
�B�BEylATIQNS: PLP, pyridoxal phosphate; SOS, sodium dodecyl sulfate; AOAA, aminooxyacetic acid; kb, Icilobases.
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The role of rat kidney cysteine conjugate $-Iyase in the produc-
tion of nephroto�ic thiols from S-cysteine conjugates of xenobi-
otics has been well established. However, the factors controlling
the cellular distribution and substrate specificity of the enzyme
have yet to be elucidated. As an approach to this we have
isolated a cONA for cysteine conjugate i3-lyase from a rat kidney
cDNA library, using a combination of immunological and hybrid-
ization screening. A full length cDNA was sequenced and its
identity was confirmed by deduced molecular weight, deduced
amino acid composition, the presence of a consensus pyridoxal
phosphate (PLP) binding site in the deduced amino acid se-
quence, kidney-specific expression of the corresponding mRNA,
and the expression of (3-lyase and glutamine transaminase K
activities in tissue culture cells transfected with the cDNA. The

cDNA coxied for a protein of 48 kDa containing the sequence
Ser-Al#{225}-GIy-Lys-Ser-Phe, which corresponds closely to the PLP
binding site in other PLP-containing enzymes. Use of the cD�
to detect f3-lyase mRNA sequences in rat liver and kidney RNA
demonstrated that expression was kidney specific and that the
mRNA size (2.1 kilobases) was in good agreement with the size
of the cDNA. When the cDNA was inserted into the expression
vector pUS1000 and transfected into COS-1 tissue culture cells,
a 7-1 0-fold increase in cytosolic �-lyase and glutamine trans-
aminase K activities could be detected. The use of i3-Iyase cDNA
for the elucidation of the mechanism of action of this enzyme
and for the development of in vitro systems to examine xenobi-
otic cysteine conjugate toxicity is discussed.

A major route of detoxication for many halogenated xenobi-

otics is by conjugation to the tripeptide glutathione. Subsequent

metabolic processing of such conjugates yields the cysteine

conjugate of the original chemical, which may then serve as a

substrate for enzymes that express (�-lyase activity (1). Atten-

tion has been directed towards the toxicological importance of

these enzymes because [3-lyase action can yield metabolites that

are selectively toxic to the P3 segment of the kidney proximal
tubule (2-4). It has been shown that a combination of specific

kidney uptake of zenobiotic metabolites (5, 6) and the proximal

tubular location of a specific form of $-lyase (glutamine trans-

aminase K) are causative factors in the tissue-selective toxicity
ofthese chemicals (7, 8). Apart from the kidney, �3-lyase activity

is also found predominately in the liver and the gastrointestinal

microflora. Evidence from animal and human studies (9-11)

has indicated that the liver and kidney forms of �3-lyase are

different enzymes with different substrate specificities. There
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is also some evidence that in the kidney cytosolic and mito-

chondrial �3-lyase activities may be due to different isoenzymes

(12).
The mechanism of action of (3-lyase enzymes with cysteine

conjugates as substrates remains unclear. PLP-containing en-

zymes support several different reactions, including $-elimi-

nation (serine dehydratase), a-replacement (kynureninase), �y-

elimination (cystathionase), and transamination (aspartate

amino transferase and glutamine transaminase K). The major-

ity of �- and -y-elimination enzymes and the majority of trans-

aminases do not express adventitious $-lyase activity with

cysteine conjugates. In contrast, both glutamine transaminase

K (13) and kynureninase (14) show good $-lyase activity to-
wards selected cysteine conjugates as substrates. These en-

zymes must therefore possess structural features that allow �3-

elimination to proceed yet distinguish these enzymes from other

PLP-containing enzymes with similar catalytic functions. It is

also of note that in the kidney some cysteine conjugates can be

transaminated to their corresponding nontoxic keto acid rather

than undergoing a-elimination of the toxic thiol group (13, 15).

