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A cloned geny encoding the Lyelierichia coli C homoprotoeitechuate (HPC) dioxygenise, an aromatic ring cleavage enzymie, was used o produce

large wmounts of the protein, Preparations of £, coli C HPC dioxygenase, whether expressed {rom the cloned gene or produced by the bacterium,

st activity very vapidly, The pure protein showed one type of subunit of 4, 33000, The first 21 N-terminal amino acids were sequenved and

the dista used to contiem that the open reading friume of 831 bp, identitied from the nueleotide sequence, encoded HPC dioxygenise, Comparison
of the derived amino avid sequence with those of other extradiol and intradiol diosygenases showed no obvious similiaeity to any of them.

Homoprotocatechuate 2,3 dioxygenase; Protein puritication: N-terminal sequence; Gene sequence; Derived priniey stracture; Excherichia coli ¢

1. INTRODUCTION

The aromatic nucleus is one of the most abundant
units of chemical structure in the biosphere. Because it
is strongly stabilised by resonance, the ring must be
hydroxylated under acrobic conditions to make it suffi-
ciently reactive to undergo degradation. Normally, two
hydroxyl groups need to be present for ring opening.
The hydroxyls are usually required on adjacent carbon
atoms to give a ¢is-hydroxylated aromatic ring. The ac-
tivated ring is then opened by dioxygenase action. In
ortho-fission (intradiol cleavage) the carbon-carbon
bond between the cis-hydroxyls is cleaved, In meta-
fission (extradiol cleavage) a carbon-carbon bond im-
mediately adjacent to the cis-hydroxyls is the one
broken [1].

Sequence information is now available for a number
of these intradiol and extradiol dioxygenases. The se-
quences of three intradiol enzymes have been compared
and it was concluded that two distinct catechol
1,2-dioxygenases have a common ancestry which is
shared, but more distantly, with a protocatechuate
3,4~dioxygenase [2]. Consideration of the sequences of
5 extradiol dioxygenases led to the conclusion that they
were meinbers of the same gene super family, which was
distinct from the family of intradiol dioxygenases [3].
However, a recent report of the sequence of a sixth ex-
tradiol dioxygenase, protocatechuate 4,5-dioxygenase,
concluded that it was unrelated to any of the other ex-
tradiol or intradiol dioxygenases [4].

We have determined the sequence of a seventh ex-
tradiol dioxygenase whose substrate, homoprotocate-
chuate (HPC; 3,4-dihydroxyphenylacetate), is the next
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higher chemical homolog of protocatechuate. As
reported here the sequence of Escherichia coli HRPC,
2,3-dioxygenase has no marked similarity to any other
extradiol or intradiol dioxygenase yet described.

2. MATERIALS AND METHODS

2.1, Bacteria, plasmids and growth conditions

Cells were grown aerobically at 37°C in Luria broth {5] containing
100 4g - mi™" ampicillin, The £. coli K12 strain SK [6] was used as host
for the plasmids used in this study, The construction of pDR1820,
PDR1Y30 and pDRYI4 s deseribed in the text, pDR1930 was used to
construct a nested set of deletions (pPDR9I04-931~, pIDRYILS; Fig. 2)
using a Pharmacia exonuclease 111 deletion Kit,

2.2, Enzyme assays

HPC dioxygenase and S-carboxymethyl-2-hydroxymuconate
(CHM) isomerase were assayed as described previously [7,8], For
measurement of the dioxygenase pH optimum allowance was made
for the pH dependence of the extinction coefficient of the substance
monitored, S-carboxymethyl-2-hydroxymuconic semialdehyde [9].
K values were obtained by non-linear regression analysis of v against
s [10].

