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ABSTRACT:. Endoglucanase Cel6A fromhermobifida fuscdydrolyzes thes-1,4 linkages in cellulose at
accessible points along the polymer. The structure of the catalytic domain of Cel6ATirdnscain
complex with a nonhydrolysable substrate analogue that acts as an inhibitor, methylcellobiosyl-4-thio-
B-cellobioside (Gle-S-Glg), has been determined to 1.5 A resolution. The glycosyl unit in subsite

was sterically hindered by Tyr73 and forced into a distod8¢gconformation. In the enzyme where
Tyr73 was mutated to a serine residue, the hindrance was removed and the glycosyl unit in-suibsite
had a relaxedC; chair conformation. The relaxed conformation was seen in two complex structures of
the mutated enzyme, with cellotetrose (lat 1.64 A and GlgS-Glg at 1.04 A resolution.

Cellulases are a diverse class of enzymes that hydrolyzesugars, thereby achieving maximal degradation of the product
the 5-1,4 linkages in cellulose. The enzymes are tradition- (2).
ally grouped in two classes, endoglucanases (EC 3.2.1.4) The thermophilic soil bacteriumrhermobifida fusca
and cellobiohydrolases (EC 3.2.1.91). Endoglucanases cufproduces at least seven different cellulasgs3), and these
a cellulose chain at accessible points along its length, where-have been classified into the glycoside hydrolase (GH)
as cellobiohydrolases cleave off cellobiose predominantly families 5, 6, 9, and 484). The endocellulase Cel6A
from the ends of cellulose chains. Individual cellolytic (belongs to GH 6) displays high individual activity on
microorganisms produce a range of different complementary crystalline celluloseg). It has a molecular weight of 42 kDa,
cellulases 1). These enzymes act synergistically to con- an optimal activity at 55C, a broad pH optimum, and is
vert insoluble cellulose into cellobiose and other soluble composed of two domains, a catalytic one at the amino

terminus and a cellulose-binding domain at the carboxy-
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terminal end §). The crystal structure of the catalytic domain is mutated to a phenylalanine (Y169F) is due to a more
is determined at 1.8 A resolutiof)( relaxed conformation of the glycosyl unit in subsitel.
The GH 6 family contains both endoglucanases and However, the distortion in subsitel is still present in the
cellobiohydrolases. One important difference between the crystal structure of the Y= F mutant in complex with Gle
two classes of cellulases is the environment of the active S-Glg (17), but the hydroxy methyl group in the 1l site
site. In the cellobiohydrolases, the active site is positioned undergoes a small conformational change. This change
inside a tunnel formed by two extensive loops, and following relative to wild-type binding probably accounts for the
each catalytic event, the substrate is threaded through thisobserved tighter binding. Mutating the corresponding tyrosine
tunnel @). In contrast, these loops are reduced in length in Tyr73 in T. fuscaCel6A to a phenylalanine reduces the
endoglucanases, and the active site is a more open cleft. Thectivity on CMC 10-fold, and the Y- S mutant has 5000-
importance of the loops for the nature of the enzymatic fold reduced activity Z1).

activity has been shown experimentally for the cellobiohy- | this paper, we attempt to provide the structural
drolase Cel6B fronCellulomonas fimi(9), where deletion  packground for interpreting these results. We present the
of 15 amino acids in one of the tunnel-forming loops cyystal structures of the catalytic domain of wild-type Cel6A
enhances the endoglucanase activity of the enzyme.  from T. fuscain complex with a cellotetraose-like ligand,
The enzymes in GH 6 perform the hydrolysis of glycoside [wT-(GIc,-S-Gle)] as well as complex structures of the

linkages by net inversion of anomeric configuration in a y73s mutant, Y73S-Glcand Y73S-(Gle-S-Glo).
single-displacement mechanist0y. Inverting enzymes are

generally believed to have a base that activates a water
molecule, which performs a nucleophilic attack on the MATERIAL AND METHODS
anomeric carbon, and an acid that donates a proton to the

leaving group 11). The catalytic acid in GH 6 is the aspartate fusca Cel6Acd was cloned into the PET26b vector

corresponding o Aspll7 il. fuscaCel6A .(8’ 12—14);. . (Novagen) to produce pOS122) and transformed into
however, the residue that acts as a base in the reaction IH50. This plasmid consists of the Cel6A signal peptide

still unclear. Mutational studies from Damude et @l5) MRMSPRPLRALLGAAAAALVSAAALAFPSQAA, fol-
suggest that endoglucanase Cel6A fr@nfimi acts via a lowed by the catalytic domain from NDSPF...EMAIAA,

typical acid'—base mechani§m, where the aspartate resmuemature amino acid 286. The plasmid was then transformed
corresponding to Asp265 i fuscaCel6A is the base. into the Escherichia coli expression strain BL21-DE3