The substrate characteristics that govern the reaction pathway
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taken and the role of enzyme structure in this have yet to be

examined. An understanding of the structure and function of

�9-lyase enzymes and their selectivity towards xenobiotic cys-

teine conjugates will assist in the prediction ofchemical toxicity

and of the site-specific nature of the resulting lesion.
The role of fl-lyase in kidney cell toxicity has also been

examined in cell culture, as an approach to the development of

in vitro systems for the analysis of xenobiotic cysteine conjugate

toxicity. Such studies have been hindered by the extremely low

levels of /3-lyase activity found in cell culture lines, compared
with kidney slices or cell suspensions (16). It is now clear that

for such systems to be of use in the future the balance of

enzymes must be restored to in vivo levels. Gene transfer would
provide one solution to this problem.

In this study we have isolated a cDNA corresponding to the

mRNA for rat kidney cytosolic cysteine conjugate fi-lyase (glu-
tamine transaminase K). Confirmation that the cDNA does
indeed code for fl-lyase has been obtained from the tissue
distribution of mRNA synthesis, the deduced enzyme molecular
weight and amino acid composition, the presence of a PLP

binding site in the amino acid sequence, and expression of �-

lyase activity after transfection of the cDNA into tissue culture
cells.

Materials and Methods

Isolation and sequencing of cDNA clones. A Wistar rat kidney

cDNA library in the expression vector Xgtll (kindly supplied by Dr.

M. Muekler, Washington University School of Medicine) was screened
(17) for fl-lyase-expressing phage clones by using a desorbed monospe-

cific sheep polyclonal antibody (7) to purified rat kidney cytosolic
cysteine conjugate fl-lyase. From a total of 2 x iO� plaques a single
positive clone, Xfll-1.0, was obtained and purified through two addi-

tional rounds of screening at lower plaque density. Phage DNA was
prepared using a modified potassium acetate-SDS precipitation method
(18), and the 0.75-kb cDNA insert from Xfll-1.0 was excised by digestion
with EcoRI. The insert was purified and subcloned into the plasmid
vector pGEM-7Zf(+) (Promega, Southampton, UK) to form the recom-
binant plasmid pf�l-1.O. Plasmid DNA was prepared (QIAGEN Midi

Prep; DIAGEN GmbH, Hilden, Germany) and the cDNA insert from
p$l-l.0 was excised by double digestion with EcoRI and AvaIl to

produce a 0.65-kb cDNA fragment lacking polyadenosine sequences.

The DNA fragment was purified by gel electrophoresis and was ex-
tracted using Geneclean (Stratech Scientific, Luton, UK), according to

the manufacturer’s instructions. This cDNA probe was radiolabeled

using [a-32P]dCTP (3000 Ci/mmol; ICN Biomedicals, Inc.) and a
random priming kit (Amersham International, Amersham, UK), ac-

cording to the manufacturer’s instructions. After chromatography to

remove unincorporated nucleotides (Sephadex G-50 NICK columns;
Pharmacia Biosystems Ltd., Milton Keynes, UK), the probe was used

to screen a Sprague Dawley rat kidney 5’ stretch cDNA library in AgtlO

(Clonetech Laboratories, Inc., Palo Alton, CA). From 2 x iO� plaques,

17 positive clones were obtained. After three rounds of further plaque
purification at lower plaque density, small-scale recombinant phage

DNA preparations were made from the 17 clones (18). The cDNA
inserts were sized by aga.rose gel electrophoresis after digestion of the

phage DNAs with EcoRI. A clone, X$l-2.0, that contained the largest
cDNA insert (1.9 kb) was taken for further analysis. The 1.9-kb cDNA
insert was removed by partial digestion with EcoRI (as shown in Fig.
1, the cDNA contains an internal EcoRI site, giving two fragments if

digested to completion), purified, and subcloned into the plasmid vector
pGEM-7Zf(+) to give the recombinant clone pfil-2.O. Recombinant

plasmids containing the two separate EcoRI subfragments were also

constructed (pfll-2.1 and p��l-2.2) for sequencing purposes. Plasmid

DNA was prepared as before and the cDNA inserts in pfil-l.0, pfll-2.0,

p�l-2.1, and pfll-2.2 were sequenced using the method of Sanger et aL
(19), as modified for plasmid double-stranded DNA sequencing (Se-

quenase version 2.0; United States Biochemicals, Cleveland, OH).
Sequencing from the plasmid vectors was performed using the appro-

priate vector-specific oligonucleotide primers. Where necessary, addi-
tional internal oligonucleotide primers (synthesized on an Applied
Biosystems 381A DNA synthesizer) were used to complete the sequence

