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Cell wall inulinase (EC 3.2.1.7) was pirified {rom Kluyveromyces marxianus var, marxianus (formerly K. fragilis) and its N-terminal 33-amino acid

sequence was established. PCR ampilification of cDNA with 2 sets of degencrate primers yiclded a genomic probe which was then used to screen

a genomic library established in the YEp35] yeast shuttle vector. One of the selected recombinant plasmids allowed an invertase-negative

Saccharomyces cerevisige mutant to grow on inulin. It was shown to contain an inulinase gene (/NU /) encoding 4 555-amino acid precursor protein

with a typical N-terminal signal pepiide. The sequence of inulinase displays a high similarity (67%) to S. cerevisiae invertase. suggesting a common
evolutionary origin for yeast S-fructosidases with different substrate preferences.

Inulinase: Invertase: Kiuyveromyces marxianus var. marxianus: Kluyveromyces fragilis

I. INTRODUCTION

Inulinase (EC 3.2.1.7, 2.1-8-D-fructan fructanohy-
drolase) and invertase (EC 3.2.1.26, S-D-fructofurano-
side fructohydrolase) are two enzymes able to cleave
similar glycosidic linkages, although with different sub-
strate preferences, The preferred substrate of inulinase
is inulin. a storage polysaccharide of plant origin in
which f-D-fructofuranose residues are linked together
by #(2—1) linkages up to a terminal glucose residue.
which is linked to fructose by an a(1—-2) bond as in
sucrose. Inulinases have been isolated from vegetal tis-
sues and from many microorganisms including the yeast
Kluyveromyces marxianus var. marxianus (in short K.
marxianus), formerly known as K. fragilis [1]. Inulinases
of different origins display distinct biochemical proper-
ties with respect to the mode of hydrolysis (endo or exo)
and to their ability to hydrolyze substrates other than
inulin. Inulinases from yeasts, in particular, are able to
also hydrolyze sucrose very efficiently. Invertase from
Saccharomyces cerevisiae, on the other hand, preferen-
tially cleaves sucrose, but can also hydrolyze inulin at
low efficiency [1]. Thus, invertase and inulinase from
yeasts are functionally very similar, since they differ
only by their relative rates of sucrose versus inulin hy-
drolysis (S/1 ratio), and thus their status as separate
enzymes has been a matter of debate [2]. Recently. Rou-
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wenhorst et al. [3] claimed that they are indeed distinct
enzymes, Their conclusion was based upon Kkinetic evi-
dence as well as on the lack of homology between their
reported 20-amino acid N-terminal sequence of K. nar-
xignus inulinase and the corresponding region of S.
cerevisiae invertase. In this paper, we report the com-
plete genomic sequence of inulinase from K. marxianus
showing, to the contrary, that yeast invertase and inuli-
nase display a high level of evolutionary conservation.

2. MATERIALS AND METHODS

2.1, Culture conditions

Ycasts were maintained on YEPD (10 g yeast extract, 20 g peptone,
20 g glucose, cach per liter of demineralized water) agar plates. Batch
cultures were donc at pH S and 30°C in shaker flasks containing cither
YEPD or minimal medium (per liter: 1.75 g yeast nitrogen basc with-
out amino acids nor ammonium sulfate. 5 g ammonium sulfate, 25 mg
amino acids corresponding to the auxotrophies, 20 g glucose or inu-
lin), For inulinase purification and RNA preparation, an inducing
YEPD medium (containing 2% inulin instead of glucose) was uscd.
Bacterial strains were grown on Luria-Bertani medium {4] at 37°C
with ampicillin (100 gg/mi) if needed.