!\/Iuta_tion of this aspartate . fimi Cel6_A gives a completely (Novagen) to give strain D1119. The Cel6A Y73S mutation
inactive enzyme. In contrast, mutating Asp265Tinfusca was made as described1j. Using unique restriction sites,

((j:eIGA to aIanlnet_anId gspatr_a%me g|ve§ a 40-tf?r|]d 1”O]f°|d the portion of the gene containing the Y73S mutation was
ecrease, respectively, in activity on carboxymetnyl CElulose o\ hjnned into pOS12 and the resulting plasmid was

(CMC; 13). On the basis of crystallographic studies and transformed into BL21-gold-DE3 (Stratagene) to give strain

k'net'qgallg?& Kot|vula etsl.1(4)_propGOs?3]thzfltt Asp175r:‘ﬁ. . D1260. The Cel6Acd genes in these plasmids were se-
reeseiLeloA acts as a base In a Lrotihus-lype mec an's.m’quenced to be sure there were no unwanted mutations.
i.e., the proton is transferred from the nucleophilic water via ] C )
a second water to Aspl75. Support for this model of _Enzym_e Production and Punﬂcauofﬁ_heE_. coli expres-
deprotonation of the nucleophilic water is found in the crystal SiOn strains were grown at 3@ overnight in 100 mL of
structure of Humicola insolenscellobiohydrolase Cel6A LB with 60 ug/mL kanamycin. A total of 30 mL of the
complexed with cellobio-derived isofagomingé}. In this over_mght cultgr_e was transferred into each liter of M9
structure, a water molecule positioned close to the imino Medium containing 0.5% glucose and/&§fmL kanamycin.
nitrogen interacts with a second water molecule that is After growth at 30°C for abou 5 h to an O[3y of about
hydrogen-bonded to the carboxylate of Asp180 (Asp175 in 0.8, isopropyl thlqé’—D—gaIactQS|de was added to the culture
T. reeséi. The corresponding aspartyl residueTinfusca  t© 0.8 mM and growth continued at 3€ for 16 h.
Asp79, is in the wild-type structure positioned in a loop  The cells were separated from the supernatant by cen-
region 11 A from the catalytic acid. Despite the great trifugation for 15 min at 900§, and the periplasmic shock
distance, mutations of Asp79 show that the residue is fluid was obtained as recommended by Novoges).(The
important for the catalytic reaction, with a 75-fold decrease Cel6Acd proteins are typically about equally divided between
in activity on CMC for the alanine mutant and a 25-fold the supernatant and the shock fluid. The WT Cel6A
decrease in activity on CMC for the asparagine mutagy. ( supernatant and shock fluid were combined; phenylmethyl-
Crystallographic studies on the reeseiCel6A enzyme sulfonyl fluoride was added to 0.1 mM; and ammonium
show that the nonhydrolysable substrate analogue, methyl-sulfate was added to 1 M. This material was clarified by
cellobiosyl-4-thiog-cellobioside (Glg-S-Glg), is distorted Depth Microfiltration using a CUNO Betapure filter car-
in the —1 binding site, and it was suggested that this may tridge, 0.2um nominal (AU09Z13NG020), and loaded onto
be a key component of the mechanisi)( A similar a CL-4B phenyl Sepharose (Sigma) column-(2® mL/L
distortion is seen foH. insolensCel6A in complex with of culture). The column was washed with three column
the same inhibitor8) and forH. insolensCel6A, as well volumes of 0.6 M (NH),SO,, 0.01 M NaCl, 5 mM KPR at
as for theMycobacterium tuberculosisnzyme in complex  pH 6 followed by three column volumes of 0.3 M (M
with cellobio-derived isofagominel6, 19). The principal SOy, 0.005 M NaCl, and 5 mM KPat pH 6. The protein
determinant of ring distortion is a tyrosine that is conserved was eluted with 5 mM KPat pH 6 and then water. The
in GH 6. Koivula et al. 20) brought up the idea that the amount and purity of Cel6Acd found in each fraction were
tighter binding seen ifT. reeseiCel6A when this tyrosine  determined by SDSPAGE, and only the best fractions were