(see Fig. 1). DNA sequence assembly, analysis, and translation were
performed using the Gene Jockey 1.1 software package (Biosoft Ltd.,

Cambridge, UK). Comparison with the EMBL DNA sequence database
was performed using the Wisconsin Genetics Computer Group DNA

analysis software.

Northern blot analysis of mRNA. Total RNA was prepared from
rat liver and kidney samples (20), electrophoresed in a 1% (w/v) agarose

gel containing 2.2 M formaldehyde, and transferred to a nitrocellulose

membrane (21). fl-Lyase mRNA transcripts were detected by hybridi-

zation of the blot with the cDNA insert from p131-1.0, prepared and
radiolabeled as described above.

Expression of $-lyase cDNA in COS-1 cells. The full length

cDNA insert from p�l-2.0 was recloned into the expression vector

pUS1000 (22), placing transcription of the cDNA under control of the

strong immediate early promotor of human cytomegalovirus. Amplifi-

cation in monkey COS-1 cells (23) was ensured by the presence of a

simian virus 40 origin of replication in the vector. The 1.9-kb �3-lyase

cDNA was inserted into the vector EcoRl site in both the sense and

antisense orientations, to produce the recombinant plasmids pUS$l-

2.3 and pUS$1-2.4, respectively. COS-1 cells were cultured in Dulbecco’s

modified Eagle’s medium with 10% fetal calf serum, in 5% CO2 in air
at 37’ . DNA transfection of subconfluent cells was performed using
DEAE-dextran (24), scaled up to 25-cm2 or 75-cm2 tissue culture flasks

(Greigner Labortechnik Ltd., Dursley, UK).

Enzyme activity of $-lyase in transfected cells. Transfected
COS-1 cells were removed from the flasks by using 0.125% trypsin in

1 mM EDTA, centrifuged, and washed twice with ice-cold phosphate-

buffered saline. Cell pellets were resuspended in 10 mM Tris . HC1, pH
7.5, containing 0.25 M sucrose, freeze-thawed twice, and sonicated twice

for 10 sec with a 30-sec cooling interval. After centrifugation at 3000
x g for 5 mm the cytosol was removed and stored at -70’. Glutamine

transaminase K activity in the cytosolic extracts was measured as

described previously (25), and cysteine conjugate �9-lyase activity was
measured using both S-(1,1,2,2-tetrafluoroethyl)-L-cysteine and S-(1,2-
dichlorovinyl)-L-cysteine as substrates (9). Inhibition offi-lyase activity
was carried out using AOAA at a concentration of 0. 1 mM in the assay

(26). Protein concentration was measured by the method of Lowry et
at. (27). Western blot analysis of f3-lyase apoprotein in cytosol samples

was performed by electrophoresis of samples in a 10% SDS-polyacryl-

amide gel and electrophoretic transfer of the proteins to a nitrocellulose
membrane. /3-Lyase was detected using the desorbed monospecific

polyclonal anti-fl-lyase antibody (7). Development was with rabbit anti-

sheep IgG conjugated to biotin (Sera-lab, Granley Down, UK) and a

streptavidin-biotinylated horseradish peroxidase complex (Amershain

International).

