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Two Proteins of theDictyosteliumSpore Coat Bind to Cellulose in Vitfo
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ABSTRACT. The spore coat oDictyosteliumcontains nine different proteins and cellulose. Interactions
between protein and cellulose were investigated using an in vitro binding assay. Proteins extracted from
coats with urea and 2-mercaptoethanol could, after removal of urea by gel filtration, efficiently bind to
particles of cellulose (Avicel), but not Sephadex or Sepharose. Two proteins, SP85 and SP35, were
enriched in the reconstitution, and they retained their cellulose binding activities after purification by ion
exchange chromatography under denaturing conditions to suppress potiein interactions. Neither

protein exhibited cellulase activity, though under certain conditions SP85 copurified with a cellulase activity
which appeared after germination. Amino acid sequencing indicated that SP85 and SP35 are encoded by
the previously describeplsB andpsvA genes. This was confirmed for SP85 by showing that natdral
polymorphisms correlated with changes in the number of tetrapeptide-encoding sequence r@gseats in
Using PCR to reconstruct missing elements from the recombinogenic middle regiepByfSP85 was

shown to consist of three sequence domains separated by two groups of the tetrapeptide repeats. Expression
of partial ps@B cDNAs in Escherichia colishowed that cellulose-binding activity resided in the Cys-rich
COOH-terminal domain of SP85. This cellulose-binding activity can explain SP85'’s ultrastructural
colocalization with cellulose in vivo. Amino acid composition and antibody binding data showed that
SP35 is derived from the Cys-rich N-terminal region of the previously descpgedprotein. SP85 and

SP35 may link other proteins to cellulose during coat assembly and germination.

In the cellular slime moldDictyostelium discoideum proteins form a soluble complex before secretibfi15).
spores differentiate from prespore cells as they rise up theAfter secretion, the distribution of most of the proteins is
stalk of the forming fruiting body X). Each spore is  unlocalized between neighboring spores until cellulose,
surrounded by its own coat, and the collection of spores is emanating from the plasma membrane, is deposited. Thus
held at the top of the stalk, as an aqueous suspension in theoats are assembled from the secretory products of several
fluid interspore matrix, by surface tension. Each coat is neighboring sporeslg). After the appearance of cellulose,
composed of 450 fg of nine major protein types, a galactose-specific protein domains are found either external to, or
rich polysaccharide referred to as a galuran, and about 330internal to and partially overlapping with the cellulose layer,
fg of cellulose (refs2—4, this report). The proteins are as suggested by sensitivity to proteases and immunogold
susceptible to dissociation by denaturation after reduction labeling @, 4, 17—19). These observations imply that coat
of disulfide bonds; i.e., they are not irreversibly covalently protein complexes do not become incorporated into a coat
cross-linked 4, 5). The Dictyosteliumcoat is a useful structure until cellulose appears. Protegellulose interac-
experimental system for understanding how glycoproteins tions may trap proteins, and also guide cellulose morpho-
and cellulose interact to form, at the cell surface, a protective genesis and influence its accumulation. Intermolecular
two-dimensional extracellular layer with defined dimensions disulfide cross-linking may stabilize the final structus.
and properties of patency, distensibility, water permeability, A role for coat proteins as a permeability barrier for large
and impermeability to larger molecule3, 6—10). molecules such as other proteins has derived from genetic

Formation of theDictyosteliumspore coat begins with the  analysis of four proteins which are associated in some way
secretion of most, if not all, of its future proteins, which are with the outer layer Z0—22). Disruption of their genes
pre-made and stored together in vesicles in prespore cellsresulted in an increased penetration of the coats by a protein
(3, 7, 11). The galuran accompanies these proteins. Co- tracer probeZ0, 21),* demonstrating a functional contribution
immunoprecipitation studies have suggested that some of theby each protein to a macromolecular permeability barrier.
In each case, the remaining coat proteins, except notably for
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walls of plants are ordinarily permeable to proteidg, 24), Tris-HCI, pH 7.4, with 5% (v/v) 2-ME, 1 mM phenylmeth-
this suggested that a disulfide cross-linked protein complex, ylsulfonyl fluoride, 10ug of leupeptin mLC?, and 18.5ug
apposed to the outer surface of the cellulose layer, constitutesof aprotinin mL%, for 3 min in a boiling water bath.

a protein permeability barrier. Extracted proteins and residual coats were separated by

To investigate how coat proteins interact with cellulose centrifugation at 18x 10°%g for 20 min. Coats were
in Dictyostelium coat protein was selectively extracted from resuspended and washed by centrifugation in 50 mM-NH
coats and reconstituted with cellulose. Coat proteins were AC, pH 7.4. In some cases, the urea extract (supernatant)
isolated from coats rather than prespore vesicles because #as dialyzed using Spectrapor cellulose ester membrane
previous study indicated that only a small fraction of coat (MWCO = 10 x 10°) against 50 mM NHAc, pH 7.4, or
proteins bound cellulose when isolated from prespore cells desalted over a PD10 cartridge (Pharmacia, Piscataway, NJ),
(15) The present Study shows that it was feasible to which contained 9 mL of Sephadex G-25 equilibrated in 50
efficiently renature binding of total coat protein to cellulose MM NHAc, pH 7.4. Soluble protein concentration was
and that SP85 and SP35 bound cellulose after partial€stimated by a commercial Coomassie Blue dye-binding
purification. SP85 and SP35 were found to be encoded byassay (Pierce), with BSA as a standard.
the previously identifie¢pspB (14E6; ref25) andpsA (EB4: Monosaccharide Composition AnalysiSamples were
ref 26) genes. After using PCRto fill in the missing hydrolyzed either by incubation in 0.5 mlf ¢ M trifluo-
sequence from the middle of tipsB coding region, SP85  roacetic acid fo4 h at 100°C (mild acid hydrolysis), or by
was found to consist of three sequence domains separatedieating fo 1 h in 0.5 mL of 100% trifluoroacetic acid,
by two clusters of tandem tetrapeptide sequence repeatsfollowed by dilution with an equal volume of water and
which may serve as interdomain spacers. Recombinantadditional incubation at 100C for 3 h (strong acid
expression of partial cDNAs iEscherichia colshowed that ~ hydrolysis). Mild hydrolysis conditions were typical for
cellulose-binding activity resided in the COOH-terminal monosaccharide analysis of glycoprotei@g)(and the strong
domain, which contained cysteine-repeat motifs also presenthydrolysis conditions were those used for wood cellulose
in SP35. Since the full-length p58 product pfvA was  (28). Samples were then taken to dryness in a vacuum
previously shown to disappear during spore coat formation, centrifuge and reconstituted in 17 mM NaOH. Sugars were
SP35 may be formed by proteolytic processing. These analyzed on a Dionex PA-1 column by high-pH anion-
findings probably explain the colocalization in vivo of SP85 exchange chromatography27), using a Dionex ED-40
and cellulose as determined ultrastructuray 19), and pulsed amperometric detector.
suggest a model by which coat proteins associate with the lon-Exchange ChromatographyUrea extracts were ap-
cellulose component of the coat via specialized cellulose- plied at 22°C to a TSK DEAE-5PW (8 x 75 mm) column

binding proteins which may be regulated. (Toyo Soda, TosoHaas, PA) on an LKB GTi HPLC system
at 0.75 mL min?, preequilibrated in 50 mM NkAc, pH
EXPERIMENTAL PROCEDURES 6.0, with or withod 6 M urea as indicated. The column

_ ) was typically eluted with a gradient of 50 mM NAc to

Cells  Wild-type strains X22, WS380B, WS576, and 1 5 \j NH,Ac, pH 6.0. The DEAE flow-through fraction
NC-4 were passaged on lawnsidébsiella aerogenegrown  of some trials was supplemented with PMSF, leupeptin, and
on SM agar plates4]. The axenic strain AXx3 was grown aprotinin as above, adjusted to pH 5.0 withPid, and
on HL-5 medium 4). Spores were allowed to form on SM applied at 22°C to a TSK SP-5PW (5< 5 mm) column
agar plates following depletion of bacteria, and collected by (Toyo Soda) at 0.50.75 mL mir?, preequilibrated in 6 M
slapping into the lid of the Petri plate. These were recovered a5, 20 mM sodium phosphate, pH 5.0. The column was
in H,0O, filtered to remove stalks, and centrifuged, as gjyted with a gradient uptl M NH,Ac in the same solution,
described4). The supernatant was saved as the intersporepen equilibratedri 4 M urea, 0.25 M NHAc, 20 mM
matrix fraction. sodium phosphate, pH 5.0, and eluted further at 0.25 mL

