata-
lyses the oxidative N-demethylation of trimethylamine
to yield dimethylamine and formaldehyde [2]. The en-
zyme is one of several proteins that are induced to high
levels in the bacterium W,A, or related organisms when
grown on trimethylamine as the sole carbon sourse [31
The structure of the homodimeric enzyme is solved at
2.4 A resolution {8] revealing the overall chain fold of
the enzyme. The enzyme is comprised of thres domains,
the N-terminal fuey barrel domain linked covalently to
the 6-pasition of the FMN cofacter by a cysteine resis
due {5,6], a mediurm domain and a small domain. The
latter two domains bear a striking resemblance to the
FAD and NADPH-binding domains of glutathione re-
ductase [4] but dinucleotide binding te this region of the
protein has not heen demonstrated, The binding of
ADP, however, has »+2n abserved in crystallographic
studies suggesting that this regicn of the enzyme repre-
sents the vestigial remains of an FAD-binding domain
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(7). Crystallographic studies of the enzyme in three oxi-
dation states and in the presence of substrate and the
inhibitor tetramethylammonium echloride have also
been carried out (8. The aminu acid sequenss of tri-
methylamine dehydrogenase has been deduced from the
X-ray diffraction pattern obtained at 2.4 A resoluticn.
This sequence has been compared to a chemically deter-
mined sequence that represents approximately 80% of
the enzyme subunit [1]. Here we report the cloning,
nucleotide sequence determination and high-level ex-
pression of the gene (nnd) encoding trimethylamine de-
hydrogenase. This has allowed us to deduce the se-
quence of amino acid residues inferred from the X-ray
diffraction data which were not confirmed by chemical
sequencing and also to revise twelve assighments previ-
ously abtained by chemical sequencing. The sequernce
of the full protein will now enable the refinement of the
erystal struciure of the enzyme and will also permit a
detailed study of the enzyme by protein engineering.

2. EXPERIMENTAL

2.1, Muierials

Complex bacteriological media were from Difco laboratories, and
all medin were prepared as described in Maniatis et al. (9], [“S}ATP-
aS teiethylammonium salt (400 Ci/mmol} for DNA sequencing,
[“PJATP-#P tricthylammonium salt (3.000 Cirmma!), [VPRCTP-aP
triethylammonium salt (3,000 Cuymmol) and ‘Mega prime’ random
prime labeling kit were supplied by Amersham International. The
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restrictjon enzymes SeinHI, EvaRIL, Hinditl, Kpnl. Nxil, Poll. Pl
and Smal, the DNA madification enzymex T4 DNA ligase, T4 palynu-
cleotide kinaxe and DNA polymenise (Klenow fragment) und the
plianid pRE233-1 unsd nucleotides were purchased fram Pharmucin
LK D Biolcshinology, Tug DNA polymerase wis supplicd by Promega
and calf intestinal ulkaline phosphitase und terminal transferaie were
from Bochringer Muanheim GmbH, E. culi struin JM109 (recAl,
cndAL, pyrA98, thi, heelR V7, 3upBad, reiA, dllac-praAB), FiraD 36,
praADB, hiel*AM15] and DHSa [F" rec A isie ZY Asaryy F)Y U169 hixd
RIT 1hi-} gye AGS xup Edd end AL reet AL @RAY Jee Z 4 MIS) were
purchused from Promega. Bacterium WhA, wis i Kind gift of Dr. W.
Mebntire und was mainained on minimal base B Media [10)

2.2, Alethods used for pratein anelysi

Trimethylamine dehydrogenuse for N-terminal sequence anulysis
was purified is deseribed previously (2], N-Terminal sequence unulysis
was kindly pesior,+xd by Dr, 1. MeCormick {Department of Biochem-
ey, University «f Cambridge) an an Applied Blosystems Mode!
AFIA genuanens . Fahverrylumide gels were run in the prexence of
setiung dedems satphae [§1) using the Phast Sysiem nearkeled by
Phasmucis LY otee’ sology. Gels were run wesording 10 the man-
utugturery instewctions sad stuined with Coomamie brillivat blue
R280, Cell-free extracts af £. coli straing were prepured and analysed
by SDS-PAGE a3 describe previously [12),