Results

Characterization of$-lyase eDNA. DNA sequence analy-

sis of the cDNA inserts in pf3l-1.O and p131-2.0, combined with

restriction enzyme mapping, demonstrated that their sequences
overlapped. As shown in Fig. 1, the insert in pfll-2.0 contains a
cDNA representing nucleotides 1-1867 of the fl-lyase cDNA
(Fig. 2), whereas the pf�l-1.O insert represents an incomplete

cDNA copy comprising nucleotides 1245-1892 plus a 97-nu-
cleotide polyadenosine tail. Whether the first nucleotide of pfll-
2.0 corresponds to the first nucleotide of the in vivo mature
mRNA remains to be determined. Analysis of the combined

DNA sequence of the p�3l-1.O and p131-2.0 inserts (Fig. 2) inch-
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EcoRl* Ssti Apal Kpnl Avail EcoRi’

p)il-�.0 -

-

#{149}0

� : - Fig. 1. Restriction enzyme maps of the overlapping
fl-lyase clones p�l-1 .0 and pfil-2.0. � EcoRl sites

Aatli Hindili BamHl Bstxi Hindili EcoRl Ssti Apal Kpni EcoRI* in the cloning linkers. Hatched area, the polyaden-
I I I I I I I I 1 j osine tail in p�l-1 .0. Arrows, directions and extent

p�ti-2.O . of the DNA-sequencing reactions. Solid boxes, in-

� -:. � � �:. � � .� � : � ��5: � � Kb temal oligonucleotide primers.

� AAACTGACCAAGGAGTAG�CCAATCCCGCCAGCCCCGAG

.--� LJL��A�GAGCGCCAGCTAACAATTGCACTGACAGTGCTLTTGAGCC1\A
� �
� � GG�cAcGGGGccGccGGcA�TGGAcGGAGcAGcGcAATG�AGcTGAAGcAGccAcc

-let � L’s A�q Leu Gri A�a Aq A’�g Leu Asp G�y : e Asp C n Asn Leu 1/

2�-�- AG ACC AAA CCjG CTG CAG GCT CGG AGO CTG GAC GGG ATT GAT CAA AAC C’�C

_.�p � C u Phe C � L�’� L�u Th� Lys G�u Tyr Asp Vol Vol Asn Leu Gly 3�i

� ��i) �:�-c� � --�- c�c AAA CG ACC AAG GAG � GAG GTC GG AAC TG GG
� n � , Phe P-c Asp Phe S� � P-v Asp Phe Ao � G n A a Phe Gm 51

15.5 CAG GGC �C CC SAC IC T(5 CCT CCG GAC �TT GCA ACG CAA GC T� CAG
C ii ;� .�j � Se � C �,. Asn Phe Met Leu Asri G�ri Tyn Thr A-g Aa Phe G y 68

� � � ,yiJ �c :�:c A5 CCC AAC �C Ac CTC AAC CAG TAC ACC AGG GCA TTT GGT

-.- P-�� p. � Leu 1i Asri ‘j’o Leu A a Ser Phe Phe G�y Lys Leu Leu G�y 85

�-�-�3 � � LCf, (�5 .�CA AAC GC CG GCA A G”TC� GGC AAG CG C5 GSA
C II � j N1e� Asp Pro Leu �hr- Asri Vol Leu Vo� Th’� Va S y A a y� G�’ 132

� �j 5;��5 ;��G SAC CCA CC ACS AA� (G CTG GTG ACA G�G GGT 5CC TA CCC
... (J Lj PSe Th. � Phe C n A a Leo Va Asp Glu Gy Asp G�u Vo� Tie 119

t�-_ ., �_‘i �G 1 �C .�. �GC � CCC CCC CC GG GA GAA GSA GA (JAG GTC ATC

: � � � � P-�c Ao Phe A�p Cys � Cu P’o Met hr� Met Met A a C�y 136

631 AC A�G GAl CC CLr TT SAC TGT TAT GAA CCC AG ACA ATG AG GC CGA
C , C .� P�c; ci Phe �‘o Th” Leu Lys Pro Sen Pro Ala Pro Lys Gy Lys 153

� � �(�L CC 5Th �C C5 AC CC AAG CCC AGC CC� GCT CCT MG CCC AAA

Leu � . .‘�. a � � A�p �) C n Leu Asp P’o Aa C u Leu A a Se’ Lys 1/0
� � � CCC � AA 5A CG CAA CTG GA CC GCA GAA CTG CCC CCC AAG

