
US 20120178132A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2012/0178132 A1 

Yang et al. (43) Pub. Date: Jul. 12, 2012 

(54) ENDOGLUCANASES (60) Provisional application No. 61/165,312, ?led on Mar. 
31, 2009. 

(75) Inventors: Jie Yang, Foster City, CA (US); 
Andrew Shaw, Foster City, CA Publication Classi?cation 
(US); Ish Kumar DhaWan, Foster (51) I 

. _ nt. Cl. 

Clty’ CA .(US)’ 0mm” C12P 19/14 (2006.01) 
Campoplano, Hayward, CA (US); 
Kripa Rao San Mateo CA (US) C07K 19/00 (200601) 

’ ’ C12N 15/75 (2006.01) 

- _ . - C12N 1/21 (2006.01) 

(73) Asslgnee. (Clpgexls, Inc., Redwood City, CA CIZN 9/42 (200601) 
C12N 15/56 (2006.01) 

(21) Appl. No.: 13/323,724 (52) US. Cl. ..... .. 435/99; 435/209; 536/232; 435/320.1; 
435/252.31; 530/350 

(22) Filed: Dec. 12, 2011 
(57) ABSTRACT 

(63) 

Related US. Application Data 

Continuation of application No. 12/751,985, ?led on 
Mar. 31, 2010, noW Pat. No. 8,088,608. 

The present invention relates to variant endoglucanases and 
particularly endoglucanases having improved properties over 
Wild-type endoglucanase. 



Patent Application Publication Jul. 12, 2012 Sheet 1 0f 7 US 2012/0178132 A1 

FlGURE 1A 

Amino acid sequence of the Catalytic Domain of wild-type Strepiomyces avermitilis 
endoglucanase (native SavO-EG catalytic domain) (SEQ lD N011). 

DTSICEPFGSTTIQGRYVVQNNRWGTSEAQCITATDSGFRXTQADGSVPTNGAPKSYPSVY 
NGCHYTNCSPGTSLPAQLSTVSSAPTSZSYSYVSNAMYDAAYDIWLDPTPRTDGVNRTE1M 
VWFNKVGSVQPVGSQVG'I'ATVAGRQWQVWSGNNGSNDVLSFVAPSAITSWSFDVMDFVRQA 
VSRGLAQNSWYLTSVQAGFEPWQNGAGLAVTSFSSTVNT 

FlGURE 1B 

Amino acid sequence of the Catalytic Domain of wild-type Streptomyces avermitilis 
endoglucanase including the amino-terminal spacer (COX-SavOCat) (SEQ lD NO: 
2) 

D'I’SMDTSICEPFGSTTIQGRYVVQNNRWGTSEAQCITATDSGFRITQADGSVPTNGAPKSY 
PSVYNGCHYTNCSPGTSLPAQLSTVSSAPTSISYSYVSNAMYDAAYDIWLDPTPRTDGVNR 
TEIMVWFNKVGSVQPVGSQVGTATVAGRQWQVWSGNNGSNDVLSFVAPSAITSWSFDWDF 
VRQAVSRGLAQNSWYLTSVQAGFEPWQNGAGLAVTSFSS'IVNT 

FEGURE 1C 

Wild-type Streptomyces avermiz‘ilis endoglucanase (SavO EG) (GenBank accession 
NP_821730) The signal peptide is underlined and the linker and GED are 
underlined and in bold (SEQ ID NO: 3) 

MRPSPPHARSARGLFGALLTALVSLAALLTTASVAQADTSICEPFGSTTIQGRYVVQNNRW 
G'I‘SEAQCITATDSGFRITQADGSVPTNGAPKSYPSVYNGCHYTNCSPGTSLPAQLSTVSSA 
PTSISYSYVSNAMYDAAYDIWLDP'I‘PRTDGVNRTEIMVWFNKVGSVQPVGSQVGTATVAGR 
QWQVWSGNNGSNDVLSFVAPSAI'I'SWSFDVMDFVRQAVSRGLAQNSWYLTSVQAGFEPWQN 
GAGLAVTSFSSTVN'I'GGGNPGDPGSPTACKVAYATNVWQGGFTADVTVTNTGSSPVNGWKL 
AFTLPAGQQITSSWSAGVSPSSGAVTASSLAYNAQIATGGRVSFGFQGSYSGTFAAPAGFS 
LNGAACTTA 
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FIGURE 2A 

SEQ iD NO: 4 comprising the codon optimized Streptomyces avermitiiis 
endogiucanase polynucieotide which inciudes the catalytic domain represented by 
nucleic acids H566, a linker and ceiiuiose binding domain (CBM) represented by 
nucleic acids 667-1017. The iinker and 08M are in bold and underlined. 

GATACT'I'CTATTTGTGAACCATTTGGATCTACTACAATCCAAGGACGCTATGTAGTACAGA 

ATAATCGTTGGGGCACAAGTGAAGCTCAATGTATAACAGCAACCGATTCAGGATTCCGCAT 

TACCCAAGCGGATGGTTC‘I'GTACCAACGAATGGTGCTCCTAAATC‘TTATCCAAGTGTC’TAT 

AACGGATGTCATTATACAAATTGCTCTCC’I'GGGACGTCGCTTCCAGCCCAATTATCAACAG 

TTTCATCTGCTCCAACATCTATTAGTTATTCTTACGTGTCAAATGCCATGTATGATGCCGC 

GTACGACA’FF‘I’GGT‘I'AGA‘I'CCAACACCGCGCACAGATGGTG‘I'AAA'I'CGAACAGAAATCATG 

GTGTGGTTTAATAAAGTAGGCAGCGTGCAGCCAGTAGGATCTCAAGTAGGTACGGCTACGG 

TGGCAGGCCGACAATGGCAGGTTTGGTCAGGAAATAACGGATCTAATGATGTGCTTAGTTT 

CGTAGCTCCAAGTGC‘C‘ATTACTTCATGGTCTTTTGATGTAATGGACTTTGTTCGTCAAGCC 

GTTAGTCGCGGATTAGCTCAAAACTCTTGGTATTTGACATCTG’TCCAAGCTGGATTTGAAC 

CGTGGCAGAATGGCGCTGGACTAGCAGTAACTTCTTTTTCGTCTACGGTAAACACTGGAGG 

CGGCAATCCAGGAGATCCGGGATCTCCTACTGCTTGCAAAGTTGCTTATGCAACGAATGTT 

TGGCAAGGTGGATT'I'ACGGCTGACGTAACTGTAACGAATACAGGGTCCTCACC‘I'GTCAATG 

GATGGAAACTTGCITTTTACG'I'TACCAGCAGGCCAACAAATTACTTCGTCTTGGTCAGCAGG 

AGTATCTCCGTCATCTGGAGCAGTGACAGCTTCTAGCCTTGCATACAATGCACAAATTGCA 

ACCGGGGGACGTGTATCATTTGGATTTCAAGGTAGTTATTCTGGCACATTTGCAGCACCTG 

CAGGTTTTTCTTTAAATGGGGCTGCTTGCACAACGGCATGA 
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FIGURE 28 

SEQ ID NO: 5 comprising an N~terminal spacer (bases ‘M2, described in Example 
1) plus the codcn optimized full-length Streptomyces avermitilis endoglucanase 
polynucieolide. The N~terminal spacer plus the catalytic domain are represented by 
nucleic acids i-678. The linker and cellulose binding domain (CBM) are 
represented by nucleic acids 6794029. The N~terminal spacer sequence is 
itaiicized and underlined. The linker and CBM are in bold and underlined. 

GATACTAGTATGGATACTTCTATTTGTGAACCA’I‘TTGGATCTACTACAATCCAAGGACGCT 

ATGTAGTACAGAATAATCGTTGGGGCACAAGTGMGCTCMTGTATZQXCAGCAACCGATTC 

AGGATTCCGCATTACCCAAGCGGATGGTTCTG‘I‘ACCAACGAATGGTGCTCCTAAATCTTAT 

CCAAGTGTCTATAACGGATGTCATTATACAAATTGCTCTCCTGGGACGTCGCTTCCAGCCC 

AATTATCAACAGTTTCATCTGCTCCAACATCTATTAGTTATTCTTACG'I’GTCAAATGCCAT 

GTATGATGCCGCGTACGACATTTGGTTAGATCCAACACCGCGCACAGATGGTGTAAATCGA 

ACAGAAATCATGGTGTGGTTTAATAAAGTAGGCASCGTGCAGCCAGTAGGATCTCAAGTAG 

G’I‘ACGGCTACGGTGGCAGGCCGACAATGGCAGGTTTGGTCAGGAAATAACGGATCTAATGA 

TG’TGCTTAGTTTCGTAGCTCCAAGTGCCATTACTTCATGGTCT'I‘TTGATGTAA‘TGGACTTT 

GTTCGTCAAGCCGTTAGTCGCGGATTAGCTCAAAACTCTTGGTATTTGACATCTGTCCAAG 

C’I'GGATTTGAACCGTGGCAGAATGGCGCTGGACTAGCAGTAACTTCTTTTTCGTCTACGGT 

AAACACTGGAGGCGGCAATCCAGGAGATCCGGGATC'Z'CCTACTGCTTGCAAAGTTGCTTAT 

GCAACGAATGTT'I’GGCAAGGTGGATTTACGGCTGACGTAACTGTAACGAATACAGGGTCCT 

CACC‘I'GTCAATGGATGGAAACTTGCT‘I'TTACGTTACCAGCAGGCCAACAAATTACT‘I'CGTC 

'I'TGGTCAGCAGGAGTATCTCCGTCATCTGGAGCAGTGACAGCTTCTAGCCTTGCA‘I‘ACAAT 

GCACAAATTGCAAC'CGGGGGACGTGTATCATTTGGATTTCAAGGTAG‘I'TA‘I'TC'I‘GGCACAT 

TTGCAGCACCTGCAGGTT’I‘TTCTTTAAATGGGGCTGCTTGCACAACGGCATGA 



Patent Application Publication Jul. 12, 2012 Sheet 4 0f 7 US 2012/0178132 A1 

FEGURE 3 
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FlGURE 4 
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FlGURE 5 
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ENDOGLUCANASES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of application Ser. 
No. 12/751,985 ?led Mar. 31, 2010, Which claims bene?t of 
provisional application No. 61/165,312 ?led Mar. 31, 2009. 
The entire contents of each application are incorporated 
herein by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates to variant endoglucanase 
polypeptides and to neW methods for sacchari?cation. 

BACKGROUND OF THE INVENTION 

[0003] Cellulosic biomass is a signi?cant reneWable 
resource for the generation of sugars. Fermentation of these 
sugars can yield numerous end-products such as fuels and 
chemicals. While the fermentation of sugars to fuels such as 
ethanol is relatively straightforWard, the hydrolytic conver 
sion of cellulosic biomass to fermentable sugars such as glu 
cose, generally referred to as “sacchari?cation,” is dif?cult 
because of the crystalline structure of cellulose and its close 
association With lignin (Ladisch et al., 1983, Enzyme Microb. 
Technol. 5:82). Pretreatment, by methods including, but not 
limited to, mechanical and chemical treatments increases the 
susceptibility of cellulose to hydrolysis, presumably by 
breaking the lignin seal and disrupting the crystalline cellu 
lose structure. This step may be folloWed by the enzymatic 
conversion of cellulose to glucose, cellobiose, cello-oligosac 
charides and the like using enzymes that break [3-1-4 glyco 
sidic bonds of cellulose. These enzymes are collectively 
referred to as “cellulases.” 