2.3, Cloning amd segiienee deersminerion of the i gene

Maleculur cloning techniques were adopied rom [9]. Chromasomil
DNA af biucterium WA, wus prepitred by the method of Marmur[13).
Vi polymernae chain reaction was used ta ixolute a4 830 Dp portion
(nuecleotides 1470 1e 2,000} af the s gene rom genomic DNA of
Bucterium W,A |, The primers (Fig. 1) were synthesised seearding to
known chemigally determined polypeptide sequence (1) Fig. 1) und
the conditions used for umplificution were: cyele |, denatueation 94*C
(60 3). unnealing 46°C (80 5). extension 72°C (80 s); eyeles 1-15,
dematurntion 95°C (40 1), unnsaling 458°C (60 5}, extension 72°C (40
%) Following isolation by polyiicrvlumide gel elecirophorcsis, the idens
tity of the amplificd 530 bp frugment was couflirmed by iis hybridisa-
tion to an oligonucleatide (Fig. 1) that corresponds ta the chemisil
sequence of trimethylamine dehydrogenass (residues 537 1o 542). Hy-
bridisations ware carried out in dried agurose gels sccording to the
procedure of Meinkoth apd Wahl [14]. The amplified PCR amplified
fragment was subsequently ligated into Smui-cut pUC 1B which had
been modificd by terminid teunsferuse. The PCR frigment was subse.
quently released fromn the pUC 18 vector by digestion with Samitl and
Kpal, isolited by palyacryliimide gel electrophoresis. liubelied by ran.
dom priming und ussd to hybridise to JemH [-digested WA, ehromo-
somal DNA which had been sepurated by agarase gel electrophoresis,
Hybridisation oceurred to frngments of DNA of approximute size 4.5
kb. Sepurited chronosamal DNA in the range 4 to § ki was cluted
from the agarose gel und ligated inta BumMHI-cut pUC 1K, The sereen-
ing of 600 calonics hy cotany trunsfer und hybridisulion {#] using the
PCR fragment ax a probe identiled two identical clones (designuted
pUC TM) thut conluined purt of the gens (aneh) encoding teimethyli.
mine dehydragenuse.

The v gene (nuclcatides 105 1o 2,190) in plasmid pUC TV was
sequenced by the dideoxy- chain termination methad [13.18] with the
T7 sequencing kit (Pharmaein LKB Bistechnolagy) and by Nuoressent
sequencing on s Pharmuaciy LKT ALL F. sequencer, The plasmid pUC
TM waus sonicated and (ragments of length 400 to 700 bp viere isaluted
by polyaerylamide gel electrophoresis, end-repiired and cloned into
M1 3mpl& previcusly restricted with the enzyme Sual, Frogments for
sequencing were alic genersted by digesting the plasmid pUC T™M
with the restriction endonuclease Padl. These lragments were likewise
ligated into M1 3mpl 8 restricied with Saial, Nutleotide sequence wits
determined using the M1 Universal Primer (o initinie DNA fragment
synihesis. Gaps in the ssquence wers filled using specific oligonugles-
tide primers designed 10 prime near 1he sequence to be determined in
the plasmid pUC TM, The nucleotide sequence was determined on
both strands (Fig. 2) and a consensus sequence was derived using the

272

FEBS LETTERS

August 1992

660 666
® A ¥ N D I

3' ACC SGA CIC TTH CTA TA 5! i=)
c T 4G G
G
T

490 193
@ W N T D G

3 CAMA TGG AAT ACA GAZ GG ) (*}

G c c T
G
T
B
337 542

D 7 ¥ F n 3

3' GAC ACA TAC TIC ATG GC 3* i)
T ¢ T T
G
T

Fig. 1. (A} The degencrite primers used in PCR amplilication ol the

distul portion of the mnl gene and the peptide sequences within

TMADH to which they correspond. (B} The oligonuclentide uied 10

verily the idantily of the PCR product generited using the primers in

Fig. 1A . Numbers indisitle the amino akid residue locations af the

peptide fragments within TMADH, (+}, coding strand; (=), non-god-
ing sirand.

sofiwire package Axsembly Align rurketed by the [BI softanre com-
paay. New Haven, T, USA,