Purification of Spore Coats and Extraction with Urea min~! with a second gradient from pH 5.0 to pH 8.0 in the
Coats were isolated either from post-germination cultures same solution. Fractions (0.5 mL) were collected. lon-
or directly from intact (i.e., pre-germination) spores. For exchange columns were regenerated after each use by
germination, spores from 100 10-cm plates were suspendedsuccessive treatment with 0.1 N NaOH and 30% HAc.
at 2x 10’ mL~*in KP buffer (10 mM potassium phosphate,  Avicel Column Chromatography The DEAE flow-
pH 6.5), activated at 42C for 30 min, and allowed to  through fraction from pre-germination coats was concentrated
germinate in rotary suspension overnight. Coats were in a Centricon-10 centrifugal ultrafiltration device (Amicon,
purified by differential and density gradient centrifugation Waverly, MA) and desalted on a PD-10 cartridge equilibrated
as described4). The culture supernatant was saved as the in water, to remove urea and 2-ME. Hydrated Avicel (Type
germination supernatant. For isolation of coats from pre- PH-101, FMC Corporation, Philadelphia, PA) was de-fined,
germination spores, spores from 400 plates were suspendegbaded into columns (1 mL bed volume), and equilibrated
at7.5x 1®mL~tin KP, and lysed in a 8C French pressure  jn 50 mM NH,Ac, pH 6.8. Protein was applied, incubated
cell at 20 000 psi. Coats were centrifuged at 9506r 5 for 1-2 h at 22 °C, and eluted under gravity flow
min and resuspended in KP with or without 0.1% (v/v) NP- sequentially with 5 mL each of 50 mM Njc, pH 6.8; HO;
40. Coats were then purified as described above. After 8 M urea, 50 mM NHAc, pH 6.8; and 2% (w/v) SDS, 50
purification, coats were extracted wi8 M urea, 20 mM mM NHjAc, pH 6.8; each eluent contained 5% (v/v) 2-ME.
Centrifugal CelluloseBinding Assay Urea extracts were

2 Abbreviations: EGF, epidermal growth factor; 2-ME, 2-mercap- desalted either by gel filtration or dialysis (see above).
toethanol; PCR, polymerase chain reaction. DEAE fractions were diluted in 0 so that the NHAC
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concentration wass 0.1 M. SP-column fractions were HCI, pH 8.4, at 16 cells peruL. NP-40 (10% v/v) and 50
concentrated in a Microcon-30 centrifugal ultrafiltration mg/mL proteinase K were added to final concentrations of
cartridge (Amicon) down to 20180 uL, and diluted 56- 0.5% and 0.05 mg/mL, respectively, incubated af&&or
200-fold with 50 mM NHAc, pH 6.8. The protein sample 45 min, and then incubated at 9& for 10 min. Oligo-
to be tested (18670uL), and 306-3000ug of Avicel, from nucleotides were synthesized at the UF ICBR DNA Synthesis
a 100 mg/mL stock suspension in 50 mM M, pH 6.8, lab, and used to prime the PCR amplification of plasmid
were brought to a final volume of 120L with 50 mM DNA or gDNA from growing Dictyosteliumcells. The
NH4Ac, pH 6.8, and incubated in a 1.5 mL polypropylene primers were calculated to have melting points in the range
microcentrifuge tube on a gyratory shaker for 16 h at 22 of 68—72°C, and contained, at theit-&nds, ten-nucleotide
°C. After centrifugation at 100@pfor 1 min, the nonbound  (10-nt) extensions containingBanHI-site. Template (23
fraction was removed with a pipet, and the pelleted bound uL) was diluted to 1520 «L in a cocktail which contained,
fraction was washed >3 with 50 mM NH,Ac, pH 6.8, by as final concentrations, 50 mM KCI, 1.5 mM MgCP0 mM
centrifugation. The pellet was resuspended in SBPBGE Tris-HCI, pH 8.4, 0.5 mM dNTPs, 0.b6M oligonucleotide
sample loading buffer with 5 mM DTT, boiled for 3 min, primers, and 0.5 unit Taq polymerase (Promega). Ampli-
and centrifuged again. Equivalent proportions of the non- fication used the following program: 94, 3 min; [94°C,
bound and bound (SDS-released) fractions were compare5 s; 49°C, 90 s; 72°C, 2—3 min], 30—35 cycles; 72°C,
by SDS-PAGE. 7 min. PCR products were separated on a 1% GTG Seakem
ElectrophoresisWestern BlottingMicrosequencingand agarose (FMC Products) gel, purified with a Qiagen gel
Composition Analysis Samples were dried in a vacuum extraction kit, and sequenced using PCR primers in ABI
centrifuge to reduce volatile salts and reconstituted i@ H  Prism Dye Terminator cycle sequencing protocols. The
Electrophoresis was performed or-¥5% linear gradient  fluorescently labeled extension products were analyzed on
SDS-polyacrylamide gels, or two-dimensional O’Farrell an Applied Biosystems (Perkin-Elmer Corp.) Model 373
gels, followed by staining with Coomassie Brilliant Blue Stretch DNA Sequencer operated by the UF ICBR DNA
R-250 or silver staining reagents, as describdd (For Sequencing lab.

Western blotting, either previously fixed and Coomassie  pspB Expression in Ecoli. cDNAs were generated by
Blue-stained gels equilibrated inx2 30 min washes of FO PCR from pspB cDNA in pSP73 (pl4E6Pst73#1) and
and one wash of top buffer (below), or unfixed gels, were sybcloned into pET11a (Novagen), which drives expression
electrotransferred to 0.46m pore diameter nitrocellulose  in the cytoplasm with an N-terminal T7-epitope tag. After
membranes (Schleicher & Scheull), or ImmobilSAPVDF  confirmatory sequencing, the plasmids were transformed into
membranes (Millipore), in a BioRad TransBlot SD semi- E, coli strain BL21(DE3). Protein expression was induced
dry transfer cell. The top buffer was 50 mM glycine, 50 in clones in LB medium grown at 3tC at Ol = 0.6, by

mM Tris-HCI, pH 8.5, and 0.1% (w/v) SDS; the bottom  the addition of 1 mM IPTG. Induced cells were sonically
buffer was 50 mM glycine, 50 mM Tris-HCI, pH 8.5, |ysed and centrifuged at 3509& 15 min at 4°C. Insoluble
prepared in 20% (v/v) MeOH. For antibody probing, fractions were solubilized in urea/DTT and diluted in the
nitrocellulose membranes were incubated in primary antibody absence or presence of glutathione as done for other
diluted in 5% nonfat dry milk, followed by alkaline phos- djsulfide-containing proteins3g, 33). The urea solutions
phatase-conjugated secondary antibodies and colorimetriGyere then desalted on PD-10 columns as above.
detection as described)( For Edman degradation studies, | iccometric Cellulase AssayExtracts and column frac-
samples were first boiled at 16 for 3 m|(r)1 in SDS"PAGE o, tions were incubated with calibrated volumes of carboxy-
sample buffer (62 mM Tris-HCI, pH 7, 2% (w/v) SDS, 10% methylcellulose at pH 5.0 at 3T, as described3d). Less

_(v(/jv) egcerc_)(Ij) with 50 mM D-BT.' follswgd t_)y ?}dd(ijtioﬂ ?f activity was detected at pH 730The time required to drain
lodoacetamide to 100 mM and incubation in the dark for 1 4 ) "¢ the solution was determined in seconds. Shorter

h at 22°C. The SDS-PAGE gel was prerun with 10 mM - 4 ; ; ;

, : rain times correlate with decreased viscosity of the car-
Nath|oglycolate_|n the upper buffe29). After SI.D PAGE .boxymethylcellulose solution and increased endoglucanase
and electroblotting, proteins were stained with Coomassie activity

Blue and destained. Corresponding PVDF membrane frag- . .
P J g In Situ Cellulase Assay in GelsExtracts and column

ments were introduced onto an ABI model 494 Procise . ; .
sequenator. For internal sequencing, the stained gel bandractions were subjected to SBPAGE as described above,

was partially dried, rehydrated with 20 mg ThICNBT in except that samples were heated at@7 as solubilization

70% formic acid, macerated, incubated at°87in the dark at 100°C resulted in much lower activity. After electro-
for 16 h, and then subjected again to SEFAGE using a phoresis at 22C, gels were equilibrated in 50 mM potassium

e tri : hosphate, pH 5.0, for 8 10 min. Cellulase activity were
Tris-tricine buffer system30), followed by electroblotting. P ; . )

For amino acid composition analysis, protein prepared asdetected _by incubating th? gel in 1% (wiv) carboxymethyl-
for Edman degradation was hydrolyzed 6 N HCl with  c€/lulose in 50 mM potassium phosphate, pH 5.0.2d at

norleucine as an internal standard. PTC derivatives WereSL OSCO rinsingfthigel .With 5ho ml\(/jl po'Fa_ssium rp])floo/spha;te,
prepared and analyzed as describ@d).( pH 5.0, twice for min each, and staining wit o (W/V)

