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SUMMARY

Protein-extracted lucerne fiber was used as carbon and energy source for production of extracellular polygalacturonate lyase by Thermomonospora
curvata. The optimal fiber concentration was 1.5%, (w/v); peak lyase activity in culture fluid occurred after 3 days growth at 53 °C. During that time, lyase
biosynthesis was controlled through induction; production was accelerated by adding small amounts of pectin or by grinding the fiber to 40-mesh particle
size to release more inducer. After 3 days growth, lyase activity decreased; inactivation of the enzyme was delayed by the presence of 1 mM Ca or by
inhibition of serine proteases with 0.05 mM phenylmethylsulfonyl fluoride. The molecular weight of the lyase produced during growth on the fiber was 35 kDa
compared to 36 kDa for the enzyme produced on pure pectin. The K, of the 35-kDa form was 0.54%, pectin compared to 0.06% for the 56-kDa form.
The smaller form was rapidly inactivated at 60 °C, the optimal temperature for activity of the larger form.

INTRODUCTION

Lucerne (alfalfa) protein has an excellent amino acid
composition for human consumption [12]. High protein
productivity (which is about eight times that of rice, corn
or soy plants [21]), perennial growth and nitrogen fixation
make lucerne an attractive protein source for developing
countries [9,22]. After protein extraction, the cellulosic
residue (protein-extracted lucerne fiber, PELF) is suitable
for industrial enzymatic conversion to soluble sugars
since its reducing sugar yield averages about 609, of the
theoretical maximum compared with 20-30%, for other
widely studied biomasses [29]. Thermomonospora curvata
is well adapted as a source of enzymes for this biocon-
version since its natural habitat is heating masses of hay
and other complex cellulosic materials [8]. During growth
on PELF, T. curvata produces multiple cellulases which
solubilize about two-thirds of the total fiber polysac-
charide [26]. The action of pectinolytic enzymes renders
these polysaccharide components in plant biomass more
susceptible to hydrolysis [2]. Since PELF has a relatively
high pectin content (13-17%, of dry weight), the action of
pectinases may play a significant role in the bioconversion
process. This study describes the production of the
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pectinolytic enzyme, polygalacturonate lyase (PL), from
T. curvata growing on the fiber, and shows that its charac-
teristics differ from those of the enzyme produced on
purified pectin.

MATERIALS AND METHODS

Organism and growth conditions

The actinomycete employed in this study formed the
dominant population during the heating stage in munici-
pal solid waste compost [23] and was identified as Ther-
momonospora curvata by Dr. T. Cross (University
Bradford, England). However, the Thermomonospora-
ceae is a family of convenience which includes organisms
exhibiting a continuum of characteristics and also many
with relatively few similarities [8]. This strain shares some
characteristics in common with Thermomonospora fusca,
but differs as to sugar utilization patterns, growth require-
ments and morphology. At present, the species desig-
nation as curvata has been retained.

Inocula were prepared from late-exponential phase
cells grown on 0.59, citrus pectin (Sigma Chemical Co.
no. 9135) in mineral salts minimal medium [24]. Cells
were concentrated about 10-fold by centrifugation and
stored in 259, glycerol at — 70 °C. Flasks routinely re-
ceived 0.5% v/v inoculum.

PELF was prepared by the method of Vaughn et al.
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[29]. The fiber was exhaustively washed in a Buchner
funnel until the filtrate contained no detectable trace of
either protein or reducing sugar, then dried under vacuum
at 55 °C. The polysaccharide content of the fiber averaged
409, cellulose, 149, hemicellulose, 189, lignin and 14%;
pectin. To make the fiber more susceptible to hydrolysis
in some experiments, it was ground in a Wiley mill to
40-mesh particle size or treated with 0.75 N NaOH for
30 min at 80 °C. PELF (final concentrations of 0.2-4.0%,
w/v) were autoclaved separately and mixed aseptically
with other medium components after cooling. 100-ml
cultures were shaken at 150 rpm, 53 °C, in 250-ml baffled
Bellco Erlenmeyer flasks inclined at 30° from vertical.
The serine protease inhibitor, phenylmethylsulfonyl
fluoride (PMSF), was dissolved at 107! M concentration
in absolute ethanol, filter-sterilized, and added aseptically
to cultures at a final concentration of 5 x 107> M. This
concentration was the highest which did not cause ces-
sation of growth in preliminary experiments, yet inhibited
serine protease activity in culture fluid by about 80%,.