PH� 3 P. c � q �ti� Ly� : � e Leu Vol Leu Asn h’ P’o Asri Asri P�o Leo 18/
:3�. � ...c... CL� 252 CCC AAG AC C�G CTC CTC AAC ALA CCC AAC AAC CCT TTA

�j . L.� a � 2� #{149}� Met C u Leo Cu Leo Va A a Asn Leo Cys G�r� 205

� � � C CCC .G GAG CG GAG CTG GGCCTAA 5C ThC LAG
� .,,a s”�:ese’AspGuva yGrtpLeuVo y

8�.L LAG CAL G/� 55 5C �GL AC T(T CA GAG GC �AC LAG GG C�G GC A
� �3 � H � C n H � Va Se� : � A a Sec Leo Pro Sly Met Trp Asp Acg 238

�:�: � �j�0 C�C ..1 ..�C um: � AC CCC AGC CC CC CCC ATC �GG GAT CCC

_h� Leo Th : � � � �. A a C v Lvs Se Phe Se’ Aa Th� C y �p Lys 255

��)8 ACC C�G ACC AC CCL AC CCA CCC AAA AGC T�C ACT CCC AC CCC GG AAG

� S �,‘ � �Q Met 5l� Pro Asp Asn i�e Met Lys H s Leo Acq Thn Va� 272
1j.H CS ��GL ThG G’� AG C5 CCA CAT AAC ATC ATG AAG CAC CTG ASS ACA CTC

H s .� c .sr� S�-� : � Phe H 5 Cys P�o �h-#{149}C ii A�a C n Aa Aa Va Aa 289

I �j’� .. CAL � � J A�C �C SAC C5 CCC ALL CAC CCC CAG CC CCA CA CCC
� ri L s Ptiv C o A�q Co C n C�ri Hrs Phe C y Cri Po Sec Sec y� Phe 306

1 1 1 1 � �3 ��jC � 5A5 CCC GAG LAG CAA CAL TT GSA CAA CCC AC( ACL TAC TT

Leu c ri Leu � U fl A a Het C o Leo Asri A’q Asp H s Met :� Anq Sec 323
� i’___ __G � �5 (_i..�. �_�5 Ij�� � GAG �C A/Si CCA GAL CAL A�C AC CC ACL

Lscj 3 n � � S ,� Leo Lys Leo p : � SC� � ri C y Se’ y Piie Leo 3�.3
� :� � �A CTh 5CC 5TC AAC CTL T55 ;\� TCC LAG CCC ASS ThL �C CL

: � � (�] ;��sp : � s�- A�1. Phe L’s Se� Lys Met Pro Asp Leo Po C y Aa 35/

1._,�_ � � s:: .� �SA GAL � AAG ACC AAC ATC CCT CAL CTG LLC GSA GLT

� U :�.. C u � � , � � A-�q A’ � Phe A a Lys �p Met : � L�s Asri Met 3/S
� 7 1 � :. � � CS � � CAL RCA 555 � CCC ARC CC AC AC ARA AAC AC

�J � b-u .a � ‘� : e P�o Va Sec Thc Phe Phe Se’ A�q Po Hs C ri Lys 391
1356 555 � C�C� (.55 RL C� ETC CC ALA TTC TTC ACT CCC CCC CAT LAG ARC

?�sp Pti� .�.sp H � , : � A�q Plie L’s Phe Va� Lys Asp Lys A!a Th� Leo 408
�.; � --- CRC � R5 .� 5CR �C CT � CC ARC CAL RAG CCC ALA LTL

3 n � j Hef. R�p C� u Ro Leo A’q Lys � Lys C o Leo C ri P-c Stop �23
3-’.�H SAG � ATh (JR s�c RCA 5T5 CCL AAC TCC AAA GAS LTC CAR CCL CA GSA
3�H54 335 1.�5LC,o15...RCCCGARCALAC5CLCACCATCCCTTACCACACCCATCCCALTCCASG

