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ABSTRACT. Thermobifida fuscas a filamentous soil bacterium that plays a major role in the breakdown

of plant biomass. In this paper, we report the cloning, expression, purification, and characterization of the
T. fuscaenzyme, Lam81A. The Carbohydrate Active Enzymes Database (http://afmb.cnrs-mrs.fr/CAZY/)
indicates that Lam81A belongs to a relatively uncharacterized famijish8-glucanases, family GH-81
[Coutinho, P. M., and Henrissat, B. (1999)Recent Adances in Carbohydrate Bioengineeri{@ilbert,

H. J., Davies, G., Henrissat, B., and Svensson, B., Eds.)g23The Royal Society of Chemistry,
Cambridge, U.K.]. Microarray analysis suggests that Lam81A plays a role in biomass degradation, where
its natural substrate may be the plant cell wall polysaccharide, callose, which is a polyphgy3Bsfinked
glucose. Characterization of Lam81A has shown that the enzyme is specifitIf@-linked glucose
polysaccharides, is endohydrolytic, and utilizes an inverting mechanism for substrate hydrolysis. In addition,
the enzyme has a broad pH optimum from 5.5 to 10, a temperature optimun@Gf add demonstrates
substrate inhibition, as well as showing a high basal level of expression.

In recent years, extensive research has been carried outmicroarray analysis was used to identify néwfuscagenes
on microbial-mediated biomass hydrolysis, which is an with potential roles in plant cell wall hydrolysig.. fusca
important step in global carbon recyclin@, (3). The grown on cellulose (Solka Floc), showed increased levels
breakdown of biomass into fermentable sugars to generateof mRNAs associated with gene 2130 (Genpet-AAZ56163.1),
ethanol shows promise for industrial production of an whose product is a hypothetical protein encoding a family-
alternative fuel §, 4). However, plant biomass is a complex 81 glycosyl hydrolase8]. This family, which currently
cell wall-derived material containing many polymers and is includes about 40 members from bacteria, fungi, and plants,
resistant to enzyme degradation, such that efficient hydm'ySiScontainsﬁ-l,s-glucanase of which the catalytic residues and
requires the con_certed action of multiple glycanases [seepgsic protein fold are unknow-1,3-Glucanase activity in
Clarke ) for review]. this family was first attributed to Englp, which is involved

Thermobifida fuscaa thermophilic bacteriumAgtino- in cell wall separation irbaccharomyces cerisiae(9). Other
mycetacegethat operates optimally at 5%, is a primary  members of the family include th8. cereisiae protein,
degrader of plant biomass in soil, compost heaps, and rottingeng2p/Acf2p, which is associated with cortical actin as-
hay and has been adopted as a model system for characteisemply, and several plant proteins, includiiglucan elicitor
izing the complex interplay of glycanases involved in  pinging proteins, which are involved in host defense against
biomass hydrolysis. Extensive work in this organism has pathogensg—11). Several members of the family have no

re?ulteolll Iln the”mllentlfm?tlon agd (I:haracterlzatn()jnt of SIX ascribed function, and none is reported to function in biomass
extracellular cellulases (four endoglucanases and two eXO'degradation. However, the bacteriubhostridium thermo-

glucanases), an mtracelluIﬁpglu_cosmase, two xylanases, cellumcontains a gene that codes for a cellulosomal family
a xyloglucanase, and the protein CelR, which regulgtes theGH-81 enzyme, which is consistent with a role in biomass
induction of cellulases and related enzymés 7). Using degradation 12)’ The upregulation of Lam81A in conjunc-
the recently complete®. fuscagenome sequence, determined . . ' .

tion with cellulases, inl. fuscagrown on cellulose (Solka

by the Joint Genome Institute of the Department of Energy, Fi ible role for thi in Dl I
our laboratory has begun to search for additional enzymeswgl(l:)ﬁ;éjr%?;sis a possible role for this enzyme in plant ce

that may be involved in biomass hydrolysis.
In an effort to characterize the full Comp'emenﬂ'offusca A pO'[en'[ial natural substrate for Lam81A is Ca||Ose, which
enzymes that are necessary for efficient biomass degradationis & polymer composed @ 1,3-linked glucose that is found
in pollen tubes, the cell plate, and at sites of plant wounding
T This work was supported by Grant DE-FG02-84ER113233 from or pathogen infectionl@). The callose content of a typical

the Department of Energy Basic Energy Research Program and by theliVing plant is low, but in decomposing tissues there is
Initiative for Future Agriculture and Food Systems Grant 2001-52104- evidence for callose accumulation. For example, work by

