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Abstract—The L. volemus rubber showed a unimodal M, distribution (MWD), centered around a M, of
2.4 x 10%, with a shoulder in the high M, region and two small peaks in the low M, region. Each M, fraction,
except for the highest one, contained a dimethylallyl-rrans-trans terminal, and poly-cis isoprene units with a
hydroxyl or fatty-acid ester terminal group. The lowest M, fraction showed a MWD corresponding to hom-
ologues of polyprenols with peaks from 17-mer to higher than 90-mer, having two centres around 21-mer and
32-mer by HPLC analysis. The distribution of chain-length between 35-mer and 90-mer in the next lowest M,
fraction, showed a 5 or 6 periodical repeating isoprene unit. It is postulated that the period observed by HPLC

arises from the mechanism controlling M,. © 1998 Published by Elsevier Science Ltd. All rights reserved

INTRODUCTION

On the basis of 'H NMR studies, polyprenols con-
sisting of cis- and trans- isoprene units are classified
into two groups, i.e. two-trans, poly-cis prenols and
three-rrany-, poly-cis-prenols [1]. “C NMR spec-
trometry has been used to determine the arrangement
of rrans-and cis-isoprene units along the chain [2].
The alignment of dimethylallyl-(7rans)s-cis- units was
confirmed for ficaprenols [3] and that of dimethylallyl-
(trans),-cis- units for polyprenols from Ginkgo hiloha
[4] and Pinaceae [S], and for dolichol from pig liver
[6]. This "C NMR method has been applied to the
structural characterization of rubber [2, 7-9]. Most
natural rubbers, including that from Hevea hras-
iliensis, are composed of two- or three-trans-isoprene
units and poly-cis-isoprene units, similar to poly-
prenols, but quite different from polyprenols in terms
of molecular size [10]. Rubber from Hevea brasiliensis
is a high M, polymer with broad MWD [11-13]. The
M, of Hevea rubber isolated from freshly tapped latex
of different clonal origins, has been shown to have
either a distinctly bimodal distribution, or a unimodal
distribution with a shoulder in the low M, region [11].
The high and low M, peaks usually centred around
10° and 10°, respectively.

Prenyltransferases catalyze the head-to-tail con-
densation between isopentenyl diphosphate and an
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allylic diphosphate to produce prenyl diphosphates
with various chain-lengths and geometric isomerisms.
The mechanism controlling chain-length has been dis-
cussed for enzymes isolated from several bacteria [14-
17]. Biochemical studies on rubber formation in Hevea
brasiliensis latex have shown that rubber is synthe-
sized on the surface of the rubber particles possibly
by elongation of existing molecules, but also by
the synthesis of new ones [18]. The problem of the
origin of rubber molecules—other than from pre-
existing particles, which must occur-—has not been
elucidated, though new work has thrown some light
on this [19]. Recent in vitro studies have indicated a
possible mechanism of M, control in Hevea and other
species [20].

We have analyzed the structure of rubber from Lac-
tarius mushrooms in the hope of obtaining more infor-
mation on the mechanism of rubber biosynthesis, and
the control of M,. *C NMR studies have shown that
the fundamental structure of rubber from Lactarius
volemus consists of a dimethylallyl group, two-trans
isoprene units, a long sequence of cis-isoprene units,
and a hydroxyl or fatty acid ester terminal group,
aligned in that order [21-23].

The present paper reports on the M, and MWD of
rubber from L. volemus. This rubber is shown to be a
high-M, polyprenol with a chain-length between that
of a long-chain polyprenol and Hevea rubber. The
work provides new information on the mechanism
controlling chain-length, and also clarifies the
relationship between polyprenols and rubber.
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Fig. I. MWD of rubber from L. volemus determined by GPC.

RESULTS AND DISCUSSION

The yield of rubber was 1.8-3.9%, based on the dry
wt of the sporophores. As shown in Fig. 1, the rubber
showed a unimodal distribution with a shoulder in the
high M, region and two small peaks in the low M,
region. The unimodal distribution, centred around
2.4x 10%, was commonly observed for rubbers
extracted from mature sporophores, and also for those
extracted from young sporophores. The M, was esti-
mated to be M, =2.3x10* and M, = 6.9x 10* by
GPC, using polystyrene standards. The degree of
polymerization of 210 obtained by vapour pressure
osmometry was in good agreement with the value of
260 obtained from 'H NMR measurement, on the
basis of the presence of two trans-isoprene units at the

a CH,0COR

a CH,OH
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initiating terminal. The two peaks, corresponding to
degrees of polymerization of 53 and 27, based on
polystyrene standards, were commonly observed for
rubbers from sporophores. The above findings indi-
cate that the cis-polyisoprene from the sporophores
consists of at least four components.