� 335..3C �

l5._�_) �

� :5: 3CCJRGGG��CR LSCLLLLTCCLCCCCLACCAAACCCTGCAAALACCLLLC
1 /6 , (JASS ASS ASLSSSLLGASCCTLTSTSCLTTCLACATCTCCCGTCALLLACCATSTTC
1 � 5/.335CAAAAA5AASA�A55ACLLTLA1�

Fig. 2. Nucleotide and deduced amino acid sequences of the rat kidney cytosolic cysteine conjugate �-lyase cDNA. Underlined nucleotide sequences,
the two 70-nucleotide inverted repeats. Bold type, cryptic branch site and splice acceptor nucleotide sequences. The PLP binding site, Ser-AIa-Gly-
Lys-Ser-Phe (residues 244-249), is also underlined.
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1 2 kb

�+-#{149}�1.7

‘4-. 1.9

Fig. 4. Northern blot analysis of rat mRNA probed with the radiolabeled
0.65-kb EcoRl-AvaII cDNA fragment from p/3l-1 .0. Lane 1, 20 �g of liver
total RNA; lane 2, 20 �g of kidney total RNA. Arrows, positions of the
28 S and 18 S nbosomal RNA markers.

kDa
M 1 2 3 4

198 �

120 -.-�

55

70

56 #{149}-*‘

a4__ �-1yase

�t-lyase rat

SDH rat

AT pig

AspT pig

AspI human

AspT pig mitoch.

AspT human mitoch.

TAT rat

Fig. 3. Relationship between the putative /3-lyase PLP binding site and
the sites in other PLP-dependent enzymes. Intensity of the box filling,
degree of amino acid conservation. SDH, serine dehydratase; AT, alanine
aminotransferase; AspT, aspartate aminotransferase; TAT, tyrosine ami-
notransferase (EMBL database, 1992).

1 j� Commandeur and N. Vermeulen, personal communication.
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cated the presence of a single 1269-nucleotide open reading

frame initiated by an ATG codon embedded in a consensus

translation start sequence. This open reading frame is preceded

by a 243-nucleotide 5’ noncoding region containing in-frame

stop codons and is followed by a 380-nucleotide 3’ noncoding

region. Comparison of the complete sequence with the EMBL
DNA sequence database indicated that the sequence was unique
and had not been isolated previously. In the region of overlap

between pfll-1.0 and pfll-2.O, only three nucleotide differences
due to animal strain variation were observed. Of these differ-

ences only one was in the coding region, and it did not result

in a change in amino acid sequence. The molecular mass of the

�-lyase apoprotein deduced from the amino acid sequence was

47.8 kDa, in good agreement with the value obtained from

polyacrylamide gel electrophoresis (48 kDa). The deduced
amino acid composition agreed with that derived from complete

acid hydrolysis of purified 13-lyase enzyme (data not shown).’

Examination of the deduced amino acid sequence for the pres-
ence of a consensus PLP binding site indicated that amino
acids 244-249 have a strong resemblance to the PLP binding

sites in other PLP-dependent enzymes (Fig. 3). Consideration

ofthe combined coding capacity ofpfll-1.0 and p131-2.0 in terms
of the deduced amino acid composition, polypeptide molecular
weight, and the presence of a PLP binding site was taken as
strong but not conclusive evidence that the cDNA sequence for

rat kidney cytosolic fl-lyase had been isolated. Also of interest,
as shown in Fig. 2, is the presence of a 70-nucleotide inverted

repeat in the 5’ end of the cDNA, the two elements of which

are separated by 130 nucleotides of 5’ noncoding region. A

cryptic branch site and splice acceptor have also been identified
in this region. The role of this potential stem and loop structure
in the synthesis or translation of fl-lyase mRNA and the

possibility of alternate splicing remain to be examined.

