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Abstract 

A gene (&I) encoding a cinnamoyl ester hydrolase (CEH) has been isolated from the ruminal bacterium, Butyrivibrio 

fibrisolvens E14, using a model substrate, MUTMAC [4-methylumbelliferoyl (p-trimethylammonium cinnamate chloride)]. 

CinI has significant amino-acid similarities with members of a large and diverse family of hydrolases with a serinelaspartic acid/ 
histidine catalytic triad. Our analyses identified two previously unclassified amino acid sequences, the amino-terminal domain 

of unknown function in XynZ from Clostridium thermocellum and XynC, an acetylxylan esterase from Caldicellulosiruptor 

saccharolyticus, as members of the same family of hydrolases. A previously described esterase with CEH activity, XylD from 
Pseudomonasfluorescens ssp. cellulosa, is not similar to CinI. CinI was expressed at high levels in the periplasmic fraction of 
E. coli TOPP2 and released ferulic acid from Fara [5-O-(trans-feruloyl)-arabinofuranose] prepared from wheat bran. 

Keywords: Butyrivibrio jibrisolvens; Clostridium thermocellum; Cinnamoyl ester hydrolase; Acetylxylan esterase; Caldicellulosiruptor saccha- 

rolyticus 

1. Introduction 

Xylan is a major component of plant cell walls 
and is utilised by many organisms in the rumen of 

cattle and sheep. Xylan has a backbone of p-l,&xy- 
lose that may be modified by arabinose side chains, 
which in some plants are esterified to cinnamic acids 
(principally ferulic and p-coumaric acid). It has been 

proposed that these acids may limit the extent of 
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digestion of plant fibre in ruminants [l]. A number 

of enzymes have been identified that release cinnamic 

acids from various plant materials [2]. The ruminal 
bacteria Butyrivibrio jbrisolvens 49 and Fibrobacter 

succinogenes S85 have been reported to express cin- 

namoyl ester hydrolases (CEHs) 131, but no detailed 
characterisation of the enzymes has been undertaken 

from these or other ruminal bacteria. There are also 
no reported examples of the cloning of genes encod- 
ing enzymes with CEH activity by screening for en- 
zyme activity. MUTMAC, a soluble cinnamic acid 
ester, was chosen in this study for screening libraries 
on the basis that enzyme(s) cleaving MUTMAC 
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have been demonstrated in S’. olivochromogenes [4], 
an organism that also produces enzyme(s) cleaving 

methyl ferulate and releasing ferulic acid from plant 

feruloyl esters [4,5]. However, it has not been demon- 

strated whether the enzymes that cleave the plant 

feruloyl esters and MUTMAC are indeed the same. 

Using MUTMAC. a gene encoding a CEH has been 
isolated from B. fibrisolvens strain E14. Characterisa- 

tion of the cin1 gene and its product are reported. 

2. Materials and methods 

2.1. Bacterial strains and culture conditions 

B. jibrisolvens El4 [6] was grown anaerobically at 

39°C in rumen fluid medium [7]. Escherichiu coli, 

JM109, KW251 and TOPPl-4 were grown in LB 

or LB containing 1.5% agar for plates and 0.7% 

agarose for overlays. 

2.2. DNA munipulution 

Genomic DNA from B. fibrisolvens was prepared 

and the library was constructed by inserting DNA, 
that had been partially digested with MboI, into 

XGEM12 using the XhoI half-site cloning strategy 
(PROMEGA). Approx. 1500 bacteriophage per plate 

were incubated with E. coli KW251 cells, mixed with 

10 ml molten top agarose containing 10% clarified 

and autoclaved rumen fluid and poured over a bot- 
tom layer of LB agar that also contained 10% rumen 

fluid. The plates were incubated overnight at 37°C. 

MUTMAC (Sigma) was incorporated at 20 ug ml-’ 
into molten 0.70/;1 agarose in 50 mM phosphate pH 
7.4. The agarose was poured over the plates and 

after 5-15 min positive plaques were identified due 
to their fluorescence when illuminated with long- 
wavelength UV light. A similar method was used 

to identify positive bacterial colonies. 
The nucleotide sequences of subcloned restriction 

fragments were determined by the dideoxy chain-ter- 
mination method using the Sequenase kit (Amer- 
sham). Synthesis was primed with oligonucleotides 
synthesised on an Oligo 1000 DNA Synthesizer 
(Beckman). Database searches were carried out using 
the BLAST program at the NCBI. Sequences were 
aligned with the aid of the CLUSTAL V program. 
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Fig. I. Restriction enzyme map of the subcloned fragment con- 

taining c,inl. Deletions were constructed by restriction enzyme di- 

gestion and religation. The lines mark the extent of DNA re- 

maining after deletion. The extent and direction of translation of 

open reading frames identified from the DNA sequence are indi- 

cated by arrows. Restriction enzyme sites: Ba, BalI; C, CluI; D. 