[0004] Cellulases are divided into three sub-categories of 
enzymes: 1,4-[3-D-glucan glucanohydrolase (“endogluca 
nase” or “EG”); 1,4-[3-D-glucan cellobiohydrolase (“exoglu 
canase”, “cellobiohydrolase”, or “CBH”); and [3-glucosidase 
(“[3-D-glucoside-glucohydrolase”, “cellobiase” or “BG”). 
See Methods in Enzymology, 1988, Vol. 160, p. 200-391 
(Eds. Wood, W. A and Kellogg, S. T.). These enzymes act in 
concert to catalyze the hydrolysis of cellulose containing 
substrates. Endoglucanases randomly attack the interior parts 
and mainly the amorphous regions of cellulose, mostly yield 
ing shorter cellulose chains. Exoglucanases incrementally 
shorten the glucan molecules by binding to the glucan ends 
and releasing mainly cellobiose, a Water-soluble [3-1,4-linked 
dimer of glucose, from the ends of the cellulose polymer. 
[3-glucosidases split the cellobiose into tWo units of glucose. 
[0005] Most cellulases have a multidomain structure con 
sisting of a core domain separated from a cellulose binding 
domain (CBD) by a linker peptide (Suumakki et al., 2000, 
Cellulose 7: 189-209). The core or catalytic domain contains 
the active site (van Tilbeurgh et al., 1986, FEBS Len. 16:215; 
Tomme et al., 1988, Eur. J. Biochem. 170:575-81). 
[0006] There are several types of microorganisms that pro 
duce cellulases. These include fungi, actinomycetes, and bac 
teria. Cellulases from strains of the ?lamentous fungi Tricho 
derma sp., Penicillium sp., Myceliophlhora sp. and 
Chrysosporium sp. have been particularly productive in 
hydrolyzing cellulose, and cellulases derived from these 
strains have been previously used to hydrolyze cellulose. 
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HoWever, the cost of producing these enzymes along With 
their hydrolytic ine?iciency under certain industrial condi 
tions has been a draWback. 
[0007] In order to maximize the hydrolysis of cellulosic 
substrates and enable commercial routes to end-product pro 
duction (e.g., biofuels), it Would be highly desirable to 
develop neW cellulases and particularly neW endoglucanases 
useful in the sacchari?cation of biomass. The invention 
described herein ful?lls these and other needs, as Will be 
apparent upon revieW of the folloWing disclosure. 
[0008] In addition to being useful in the hydrolysis of bio 
mass feedstock, cellulases have other industrial applications. 
Cellulases are useful in the pulp and paper industry, the textile 
industry, as detergent components, and as additives in animal 
feeds. The cellulases of the present invention may be useful in 
these applications as Well. 

BRIEF SUMMARY OF THE INVENTION 

[0009] In one aspect, this invention provides variant endo 
glucanases having improved properties. In some aspects, the 
variant endoglucanases are superior to naturally occurring 
endoglucanases under conditions required for sacchari?ca 
tion of cellulosic feedstock. 
[0010] In a second aspect, the invention provides improved 
methods for sacchari?cation of cellulosic feedstock. In these 
methods the yield stress of a cellulose-containing mixture is 
reduced by treatment With endoglucanase, folloWed by treat 
ment With other cellulase enzymes. 
[0011] In yet another aspect, the invention provides signal 
peptides that are useful for expression and secretion of het 
erologous proteins, such as endoglucanses, in host cells, such 
as Bacillis species. 
[0012] In one aspect, the invention relates to an isolated 
variant endoglucanase comprising a catalytic domain With at 
least about 70%, at least about 80%, at least about 85%, at 
least about 88% identity, or at least about 89%, 90%, 91%, 
92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99%. identity to 
SEQ ID NO:1 and an amino acid substitution or deletion at 
one or more of the folloWing positions D1, S10, T12, Q14, 
G15, A29, T33, D36, S37, I41, Q43, V48, T50, N51, A53, 
V60, N68, S74, A77, Q78, L79, S80, T81, V82, S83, Y91, 
S95, M98, A102, T110, R118, I121, V131, S136, A141, 
T142, Q147, S152, A165, S167, S171, Q182, V184, S185, 
G187, L188, Q190, N191, V198, P204, Q206, N207, T219 
and/or T222 in SEQ ID NO: 1. In one embodiment, the variant 
endoglucanases Will have improved enzymatic performance 
compared to the enzymatic performance of the endogluca 
nase ofSEQ ID NO: 1 or SEQ ID NO: 2 under desired pH and 
temperature conditions. In some embodiments, the pH con 
ditions Will be in the range of pH 3 to 10. In one embodiment, 
the pH conditions Will be in the range of pH 4.0 to 5 .5. In other 
embodiments, the temperature conditions Will be in the range 
of 60° C. to 75° C., 60° C. to 80° C., 70° C. to 85° C., 75° C. 
to 90° C., or 75° C. to 95° C. In some embodiments the 
catalytic domain has at least 88% identity to SEQ ID NO:1. 
[0013] In a further aspect, the invention relates to an iso 
lated variant endoglucanase comprising a substitution at a 
position corresponding to one or more of residues D1(E/G/ 

V), S10(F/H/L/T/W/Y), T12(I/V), Q14(E/K/L/P), G15N, 
A29(H/K/L/P/R/T), T33(A/E/H/I/L/Q/R/V), D36Y, S37E, 
I41V, Q43(E/K/L/M/R/V), V48K, T50(L/P), N51(H/K/S), 
A53(G/P), V60I, N68(H/I/K/L/V), S74(A/E/H/K/L/N/P/Q/ 
R/T/V), A77V, Q78K, L79I, S80K, T81(K/N/Q/R/S), V82I, 
S83(E/I/R/V), Y91(C/F), S95(D/H/K/N/T), M98(I/K/Q/T/ 
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V), A102S, T110(E/K), R118(K/Q), I121L, V131(E/I/M), 
S136(D/E/H/K/R/T/V), A141(D/S/T), T142(C/F/H/M/N/S/ 
V/W), Q147(R/S), S152(I/L/M/V), A165S, S167(D/I), 
S171T, Q182(I/V),V184F, G187E, L188F, Q190(D/H), S185 
(D/E/G/H/I/K/L/N/Q/R/T/V/Y), N191(P/Q/Y), V198I, 
P204L, Q206(E/R/S/V), N207(D/G), T219(A/C/D/E/Q), 
and/or T222K in SEQ ID NO:1. In some embodiments the 
variant endonuclease comprises a catalytic domain With at 
least about 70%, at least about 80%, at least about 85%, at 
least about 88% identity, or at least about 89%, 90%, 91%, 
92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% identity to 
SEQ ID N011 and one of more of the substitutions above. In 
some embodiments the catalytic domain has at least 88% 
identity to SEQ ID NO: 1. 
[0014] In other aspects, the invention relates to an isolated 
endoglucanase With a catalytic domain comprising at least 
80% sequence identity to the Slreplomyces avermililis endo 
glucanase catalytic domain (SEQ ID NO:1); and an amino 
acid substitution at a position corresponding to one or more of 

positions D1, S10, T12, Q14, G15, A29, T33, D36, S37, I41, 
Q43, V48, T50, N51, A53, V60, N68, S74, A77, Q78, L79, 
S80,T81,V82, S83,Y91, S95,M98,A102,T110,R118,I121, 
V131, S136, A141, T142, Q147, S152, A165, S167, S171, 
Q182, V184, S185, G187, L188, Q190, N191, V198, P204, 
Q206, N207, T219 and/or T222 in SEQ ID NO:1. In some 
embodiments the variant endoglucanase polypeptide is 
derived from, and has improved catalytic activity relative to, 
a catalytic domain homolog of SEQ ID NO:1. In some 
embodiments the variant endoglucanase polypeptide 
includes a cellulose binding domain. In some embodiments 
the endoglucanase catalytic domain and the cellulose binding 
domain are from the same parent endoglucanase. In some 
embodiments the variant endonuclease comprises a catalytic 
domain about at least about 88% identity, or at least about 
88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 
98%, or 99% identity to SEQ ID NO:1. 
[0015] In other aspects, the invention relates to an isolated 
endoglucanase including the sequence of SEQ ID NO: 7 or a 
variant of SEQ ID NO: 7 having at least 95% sequence iden 
tity to SEQ ID NO7 and one or more amino acid substitutions 
in a position corresponding to positions T12, V48, N68, Q78, 
L79, T81, S152, S185, and/or Q206 in SEQ ID NO: 7. 
[0016] In some embodiments the variant endonuclease 
comprises a catalytic domain With at least about at least about 
88% identity, or at least about 89%, 90%, 91%, 92%, 93%, 
94%, 95%, 96%, 97%, 98%, or 99%identity to SEQ ID NO:8. 
[0017] In another aspect, the invention relates to a poly 
nucleotide sequence encoding an isolated variant endogluca 
nase polypeptide of the invention, for example comprising a 
catalytic domain With at least about 70%, at least about 80%, 
at least about 85%, at least about 88% identity, or at least 
about 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 
98%, or 99%. identity to SEQ ID NO:1 and an amino acid 
substitution or deletion at one or more of the folloWing posi 

tionsD1, S10,T12, Q14, G15,A29,T33,D36, S37, I41, Q43, 
V48, T50, N51, A53, V60, N68, S74, A77, Q78, L79, S80, 
T81, V82, S83, Y91, S95, M98, A102, T110, R118, I121, 
V131, S136, A141, T142, Q147, S152, A165, S167, S171, 
Q182, V184, S185, G187, L188, Q190, N191, V198, P204, 
Q206, N207, T219 and/or T222 in SEQ ID NO:1. In some 
embodiments the catalytic domain has at least 88% identity to 
SEQ ID NO: 1. 
[0018] In a further embodiment, the invention relates to a 
polynucleotide sequence Which encodes a variant endogluca 
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nase having an amino acid substitution at a position corre 
sponding to one or more of residues D1(E/G/V), S10(F/H/L/ 
T/W/Y), T12(I/V), Q14(E/K/L/P), G15N, A29(H/K/L/P/R/ 
T), T33(A/E/H/I/L/Q/R/V), D36Y, S37E, I41V, Q43(E/K/L/ 
M/R/V), V48K, T50(L/P), N51(H/K/S), A53(G/P), V60I, 
N68(H/I/K/L/V), S74(A/E/H/K/L/N/P/Q/R/T/V), A77V, 
Q78K, L79I, S80K, T81(K/N/Q/R/S), V82I, S83(E/I/R/V), 
Y91(C/F), S95(D/H/K/N/T), M98(I/K/Q/T/V),A102S,T110 
(E/K), R118(K/Q), I121L, V131(E/I/M), S136(D/E/H/K/R/ 
T/V), A141(D/S/T), T142(C/F/H/M/N/S/V/W), Q147(R/S), 
S152(I/L/M/V), A165S, S167(D/I), S171T, Q182(I/V), 
V184F, G187E, L188F, Q190(D/H), N191(P/Q/Y), S185(D/ 
E/G/H/I/K/L/N/Q/R/T/V/Y), V198I, P204L, Q206(E/R/S/ 
V), N207(D/G), T219(A/C/D/E/Q), and/or T222K in SEQ ID 
NO:1. In some embodiments the variant endonuclease com 
prises a catalytic domain With at least about 70%, at least 
about 80%, at least about 85%, at least about 88% identity, or 
at least about 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 
97%, 98%, or 99% identity to SEQ ID NO:1 and one ofmore 
of the substitutions above. 
[0019] In some embodiments, the invention relates to an 
isolated variant endoglucanase comprising a catalytic domain 
With at least about 70%, at least about 80%, at least about 
85%, at least about 88% identity, for example, or at least about 
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 
99% identity to SEQ ID NO:3. 
[0020] In yet another aspect, the invention relates to a vec 
tor comprising a polynucleotide described herein operably 
linked to a promoter. 

[0021] In a further aspect, the invention relates to a host cell 
transformed With a polynucleotide or vector encoding a vari 
ant endoglucanase as described herein. In some embodi 
ments, the host cell is a ?lamentous fungal cell and in other 
embodiments the host cell is a bacterial cell such as a Bacillus 
cell. In still a further aspect, the invention relates to a method 
of producing a variant endoglucanase as described herein 
comprising culturing a host cell transformed With a vector 
encoding a variant endoglucanase under conditions suf?cient 
to produce the endoglucanase and obtaining the produced 
endoglucanase. 
[0022] In other aspects, the invention relates to a method of 
converting biomass to fermentable sugars comprising con 
tacting a variant endoglucanase as described herein With a 
biomass substrate under suitable conditions to produce fer 
mentable sugars. In one embodiment, the fermentable sugars 
are contacted either separately or concurrently With a micro 
organism in a fermentation to produce end-products. In a 
further embodiment, the microorganism is a yeast and the 
end-product is an alcohol (e.g., ethanol). In yet another 
embodiment the fermentation is a simultaneous sacchari?ca 
tion and fermentation process (SSF) and in other embodi 
ments the sacchari?cation and fermentation steps are con 
secutive. 

