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�-L-Rhamnosidases play an important role in the hydrolysis of glycosylated aroma compounds (especially
terpenes) from wine. Although several authors have demonstrated the enological importance of fungal rham-
nosidases, the information on bacterial enzymes in this context is still limited. In order to fill this important
gap, two putative rhamnosidase genes (ram and ram2) from Pediococcus acidilactici DSM 20284 were het-
erologously expressed, and the respective gene products were characterized. In combination with a bacterial
�-glucosidase, both enzymes released the monoterpenes linalool and cis-linalool oxide from a muscat wine
extract under ideal conditions. Additionally, Ram could release significant amounts of geraniol and citronellol/
nerol. Nevertheless, the potential enological value of these enzymes is limited by the strong negative effects of
acidity and ethanol on the activities of Ram and Ram2. Therefore, a direct application in winemaking seems
unlikely. Although both enzymes are members of the same glycosyl hydrolase family (GH 78), our results
clearly suggest the distinct functionalities of Ram and Ram2, probably representing two subclasses within GH
78: Ram could efficiently hydrolyze only the synthetic substrate p-nitrophenyl-�-L-rhamnopyranoside (Vmax �
243 U mg�1). In contrast, Ram2 displayed considerable specificity toward hesperidin (Vmax � 34 U mg�1) and,
especially, rutinose (Vmax � 1,200 U mg�1), a disaccharide composed of glucose and rhamnose. Both enzymes
were unable to hydrolyze the flavanone glycoside naringin. Interestingly, both enzymes displayed indications
of positive substrate cooperativity. This study presents detailed kinetic data on two novel rhamnosidases, which
could be relevant for the further study of bacterial glycosidases.

�-L-Rhamnosidases (EC 3.2.1.40) catalyze the hydrolysis of
a wide spectrum of natural glycosides containing terminal L-
rhamnose. The biotechnological interest in rhamnosidases in-
cludes the debittering of citrus fruit juices (naringinase and
hesperidinase), the release of flavonoids from rhamnosylated
precursors, and the production of L-rhamnose as starting ma-
terial for chemical synthesis (52). Further, rhamnosidases may
play a crucial role in wine making due to their contributions to
releasing grape-derived aroma compounds (mainly terpenes
and terpenic alcohols). Depending on the grape variety,
rutinosides (�-L-rhamnopyranosyl-�-D-glucopyranoside) con-
stitute 6 to 13% of the terpenic glycosides found in wine (29).
The combination of �-D-glucosidase and �-L-rhamnosidase al-
lows the sequential release of volatile compounds from these
precursors (18). Several authors (9, 32, 46) have demonstrated
the enological value of fungal (Aspergillus sp.) rhamnosidases.
Based on their adaptation to the harsh wine milieu and their
general hydrolytic abilities toward different glycosides (16, 17,
50), wine-related lactic acid bacteria (LAB) have attracted
much interest as a potential source of novel glycosidases (34).

Consequently, several (intracellular) glycosidases from differ-
ent wine-related bacterial species have already been identified
and characterized (11, 12, 36–38, 48). Another driving force
for the identification and characterization of bacterial glyco-
sidases, including rhamnosidases, is the observation that plant
secondary metabolites (i.e., flavonoids) with potential health
benefits have improved bioavailability in their aglycon forms
(26). Accordingly, the potential of intestinal bacteria (entero-
cocci, lactobacilli, clostridia, and bifidobacteria) to hydrolyze
natural glycosides has been demonstrated (21, 42, 43).

For all these reasons, the isolation and characterization of
glycosidases from food-related bacteria is a field of increasing
research. However, only a few bacterial rhamnosidases have
been characterized (15, 19, 20, 54) to date, and the properties
of rhamnosidases derived from food LAB (Lactobacillus plan-
tarum and Lactobacillus acidophilus) have only recently been
reported (3, 7). In the present study, we characterized two
�-L-rhamnosidases derived from the homofermentative lac-
tic acid bacterium Pediococcus acidilactici. Pediococci can
be found in a wide range of fermented products, including
wine (41), and Pediococcus spp. have also been isolated from
the human digestive tract and have been discussed as po-
tential probiotics (5, 27). The potential of wine-related
pediococci to hydrolyze synthetic glycosides has been dem-
onstrated by Grimaldi et al. (16). Apart from a detailed bio-
chemical characterization, the main objective of this study was
to evaluate whether the two putative rhamnosidases from P.
acidilactici DSM 20284 can release grape-derived terpenes
from their natural precursors.
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MATERIALS AND METHODS