The missing N-terminal portion of the nned gene in plasinid pUC
TM was umplified by the polymeraxe chain reaction from genanie
DNA ofhacterium WA, which had previously béen digested partially
with the restrigtian epzyme Pall and sizesfractionated (5 to 10 kb) by
sucrose gradient ultracentsifugation, One of the PCR primers was
designed aceording 1o the revised Netermingl protein sequence of
trirmethylamine dehydrogenuse (see xection 3: Fig. 3) and the second
primer was suidde ax 1 xection of the non-coding strand of the re/ gene
{aucdeatides 408 ta 222). Amplification wis for 25 eyslex using the
lollowing purnmeters: denaturation 93*C (2 min), annenling 60°C (2
min}. extension 72°C (3 min). The amplified praduct was purified by
polyicrylamide gel eleciropharasis, end-repuiired and ligated inlo
Swwebicut MIImpis o yield the recombinant bacteriophiuge
MIINerm, The nucleotide sequence of the inserted fragment wis
determined on both sirands using the T7 sequencing kits ux describied
ubove,

2.4 Construcrion af an aver-expressing clowe (pKEN ) Jor reimethyio-
e delivdragennse

The high-level expressian of the i gene was uchieved by inserting
the reconstructed nud gene into the plasinhid expression vector
pKK223-3. The reconstruction of the gene wits achicved ux detailed
below (Fig. 4). The distal part of the gene was released from plasmid
pUC TM by digestion with Zeanlll/Vsil and ligated into M1Impl8
provieusly restricted with BomHI and Porl, This new construgt wis
designated ™M1 1TM. The N-terminul portion of the gens was amplificd
by the polymerase chain reaction using the bacteriophage M1 INterm
us lemplate. The eycling parumeters were as decribed for the amplifi-
cation of the N-terminal portion ol the gene ftom genemic DNA of
bucterium WA The first PCR primer was modified so 18 to encode
d unigue FeoR1 eleavage site positioned immediately before the initis
ating methionine codan of thie mid gene, The second primer swus
identical 1o thit previously used to isolate the 8 end of the gene [rom
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genomic DNA (section 3,.3), The amplified praduct wag isoluted by
polyacrylamide gel electrapharesis, restricted with EeoR 1 und Bunkil
und lighted into EcaRUBamHL-cut MIATM. The new canstruct cuery-
ing the rezanstructed nnd gene was designated M13ITM2. The region
of the mrel gene encaded by the inseried PCR produet wis reesie-
quenced to chieck that no spurious changes in DNA seguence had
accurred during the amplification procedure. The nied gene wis Lhen
released from MIATM2 by complete restriciion with EesR1 snd pare
vial rextriction with Mindlll, Following its isofuvion by palysicrylamide
B! clectropharesis this fragment wua ligated into pREA-] previ
cusly cut with SeaRl and Hindbll o produce plusmid pRTM, The
canstructs were transfarmed inte £ coli strin JMI0Y und recombae
nunts were isoluted by xelection on wanpicillin/2xY'T agur plates and
identified by restriction analysis of DNA prepared by the rupid boiling
procesuce [9).

3. RESULTS AND DISCUSSION

Bused on the known partial chemicul sequence {1]. the
polymeruse chain reastion was used to isalate u 530 bp
DNA fragment encoding u portion of the raid gene. This
frugment was subsequently used as a probe to isolute
the e gene encoding amino acid residues 34 1o 729
from a genomic library constructed by the ligation of
BamHl-cut W,A, genomic DNA to BwmHI-digested
pUC 18. The missing portion of the gene encading the
N-lerminus of the protein was isoluted by the poly-
merase chuin reaction using two independent wmplifica-
tians and the nucleotide sequence of both amplified
products was shown (0 be identical. For the purpose of
clurity. the numbering scheme adopted here is that used
by Busber et al. [1], The initiating methionine residue is
therefore referred 1o as position 0 even though it was
observed in about 25% of the material subjected to N-
terminal sequence analysis of the protein. The DNA
sequence of the PCR fragment was found to be consis-
tent with the sequence of the first thirty amino acid
residues of trimethylamine dehydrogenase determined
by Neterminal sequence unulysis of the intact enzyme
{this work and [1]) except {or residues 23 and 29 that
could not be unequivacilly assigned and with residues
30 to0 33 determined previously by sequence analysis of
u peptide fragment ¢ontaining covalently linked FMN
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Fig. 2. Steategy lor sequencing the s gene (corresponding Lo amino
ucid rexidues 34 1o 729) as purt of the 4.5 kbp Bamtll (rugment
contained in the plasmid pUC TM.