[0023] In additional aspects, the invention relates to 
enZyme compositions comprising a variant endoglucanase of 
the present invention. In some embodiments, the enZyme 
composition is used in a composition for a sacchari?cation 
application. In some embodiments, the enZyme composition 
is used in an application for treating textiles. In further 
embodiments, the enZyme composition is used in an applica 
tion for treating pulp or paper. In yet other embodiments, the 
enZyme composition is used in a cleaning application (eg a 
detergent composition). In other embodiments, the enZyme 
composition may be used as a feed additive. In additional 
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embodiments, the enzyme composition comprising a variant 
endoglucanase of the invention Will include other enzymes 
(eg one or more other cellulases). 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] FIG. 1 depicts (A) the amino acid sequence com 
prising the catalytic domain (CatD) of Wild-type Streptomy 
ces avermililis endoglucanse (EG) (SEQ ID NO: 1); (B) the 
amino acid sequence of “CDX-SavOcat” (SEQ ID NO: 2), 
Which is the Wild-type Slreplomyces avermililis EG CatD, as 
modi?ed by addition of an N-terminal spacer DTSM (SEQ ID 
NO: 16); and (C) the amino acid sequence of Wild-type Strep 
Zomyces avermililis EG, Which includes a signal peptide and 
cellulose binding domain having GenBank accession 
NPi821730 (SEQ ID NO: 3). 
[0025] FIG. 2 depicts (A) SEQ ID NO: 4 Which is a codon 
optimiZed polynucleotide sequence coding for native Strep 
Zomyces avermililis EG catD and cellulose binding domain, 
and (B) SEQ ID NO: 5 Which is the codon optimiZed poly 
nucleotide sequence coding for Wild-type Slreplomyces aver 
mililis EG catD and cellulose binding domain With an N-ter 
minal spacer provided. 
[0026] FIG. 3 illustrates the activity pro?le of CDX-SavO 
cat (SEQ ID NO: 2) at 50° C., 60° C., and 70° C., and pH 
(4.4-6.8) using Avicel (200 g/L) as a substrate under high 
throughput conditions. The production of cellobiose and glu 
cose Was measured by HPLC. CDX-SavOcat (SEQ ID NO: 2) 
exhibited optimum activity at pH 5 and 50° C., and detectable 
endoglucanse activity Was observed at pH 4.4 and 70° C. 
[0027] FIG. 4 illustrates the production of cellobiose and 
glucose over 48 hrs by various SavO EG variants. Conditions: 
200 g/l Avicel, pH 4, 70° C. N:3, Error bars represent :1 
standard deviation. 
[0028] FIG. 5 shoWs production of glucose over 48 hrs by 
the CDX-SavOcat (SEQ ID NO: 2) and SavO variant 5 (SEQ 
ID NO: 8). Conditions: 200 g/l Avicel, pH 5, 65° C. N:3, 
Error bars represent :1 standard deviation. 
[0029] FIG. 6 shoWs high levels of production of a SavO 
endoglucanase variant linked to a B. megalerium signal pep 
tide (SEQ ID NO: 9). Positive control: B. megalerium opti 
miZed signal peptide. Assay conditions: 5 mM pNPC, pH 5, 
45° C. for 1 hr. 

DETAILED DESCRIPTION 

I. OvervieW 

[003 0] Current methods for production of ethanol and other 
valuable compounds from cellulosic feedstock generally 
requires three processes: 
[0031] a) Pretreatment of the feedstock; 
[0032] b) Hydrolysis of cellulose in the feedstock to pro 
duce soluble sugars (sacchari?cation); 
[0033] c) Fermentation of the sugars to produce a desired 
product, and recovery of the product. 
The present invention relates, in part, to the second process, 
enZymatic hydrolysis of cellulose in the pre-treated feedstock 
to produce fermentable soluble sugars. Section II, beloW, 
provides de?nitions of selected terms used in this disclosure. 
In Section III, beloW, a novel sacchari?cation process is 
described in Which, inter alia, an endoglucanase is combined 
With cellulosic biomass and subsequently treated With other 
cellulase enZymes. In Section IV, variant endoglucanse pro 
teins With desirable properties are described. These endoglu 
canases may be used in the sacchari?cation process described 
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in Section III, as Well as for many other purposes. Section IV 
also describes a signal peptide sequence that, When fused to a 
heterologous polypeptide sequence, results in high levels of 
secretion from bacterial hosts such as Bacillus species, and 
particularly B. megalerium. The signal peptide may be used 
for production of endoglucanses described in Section III, as 
Well as for expression of other cellulases and non-cellulase 
proteins. Section V provides experimental examples, includ 
ing methods that may be used in carrying out the invention. 
[0034] It Will be understood that the speci?cation is orga 
niZed into separate sections solely for clarity, and that disclo 
sures in any section may be combined With disclosures in any 
other section(s). For example, the feedstocks listed in Section 
II may be used in the processes described in Section III, the 
processes described in Section III may be carried out using 
the EG variants described in Section IV, etc. 

II. De?nitions 

[0035] Unless de?ned otherWise, all technical and scien 
ti?c terms used herein generally have the same meaning as 
commonly understood by one of ordinary skill in the art to 
Which this invention belongs. Generally, the nomenclature 
used herein and the laboratory procedures in analytical chem 
istry, cell culture, molecular genetics, organic chemistry and 
nucleic acid chemistry and hybridization described beloW are 
those Well knoWn and commonly employed in the art. Stan 
dard techniques are used for nucleic acid and peptide synthe 
sis. Generally, enZymatic reactions and puri?cation steps are 
performed according to the manufacturer’s speci?cations. 
[0036] The invention makes use of various conventional 
methods in molecular biology, cell culture, rheology, and 
enZymology. For techniques used in genetic engineering, see, 
e.g., Sambrook et al., 2001, Molecular Cloning: A Labora 
Zory Manual, 3rd Ed., Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, NY. and Ausubel, ed., Current Prolo 
cols in Molecular Biology, 1990-2008, John Wiley Inter 
science. Standard techniques, or modi?cations thereof, are 
used for chemical syntheses and chemical analyses. 
[0037] “Biomass,” “cellulosic substrate,” “cellulosic feed 
stock,” and “feedstock” are used interchangeably herein to 
refer to materials that contain cellulose. Biomass can be 
derived from plants, animals, or microorganisms, and may 
include agricultural and forestry residues, industrial Wastes, 
and terrestrial and aquatic crops groWn for energy purposes. 
Examples of biomass include, but are not limited to, corn 
grain, corn cobs, crop residues such as corn husks, corn 
stover, grasses, Wheat, Wheat straW, barley, barley straW, hay, 
rice straW, sWitchgrass, Waste paper, sugar cane bagasse, sor 
ghum, soy, components obtained from milling of grains, 
trees, branches, roots, leaves, Wood chips, saWdust, shrubs 
and bushes, vegetables, fruits, and ?oWers. 
[0038] A “pretreated cellulosic feedstock” is a cellulose 
containing material treated using methods knoWn in the art, 
such as chemical, physical and biological pretreatments (e. g., 
mechanical breaking, steam explosion, pulping, grinding, 
acid hydrolysis, solvent expo sure, and the like) to increase the 
susceptibility of cellulose to hydrolysis. 
[0039] “SavO EG” refers to Slreplomyces avermililis endo 
glucanase. 
[0040] “Catalytic Domain” or “CatD” refers to the struc 
tural region of a polypeptide Which includes the active site for 
substrate hydrolysis. The amino acid sequence of the Strep 
Zomyces avermililis endoglucanase “SavO-EG” of SEQ ID 
NO:1 includes the CatD. 
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[0041] The term “cellulase” refers to a category of enzymes 
capable of hydrolyzing cellulose ([3-1,4-glucan or [3-D-glu 
cosidic linkages) to shorter cellulose chains, oligosaccha 
rides, cellobiose and/or glucose. 
[0042] “Endoglucanase” or “EG” refers to a class of cellu 
lases (EC.3.2.1.4) that hydrolyze internal [3-1,4 glucosidic 
bonds of cellulose. 
[0043] “Exoglucanase”, “exo-cellobiohydrolase” or 
“CBH” refers to a class of cellulases (EC. 3.2.1.91) that 
hydrolyze cellobiose from the reducing or non-reducing end 
of cellulose. 
[0044] “Beta-glucosidase” or “cellobiase” or “BGL” refers 
to a [3-glucosidase glucohydrolase (EC. 3.2.1.21) that cata 
lyzes the hydrolysis of cellobiose to glucose. 
[0045] A “complete cellulase” or a “cellulase mixture” 
refers to composition comprising CBH, EG and BGL cellu 
lases. Cellulase mixtures are knoWn (see, e.g., Viikari et al., 
2007, “Thermostable enzymes in lignocellulose hydrolysis” 
Adv Biochem Eng Biolechnol 108:121-45, and US Pat. pub 
lications US 2009/0061484, US 2008/0057541, and US 
2009/0209009 to Iogen Energy Corp., each of Which is incor 
porated herein by reference for all purposes. Other examples 
include cellulases from, for example, Trichoderma reesei, 
Acidolhermus cellulolylicus, T hermobl?da fusca, Humicola 
grisea, Myceliophlhora lhermophilia and Chrysosporium 
sp.), combinations of engineered cellulase enzymes, and 
commercially available cellulase mixtures (e.g., ACCELLE 
RASETM 1000 (Danisco) ACCELLERASETM 1500 (Da 
nisco), CELLIC CTEC2 (Novozymes)). 
[0046] “Coding sequence” refers to that portion of a nucleic 
acid that encodes for an amino acid sequence of a protein. 
[0047] The term ‘contacting” refers to the placing of a 
respective enzyme or respective microbe in suf?ciently close 
proximity to a respective substrate to enable the enzyme or 
microorganism to convert the substrate to a product. Those 
skilled in the art Will recognize that mixing a solution of an 
enzyme or a culture of microorganisms With the respective 
substrate Will effect contacting. 
[0048] The terms “culturing” and “cultivation” refer to 
groWing a population of microbial cells under suitable con 
ditions in a liquid or solid medium. In some embodiments, 
culturing refers to fermentative bioconversion of a cellulosic 
substrate to an end-product. 
[0049] “Deletion” refers to modi?cation of a polypeptide 
by removal of one or more amino acids compared to a refer 
ence polypeptide. 
[0050] “Detergent” refers to a mixture that is intended for 
use in a Wash medium for the laundering of soiled fabrics. 
Such compositions may include, in addition to cellulases and 
surfactants, additional hydrolytic enzymes, builders, bleach 
ing agents, bleach activators, bluing agents and ?uorescent 
dyes, caking inhibitors, masking agents, cellulase activators, 
antioxidants, and solubilizers. 
[0051] As used herein the term “expression” includes any 
step involved in the production of a polypeptide including but 
not limited to, transcription, post-transcriptional modi?ca 
tion, translation, post-translational modi?cation and secre 
tion. 
[0052] “Feed additive” refers to the use of cellulases for the 
treatment of animal feed for purposes knoWn in the art, e. g., to 
enhance food products and reduce ?ber in grain during the 
grain Wet milling process or dry milling process. 
[0053] “Sacchari?cation” refers to the process in Which 
substrates (e.g., cellulosic biomass) are broken doWn via the 

Jul. 12, 2012 

action of cellulases to produce fermentable sugars (e.g. 
monosaccharides such as but not limited to glucose). “Sac 
chari?cation” also refers to the process in Which cellulosic 
substrates are hydrolyzed to produce soluble sugars (glucose 
and cellobiose). 
[0054] “Fermentable sugars” means simple sugars 
(monosaccharides, disaccharides and short oligosaccharides) 
such as but not limited to glucose, xylose, galactose, arabi 
nose, mannose and sucrose. 

[0055] The term “soluble sugars” is used herein to refer to 
cellobiose and glucose. 
[0056] As used herein, the term “fermentation” is used 
broadly to refer to the cultivation of a microorganism(s) that 
use simple sugars, such as fermentable or soluble sugars, as 
an energy source to obtain a desired product. 