2.2, Imulinase purification

Cell wall inulinase was purified from K. marxianus (ATCC 12424)
by a modification of the method of Grootwassing [5]. Cells harvested
at the end of the exponential phase were resuspended in 300 mM
sodium acetate buffer (pH 7.5) containing 8 mM cystcin, at a concen-
tration of 1 g cclls (fresh weight) for 10 ml buffer. After 3 h shaking
at 30°C, cclls were pelleted and the supernatant was recovered, con-
centrated by lyophilization, resuspended in 30 ml buffer A (50 mM
sodium acctate, pH 7.5) and dialyzed extensively at 4°C against the
same buffer. The dialyzed extract was applicd onto a column (1 x 10
cm) of DEAE-Scpharose CL-6B (Pharmacia) previously equilibrated
with buffer A. After washing with buffer A, inulinase was cluted by
application of 60 mM NaCl in the same buffer. Active fractions were
pooled and stored at —80°C until further use. For cell fractionation
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Fig. 1. N-terminal amino acid sequences of S. cerevisioe mature invertase (line 1. [18]) and K. marxignus mature inulinase (line 2. [3): line 3.

microsequencing. this work: line 4. translation of the PCR-amplified nucleotide sequence) aligned with the nucleotide sequences of the PCR-

amplified fragment (line 5. 20-mer oligonucleotide probe used for cloning underlined) and the corresponding degencrate primers extended by EcoR1
linkers (linc 6).

studies, three successive washings were performed and the pooled
supernatants were used as the enzyme extract. Supernatant and cell-
bound enzyme were prepared according to Rouwenhorst et al. [6].
Protein concentration was measured by the Lowry method [7]. In-
ulinase or invertase activity was measured by the relcase of reducing
sugars according to Halliwell [8). One unit of activity was defined as
one umol of reducing sugars produced by min.

2.3. Carbohvdrate analysis

Sugar content was measured by the orcinol-sulfuric acid method of
Dische [9]. Deglycosylation was performed using 0.2 U of endoglyco-
sidase F-glycopeptidase F (Bochringer) per 25 ug of lyophilized en-
zyme resuspended in 25 ul buffer (50 mM sodium acetate pH 7.0,
EDTA 20 mM, SDS0.1%, Triton X-1000.5%, f-mercaptocthanol 1%)
and incubated for 48 h at 37°C.

2.4. PAGE analysis

SDS-PAGE was performed in slab gels according to Lacmmli [10].
Gels were stained with Coomassie-blue. Non-denaturing electropho-
resis was performed on 5% acrylamide gels in Tris-acetate buffer 100
mM, pH 7.2. In situ detection of enzymatic activity was performed
according to Beck and Praznik [11] for inulinase, and to Grossmann
and Zimmermann [12] for invertase,

2.5. Prorein microsequencing

About one nanomole of purified cell wall inulinase was electroblot-
ted from a SDS-PAGE gel onto a polyvinylidene difluoride membrane
using 50 mM Tris-50 mM boric acid as transfer buffer. Sequence
analysis of the Coomassie blue-stained band was carried out on a
477A pulsed liquid gasphase sequencer with on-line analysis of the
phenyl thiohydantoin amino acids on a 120A Analyser (Applied Bio-
system, USA).

Table 1

2.6. Recombinant DNA rechniques

Routine recombinant DNA technigues were performed following
instructions given by Sambrook et al. [4] using the Escherichia coli
strain XL /-bluc (Stratagene). The K. marxianus genomic library was
made in the E. coli-S. cerevisiae shuttle vector YEp351 [13] using
Sau3A-partially digested total DNA cloned into the vector BamiHI site
after sucrose gradient purification of 10-kb fragments. Sequencing wus
performed on denatured plasmid DNA with the T7 sequencing kit
(Pharmacia) using synthetic oligonucleotides. Yeast transformation
(strain ATCC 20598. invertase negative) was done by the method if
Ito ct al. [14).