DNA Analysis pG219 and pl4E6Pst73#1, which con- Congo Red in the same buffer for 20 min, followed by

- : destaining witt 1 M NaCl until bands were clearly revealed,
tainedpsB DNA (25), were generously provided by R. A. :
Firtel and J. Coffman-Powell and amplified k coli strain as described3s). Gels were photographed through a type

DH5a. For gDNA, 16—10° cells growing axenically or on 40A Kodak Wratten filter. Proteins were nonspecifically

bacteria were washed<2with water. The cell pellet was
resuspended in 50 mM KCI, 1.5 mM MgCR0O mM Tris- 3 Data not shown.
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Table 1: Monosaccharide Composition Analyses of Post- abc d e f
Germination Coat Extracts
pmol sugar 10coats* (fg coat?)
before urea extraction  after urea extraction SP96
coat released >

sugar type residue  material SP87,SP85”
p-glucose 630 1800 (330) 1.6
p-galactose 25 (4.5) 30 1.2
p-galactosamirfe 14 (3.1) 13 5.0 SP60 »
p-glucosaming 59 (13) 7.6 53
D-mannose/xylose 13(2.3) 15 0.95

aSamples were degraded 4 M TFA, or 100% TFA followed by

dilution in H,O (p-glucose only), and aliquots were chromatographed SP35> . .- -

on a Dionex PA-1 column and quantitated with a pulsed amperometric
detector? Conditions of hydrolysis lead to d&-acetylation of amino
sugars® Mannose and xylose were not differentiated in the analysis.

: - NB B
stained by Congo Red, and cellulase activity was detected e
as regions of negative staining. Avi Sdex Sose
Ficure 1: Cellulose binding of a urea extract from pre-germination

spore coats. Extracted protein was separated from urea by gel

RESULTS
; ; P filtration, and 30ug of total protein was incubated with 3 mg of
Isolation and Extraction of Coats from Pigeermination Avicel (Avi), lanes ab: Sephadex G-75 (Sdex), lanes c.d: or

and Germinated SporesCoats released naturally from  sepharose-4B (Sose), lanes e.f. Nonbound (NB) and bound (B)
spores by germination were purified by density gradient fractions were separated by centrifugation and then run on the same
centrifugation. To analyze coats before they were altered SDS-PAGE gel followed by Coomassie Blue staining. Image
by germination, spores were lysed in a French pressure cellProcessing was identical for sister NB and B fractions. Positions

' e . : of key proteins are indicated.
and coats were purified exactly as for their germinated
counterparts. These coat preparations were homogeneous

L : remained insoluble. The total level of cellulose as glucose
and indistinguishable from germinated coats under phase : X
contrast optic§. Examination of sections of embedded was 330 fg coaf, compared to 450 fg protein coat(4).

material in the transmission electron microscope showed thatAboUt one-third of this amount of glucose was me_asured n
the coats before extraction. The reason for this discrepancy

the coats maintained their three-layered organization with . .
cellulose in the middle, and nearly always retained their is not known, but may have resulted from interference by
attachment to the plasma membrd&rs, previously observed other substances in the nonextracted coat. . .

(36). The protein compositions of the pre-germination and When urea and 2-ME were removgd by Q|aly5|s or gel
post-germination coats were similar within the resolution of filtration ona PD_lO columr; 30% protein remam_ed soluble
SDS-PAGE analysis,indicating that any individual plasma after centrlfggatlon at 100000 Thus, coat proteins do not
membrane proteins or potential contaminating proteins Iackedre'for.m an msoluple complex under these coqd|t|ons. Re-
the abundance of the major coat proteins. constitution of an insoluble complex might require cellulose,

Treatment wih 8 M urea and 5% 2-ME at 100 followed which is investigated b_elow. . .
by centrifugation was previously shown to solubilize 85% Extracte_d Coat Proteins Reas_somatec_j with Cellulose after
of the protein of post-germination coat).( Monosaccharide Renatur:_;ttlom To test Fhe potential requirement of cellulose
composition analysis before and after urea extraction was O Protein to form an insoluble complex, urea extracts were
performed to determine whether the polysaccharides of thede_salted b_y gel flltr_atlon to remove urea, and mcgbated with
coat were also extracted. Except for glucose, the monosac/AVicel, which consists of homogeneous; 50 um diameter
charide composition of the intact coat was in reasonable Particles of crystalline and amorphous cellulose. ~ After
agreement with the content of the sum of the urea-releasedcentrifugation, the bound and nonbound fractions were
material and the urea-residue (Table 1). Comparison of the@nalyzed by SDSPAGE and staining with Coomassie Blue.
galactose content of the urea extract compared to theProte_lns were compared from both pre-germination and post-
extracted residue showed that less than 5% of total coatermination coats. .
galactose was released, indicating that the previously de- After incubating 30ug of desalted protein from pre-
scribed galuran, a galactose-rich polysaccha®lexas not germination coats with 3 mg of Avicel, comparlson_of the
solubilized. Similarly, most galactosamine (72%) was not Pound and nonbound fractions showed that all major coat
extracted, consistent with the presence of this sugar in theProteins bound partially (Figure 1a,b). Binding of the coat
galuran. Most mannose/xylose (94%) was retained in the €Xtract to Avicel was specific, as binding to polysaccharide
extracted coat residue, whereas most glucosamine (87%) waarticles of Sephadex G-75 or Sepharose CL-4B was
extracted, suggesting that this amino sugar is largely associ-"egligible (Figure 1ef). Bands atM, positions 97 000 and

ated with protein, possibly as GIcNAc. Strong acid hydroly- 35 000, relative td; standards included on the same gel,
sis yielded >50 times more glucose than did mild acid Pound somewhat more efficiently to Avicel than the other

hydrolysis, consistent with earlier studies that glucose is coat proteins when the band intensities are compared between

present as cellulose); Less than 0.25% of total glucose
was extracted by hot urea/2-ME, showing that cellulose also 4 Mao, J., and West, C. M., unpublished data.
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Ficure 2: Cellulose binding of selected FPLC fractions from spore coats. Urea extracts were fractionated by FPLC as indicated, and
individual fractions were tested for binding to Avicel as in Figure 1. Lanel:aThe pre-germination urea extract analyzed in Figure 1

was subjected to DEAEFPLC and the flow-through was applied to an SP-column and eluted with salt and then with increasing pH.
Avicel-binding of selected fractions enriched in SP85@3 SP65 (e,f), and SP87 (g,h) is shown, with detection by Coomassie Blue to
show total protein in the fraction or Western blotting to confirm protein identity as indicated. Lafteg\ipost-germination coat urea

extract was dialyzed and subjected to DEAEPLC. SP35 is missing because it bound to the dialysis membrAmizel-binding of a

fraction containing SP96 and SP85 (they copurified when from post-germination coats) is shown both by Coomassie Blue (i,j) and Western
blotting for SP85 (k,l). Lanes mp: Avicel-binding of a fraction from the experiment shown in laneshavhich was enriched in SP35.

Lanes q,r: Avicel-binding of a fraction enriched in SP35 and SP96, from a urea-extract of post-germination coats applied directly to a
DEAE column. Positions of key proteins are indicated.

the bound and nonbound fractions (Figure 1a,b). Thesedetected with mAb 83.5, eluted at 6:6.7 M NHAc,?
proteins are shown below to be the previously described consistent with its acidic apparent 3)( Elution of the other
SP85 and SP35, respectively. The appandntof SP85 coat proteins requite6 M ured (3, 37).
differs from the value implied by its name (85 000) because  The DEAE flow-through fraction was further resolved on
the migration of this glycoprotein, whose predicted polypep- an SpP-cation exchange column equilibratedsiM urea at
tide mass is only 57 094 (see below), depends on the gelpH 5.0. The column was eluted first with a salt gradient in
system used and the strain from which it is isolat#dl). 6 M urea, followed by an ascending pH gradient in 4 M
The coat protein names used here are as inIéfnd17. urea. SDS-PAGE analysis showed that SP35, SP65, SP85,
The abundant outer-layer coat protein SP96, whose identity and SP87 eluted sequentially in partially overlapping fashion
was confirmed using mAb 83.8) bound least efficiently,  in the salt gradient. Similar protein bands also eluted near
which mimics its normal inefficient incorporation during coat  the end of the pH gradient. Without urea in the elution
formation, being found mostly in the interspore matk ( gradients or at pH 6.0, these proteins eluted more broadly
5). Similar results were obtained for urea extracts of and were extensively degradedExtensive degradation was
germinated coats. also observed if the original urea extract was applied to the
SP85 and SP35 Bound Cellulose after Partial Purification SP-column before passage over the DEAE coldmn.
from Coats To determine whether individual proteins such  To test binding of these proteins to Avicel, individual
as SP85 and SP35 have intrinsic binding activity or whether Ep|C fractions were concentrated in 0.5 mL Microcon
binding is dependent upon a mixture of all proteins as centrifugal ultrafiltration cartridges so that urea was diluted
suggested by a previous studyd), proteins were partially  to 50-100 mM in the assay. Minimal binding to the
purified and assayed for Avicel binding. cellulosic ultrafiltration membrane occurrené M urea. In
Based on 2-D gel electrophores#),(DEAE chromatog- fractions from pre-germination coat extracts which were
raphy at pH 6 was predicted to adsorb all major coat proteins highly enriched in SP85, SP85 bound cellulose efficiently,
except for the neutral species SP87, SP85, SP65, and SP3%s shown by the greater amount of the SP85 band in the
As expected, bands corresponding to these proteins appearedound fraction (Figure 2, lane b) compared to the corre-
in the flow-through fraction from the pre-germination coat sponding nonbound fraction (lane a). The bound:nonbound
extract applied to a column equilibrated without ufe8P96, ratio was a more valid measure of binding than the absolute
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Table 2: NH-Terminal and Internal Sequences of Coat Protein Fractions