[0057] “Host cell” refers to a suitable host for an expression 
vector comprising DNA encoding a heterologous protein, 
such as a variant EG encompassed by the invention, and the 
progeny thereof. Host cells useful in the present invention are 
generally prokaryotic or eukaryotic hosts, including any 
transformable microorganism in Which expression can be 
achieved. 

[0058] “Improved enzymatic performance” and “increased 
catalytic activity” refer to an improved property of the variant 
endoglucanase polypeptides, Which can be represented by a 
statistically signi?cant increase in speci?c activity (e. g., 
product produced/time/Weight protein) or a statistically sig 
ni?cant increase in percent conversion of the substrate to the 
product as compared to the reference endoglucanase enzyme 
at conditions speci?ed by pH and temperature as desired. 
Exemplary methods to determine enzyme activity are pro 
vided in the Examples and may include, but are not limited to, 
cellobiose production from crystalline cellulose as measure 
by HTP screening or HPLC. Any property relating to enzyme 
activity may be affected, including the classical enzyme prop 
erties of Km, V or k changes of Which can lead to max cat’ 

increased enzymatic activity. 
[0059] “Improved properties” of an endoglucanse of the 
invention may include increased protein expression, thermo 
activity, thermostability, pH activity, pH stability, product 
speci?city, increased speci?c activity, substrate speci?city, 
increased resistance to substrate or end-product inhibition, 
altered pH/temperature pro?le, and chemical stability. 
[0060] The term “improved thermostability” as used herein 
means a variant enzyme displays an increase in “residual 
activity” relative to the Wildtype enzyme. Residual activity is 
determined by exposing the variant enzyme and the reference 
(e.g., Wild type) enzyme to stress conditions of elevated tem 
perature for a period of time and then determining endoglu 
canse activity under conditions in Which Wild type enzyme 
normally has activity. For example, the endoglucanse activity 
of the enzyme exposed to stress conditions (“a”) is compared 
to that of a control in Which the enzyme is not exposed to the 
stress conditions (“b”), and residual activity is equal to the 
ratio a/b. A variant With increased thermostability Will have 
greater residual activity than the Wild type enzyme. In one 
embodiment the enzymes are exposed to stress conditions of 
65° C. at pH 5 for 6 hrs, but any cultivation conditions 
described herein can be used. 

[0061] The term “introduced” in the context of inserting a 
nucleic acid sequence into a cell means transfected, trans 
duced or transformed (collectively “transformed”) and 
includes reference to the incorporation of a nucleic acid 



US 2012/0178132 A1 

sequence into a eukaryotic or prokaryotic cell Wherein the 
nucleic acid is incorporated into the genome of the cell. 
[0062] The term “transformed” or “transformation” used in 
reference to a cell means a cell has a non-native nucleic acid 
sequence integrated into its genome or as an episomal plas 
mid that is maintained through multiple generations. 
[0063] “Isolated” refers to a biologically active endogluca 
nase that has been intentionally separated from its host cell 
using standard microbiological and recombinant techniques. 
The term also includes endoglucanases puri?ed from its host 
cell components. For example, an “isolated polypeptide” 
refers to a polypeptide Which is substantially separated from 
other contaminants that naturally accompany it, e. g., protein, 
lipids, and polynucleotides. The term embraces polypeptides 
Which have been removed or puri?ed from their naturally 
occurring environment or expression system (e.g., host cell or 
in vitro synthesis). 
[0064] “Polynucleotide” has its normal meaning in the art. 
[0065] “Signal sequence” or “signal peptide” refers to a 
sequence of amino acids at the N-terminal portion of a protein 
that facilitates the secretion of the mature form of the protein 
outside of the cell. The mature form of the extracellular pro 
tein lacks the signal sequence Which is cleaved off during the 
secretion process. 
[0066] The term “pre-protein” refers to a protein including 
an amino -terminal signal peptide (or leader sequence) region 
attached. The signal peptide is cleaved from the pre-protein 
by a signal peptidase during the secretion process to result in 
the mature or secreted protein. 

[0067] “Simultaneous Sacchari?cation and Fermentation 
(SSF)” refers to the process in Which fermentable sugars (e.g. 
glucose) that are broken doWn from cellulose in a sacchari? 
cation reaction are simultaneously converted by fermentation 
to an end-product (e. g. alcohol such as but not limited to 

ethanol). 
[0068] “Variant endoglucanase” or “engineered endoglu 
canase” refers to endoglucanases of the present invention that 
are derived by manipulation from a reference endoglucanase 
containing a catalytic domain. Variant endoglucanases may 
be constructed by modifying a DNA sequence that encodes, 
for example, the native mature endoglucanase from Strepto 
myces avermililis fused to a desired signal peptide, transfor 
mation of that DNA sequence into a suitable ho st, and expres 
sion of the modi?ed DNA sequence to produce the enzyme. 
Reference endoglucanases may be naturally occurring endo 
glucanases or recombinant variant endoglucanases. 
[0069] The amino acid sequence of a variant endogluca 
nase is derived from a “precursor” or “parent” endoglucanase 
amino acid sequence by the substitution of one or more amino 
acids of the precursor/parent amino acid sequence. 
[0070] A “vector” is a DNA construct for introducing a 
DNA sequence into a cell. A vector may be an expression 
vector that is operably linked to a suitable control sequence 
capable of effecting the expression in a suitable host of the 
polypeptide encoded in the DNA sequence. An “expression 
vector” has a promoter sequence operably linked to the DNA 
sequence (e.g., transgene) to drives expression in a host cell. 
[0071] The term “Wild-type” or “native” are used inter 
changeably herein and, When applied to a polypeptide or 
protein, means a polypeptide or protein expressed by a natu 
rally occurring microorganism found in nature. Thus, “Wild 
type Slreplomyces avermilil is EG” and “native Slreplomyces 
avermililis EG” are the same. 
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[0072] As used herein a , an”, and “the” include plural 
references unless the context clearly dictates otherWise. 
[0073] The term “comprising” and its cognates are used in 
their inclusive sense; that is, equivalent to the term “includ 
ing” and its corresponding cognates. 
[0074] A “corresponding residue” as used in the present 
invention refers to a residue present in a variant endogluca 
nase that exists in an equivalent position to that in SEQ ID 
NO:1 or SEQ ID NO: 7 as indicated by primary sequence 
homology, tertiary structural homology or functional equiva 
lence. Thus, the residue number or residue position of a given 
polymer is designated With respect to a reference sequence 
(e.g., SEQ ID NO:1) rather than by the actual numerical 
position of the residue Within the given amino acid or poly 
nucleotide sequence. For example, a given amino acid 
sequence can be aligned to the reference sequence by intro 
ducing gaps to optimiZe residue matches betWeen the tWo 
sequences. In these cases, although the gaps are present, the 
numbering of the residue in a variant endoglucanase sequence 
is made With respect to SEQ ID NO:1 to Which it has been 
aligned. Sequence comparison algorithms and the precise 
parameters used for alignment are the same as used for 
sequence identity determination as it pertains to the variant 
endoglucanases of the present invention, and are described 
later in the detailed description. 
[0075] “Identity” or “percent identity” in the context of tWo 
or more polypeptide sequences, refers to tWo or more 

sequences or subsequences that are the same or have a speci 
?ed percentage of amino acid residues that are the same (i.e., 
share at least about 70%, at least about 80%, at least about 
85%, at least about 88% identity, for example, or at least about 
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 
99% identity over a speci?ed region to a reference sequence), 
When compared and aligned for maximum correspondence 
over a comparison WindoW, or designated region as measured 
using a sequence comparison algorithms or by manual align 
ment and visual inspection. Sequence comparison algorithms 
and the precise parameters used for sequence identity deter 
mination as it pertains to the variant endoglucanases of the 
present invention are described later in the detailed descrip 
tion. 

[0076] As used herein, the term “slurry” refers to an aque 
ous mixture comprising suspended solids, including cellu 
lose, derived from biomass. 
[0077] The folloWing nomenclature may by used to 
describe substitutions in a variant polypeptide (or nucleic 
acid) sequence relative to a parent sequence: “R-#” or “R-# 
V”, Where “#” refers to the position in a reference sequence 
and to corresponding residues in a variant or homologous 
sequence, “R” refers to the amino acid at that position in the 
reference sequence, and “V” refers to the amino acid at that 
position in the variant sequence, using the IUPAC single letter 
designation. For example, for a variant endoglucanse 
described With reference to SEQ ID NO: 1, “S10” indicates 
that in the variant EG, the residue at the position correspond 
ing to the serine at position 10 of SEQ ID NO: 1 is replaced 
With an amino acid other than serine, and “S10W” means that 
the residue at the position corresponding to the serine at 
position 10 of SEQ ID NO: 1 is replaced With tryptophan, 
With amino acid position being determined by optimal align 
ment of the variant sequence With SEQ ID NO:1. Thus, for 
SavO variant 5 (discussed beloW) “S10W” means that the 
residue at the position corresponding to residue 10 of SEQ ID 
NO: 1 is tryptophan (e.g., position 10 of SEQ ID NO:8). For 
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a variant of a homologous EG domain, “S 1 0W” means that in 
the variant the residue at the position corresponding to posi 
tion 10 of SEQ ID NO: 1 is tryptophan. For example, in a S. 
lividans Cel12 EG variant, “S 1 0W” means that the threonine 
residue at position 10 of SEQ ID NO: 14 is replaced by 
tryptophan. By aligning the amino acid sequences of variants 
and homologs to a reference SavO sequence (e.g., SEQ ID 
NO: 1) it is possible to assign an amino acid position number 
to any amino acid residue in the variant or homolog. As Will 
be apparent, “R-#-(V1/V2/ . . .VN)” means that the residue in 
the variant at position # is selected from V1, V2, . . . VN. In 
variants comprising multiple substitutions, modi?cations are 
separated by semicolons (:) or addition marks (“+”), e.g., 
“S10W;A29P;Q43R;” or “S10W+A29P+Q43R.” 