2.7. Polymerase chain reaction

The 50-u1 reaction contained 5 ug of Poly (A} RNA, 50 mM KCI.
6 mM MgCls. 10 mM Tris-HCl pH 8.4, 4 dNTP (cach 1| nM). I ul
Perfect Match polymerase enhancer (Stratagene) and 10 ng oligonu-
cleotides from the reverse pool (see Fig. 1) to prime the reaction.
Incubation parameters were set as follows: 10 min denaturation at
70°C, 30 min annealing at 35°C and, after addition of 3 U of AMV
reverse {ranscriptase (Boehringer Mannheim), 30 min clongation in-
creasing gradually the temperature from 35°C to 42°C. Reverse tran-
scriptase was inactivated by 5 min heating at 100°C. Amplification
was performed by adding 1 gg oligonucleotides from each degenerate
pool and 5 U of Tag DNA Polymerase (Cetus) and incubating with
the following cyele parameters: the first 3 cycles started with a step of
templitte denaturation (92°C. 15 s), primer annealing (37°C, 15s) and
primer extension (72°C. 20 's): the following cycles were identical,
except for the primer anncaling step performed at 50°C instead of
37°C: a total of 20 cycles were carried out before the finai extension
step (72°C. 5 min).

Distribution of inulinase activity in donor and transgenic strains

Total inulinase

Culture medium

Distribution (%) Cell pellet lysate

dctivity
(Uemg™ 'y Cell wall wash

K. marxianus var, marxianis 1.2 39 60 1
ATCC 12424

S. cerevisiae ATCC 20598 04 64 KN |
(pGIOL-01) Exp.A

S. cerevisiae ATCC 20598 0.36 76 A 2
(pGIOL-01) Exp.B

§. cerevisiae ATCC 20598 0.035 0 100 0

(YEp3s!) Control

“Total inulinase activitics are expressed in U (sce section 2) per mg of cells (dry weight).
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3. RESULTS AND DISCUSSION

3.1. Partial purification and characterization of cell wall
inulinase

Cell wall inulinase was recovered from K. marxianus
cells and purified by anion-exchange chromatography
as described in section 2. The enzyme eluted as two
overlapping peaks following application of 60 mM
NaCl. Active fractions from both peaks were pooled
separately. SDS-PAGE analysis clearly showed that
these two pools contained a highly purified protein visi-
ble as a large, diffuse band which was authenticated as
inulinase by detection of both invertase and inulinase
activities on non-denaturing gel electrophoresis (data
not shown). The diffuse aspect of inulinase on PAGE
is not surprising since this enzyme is known to be exten-
sively glycosylated [3]. The sugar content measured on
four independent enzyme preparations was 36 + 3% for
the first pool and 27 £ 3% for the second, this difference
could easily account for the differential elution of the
two fractions from the DEAE column. After enzymatic
deglycosylation, the apparent molecular weight of both
enzyme preparations was reduced by 30% down to a
value of about 60 kDa; like yeast invertase [15], deglyco-
sylated inulinase was still active (data not shown).

3.2, N-terminal protein sequences

Purified inulinase (pool 1) was used to establish the
sequence of a stretch of N-terminal amino acids. Over
a total length of 33 amino acids, 27 were identified. It
can be seen (Fig. 1) that our sequence is in agreement
with the 20-amino acid sequence reported by Rouwen-
horst et al. [3] except at residue 20 where we found H
instead of Y. As already emphasized by these authors,
the 20-amino acid N-terminal segment of the mature
inulinase does not resemble that of yeast invertase.
However, comparison with our extended 33-amino acid
sequence strongly suggested that these two yeast S-fruc-
tosidases might be closely related. When residue 15 of
inulinase was set in frame with residue 8 of invertase,
a box of strong similarity appeared. This point will be
discussed further below.