Drd; H, HindUI; K, KpnI; N, Nsil; Sa, Suu3AI; Ss. SspI. Re- 

striction enzyme sites contained within the linkers are indicated 

in parentheses. 

The GenBank accession number for the nucleotide 

sequence reported in this paper is U44893. 

2.3. Cell jiuctionation and unalysis 

Cells were fractionated as previously described [8]. 

Amino acid sequence was determined by automated 
Edman sequencing with a 471A gas-phase sequena- 

tor (Applied Biosystems) from protein samples sepa- 
rated by SDS-PAGE and transferred to a PVDF 
membrane by Western blotting. 

Fara was prepared from commercial wheat bran 

as previously described [9]. CEH activity was assayed 
by incubating at 37°C in 50 mM sodium phosphate 

buffer pH 6.5 containing Fara (70 yg ml-‘). At in- 

tervals, 50 pl aliquots were removed, enzyme activity 
stopped by the addition of 5 pl 20% formic acid and 

analysed for ferulic acid by HPLC on a Bondapak 

Cl 8 column with water/acetic acid/butanol (350: 1:7) 
as mobile phase monitored at 254 nm. The system 
was standardised using known amounts of ferulic 

acid. 

3. Results and discussion 

3.1. Isolation and analysis of cinl 

Approx. 3000 plaques of the B. fibrisolvens El4 

genomic library were screened with MUTMAC as 
described in Section 2. The 15 positive bacteriophage 
fell into two distinct groups, with no common re- 
striction fragments between the two groups. Sub- 
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RBS MYIVDDGIKLNAILDUPEGGAEK 

CPLCLVFHGFTGHIEEDHIVAVAKGLNEIGVAT 

IgRVDLFGHGKSEGEFREHNLYKWLNNILAVVDYA 
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ALMPLSPAYVIIDGAKAGMLLGQPFDPEHIPDR 
* 1100 
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r 1300 

DHCYGKHMDLMVKAVQEFVRKLI* 
1400 

"DLTEKYE.TGWQ 

inverwlrepeat 
1500 

EMAKIIPRMSEGLESLSYEVRPPVEPYVTRTIIG 

DEEMSRLSDTLVKQSIGELNNKLENFRWPRVLL 
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start OrflOE 

C 1800 

Fig. 2. The sequence of cid and orflO8. Only the sequence between the two DraI sites is shown. Proposed ribosome binding sites (RBS) 

and the experimentally determined amino-terminal sequence of CinI are underlined. OrflOS had highly significant matches with two open 

reading frames from Bacillus subtilis (GenPeptide: BAC180K_13 and BACGLNP_11) and an open reading frame from E. coli (GenPep- 

tide: ECOUW93_124), all of unknown function. 

clones of the inserts from genomic clone 14 were 
obtained by partial digestion of the bacteriophage 

DNA with the restriction enzyme Sau3A1, followed 
by ligation into the BumHI site of pGEM7Zf(+). 
Colonies were screened with MUTMAC overlays. 

The insert in a positive subclone, plasmid 4.1, was 
completely sequenced. Two complete open reading 
frames were identified (Fig. 1). Deletion analysis in- 

dicated that one of these, cin1, coded for the enzyme 
of interest. This open reading frame encoded a po- 
tential protein of 246 amino acids (predicted molec- 

ular mass 27 063 Da) (Fig, 2). The first methionine is 
preceded by a probable ribosome binding site. An 
inverted repeat downstream of cinl (Fig. 2) may 
form a transcription termination signal, 
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Fig. 3. Alignment of Gin? with similar proteins. Only regions of significant amino acid similarity are shown. ‘“n”’ indicates the omission 

of n amino acids. * indicates the end of the sequence. Gaps introduced to aid alignment are indicated ‘-‘. Sequences are from the follow- 

ing sources: XylD ill], XynZ 1131, XynC [lo], Orfl [ 121, and MPCB, P. putida 2-hydroxymuconic semialdehyde hydroxylase [16]. Resi- 

dues underlined in the MPCB sequence are those previously identified as highly conserved in hydrolases involved in the degradation of 

cyclic compounds [IQ. Residues indicated by 3 represent the probable catalytic triad 1171. 