DNA manipulation and sequence analysis. PCR was performed with the
Phusion Master Mix (New England BioLabs, Ipswich, MA). All restriction en-
zymes and the Quick Ligation kit were also purchased from New England
BioLabs. PCR products were purified with the Wizard SV Gel and PCR
Clean-UP Kit, and plasmid purification was done with the PureYield Plasmid
Miniprep System (both from Promega, Madison, WI). The pET system (pET21
series; Novagen, Madison, WI) was used for gene overexpression in Escherichia
coli. All procedures were performed according to the suppliers’ recommenda-
tions.

Two putative rhamnosidase genes identified in the published genome of P.
acidilactici DSM 20284 (GenBank accession no. NZ_AEEG00000000.1; locus
tags HMPREF0623_0163 [ram] and HMPREF0623_0062 [ram2]) were ampli-
fied from the genomic DNA of P. acidilactici DSM 20248 (DSMZ GmbH,
Braunschweig, Germany). Primers designed with specific restriction sites (Table
1) were used to introduce the genes into the expression vectors pET21a (ram)
and pET21d (ram2) in frame with a C-terminal His6 tag. The restriction sites
used (Table 1) were NdeI/XhoI (ram/pET21a) and NcoI/XhoI (ram2/pET21d).
DNA sequencing (Agowa GmbH, Berlin, Germany) confirmed the correct for-
mation of the constructs obtained, as well as the complete identity of the cloned
genes with the published sequences of ram and ram2. Both constructs were used
to transform E. coli T7 Express competent cells (New England BioLabs) accord-
ing to the supplier’s recommendations. Positive colonies were selected on Luria
broth agar plates supplemented with ampicillin (100 �g ml�1).

The deduced protein sequences of ram and ram2 (GenBank accession no.
ZP_07367044 and ZP_07366943, respectively) were analyzed with the following
tools: Blastp (1) was used to search GenBank and to determine amino acid
sequence similarities, and the subcellular locations of Ram (R) and Ram2 (R2)
were predicted with SignalP (13), TMpred (25), and PSORTb (53).

Protein production and purification. Protein production was carried out in
Terrific broth (49) containing 100 �g ml�1 ampicillin at 25°C and 150 rpm.
Expression was induced by addition of lactose (final concentration, 5 g liter�1).
Following overnight cultivation, the cells were harvested by centrifugation at

6,000 � g for 20 min. After resuspension, the cells were disrupted in a French
press at 8.3 MPa in 3 cycles. The homogenate was centrifuged at 100,000 � g for
30 min, and the supernatant was recovered as crude extract. The recombinant
His6-tagged enzymes were purified by immobilized metal affinity chromatogra-
phy (IMAC) on a column packed with Ni-charged chelating Sepharose (GE
Healthcare, Uppsala, Sweden) according to the suppliers’ recommendations.

Electrophoresis and molecular mass determination. SDS-PAGE, including
Coomassie blue staining, was performed using the Mini-Protean system with
precast gels (4 to 20%) from Bio-Rad (Hercules, CA); the molecular mass
marker used was High Precision Dual Color (10- to 250-kDa range).

Molecular masses were determined by size exclusion chromatography on a
Sephacryl S-300 column (GE Healthcare) with 50 mM sodium phosphate buffer,
pH 7.0, containing 150 mM NaCl at a flow rate of 0.15 cm min�1. The column
was calibrated with protein standards from Sigma-Aldrich (kit for molecular
weights 29,000 to 700,000).

Enzyme assays. All substrates for enzyme assays were purchased from Sigma-
Aldrich (St. Louis, MO). The substrates used were p-nitrophenol (pNP)-linked
glycosides (pNP-�-L-rhamnopyranoside, pNP-�-D-glucopyranoside, pNP-�-D-
xylopyranoside, pNP-�-D-mannopyranoside, and pNP-�-L-arabinofuranoside),
naringin, hesperidin, rutin, and rutinose.