3.3. Cloning of the inulinuse gene

Two sets of degenerate PCR primers were derived
from the N-terminal protein sequence, spanning resi-
dues 10-15 on the left and 28-33 on the right (Fig. 1).
PCR amplification of K. marxianus first strand cDNA
yielded a 71-bp genomic DNA fragment which was sub-
cloned and sequenced. As can be seen in Fig. 1 the
amplified sequence was truly that of inulinase. On the
basis of the amplified nucleotide sequence, a 20-mer
homologous oligonucleotide probe was synthesized and
used to screen a K. marxianus genomic library by colony
hybridization. One of the positive clones was shown to
contain a plasmid (named pGIOL-01) with a 10 kb
insert, which was used to transform an invertase-nega-
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TCGAATCCCATAAGTGACACTTTTTTTTTGTTTTATCAATTTAGTTCG
49 AGATGAAGTTCGCATACTCCCICTTGCTTCCATTGGCAGGAGTCAGTG
M K F A Y S L L LPILUOAGUV stA
CTTCAGTGATCAAT TACAAGAGAGATGGTGACAGCAAGGCCATCACTA
$§s¢v 1 » v K RAD 6 D S K A I T N
145 ACACCACTTTTASTTTGAACAGACCTTCTGTGCATTTCACTCCATCCC
T T F S L N RP S V HF TP s H
193 ATGGTTGGATGAACGATCCAAATGGTTTGTGGTACGATGCCAAGGAAG
G W M N DUP NG L W Y D AIKEE
241 AAGACTGGCATTTGTACTACCAGTACAACCCAGCAGCCACGATCTGGG
D W HIL Y Y Q Y NP AATTI WG
289 GTACTCCATTGTACTGGGGTCACGCTGTTTCCAAGGATTTGACTTCCT
T P L Y WG H a V S KDL T S W
337 GGACAGATTACGGTGCTTCTTTGGGCCCAGGTTCCGACGACGCTGGTG
T D Y G A S L G PG S DDAGA
385 CGTTCAGTGGTAGTATGGTTATCGATTATAACAATACTTCTGGTTTCT
F §$ G S MV I D YNNI NTSGTFTF
433 TCAACAGCTCTGTGGACCCAAGACAAAGAGCAGTTGCAGTICTGGACTT
N § SV DP R QRAVAVWTL
481 TGTCTAAGGGCCCAAGCCAAGCCCAACACATCAGTTACTCATIGGACG
S K GP S Q A Q H I S8 Y s L DG
529 GTGGTTACACCTTCGAGCACTACACCGACAACGCCGTGTTGGACATCA
G Y T F EH Y T DN AUV L DTIN
577 ACAGCTCCAACTTCAGAGACCCTAAGGTGTTCTGGCACGAGGGCGAGA
§ S NF RDUP KV F WHETGTEN
625 ACGGCGAAGATGGTCGT IGGATCATGGCCGTTGCTGAATCGCAAGTGT
G EDGRWIMAYV AESOQUVF
673 TCTCTGTGTTGTTCTACTCTTCTCCAAACTTGAAAAACTGGACCTTGG
$ VL F Y SsS S P NL KWNWTL E
721 AATCCAACTTCACCCACCACGGCTGGACTGGTACCCAATACGAATGTC
$ NF T HHGWTOGTOQVYZETCSTEP
769 CAGGTCTAGTTAAGGTTCCATACGACAGTGTTGTTGACTCTTCGAACT
G L VK VP YD SV VDS S N S
817 CCTCCGACTCCAAGCCAGACTCCGCATGGGTCTTGTTTGTCTCTATCA
$ DS K P D S A WV L F Vs 1 N
865 ACCCTGGIGGTCCATTGGGTGGTTCCGTTACCCAATACTTIGTTGGTG
P 6 6P L GG S V TOQZYFV 6D
913 ACTTCAACGGTACTCACTTCACTCCAATCGACGGCCAAACCAGATTCC
F N 6T HF TP I DG Q TR F L
961 TAGACATGGGTAAGGACTACTACGCACTACAAACTTTCTTCAACACTC
DM G K D VY Y AULGQTTUPTFNTTP
1009 CAAACGAGAAGGACGTCTACGGTATCGCATGGGCTTCTAACTGGCAAT
N E XKDV Y G I A WAGSNUWOQ Y
1057 ACGCCCAACAAGCCCCAACTGACCCATGGCGTTCATCTATGAGTTTGS
A Q QAP TODUPWUP RS S SMS L V
1105 TTAGACAATTCACATTGAAGACTTCAGUACAAACCCTAACTCCGCTG
R 0 F TLKUDTF S TNU EPNTGSAD
1153 ATGTCGTCTTGAACAGTCAACCAGTCTTGAACTATGATGCATTGAGAA
V VL N S QP V L N Y DAL RK
1201 AGAACGGTACCACTTACAGTATCACAAACTACACCGTCACCTCCGAAR
N G TT Y S I TNJYTUVTSTEN
1249 ACGGCAAGAAGATCAAGCTAGACAACCCATCCGGTTCTCTTGAATTCC
G K XK I XK L DN P S G S L E F H
1297 ATCTTGAATACGTGTTTAACGCCTCCCCAGATATC AAGAGCAACGTGT
L E YV F NG S P DI K SNV F
1345 TCGCTGATCTTTCCTTGTACTTCAAGGGTAACAACGACGACAACGAAT
A DL S L Y F K G N NUDUDNE Y
1393 ACTTGAGATTGGGTTACGAAACCAACGGTGGTGCCTTCTTCTTGGACE
L R L G Y E TNGGATFF L DR
1441 GTGGCCACACCAAGATTCCTTTCGTGAAGGAGAACTTGTTCTTCACCC
G H T K I P F V KENTULTFTF TH
1489 ACCAATTGGCAGTTACCAACCCAGTTTCCAACTACACCACAAACGTCT
C L AV TNUP UV SNUYTTNUVTE
1537 TCGACGTTTACGGTGTCATTGACAAGAACATCATCGAATTIGTACTTCG
D VY GV I DI KNITIETLTYTFTD
1585 ATAACGGTAACGTCGTCTCCACCAACACTTTCTTCTTCTCTACCAACA
N G NV V55 TNTT FETFTF S TNN
1633 ACGTTATTGGTGAAATTGACATCAAGTCGCCATACGACAAGGCTTACA
v I ¢ E I DI K &8 P Y D KA Y T
1681 CCATTAACTCATTTAACGTTACCCAATTTAACGTTTGATCTGATCTGC
I N S F NV T Q F N Vv #x¢
1729 TTACTTTACTTAACGACCAAAGAAAAAACGACAAAA