protein band treatment NHerminal sequence found matching DNA sequence (Gene/Acc.#)
SP85/SP87 CNBr (Mg)"PLQLGYGANGKNGDNGISV (2¥ psB (14E6)/S72639
(Wi17gLIYGYTIVDI
(Qs07)VFCVPDCP
CNBr (A109KIKECA psD (PL3)/U25144

(M20)VNDVATCLASTTGGXGLPG
(D27 XXXDVDCPDGFXXEXKD
(D314 PCKDVTCPDGFHCECKDGKT
SP35 CNBr (D)SVNFGRG psvA (EB4)/P08798
(N2s)FGRGGGWGSGNQGVLCGTHYCPPGSTCESKH (2)
(M16e VNGYLQCLFSNGTAPFACGLQTCVPPQL (2)
none (D2)SVNFGR

a Protein bands from SDSPAGE gels were either electroblotted (treatmemone), or treated with CNBr in 70% formic acid and the peptides
purified again by SDSPAGE followed by electroblotting. Genes corresponding to the amino acid sequences found are listed in the right-hand
column.” Residue in parentheses is deduced from the gene sequence; its location is relative to the st@eddetce obtained twice, from
different SDS-PAGE bands.

amount of bound material, because most coat proteinswith the remainder eluting in the flow-through and SDS
exhibited a basal level of binding to Avicel and other fractions® Analysis of the urea-eluted fraction by 2-D
polysaccharide matrixes which was proportionate to the total O’Farrell gel electrophoresis under denaturing conditions
amount of the protein. The identity of the Coomassie Blue- revealed that SP85, SP35, and SP65 each migrated to the
stained band as SP85 was confirmed by Western blotneutral end of the gélsimilar to their behavior in extracts
detection with mAb 16.1 (lanes c,d). Other fractions of post-germination coats4). The presence of SP65
enriched in SP65 (lanes e,f) or SP87 (lanes g,h) showed thatconfirmed the interaction with SP85 seen in the binding
these proteins bound inefficiently. However, in fractions assays onthe SP-column fractions (Figure 2, lanes g,h). Thus,
which contained both SP65 and SP85, SP65 binding to differential binding to DEAE by SP85 and SP35 from pre-
cellulose was also detected (lanes a,b), which may indicateand post-germination coats could not be attributed to changes
an interaction between SP65 and SP85. SP85 isolated fronin intrinsic charge.
post-germination coats also bound cellulose efficiently (lanes  SP85 Is Encoded by the pspB Gen&el bands from
k,l), despite the fact that in this case SP85 bound to the fractions enriched in SP85 were treated with CNBr to
DEAE column and partially coeluted with SP96. Coomassie generate internal peptides, as sequence could not be obtained
Blue analysis of binding in this fraction showed that SP96 by Edman degradation of the intact protein. SEFAGE-
did not bind cellulose (lanes i,j), while the slightly more purified CNBr-peptides yielded four sequences (Table 2)
rapidly migrating SP85 band, though overlapping with SP96 belonging to the previously described prespore cell-specific
in the unbound lane (lane i), was selectively enriched in the psiB (14E6) gene 45), and four from theps@D (PL3 or
bound fraction. Another fraction containing SP96 also did SP87) gene2?2). Since the SP87 protein could be detected
not bind cellulose (lanes q,r). in the SP85-enriched fraction and did not bind Avicel (Figure
SP35 from fractions of pre-germination coats which were 2, lanes g,h), these data suggested that SP85 is encoded by
highly enriched in this protein bound efficiently to Avicel, psB.
as determined by Coomassie Blue staining (lanes m,n). The previously published sequence B (25 was
Similar results were observed in fractions from post- derived from the genomic library plasmid pG219, amplified
germination coats (lanes q,r) which were enriched in SP35,in E. coli. Our sequencing of this plasmid added additional
which coeluted with SP85 from this extract. nucleotides at positions 1723 and 1769 (see Figure 4 for
Among the purified proteins examined, cellulose-binding sequence), changed the assignment of nucleotides at positions
seemed to be specific for SP85 and SP35, since it was not802 and 1734, and extended the sequence in'tdaéction
observed for other coat proteins. Binding seemed to be starting at position a in the schematic diagram in Figure 3B.
intrinsic to SP85 and SP35, since no other proteins were An identical sequence was found in the cDNA library
present at similar levels in the FPLC fractions. In addition, plasmid p14E6Pst73#1 represented in Figure 3C, except for
binding occurred whether they initially flowed through (pre- differences in two areas: (a) the central region encoding the
germination) or bound to (post-germination) the DEAE TXPP tetrapeptide repeats, and (b) thed of the coding
column, suggesting that other molecules, which would be region (starting at arrow b in Figure 3B) where there is a
unlikely to copurify in both circumstances, are unlikely to novel substitution starting at position 1877 (Figure 4).
be required. Consistent with the otherwise identical sequences of the two
To verify that SP85, SP65, and SP35 from pre-germination DNAs, Southern blot analysi29), physical mapping38),
coats were equivalent in charge to their previously describedand genetic analysi89) suggested that there is only a single
counterparts from post-germination coa#), (they were psB locus. To examine the origin of the different-3
examined by 2-D gel electrophoresis. The DEAE flow- sequences, oligonucleotide primers corresponding to éach 3
through fraction was concentrated, desalted, and applied tosequence (P7 for pl4E6Pst73#1; P8 for pG219) were
an Avicel column. The column was eluted sequentially with combined with the primer P1 matching a shared upstream
water, 1 M NH,Ac, 8 M urea, and 0.1% SDS, each sequence (see Figure 3A for primer positions) and used to
containing 2-ME. SDSPAGE analysis showed that the amplify native gDNA from strain A3 in a PCR reaction.
majority of SP85, SP65, and SP35 eluted in the urea fraction, Each primer pair amplified DNA of the expected length from
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pspB organization

A.PCR
genomic DNA

B. pG219
genomic library

C. p14E6Pst73#1
cDNA library

D. N/C-Fragment .--:;;;,
(E. coli expressed)

E N-Fragment
(E. coli expressed)

F. C-Fragment
(E. coli expressed)

psvA organization

G p58-coding

cac C4C C4C C4C C4C C4C C4C H-repeats

H. SP35-coding — 100 bp

Ficure 3: Organization of th@sB andpsvA genes, their derived constructs, and inferred protein products. (A) This diagram is a composite
of sequence derived by PCR amplificationpsiB from strain Ax3 gDNA between primers P1 and P7, and cDNA sequence from part C
below. (B) Schematic diagram of our our sequence determinatigsp in pG219, derived from a genomic librar25). (C) Schematic
diagram of our sequence determinationpsfB in p14E6Pst73#1, derived from a cDNA librarg5). (D) Construct of combined N- and
C-terminalpsB domains expressed B coli. (E) Construct of N-termingbsgB domain expressed iB. coli. (F) Construct of C-terminal

psB domain expressed iB. coli. (G) Comparative diagram of the p58 protein producp®fA (from refs26 and41). (H) Diagram of the

SP35 protein product gbsvA (see text). Tall blocks, C4C-type Cys-repeats, which are numbered in order; mid-height blocks, tandem
TXPP-repeats, which are lettered in order; short blocks, other domains; lines, untranslated sequences; ss, signal sequence; solid fill, position
of basic proline (BP) motif sequence; a, denotes position of previously deduced stop 26dn denotes position of sequence divergence
between pG219 and pl4E6Pst73#4,;0ligonucleotide primers, which are underlined in Figure 4, except for P8 in panel B, which has the
sequence 'SGTTAAGAGCATCTTCCAAAACCCTA.