Mutagenesis and DNA Manipulation§he wild-typeT.
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combined. BisTris-HCL buffer at pH 7 was added to 5 mM  The superpositions were performed with Isgmai) (All

and adjusted to no less than pH 7. This material was diluted figures were prepared with O and rendered with MolizB).(

to a conductivity of no more than 0.2 mmho with water and Coordinates and structure factors have been deposited in the
loaded m a Q Sepharose column<3 mg of protein/mL of Protein Data Bank with accession codes 2BOD, 2BOE,
column) equilibrated with 5 mM BisTris at pH 7. The protein 2BOF, and 2BOG.

was eluted with a gradient of-0.2 M NaCl in 5 mM BisTris

at pH 7 (20« column volume). The fractions were checked RESULTS

by SDS-PAGE as above, and the best ones were combined. o ) )

The proteins were concentrated using Millipore PTGC Crystallization, Data _Collectlo_n, and Structurt_e Refinement.
polysulfone ultrafiltration 10 000 MWCO membranes and Crystals of the catalytic domain of Cel6A variants frdm

a stirred cell device. The buffer was changed to 0.01 M fusca were obtained in space group2;2:2; with one
HEPES at pH 7 and 10% glycerol by concentration and m.olecule per asymmetric unit. The structures were splved
dilution 3 times. The final concentration step was done using With molecular replacement using the catalytic domain of
a Millipore Centricon 30 000 MWCO. The final yield of the wild-typeT. fuscaCel6A (7) as the template. Molecul_ar
purified WT protein was 35 mg (77 mg/mL) o 2 L of replacemeqt was used because the space group was different
culture. from the originalP2;. A summary of the statistics from the

The Cel6Acd Y73S protein was prepared in essentially data collection and structure refinement is found in Table 1.
the same way, except only the shock fluid was used and the ~Structural Changes between the Y73S and Wild-Type Apo
Q Sepharose column was run first followed by phenyl Structures.The structure ofT. fuscaCel6A is a seven-
Sepharose. The final yield of the Y73S protein was 150 mg stranded TIM (triose phosphate isomeras)fold with the
from 6 L of culture at 75 mg/mL. The protein concentrations active site located in the C-terminal end of fhéarrel 7).
were determined by absorbance at 280 nm using extinctionThe Y73S apo structure confirmed previous results from
coefficients calculated from the predicted amino acid com- circular dichroism 21) that the Y73S mutation did not affect
positions. the overall fold of the protein compared to the wild-type

Crystallization and Data CollectionCrystallization ex-  Structure [PDB code 1TML; root-mean-square deviation
periments were performed using the hanging_drop vapor (rmsd) 0.48 for the 281 &], although some local differences
diffusion method at room temperature. Streak seeding with Were seen. The most striking difference between the wild-
wild-type crystals was routinely employed with the mutants type structure and the mutant one was the flexibility in
and complexes. residues 7687. These residues belong to the amino-

The crystallization conditions for the catalytic domain of Proximal loop that, in GH 6 cellobiohydrolases, participates
the wild-type protein (amino acids—286) and its mutant,  in the tunnel over the active site. The three glycine residues,
Y73S, were similar. The proteins were dissolved at20 Gly81, Gly86, and Gly87, found in this region, contribute
mg/mL in HEPES buffer at pH 7.0 and-8.0% glycerol. to the high flexibility. No interpretable density for residues
Crystals appeared within a few days from 20 to 30% poly- 82—85 was present in any of the structures that we present
(ethylene glycol) 4000 and 0.39.34 M sodium malonate  herein, and th® factors were high for the flanking residues
at pH 4.0. These crystals were successfully flash-cooled in compared to the rest of the protein. A disulfide bridge
liquid nitrogen with a cryoprotectant consisting of 35% PEG between Cys80 and Cys125 is stabilizing the residues
4000 and 1.0 M sodium malonate. adjacent to the flexible loop. In the original wild-type