The enzyme solutions were stored in 0.02 M citrate phosphate buffer, pH 7.0,
prepared according to the method of McIlvaine (35). Standard reaction condi-
tions for all enzyme assays were 0.1 M McIlvaine buffer, pH 5.5, 37°C, and 10-min
incubation time. All determinations were performed in triplicate.

Assays with p-nitrophenyl-glycosides were stopped with 0.5 M Na2CO3 (2-fold
volumetric excess), and the absorbance of p-nitrophenol was measured at 400 nm
(ε400 � 18.300 M�1 cm�1 at pH 10.2) in a Beckman DU 800 spectrometer (Paolo
Alto, CA). One unit of rhamnosidase activity corresponds to 1 �mol of p-
nitrophenol released per min at 37°C. The temperature dependence of enzyme
activity was determined by variation of the temperature in the standard assay
between 4 and 90°C. The pH dependence was determined using McIlvaine
buffers ranging from pH 3.0 to 8.0 at 37°C.

Assays with nonchromogenic substrates (naringin, hesperidin, rutin, and ruti-
nose) were conducted as described above but were stopped by heat inactivation
at 80°C for 5 min. Rhamnose, glucose, and rutinose were quantified by HPLC
analysis (Dionex [Sunnyvale, CA] DX500) with a CarboPac PA 1 column and
pulsed amperometric gold electrode detection. The injection volume was 20 �l;
15 mM NaOH was used for elution, and the flow was 1 ml min�1 at 25°C and
115 � 105 Pa. One unit of rhamnosidase activity is expressed as released rham-
nose (�mol) per min at 37°C and pH 5.5.

Kinetic constants for Ram and Ram2 (Table 2) were determined under the
above-mentioned standard assay conditions (pH 5.5 and 37°C) by variation of the
individual substrate (pNP-�-L-rhamnopyranoside, hesperidin, rutin, or rutinose)
concentration. The resulting plots are shown in Fig. S1 and S2 in the supple-
mental material. All kinetic data were interpreted with the Enzyme Kinetics
Module (version 1.3) of SigmaPlot 10.0. The regression models used were those
of Michaelis-Menten and Hill (24, 44).

Release of terpenes from muscat wine. White wine (Muskat Ottonel; Donau-
prinz, Hungary, 2009) was evaporated (Heidolph [Schwabach, Germany] rotova-
por) at 35°C to remove ethanol and volatile compounds, and the pH was adjusted
to 5.5 with KHCO3. The wine was sterilized by filtration (0.22 �m). The samples
(50 ml) were treated with the rhamnosidases Ram and Ram2, a �-glucosidase

TABLE 1. Oligonucleotides used for amplification of rhamnosidase
genes ram and ram2 from P. acidilactici

Primer
name Sequence (5�–3�)a

ramF (NdeI) .........................GATATACATATGAATCAAACTTAT
TGGATC

ramR (XhoI).........................GTGGTGCTCGAGCGCAATGGGAA
TTACTACG

ram2F (BsaI)b .......................GGTCTCACATGGCATTTACATTT
CAAA

ram2R (XhoI).......................GTGGTGCTCGAGAGATAAATACTT
TCTCATTAAATA

a Restriction sites are underlined.
b Digestion with BsaI creates an overhang for ligation with the NcoI site of

pET21d.

TABLE 2. Kinetic constants of P. acidilactici rhamnosidases Ram and Ram2 determined at 37°C and pH 5.5

Enzyme Substrate

Kinetic constanta

Km� (mM)b Vmax (U mg�1) kcat (s�1) kcat/Km
(s�1 mM�1) nh

c

Ram pNP-�-L-rhamnopyranoside 16.2 � 1.7 243 � 14 311 19.2 1.6 � 0.2
Hesperidin 3.88 � 0.26 0.638 � 0.022 0.817 0.211 1.5 � 0.1
Rutin 0.793 � 0.050 1.45 � 0.045 1.84 2.32 1.7 � 0.2
Rutinose 2.38 � 0.20 0.0335 � 0.0016 0.0423 0.0178 1.5 � 0.2