III. Improved Sacchari?cation Process 

[0078] In one aspect the invention provides a sacchari?ca 
tion process in Which soluble sugars such as glucose and 
cellobiose are e?iciently produced from a starting material 
With high solids content (e.g., greater than 5%, greater than 
10%, greater than 20%, greater than 25%, greater than 30%, 
or greater than 35% dry Weight of pretreated biomass). 
[0079] In one embodiment the process includes maintain 
ing a slurry containing (i) a pretreated cellulosic feedstock 
and (ii) an endoglucanse, under ?rst sacchari?cation condi 
tions for a time su?icient to reduce the yield stress of the 
slurry; then combining the slurry With beta-glucosidase and 
cellobiohydrolase enzymes and maintaining the slurry under 
second sacchari?cation conditions for a time suf?cient to 
increase the amount of soluble sugars in the slurry. 
[0080] In an initial step of the process, an endoglucanase is 
combined With the feedstock in an aqueous solution to form a 
slurry. Typically one endoglucanase is combined With the 
feedstock, but addition of multiple endoglucanases is con 
templated. Properties of various suitable endoglucanase are 
discussed beloW in this Section III, in Section IV, and 
throughout this disclosure. 
[0081] The pH and composition (e.g., content of salts, met 
als, surfactants, and the like) of the slurry may be adjusted 
prior to, at the time of, or after addition of the endoglucanase 
to provide conditions hospitable to endoglucanase activity. 
As noted, the slurry may have a high solids content. HoWever 
the method can be used to process mixtures having a Wide 
range of solids content. 
[0082] Generally the feedstock in the slurry Will be pre 
treated at least minimally (e. g., mechanically breaking up the 
biomass) and often pretreatment includes additional manipu 
lation such as steam explosion, acid hydrolysis and the like). 
In some embodiments the endoglucanse may be added to a 
slurry containing minimally pretreated biomass and further 
pretreatment can continue during at least a portion of the ?rst 
sacchari?cation conditions. 
[0083] Preferably, the slurry comprising the pretreated cel 
lulosic feedstock and endoglucanse is substantially free of 
cellobiohydrolase and beta-glucosidase activities. There are a 
variety of Ways to prepare a slurry that contains cellulosic 
material and an endoglucanse, but Which is essentially free of 
other cellulases. In one approach an endoglucanase compo 
sition substantially free of cellobiohydrolases and beta-glu 
cosidases is combined With a pretreated feedstock in the 
slurry. Equivalently, a culture medium or broth that contains 
an endoglucanase but Which is substantially free of cellobio 
hydrolases and beta-glucosidases proteins may be combined 
With a pretreated feedstock. In another approach, cells that 
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express and secret an endoglucanase, but not cellobiohydro 
lases and beta-glucosidases proteins, are cultured in the slurry 
With the cellulosic material. In another approach a cellulase 
composition (e. g., broth) that contains both an endoglucanase 
and other cellulases is combined With the feedstock under 
?rst sacchari?cation conditions in Which the non-endogluca 
nase cellulases have reduced activity. In this context, a cellu 
lase (e.g., a cellobiohydrolase or beta-glucosidase) has 
reduced activity under a speci?ed temperature and pH if the 
cellulase has less than 20% enzymatic activity, and preferably 
less than 10% enzymatic activity, relative to the cellulase 
activity at the optimum pH and temperature, after exposure 
for 15 minutes to the speci?ed condition. In yet another 
approach a cellulase composition (e.g., broth) that contains 
both an endoglucanase and other cellulases is combined With 
the feedstock under ?rst sacchari?cation conditions in Which 
the non-endoglucanase cellulases are inactive or are rapidly 
inactivated. In this context, a cellulase (e.g., a cellobiohydro 
lase or beta-glucosidase) is inactive under a speci?ed tem 
perature and pH if the cellulase has less than 5% enzymatic 
activity, and preferably less than 1% enzymatic activity, rela 
tive to the cellulase activity at the optimum pH and tempera 
ture, after exposure for 15 minutes to the speci?ed condition. 
Cellobiohydrolase and beta-glucosidase activity can be mea 
sured using routine techniques, including the methods 
described in Examples 13 and 14 beloW. 
[0084] In some embodiments a slurry may be considered 
substantially free of other cellulases if little or no cellobiohy 
drolase or beta-glucosidase activity is detectable. In some 
embodiments no cellobiohydrolase orbeta-glucosidase activ 
ity is detectable other than any such activities attributable to 
the endoglucanase itself and/or contributed by endogenous 
cellyuases in the feedstock. 
[0085] In some embodiments of the invention, a slurry may 
be considered substantially free of other cellulases When the 
proportion of EG in or added to the slurry is an signi?cant 
excess of any catalytically active BGL and CBH polypeptides 
present. 
[0086] In some embodiments of the invention, a slurry may 
be considered substantially free of other cellulases if the 
Weight ratio of endoglucanase to non-endoglucanase cellu 
lase (BGL plus CHB) is greater than 5:1, preferably greater 
than 10: 1, preferably greater than 20: 1, preferably greater 
than 50: 1, more preferably greater than 100: 1. 
[0087] In some embodiments a slurry may be considered 
substantially free of other (non-EG) cellulases if at least 10%, 
preferably at least 20%, even more preferably at least 30% of 
the Weight ratio of total extracellular protein is EG. Extracel 
lular protein means protein that is not intracellular, and is 
usually primarily secreted protein. 
[0088] In some embodiments the endoglucanse may be 
produced by an organism that expresses high levels of EG (for 
example, due to genetic engineering of the organism’s 
genome) to boost recombinant EG activity and production but 
Which also produces loW levels (e.g., endogenous or Wild 
type levels) of BGL and CBH. In such embodiments the 
molar excess of EG to the combination of BGL+CBH may be 
at least about 5:1, at least about 10:1, at least about 20:1, at 
least about 50:1, at least about 100:1 or even at least about 
500: 1. 
[0089] The slurry is maintained under ?rst sacchari?cation 
conditions for a time su?icient to reduce the yield stress of the 
slurry. “Yield stress” refers to the minimum stress (force/ 
area) required to be applied before a slurry moves. Yield stress 
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is de?ned as the stress at Which the phase angle becomes 
greater than 45° When measured at 25° C. using routine rheo 
logical methodology. Exemplary methods for measuring 
yield stress knoWn in the art and are described in Example 1 1, 
infra. 
[0090] The ?rst sacchari?cation conditions are conditions 
under Which the endoglucanase is active and, in some cases, 
may be close to the pH and temperature optimum for the 
endoglucanase used. Preferably the endoglucanase is thermo 
philic and the ?rst sacchari?cation conditions include a tem 
perature greater than 50° C., such as in the range betWeen 50° 
C. and 85° C., sometimes betWeen 60° C. and 80° C., some 
times betWeen 65° C. and 80° C., sometime betWeen 70° C. 
and 80° C., and sometimes betWeen 75° C. and 80° C. A Wide 
range of pHs may be used, for example acid pH (pH<6), basic 
pH (pH>8) or neutral pH (pH 6-8). In some embodiments the 
?rst sacchari?cation conditions comprise an acid pH (e.g., 
such as pH in the range 3-6, usually pH in the range 3.5-5). 
[0091] Typically the time suf?cient to reduce the viscosity 
or yield stress of the slurry is betWeen 1 minute and 96 hours, 
and preferably is betWeen 1 hour and 48 hours. Often the time 
is at least about 1 hour, at least about 2 hours, at least about 5 
hours, at least about 10 hours, or at least about 12 hours, and 
less that about 36 hours or less than about 24 hours. In some 
embodiments the time is suf?cient for a reduction in viscosity 
or yield stress of the slurry by at least 50% compared to the 
starting material (e. g., the slurry immediately before or 
immediately after addition of the endoglucanses), often by at 
least 80%, sometimes by at least 90%, and in some embodi 
ments a reduction of at least 95%, or even at least 99%, is 
achieved. It is desirable that yield stress be less than 300 Pa, 
more preferably less than 100 Pa, even more preferably less 
than 30 Pa, and in some cases less than 10 Pa, to promote 
production of soluble sugars (glucose and cellobiose) as 
described hereinbeloW. In addition, reducing yield stress 
improves the pumpability of the slurry. See, e.g., Roche et al., 
2009, Biotech and Bioengg 104:290-300. 
[0092] It Will be understood that as the yield stress of a 
slurry is reduced, the viscosity of the slurry decreases. In 
exemplary embodiments the viscosity of a slurry, prior to 
endoglucanase treatment, is greater than 103 Pa-s, greater 
than 104 Pa-s, greater than 105 Pa-s, or greater than 106 Pa-s. 
In some embodiments the viscosity of the slurry is reduced 
during the time the slurry is maintained under ?rst sacchari 
?cation conditions by at least 10-fold, preferably at least 
100-fold, and often by at least 500-fold. In some embodi 
ments the viscosity of the slurry is reduced during the time the 
slurry is maintained under ?rst sacchari?cation conditions to 
less than about 1000 Pa s, often less than about 500 Pa s, most 
often less than about 100 Pa s, and sometimes less than about 
50 Pa s. 

[0093] It Will be appreciated that temperature, and to a 
lesser extent pH, may change in the course of the process, for 
example, as a pretreated feedstock cools over time. Typically, 
the temperature and pH remain in the speci?ed range for at 
least a time suf?cient to reduce the yield stress. 
[0094] Exemplary ?rst sacchari?cation conditions are 0.1 
hours to 10 hours at 50° C.-75° C. and pH 3.5-5. 
[0095] FolloWing treatment With endoglucanase under ?rst 
sacchari?cation conditions, the slurry is combined With cel 
lobiohydrolase(s) and beta-glucosidase(s) and is maintained 
under second sacchari?cation conditions for a time suf?cient 
to increase the amount of soluble sugars (glucose and cello 
biose) in the slurry. The process of maintaining cellulosic 
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material With endoglucanase is sometimes be referred to as a 
“?rst step” and the subsequent process of treating the product 
of the ?rst step With other cellulases is sometimes referred to 
as a “second step.” 

[0096] In the second step, the partially hydrolyZed biomass 
produced in the ?rst step is combined With one or more 
cellobiohydrolases and one or more beta-glucosidases and 
optionally other enZymes such as, for example, endogluca 
nases, proteases, hemicellulases, xyloglucanase, beta-xylosi 
dase, endoxylanase, alpha-L-arabinofuranosidase, alpha 
and glucuronidase. The cellulase may be a “complete,” such 
as, for example, broth from Trichoderma reesei orPenicillium 
pinophilum (Singh et al., 2009, Bioresouk Technol. 
100:6679-81) or commercially available products such as 
ACCELERASETM 1000 (Danisco) and CELLUCLASTTM 
(N ovoZymes). Alternatively one or both of the cellobiohydro 
lase and beta-glucosidase may added as enriched or puri?ed 
compositions. In another approach, cells expressing cellobio 
hydrolase and/ or beta-glucosidase, or broth from such cells, 
may be added. 
[0097] In some embodiments (as When a complete cellulase 
is used) an endoglucanase is added to the slurry along With 
cellobiohydrolase and beta-glucosidase in the second step. In 
such cases the endoglucanase may be the same as, or may be 
different from, the endoglucanase used in the ?rst step. 
[0098] Often the second sacchari?cation conditions differ 
from the ?rst sacchari?cation conditions in temperature and/ 
or pH and/or by addition or removal of compounds such as 
metals, surfactants, catalysts, Water, and the like. For 
example, When the ?rst sacchari?cation conditions are 
unsuitable for the cellobiohydrolase(s) and/or beta-glucosi 
dase(s) used in the second step, the slurry (i.e., the slurry in 
Which the feedstock has been subjected to endoglucanse 
treatment under ?rst sacchari?cation conditions) may be 
modi?ed after the ?rst step (e.g., prior to or at the time of 
addition of the non-endoglucanse cellulases). 
[0099] Example 12, beloW, illustrates that ?rst and second 
steps may be carried out at different temperatures. In the 
example, the ?rst (endoglucanase) step Was carried out at 75° 
C., While the second (cellulase) step Was carried out at 50° C. 
using ACCELLERASETM 1000 (Danisco). ACCELLE 
RASETM 1000, an enZyme complex that contains exogluca 
nase, endoglucanase, hemi-cellulase and beta-glucosidase 
activities, is reported by the manufacturer to be inactivated at 
temperatures above 70° C. In some embodiments, the ?rst 
(endoglucanase) step is carried out at higher temperature than 
the second (cellulase) step. In some embodiments, the ?rst 
(endoglucanase) sacchari?cation conditions are maintained 
for a time that is shorter than the time for Which the second 
(cellulase) sacchari?cation conditions are maintained. 
[0100] Exemplary second sacchari?cation conditions are 3 
hours to 168 hours at 40° C.-80° C. at pH 3-10. In speci?c 
embodiments the second sacchari?cation conditions are 
maintained 3 hours to 24 hours, 72 hours to 168 hours, or 24 
hours to 120 hours. In speci?c embodiments the second sac 
chari?cation conditions include a temperature in the range 
25° C.-80° C., 40° C.-75° C., 40° C.-70° C., or 40° C.-60° C. 
[0101] The ?rst and second steps may be carried out in the 
same reactor. Alternatively, the ?rst step may be carried out in 
a ?rst reactor and the second step may be carried out in a 
second reactor. Using this approach the content of the ?rst 
reactor may be pumped into the second reactor or may be 
transferred by other means. Alternatively, a continuous pro 
cessing approach is used in Which the EG is added to the 
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feedstock at a ?rst part of the ?oWpath and the CBH/BGL 
proteins are added to the partially digested cellulosic sub 
strate at a second, downstream, part of the ?oWpath. It Will be 
appreciated that the term “reactor”, in the context used above, 
does not imply a particular structure. A large number of 
reactor systems are knoWn that may be used, or adapted for, 
the present invention. See, e.g., Foody et al., WO 2006/ 
063467, incorporated herein by reference. In one embodi 
ment, pretreatment, ?rst sacchari?cation step, second saccha 
ri?cation step, and fermentation each occur in a different 
reactor. 