(6]. Residues | to 33 correspond to the sequence not
present in the clone pUC TM. The complete DNA se-
quence and inferred amino acid sequence is presented
in Fig. 5. The mud gene of 2190 bp encodes a protein aof
730 amino acids (including the N-terminnl methionine
residue which is wbsent when the protein is expressed in
bucterium W,A,) with an apoenzyme subunit molecufar
mass of 81.623 Da . The calculated subunit melecular
muss is in good agreement with the published values af
npproximately 83,000 Da. There is a putative stem-loop
strueture at the 3’ end of the gene covering nucleotides
2205 to 2238 (Fig. ) which muy act as a transeription
termination signal. The tmd gene represents the first
gene reported to be cloned from bacterium W,A, und
is composed of 24.4% T, 23.1% C, 25.7 % A and 26.8%
G . The ratio of the C/G content over the A/T content
ut the third position of amino acid codons is approxi-
mately unity indicating no preference for the type of
base pairing at these positions. The codon usage is dis.
played in Tuble I. Comparisons of the consensus se-
quence of TMADH with sequences deposited in the
protein and DNA sequence databases (Swissprot ver-
sion 21 and Genbank) revealed no significant similariti-
ties except. as previously reported by Barber et al. [1].
for the bile ucid inducible operon protein of Eubec-
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Fig. 3. (A) The revised N-terminal sumine acld sequence of TMADH obtained by protein sequencing and the DNA sequence of the degenerate
primer used for PCR ampliticution of this region of the gene. (B) Internal protein sequense of TMADH (residucs 134 to 139) deduced from the
nuctealide sequence aof pUC TM and the sntisense primer used for PCR amplification of the gene encoding the N-terminal poriion of TMADH.
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Table [
Codon usuge table for the mnud gene
Fhe T 8 sar TCT 9 Tyr TAT 13 Cyn TGT -]
Phe TTC 11 ser < 10 TyY TAC 18 Cyg TGC 4
Lau TTA 6 Saor TCA ] . TAA 1 . TGA 0
Laun 16 20 Sar TCG 2 . TAG 0 Tep TGG 16
Leu STT 1 Pre ceT 10 Hia CAT b1 Arg cGT 30
Leu CTC 0 Pro cce 1 His= CAC 13 Arg [of r{og 12
Lauw CTA F pro CCA 21 Cln CAA 15 Arg CGA Q
Leu CTG 1B fro facat s -] Gin CAG 10 Arg CGG [}
Ile ATT 22 Thr ACT 4 Azn AAT B Ser AGT [«}
Ile ATC 22 Thr Vo of 17 AN AAC 16 Sex AGC é
Ile ATA 1 Thr ACA 11 Lys AAA 22 AYQ AGh 0
Met ATG 15 Thr ACC 8 Lys KAG 18 Arg AGG Q
val GTT 13 Ala GeT 17 ABD GAT 23 Gly GGT 41
Val CTC ? Ala GCC 11 ASD GAC 15 Cly GGC 20
val GTA 8 Ala GCA 17 Giu GMA 29 Gly GGA 1
Vitl GG 18 Ala GCC 16 Giu GAG 2 Gly GGG 3

The fimst ninecodons of the gene are amitted fram the anaelysis Becsuse they are derived from the sequence of the degenerate oligonuclestids primer
usedd for PCR amplificntion of the 5" end of the #nd gene,

terivm spp. and dimethylamine dehydrogenase of Hy-
phamicrabium X.