—

9

~

Fig. 2. Nucleotide sequence of the INU/ gene and its encoded protein.
Arrows indicate putative cleavage sitcs for the signal peptide. Arrow-
head points to the N-terminus of the cell wall enzyme.
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INU1 1 MKFAYSLLLPLAGVSASVINYKRDGDSKAITNTTFSLNRPSVHFTPSHGW 50
| [N | il T reree vl
SUC2 1 .MLLQAFLFLLAGFAAKISASMINETS.......... DRPLVHFTPNKGW 39

51 MNDPNGLWYDAKEEDWHLYYQYNPAATIWGTPLYWGHAVSKDLTSWTDYG 100
(IR R R A R A R R N NN N R A
40 MNDPNGLWYDEKDAKWHLYFQYNPNDTVWGTPLFWGHATSDDLTNWEDQE 89

101 ASLGPGSDDAGAFSGSMVIDYNNTSGFFNSSVDPRQRAVAVWTLSKGPSQ 150
(R A R N R R R R RN R R AR AR R RN |
90 IAIAPKRNDSGAFSGSMVVDYNNTSGFENDTIDPRQRCVAIWTYNTPESE 139

AQHISYSLDGGYTFEHYTDNAVLD INSSNFRDPKVFWHEGENGEDGRWIM 200
[ AN N e N e R RN AR i
140 EQYISYSLDGGYTITEYQKNPVLAANSTQFRDPKVEWYEPSQ. ... KWIM 185

15

—

201 AVAESQVFSVLFYSSPNLKNWILESNFTHHGWTGTQYECPGLVKVPYDSV 250
I I T I O A e A I O R N R R B I R
186 TANKSQDYKIEIYSSDDLKSWKLESAFANEGFLGYQYECPGLIEVPTE.. 233