its homologous but not its nonhomologous plasfidhe As described above, PCR amplification of gDNA using
primer pair P1/P7 amplified a product from gDNA, but P1/ P1 and P7 yielded a product of 2.1 kb which was 0.5 kb
P8 did not. However, this product was about 500 bp longer longer than expected. A similar discrepancy was also
than expected,which is examined below. The divergent observed using P1 and P5 (shown below in Figure 5A), but
3'-sequence in pG219 is probably noncontigu@istyos- not P1/P6 and P3/P4, which localized the difference to the
teliumDNA. ltis unlikely to represent an alternative exon, coding region between P2 and P3 encoding the TXPP
as (a) no intron was seen at this position in the genomic tetrapeptide repeats, where the two library sequences also
library DNA, (b) introns are short iictyosteliumso the diverged (Figures 3AC). Direct sequencing of the PCR-
PCR reaction would be expected to bridge the hypothetical amplified gDNA between P1 and P4 revealed sequence
intervening sequence(s) yielding a slightly longer product, identity with p14E6Pst73#1 except for 550 nt of additional,
(c) if a hypothetical intron were located at the point of novel sequence starting at nucleotide 613 (Figure 4), within
divergence between the two sequences, primer P4 wouldthe tetrapeptide repeat region. This sequence included 458
have been unable to hybridize, as it bridges this position, nt in-frame with the previously identified ORF, and 92 nt
and (d) the new Figure 4 sequence, but not the pG219of intron-like sequence (Figures 3A and 4). The putative
sequence, has been found in the Tsukuba cDNA sequencingntron consisted primarily of homopolymeric stretches of A’s
project. and T's, began with a GA sequence at the second position



DictyosteliumSpore Coat Cellulose-Binding Proteins Biochemistry, Vol. 37, No. 30, 19980773

Pl
222 ATGAGACTATTAAGTGTTCTTTTAATAGGATTCCTCTGTTTAGCAGGTACCTATGCACAA 281 (A) PCR pdeUCtS from P1 and P5
1 M R L L §V L LI GFJILCLAGTYAQ 20
282 AAATACCAATTGTCACCGGCTTATAATGATCCATATTTAACCGATGATAAAACAGGAACA 341 C G M 1 2 3 4
K Y L § PA YNUDPTYULTDDTI KTGT 40
© 2036 bp

342  CATGATTTCTGGGTTCAAAATGCGTCTTITACCAGTTTTCTATGGTTTCCATGATTGGAAT 401
41 H D F WV QNAGSTLZPV F Y GF HDTWN 60 1636bp

402 TTCCAAGATAATTCTGGTATAATGGAAATTAATGGTGATGAAATGCATATCACAGGTAAA 461
41 F @ D N s ¢ I M E I N G D E M H I T G K 80

462 ATTTATCCAACTGTTAATATGGGTGATTGCCACAGATACAA’I‘GT’I‘GATTTAGTATTCAAG 521 1018 bp
81 I Yy P TV NMGDCH®RYNDNV VDLV F K 100

522 AAAGATAAATCTGGTAATGTTATGCCAAAGAAAGAGCTAAGAGAAAGTGCATACGTTCCA 581
101 K D K S G N vV M P K K E L. R E 8§ A Y V P 120

582 CATGGACCAATTGACCCAGCCACTTGGAAATATTATACTTTTGTTCAAGGTARATGGACT 641
121 ¥ ¢ P I D P A T W K Y Y T F V Q G K W T 140 506bp

642 GGTTTTGGTTGTGACCCTCAAAATGTCGTCTTTTCCGGTGCTGAAGGTGGTATGCCATTA 701

141 6 F 6 ¢ D P Q NV V F S G A EG G M P L 160
P2

702 CAACTCGGTTATGGTGCAAATGGTAAAAATGGTGATAATGGTATCTCTGTTTGGTTAATT 761

161 @ L 6 ¥ 6 A N G K N ¢ D N G I 5 V W L I 180
«P6

762 . TATGGTTACACTATTGTTGATATCAATTGTAACATTCGTCCAATCATTACACAATCACCA 821 (B) Western blot with mAb 16.2
181 ¥ ¢ Y T I v D I N ¢ N I R P I I T Q S P 200 ’

822 ACTCAACCACCAACACAACCACCAACTTATCCACCAACACAACCACCAACACAACCACCA 881
200 T Q P P T Q P P T Y P P TQ P P T Q P P 220

882 ACACAACCACCAACTTATCCACCAACTTATCCACCAACTTATCCACCAACTTATCCACCA 941

LY
221 T Q P P T Y P P T Y P P T Y P P T Y P P 240 97KD
942 ACTTATCCACCAACTCATCCACCAAGTTATCCACCAACTTATCCACCAACACAACCACCA 1001 - ‘ - SP85

241 T Y P P T H P P S Y P P T Y P P T Q P P 260

2222 ?CTgAAgCAgCA‘C;TAZAAggtaaagtattattttaaattatataaaatccataaaattaa ;gsl FlGURES: Straln-SpeCIfIC |ength pO|ymOI’phI5mSplS[B al’ld SP85
(A) DNA from vegetative (growing) cells was amplified using
1062 aaactcatttgttaatttetttttttttttttttttaaaaaaataataagATTGTTCAAC 1121 J
268 c st 270 primers P1 and P5, and compared on a 1.2% agarose gel by
1122 TTTAGAATGCCCAGAAGGTTTCCATTGTGAAATTGTAAATAATCGTAGAACATGTGTTTG 1181 ethldlum bromlde Stalnlng' Te_mplateS: ﬁSFB CDNA plasmld
2717 L ECPEGF HCETVNNRERTCV C 29 pl4E6Pst73#1; GpsB genomic DNA plasmid pG219; lane 1,
1182 TGATACTACAGTTCCACCAACTCATCCACCAACTCAATCACCAACTTATCCACCAACTCA 1241 strain Ax3 (del’iVEd from NC-4); lane 2, strain NC-4; lane 3, strain
L o T TV EPPTHERPTOSSTYPRPPTO 310 WS380B; lane 4, strain WS576. Lane M containsMnladder,
1242 ACCACCAACTCAACCACCAACTTATCCACCAACTTATCCACCAACTTATCCACCAACACA 1301 H .
e e e A Y whose lengths are given at the left. (B Epores from each strain
P3>> p5 were extracted and resolved by SBBAGE under reducing
1302 ACCACCAAGAGCATCATGCGATAATGTTAGATGTCCAAGAGGTTACCATTGTGAATGTAA 1361 Conditions, Western blotted’ and immunoprobed Wlth mAb 162

331 P P R A 8§ C DNV RCUPRGYHTCE C N 350 . L
The apparenM;, of SP85 from strain Ax3 is given on the left.

1362 TCATTGGGAAAATGTTGCTAGATGTGTAAGAAACGAAGAACCAACTCATAGACCAAAACC 1421

31 H W E N'V A R C V R N E E P T H R P K P 370

separate folding domains. Conceptual translation of the

1422 ACCACACCATGGTTGTCGTCCAGATAGTTGCGCTAGAGGTGAGAAATGTATCTGTGTACG 1481

371 P H H G CRPDSCARGEZXKCGCICVR 390 additional sequence showed that it encoded a C4C-type
P S T e T Cysteine-repeat motif nested within 21 TXPP tetrapeptide
1542 CCATTGTGAATGCAATAGAAAAGGTCAAGTTTTCTGTGTTCCAGATTGTCCAAAATTAAC 1601 repeats’ mOtIfS WhICh are also present e|SeWheI’e In the
41 H ¢ B CNRKGOQVFCVEDCPKLT 430 protein. Inclusion of the new sequence does not cause the
s e 5 total known sequence to exceed the length of the mRNA as
1662 TTGTGTATACGTTAGACCACCAACAGGTAGATGGGGTGATGATCTCTCAGATTTAGGTTA 1721 determlned by Northern blOttlngﬁ) It IS Surmlsed that

451 ¢V YV RPPTGRWGDDLS DL G Y 470 amplification ofpsB library DNA in E. coli resulted in loss
D A o A i’ of internal sequence resulting from recombination of the
1782 ACATAATAATATTCCATCAAACAATTTACATCAAGAAAACAATGATAATTTGGGTGATGG 1841 hlghly repetltlve DNA enCOdlng the TXPP tetrapeptlde
91 BN NI PSNNDLHQENNDNLGSEGE S0 repeats. The inferred recombination events deleted nts 870
1842 TTTTTATGATGGTGTTGAAATTGGTTTCGCTGACGGAGGTTTCCGACGTAAACGATCTCAA 1901 1296 frompspB in pG219, and nts 810843 and 954-1296

R YRS VEIEEADGSEEDVND LN 20 from ps@B in pl4E6Pst73#1 (Figures 3AC and 4), thus
1902 TGGTTTTTAAAAAAAAAAAAAAARAATAATTATTAAATTTTTA 1944 Tall 1 1 1
s3y7 ToommIIiAM 194 explaining the length discrepancies between the two plasmids

in this region.