Ram2 pNP-�-L-rhamnopyranoside 22.3 � 0.69 3.62 � 0.081 3.698 0.166 2.0 � 0.1
Hesperidin 7.00 � 0.40 33.0 � 0.91 33.7 4.81 1.2 � 0.04
Rutin 0.332 � 0.014 0.913 � 0.023 0.930 2.82 2.0 � 0.2
Rutinose 2.54 � 0.30 1200 � 46 1224 482 1.0 � 0.1

a All data represent the average of triplicate determinations � SD. All results were interpreted with the Hill equation (24).
b Equivalent to the Michaelis-Menten constant, Km.
c Apparent Hill coefficient.
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(GL) from Lactobacillus brevis (36), and a commercial rhamnosidase preparation
(naringinase [N] from Penicillium decumbens; Sigma-Aldrich) in the following
combinations: GL, R, R2, GL plus R, GL plus R2, N, and GL plus N. All enzyme
preparations were sterilized (0.22-�m filter) before application. The final enzyme
concentrations were 2 U ml�1 as determined with p-nitrophenyl-glycosides. In
the case of Ram2, the same protein concentration as for Ram was used. The
samples were incubated for 7 days at 15°C, and all determinations were per-
formed in triplicate.

Volatile compounds were analyzed by headspace gas chromatography-mass
spectrometry (GC-MS). A 7890A GC system (Agilent Technologies, Palo Alto,
CA) with a DB-5 capillary column (60 m by 0.25 mm; 0.25 �m), a CombiPal
autosampler (CTC Analytics, Zwingen, Switzerland), and a 5975C MS detector
(Agilent) were used. The samples were prepared by solid-phase microextraction
(SPME). Five milliliters of sample and 50 �l of the internal standard (4-chloro-
butyl acetate) were added to a vial containing 2 g NaCl. SPME fibers (100 �m
polydimethylsiloxane) from Supelco (Bellefonte, PA) were used as an absorbant.
Extraction was performed for 30 min at 50°C, followed by desorption for 5 min
at 250°C. The samples were injected in splitless mode (3 min), and the carrier gas
was helium (99.999%; Air Liquide, Vienna, Austria) with a flow rate of 1.2 ml
min�1. The program for the oven temperature was as follows: initial tempera-
ture, 50°C for 3 min; temperature increase to 92°C (1°C min�1); holding time, 10
min; a further increase to 127°C (5°C min�1); then, an increase to 260°C (40°C
min�1) with a holding time of 5 min. Ionization was performed at 70 eV. Ions
were quantified by selected ion monitoring (SIM). The following standards were
applied (the m/z ratios used for quantification are shown in parentheses): inter-
nal standard, 4-chlorobutyl acetate (54); cis/trans-linalool oxide (59); linalool
(71); hotrienol (71); cis/trans-rose oxide (139); cis-limonene oxide (67); trans-
limonene oxide (94); alpha-terpineol (93); beta-terpineol (71); gamma-terpineol
(121); nerol (69); citronellol (69); geraniol (69); nerol oxide (68); and lavandu-
lool (69).

The data were statistically analyzed with the software package SPSS 18. One-
way analysis of variance was applied to test for significant differences between the
individual treatments. The results were grouped into homogeneous groups by
Student’s t test (Student-Newman-Keuls) at a significance level of 95% (� �
0.05).

RESULTS

Heterologous expression and oligomeric structures. Two
putative rhamnosidase genes (ram and ram2) of P. acidilactici
DSM 20284 were expressed in E. coli. The protein sequences
deduced from ram and ram2 contain 653 and 525 amino acid
residues, respectively. The highest sequence similarities were
found in the already characterized glycosyl hydrolase family 78
rhamnosidases Ram1Lp and Ram2Lp of L. plantarum (7). Ram
shares 56% identity with Ram1Lp, and Ram2 shares 61% with
Ram2Lp. Ram and Ram2 share 29% sequence identity with
each other. The topology prediction software TMpred (25) and
PSORTb (53) indicated cytoplasmic localization of both en-
zymes; no signal peptides could be identified with SignalP
(13).