Analyses

Culture fluid samples for estimation of extracellular
protein and PL activity were clarified by centrifugation for
15 min at 12200 x gin conical tubes at room temperature.
PL activity was estimated spectrophotometrically at
room temperature by the rate of increase in absorbance
at 235 nm [1] in reaction mixtures as previously described
[25]. Standard deviation (SD) based on five replicate
determinations was 2.1%,. PL units were calculated as
umol of product formed per min, with a molar extinction
coefficient of 4600 [11]. Protein concentrations (SD of
3.7%) were determined by the Coomassie Blue dye-
binding method [7] using the protocol outlined in Bio-Rad
technical bulletin 89-0931. Total reducing sugar concen-
trations (SD of 1.3% ) were estimated by the method of
Bernfeld [3].

Analysis of sample variation

The average SD values for PL activity and soluble
protein concentration between duplicate flasks within the
same experiment were 7.3% and 5.1%, respectively. The
average SD values for PL and protein for flasks of dupli-
cate experiments were 13.8%, and 9.2% respectively. The
data in this study, unless otherwise noted, are averages of
flasks from at least two duplicate experiments.

Thermal inactivation studies

Tests of PL thermal stability were carried out in
stoppered glass tubes. Enzyme samples were added to the
pre-heated tubes, and aliquots were transferred at timed
intervals from the heated samples directly to the
PL reaction mixture for assay. Rates of inactivation were

calculated using the formula, log,, (N/N,) = — Kt, where
N, is the initial PL activity, N is the residual activity at any
time, ¢, and K is the inactivation constant.

Chromatography

Extracellular proteins were concentrated four- to
10-fold by ultrafiltration (Amicon YM 10 membrane under
15 PSI nitrogen, 5 °C). High performance liquid chroma-
tography (HPLC) of concentrated samples was done as
previously described [25] using a Toyo Soda TSK2000
analytical size exclusion column.

RESULTS

The accumulation of soluble protein and PL in
T. curvata cultures was influenced by initial PELF con-
centration in the medium (Fig. 1). Peak protein during
6 days growth increased with initial fiber concentration up
to about 1%, but declined slightly at the highest concen-
tration. It was unlikely that a major portion of this extra-
cellular protein was derived from the fiber itself; shaking
1.5% (w/v) PELF at culture pH and temperature under
sterile conditions overnight released only 17 ug pro-
tein/ml. Furthermore, treatment of a 2%, fiber concen-
tration under those conditions with concentrated exoen-
zymes produced during growth on PELF resulted in
extensive binding of protein to the fiber and a 77%, re-
duction in soluble protein concentration. The PL produc-
tion was very sensitive to PELF concentration. A sharp
production peak was obtained at 1.5% PELF; doubling
the initial fiber concentration in the medium resulted in a
three-fold decrease in peak PL production.
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Fig. 1. Influence of initial PELF concentration on PL (O) and
protein (A) levels in culture fluid. The 1009, values were
2.9 U/ml and 625 ug/ml for PL and protein respectively.
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Fig. 2. A time course of PL (O) and protein (A) accumulation
in culture fluid during growth on 1.5%, PELF.

A time course of extracellular protein and PL accumu-
lation at the optimal PELF concentration of 1.5%, is
shown in Fig. 2. Extracellular protein continued to accu-
mulate throughout the incubation period, but PL activity
declined rapidly beyond 4 days. It was of interest to deter-
mine whether this decline in PL biosynthesis was due to
the repressive effect of soluble sugars in the medium or to
the depletion of pectic substances able to maintain induc-
tion. Within the first 2 days of growth on 1.5%, PELF, the
total reducing sugar concentration of culture fluids
reached the range of 370-420 ug glucose equivalents per
ml. To test whether induction or repression was the major
factor controlling PL biosynthesis, small amounts of pec-
tin were added to 2-day PELF-grown cultures. The effect
on the rate of PL biosynthesis is shown in Fig. 3. During
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Fig. 3. Increased rate of PL biosynthesis by 200 ug pectin/ml of
PELF-grown culture (time of addition indicated by arrow).
Symbols: PL activity (O), soluble protein (A).
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Fig. 4. Acceleration of PL production by the use of ground
PELF (solid symbols) compared to the unground fibers (open
symbols) at concentrations of 0.5%, (triangles) and 1.5%,
(circles).