Ficure 4: Revised sequence and deduced translation ofs$p® ; ;
coding region from strain Ax3. The sequence corresponds to the The revised sequence suggests that SP85 consists of three

PCR-derived map shown in Figure 3A, and has Genbank accessiord0mains separated by spacer regions consisting of 17 and
number AF06607%. Partial psfB sequences (corresponding to 10 TXPP repeats, respectively (Figure 3A). The middle
nucleotides 777#1308) from strains WS576 and WS380B (see text) domain is comprised of a single EGF-like C4C-repeat. Four
_?ﬁve accessiont?utmbers A_F0660712 andd ?FOGC?O?&dfiSPeCtli;/gz-additional C4C-repeats occur in the C-terminal domain.

e sequence between primers 1 an is derived from : : ; - :
amplificgtion of cellular DIF\)IA (see text). The sequence upstream SP85_displaysi, polymorphlsms n W|Id-type_ strams_
of primer 1 and downstream of primer 4, and the primer sequencesWS380B and WS576 relative to NC-4 and its axenic
themselves, are derived from p14E6Pst73#1. Nucleotide numberingderivative Ax3 (Figure 5B; re89). PCR analysis of gDNA
at the 5-end is as in ref25. The sequences of oligonucleotide from these strains using P1 and P5 revealed a corresponding
D gy Vaia1 I the engihs g DNVA (Figure SA), veriying
divergence between pl14E6Pst73#1 and pGglg (see text)(.1 that SP8S is encoded IyspB. Sequence analysis Of_ the

PCR products revealed thas@B from all three strains
of the codon triplet, and ended with an AT, thus conforming diverged in the region of TXPP tetrapeptide repeats)g
to the typicalDictyosteliumintron pattern. As observed for  (Figure 3a), such that 2 and 3 fewer repeats were encoded
other coat protein gened)( this intron is positioned at the in WS380B and WS576, respectively. These were not
junction between distinct sequence motifs suggestive of simple deletions from the Ax3 sequence, but may have been
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—e— SP35 The p58 and SP35 products of tipsvA gene are

20 - —O0— psvA (23-291) represented in Figure 3G,H. SP35, which corresponds to
—— psvA (23-514) the N-terminal half of p58, consists primarily, as previously
noted @1), of seven C4C EGF-like repeats.

A Recombinant SP85 Domain Isolated from é&oli
Expressing Partial pspB cDNA Bound Cellulogeor further
evidence that SP85 has intrinsic cellulose-binding activity,
the construct shown in Figure 3D, which corresponds to the
psB derivative represented in the cDNA library plasmid
pl4E6Pst73#1, was expressedEncoli. This construct
encoded the N-terminal domain upstream of and including
10 of the tandem TXPP repeats, and the C-terminal domain
downstream of but including the final TXPP repeat. Con-
\'( \'/ i L |I= }'( D'N E'Q structs encoding the N- and C-terminal domains separately
Amino acid (Figure 3E,F) were also expressed. The terminal domain

constructs were devoid of TXPP repeats as they could not

Ficure 6: Amino acid analysis of SP35. The Avicel-bound . .
subfractions of salt gradient-eluted SP-fractions containing SP35 D€ expressed ift. coli.® These constructs lacked theB

were pooled and resolved by SBBAGE (see Figure 2n), and  signal peptide, and encoded a T7-epitope tag at the N-termini.
electroblotted onto a PVDF membrane. The Coomassie Blue-stained  E. coli clones expressing the N&SB cDNA were lysed
SP35 band was cut from the PVDF electroblot and acid hydrolyzed. gng separated into soluble and insoluble (inclusion body)

PTC-derivatives were prepared and analyzed by HPLC to quantitate . - : . ) -
the amino acids released. Filled circles: values which could be fractions. The inclusion body fractlonlcontalned a predqml
reliably quantitated given the amount of material available are Nant protein by SDSPAGE/Coomassie Blue analysis with

reported. Open circles: theoretical values for codonsZ&8L of an appareni, of 50 000 (Figure 7, lanes-gn). This was
the psvA gene. Open squares: theoretical values for codors 23 consistent with the expectéd, of 49 309, and the protein
514 of psvA. band reacted with the anti-T7 antibody. The solubleoli
) , . fraction contained lesser amounts of e 50 000 protein

deletions from a hypothetllcal parent straln. with at least four and a smalleM; 25 000 protein, whose level increased at
more repeats than found in Ax3. Thus, this regiomsfB, the expense of thé/, 50 000 band in older extracts and
wh|ch was rgcombmogenlc ia. col!, also .d|splays. hetero- during incubation in the absence of cellulose (lanes)c
geneity in different wild-type strains dbictyostelium as Since this smaller fragment carried the N-terminal epitope
predicted previously39), and also described for another 54 it is likely to be a proteolytic derivative containing the
Dictyosteliumgene encoding repetitive mucin-like repeats i ierminal domain only.E. coli clones transformed with
(40). Spontaneous recombination is infrequent, however, asihe N-terminal fragment construct contained an anti-T7
no _d|ff_erences were seen between strain NC-4 and itS ggctive protein with an apparekt, of 24 000 in both the
derivative Ax3. soluble fraction and in inclusion bodies (lanesz3, in close

SP35 Is Encoded by thegs Gene CNBr-peptides from agreement with the predictéd, of 24 151. Clones express-
pre-germination SP35 gel bands and SP35 from post-ing the C-terminal fragment contained an anti-T7 reactive
germination coats yielded six amino acid sequences (Tableprotein of appareril; 21 000 in inclusion bodies (lanes-0),
2). These sequences were each found in thea8 of the close to the expectehl, of 21 688.
previously described prespore cell-speqificA (EB4) gene, Both the soluble and urea-solubilized inclusion body
and defined SP35’s N-terminus after signal peptide cleavage.fractions from the N/C-expressing strain were tested for
Since psvA appears to be a single-copy gene based on binding to Avicel and Sephadex (Figure 7), as for coat
Southern blot analysigll) and physical mappingg), SP35 proteins in Figure 2. The N/C-fragment from the soluble
is likely encoded bypsvA. However, the apparerl, of fraction bound Avicel strongly (lanes c,d), as determined by
SP35 was smaller than both the predicted value fopthé Western blotting with the anti-T7 epitope Ab. Binding was
gene product p58, which is 53 015, and its previously specific for cellulose, as the fragment did not bind Sephadex
reported value, 58 00@6). To analyze the difference, SP35 (lanes e,f), and was specific for the N/C-fragment, as other
was probed with antisera specific for the Ntérminal and Coomassie Blue-stained bands, as well as the accumulated
COOH-terminal regions of p58. Only the C-antibody, truncated N-terminal SP85 fragment '{Nfailed to bind
generated against a peptide corresponding to the Cys-richAvicel (lanes a,b). The N/C-fragment recovered from the
NH.-terminal part of p58, recognized SP35 (Figure 2, lanes insoluble fraction also bound Avicel efficiently and selec-
0,p). This suggested that SP35 is encoded by tpah of tively, but only if it had been treated with glutathione (lanes
the psvA coding region. This was supported by amino acid g—n). This material showed partial binding to Sephadex
composition analysis, which can be a sensitive measure of(lanes m,n), as if it had not fully renatured. Approximately
protein identity 42) and showed a close match to the 2.5umol of the renatured N/C-fragment bound per gram of
predicted composition of codons 2391 of psvA (Figure Avicel at saturation, which is comparable to the binding of
6). The predictedi,, 28 834, is consistent with the measured known cellulose-binding proteingl8). These results con-
appareni, of 35 000. Since p58 is absent from spor2g)( firmed that SP85 binds Avicel. The cellulose-binding
and sequences from the®ding region of p58 but not SP35  activity of SP85 appeared to depend on protein folding, and
have been found in the Tsukuba cDNA cloning project, SP35 did not require the middle domain containing the C4C-1-
is probably proteolytically cleaved in the vicinity of codon repeat embedded within the TXPP repeat cluster, or glyco-
291 to yield SP35 during sporulation. sylation.
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stuvwxy?z

NB B NBBNBB NBBNB B NBB NB B NBB NBB NB BNB B NB B NBB

N/C-domain  + + + + ++ + +++ + o+t

C-domain + + o+ 4+

N-domain + + + + + + + +
Avicel + 4+ + + + + + + + 4+ + + + o+
Sephadex + 4+ + + + + + 4+ + + + 4+
CcB + o+

Western + ++ 4+ + + + + + + + + + + + + + 4+ + + F o+ 4+ o+
Soluble + o+ + + + + + + + +

Insofuble + + + + + + + + + + + + + + + +
Glutathione + o+ o+ o+ o+ o+ o+ + o+ o+ 4

Ficure 7: Binding of recombinant SP85 polypeptides to Avicel and Sephadex. Binding of N/C-construct (Figure 3D), and the separate
N-(Figure 3E) and C-terminal (Figure 3F) domains, to Avicel or Sephadex was assayed as in Figure 1, with detection either by Coomassie
Blue (CB) for total protein or anti-T7 antibody for the epitope tag. Extracts consisted either of the soluble, cytoplasmic fraction, or the
insoluble fraction after solubilization in urea and renaturation in the presence or absence of glutathione as indicatee.n.aBieslimg

of extracts expressing the N/C construct are shown; in some cases, especially when Avicel was absent, a truncated N-{efinagmaé (Xl

was also detected. Lanes-o Binding of extracts expressing the C-terminal fragment. Lanrexs sBinding of extracts expressing the
N-terminal fragment.