11484 from the USDA Cooperative State Research, Education, and Gechev et al. has demonstrated taabidopsis thaliana
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(PCD}Y in the presence of the fungal AAL toxinl4). proteins, as determined by SB8AGE, were pooled and
Treatment with AAL toxin results in a plant hypersensitive loaded onto a Q-Sepharose Fast Flow column (3 mg of
response (HR) prior to PCDOL4). Microarray analysis and  protein/mL of packed resin). The column was washed with
cytochemical studies of these plants showed induction of 2 column volumes of 10 mM Bis-Tris buffer (pH 6.0}
callose synthase genes and subsequent callose accumulatiod0% glycerol and eluted with a gradient of0.5 M NaCl
which is characteristic of the HR14). In this work we + 10 mM Bis-Tris buffer (pH 6.0} 10% glycerol (gradient
characterize the substrate specificity, mode of action, and20x column volume). The purest Lam81A-containing frac-
mechanism stereochemistry of Lam81A. These experimentstions were pooled and concentrated using a PTGC 10000
further characterize a little studied family of glycosyl MWCO ultrafiltration membrane (Millipore) and stored at
hydrolases and support a role for specific members in —80 °C in 5 mM Na/KR buffer (pH 6.8)+ 10% glycerol

biomass degradation. (overall yield approximately 7 mg/L).
Assays.Unless otherwise specified, activity assays for
MATERIALS AND METHODS Lam81A were conducted using 20@L of (5 mg/mL)

substratet enzyme in 5 mM Na/KPbuffer (pH 6.8) in a
final volume of 40QuL. Low ionic strength buffer was used
because aliquots were removed from the assays and analyzed
by thin-layer chromatography, which is more amenable to
low salt concentrations. Assays were also run at higher ionic
strength (0.5M buffer) with no change in activity (data not
shown). Pachyman, CM-pachyman, laminarin, and barley
pB-glucan substrates were obtained commercially (Mega-
zyme). All reactions were carried out at 30 in triplicate.
Following the reaction, 1.0 mL of dinitrosalicylic acid (DNS)
reagent was added, and the samples were boiled for 15 min
according to the method of Millerl). The amounts of
reducing sugars were determined by measuring the absor-
bance at 600 nm using-B00 ug of glucose to generate a
standard curve. With insoluble substrates, samples were
centrifuged at 13000 rpm for 5 min before absorbance values
were read.

Cloning of Lam81AA PCR product of the Lam81A gene
(T. fuscagene 2130) was generated framfuscaYX-ER1
strain genomic DNA. The PCR product was made using the
forward primer, 5GTTGTTCTCCCCCTGATCARTGGG-
CTGCGTCATGTCCCATGCCTCACG, which inserts an
Ndd site (underlined) at the location of the start codon of
the gene (italic), and the reverse primef;&@GTGGC-
GAACCCGACCACTAGTGGGAGTACTCGGGAGGAG,
which adds arspé site (underlined) following the C-terminal
codon. pD1396 was made by digesting a modified pEH26b
vector with the restriction enzymeddd and Spe. The
resulting 5.2 kb fragment was gel purified and ligated to the
digested and gel-purified Lam81A PCR product. The ligation
mixture was initially transformed intBscherichia colDH5a
cells for plasmid preparation and screening. The plasmid
containing the Lam81A gene was sequenced and found to
contain a point mutation resulting in the conversion of T291 . .
to A; howepver, the mutation wasgnot in a conserved residue, Assays to det_ermlne the pH optimum of Lgm81A were

run as above with the buffers reported in Irwin et dl6)(

;’;;r;(?j S0 the recombinant enzyme was purified and character-_l_he temperature stability of the enzyme was determined on

. . e 400 uL samples containing 200L of pachyman substrate
Protein Expression and PurificatioppD1396 was trans- H P g 200 pachy

. ; (5 mg/mL) + 0.08 uM enzyme in Na/KPbuffer (pH 6.8),
formed intoE. coli BL-21 Codon Plus (DE3)-RIPL (Strat- ek were incubated for 18 h at temperatures ranging from

age_ne) for expressio_n and purification. Frozen s_tocks €on-4 14 75°C, followed by a Lam81A activity assay run at 50
taining the Lam81A insert were grown up overnight at 37 °C for 15 min. This assay was conducted within the linear
°C in LB broth with 0.5% glucose and 6@/mL kanamycin. range for product formation over time.