the following pectin addition, the rate of PL accumulation
in culture fluid increased about 13-fold while the rate of
extracellular protein accumulation continued essentially
unchanged. Therefore, it appeared that PL biosynthesis
was limited by the pectin available for induction. Some of
the fiber (which consisted largely of strands one to five cm
long) was ground to 40-mesh particle size in an effort to
increase the surface available to enzymatic attack and
therefore make more pectin available for induction. A
comparison of PL productions on ground versus
unground PELF is shown in Fig. 4; peak PL levels
occurred earlier and at somewhat higher maxima when
the fiber was ground. Replacing ground fiber by that
treated with NaOH sharply reduced PL production. The
stimulation of PL production through the use of ground
fiber was only achieved at PELF concentrations up to
1.5%,; the decline in PL activity still occurred during the
latter stages of growth.

The rapid decline in PL activity after 4 days was sug-
gestive that it was more thermolabile than other pre-
viously-studied T. curvata exoenzymes. The temperature
range optimal for the growth of T. curvata and production
of extracellular enzymes is 53-60 °C [4,13]. Therefore,
the stability of the crude PL was tested over that tempera-
ture range. In preliminary experiments, the crude PL from
pectin-grown cultures was stable when shaken overnight
at temperatures to 60 °C (detailed data not shown). How-
ever, the PL in filter-sterilized fluid from PELF culture
lost almost one-half its activity at the routine growth
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Fig. 5. PL inactivation in sterile culture fluid shaken at 53 °C.

temperature of 53 °C (Fig. 5). At 60 °C, it was inactivated
at the rate of about 30%, per h but was stabilized by the
addition of calcium (Fig. 6). This stabilizing effect of cal-
cium prompted an experiment to determine whether cal-
cium could prevent PL inactivation during growth. In-
clusion of 1 mM CaCl, in the medium resulted in a 15%,
increase in maximal PL levels, but this small increase was
accompanied by a proportional increase in total extracel-
lular protein. Therefore it seemed probable that the in-
creased PL was a result of stimulated growth rather than
enzyme stabilization.
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Fig. 6. PL stabilization in culture fluid by calcium at 60°C;
symbols: control (no Ca, O), fluid with 1 mM Ca (A).
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Fig. 7. Biphasic inactivation of PL in culture fluid at 70 °C;
symbols: control (no Ca, O), fluid with 1 mM Ca (A ). Points are
cumulative data from two separate experiments.

Some of the T. curvata extracellular enzymes, when
held at slightly alkaline pH, undergo thermal activation at
65-70 °C which results in activity increases of 50-70%,
[13,28]. However, the PL was rapidly inactivated in a
biphasic manner at 70 °C, pH 8. Inactivation constants
were estimated to be 0.084 for the rapid phase and 0.002
for the slow phase. The presence of calcium had no
apparent effect on either the rate or the shape of the
inactivation curve (Fig. 7).

The possibility was considered that the rapid loss of
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Fig. 8. Increase in PL accumulation in culture by addition of
5 x 1073 M PMSF (A) compared to control (O).



PL activity in crude culture fluid was due to factors other
than thermal denaturation. Thermomonospora species
have recently been shown to produce extracellular serine
proteases [5,14]. To determine whether proteolysis was a
factor in PL inactivation, PMSF was added to 2-day
cultures. The effectiveness of this inhibitor was limited by
its short half-life under culture conditions (about 30 min
at pH 8 [16]) and by its toxicity. When added at 0.05 mM,
the inhibitor caused an average of 309, decrease in the
protein secretion rates. Despite its toxicity, the rate of PL
accumulation in PELF culture fluid was increased for
several hours (Fig. 8). The protection afforded by the
inhibitor was limited to a single addition since higher
PMSF concentrations caused cessation of protein se-
cretion. Therefore, within a day after addition, most of the
increase in PL was lost.