The protein sequence of trimethylamine dehydrogen-
ase deduced from the omd gene is, but for twelve as-
signments, consistent with thut previously determined
chemically [1]. These discrepancies no doubt reflect the
difficulty in making confident assignments at certain
positions during peptide sequencing. We were unable to
amplify the 8’ region of the gene by PCR using the
published amino acid sequence for the N terminus of the
protein. A re-determination of the Neterminal sequence
of trimethylamine dehydrogenase revealed that the resi-
due at position eight is isoleucine and not, as previcusly
reported, tyrosine. The eighth position in the sequence
is also encoded by the 3’ end of the primer used for PCR
amplification of the N«terminal portion of the /e gene
and therefore successful PCR amplifications were anly
made using a modified primer which encoded isoleucine
at its 3’ end. The amino acid composition of TMADH
determined after acid hydrolysis has been published
elsewhere [17]. The composition deduced from the gene
sequence is in reasonable agreement with the hydrolysis
data of Kasprzak et al. [17] when normalised to the
same number of residues per dimer {(1.458 residucs:
Table [1) The found values mostly agree with the ex-
pected to within 4%, the generclly accepted limits of
accuracy of this technique. With a few residues, notably
His, Trp Pro. Val, lle and Cys the differences approach
or exceed 10% but these residues are the most difficult
to deterrnine accurately; in particular Trp and Cys are
subject to oxidative loss and Val and Ile are resistant to
release by hydrolysis. The protein sequence presented
here campletes the partial assignment of the amino acid
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sequence of trimethylumine dehydrogenase derived pre-
viously from chemical sequencing [1] and will now facil-
itute the refinement of the ¢rystallographic structure of
the enzymie moiecule.

The high-level expression of the tmd gene in E. coli
wus achieved by reconstructing the complete gene in a
bacteriophage vector followed by the insertion of the
gene into the plasmid &xpression vecter pKK223-3
(Fig. 4). During gens reconstruction, the opportunily
was taken to introduce by PCR a unique EcoR1I restric.
tion site immediately 5’ of the tmd gene. As a result, the
complete e gene was directionally subcloned as an

Dam 1 mr:m hisll TmHl

pLCT™
L Bam 1Nl
u Bamty — e M| INicrm
‘u -
EcaRY L Fiﬂf‘tmmumpll l PCR unptification
Bam Ml  Hindill Mindlll EzoRt DamHl

Eco RYBam M

Bea Rl Hindlll Hindlli
I | |
e —

l Ece Ripartial Hin dilt

Pac Llgate inp pIK223.]

Fig. 4 Strategy for the isolation of an expression clone (pKTM) for
TMADH.
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A‘.I‘GGCACGAGMCCGAAGCA'!GATAT?‘I‘TG‘!‘I'!GMCCAAMCAM‘HGGGCCCAAMChﬂACGCAATCGCﬂTTMCAGGTACCGCAT
" RO ¥® KHDILFEPRPTIOGTEIGSPK RNRFYQUV P