[0102] In a less preferred embodiment, the EG is added in a 
?rst step (e.g., ?rst reactor), the CBH is added in a second step 
(e.g., second reactor), and the BGL is added in a third step 
(e. g., third reactor). 
[0103] The present method provides greater conversion of 
feedstock to soluble sugars (glucose and cellobiose) than 
conventional methods. As shoWn in Example 12, When pre 
treated baggase (200 g/L) Was maintained for 24 h With an 
endoglucanase (0.25%) at pH 5.0 and 75° C., folloWed by 
incubation for 24 h With ACCELLERASETM 1000 (1.75%) at 
pH 5.0 and 50° C., the % conversion of glucan to soluble 
sugars Was signi?cantly higher than achieved by incubation 
With ACCELLERASETM 1000 (2%) at 50° C. for 48 h. This 
Was particularly unexpected under the conditions of Example 
12, because the cellulose binding domain of the SavO endo 
glucanase used in the experiment is rapidly cleaved from the 
catalytic domain of the EG after secretion of the enzyme, as 
demonstrated by mass spectometry. In one embodiment, the 
amount of soluble sugar produced according to the present 
method is greater than the amount of soluble sugar produced 
in a reference sacchari?cation process in Which pretreated 
feedstock is maintained With equal amounts of the endoglu 
canase, beta-glucosidase and cellobiohydrolase under ?rst 
sacchari?cation conditions, or alternatively under second 
sacchari?cation conditions, for a time equal to the combined 
time under ?rst and second sacchari?cation conditions 
according to the process of present method. 
[0104] The endoglucanase used in the sacchari?cation 
method of the invention may be, for example, from plants, 
bacteria or fungi, and may be naturally occurring, recombi 
nantly produced, or a recombinant variant of a naturally 
occurring endoglucanase. 
[0105] In some embodiments the endoglucanase is from a 
fungus, such as a ?lamentous fungus. Without intending to 
limit the invention, exemplary endoglucanases include those 
listed in Table 1, as Well as enzymatically active variants With 
at least 70%, at least 80%, or at least 90% sequence identity to 
a listed endoglucanse. 

[0106] In some embodiments the endoglucanase is from a 
bacterium, such as a Slreplomyces species, e.g., S. ambofa 
ciens, S. achromogenes, S. avermililis, S. coelicolor, S. aureo 
faciens, S. aureus, S. fungicidicus, S. griseus, and S. lividans. 
Without intending to limit the invention exemplary endoglu 
canases include those listed in Table 1 as Well as enzymati 
cally active variants With at least 70%, at least 80%, or at least 
90% sequence identity to a listed endoglucanse. 

TABLE 1 

EG Acc. No. Reference 

T reesei Cell2 1H8V J. Mol. Biol. 308 (2), 295-310 (2001) 
H. schweinilzii Cell2 1OA3 Protein Sci. 12 (4), 848-860 (2003) 
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TABLE 1-continued 

EG Acc. No. Reference 

R. marinas Cell2 lHOB J. Mol. Biol. 320 (4), 883-897 (2002) 
S. sp.Cel12 1OA4 Protein Sci. 12 (4), 848-860 (2003) 
S. Zividans Cell2 ZNLR Appl. Environ. Microbiol. 60 (5), 

1701-1703 (1994) 

[0107] In some embodiments the endoglucanse is a natu 
rally occurring Slreplomyces avermililis endoglucanse 
(“SavO”) or an engineered SavO variant described in Section 
IV hereinbeloW, including Without limitation Wild-type SavO 
and SavO variants listed in Tables 4A-C. In some embodi 
ments the endoglucanse is a homolog of SavO and comprises 
one or more substitutions described in Section IV hereinbe 
loW. 
[0108] In one embodiment the endoglucanase comprises a 
catalytic domain having the sequence of SavO variant 2, 5, 6 
or 7 as set forth Table 4A-C, beloW. 
[0109] In some embodiments the endoglucanase is enzy 
matically active at high temperature (e.g., temperatures 
greater than 50° C., sometimes greater than 60° C., some 
times greater than 65° C. greater, and sometimes than 70° C.), 
and in some embodiments the endoglucanse has optimum 
activity at the high temperature. 
[0110] In some embodiments the EG lacks a cellulose bind 
ing domain (CBD). For example, in some embodiments the 
cellulose binding domain of the endoglucanase is cleaved 
from the catalytic domain folloWing secretion of the enzyme. 
Alternatively, engineered endoglucanases lacking a CBD 
may be used. 

IV. Improved Endoglucanses 

[0111] In one aspect the present invention provides endo 
glucanases exhibiting high enzymatic activity at elevated 
temperatures. The endoglucanases of the invention are 
derived from an Slreplomyces avermililis endoglucanase 
(SavO EG) (SEQ ID N013) or a homolog of the SavO EG and 
comprise one or more substitutions relative to the naturally 
occurring sequence (e.g., native or Wild-type SavO EG) as 
described hereinbeloW. As noted above, endoglucanases and 
other cellulases generally have a multidomain structure com 
prising a catalytic domain (Cat) and a cellulose binding 
domain (CBD) by a linker peptide. The inventors have dis 
covered that a proteolytic fragment of SavO EG comprising 
the catalytic domain but not the CBD retains enzymatic activ 
ity. Thus, in some embodiments the endoglucanases of the 
invention comprise a catalytic domain derived from the cata 
lytic domain of a Slreplomyces avermililis endoglucanase 
(SavO EG) (SEQ ID NOS: 1 and 2) or from a homologous 
catalytic domain of a structurally related endoglucanse. In 
various embodiments the endoglucanases of the invention 
may comprise (i) an isolated EG catalytic domain, optionally 
comprising a short spacer at the amino- and/or carboxy ter 
minus; (ii) an EG catalytic domain linked to a native CBD 
(e.g., the SavO CBD When a SavO catalytic domain is used; 
see, e.g., SEQ ID NO:3); (iii) an EG catalytic domain linked 
to a heterologous CBD With Which the EG catalytic domain is 
not naturally associated (e.g., an EG catalytic domain linked 
to the CBD from S. lividans EG). 
[0112] In some embodiments the endoglucanase comprises 
a catalytic domain With at least 70% sequence identity, some 
times at least 75%, sometimes at least 80%, sometimes at 
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least 85%, sometimes at least 88%, sometimes at least 90%, 
sometimes at least 95% and sometimes at least 98% sequence 
identity to the Slreplomyces avermililis endoglucanase cata 
lytic domain (SEQ ID NO: 1). In some embodiments the 
endoglucanases comprise catalytic domains With greater than 
or equal to 88% sequence identity to the catalytic domain of 
Slreplomyces avermililis endoglucanase (SavO EG) (SEQ ID 
NO:1 or SEQ ID NO: 2). In some embodiments the endoglu 
canse has complete sequence identity to the Slreplomyces 
avermililis endoglucanase catalytic domain (SEQ ID NO: 1), 
except for speci?ed substitutions. 
[0113] As described in the Examples, analyses of numer 
ous variant endoglucanases has resulted in EGs With 
improved characteristics compared to the Wild-type SavO 
EG. These improved characteristics include improved enZy 
matic performance under process conditions that are bene? 
cial to the sacchari?cation of biomass substrates. 
[0114] The endoglucanases of the invention comprise one 
or more substitutions relative to the naturally occurring SavO 
EG sequence or naturally occurring SavO EG-homolog 
sequence. For example, The invention further encompasses 
EG variants listed in Tables 4A-4C as disclosed herein. 
[0115] In some embodiments of the invention, the isolated 
variant EG polypeptides comprise an amino acid substitution 
or deletion at one or more of the following positions D1, S10, 

T12, Q14, G15, V18, A29, T33, D36, S37, I41, Q43, V48, 
T50, N51, A53, V60, N68, S74, A77, Q78, L79, S80, T81, 
V82, S83, Y91, S95, M98, A102, T110, R118, I121, V131, 
S136, A141, T142, Q147, S152, A165, S167, S171, Q182, 
V184, S185, G187, L188, Q190, N191, W193, V198, P204, 
Q206, N207, T219 and/or T222 in SEQ ID NO:1, Wherein 
SEQ ID NO: 1 has the amino acid sequence of: 

(SEQ ID NO: 1) 
DTSICEPFGSTTIQGRYVVQNNRWGTSEAQCITATDSGFRITQADGSVP 

TNGAPKSYPSVYNGCHYTNCSPGTSLPAQLSTVSSAPTSISYSYVSNAM 

YDAAYDIWLDPTPRTDGV'NRTEIMVWFNKVGSVQPVGSQVGTATVAGRQ 

WQVWSGN'NGSNDVLSFVAPSAITSWSFDVMDFVRQAVSRGLAQNSWYLT 

SVQAGFEPWQNGAGLAVTSFSSTV'NT. 

[0116] In some embodiments the variant EG having one or 
more substitutions comprises an amino acid sequence that is 
at least 88% identical to the amino acid sequence of SEQ ID 
NO: 1 . In some embodiments the variant EG polypeptide Will 
have at least 89%, at least 90%, at least 91%, at least 92% at 
least 93%, at least 95%, at least 96%, at least 97%, at least 
98%, at least 99% sequence identity to SEQ ID NO: 1. 
[0117] In some embodiments, the isolated variant EG com 
prises a substitution at a position corresponding to one or 

more ofresidues D1 (E/G/V), S10(F/H/L/T/W/Y), T12(I/V), 
Q14(E/K/L/P), G15N, A29(H/K/L/P/R/T), T33(A/E/H/I/L/ 
Q/R/V), D36Y, S37E, I41V, Q43(E/K/L/M/R/V),V48K, T50 
(L/P), N51(H/K/S), A53(G/P), V60I, N68(H/I/K/L/V), S74 
(A/E/H/K/L/N/P/Q/R/T/V), A77V, Q78K, L79I, S80K, T81 
(K/N/Q/R/S), V82I, S83(E/I/R/V),Y91(C/F), S95(D/H/K/N/ 
T), M98(I/K/Q/T/V), A102S, T110(E/K), R118(K/Q), 
I121L, V131(E/I/M), S136(D/E/H/K/R/T/V), A141(D/S/T), 
T142(C/F/H/M/N/S/V/W), Q147(R/S), S152(I/L/M/V), 
A165S, S167(D/I), S171T, Q182(I/V), V184F, S185(D/E/G/ 
H/I/K/L/N/Q/R/T/V/Y), G187E, L188F, Q190(D/H), N191 
(P/Q/Y), V198I, P204L, Q206(E/R/S/V), N207(D/G), T219 
(A/C/D/E/Q), and/or T222K in SEQ ID NO:1. 
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[0118] In some embodiments, the variant EG Will include at 
least 2, at least 3, at least 4, at least 5, at least 6, at least 7, at 
least 8, at least 9, at least 10, at least 11, at least 12, at least 13, 
at least 14, at least 15, at least 16 amino acid residues Which 
have been substituted as compared to the amino acid 
sequence of SEQ ID NO: 1 or SEQ ID NO: 2. 
[0119] In some embodiments, the variant EG of the inven 
tion Will comprise a substitution in at least position S10, A29, 
A53, S74 or N191 as compared to SEQ ID NO: 1. In some 
embodiments, the variant Will include substitutions in 2 of 
these positions, in 3 of these positions, in 4 of these positions 
and sometimes in all 5 of these positions. In some embodi 
ments, a variant EG of the invention Will comprise a substi 

tution at S10(F/H/L/T/W/Y), A29(H/K/L/P/R/T), A53(G/P), 
S74(A/E/H/K/L/N/P/Q/R/T/V) and/or N191(P/Q/Y) as com 
pared to SEQ ID NO: 1. In some embodiments, the variant EG 
of the invention in addition to having a substitution at any one 
of positions S10, A29, A53, S74 and/or N191 Will further 
comprise a substitution at a position selected from one or 

more of T12, Q43, V48, N68, Q78, L79, T81, V82, M98, 
S152, S185, andQ206 as comparedto SEQ IDNO: 1. In some 
embodiments, the substitution Will be selected from T12(V/ 
I), Q43 (R), V48(K), N68(I), Q78(K), L79(I), T81(K/I), V82 
(I), M98(V), S152(M), S185(Q/V), and Q206(E) as com 
pared to SEQ ID NO: 1. 
[0120] In some embodiments, the variant EG Will comprise 
a sequence having at least 95% sequence identity to SEQ ID 
NO: 6, Wherein SEQ ID NO: 6 has the amino acid sequence 
of: 