The overnight culture was used to inoculate flasks of LB :
. _ P X Thin-layer chromatography (TLC) was performed on
broth containing 6Qug/mL kanamycin (1:33 inoculation o tion mixtures containing 1.5 mM substrate with O\

ratio), which was grown at 30C until an ODQyo of 0.8, : o

. . ; . ; enzyme in a volume of 40@L at 50 °C. Samples were
induced with 0.5 mM |sopropyl thig-o-galactoside (IP.TG)' pregared for TLC by removin% 14 aliquots of thz reaction
and allowed tp grow overnight at 3IC. Lama1A S & mixture and quenching the reaction withub of 2 M NH -
secreted protein, so the cells were pelleted by centrlfugatlonOH. Samples were spotted onto TLC plates, run, stained (100
and the supernatant was saved. Phenylmethanesulfony| ¢ o otic acid 1 mL ofp—anisaldehydé+ 2 mL of
fluoride (PMSf.F) land (le;DZSQ4 wer;a gdldetho thg Sluge;/'l concentrated t80Qy), and developed by heating the plate at
natant to a final concentration of 0.1 mM and 1.2 M, " ggec for 1 h (16-18). The solvent system was ethyl acetate,
respectlyely, twas mlcroflltgred through a CUNO Beta Pure water, and methanol (40:15:20). Oligosaccharide substrates
polyolefin 46368-02L cartridge and loaded onto a phenyl- 4 standards were obtained from Seikagaku or Megazyme.

Selpharose CL"LB dCO|'ltJf:n2n (1|0 mL/ LI of SUP:‘;”;EN)' The " £or NMR analysis, the Lam81A enzyme was concentrated
column was washed with 2 column volumes of 1.2 M (i and brought up in BD. The enzyme was added to a final

SG; + 0.01 M NaCl+ 5 mM KPR buffer (pH 6.8). Further concentration of 11.2M to 560 uL of laminarin (5 mg/

washing was done with 3 column volumes of 0.5 M (g . , .
mL) in D,O + 50 mM sodium acetate (pH 6.8). The reaction
SQ; + 0.005 M NaCh 5 mM KP, buffer (pH 6.8) followed was run at 50°C and monitored in an INOVA 600 MHz

by elution in 3 column volumes of 5 mM Kmuffer (pH NMR in th : : )
. . e Department of Chemistry and Chemical Biology
6.8). The Lam81A fractions containing the fewest extraneous \;\1r facility at Cornell University.

Kinetic constants were calculated for reactions containing
! Abbreviations: PCD, programmed cell death; HR, hypersensitive 3,35 pmol of Lam81A and laminarin substrate concentrations

response; IPTG, isopropyl thjo-o-galactoside; PMSF, phenylmethane- _ ; :
sulfonyl fluoride; CM-pachyman, carboxymethyl-pachyman; DNS, of 7=148uM in 0.05M Na/KR buffer (pH 6.8), final volume

dinitrosalicylic acid; TLC, thin-layer chromatography; TBS buffer, Tris- 400 L. All reactions were run at 50C in triplicate.
buffered saline; DMSO, dimethyl sulfoxide. Reactions were quenched at specific time points (3605
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min depending on substrate concentration) with 1.6 mL of Table 1: Specific Activity of Lam81A on Various Glucose

2,2-bicinchoninate reagent and heated at80for 30 min, Polysaccharidés

and reducing sugars were quantified by measuring the specific activity
absorbance at 560 nm, according to the method of Doner et [umol of disaccharide produced
al. (19). Plots were made showing the reducing sugars substrate (linkage type) min~! (umol of Lam81A) Y]
produced by each assay versus time. The plots indicated that  pachyman (1,3) 168

the majority of time points were in the linear range for laminarin (1,3; some 1,6) 1431

product formation over time. Thi€,, andVmax values were CM-pachyman (1,3) 349

determined by fitting the MichaelisMenten equation to a f-glucan (1,3:1,4) 08

plot of the initial rates for each reaction against substrate I(';C,\q‘_e::mj%s’i’%ﬁ) 00
concentration. swollen cellulose (1,4) -