In previous studies [19,26] exoenzymes produced by
T. curvata on PELF exhibited different physical and
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Fig. 9. HPLC size exclusion elution profile of PL activity (@)
compared to plotter-integrator tracing of OD,g,. Fraction
volume and flow rate were 0.5 ml and 1 ml/min, respectively.
Void volume (¥,) was 5.2 ml. Inset depicts column calibration
curve using the molecular weight standards alcohol dehydro-
genase (150 kDa), bovine serum albumin (67 kDa), ovalbumin
{45 kDa), ribonuclease (14 kDa) and cytochrome ¢ (12.4 kDa).
Position of PL on standard curve indicated by (A ).
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Fig. 10. Double reciprocal plots for determination of K, values

for PL produced on purified pectin (O) and on PELF (A ) as sole

carbon source. The substrate was citrus pectin with concentra-
tions expressed in percent (w/v).

kinetic characteristics than those produced on purified
substrates. Since the PL produced during growth on
PELF also appeared to be sufficiently different than that
produced on purified pectin, some characterization was
done to compare it to the PL produced earlier on purified
pectin [25]. A size exclusion HPLC fractionation of the
concentrated exoproteins from a PELF-grown culture in-
dicated that PL activity resided in protein(s) with an
estimated molecular weight of 35kDa (Fig.9). The
5.9-fold purification of the PL rendered it so unstable that
further purification was not attempted. The half-life of the
partially purified enzyme at 60 °C, pH 8, was about 7 min.
Furthermore, its affinity for pectin was reduced compared
to that of the PL purified from cultures grown on purified
pectin. Calculations from the double reciprocal plot
shown in Fig. 10 yielded K, of 0.54% for the PL from
PELF culture compared to 0.09%, for the PL produced on
pectin.

DISCUSSION

The Thermomonosporaceae establish themselves as
dominant populations in heating masses of hay and grain,
municipal solid waste and other complex cellulosic sub-
stances [8,10,20,23]. Therefore, PELF is similar to the
complex substrates available in their natural environ-
ment. The availability of pectic inducer derived from the
fiber limits PL biosynthesis; less than 3% of the total
exoprotein biosynthesis is devoted to PL production
(based on the specific activity of the purified PL [25]). The
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major portion of the exoprotein appears to consist of the
multicomponent cellulase complex which is induced only
by cellulose or its degradation product, cellobiose [29].
Gusek et al. [15] have shown that 7. fusca produces high
levels of its heat-stable serine protease only when grown
on cellulosic substrates. Addition of small amounts of
cellobiose during growth on purified pectin causes im-
mediate cessation of PL biosynthesis in T. curvata and
rapid loss of the enzyme already accumulated in the cul-
ture fluid [25]. Whether this loss is a direct result of
proteolytic degradation is yet to be proven. T. curvata
produces very high extracellular protease levels during
growth on PELF [5]; the addition of PMSF in the present
study temporarily sustained a higher rate of extracellular
PL accumulation than in the controls lacking the inhibi-
tor. If proteolytic activity controls PL accumulation dur-
ing later growth on PELF, it would be interesting to
determine whether it inactivates it directly or modifies the
enzyme in a limited manner so that the modified form is
unstable under culture conditions. The latter alternative
seems more probable since the PL produced on PELF is
considerably smaller (35 kDa) than the enzyme produced
on purified pectin (56-59 kDa [25]) and the affinity for
substrate was six-fold lower. The PL produced on PELF
appears to be thermolabile and is inactivated in a biphasic
manner, suggesting the possibility that two forms exist,
one much more labile than the other. To explore the
possibility of a role for proteolytic activity in this regard,
we are in the process of determining the factors which
induce protease production in 7. curvata and the charac-
teristics of the protease(s), including action on other
exoenzymes potentially important in bioconversion pro-
cesses.
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