The complete derived amino acid sequence of 
CinI was used to search all of the available protein 

sequence databases. A number of proteins with re- 
gions of significantly similar amino acid sequence, 
but with less than 20% overall amino acid identity, 

were identified. The matches included an acetylxylan 
e&erase, XynC from Ca~d~~e~~u~5s~~~pt5r saccharoly- 

ticus {originally Culdocellum .saccharoEyticum) [lo], 
an enzyme with acetylxyIan esterase and CEH activ- 

ity, XylD, from ~s~~d5m5~s ~~5r~s~e~s ssp. celltr- 
loss [l-t], an open reading frame of unknawn func- 
tion, Orfl, downstream of a P-xylosidase encoding 

gene, ;svlzB, from Thermttanae~5ba~teriuln saccharo- 
lyticum fl2] and the amino-te~inal domain of un- 
known function from the XynZ xylanase of Clostri- 
dium thermocellum [ 131. In addition, homologies to 
mammalian epoxide hydrolases, halualkane dehaio- 
genases, non-ester hydroiases from pseudomonads 
and a number of peptidases were observed [l&19] 
(data not shown). To reduce the complexity of the 

figure, only CinI and enzymes associated with poty- 

saccharide hydrolysis are included, with the se- 

quence of the P. putidu 2-hyd~oxymuco~ic semialde- 
hyde hydroxylase representative of the rest of the 

hydrolase family (Fig. 3). By analogy with the other 
members of the family [17], Ser-105, Asp-197 and 

His-225 in Cinf are predicted to comprise the cata- 
lytic triad. 

Unlike the enzymes with haloperoxidase activity 

f 151, the non-ester hydrolases from ~s~ud5?~5~~s spe- 
cies [t9f and to a lesser extent the iminopeptidases 

[lS], the amino acid sequences of CinI, XynC, XylD, 
Orfl and the amino-terminal domain of XynZ do 

not cluster. In fact, the regian predicted to contain 
the substrate binding domains of these enzymes [17] 
was omitted from the alignment (Fig. 3) as no sig- 

nificant homologies were detectable between these 
sequences, OF with representatives of the clusters de- 
scribed above. Thus, each of these enzymes may rep- 

resent the first members of new subfamilies of the 
hydrolase family. XylD has CEH activity, but is 
clearly the most divergent member of the group 

and may be from a completely different family of 
esterases. Whilst this analysis identifies Orfl and 
the amino-terminal domain of XynZ as probable es- 
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Fig. 4. Expression of CinI. Periplasmic fractions of E. co/i 

TOPPZ containing either plasmid 4.1 or pGEM7Zf(+) without 

insert were prepared and proteins from equal numbers of cells 

separated on a 10% SDS-PAGE gel and stained with Coomassie 

Brilliant Blue. Molecular mass markers are shown in kDa. 

terases, presently we cannot predict their likely sub- 
strate specificity. 

3.3. High level expression of Cinl in E. coli 

Experiments with plasmid 4.1 in E. coli JM109 

identified a protein of approx. 30 kDa that was en- 

riched in the periplasmic fraction, but not present in 

the control cells. To increase the level of expression 
of CinI, plasmid 4.1 was transformed into E. coli 

strains TOPPl-4. The best yield of periplasmic en- 
zyme was obtained with strain TOPP2 (Fig. 4). The 

other differences between the control and recombi- 

nant strains were probably due to the significant lysis 
of cells containing CinI during the preparation of the 
periplasmic fraction. A specific activity of 76 pmol 
ferulic acid mine1 mggl protein from Fara was ob- 
served for this fraction. The amino-terminal se- 
quence of the recombinant CinI in this fraction 

was determined to be MYIVDDGIKLNAILDM. 
This sequence is identical to that predicted from 
the DNA sequence (Fig. 2). The process by which 
significant amounts of CinI appear in the periplasmic 
fraction of E. coli is unclear. 

This work was partly funded by the Australian 

Meat Research Corporation. We would like to thank 

C. Forsberg and J.A. McCallum for their sugges- 

tions of screening methods and G. Riding and R. 

Pearson for determining the amino acid sequence. 
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