The complex of Y73S with the nonhydrolysable substrate structure, it had defined density and was bent away from
analogue (GlgS-Glg; 24) was obtained by cocrystallization ~ the active site, although th# factors were higher than on
in the presence of a 5-fold molar excess of the inhibitor. average 7). rmsd values between the Y73S and wild-type
The complex of the wild-type protein with (GKS-Glg,) was apo structures for residues 26873 in the carboxy-proximal
produced by a 4-h soak with the ligand, followed by flash- 0op on the opposite side of the active site were up to 3
cooling. The Y73S mutant were soaked in saturated ¢Glc) times higher than average, although the density was well-
solution to obtain the complex. The saturated (@écjution ~ defined. In the GH 6 cellobiohydrolases, this loop is
was prepared by drying drops of 20 mM stock solution and considerably longer and contributes to the tunnel shape of
then dissolving it (75 mM) in cryoprotectant, into which the the active site, whereas our loop bends away from the active-
Crysta| was transferred and soaked for 10 min. site cleft. A disulfide brldge between Cys232 and Cys267,

X-ray diffraction data were collected from a single crystal Which is identical to the Cys368 and Cys415 disulfide bridge
at beamlines ID14-1 at ESRF (Grenoble, France) and 1711in T. reeseicellobiohydrolase Cel6A, stabilizes this loop.
at MAX-lab (Lund, Sweden). All data sets were collected  Structural Changes between the Y73S Apo and Ligand
at 100 K. The data were reduced and scaled using the CCP4Structures.A comparison of the Y73S apo structure with

suit (25). the Y73S-Glg ligand complex reveals no change in the
Model Building and Refinemerfll structures were solved  overall fold of the protein (rmsd 0.45 A for 278 equivalent
by molecular replacement with AMoR&2€) using the wild- Ca atoms). The only notable differences were seen in the

type structure (PDB code 1TML) as a starting search model. residues flanking the flexible amino-proximal loop and
The model was improved by alternating cycles of refinement around Cys125, which forms a disulfide bond to Cys80, in
with REFMAC5 @27) and rebuilding with O Z8). Water this loop. The change in position of Asp79 and Cys80 was
molecules were automatically added with ARP/WARB)( almost 2 A, and the residues around Cys125 and Ser123 to
and their behavior was manually monitored during refine- Met126, had moved 1:53 A. A comparison of the Y73S
ment. The ligands were incorporated after inspection of the apo structure with the Y73S-(GKS-Glg,) ligand complex
SigmaA-weighted 30) maps. (rmsd 0.30 A for 279 equivalentcCatoms) showed smaller
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Table 1: Data Collection Statistics

WT-(Glc-S-Gloy) Y73S Y73S-(Gle-S-Glo) Y73S-Glg
beamline 1711, MAX ID14 EH1, ESRF ID14 EH1, ESRF 1711, MAX

space group P2,2:2; P2:212; P2,2:2; P2:2:2;

cell parameters (A) 43.3,66.8,81.2 43.0,66.2,81.0 43.0,66.5, 81.4 42.9,66.9, 815

resolution (A}

number of unique reflections

18.4-1.50 (1.58-1.50)
38138

38.1-1.15 (1.16-1.15)
82912

40.8-1.04 (1.16-1.04)
104 597

52.0-1.64 (1.73-1.64)
28 960

redundancy 3.9(3.3) 6.9 (6.3) 8.1(6.7) 4.1(3.9)
completeness (%) 99.3 (98.2) 100.0 (100.0) 93.9 (91.0) 99.6 (97.1)
Reym (%0)? 11.5(26.3) 5.7 (31.8) 10.5 (34.6) 6.1(17.4)
meanl/ol? 11.2 (2.7) 18.7 (4.9) 17.2 (4.5) 15.6 (6.3)
Rmerge(%0)2° 12.9 (31.5) 6.1(34.7) 10.9 (37.4) 7.0 (20.2)
model refinement statistics
resolution (A) 18.381.50 38.07#1.15 40.82-1.04 51.99-1.64
number of reflections 36 229 78 766 100 450 27911
number of reflection in test set 1909 4147 5308 1495
Ruork (%) 18.5 16.4 14.9 15.7
Riree (%) 21.4 19.2 16.5 18.6
number of atoms
protein 2094 2096 2069 2080
ligand 46 - 46 45
solvent 225 367 404 273
rmsd from ideal valués
bond distance (A) 0.010 0.010 0.010 0.010
bond angle (deg) 1.4 1.4 1.5 1.3
B(A2)
protein 16 13 11 14
ligand 28 — 10 14
solvent 26 25 23 25

2Values in paranthesis refer to the outer resolution sSA&herge= [> ni(N/N—1))25 |l — DVY naYill]] x 100%.¢ Ideal values from Engh and

Huber @9).