251 VDSSNSSDSKFDSAWVLFVSINPGGPLGGSVTQYFVGDFNGTHFTPIDGQ 300
! RN N N A RN AR RN R R
234 ....... QDPSKSYWVME'1SINPGAPAGGSENQYFVGSFNGTHFEAFDNQ 276

301 TRFLDMGKDYYALQTFFNT.PNEXDVYGIAWASNWQYAOQQAPTDPWRSSM 349
Prprrisrrrrereiey o ELEEVRIT § [NEERRREN
277 SRVVDFGKDYYALQTFFNTDPTYGSALGIAWASNWEYSAFVPTNPWRSSM 326

350 SLVRQFTLK.DFSTNPNSADVVLNSQPVLNYDALRKNGTTYSITNYTVTS 398
R e N | I i | [REEER
327 SLVRKFSLNTEYQANPETELINLKAEPILNISNAGEWSR. .FATNTTLTK 374

399 ENGKKIKLDNPSGSLEFHLEYVFNGSPDIKSNVFADLSLYFKGNNDDNEY 448
I T T I T O i PLEIRLERLED 01l
375 ANSYNVDLSNSTGTLEFELVYAVNTTQTISKSVFADLSLWFKGLEDPEEY 424

449 LRLGYETNGGAFFLDRGHTKIPFVKENLEFTHQLAVTNPV. SNYTTNVF 496
T T T I O I O O A A H
425 LRMGFEVSASSFFLDRGNSKVKEFVKENP YFTNRMSVNNQPFKSENDLSYY 474

497 DVYGVIDKNIIELYEDNGNVVSTNTFFFSTNNVIGEIDIKSPYDKAYTIN 546
JETURE Berrrverearetbn s 1t g 1l [
475 KVYGLLDQNILELYFNDGDVVSTNTYFMTTGNALGSVNMTTGVDNLEYID 524

547 SENVTQFNV 5355
[
525 KFQVREVK. 532

Fig. 3. Amino acid sequence comparison (GAP program. GCG. Uni-

versity of Wisconsin) between the K, marvionus INU1 inulinase (this

work) and the S. cerevisiue SUC2 invertase [18]. Amino acid sequences
have been deduced from nucleotide sequences.

tive mutant of S, cerevisiae. The transformants obtained
were able to rapidly grow on a medium containing inu-
lin as the sole carbon source, indicating that a functio-
nal structural gene encoding inulinase was expressed in
the transgenic host. Enzymatic assays performed on
fractionated cultures clearly demonstrated (Table I)
that yeast transformants were producing and secreting
inulinase at high level,

3.4, DNA sequence analysis

The recombinant plasmid was used to determine the
sequence of the K. marxiunus inulinase gene. Sequenc-
ing was initiated with the 20-mer probe for cloning and
was containued by the primer walking strategy. The
nucleotide sequence of the gene (named /NU/) together
with the amino acid sequence of the encoded protein are
given in Fig. 2. The precursor protein is a 555-amino
acid polypeptide displaying a typical signal peptide
flanked by 3 consecutive putative cleavages sites as
predicted by the *-3-1 rule’ [16] (arrows, Fig. 2). The
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actual N-terminus (arrowhead. Fig. 2) of the mature cell
wall enzyme (predicted molecular weight of 59 672 Da)
does not coincide with any of these sites. but is located
6. 7 or 8 amino acids further down. This indicates that
following secretion inulinase undergoes further pro-
teolysis. as also observed with Bacillus subtillis a-
amylase [17].

3.5. Evolutionary comparison

The INUI inulinase displays a high level of evolu-
tionary conservation with the SUC2 invertase of S. ce-
revisiae [18). Comparison of the amino acid sequences
(Fig. 3) revealed 68% of similarity. a value very close to
the 63% similarity observed between S. cerevisige and
Sclwanniomyces occidentalis [19)] invertases. Therefore,
in contrast with recent claims [3] based upon limited
protein sequence comparison. it seems reasonable to
consider yeast invertase and inulinase as members of the
same family of f-fructosidases differing by their degree
of preference for sucrose versus inulin.
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