2.3, Purification of HPC dioxygenase

The enzyme was purified from E. coli SK (pDR9304), An ultracen-
trifuged crude extract was prepared from 400 ml Luria broth-
ampicillin grown cells as described previously [{1]. The ultracen-
trifuged extract (4 m! per run) was applied to a Pharmacia HR 10/10
Mono Q anion exchange column and chromatographed using a Phar-
macia fast protein liquid chromatography (FPLC) system. An 80 ml
gradient of 0.0—0.5 M NaCl in 20 mM Tris-HC!l buffer pH 7.5, with
a flow rate of 4 ml-min~"! was used and the fractions with the highest
specific activities, eluted at approx. 0.3 M NaCl, were pooled. The en-
zyme at this stage appeared to be about 80% purc as judged by ECS-
PAGE, so further purification was attempted. A sample was applied
to a Pharmacia Phenyl Superose HR §/5 hydrophobic interaction col-
umn and eluted with a 10 m! decreasing gradient of 1.7-0.0 M
(NH4):S0; in 0.1 M sodium phosphate buffer pH 7.5 at a flow rate
of 0.5 ml- min~!. The HPC dioxygenase eluted at 0.2 M (NH4):S0.
but virtually all the enzyme activity had been lost. A further sample
from the Mono Q step was subjected to gel filtration using two Phar-
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macia HR10/30 Superose 12 columns connected: in series, The col-
umns were equilibrated with 0.05 M sodium phosphate/0.15 M-NaCl
‘buffer pH 7.5 and run at a flow rate oﬁo 4 ml> min~', The recovery
of HPC dioxygenase activity in this case was much better but some ac-
“tivity was lost and the ‘specific activity decreased. Details of the

purification are given in Table I. Protein in the varlous fracuons was

measured as descnbed prevrously [ l]

2 4 Molecular mass-estimation

Subunit molecular masses: were esumated by SDS- polyacrylamrcle
gel electrophoresis (PAGE) {12] using gradient gels of 7.5% to 20%
acrylamide. The proteins used to calibrate the gels were bovine serum

albumin . (66 000); ovalbumin (45000); glyceraldehyde 3-phosphate -

dehydrogenase (36.000); carbonic anhydrase (29.000); trypsinogen
(24 000), trypsm mhrbnor (20 100) and hovine lactalbumm (14200)

2.5. Amino acid sequencmg

The peak fraction after Phenyl Superose chromatography was run
on a 7.5-20% SDS-PAGE gradient gel and. electroblotied onto a
. polyvinylidene difluoride (PVDF) membrane [13] using 50 mM
glycine-50- mM Tris, pH 10, ‘transfer buffer and stained with

‘Coomassie blue R-250, The stained M; 33000 protein band wasexcis- .
ed and loaded into'an Applied Brosystems 470 A gas phase sequencer

without polybrene.

2.6. DNA mampu/anons ) :

‘ Small- and large-scale preparations were carned out. by standard
procedures [14]. Restriction endonucleases, T4 DNA ligase and ex-
onuclease 11 deletion kit were-used accoiding to the manufacturer’s
instructions.. Isolation of DNA' fragments from low melting point;
agarose gels was as described [15]. Transformations were carried out
using the morpholmepropane sulphonic acrd (MOPS) RbCl method
[16]. ‘

2. 7. ‘Nucleotide sequencing and oligonucleotide svnthesis

Sequencmg was carried out using T7 DNA polymerase according to
Tabor and Richardson [17]. The nucleotlde analog 7-methylde-

azaguanosine was mcluded in the nucleotide mixes during sequencmg :

to overcome bace compressions. Plasmid DNA for sequencing was

prepa= ° - Uescribed [18]. Oligonucleotides were synthesized with.an

Lapphed. Biosysterns 380 B DNA synthesrzer using cyanoethylphos-
. phoramldue chemrstry

2.8, Chemma!s

. 'HPC was purchased from’ ngma and CHM was prepared as .

- described |[6]. Restriction endonucleases were from Gibco-BRL and
Pharmacia, T7 DNA polymerase and the exonuclease 111 deletion kit
were from Pharmacia. Nuclectides were from US Biochemicals and

- the »S-dATP (1600 mCi/mmol) was from Amersham. All other

chemicals were of the highest grade commercially available. -
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3. RESULTS AND DISCUSSION
Subclomng of the HPC dzoxygenase gene (hpe B)

E coli:C genes involved in the catabolism of" HPC
have been cloned [6]. A 3.0 kbp BamHI~SaII fragment

from one of these clones.(pJJ801) was mtroduced into
" the polylinker region of pUC18 and pUCI19 to grve
pDR1830 and pDR1930, respectlvely When pDR1830‘
"~ and pDR1930 were propagated in the E. coli K12 strain’