( |
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Ficure 1: Inhibitor Glg-S-Glg, bind in the active site of wild-type Cel6A with a distortion in subsité (A). The mutation Y73S allows
the substrate Gicto bind with all glycosyl residues in the relaxed chair conformation (B). The densitiessameighted F, — F. maps
(30) at 0.3 electrons/Ain A and 0.4 electrons/Ain B.

changes in this region. Only Cys80 and Gly87, on either
side of the missing loop residues, had large shifts in position,
1.6 and 2.7 A, respectively. A comparison of the WT-(Slc
S-Glg) structure with the Y73S-(G}eS-Glg) (rmsd 0.36

A for 279 equivalent @ atoms) showed the same pattern.
Again, the only significant changes were found around the
missing loop residues and the disulfide bond.

Ligand Interactionln all three ligand complex structures,
WT-(Glc-S-Glg), Y73S-(Glc), and Y73S-(Glg-S-Glg),
glucose units were bound from subsit@ to subsitet-2 in
the nomenclature of Davies et a83). The major difference The hydroxyl group of Tyr73 in the WT-(GJeS-Glc)
in the sugar units of the three complexes was the presencestructure interacted (3.0 A) with a water molecule that was
of ring distortion in subsite-1 for the WT ligand complex  not within hydrogen-bond distance to any other atom. The
(Figure 1A). In the Y73S mutant, the glycosyl unit adopted C6 hydroxyl group in the distorted glycosyl unit in subsite
the energetically more favorable chair conformation (Figure —1 was within hydrogen-bond distance of the hydroxyl group
1B). The relative positions of the three ligands in superim- of Ser189. This hydrogen bond was not present in the Y73S
posed structures are shown in Figure 2. ligand complexes because, in the relaxed conformation, the

Ficure 2: Inhibitor Gle-S-Glg and substrate Gidinds in a very
similar way in the active site. Here, the three ligands are shown
after superimposing the structures, WT-(&&Glg) in white,
Y73S-(Glc) in gray, and Y73S-(GleS-Glc) in dark gray.
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C6 hydroxyl group was more theb A away from Ser189.
Instead the hydroxyl group of Ser189 was within hydrogen-

bond distance (2.8 A) of a water molecule that also interacts

(3.1 A) with the carboxylate of the catalytic acid Asp117.
This water molecule was not present in the WT-(3e
Glcy) structure, and the C6 hydroxyl group did not interact
with Asp117 (3.8 A). The C6 hydroxyl group in subsitel

was also in a nonbonded contact (2.7 A) with the sulfur atom

in the glycosidic linkage.

The catalytic acid Aspll7 was present in the same Ficure 3: Superimposing. fuscaCel6A (in gold and red) anHl.

Biochemistry, Vol. 44, No. 39, 20092919
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orientation in all structures. The distance between the closestnsolenscellobiohydrolase Cel6A (in gray and purple) reveals the

Aspl17 carboxylate oxygen and the glycosidic linkage was

3.5, 3.6, and 3.3 A for Y73S-GIcWT-(Glc-S-Glg), and
Y73S-(Gle-S-Glg,), respectively. The other carboxylate
oxygen of Asp117 formed a hydrogen bond 259 A) to
a water molecule.

In the other subsites, similar interactions could be seen
between the ligand and protein for all three complexes. Three
tryptophans, Trp4l, Trp231, and Trpl62, are present in

subsites—2, +1, and+2, respectively. In thet1 and+2
sites, thea face of the glycosyl unit stacks on the indole
ring of the tryptophan. In subsite-2, the tryptophan is
positioned on th@-face side of the glycosyl unit but without
forming full stacking interactions. The C6 hydroxyl group
in subsite—2 was within hydrogen-bond distance to the
carboxylate of Glu263 and the amino group of Lys259. The
amino group of Lys259 was also within hydrogen-bond
distance to the C3 hydroxyl group of the glycosy! unit in
subsite—1, which also was within hydrogen-bond distance
to a carboxylate of Asp265. The only direct contacts linking
the protein and the-1 glucosyl unit were between the C6