Table 3: Cellulase Activity during Germination and in Extracts of Post-Germination Coats

preparation amount drain time {s)
H,O 116
interspore matrix 139 protein 116
germination supernatant 8 protein 102
dialyzed urea extract of coat (& protein 79
30ug protein 45
60ug protein 49
DEAE fractions from dialyzed urea extrlct
-2 100uL 116
-1 100uL 101
0 100uL 60
+1 100uL 61
+2 100uL 78
DEAE fractions from non-dialyzed urea extract
-1 100uL 118
0 100uL 117
+1 100uL 115
+2 100uL 115
+3 100uL 115
+4 100uL 114
Trichoderma reesegellulase 1Qug 59
20ug 46

a Cellulase activity was inferred from the reduction in viscosity of a solution of carboxymethylcellulose, which was measured as the drain time
from a calibrated column; shorter drain times correlate with decreased viscosity and higher cellulase &€Etigitfractions are numbered to
facilitate comparison between different DEAEPLC trials. ‘0’ corresponds to the fraction most enriched in SP85. Neighboring fractions are
numbered relative to this position.

The expressed C-terminal fragment, found only in the Sephadex could be ascribed to its N-terminal domain, which

insoluble fraction, also bound Avicel (lanes-n, but only may not have fully renatured.
when it was treated with glutathione. The expressed soluble spg5 Copurified with a Cellulase after Germination
N-terminal fragment failed to bind Avicel (lanes-s), Since many known cellulose-binding proteins degrade cel-

consistent with observations on thefkagment above. The  |ulose @3—46) or bind to cellulases4(7, 48), we asked if
N-fragment derived from the insoluble fraction showed only SP85 or SP35 possessed or associated with cellulase activity
nonspecific binding to Sephadex and Avicel (lanesay in any of the extracts. Cellulase activity was measured by
even when treated with glutathione. Thus the Avicel binding a viscometric assay (Table 3), which measures the digestion
of the N/C-protein could be ascribed to its C-terminal of carboxymethylcellulose in solution, and a zymogram assay
domain, and the nonspecific binding of some fractions to (Figure 8), which measures the digestion of carboxymeth-
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A. DEAE B. Ur I

fractions NB_ Bnd
- +

Celt™

reducing agent by gel filtration or dialysis, the protein largely
remained soluble after centrifugation at 10006030 min#
This was consistent with earlier data showing that coat

G pG G pG
proteins secreted during suspension culture, in the absence
of spore differentiation, are solublég). However, when
.SP96 incubated with insoluble fragments of purified Avicel cel-
lulose under renaturing conditions, proteins associated to
» form an insoluble complex (Figure 1a,b). Incubation of coat
proteins renatured by gel filtration with a 100-fold mass
~SP60 excess of cellulose captured half of the protein, showing that
s

renaturation was efficient. The galuran, which was not
extracted by urea (Table 1), was thus not required for
cellulose-binding. All major protein species were bound
(Figure 1a), suggesting that reconstitution was similar to the
FiGURe 8: Zymogram analysis of cellulase activity in FPLC original process of coat formation. Proteins did not oind to
fractions and coat extracts. (A) DEAEPLC fractions of a dialyzed ~ Sephadex or Sepharose (Figure-1 thus demonstrating a

urea extract from post-germination coats were subjected to-SDS specificity consistent with the polysaccharide composition
PAGE and incubated in 1% carboxymethylcellulose for 2 h. After of the coat.

staining with Congo Red and destaining, cellulase activity and During th fth . s it b d
protein were visualized as yellow (light in the reproduction) and uring the course of these experiments It was observe

red (dark in the reproduction) bands, respectively. Fractions 0 and that proteins renatured by dialysis instead of gel filtration
+1 are most enriched in SP85, and is most enriched in SP96.  bound cellulose poorly although more efficiently than to
The fractions correspond to the similarly numbered fractions Sephadex or SepharoseSP35 was greatly depleted after
analyzed in Table 3. (B) Dialyzed urea extracts from post- ja\ysis and could be recovered from the cellulosic dialysis
germination spores (G) and gel-filtered urea extracts from pre- . . .

germination spores (pG) were separated into Avicel-bound (Bnd) Membrane by washing with SDS and reducing agentd

and nonbound (NB) fractions, and analyzed as in panel A. The this eluate was greatly enriched in SP35 and SP&%deed,
positions of the primary cellulase detected, Cell, and the coatthese two proteins were also the most enriched in the
proteins SP96 and SP60 are indicated. cellulose-binding fraction of coat extracts renatured by gel
filtration (Figure 1a,b). This suggested that binding of most

. o i . e coat proteins to cellulose might be indirect via SP35 and
negative staining with Congo Red, while proteins in the gel gpgg byt this model remains to be tested. In the present

are posmvel_y stained. . . . study, it was necessary to avoid dialysis and ultrafiltration
Of the various spore-associated fractions, cellulase activity through cellulosic membranes, except in the presence-8f 4
was detected only after germination, in the dialysis-renatured \; \,-ea to ensure protein rec’overy.

urea extracts of coats and the medium in which germination L
In another study, spore coat precursor proteins isolated

occurred (Table 3). As found previous¥9, 50), prior to - o

A . . from prespore cells exhibited poor binding to cellulose
germination, coat extracts (Figure 8B) and the interspore (Figure 1 of refl5). A possible explanation for the divergent
matrix from between spores (Table 3) exhibited little or no resgults is that collulgse-bindingpmay be developme?\tally
activity. Nearly all of the activity in the coat extract migrated regulated, as, e.g., p58 was not yet replaced by SP35,

with an apparenM of 75000 and could bind to Avicel Alternatively, low binding may have been due to inappropri-
(Figure 8B), and is referred to as Cell. Cell, which is \ativer. g may nay pprop
ate disulfide bond formation during prespore cell lygt} (

distinct from SP85 and SP35, is similar to a previously r the presence of nonionic detergents, which might interfere
described cellulase, CelA, which is synthesized and secreted’ 'S P i . 9 ' "9
with hydrophobic interactions which can underlie cellulose-

during germination§1). - -

Cell was detected after DEAE chromatography of the ureabmdmg 62-54). )
extract of post-germination coats when the extract was pre- >r 82 IS Encoded by pspBrhe M; 85 000 coat protein
dialyzed, coeluting with SP85 (Table 3). Since no activity v_vh|ch binds ceIIquse.|s equivalent to the previously identi-
was found in the absence of pre-dialysis (Table 3), coelution f|od_ SP85 coat proteind], also kn.own as P.SB’ base.d on

similar apparenM;, M, polymorphisms in different wild-

did not seem to reflect an intrinsic property of the cellulase i isol - ith
activity. Zymogram analysis showed that the cellulase WYP€ Strain isolates, apparent pl, and reactivity with mAbs

corresponded to Cell (Figure 8A). Thus SP85 and sp3s16-1 and MUD102. SP85 is encoded B, based ona
do not possess intrinsic cellulase activity, but SP85 may Perfect match of internal SP85 peptide sequences with

reconstitute a complex with Cell during dialysis which is translatedpspB sequences, and correlation of SPB

stable to ion-exchange chromatography. polymorphisms with sequence variationsB, in different
strains. psB was previously concluded not to encode a coat

DISCUSSION protein based on the absence of differences in coats from a
_ ) putativepsB~ strain @, 25). Based on the new information
Reconstitution of an Insoluble Coat Protein Complex jn this report showing that a region comprising 550 nts was

Required Cellulose Spore coats could be isolated from intact missing from the plasmid previously used to targetgbgB
spores after lysis in a French pressure cell, using the same

density gradient protocol as for coats released naturally by - Y and West C. M bished dat
ang, Y., an est, C. M., unpublishe ata.

germination. When total protein was extracted using urea 5 psB sequences from strains Ax3, WS576, and WS380B have

and reducing agent, the cellulose and galuran were retainedsengank accession numbers AF086071, AF066072, and AF066073,
in the residual shell (Table 1). After removal of urea and respectively.