Supernatant Actity AssaysA starter culture off. fusca pustulan (1,6) -
was grown for 48 h with 5 mg/mL glucose as the carbon  2All activities were measured at 5% digestion of substrate. No
source in Hagerdahl media@). The starter culture (10@L) activity detected ).

was used to inoculate 3 mL cultures of fresh Hagerdahl media .
containing various carbon sources (5 mg/mL). Cultures were Mesh to remove the ethanol and ground with a glass
grown for 72 h and spun down at 13000 rpm for 10 min, homogenizer. Afte_r homogenizing, the cglls were aIIOV\_/ed
and the supernatant was collected. A Bradford assay wasi0 dry before being resuspended in dimethyl sulfoxide
used to determine the protein concentration of the superna-(DMSO); the mixture was placed in a sealed container and
tant. Various amounts of supernatant were added tq4.00 boiled for 30 min accordln_g to the method of Kohlgr et al.
reactions containing 20@L of laminarin (5 mg/mL) and (23). Samples were cen_trlfuged to remove the solids, and
Na/KP, buffer, pH 6.8, to the final volume. Reactions were DMSO was removed using a speed vac, leaving a colorless
run for 3 h at 50°C and stopped by the addition of 1 mL of ~9€l-
DNS; reducing sugars were determined by reading the
samples at 600 nm. RESULTS
Western Blots. T. fuscaupernatants grown on various Expression and PurificationThe mature sequence of
carbon sources were run on SBBAGE to separate the Lam81A was compared to those of 15 family-81 glycosyl
proteins and then transferred to an Immobilon-P poly- hydrolases, includin@. thermocellumLam81A shares 1
(vinylidene difluoride) membrane (Millipore). The primary  43% identity with other members of this family, with the
antibody was rabbit antiserum raised against Lam81A, and highest similarity to theC. thermocellumenzyme and the
the secondary antibody was a goat anti-rabbit Ig alkaline most divergence from the yeast enzymes. The mature enzyme
phosphatase conjugate (Bio-Rad). Western blots were de-appears to lack a carbohydrate-binding module with only a
veloped using nitro blue tetrazolium and 5-bromo-4-chloro- catalytic domain. Lam81A was expressed as a recombinant
3-indolyl phosphate (Bio-Rad protocol). protein in BL-21 Codon Plus (DE3)-RIPL cells, giving
Immunoprecipitation. T. fuscaupernatant (250L) was approximately 7 mg/L after purification with a purity of
added to 125%L of Lam81A antiserum and 625bL of 1x greater than 90% based on SPBAGE (data not shown).
TBS buffer (0.02 M Tris, pH 7.5+ 0.5 M NaCl). Samples = SDS-PAGE also indicated that the majority of the enzyme
were left at 37°C for 1 h and then at 4C for 12 h. Samples  was secreted into the supernatant and not retained in the
were spun down at 7000 rpm for 15 min, and the supernatantshock fluid (data not shown). Lam81A was expressed with
was used to perform reducing sugar activity assays asits native signal sequence, with predicted cleavage between
reported above. residues 35 and 36 to give a mature peptide with a calculated
Callose Induction and Extractiof.he Nicotiana tabacum mass of 78773 Da (www.cbs.dtu.dk/services/SignalP/). Analy-
suspension cell line 1 (NT1) was a gift from the laboratory sis of the purified Lam81A by mass spectrometry revealed
of Maureen Hanson at Cornell University. The cells were a single major peak corresponding to 78824 Da, confirming
cultured on autoclaved KCMS medium (pH 5.5) prepared the cleavage site and suggesting that no posttranslational
according to the method of Brants et al. (Murashige-Skoog, modifications were present.
MS medium with 0.1 mg/L kinetin, 0.2 mg/L 2,4-dichlo- CharacterizationLam81A was assayed for its ability to
rophenoxyacetic acid, and 0.2 g/L KPOy) (21). Cells were hydrolyze a variety of substrates (Table 1). Callose is not
subcultured every 7 days by transferring 1 mL of culture commercially available, so other substrates with a similar
into 50 mL of fresh medium in a 250 mL Erlenmeyer flask. structure were assayed including laminarin, pachyman, and
To induce callose synthesis, cells were harvested at 6 dayscarboxymethyl-pachyman (CM-pachyman). Lam81A had the
by centrifugation and washed twice with calcium medium highest activity on laminarin, a soluble polysaccharide
[3 mM CaCl + 3% (w/v) sucrose, pH 5.0] according to the composed primarily gf-1,3-linked glucose with occasional
method of lkegawa et al2@). After washing, cells were intrastrand 1,6-linked glucose linkages or branch points.
resuspended in calcium medium at a concentration of 5 gLam81A also showed substantial activity on the 1,3-linked
fresh weight/500 mL of medium. Cells were treated with pachyman and CM-pachyman substrates but less than on
AICl36H,O and FeSQ (final concentrations of 50 and 5 laminarin due to the relative insolubility of these substrates.
uM, respectively) and left on a rotary shaker for 2422)( The enzyme displayed much lower activity on the 1,3;1,4-
To extract callose, cells were filtered through a nylon mesh linked substrates, mixed-linkage barl¢yglucan and li-
membrane, resuspended in 100% ethanol, and left on anchenan. Negligible activity was observed with the exclusively
agitator for 3 days. The ethanol was changed frequently 1,4-linked substrates, (carboxymethyl)cellulose (CMC) and
during the 3 day period. Cells were filtered through nylon swollen cellulose, or the 1,6-linked pustulan.
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Lam81A Stability/Activity as
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Ficure 1: Plot of Lam81A activity (squares) and stability (circles)
as a function of temperature.
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Ficure 2: Thin-layer chromatography (TLC) of Lam81A hydroly-