5K (which itself is devoid of the Apc genes) two enzymes

- of the HPC pathway, HPC dioxygenase and CHM

isomerase were present at high activity for 5K(pDR-

" 1930) but were barely detectable for SK(pDR1830) (data-
- not  shown). When: the two cell-free extracts were.

analysed by SDS-PAGE; that from. 5K (pDR1930)
showed two very strong bands (M; 14000 and: 33 000)
that were not seen in the 5K (pDR1830) extract. The M,
14000 band is known to be CHM isomerase [11]'so it

"~ ‘'seemed likely that the Mr 33 OOO band was HPC d10x~‘

ygenase.
When the msert DNA of pDR1930 was shortened
unidirectionally from:the-Sa/l end by exonuclease IlI

“digestion a series of deletion subclones was obtained.
- The- shortest subclone that still expressed HPC-diox-

ygenase activity was pDR9304 The shorter subclones

“(seesection 3.4) enabled the position of the HPC.diox-

ygenase gene to be defined, Such shorter subclones like
pDR9315 still expressed CHM isomerase activity. When.

the Kpnl siteiin the insert DNA was used along with the
‘Kpnl site in the polylinker to delete DNA from-the op-
-posite (BamH]I) end -of the insert DNA the: resulting’

plasmid (dDR934; section 3.4) expressed neither HPC

" dioxygenase nor CHM isomerase activity. Since: the

Kpnl site in’the insert DNA  had been deleted 'in
pDR9315 which still produced CHM isomerase it seem-
ed that this Kpnl site was w1thm the HPC droxygenase

fgene

3.2. Enzyme purzflcatron

The HPC dioxygenase produced by E coli C cells
growrn on 4-hydroxyphenylacetate [7] was very unstable
and the crude extract lost all its activity after storage for

‘ " Table I ‘ ‘
. A'summary of the purification of E, -cdlc‘_C HPC diozygenase

Purification Volume

Total protein Total units Specific acuvrty . ‘Recovery  Purification
‘Step , oot (mg) @mol:min™') ~ (umol min~ ‘'mg . % - - (Fold)
o ! ‘ o ‘ protein”") S !

" Ultracentrifuged S T
©extract ? g 1198 37.8° 7 1.100,0. 0.0
Pooled Mono Q ‘ : : : :

" fractions 8 . . . 35 J130. 0 . 86.00 0 .34,
*Pooled Superose ‘ ‘ ‘ ‘ :
12 fractions 3 15

e 220 27

* Only half the pooled Morno-Q matenal was used in this step 50 the fxgures have been ad]usted as necessary, to make
‘ allowance for [hlS
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i = o : “10‘
Gly Lys Leu Ala Leu Ala Ala Lys e Thr

l‘13‘ T R ; 21
“His Val Pro Ser Met Tyr Leu Ser Glu Leu Pro

Flg 1. N+ termmal amino acid sequence of E coli C HPC dlox-
: ygenase.

24'h at 0°C. The addition of reagents such as glycerdl,
acetone, dithiothreitol or jron salts that are known to

stabilize some dloxygenases had no effect on the E. coli

enzyme. Because pDR9304 strongly expressed HPC
dxoxygenase,, extracts: prepared from 5K(pDR9304)
have 100xhigher initial specific activities than those

from E. coli C and therefore fac;htated ‘purification of
the enzyme. However, these preparatxons also lose ac-

tivity quite rapldly so the emphasis in the purlflcatlon
was to -monitor both the catalytlc activity and the M;
33000 protem.

The 'major protein peak obtained after Phenyl :

Superose: chromatography of the HPC dioxygenase
from:the Mono Q step had only slight catalytic activity
‘but the M; 33 000 protein accounted for moréthan 95%

of the total protein in‘the fraction: No other fractions
had HPC dtoxygenase activity.: The recovery of actlve‘ ‘
HPC dloxygenase after Superose 12 gei filtration was
higher than after Phenyl Superose ch?omatography and

exactly matched the distribution of the M; 33000 pro-
tein. However, in the best fractiorns, the M; 33000 pro-

tein accounted for about 85% of the total protein and
s0:was: slightly less pure thaa after Phenyl Superose |