ylcellulose overlayed on an SBPAGE gel as revealed by
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locus, it is not surprising that the previous gene targeting probably still produced by this strain.
strategy 25) was not successful. SP85 and SP35 Bound Cellulose in the Absence of Other
The DNA encoding the TXPP tetrapeptide repeats appearsProtein Interactions SP85 and SP35 each exhibited efficient
to be recombinogenic i&. coli as both previously reported  cellulose-binding activities after partial purification from pre-
library copies ofosB were missing the majority of the TXPP  germination coats (Figure 2d&, m—p). The renatured
tetrapeptide repeats, including the embedded middle domainactivities exhibited sharp specificity with respect to polysac-
C4C repeat and intron (for the genomic library copy) (Figure charide type. Binding was inhibited by urea, but not by 5
3B,C). This region also appears to be recombinogenic in mM EDTA. Since the FPLC fractions most enriched for
Dictyostelium as it is shorter by 2 or 3 TXPP repeats in SP35 or SP85 did not contain other Avicel-binding proteins
wild-type strains WS380B or WS576, respectively. This was with similar abundance on Coomassie Blue-stained SDS
previously predicted from a genetic analysis of {hegB PAGE gels, it is likely that these proteins bind directly to
locus @9), which is shown here to be equivalent to the Avicel. Cellulose-binding activity was also robust after
molecularly definedosB (14E6) locus 25), having coin- purification from post-germination coats (Figure-2igq—r),
cidentally been given the same name. Similar polymor- despite their binding to, rather than flowing through, the
phisms have been observed for anob@tyosteliumprotein DEAE column. This also suggested that cellulose-binding
containing tandem PTVT-tetrapeptide repeats, SP29 or PsAwas not due to a co-purifying protein. A polysaccharide
(40), and for vertebrate mucin genessy. component is unlikely to mediate binding as none seemed
Based on the revised sequencesfB, SP85 is proposed to be extracted from the coat by urea (Table 1). Avicel-
to contain three major domains separated by 17 and 11binding was not a property of all proteins, as SP96 (Figure
tandem TXPP tetrapeptide repeats, respectively (Figure 3A).2i,j,q,r), SP65 (Figure 2e,f), SP87 (Figure 2g,h), and the
The TXPP repeat clusters may serve as interdomain spacergntire dialyzed coat extréadid not bind. Nonbinding does
as suggested for similar sequences in other extracellularnot seem to result from failure to renature, because these
proteins 40, 44, 46). The N-terminal domain bears no proteins were able to bind after gel filtration of the original
obvious resemblence to other database sequences. Theoat extract (Figure 1a,b).
middle domain consists of a single C4C-type repeat with a  Since SP85 was not as completely purified from other
characteristic spacing of Cys-residues and predijétadns, proteins as SP35, SP85 domains were expressed from partial
and resembles the N-terminal subdomain of the EGF-motif ps@B cDNAs transfected intd. coli. The N/C construct
(4, 26). CAC-repeats are prevalent in all other known coat containing the N- and C-terminal domains bound Avicel
proteins #) and one is also found in a stalk matrix protein, efficiently and specifically (Figure 7en), verifying that other
staB (56). The cellulose-binding C-terminal domain contains coat components were not required. Binding activity could
four additional C4C-repeats, two of which are separated by be ascribed to the C-terminal domain (Figure-Tp The
a short basic proline-rich sequence which frequently separate<C-terminal domain contains 4 tandem C4C-repeats with
C4C-repeats in other coat proteid§.( The C-terminal third distinct sequences. The Cys-spacing of the C4C repeat is
of the C-terminal domain sequence is unique. TineB found in the fungal type | cellulose-binding domai6),
glycosylation modification may be applied to the TXPP- and the Cys-spacing of the fungal type | motif is present
repeat region as similar repeats are modified in this way in across two consecutive C4C repeats of SP85. These Cys-
another prespore cell protein, SP2®,(57). rich motifs may also be important for binding of SP85 to
SP35 Is Encoded by p&. SP35 was suggested to be cellulose, as Avicel-binding of the recombinant C-terminal
encoded by the single-coppg, 41) psvA locus based on  domain required renaturation in the presence of glutathione.
the identity of sequences from internal peptides of SP35 with  As cited above, the cellulose-binding activity of precoat
the conceptual translation product pévA. However, the proteins from extracts of prespore cells appeared to be
open reading frame gbsvA predicts a protein product of relatively weak, but was reportedly specific for cellulose
M, 53 015 after signal peptide cleavage, andv&rb8 000 relative to other polysaccharide particld$). This binding
protein, p58, has been detected in prespore cells by antibodiesictivity of total coat protein was found to be reduced even
raised against polypeptides corresponding to the N-terminalfurther in extracts from mutant strains which were lacking
and the C-terminal halve€). SP35 corresponds to the the coat proteins SP96 or SP70, and binding of SP85 was
5'-half of the coding region from codons 23 to approximately not observed. The results were interpreted to mean that a
291, based on its appareht, of 35000, its amino acid complete precoat complex is required for cellulose-binding
composition (Figure 6), reactivity with an antiserum raised activity. In contrast, proteins are incorporated normally into
against the N-terminal half (Figure 20,p) but not one against mutant coats in vivo4), and we have observed that proteins
the C-terminal half, and the positions of the amino acid extracted from mutant coats (strain TL56) exhibit efficient
sequences obtainegsyA was previously concluded to not  Avicel-binding activity in vitro®> While the reason for this
encode a coat protein based on the observation that p58 couldliscrepancy is not clear, the low level of cellulose-binding
not be detected after sporulation using the antibody againstexhibited by the proteins isolated from prespore cells may
the C-terminal half 26). The simplest explanation is that, not be directly comparable to the high levels of binding when
as prespore cells differentiate into spores, p58 is processedsolated from mature coats.
into SP35 which becomes a major component of the spore SP85 and SP35 Interact with Other Coat Proteins
coat. Based on the anti-H antibodies used, this would not Extensive interactions among all coat proteins except for
have been detected in the previous study. A strain in which SP75 have been previously described based on co-immu-
psvA is thought to be disrupted exhibited no obvious noprecipitation studies performed on extracts of prespore
phenotypeZ6) but, since aM, 31 000psvA-encoded protein  cells (L1—14), which contain all of the coat protein precursors
similar to SP35 was still produced, an SP35-like protein was and the galuran compartmentalized together in the prespore



10778 Biochemistry, Vol. 37, No. 30, 1998

vesicle @). These results provide an explanation for how 3.
binding of SP85 and/or SP35 to cellulose might result in
the binding of all other coat proteins (Figure 1a,b), although 4
these interactions have not been shown to occur in vyo ( 5
and remain to be demonstrated to exist at the time of
sporulation. 6.
The possibility that coat protein interactions are regulated
is suggested by several observations. Binding of SP85 and
SP35 to the DEAE column after but not before germination
is apparently not due to a change in these proteins, as their g
intrinsic apparent isoelectric points amdls do not vary.
Partial coelution from the DEAE column with SP96 and Cell
(Figure 8, Table 3) suggests that interaction of SP85 with
other proteins may be developmentally regulated. A separate 1q
type of regulation is suggested by the apparent processing
of p58 into SP35 before the coat is assembled. 11.
Cell, which was germination-specific, is probably equiva-
lent to the previously described CelA4, 51). An interac- 12.
tion with SP85 would be reminiscent of the cellulosome ;3
complex found in anaerobic bacteria, which consists of
cellulases and a noncatalytic, multidomain cellulose-binding 14.
protein called scaffoldin, which contains multiple binding
sites for other proteins and helps target the cellulase complex 15.
to cellulose 43, 46—48, 58). An analogous interaction of 16
CelA with SP85 may confer on it the ability, which it lacks
in isolation @4), to degrade crystalline cellulose in coats. 17.
Possible Functions of SP85 and SP3Bhe ability of SP85
to bind cellulose may explain its overlapping distribution 18.
with the cellulose layer of the coat in vivo as determined by ;4
immunoelectron microscopy3( 19). Since other coat 20
proteins failed to bind cellulose after purification and mostly
appear to reside in the outer regions of the coat beyond 21.
cellulose, it is possible that they bind indirectly via SP85
and/or SP35, perhaps by virtue of the previously described
coat protein complex. Our unpublished observation that coat o3
proteins bind cellulose poorly after SP35 and some SP85 24.
were depleted by dialysisalso supports this model. The  25.
intimate association of coat glycoproteins with cellulose may
be important for maintaining a permeability barrier to protect 26.
the coat from exogenous proteins or enzymes which might 57
digest it. Finally, SP85 may help target CelA to cellulose
after it is secreted during germination, thereby facilitating
breakdown of the wall prior to emergence of the amoeba. 28

22.
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