Expression of $-lyase mRNA. Northern blot analysis of
rat liver and kidney mRNA using the radiolabeled 0.65-kb
EcoRI-AvaII fragment from pfll-1.O (Fig. 4) demonstrated that

hybridizing mRNA sequences were present only in RNA from
rat kidney and that the full length mRNA size was approxi-
mately 2.1 kb. This tissue specificity of mRNA expression was

taken as further evidence that the f3-lyase cDNA had been
isolated. The result also suggests that the in vivo mature /3-
lyase mRNA may be longer than the combined sequence from 35 +

p/3l-l.O and pfll-2.0. This would suggest either that the poiy-
32 #{149}#{149}��

Fig. 5. Western blot analysis of cytosolic proteins (20 pg/lane) from
monkey COS-1 cells transfected with rat cDNAs. Lane 1 , purified rat
kidney cytosolic /3-lyase; lane 2, transfection with pUSfl1-2.3 (sense
orientation); lane 3, transfection with pUS$l-2.4 (antisense orientation);
lane 4, control, no cDNA transfection. Arrows, position and size of the
standard proteins (SDS-7B prestained markers; Sigma) (lane M).

adenosine tail is longer than 97 nucleotides in vivo and/or that
the native 5’ noncoding end ofthe mRNA has not been isolated.

Heterologous expression of /3-lyase cDNA. When cyto-
solic proteins from monkey COS-1 cells transfected with

pUS/3l-2.3 and pUSfl1-2.4 were subjected to Western blot analy-

sis (Fig. 5), a protein of 48 kDa reacting with the monospecific

/.3-lyase antibody (7) was found only in those cells transfected

with cDNA inserted into the vector in the sense orientation.

Transfection with the antisense plasmid pUS$l-2.4 or with no

cDNA did not result in the presence of a band on the Western

blot. Analysis of glutamine transaminase K and /3-lyase activ-
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ities in extracts of control and transfected COS-1 cells (Fig. 6)
demonstrated that, whereas a low level of activity could be

detected in both untransfected cells and those transfected with

the antisense plasmid pUSfll-2.4, the activity seen in cells
transfected with pUSf31-2.3 was significantly (7-10-fold) higher.
The level of enzyme activity was reproducible between experi-
ments and was stable on storage. As shown in Fig. 6b, /3-lyase
activity in the extracts could be reduced by the PLP enzyme-
specific inhibitor AOAA. Similar results for /3-lyase expression
(data not shown) were obtained using S-(1,2-dichlorovinyl)-L-
cysteine as substrate. The levels of enzyme activity in the
cytosolic extracts thus confirmed the result of the Western

blot. The absence on the Western blot of /3-lyase bands in lanes
corresponding to the antisense or no-cDNA control transfec-

SENSE ANTISENSE CONTROL

FIg. 6. Cytosolic enzyme activities in transfected COS-1 cells. a, Gluta-
mine transaminase K activity; b, cysteine conjugate /3-lyase activity with
S-(1 ,1 ,2,2-tetrafluoroethyl)-L-cysteine(TFEC)as substrate, with and with-
out the Inhibitor AOAA (0.1 mM). Bars, standard errors for replicate
assays on different days (for glutamine transaminase K, eight expen-
ments; for /3-lyase, three experiments).

tions may have been due to either species specificity of the

antibody or low sensitivity for small amounts of enzyme. The
results of these transfection experiments were taken as conclu-

sive proof that the cDNA for rat kidney cytosolic cysteine

conjugate /3-lyase had been isolated.

Discussion

We have presented here evidence for the successful isolation
of a cDNA for rat kidney cytosolic /3-lyase. Analysis of the

nucleotide sequence indicates that the 5’ noncoding region of
the mRNA may be involved in the regulation of /3-lyase expres-
sion via the formation of a secondary loop structure that may
affect ribosome progression. Also of note is the possibility of

alternative pre-mRNA splicing at the cryptic splice acceptor
site. Whether this can result in the addition of extra coding

sequence to the amino terminus of /3-lyase, perhaps for mito-
chondrial targeting, remains to be determined. Analysis of the

open reading frame in the cDNA indicates that it can code for
a protein of 47.8 kDa. This is in good agreement with the
presently accepted size of /3-lyase from rats and humans (8, 28),
although previous estimates have varied from 43 kDa to 51
kDa. A hydrophilicity plot (data not shown) of the amino acid
sequence confirms the soluble nature of the deduced protein,
with no evidence for membrane-anchoring or -spanning re-