i40
TG!ATCGGTGC!GGATCCGATAAGCCTGGCTITCAATCTGCACACCGTTCGGTTAAAGCTGABGGCGGTTGGGC-GCTTTAAACAﬂTGA&

€ 1 ¢ A G S DY P G F Q8 AHRSVY KAZGGHAATLHNTTE
. 279
TATTGCTCCATTAACCCTGASTCAGATGATACACATCGTTTGTCCGCACGTATCTGGGACGAAGGTGATGTGCGTAACT!GAAAGCC&TG
Y ¢ 6§ 1 %P E 8 DD THRLSAERTIM®DEGDVERHNTILIXAM
360
ACCG&CGAAGTTCRTAAGTACGGTGCATTAGCCGGGGTCGAGTTATGGTACGGCGGTGCACACCCACCT&ACATGGAGTCACGCGCGACC
T D E VvV H X Y CAULAGVETLH®W?YOGSGAUWAZPN®ESSRAT
450
CCACGTGG?CCAAGCCAATATCCGTCAGAGT?TGAGACGCTGTCCTACTGThhASAAATGGATCTAAGCGATATCGC?CAGGTACAGCAE
P R ¢ P $ QY A S EPBRBTTLILSCYCKZEMNMEZE?2TLSOD0I ANGVECQ
340
TTCTATGTTChTBCAGCGAAGCGCTCT¢GTGACGCTGGTT1TGACATTGTCTACGTATACCGTGCGCAC‘CTTHTTTGCCGCTGCAAJTC
F ¥ VD A A X RS R DAGSGUPODTI VY VY A RS Y L P L QF
6§30
CTGAATCCATACTACAACAAGCGTACBGHCAAAT&CGGTGGCTCASTGGRGAACCGSGCGCGCTTCTGGCTGGAAACACTAGAAAAAGTG
L NP Y ¥NKXRTODOX©Y G S5 LEUNRARTF®S®LETTLEIKUW
120
AAGCATGCCG#GGGTTCAGATTGTGCGRTTGCGHCACGTTTCGGCGTGGATACTCTGTATCGTCCABGTC&A&TCGAAGCAGAAGTGGAT
¥ H AV GE3IDCSCAIATRTFGCVYDIT VY GPS& QI EAEBVY ﬁ?ﬁ
GGTCAOAAGTTTGTTGAAATGGCTGACTCACTGGTCGATATGTGGGATATCACAATTGGTGATATTG:CGAGTGGGGCGHAGATGCGGGG
G Q KF YEMAD S8 L VOMO®¥DNITTIGD I ANEWEEDASG
300
CCGTCACGTT‘CTACCAGCAAGGTCACACCATCCCTTGGGTTAAATTGGTCAAACAGGTTTCCAAAAAACCAGTATTAGGCGTTGGCCGT
P S R F Y @ GG ¥ T ! PR VY KLV KAQV s KPVELEGSEV SR
890
TATACCGACCC’GAGAAAATuATCGAAATCGTCACCAAAGGCTATGCCGACATTATTGGTTGTGCACGCCC’TCTATTGCTGATCCGTTC
Y T 0P E XM I E1 ¥YTX G Y AD I I GCARPTSIAPDRTEP E
. 1980
TIGCCACAAAAGGT‘GAGCACGGTCGCTACGACGRTATCCGTGTATGTATTGGTTGTAACGTGTGTATTTCCCG:TGGGHAATGGGTGET
L P QK VEQGHR Y ODDTIGRUVCIIGCHNUV LI 3IRWETITEGS®SG
117¢
CCTCCRAT’A"TGThcCCAGhATGCGACAGCAGGTGAAGaGTACCGTCGTGGTTGGCATCCAGAGAAATTCCGTClAACCAAGAACAAG
P P M1 C T QNAMDMTARGEEVYRRGCUHHPEKF FRUQTIHKHNK
. . . . 1260
GATTCTGTATTGATCCTIGLGTCCAGGECCATCCOCTICTCARCCAGLS: GCGTATTGATGGAAAGCGGTTATACCGTGCACT’GACCaAT
D 5 V1!V 6 AGCGPSEC S EAMARVILMESTSG?YTVVHTLTOD
1180
ACCGCREAGBAAATCGGTGGTCACT!GRACCAEGTGGCAGCGTTGCCTGGCTTGuGTGAGIGGhGCTAECACCGCGATTATCﬁTGAAACA
T AE K ! &6 G FEULNQ@VAALZPGILGCEM®S®S Y HRDYRET
1440
CAAATCACCAAGTTCCTGAAQRAGAACAAAGAAAGCCAAETGGCRTTGEGTCAAAAACCAATGACGGCTGACGACGTGCTGCAATATGGT
6§ I T KL L K K NIXZESQULALGGEHEPMNMThHADDUVLQYSA 4
. 1530
GCTGACARAGTCATCA‘CGCTACCGGTGCGCGCTGGAATACCGATGG?ACCAACTGCCTGACGCATGACCCAATTCCAGGGGCAGATGCT
A DKV ! I ATOGH AR RSEYNTITODODG?TUNOEGLTHRDZPTIPGCATLDA
1620
TCCTTGCCAGATCR&CTGACACCAGAGCAAGTCATGGATGGT&AGAAGAAGATTGGTAAGCGCGTGGTGATTCTG&BTGCGGATACTTAT
£ 1L PD QL TPEGQVHDGEG KX K I GKRVVILNADRTLY
1710
TTCATGGCGCCTAGCCTGGC?GAGAAGCTTGCGACGGCTGGTCACGAAGTAACCATCGTTTCTGCCGTGCACCTGGCTAACTACATGCAC
F M A » § L AE K LATASGHEUVY T I VS GV HL AHNZYNMH
1840
TTCRCGCTGGAAT&TCCAAACATGATGCGTCGTTTECACGAACTGCATGTTGAAGAGTTGGGCGATCACTTCTGCTCACGTRTCGAACCA
¥F TLEY P NMMRBRALMKETLMHKUVTETETLUSGDM®HRFOGCSRTIZETFP
1880
GGCCETATGGAHATCTACAACATCTGGGGCGATGGTTCCnAACGTACTTACCGTGGCCCAGGCGTTTCTCCGCGTGATGCCAATACCTCG
G R METI ¥ NTZI®GDGS HKRTUYRGP®PGV 5 P RD ANTS
. 1980
CATCGTTGGﬁITGAGTTTGACTCCCTGGTGCTGGTGACAGGCCGTCATTCAGAGTGCRCGCTGTGGARTGAGTTA&AAGCCCGfGAﬁTCT
H R WwW?1lEEFDSULVLILVY TGRHSEZCTTL®NZETLIEH A ARES
. 2070
GBGTGGGCTGRGAACGRCATTAAAGGTATCTRCCTGATTGGTGATGCTGRGGCGCCTCGTTTGATTGCTGATGCCACATTTACGGGTCAC
£ W AENODTI X ¢ I ¥1L1L I GOWAEH RPERKRLI ADATTE EFTGH
160
CGTGT¢GCECGT¢RAATTGAAGAAGCAAACCCACAAATTGCCATCCCATRCAAGCGTGBAACChTCGCATGGGGChCGCCGCATAIGCCA
f ¥V AR E 1! EBEE ANVPGTIATITIPY KR ETTIAWGTT®PHMHS?
2250