As shown in Fig. 1, the His6-tagged enzymes were electro-
phoretically pure after immobilized metal affinity chromatog-
raphy. Preliminary tests with pNP-�-L-rhamnopyranoside (1
mM) showed that both enzymes are functional �-L-rhamno-
sidases with specific activities of 8.7 U mg�1 (Ram) and 0.036
U mg�1 (Ram2). Molecular masses of 74 � 1 kDa (Ram) and
241 � 4 kDa (Ram2) were determined by size exclusion chro-
matography. Taking the calculated molecular masses of 76.8
kDa (Ram) and 61.3 kDa (Ram2) into account, these data
suggest that Ram is a monomer and Ram2 is a tetramer.

Substrate affinities of Ram and Ram2. In assays with syn-
thetic p-nitrophenyl-linked substrates, both enzymes could ef-
fectively hydrolyze only pNP-�-L-rhamnopyranoside (pNPR).
Ram had low additional activity toward pNP-�-D-glucopyranoside
(	0.01 U mg�1), and no other side activities (�-L-arabinosidase,

�-D-xylosidase, and �-D-mannosidase) could be detected. Fur-
ther, both enzymes were unable to liberate rhamnose (�-1,2
linked to glucose) from the flavanone rutinoside naringin.
Table 2 displays the kinetic constants determined with the
synthetic substrate pNPR and the natural substrates hesperi-
din, rutin, and rutinose (�-L-rhamnopyranosyl-1,6-�-D-glu-
copyranose). Hesperidin and rutin are the rutinosides of
hesperetin and quercetin, respectively. These data clearly
suggest distinct substrate specificities of Ram and Ram2.
Ram showed its highest catalytic efficiency with pNPR but had
low affinity for the other substrates. Ram2 was highly efficient
with rutinose but not with pNPR. Unlike Ram, Ram2 also
showed considerable activity toward hesperidin. Interestingly,
both enzymes displayed sigmoidal responses to increasing sub-
strate concentrations rather than following the hyperbolic Mi-
chaelis-Menten correlation (see Fig. S1 and S2 in the supple-
mental material). All results were interpreted with the Hill
equation (24), where nh is the Hill coefficient reflecting the
extent of substrate binding cooperativity (44, 51) and Km� is
equivalent to the Michaelis-Menten constant, Km. These re-
sults suggest that both enzymes are subject to allosteric regu-
lation, exhibiting positive substrate binding cooperativity (nh 

1), a mechanism that implies an oligomeric quaternary struc-
ture (44). However, Ram showed rather weak positive coop-
erativity in all cases (nh � 1.5 to 1.7). Although using the Hill
equation resulted in better estimates (i.e., curve fit) for Km and
Vmax than the Michaelis-Menten equation (see Fig. S1 and S2
in the supplemental material), the fact that Ram is apparently
a monomer makes the possibility of allosteric regulation un-
likely. For Ram2, the results indicate clear positive coopera-
tivity (nh � 2) with pNPR and rutin, the substrates for which
the enzyme has the lowest affinity, and very low cooperativity
(nh � 1.2) with hesperidin. Remarkably, no cooperativity was
observed with rutinose; in this case (nh � 1), the Hill equation
is reduced to the Michaelis-Menten equation. Consequently,
interpretation of the results for rutinose yielded the same es-
timates for Km and Vmax with both models. Figure 2 shows the

FIG. 1. SDS-PAGE of the recombinant rhamnosidases from P. aci-
dilactici after IMAC purification. Lane 1, Precision Plus protein stan-
dard (Bio-Rad); lane 2, Ram; lane 3, Ram2.
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kinetic plots obtained with pNPR and rutinose, clearly dem-
onstrating the different responses of Ram2 to these substrates.

Physicochemical properties. All assays were conducted with
pNPR (1 mM). Figure 3 shows the influences of pH and tem-

perature on the activities of Ram and Ram2. Ram displayed
the highest activities at pH 5.5 and 50°C, Ram2 at pH 4.5 and
70°C. Both enzymes were rapidly inactivated below pH 4.