'chromatography The M, 33000 protein from ' the

“Phenyl Superose step was the one used for N-terminal-

sequence estimation. Using the enzyme from the Mono
Q column, the effect of pH on the rate of reaction was
measured in 0.1 M sodium phosphate buffer over the
pH range 6.6-8.6. The optimum region was from 7.2 to

7.8. The: Ky, for HPC measured at pH 7. S‘usmg solu-‘

txons saturated thh O; was 16+ 3 ,uM

3.3. N-termmal amino acid sequence

. Although the PVDF blot was well washed to remove |

contaminating buffer, very small amounts of glycine
are always retained. In the first sequencing cycle the
amount of glycme detected was much greater than that

of any amino acid in subsequent cycles. But no other '

amino acid was seen in the first cycle so glycme ap-
peared to be the amino. terminal residue. Unambiguous
sequence information was obtained for the flrst 21
re51dues and-this is gwen m Fig. 1.

3. 4 Nucleotide sequence /) f the HPC dtoxygenase gene‘

The sequerncing strategy used is described in.'the
legend to Fig. 2. Because the deletion subclones had an
average mze dlfference of 100 bp and the sequence of
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Fig: 2. Restnctlon map of subclones and sequencing strategy for the‘
E."coli C HPC dioxygenase gene. The 3.0 kbp BamHI-Sall fragment
(heavy line) cloned into the polylmker site of pUC19t0 gwe pDRl9301
is shown with: major restriction sites; “The  restriction’sites .of the:
polylinker are not-drawn to the same scale. Deletion of the 1.5 kbp
BamHI1-Kpril fragment of - the ‘insert DNA: gives' pDR934;. The.
physical location of the HPC dtoxygenase gene (hpeB) is shown by the
‘hatched box. Unidirectional deletion subclones were created from the

. :8all end of the insert. DNA of pDR1930 by the exonuclease III diges-

tion procedure. The coding strand encompassing HPC. dioxygenase”
was sequenced using: the deletion’ subclones pDR9304-93]2 and’
pDR9315 as shown: The small arrows indicate the start dlrecnon and’
extent of dldeoxynucleoude sequencmg carried: out usmg ‘the M13,
reverse sequencing primer. The complementary strand was sequenced‘
using the M13-universal pnmer The broad arrows indicate the start,

. direction and extent of sequencing carried out. using, the synthetic
: ollgonucleotndes DR12-14 with the small arrow indicating, smnlarly,

sequencmg from-the Kpnl end of the insert DNA of pDR934 Restric-
tion sites are: Nd, Ndel; E, EcoRl; Ss, Ssil; Kp,KpnI Sm, Smadl; B,

~ BamHI; Ev, EcoRV; Ss”, Sstll; S, Sall; Ps, Pstl; $p, Sphl; H I-Im-

dlil; Pv Pyull,

around 250 residues was obtained for each construct
there. was very significant repetition of sequenc;E‘
measurement. The single-strand sequence was ‘thus ob-

‘tained with a high degree of accuracy. This sequence in-

formation was used to design two synthetlc olxgo-‘
nucleotides (DR12 and 13) that were usedin sequencmg:
partof the opposite strand. The remaining part of the .
OppObch strand was seque’aeed using the deletion sub-

- clone  pDR934.  Sequencing from the’ Kpnl site - of

pDR934 utxhsmg the umversal prlmer site of pUC19

‘k; 35“5”
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RES. hpes
TTCCGMATGGGGAGTCTGATATGGGTMGTTAGCATTAGCAGCAWATCACGCACGTG 38

MGGCT'H‘ACCCCTCAGACTATACCCAT‘PCMTCGTMTCGTCG’I'T'H‘TAGTGCGTGCAC
MetClylysLeuAlaLeuAlaAlalysXleThrHisval

CCGTCOATGTATCTCTCTGMC’PGCCGGGGAAMACCACGGCTGCCGCCAGGGCGCGATC o8
R SR T At DDt .