Biochemistry, Vol. 45, No. 47, 20064097

Laminarin

o-anomeric
proton

t=5min \

s
t=80min § ”-ﬂ ‘} |
! H

i RN
L ——
e

H
49 48 Tppm

VJi\.f-/
Ficure 3: H NMR of laminarin hydrolysis by Lam81A after 5,
15, 65, and 80 min. The-anomeric proton peak appears after initial
hydrolysis, followed more slowly by thg-anomeric proton peak
due to mutorotation.

of a larger unidentified oligosaccharide. Similar hydrolysis
of the pachyman substrate yielded laminaribiose and glucose
as the major products, while the products of CM-pachyman
hydrolysis were laminaribiose and glucose with some larger
oligosaccharides present in smaller amounts. Hydrolysis of
mixed-linkage barley-glucan and lichenan showed minimal
product formation.

A 'H NMR spectrum was taken during the hydrolysis of
laminarin by Lam81A to determine the stereochemistry
(inverting or retaining) of the reaction (Figure 3). An
o-anomeric proton peak appeared after initial hydrolysis,
followed more slowly by g-anomeric proton peak due to
mutorotation. The initial appearance of tleeanomeric
proton peak indicates Lam81A utilizes an inverting hydro-
lytic mechanism.

The products of Lam81A-mediated hydrolysis of lami-
narihexaose were examined by TLC to determine whether
the enzyme is an endo- or exoglucanase. If Lam81A is an
exoglucanase, the initial hydrolysis products would be

sis products on various substrates. Hydrolysis reactions werelaminaribiose and laminaritetraose in a 1:1 ratio, and the

conducted at 50C for 36 h. Lanes: 1p-1,4-linked standards

(glucose, cellobiose, cellotriose, cellotetraose, and cellopentaose)

2, p-1,3-linked standards (laminaribiose, laminaritriose, laminar-
ipentaose, and laminarihexaose); 3, laminarin; 4, bastgjucan;

5, lichenan; 6, pachyman; 7, carboxymethyl- (CM-) pachyman; 8,
Al/Fe-treatedN. tabacumextract (callose induction); 9, no Al/Fe
treatment ofN. tabacumextract (minimum callose).

The optimum pH and temperature for Lam81A activity

laminaritetraose would then be completely hydrolyzed to

laminaribiose. However, if Lam81A is an endoglucanase and

the substrate binds randomly within the active site, the
expected hydrolysis products would be laminaribiose, lami-
naritriose, and laminaritetraose in a 1:2:1 ratio. Subsequent
cleavage would then yield laminaribiose and glucose as the
final products. TLC analysis showed that the initial products
of the reaction correspond to those expected for an endo-

were determined, and the enzyme retained greater than 80%|ucanase with band intensities approximating a 1:2:1 ratio
of its activity on pachyman across a broad pH range, from of |aminaribiose:laminaritriose:laminaritetraose (Figure 4).