Table 3 shows the influences of solvents, sugars, and salts,
showing that both ethanol and dimethyl sulfoxide (DMSO)
reduced enzyme activities. The salts included (100 mM) had no
detrimental effect; only the activity of Ram was reduced 16%
by MgSO4. Both enzymes were significantly inhibited by glu-
cose and rhamnose (250 mM each). While Ram was strongly
inhibited by rhamnose and to a lesser degree by glucose, Ram2
was almost completely inhibited by glucose but retained 45%
activity in the presence of rhamnose. In respect to the consid-
erations of allosteric regulation presented above, further tests
were conducted to determine whether the inhibition of Ram2
was subject to allosteric regulation (i.e., noncompetitive inhi-
bition) as well. However, the results indicated that both rham-
nose and glucose inhibited Ram2 competitively, as judged
from increasing Km� but no decrease in Vmax (data not shown).

Release of terpenic compounds from muscat. The abilities of
Ram and Ram2 to release grape-derived terpenes were deter-
mined with a modified muscat wine (pH 5.5; ethanol removed)
as a substrate. The samples were treated with enzymes in
excess and incubated at 15°C for 7 days under sterile condi-
tions. A �-glucosidase from L. brevis (GL) and a commercial
fungal rhamnosidase preparation (N) were included as con-
trols. As previously reported (36), GL is a bifunctional gluco-
sidase/xylosidase with low arabinosidase side activity. In rela-
tion to its rhamnosidase activity (100%), naringinase had side
activities of �-D-glucosidase (12.5%), �-D-xylosidase (6.4%),
and �-L-arabinosidase (33%).

The results are shown in Fig. 4. As the peaks of citronellol
and nerol were not sufficiently separable by the GC-MS
method used (data not shown), the results are displayed as the
sum of citronellol and nerol. Both GL and N demonstrated
broad substrate specificities and were able to release large

FIG. 2. Kinetic plots of the P. acidilactici rhamnosidase Ram2 with
pNP-rhamnopyranoside (�) and rutinose (F). The data were inter-
preted with the Hill equation (24); nh values were 2.0 � 0.1 and 1.0 �
0.1 for pNP-rhamnopyranoside and rutinose, respectively, and 100%
relative activity refers to Vmax. All determinations were performed in
triplicate; the error bars indicate standard deviations (SD).

FIG. 3. Influence of pH and temperature on the rhamnosidases
from P. acidilactici determined with pNP-�-L-rhamnopyranoside (1
mM). ƒ, Ram; Œ, Ram2. (A) Assays (37°C; 10-min reaction time) were
performed with 0.1 M McIlvaine buffers, pH 3.0 to 8.0. (B) Standard
assay (pH 5.5; 10 min) performed at 4 to 90°C. All data represent the
averages of triplicate determinations. The error bars indicate SD;
100% relative activity refers to the maximal activity determined.

TABLE 3. Influences of solvents, sugars, and salts in the assay on
activities of the P. acidilactici rhamnosidases Ram and Ram2

determined with pNP-�-L-rhamnopyranoside (1 mM)

Additivea
Relative enzyme activity (%)b

Ram Ram2

Solvents
EtOH (6% �vol/vol�) 56 � 0.5 78 � 0.8
EtOH (12% �vol/vol�) 31 � 1 74 � 0.7
DMSO (12.5% �vol/vol�) 37 � 0.7 11 � 0.7
DMSO (25% �vol/vol�) 24 � 1 4.7 � 0.2

Sugars
Rhamnose (250 mM) 15 � 1 45 � 1
Glucose (250 mM) 76 � 1 2.4 � 0

Salts
NaCl (100 mM) 130 � 2 121 � 1
KCl (100 mM) 128 � 6 142 � 3
K2SO4 (100 mM) 115 � 1 113 � 6
MgSO4 (100 mM) 84 � 2 111 � 3
MgCl2 (100 mM) 127 � 5 120 � 2
CaCl2 (100 mM) 123 � 1 102 � 3

a EtOH, ethanol.
b Activity in the absence of additives (standard assay conditions) was set at