(SEQ ID NO: 6) 
DTSICEPFGSTTIQGRYVVQNNRWGTSEPQCITATDSGFRITQADGSVP 

TNGPPKSYPSVYNGCHYTNCSPGTPLPAQLSTVSSAPTSISYSYVSNAM 

YDAAYDIWLDPTPRTDGV'NRTEIMVWFNKVGSVQPVGSQVGTATVAGRQ 

WQVWSGN'NGSNDVLSFVAPSAITSWSFDVMDFVRQAVSRGLAQPSWYLT 

SVQAGFEPWQNGAGLAVTSFSSTV'NT 

[0121] In some embodiments, the variant EG Will comprise 
SEQ ID NO: 6 and in other embodiments the variant EG Will 
include at least 1, at least 2, at least 3, at least 4, at least 5, at 
least 6, at least 7, or at least 8 further substitutions at a position 
corresponding to position S10, T12, Q43, V48, N68, Q78, 
L79, T81, V82, M98V, S152, and/or S185 in SEQ ID NO: 6. 
In some embodiments, the substitutions Will correspond to 
S10(F/H/L/T/W/Y), T12(I/V), Q43(E/K/L/M/R/V), V48K, 
N68(H/I/K/L/V), Q78K, L79I, T81(K/N/Q/R/S), V82I, M98 
(I/K/Q/T/V), S152(I/L/M/V) and/or S185(D/E/G/H/I/K/L/ 
N/Q/R/T/V/Y) in SEQ ID NO: 6. 
[0122] In some embodiments, the variant EG of the inven 
tion Will comprise at least 90%, at least 91%, at least 92%, at 
least 93%, at least 95%, at least 96%, at least 97%, at least 
98%, and at least 99% amino acid sequence identity With SEQ 
ID NO: 7. In some embodiments, the variant EG of the inven 
tion is the EG comprising SEQ ID NO: 7, Wherein SEQ ID 
NO: 7 has the amino acid sequence of 

(SEQ ID NO: 7) 
DTSICEPFGWTTIQGRYVVQNNRWGTSEPQCITATDSGFRITRADGSVP 

TNGPPKSYPSVYNGCHYTNCSPGTPLPAQLSTISSAPTSISYSYVSNAV 
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WQVWSGN'NGSNDVLSFVAPSAITSWSFDVMDFVRQAVSRGLAQPSWYLT 

SVQAGFEPWQNGAGLAVTSFSSTV'NT 

[0123] In some embodiments, the variant EG Will comprise 
an amino acid sequence having at least one substitution 
selected from position T12, V48, N68, Q78, L79, T81, S152, 
S185, and/or Q206 as compared to SEQ ID NO: 7. In some 
embodiments, the substitution Will be selected from T12(V/ 
I), Q43(R/E/K/L/M/V), V48(K), N68(H/I/K/L/V), Q78(K), 
L79(I), T81 (K/N/Q/R/S), S152(I/L/M/V), S185(D/E/G/H/I/ 
K/L/N/Q/R/T/V/Y), and/or Q206(E/R/S/V) as compared to 
SEQ ID NO: 7. In some embodiments, the variant EG of the 
invention Will have at least 95% sequence identity to SEQ ID 
NO: 7. 
[0124] In some embodiments, the variant EG of the inven 
tion is the EG comprising SEQ ID NO: 8, Wherein SEQ ID 
NO: 8 has the amino acid sequence of: 

(SEQ ID NO: 8) 
DTSICEPFGWTVIQGRYVVQNNRWGTSEPQCITATDSGFRITRADGSK 

PTNGPPKSYPSVYNGCHYTICSPGTPLPAQISKISSAPTSISYSYVSN 

AVYDAAYDIWLDPTPRTDGV'NRTEIMVWFNKVGSVQPVGSQVGTATVA 

GRQWQVWMGNNGSNDVLSFVAPSAITSWSFDVMDFVRQAVQRGLAQPS 

WYLTSVQAGFEPWENGAGLAVTSFSSTV'NT 

[0125] In some embodiments, the variant EG Will comprise 
SEQ ID NO: 8 and in other embodiments the variant EG Will 
include at least 1, at least 2, at least 3, at least 4, at least 5, at 
least 6, at least 7, or at least 8 further substitutions or deletions 
in SEQ ID N018. 
[0126] The invention also contemplates that substitutions 
may be introduced into endoglucanses of other bacterial and 
fungal species, at positions corresponding to the substituted 
positions of the S. avermililis EG, to produce variants With 
similarly desirable properties. 
[0127] For example, a number of bacteria (including but 
not limited to Slreplomyces, Micromonospora, Aclinosyn 
nema, Salinispora, Mycobaclerium species) express endo 
glucanses comprising catalytic domains With signi?cant 
sequence identity to Slreplomyces avermililis EG catalytic 
domain. The present invention contemplates EG variants of 
these bacterial EGs in Which substitutions are made at resi 
dues corresponding to the S. avermililis positions and substi 
tutions disclosed herein. Examples of bacterial EGs With 
signi?cant sequence identity include, for example: Strepto 
myces sviceus ATCC 29083 (Accession No. ZPi05016224. 
1); Slreplomyces scabiei 87.22 (Accession No. 
YPi003494465.1); Slreplomyces ghanaensis ATCC 14672 
(Accession No. ZPi04683886.1); Slreplomyces rochei (Ac 
cession No. CAA52139.1); Slreplomyces griseo?avus 
Tu4000 (Accession No. ZPi05536909.1); Slreplomyces 
xylophagus (Accession No. ACN56471.1); Slreplomyces 
viridosporus (Accession No. AAD25090.1); Slreplomyces 
scabiei 87.22 (Accession No.YPi003486364. 1); Streptomy 
ces coelicolor A3(2) (Accession No. NPi625477.1); Strep 
lomyces ?avogriseus ATCC 33331 (Accession No. 
ZPi05801764.1); Slreplomyces lividans TK24 (Accession 
No. ZPi06532489.1); Slreplomyces halsledii (Accession 
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No. AAC45429.1); Slreplomyces ambofaciens ATCC 23877 
(Accession No. CAJ90159.1); Slreplomyces sp. 11AG8 (Ac 
cession No. AAF91283.1); Micromonospora auranliaca 
ATCC 27029 (Accession No. ZPi06215034.1); Mycobacle 
rium kansasii ATCC 12478 (Accession No. ZPi04750212. 
1); Micromonospora sp. ATCC 39149 (Accession No. 
ZPi04607827.1); Slreplomyces sp. SPB78 (Accession No. 
ZPi05488520.1); Slreplomyces sp. SPB74 (Accession No. 
ZPi04994021.1); Salinispora lropica CNB-440 (Accession 
No. YPi00l 161230.1); Aclinosynnema mirum DSM 43827 
(Accession No. YPi003101698.1); Salinispora arenicola 
CNS-205 (Accession No. YPi001539639.1); Mycobacle 
rium kansasii ATCC 12478 (Accession No. ZPi04747778. 

1). 
[0128] Determination of sequence identity is determined 
by a sequence comparison algorithm. When using a sequence 
comparison algorithm, test and reference sequences are 
entered into a computer, subsequence coordinates and 
sequence algorithm program parameters are designated. The 
sequence comparison algorithm then calculates the percent 
sequence identities for the test sequences relative to the ref 
erence sequence, based on the program parameters. 

[0129] The algorithm used to determine Whether a variant 
endoglucanase has a catalytic domain sequence identity to 
SEQ ID NO:1 is the BLAST algorithm, Which is described in 
Altschul et al., 1990, J. Mol. Biol. 215:403-410. Software for 
performing BLAST analyses is publicly available through the 
National Center for Biotechnology Information (on the 
WorldWide Web at ncbi.nlm.nih.gov/). The algorithm involves 
?rst identifying high scoring sequence pairs (HSPs) by iden 
tifying short Words of length W in the query sequence, Which 
either match or satisfy some positive-valued threshold score T 
When aligned With a Word of the same length in a database 
sequence. T is referred to as the neighborhood Word score 

threshold (Altschul et al, supra). These initial neighborhood 
Word hits act as seeds for initiating searches to ?nd longer 
HSPs containing them. The Word hits are then extended in 
both directions along each sequence for as far as the cumu 
lative alignment score can be increased. Cumulative scores 

are calculated using, for nucleotide sequences, the parameters 
M (reWard score for a pair of matching residues; alWays >0) 
and N (penalty score for mismatching residues; alWays <0). 
For amino acid sequences, a scoring matrix is used to calcu 
late the cumulative score. Extension of the Word hits in each 
direction are halted When: the cumulative alignment score 
falls off by the quantity X from its maximum achieved value; 
the cumulative score goes to Zero or beloW, due to the accu 
mulation of one or more negative-scoring residue alignments; 
or the end of either sequence is reached. The BLAST algo 
rithm parameters W, T, and X determine the sensitivity and 
speed of the alignment. For amino acid sequences, the 
BLASTP program uses as defaults a Word siZe (W) of 3, an 
expectation (E) of 10, and the BLOSUM62 scoring matrix 
(see Henikoff & Henikoff, 1989, Proc. Natl. Acad. Sci. USA 
89: 1091 5). 
[0130] Table 2 provides an aligment of catalytic domains of 
SavO and 5 homologous EGs. The multiple sequence align 
ment Was done using AlignX from Invitrogen (part of Vec 
torNTI). It is based on the Clustal W algorithm. 
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TABLE 2 

1 50 

T. reeSei C9112 (1) —QTSCDQWATFTGNG——YTVSN'NLWGASAGSGFGCVTA— —— —VSLSGGAS 

H. Schweinitzii C9112 (1) —QTSCDQYATFSGNG——YIVSN'NLWGASAGSGFGCVTS— —— —VSLNGAAS 

R. marinuS C9112 (1) TVELCGRWDARDVAGGRYRVIN'NVWGAETAQCIEVGLETGNFTITRADHD 
S. Sp. C9112 (1) NQQICDRYGTTTIQDR-YVVQN'NRWGTSATQCINVTGNGFEITQADGSVP 
S. liVidanS C9112 (1) DTTICEPFGTTTIQGR-YVVQN'NRWGSTAPQCVTATDTGFRVTQADGSAP 
SaVO EG (1) DTSICEPFGSTTIQGR-YVVQN'NRWGTSEAQCITATDSGFRITQADGSVP 

51 100 

T. reeSei C9112 (44) WHADWQWSGGQN'NVKSYQNSQIAIPQKRTVNSISSMPTTASWSYSGSNIR 
H. Schweinitzii C9112 (44) WHADWQWSGGQN'NVKSYQNVQINIPQKRTVNSIGSMPTTASWSYSGSDIR 
R. marinuS C9112 (51) NGN'NVAAYPAIYFGCHWGACTSNSGLPRRVQELSDVRTSWTLTPITT—GR 
S. Sp. 11AG8 C9112 (50) TNGAPKSYPSVYDGCHYGNCAPRTTLPMRISSIGSAPSSVSYRYTGN-GV 
S. liVidanS C9112 (50) TNGAPKSYPSVFNGCHYTNCSPGTDLPVRLDTVSAAPSSISYGFVDG-AV 

SaVO EG (50) TNGAPKSYPSVYNGCHYTNCSPGTSLPAQLSTVSSAPTSISYSYVSN-AM 

101 150 

T. reeSei C9112 (94) ANVAYDLFTAANPNHVTYSG-DYELMIWLGKYGDIGPIGSSQGTVNVGGQ 
H. Schweinitzii C9112 (94) ANVAYDLFTAANPNHVTYSG-DYELMIWLGKYGDIGPIGSSQGTVNVGGQ 
R. marinuS C9112 (100) WNAAYDIWFSPVTNSGNGYSGGAELMIWLNWNGGVMPGGSRVATVELAGA 

S. Sp. 11AG8 C9112 (99) YNAAYDIWLDPTPRTNGV'N-—RTEIMIWFNRVGPVQPIGSPVGTAHVGGR 
S. liVidanS C9112 (99) YNASYDIWLDPTARTDGV'N-—QTEIMIWFNRVGPIQPIGSPVGTASVGGR 
SaVO EG (99) YDAAYDIWLDPTPRTDGV'N-—RTEIMVWFNKVGSVQPVGSQVGTATVAGR 