The methyl-protons in polyprenols show '"H NMR
signals reflecting triad sequences of trans- and cis-
isoprene units, including dimethylallyl () and ter-
minal cis-isoprene units with a hydroxyl group, i.e.,
an a-terminal group [24]. The 'H NMR spectrum of
L. volemus rubber showed splitting of the methyl-
proton signals corresponding to the w-(trans- con-
figuration), w-(cis- configuration), w-trans-trans- and
trans-trans-cis- sequences, as shown in Fig. 2. The
methyl-proton signals in cis-cis-cis{(«)-OH and in cis-

cis -CHj
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Fig. 2. '"H NMR spectrum of L. volemus rubber.
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a, o(t); b, w(e); ¢, w-t-t; d, t-1-c; e, o; *C-sat, °C satellite signal of c-c-c.
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Table 1. Number of tcrminal groups and rrans-units in fractionated L. volemus rubber

Relative intensity Methyl-proton signal*

Fraction DPn* w (t) w-1-t t-1-c w (c) a-ester «-OH a (total)
1 1300 1.0 1.4 24 1.1 0.38 0.21 0.59
2 680 1.0 1.2 1.2 1.1 0.49 0.32 0.81
3 330 1.0 1.0 1.1 1.1 0.58 0.29 0.87
4 250 1.0 I.1 1.2 1.0 0.59 0.33 0.92
5 130 1.0 1.2 1.1 1.1 0.54 0.36 0.90

* the methyl-proton signals in the dimethylallyl group in the cis- and frans- configurations are designated as w (c) and @
(t), respectively, and those of trans- units in the w-trans-trans- and trans-trans-cis- sequences are abbreviated as w-r-t and t-
t-c, respectively. The relative intensity of each signal is shown against the signal intensity of w (t).

" Degrees of polymerization.

cis-cis(x)-OCOR were not separated. The hydroxyl
and fatty acid ester terminal groups can be differ-
entiated by the characteristic methylene-proton sig-
nals of CH,OH and CH,OCOR at 6 4.055 and 4.722,
respectively. The numbers of the terminal groups and
trans-isoprene units were determined on the basis of
the relative intensity of these signals.

The rubber was separated into five fractions using
solvents. As listed in Table 1, the relative intensities
of both terminal groups, frans- units and cis- units,
were determined for each fraction, assuming that one
dimethylallyl terminal group was present per
molecule. Each fraction, except that of the highest M,
(fr. 1), showed relative intensities of the methyl-proton
signals in the w-trans-rrans- and trans-trans-cis-
sequence of 1.0-1.2 and 1.1-1.2, respectively, and that
of the hydroxyl terminal group plus the fatty acid ester
terminal group, was close to unity. This indicated that
each fraction. except for fr. 1, contained c-rrans-trans-
terminal and poly-cis- isoprene units, together with
hydroxyl or fatty acid ester terminal groups. On the
other hand, a significant difference in the number of
terminal groups and trans- units was observed for
fr. 1 compared with the other fractions; the relative
intensities of methyl-proton signals in the w-trans-
trans- and trans-trans-cis- sequences was 1.4 and 2.4,
respectively, and the total number of hydroxyl and
fatty acid ester terminal groups was smaller than that
observed for the other fractions.

The lowest M, fraction was further separated by
GPC (fr. 5a, fr. 5b and fr. Sc¢). The detailed chain-
length distribution was analyzed by reversed-phase
HPLC using gradient elution. Fig. 3 shows the dis-
tribution of homologues of polyprenol from poly-
prenol-17 to higher than -80, in the lowest-M, fraction
(fr. 5a). Two families were clearly observed in the
chromatogram, centred around 21-mer and 32-mer.
These families correspond to the two peaks in the low-
M, region in the GPC curve in Fig. 1. The chain-
length was determined by calibration with polyprenols
isolated from the needles of Pinus thunbergii. These
compounds consist of two-frans- and poly-cis- iso-
prene units, as in the case of L. volemus rubber. In the

two families in Fig. 3, the lower-M, one was attended
by tiny shoulder-peaks, with a slightly delayed elution
volume for each peak. On the other hand, the higher-
M, family was accompanied by a series of much larger
shoulder-peaks corresponding to one-half-one-third
of the main peaks in intensity. Each shoulder peak
disappeared on saponification, showing that they were
due to polymers esterified with fatty acids at the ter-
minal groups. It is interesting that the two families
were found to have a different ratio of hydroxyl and
fatty acid ester groups. In the high-M, region (40--80-
mer), there were many families showing a periodical
repetition of M,.