100%. All data represent the average of triplicate determination � SD.
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amounts of terpenes. On the other hand, it is obvious that both
bacterial rhamnosidases had only a small impact on the overall
release of terpenic compounds (Fig. 4, sum of terpenes). Al-
though addition of Ram/Ram2 to GL could evidently increase
the total free terpenes compared to treatment with GL alone,
the differences are not statistically significant (Student-New-
man-Keuls; � � 0.05). In detail, however, both Ram and Ram2
could significantly increase the concentrations of linalool and
cis-linalool oxide in combination with GL in comparison to
treatment with GL only, confirming the mode of sequential
hydrolysis, as suggested by Gunata et al. (18). Further, Ram
could also liberate statistically significant amounts of geraniol
and citronellol/nerol without glucosidase, which is especially
evident in the sum of citronellol/nerol. The same effect was not
observed with Ram2. Although the �-glucosidase activity of
Ram was low with pNPR, it is not inconceivable that Ram
could display higher activity toward other glucosides (14). This
seems plausible, since addition of GL to Ram did not result in
the expected further increase of citronellol/nerol. An explana-
tion for the differences between Ram and Ram2 could be
different specificities toward aglycons with distinct chemical
structures. Linalool and its oxides possess tertiary alcohol
groups, while geraniol, citronellol, and nerol have primary OH
groups (29, 50). A similar observation was made with GL/N:

addition of GL to N could not further increase concentrations
of geraniol and citronellol/nerol. On the other hand, the con-
centrations of �-terpineol, linalool, linalool oxides, and hot-
rienol could be significantly increased by the addition of GL to
N. This suggests that the �-glucosidase of L. brevis has addi-
tional activity toward terpenols with tertiary hydroxyl groups,
resulting in a synergistic effect in combination with the fungal
enzyme preparation.

DISCUSSION

At present, we have access to abundant genomic data on
bacterial glycosidases in public databases (8, 10, 31). Unfortu-
nately, only a small fraction of these putative enzymes have
been characterized. Although the computational methods now
available are invaluable in terms of identification, sequence
analysis, and functional prediction of new enzymes, there is a
strong scientific need to collect experimental data in order to
confirm such in silico predictions. The aim of this study was to
characterize two putative rhamnosidases derived from the
same strain of P. acidilactici. While both enzymes are classified
as members of glycosyl hydrolase family 78 (10, 22), our results
indicate that Ram and Ram2 are quite distinct in functionality
and therefore possibly in metabolic function, as well. In agree-

FIG. 4. Release of monoterpenes from modified Muskat Ottonel (pH 5.5) by rhamnosidases of P. acidilactici. K, control without treatment. The
samples were incubated with the enzymes at 15°C for 7 days. All experiments were performed in triplicate; the error bars represent SD. The results
were grouped by t test (Student-Newman-Keuls; � � 0.05). Values labeled with the same letters are not significantly different.
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ment with Gagné et al. (14), who argued that the mere use of
synthetic substrates is insufficient to reflect the true potential
of a given organism or enzyme, we sought to access the capa-
bilities of Ram and Ram2 using both synthetic and natural
substrates. In respect to the biotechnological interest in rham-
nosidases summarized in the introduction, it is evident that the
potential of the enzymes presented to hydrolyze flavonoid gly-
cosides is limited. Though able to convert hesperidin and rutin,
both catalysts demonstrated rather low affinity for these sub-
strates. Further, no activity toward naringin could be detected.
Ram2 was highly efficient with the disaccharide rutinose, indi-
cating a possible importance in sugar metabolism, which might
also be a reason for the strong inhibitory effect of glucose.
However, since rutinose does not naturally occur in free form,
the actual metabolic role of the enzyme is not obvious. A
possible function of Ram2 might be the release of rhamnose
from heteropolysaccharides containing rhamnose linked to
glucose in �-1,6 configuration. Avila et al. (3) discussed the
possible involvement of bacterial rhamnosidases in the break-
down of bacterial cell wall or extracellular polysaccharides.

Another interesting observation was that both enzymes dis-
played indications of positive substrate cooperativity to various
degrees. This mechanism is usually related to oligomeric en-
zymes of metabolic importance, enabling the catalyst to exhibit
a more sensitive response to physiological substrate concen-
trations (44). Although the effect has rarely been reported in
association with glycosidases, Capaldo et al. (12) have recently
described positive cooperativity in a bacterial phospho-�-glu-
cosidase related to the phosphoenolpyruvate-dependent sugar-
phosphotransferase system (PTS), which is probably involved
in cellobiose degradation. However, in the present case, the
kinetic data also suggest that the observed allosteric properties
may not be a vital function in the regulation of Ram and Ram2
at all. Positive cooperativity seems to be related to poor sub-
strate affinity, which is especially pronounced in the case of
Ram2, where the hydrolysis of the obviously “true” substrate
rutinose follows the typical Michaelis-Menten kinetics. This
is in fact consistent with the sequential model of cooperative
binding as postulated by Koshland et al., assuming that the
catalyst’s affinity to the ligand is initially poor but is en-
hanced by substrate binding (positive homotropic modula-
tion) (28, 44).