GgTGgTAQTTECAAHﬁTTGAGTACAAAGTTTAACGCCTGRTGAGTGThAGGTCGGCAGCACAAGCTCGCCGACCTTGCTTCAACGC&TTA
1 E ¥ KV ¥ v

ATCCCEACATACARGTTACAAGT TGESCATGEEETARTCGARCTCATTCAT TCTGARACAGETGATAACARTCACAGATCSTACACAAAT
CACTCGAAT

Fig. 5. DNA sequenes of the trimsthylamine dehydrogenuse gene (1) of bacterium W,A, und the deduced amino ucid sequence. Direciionally
opposed arrows indicate the position of & potential stemsloop structure,
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Tuble I

Camparison of the amine acid compesitions derived fram ugid viydral-
ysix ol rimethylamine dehydrogenuse [17) with thut deduged from the
stquence of Lhe (e gene

Amino ueid Amino ucid compasitien

{mal residue/mal ensymed

Hydrolysis DNA
Asn + Asp 1438 140
Thr 74.8 10
Ser 154 72
Gia + Glu 160.} 156
Pra 91.2 74
Gly 135.8 130
Al 1229 123
Vil 14.6 L1
Met ok k]
Ite 75.8 92
Leu 96.4 93
Tyr &l.3 42
Phe 3.5 ki
His 41.7 £
Lys 9.8 ¥
Tep 352 2
Arg 90.0 46
Cys 16.7 e}
Total 1458 | .458

Fig. 6. 12.5% BDS-PAGE anulysis of the expression of teimethylumine
dehydragendse in £ eoli strain IM109 transformed with plasmid
pRTM. Lane 1, 2ell extruel of untransfarmed £ coli stirain IMI109:
lane 2, cell extract of £. colf struin IM109 transformed with plasmid
PKTM: lune 3. cell exiract of £, cafi sirain IM109 transformed with
plasmid pKTM and grown in the presence of 2 mM IPTG: lane 4,
trimethylamine dehydrogenase purified from baclerium WA, Pra-
tein wis visunlised by staining with Caomussie brilliant blue R250.
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EcaRUHIIIL fragment into the expression veclor
pKK223-1 where it eame under the influence of the
strong rae promoter and the plasmid derived ribosome-
binding site which is positioned 9 bases from the initiat-
ing methionine cadon of the mnd gene. SDS-PAGE
analysis of £, cofi strain JM 109 carrying the recombi-
nant pKTM expression clone which wus grown in the
presence of the inducer molecule IPTG revealed that the
pKTM-trunsfarmed sirain over-praduces trimethylami-
ne dehydrogenase to approxirmately 20% of the total cell
protein (Fig. 6). By uchieving the high-level expression
of the gene encading trimethylamine dehydrogenase ta-
gether with the availability of the erystallographic struc-
ture [4] and the results of detniled spectroscopic studies
ol the enzyme [18.19] the way is now cleur to initinte a
detailed investigation of the mechanism and properties
of the enzyme by protein engineering.
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