gions. The presence of a region of amino acid sequence similar

to the conserved PLP binding sites in other transaminases

confirms that the open reading frame codes for a PLP-depend-
ent enzyme. We have also identified other conserved amino
acids, such as lysine (residue 267), tyrosine (residue 216), and

arginine (residue 387), that are postulated to play a role in the

mechanism of action of PLP-dependent enzymes.
Analysis of /3-lyase mRNA synthesis demonstrates that se-

quences hybridizing to the probe can be detected only in kidney
RNA and are not present in RNA from rat liver. Because it
has been shown previously (28, 29) that substantial glutamine

transaminase activity can be found in liver (glutamine trans-

aminase L), this result indicates that there is little sequence
similarity between the kidney and liver forms of this enzyme.

The result also indicates that there is very little sequence
similarity with kynureninase, the major form of liver /3-lyase

activity, and confirms our previous findings2 that the kidney /3-

lyase-specific antibody does not detect cross-reacting proteins
in the liver cytosol. We have recently shown (30) that the level
of /3-lyase mRNA in rat kidney can be modulated by treatment

of rats with S-pentochlorobutadienyl-L-cysteine at a dose of 3

mg/kg. The physiological regulation of /3-lyase mRNA tran-
scription by hormonal or other endocrine signals will be the
subject of further study.

The question of whether rat kidney mitochondrial /3-lyase is

a separately coded isoenzyme or a modified version of the
cytoplasmic form has yet to be resolved. As indicated above,

this modification might occur through alternative splicing of /3-

lyase pre-mRNA, which could produce both mitochondrial tar-

geting and the observed differences in substrate specificity.

However, other possibilities to explain the kinetic differences,

including PLP or keto acid availability, might be postulated.
Our preliminary Southern blot studies on the structure and size
of the gene for /3-lyase in rat genomic DNA (data not shown)

2 M. Macfarlane, G. G. Gibson, P. S. Goldfarb, and E. A. Lock, unpubliahed
observations.
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indicate that the gene is unique, with a maximum size of about

7.5 kb. No evidence for a second, closely related, DNA sequence

that might code for a separate mitochondrial form of the
enzyme could be found.

Final confirmation that a cDNA for /3-lyase had been isolated
comes from the transfection studies. Clearly the cDNA can be
expressed in tissue culture cells, because increased apoprotein

and enzyme activity can be detected. The similar increases in
both glutamine transaminase K and /3-lyase activities indicate
that the heterologously expressed enzyme closely resembles the

native form and is functionally normal. The sensitivity to
inhibition by AOAA reflects that observed previously (26, 28)
and confirms that expression of the rat cDNA in a foreign

environment does not alter enzyme function. The level of
enzyme activity detected in the cytosol of transfected COS-1

cells is similar to that observed in whole-kidney cytosol. In

view of the cell-type specificity of /3-lyase expression in the

kidney, that value is probably an underestimate of the intra-

cellular level in the proximal tubule. This would indicate that
the level of expression in transfected COS-1 cells is relatively
low, compared with the in vivo situation. Whether expression

of /3-lyase can be increased by manipulation of the 5 ‘ noncoding
region of the cDNA, by use of a different expression vector, or

by improvement of the transfection efficiency is presently being
investigated. It is of note, however, that the level of /3-lyase in
transfected COS-1 cells is ‘-60-fold higher than that in pig

kidney LLC-PK1 cells, a cell line that has been investigated as

a possible in vitro toxicity test system for cysteine conjugates
(16). The possibility of increasing the sensitivity of such cells

to cysteine conjugate toxicity by the introduction of /3-lyase
cDNA is being actively pursued. The availability of a cDNA
for /3-lyase and the demonstration of its heterologous expression

will also aid studies on the mechanism of action of the enzyme,
the importance of subcellular localization, the toxicological
relationship between cytosolic and mitochondrially located ac-
tivities (31), and the analysis of species differences.
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