GGCAGC’PACATAGAGAGAC’PTGA\.uuLt.u. TTTTTGGTGC ACDGCGGTCLLULUL TAG - -

PrcSemet'l‘yanuSnGluLeuFroGlyLysMnHLsGlyCylA"qunGlyAln11e‘

GM:GGGCATAMGAGATCAGCMGEGTTGCCGGGM-\TGGGCGTCGATACCRTTATCGTT

CTGCCCGTA‘M‘TCTCTAGTCGTTCGCMCGGCCCTTTACCCGCAGCTATGGTMTA\;CM
ABPGlyHisLYsGlul lesarLyshquysl\thluHetGlyValAspThr X)erleVar

“ TTCGACACCCACTGGCTOGTC)ATAGCGC‘!’TATCACATCMCTGTGCAGACCATTTTGAA 218
159 i s o e e e e e e b o 8 o e i e i e }
MGC"GTGGGTC;\CCGACCAGTTATCGCGMTAGTGTAGTTGACACGTCTGGTI\MACT
PheAspThrHisTrpleuvalAsnSerAlaTy rHisY leAanysl\lAAlpHX nPheGlu

CGCGTCTI\CACCI\GCMCGAGCTGCCGCATTTTATTCGCGACATGACCTACMCTACGI\G 378
219 —temeemicac e b — ——-—

CCGCAGATGTGGTCGT‘I‘OCTCGACGGCGTMTMGCGCTG’X‘ACTGGATGTTGATGCTC .

GlyvalTyrThrSerAsnGl uLeuProHr sFhelleArghspMe t'rhr'ryrAln‘ry tGlu

GGCMCCCOGAGTTGGGGCAGCTTM‘TOCCGATC-M GCCTTMACCTCGGCGTOCGGGLA

279 mpemancmmegane pupbngapchiugAsiuiutiub b s sl 316
: CCGTTGGGCCTCMCCCCGTCGMTAACGGCTACTTCGGMTTTCGAGCCGCACGCCCGT
' GlyRanProGluLeuGlyGlnLeulleAl nAn pGluAlaLauLysteuGlyvalar gAla
o
- MAGCGCACAACATTCCCAGCCTGAMCTGGAG‘X‘ACGGCAGCGTGG‘PACCGATGCECT'\C : 108
k31 Jpdciolmtuonluivs prehobupuertonpueun v puhsu ettt

TTTCGCGTGTTGTMGGGTCGGACTT‘I‘GACCTCATGCCGTCGCACCATOGCTAC(‘CGATG
LysMum sASRIleProSerLeulyslouGluTyrGlysecvalvalProMetArgTyr

399 ATGMTGMGACMGCGCTTC)\MGTGOTCTCCATCTCGGC‘I‘TTCTGCACCGTTCACGAT 5g
............... 4
. TACTTAC‘N‘CTG'I'TCGCGMG'H‘TCACCAGAGGTAGAGCCGAMGACGTGCCI\AGTGCTA
! nnAnnGluAlpLyil\quhebysvuvnlse 24 leSerAlaPheCysThrValHisAsp

455 TTTGCCGACAGCCGCMGCTGGGCGM(‘GGATTGTGM‘\GCMTCGMCAGTACGATGGC N

© 858 S pamesmemedmmecasmemghe e m e admmnm e b ——————— o op 18
AMCGGCTGTCCGCGTTCGACCCGCTTGCCTMCACTT‘I‘CGTTAGCTTGTCATGC‘I‘I\CCG
PheAlAAspso tAtgLysleuGlyGluArgtleval Lyu\lax legiucl nTytAspGly

419 ACCGTGGCGGTCCTTGCCAuLbu TPCGT AAACGCA 7T anTGACGATCAGCGTGCO :
..................................................... 578
. TGGCACCGCCAGGMCGO’\'CGCCMGCMTAGCGTGGCGAMTMCTGCTAGTCGCACGC
‘Thrvnu\lnvn!l.numnao:clyserl.euse rHllAquhe 1 loA:pAupCInArgAu

. 579 GMGMGGGATGMCAGCTACACCCGCGAG’I‘TCGI\CCGCCAGATGOACGAGCGTGTGG‘X‘O
.......................... 638

. C’I”I‘C’H‘CCCTAC’(‘TGTCGATGTGGGCGCTCMGCTGGCGGTC'N\CCTGCTCGCACACCAC

Glumnalynnl\snsa r‘ryr‘l‘h Mrgclu PheAspArgGlnmetaspGluArgvalval

AAGCTGTOGCGCGMGGCCAGTTCMAGAGTTCTUCMTATGCTGCCOGAGTACGCCGAC

TTCGACACCGCGCTTCCGGTCMGTTTCTCMGACGTTATACGACGGCCTCATGCGGCTG
LysLouTrpArgGluGlyGlnpPhelysGluPheCysAnntetLe uPrnGlu'ry Al uAsp :