Concerning the release of attractive wine aroma compounds,
our results indicate that Ram is a true aryl-glycosidase that is
able to hydrolyze grape-derived terpenyl-glycosides. Although
Ram2 could liberate linalool and cis-linalool oxide, as well, it
could not release terpenols with a primary OH group (ge-
raniol, citronellol, and nerol), in contrast to Ram. In regard to
these data, Ram might be an interesting candidate for the
release of grape-derived aroma compounds. Nevertheless, in
regard to a possible application of these rhamnosidases, it is
important to state that the experiments conducted here were
performed under optimal enzyme conditions (pH 5.5; no eth-
anol), which was mainly intended to determine both enzymes’
biochemical characteristics. Due to the strong negative effect
of acidity and ethanol on the activities of both rhamnosides, a
direct application to wine or fruit juice seems unrealistic. Fur-
ther, the strong inhibitory effect of glucose on Ram2 limits its
possible application even in the early stages of wine making.
Although immobilization has been reported to be a good op-

tion to enhance enzyme activity and stability under unfavorable
conditions (4, 33, 47), an interesting alternative could be to
overexpress such enzymes in lactic acid bacteria. Prominent
expression systems developed for LAB are the NICE system
for Lactococcus lactis (39) and pSIP for L. plantarum (45).
Beekwilder et al. (7) overexpressed Ram1Lp in L. lactis (NICE)
and used this strain to ferment tomato pulp. Although the
strain showed increased activity toward pNPR, it failed to
convert rutin, probably due to insufficient substrate internal-
ization by L. lactis. Regarding the release of terpenes from
wine, an interesting approach could be the overexpression of a
glycosidase gene of interest in a LAB species suitable for
malolactic fermentation (MLF). Although Oenococcus oeni,
the preferred species for MLF, has often been reported to be
nonsusceptible to DNA transformation (6), an electroporation
protocol for O. oeni has been established recently (2). Further,
recent developments showed promising results in the direction
of true “food grade expression” by establishing selection mark-
ers that are not dependent on antibiotics (30, 40).

In conclusion, the observations made in this study should
confirm that a detailed experimental characterization of puta-
tive glycosidases is indeed “more than adding to a stamp col-
lection,” as stated by Henrissat et al. (23). Despite the possibly
limited applications of the enzymes presented, our results give
detailed insight into the biochemical properties of two bacte-
rial rhamnosidases, which should be a step toward a better
understanding of LAB glycosidases. Although an evolutionary
trend toward metabolic simplification has been observed in
lactic acid bacteria (31), there are indications that the glyco-
sidase metabolism of LAB is of a rather complex nature. The
research conducted in recent years has demonstrated that LAB
are a versatile source of diverse glycosidases. Further, the
current genomic databases (GenBank) indicate a wide occur-
rence of putative glycosidase genes in LAB, only a small frac-
tion of which have been experimentally accessed so far. This
includes a high redundancy of PTS-related phosphoglyco-
sidases. The genome of P. acidilactici 20284 (GenBank acces-
sion no. NZ_AEEG00000000.1) alone contains at least 6 pu-
tative phospho-�-glucosidase genes. Unfortunately, we have
only a little information about this class of enzymes. In sum-
mary, we are still far from understanding the complexity of
bacterial glycoside metabolism. Therefore, it is clear that fur-
ther meticulous work will be necessary to understand the func-
tionality and metabolic relevance of LAB glycosidases. Apart
from carefully conducted in vivo studies on gene regulation and
expression, it is clear that the detailed elucidation of enzyme
characteristics as attempted here is vital to lead to a better un-
derstanding of the principles of bacterial glycosidase metabolism.
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