5.5 to 10, with a maximum activity at pH 7.0 (data not

Lam81A was tested for its ability to hydrolyze callose

shown). The enzyme was active over a wide range of extracted from Al/Fe-induced cultures Nf tabacum TLC

temperatures, with the highest activity at 50, and was
stable for 18 h at temperatures ranging from 0 to°&0)

analysis of the products resulting from co-incubation of
callose with Lam81A showed laminaribiose and glucose to

although activity was rapidly lost at higher temperatures pe the primary hydrolytic products (Figure 2). Similar

(Figure 1).

incubation of Lam81A with callose extracted from uninduced

The products of Lam81A hydrolysis of several substrates cultures showed minimal product formation.

were analyzed using TLC (Figure 2). After 36 h, the

The apparenK,, and Vmax of Lam81A are 13.7%«M and

laminarin substrate was completely hydrolyzed to yield three 0.023 umol of glucose produced/min, respectively. A plot
major products: glucose, laminaribiose, and lesser amountsof initial rates versus substrate concentration shows strong
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Ficure 4: Thin-layer chromatography (TLC) of laminarihexaose
+ Lam81A hydrolysis products over time. The formation of three
products, laminaribiose, laminaritriose, and laminaritetraose, in a
1:2:1 ratio suggests that Lam81A is an endoglucanase. Lanes: 1
p-1,4-linked standards (glucose, cellobiose, cellotriose, cellotetraose,
and cellopentaose); B;1,3-linked standards (laminaribiose, lami-
naritriose, laminaripentaose, and laminarihexaose},3 am81A

+ laminarihexaose at 0, 5, 10, and 20 min; 7, Lam81A
laminarihexaose final products after 18 h.

Lam81A Hydrolysis of Laminarin
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Ficure 5: Plot of initial rates versus substrate concentration for
the reaction of Lam81A with laminarin. The concentration of
laminarin was determined by assuming an average length of
polymerization of 25 glucose units as determined by Read et al.
(26). The curve is drawn to help with visualization and is not
intended to be a fit.

substrate inhibition at concentrations of laminarin exceeding
50 uM (Figure 5).
Induction. T. fuscavas grown on several different carbon

McGrath and Wilson

Table 2: Specific Activities for the Hydrolysis of Laminarin By
fuscaSupernatant Grown on a Variety of Carbon Soutces

specific activity
[umol of disaccharide produced

substrate min~! (umol of protein)]

glucose 0.161
cellobiose 0.643
Solka Floc 1.340
corn fiber 0.247

alfalfa 0.263

pachyman 1.265
laminaribiose 1.211

a Supernatant was isolated from cells grown for 72 h &tG0Assays
were run fa 3 h at 50°C. The extent of hydrolysis was quantified by
the dinitrosalicylic acid (DNS) colorimetric assay for reducing sugars.

-

.- -
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FiGure 6: Western blot analysis of. fuscasupernatants using
Lam81A antibody (10uL of supernatant loaded in each lane).
Lanes: 1, MW marker, 85 kDa; 2, 0.05g of pure Lam81A
(Lam81A, 78.8 kDa); 3, cellobiose; 4, laminaribiose; 5, glucose;
6, Solka Floc; 7, corn fiber; 8, pachyman; 9, alfalfa.
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Ficure 7: Hydrolysis of laminarin byl. fuscasupernatant grown

on Solka Floc for 72 h with and without Lam81A immunoprecipi-
tation. Key: supernatant unprecipitated (circles), supernatant
precipitated with 1 part antiserum to 2 parts supernatant by volume
(squares), and supernatant precipitated by 1 part antiserum to 1
part supernatant by volume (diamonds).

sources for 72 h; the supernatants were then isolated and

assayed fop-1,3-glucanase activity on laminarin (Table 2).
All supernatants tested show detectalsld,3-glucanase
activity, suggesting a high basal level of expression. The
highest levels of activity were observed in the supernatants
derived fromT. fuscagrown on pachyman, Solka Floc
cellulose, and laminaribiose, demonstrating their ability to
induce Lam81A. These results were confirmed by Western
blot analysis using polyclonal antibodies raised against
Lam81A. The blot showed that Lam81A was present in all
supernatants assayed (Figure 6).

The above activity assays assume thapdll3-glucanase
activity is due to Lam81A, and a BLAST search of the
fuscagenome shows no additional knoyrl,3-glucanases.