659 TAQTGC TA ""A"Af‘“"TGATGCTGCTGGGGATGCTCGGCTGG R
------------------------- 7468
ATGACGATGCCGCTTCCGTTATACGTGCTG‘!‘GCCACTACGACGACECC‘PACGAGCCGACC !
TyeCysTy rutycxumymnnnu isAspThivalMetLeuLeuGlyMetLeuSlyTrp

759 GhTMATACGACGGCMGGTGTGGAGT‘H‘ATCACCGA(«CTATTCCCMGCCTCCTGGCAC
DA RSl S S OGRS Sttt id Sebertited 8is
CTATTTATGCTGCCGTTCCACACC’PCMATAGTGGCTCOATMGGGT‘PCGUAGGACCG‘I‘G :
. Anpwn‘l‘ymlpﬂyLynvaL‘x‘rpM tLeuSacProSerTyrSerGlnAlaSerTrpHis

. BBS hpeD
819 CGGTCAGGTTMCGTGTTTTCCCGCTTCCGCGTMGGACG’X’TT‘KJATGCCGCACTTTATCG .
-------------------- 878
GCCAGTCCMT EGCACMGGGCGMGGCGCATTCCTGCAAMTACOGCGTGAMTAGC
Arqscmly H.lProHisPhaxle

rrg 3 Nucleotrde sequence and deduced amino acrd sequence of the

E. coli C HPC dioxygenase gene (ApcB). The sequerice is written in,
the 5’ —3' direction of the coding strand with the deduced amino acid’

sequence below. The amino terminus of the gene was identified by
matching the predicted sequence to the sequence obtained from the
purified protein. The Kpnl site within the gene and the ribosome bin-

ding site (RBS) are indicated. The start of the CHM isomeérase gene

(hpcD) is 32 bases after the end of ApcB as shown. The numbers refer
to the nucleotrde positions. with the A of ‘the ATG: start codon
numbered l :

gave information for about 250 bases and this sequence
was extended past the start of the dioxygenase gene by
use of a further symhetlc oligonucleotide, DR14 ‘

Fig. 2.

Computer analysrs of the nucleotlde sequence reveal-
ed an open readmg frame (ORF) of 831 bp with
associated ribospme binding site [19] 10 bp before the

ATG start codon. This ORF was confirmed as that en-

coding HPC dioxygenase by its predicted amino acid se-

quence for residues 2-22 which eorresponded exactlyto

56
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the amino termmal amino acid sequence obtamed from
the purified protein, The methionine at position one of
the ORF was absent from the purified protein. There

are 34 bp between the end of the HPC dioxygenase gene
and the start of the CHM isomerase gene whose se-

‘quence has already been described [11). The nucleotide
- sequence. ‘which: shows a single Kpnl site and the

predicted . amino ‘acid sequence for HPC dloxygenase

‘are shown in Fig. 3. A Kpnl site was known from the

deletion subcloning (see section 3.1) to:be within the
HPC dioxygenase gene. The molecular mass calculated

- ‘from the predicted amino acid sequence was 31332

which agrees well with that of 33000 for the purified

_protein measured by SDS-PAGE

The predicted: amino acid sequence of HPC leX-
ygenase was compared to those of the various extradiol
and intradiol dioxygenases already reported [2-4] using
the GAP programme of ‘the University .of ‘Wisconsin
Molecular -Biology package. The extent of similarity

‘varied between 8% and 14% indicating that there was

no striking relationship between HPC dioxygenase and
any of the other aromatic ring-fission dioxygenases. No
obvious similarity to any other protein was apparent
when the HPC dioxygenase sequence was compared to
the NBRF (release 20) and the SWISSPROT (release 10)
protein data bases. There was no apparently significant.
sequence similarity between HPC dioxygenase ‘and

" CHM isomerase [11}, two constituent ‘enzymes of the

HPC catabolic pathway. So the relationship of HPC
droxygenase to other: rmg-frssron dloxygenases or to
other HPC pathway enzymes is strll an open questron
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