The next lowest M -fraction (fr. 5b) had peaks cor-
responding to polyprenols-25 to -90, with a definite
repeating unit (Fig. 4). Fourier transformation
showed that the distribution of chain-length had a
period of 5 or 6 isoprene units. It was demonstrated
that this distribution did not result from the con-
ditions used for HPLC; i.e., a simple monotonous
chain-length distribution was observed for low-M,
synthetic cis-polyisoprene (Fig. 5).

These findings clearly indicate that the rubber from
sporophores comprises at least four components: two-
types of polyprenols with M, centred around 21-mer
(a) and 32-mer (b); and rubbers with M, centred
around 350-mer (c) and longer than 1000-mer (d).

This is the first time that a periodical fluctuation in
chain-length-distribution has been observed for poly-
prenols/rubber. It is postulated that the period of 5 or
6 isoprene units arises as a result of the mechanism
controlling the M,.

The number of trans-isoprene units in fr. 1 was
estimated to be 3.8 on the assumption of one dime-
thylallyl group per molecule. In the '*C NMR spec-
trum of this fraction, no carbon signals in a trans-
trans-trans- sequence were detected (data not shown).
This indicates selective modification of the dime-
thylallyl group. Such a change has been inferred for
L. volemus rubber during the storage of the spo-
rophores {23, 25]. Thus, it is likely that one of the
trans-isoprene units seen in {r. 1 is derived from the
dimethylallyl group. In confirmation, the number of



784 N. OHYA ¢t al.

32-mer

\

21-mer

180

240 300

Elution time (min)

Fig. 3. HPLC of the lowest M,-fraction (fr. 5a) of rubber from L. volenus.
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Fig. 4. HPLC of the second-lowest-, fraction ({r. Sb) of rubber from L. rolemus.

methyl protons was in the order; frans-trans-cis > w-
trans-frans > . The high-M, rubber might be modi-
fied at the chain-end during storage in the sporophores
of after polymerization.

EXPERIMENTAL

Materials

Sporophores of Lactarius volemus were collected in
Fukushima, Tochigi and Tokyo, Japan. Ficaprenol

was extracted from silkworm faeces with Me,CO fol-
lowed by separation by florisil CC [3]. Polyprenol was
obtained from leaves of Ginkgo biloba [4]. Synthetic
liquid rubber was supplied by Kuraray Co. and was
used without purification. M, and M, were estimated
to be 1.01 x 10* and 4.9 x 10°, respectively, by GPC
measurement using polystyrene standards. GPC col-
umns packed with styrene-divinylbenzene gel were
products of TOHSO Co. Ltd (TSK-Gel). ODS-silica
gel was purchased from Sakata, Japan. All other
chemicals were of analytical grade.
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Fig. 5. HPLC of the low-M, synthetic cis-polyisoprene.

Method

The fresh sporophores were cut into small pieces
and extracted with EtOH followed by toluene. The
toluene extract was concentrated by rotary evap-
oration and the rubber was precipitated by pouring
the toluene soln into MeOH. Fractionation by M, was
performed on a 1% w/v toluene soln in the usual way
[26] to give five fractions (fr. 1-5). That of the lowest
M, (fr. 5) was further fractionated using a GPC col-

umn (500 x 21.2 mm) having an exclusion limit of

3 x 10*. Saponification was carried out in a 1% w/v
toluene soln (30 ml) of rubber with 10 ml of 10%
KOH and 10 ml of 5% methanolic pyrogallol for 1 h at
90 . The hydrolysate was extracted with Et.O-hexane
(1:1) and the extract washed with water.

The polyprenol mixtures from silkworm faeces and
from leaves of G. hiloba were separated into 7-14-
mers and 14-22-mer of polyprenol, respectively. by
RP-HPLC using an ODS-silica gel column.

The M, and MWD of rubbers were determined by
means of GPC using two columns in series packed
with styrene-divinylbenzene gel having an exclusion
limit of 8.0x 10° and 1.7 x 10°. Measurements were
made using CHCl; as eluent. Commercial standard
polystyrenes were used to calibrate the elution.

The distribution of chain-length in the low M, frac-
tion of rubber from L. volemus was determined by
RP-HPLC using an ODS silica-gel column. HPLC
measurements were performed as described by Swie-
zewska er al. [27]. A dual pump apparatus. gradient
programmer and UV detector set at 210 nm were used.
The gradient used was MeOH-isoPrOH-H,O-hexane
changing from a volume ratio of 12:8:1:0 to
12:23:1:34.

The M, of the rubber was determined by means of

a Hitachi 117 vapour pressure osmometer. 'H NMR
measurements were performed on deuterated benzene
solns of rubbers, with TMS as int. standard. using

a JEOL GX-400 spectrometer at 50 ., and a pulse
repetition time of 5's for a 45 pulse.
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