To verify this, Lam81A antiserum was used to immunopre-
cipitate Lam81A fromT. fuscasupernatants, and then the
activity assays were repeated. Upon antibody precipitation
of Lam81A, all5-1,3-glucanase activity was lost from the
supernatant, demonstrating that Lam81A was solely respon-
sible for the observed activity (Figure 7).
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DISCUSSION AND CONCLUSIONS M, (kDa)

The activity of Lam8.1_A on var'ious substrates indicates :gg o oy w1 = Cel48A+Cel9B
that the enzyme is specific fgr1,3-linked glucose polymers, = Cel9A
which is consistent with a role for Lam81A in the hydrolysis 85— weww wow — Lam81A
of the plant polymer, callose. TLC showed that the major 60 — =9 &% — CeloB
hydrolysis end products of Lam81A on g#1,3-linked 50— ' — CelSA
substrates are glucose and laminaribiose. Analysis of the e o — Cel6A+ES
hydrolysis products for Lam81A on laminarin also showed 40 —
a larger hydrolysis product, which probably contains one or
morep-1,6 linkages. These results, together with the inactiv- 23 4

ity of Lam81A on pustulan (&-1,6-glucose polysaccharide), Ficure 8: SDS gel of supernatants frof fuscagrown on glucose

suggest that it cannot cleayel,6-linked glucose residues. (jane 1), cellobiose (lane 2), and laminaribiose (lane 3). Al
The enzyme also has very low activity on mixed-linkafle ( supernatants were harvested frdmfuscacells grown for 72 h at

1,3;1,4) glucan, indicating that Lam81A can only hydrolyze 50 °C.

glycosyl bonds between adjacehil,3-linked glucose units,

which are in low abundance in the mixed-linkage polysac- Which was also suggested by microarray analy8js The
charides. Sequence analysis and Lam81A binding assaysssays also indicate that Lam81A is present under all
(data not shown) indicate that Lam81A has no known conditions tested, suggesting that it has high basal expression
carbohydrate-binding module, and the lower activity on (24). Western analysis of. fuscasupernatants grown on
pachyman and CM-pachyman may reflect the insolubility glucose demonstrates the presence of Lam81A and confirms
of both substrates. The significant activity observed with CM- that the enzyme synthesis is not subject to the strong
pachyman as a substrate confirms that Lam81A has typicalcatabolite repression that is typically seen with cellulases.
endoglucanase activity because endoglucanases usually have Using previous microarray studies to analyze other genes

open active site clefts that are able to accommodate the largetipregulated by cellulose (Solka Floc) and cellobiose, several
carboxymethylated sugarg4). interesting conclusions can be drawn regarding the regulation

The H NMR experiment demonstrates that Lamg1A Of cellulases versus Lam81A. Microarray analysis has shown

hydrolyzes substrates with an inversion of configuration. This that, in the presence of cellobiose, many genes containing
result is in agreement with recent results published by the CelR regulatory sequence are upregulated, including all
Fliegmann et al. on the family-83-glucan-binding protein ~ SIX cellulase genes, the regylatory protein CelR, and several
(GBP) from soybeani(l). With the exception of an inverting ~ c&rbohydrate-binding proteing)(

family GH-64 enzyme, reported by Nishimura et al., the other  Preliminary studies using SDS gels demonstrate That
known 3-1,3-glucanases, found in glycosyl hydrolase families- fuscagrown on laminaribiose produces about the same level
5, -16, and -17, all use retaining mechanis®8)(To date of all six cellulases as seen with cellobiose (Figure 8). These
no mechanism has been reported for the family GH-853- results are surprising because analysis ofLthe81Agene
glucanases. TLC data support the classification of Lam81A has failed to reveal the characteristic 14 bp repeat that serves
as an endoglucanase and are consistent with the endogluca@S the binding site for CelR. Taken together, these results
nase activity that has been observed in other characterized'@ve several implications: (1) Lam81A may have a role in

family-81 glycosyl hydrolases, including Englp and Acf2p/ biomass degradation because it has an induction pattern that
Eng2p fromS. cereisiae (9). coincides with that of cellulases, (2) laminaribiose may be

capable of binding CelR to relieve transcriptional repression
p in a comparable manner to cellobiose, and (3) there is an
"additional form of regulation for biomass hydrolyzing genes
other than that involving CelR.

The apparenK,, for Lam81A of 13.7uM is similar to
the value reported by Fliegmann et al. for the soybean GB
but they did not observe substrate inhibitiohl), The
observed substrate inhibition of Lam81A at concentrations
of 'Iaminarin exceeding 5@M could be e_xpllained. by the  AckNOWLEDGMENT
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