151 200 

T. reeSei C9112 (143) SWTLYYGYNGAMQVYSFVAQTNTTNYSGDVKINFFNYLRDNKGYNAAGQYV 
H. Schweinitzii C9112 (143) TWTLYYGYNGAMQVYSFVAQSNTTSYSGDVKINFFNYLRDNKGYNAGGQYV 
R. marinuS C9112 (150) TWEVWYADWDWNYIAYRRTTPTTSVSELDLKAFIDDAVA-RGYIRPEWYL 

S. Sp. 11AG8 C9112 (147) SWEVWTGSNGSNDVISFLAPSAISSWSFDVKDFVDQAVS—HGLATPDWYL 
S. liVidanS C9112 (147) TWEVWSGGNGSNDVLSFVAPSAISGWSFDVMDFVRATVA-RGLAENDWYL 

SaVO EG (147) QWQVWSGNNGSNDVLSFVAPSAITSWSFDVMDFVRQAVS—RGLAQNSWYL 

201 229 

T. reeSei C9112 (193) LSYQFGTEPFTGSGTLNVASWTASIN——— 
H. Schweinitzii C9112 (193) LSYQFGTEPFTGSGTLNVASWTASIN——— 
R. marinuS C9112 (199) HAVETGFELWEGGAGLRSADFSVTVQKLA 
S. Sp. 11AG8 C9112 (196) TSIQAGFEPWEGGTGLAV'NSFSSAV'NA-— 
S. liVidanS C9112 (196) TSVQAGFEPWQNGAGLAV'NSFSSTVET—— 
SaVO EG (196) TSVQAGFEPWQNGAGLAVTSFSSTV'NT—— 

T. r99S9i C9112 (SEQ ID NO: 15) 

H. Schweinitzii C9112 (SEQ ID NO: 11) 

R. marinus C9112 (SEQ ID NO: 12) 

S. Sp. 11AG8 C9112 (SEQ ID NO: 13) 

S. lividans C9112 (SEQ ID NO: 14) 

SavO EG (SEQ ID NO: 1) 

[0131] When the Wild-type catalytic domain from Strepto 
myces avermililis EG (SEQ ID NO: 1) is aligned With an EG 
from Slreplomyces lividans they share 87% sequence identity 
as de?ned by the parameters described herein. In some 
embodiments, improved endoglucanase variants of the 
present invention have a catalytic domain With at least 88% 
identity to the Wild-type catalytic domain of S. avermililis 
endoglucanase (SEQ ID NO:1). 
[0132] 
[0133] While the variant EGs of the present invention are 
de?ned by the catalytic domain, many cellulases include a 
cellulose binding domain and linker peptide (see, e. g., the 
Wild-type or native full length SavO EG (SEQ ID NO: 3)). It 
is contemplated that in some embodiments a cellulase having 
endoglucanase activity Which encompasses the variant EG of 
the invention Will also include a linker and cellulase binding 
domain. In some embodiments, the linker and cellulose bind 
ing domain (collectively, “CDB”) Will be the CBD having the 
polypeptide sequence as depicted in FIG. 1C. In some 
embodiments, the CBD Will have at least 90%, at least 93%, 
at least 95%, at least 96%, at least 97%, at least 98%, at least 
99% sequence identity to the CBD as depicted in FIG. 1C. In 
some embodiments the variant EG Will include one or more 

Cellulose Binding Domain 

substitutions in the CBD, such as 1, 2, 3, 4, 5, or 6 substitu 
tions in the CBD as depicted in FIG. 1C. 

[0134] CBDs may be homologous or heterologous to the 
catalytic domain. A homologous CBD is associated in the 
Wildtype EG With the parental catalytic domain. For example, 
the Slreplomyces avermililis EG CDB (see FIG. 1C) is 
homologous to the Slreplomyces avermililis EG catalytic 
domain. 
[0135] Assessment of, and Properties of, Improved Variant 
Endoglucanases 
[0136] Variant endoglucanases can be generated from a 
reference endoglucanase sequence using recombinant or syn 
thetic methods. The properties (e.g., catalytic activity, pH and 
temperature tolerance and optimums, etc.) of variant endo 
glucanases of the invention can be compared to reference 
endoglucanases (Which may be Wildtype or other variants). 
The comparison may be quantitative or qualitative. For 
example, a variant endoglucanase once expressed from a host 
cell may be compared to the sequence of the Wild-type SavO 
EG catalytic domain (SEQ ID NO: 1 or SEQ ID NO: 2) for 
improved properties. For example, the properties of a variant 
endoglucanase expressed from a host cell (e.g., a SavO EG 
variant having a catalytic domain With at least 88% sequence 
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identity to SEQ ID NO: 1) may be compared to the reference 
endoglucanases comprising SEQ ID NO:1 (the catalytic 
domain of Wild-type SavO EG) or SEQ ID NO:2 (Which 
contains the Wild-type SavO EG catalytic domain and 4 
N-terminal amino acids). 
[0137] The variant endoglucanases of the present invention 
such as those found in Table 4A-C can be screened to deter 
mine improved properties such as optimal activity at desired 
conditions. Various screening tests may be used by one skilled 
in the art. In one embodiment, variant endoglucanase candi 
dates can be screened by a tier 1 colorimetric pNPC (p-nitro 
phenyl-[3-D-cellobioside)-based HTP assay (substrate: 
pNPC; pH: 4.0; temperature: 70° C.; time: 24 hours). The 
release of p-nitrophenol is measure at 405 nm to calculate 
activity of the endoglucanase variants. Active variants iden 
ti?ed from a tier1 assay canbe subsequently subj ected to a tier 
2 HPLC assay (substrate: Avicel (crystalline cellulose) pH: 
4.0-5.0; temperature: 60-70° C.; time: 24 hours) to identify 
improved variant endoglucanases. Production of cellobiose 
from cellulose containing substrates can be measured by 
HPLC. Improved endoglucanase variants may furtherbe con 
?rmed and validated under sacchari?cation process condi 
tions. Cellobiose and glucose production under sacchari?ca 
tion process conditions are measured by HPLC. 
[0138] Some variant EGs of the present invention Will have 
improved activity as compared to a reference sequence. For 
example improved enzyme activity at a pH range of 3 .0 to 7.5, 
also at a pH range of3.5 to 6.5, also at a pH range of3.5 to 6.0, 
also at a pH range of3.5 to 5.5, also at a pH range of4.0 to 6.0, 
also at a pH range of4.0 to 5.5 also at a pH range of4.0 to 5.0. 
Some EG variants Will have improved ther'mo-stability or 
improved ther'mo-activity at a temperature of about 55 to 85° 
C., also at a temperature of 60 to 80° C., also at a temperature 
ofabout 60 to 75° C., and also at a temperature ofabout 60 to 
70° C. In some embodiments, the variant EGs Will have 
improved enzyme activity at a pH of 4.0 to 5.0 and a tempera 
ture of 60-70° C., and have a catalytic domain With at least 
88% sequence identity to the catalytic domain of S. avermiti 
lis endoglucanase (SEQ ID NO:1). 
[0139] In some embodiments, the variant EGs of the inven 
tion Will exhibit endoglucanase activity that is at least 1.5 
fold, at least about 2.0 fold, at least about 3.0 fold, at least 
about 4.0 fold, at least about 5.0 fold, at least about 6.0 fold, 
at least about 7.0 fold, at least about 8.0 fold and at least 10 
fold greater than the endoglucanase activity of the EG of SEQ 
ID NO: 2 When tested under the same conditions. In other 
embodiments, the stability (half-life) of the variant EG at pH 
5.0 and 65° C. Will be at least 100 fold, at least 200 fold, at 
least 300 fold, at least 400 fold, at least 500 fold, at least 600 
fold, at least 700 fold, at least 800 fold and even 1000 fold 
greater than the stability of a reference EG sequence (such as 
but not limited to SEQ ID NO: 2) under the same conditions. 
[0140] The variant endoglucanases of the present invention 
may be prepared either by mutating the reference endogluca 
nase as described above, synthetically engineering a gene 
encoding the variant endoglucanase, or by synthetically gen 
erating a polypeptide having the amino acid residue substitu 
tions as described herein. 

[0141] Modi?ed Variants 
[0142] The present invention includes conservatively 
modi?ed variants of the SavO EG polypeptides described 
herein (e.g., Table 4A-C). In some embodiments these vari 
ants have conservative sub stitutions made in their amino acid 
sequences. Examples of conservative substitutions are Within 
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the group of basic amino acids (arginine, lysine and histi 
dine), acidic amino acids (glutamic acid and aspartic acid), 
polar amino acids (glutamine and asparagines), hydrophobic 
amino acids (leucine, isoleucine and valine), aromatic amino 
acids (phenylalanine, tryptophan and tyrosine), and small 
amino acids (glycine, alanine, serine, threonine, proline, cys 
teine and methionine). Amino acid substitutions Which do not 
generally alter the speci?c activity are knoWn in the art and 
are described, for example, by H. Neurath and R. L. Hill, 
1979, in “The Proteins,” Academic Press, NeW York. The 
most commonly occurring exchanges are Ala/Ser, Val/Ile, 
Asp/Glu, Thr/Ser, Ala/Gly, Ala/Thr, Ser/Asn, Ala/Val, Ser/ 
Gly, Tyr/Phe, Ala/Pro, Lys/Arg, Asp/Asn, Leu/Ile, Leu/Val, 
Ala/Glu, and Asp/Gly as Well as these in reverse. 

[0143] Conservatively substituted variations of the SavO 
EG polypeptides of the present invention include substitu 
tions relative to the variants listed herein (e.g., Table 4A-C) of 
a small percentage, typically less than 5%, more typically less 
than 2%, and often less than 1% of the amino acids of the 
polypeptide sequence, With a conservatively selected amino 
acid of the same conservative substitution group. The addi 
tion of sequences Which do not alter the encoded activity of a 
SavO EG polynucleotide, such as the addition of a non 
functional or non-coding sequence, is considered a conserva 
tive variation of the SavO EG polynucleotide. 

[0144] The reference endoglucanase polynucleotide 
sequence cloned into a vector as described above, Which 
encodes the naturally occurring S. avermitilis catalytic 
domain, canbe subjected to site-speci?c mutagenic processes 
to generate the variant endoglucanases of the present inven 
tion. Site-directed mutagenesis techniques are described in 
Ling et al., Anal Biochem., 254(2):157-178 (1997); Dale et 
al., Ann. Rev. Genet, 19:423-462 (1996); Botstein & Shortle, 
Science, 229:1193-1201 (1985); Carter, Biochem. J., 237:1-7 
(1986); and Kunkel, “The ef?ciency of oligonucleotide 
directed mutagenesis” in NucleicAcids & Molecular Biology 
(Eckstein, F. and Lilley, D. M. J. eds., SpringerVerlag, Berlin 
(1987)); Kunkel, Proc. Natl. Acad. Sci. USA, 82:488-492 
(1985); Kunkel et al., Methods in Enzymol., 154:367-382 
(1987); Zoller & Smith, Nucleic Acids Res., 10:6487-6500 
(1982); Zoller & Smith, Methods in Enzymol., 100:468-500 
(1983); Zoller & Smith, Methods in Enzymol., 154:329-350 
(1987); Taylor et al. (1985) Nucl. Acids Res., 13: 8765-8787 
(1985); Nakamaye & Eckstein, Nucl. Acids Res., 14:9679 
9698 (1986); Sayers et al., Nucl. Acids Res., 16:791-802 
(1988); Kramer & Fritz, Methods in Enzymol., 154:350-367 
(1987); Kramer et al., Nucl. Acids Res., 16:7207 (1988); and 
Fritz et al., 1988, Nucl. Acids Res., 16:6987-99. 
[0145] A variant EG polypeptide of the invention can be 
subject to further modi?cation to generate neW polypeptides 
that retain the speci?c substitutions that characterizes the 
variant and Which may have desirable properties. For 
example, a polynucleotide encoding a variant endoglucanase 
With an improved property can be subjected to additional 
rounds of mutagenesis treatments to generate polypeptides 
With further improvements in the desired enzyme property. 
[0146] The number of modi?cations to the reference 
polypeptide, e.g. SEQ ID NO:1, that produces an improved 
endoglucanase property may comprise one or more amino 
acids. Protein evolution of combinatorial mutations can be 
accomplished by any method knoWn in the art including, but 
not limited to, classical and/or synthetic DNA shuffling tech 
niques. 














































