hydroxyl group and amide nitrogen of Asn190 and between
the C3 hydroxyl group and an imidazole nitrogen of His159
in subsitet+2. Besides the direct hydrogen bonds, there were
also three water-mediated hydrogen bonds, one in each o

the subsites-2, —1, and+2. Three internal hydrogen bonds
are present in all ligands; the C2 hydroxyl group in subsite
—2 and +1 are within hydrogen-bond distance to the
glycosidic oxygen in subsite-1 and—2, respectively, and

in subsite+1, the ring oxygen is within hydrogen-bond
distance to the C3 hydroxyl group in subsit@.

DISCUSSION

Extensive structural studies on ligand interactions with the
Cel6A cellobiohydrolases from both the funiyi reeseiand

shorter binding site iT. fuscaCel6A.

R353

Wai !l ! W3E7

R221
D265

E399 25¢

"2 D401

FIGURE 4: Inhibitor Glg-S-Glc is shown bound to wild-typd.
fuscaCel6A (in gold and red) andl. reesetellobiohydrolase Cel6A

(in purple and green). The major differences in the active site
between the two enzymes are found around the catalytic acid,
Aspl17 inT. fuscaCel6A and Asp221 iT. reeseiCel6A.

The Flexible LoopThe two tunnel-forming loops present
in the GH 6 cellobiohydrolases are considerably shorter in

{T. fuscaCel6A. The openness of the active site is important

for the endoglucanase activit®)( Endoglucanase Cel6B
from H. insolensshows high structure similarity to the
cellobiohydrolases, but the carboxyl-terminal loop of the
cellobiohydrolases is missing3%). In ligand complex
structures, endoglucanase Cel6 frdntuberculosisshows

an amino-proximal loop that is folded back over the binding
cleft (19). In T. fusca the flexible amino-proximal loop
(residues 76:89) is shortened 5 residues compared to the
one inT. reeseiand the carboxyl-proximal loop (residues
260-275), which is 20 residues shorter. In the WT structure,
the amino-proximal loop is fixed by a sulfate ion in a position

H. insolenshave been done, and several complex structuresbent away from the active site. In all of the ligand-bound

are available § 16—18, 20, 34). The sequence similarity
between the catalytic domains of these two cellobiohydro-
lases is 64%, while Cel6A frori. fuscais more distantly
related with only about 30% sequence identity (using
Tcoffee) to T. reeseiand H. insolens In H. insolens
cellobiohydrolase Cel6A, five glycosyl units are observed
binding to subsite-2 and+1 to +4 (35). In the structures
presented in this paper, four binding sites, frei to +2,
have been identified foF. fuscaCel6A. Superimposing the
T. fuscaandH. insolensCel6A structures reveals a shorter
binding cleft inT. fuscaCel6A. The glycosyl unit inH.
insolensCel6A subsite+4 is stacked against Trp277, for
which there is no corresponding tryptophan Tn fusca
Cel6A. The loop formed by residues 31829 inH. insolens
Cel6A is also absent ifi. fuscaCel6A (Figure 3).

structures presented here, the density from Gly81 to Gly86
was too poorly defined to allow the building of this loop. In
addition, the residues before and after had badly defined
density and higher temperature factors than the average for
the structure. The movement of the loop could be an
important feature for the endo activity of the enzyme on the
substrate, but a folding back over the active site might be
needed to bring Asp79 closer into position for cleavage. In
the structures available to date, Asp79 is not close enough
to the active site to participate in the reaction as a base.
However, from its location in the region with high flexibility,
further movements could be possible that allow it to get
closer to the active site. To make Asp79 undertake a similar
position as Aspl75 iT. reesei the sterical hindrance by
Arg78 must be removed (Figure 4). It is positioned by
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Table 2: Enzyme Activities on Different Substrates

mutant\substrate CMC (%) SC (%) MU(GIEM) MU(GlIc)3 (M) cellotriose (M) MUXyIGlc (M)
WT 100 100 5.41x 1077 4.18x 10°8 1.00x 10 ~2x 107°
Y73F 8.4 5.7 2.0% 1077 2.10x 1078 1.38x 104 ~5x 107°
Y73S 0.022 0.088 5.6% 1078 1.64x 1078 8.3x 10°° 1.38x 10°8
D117A 0.03 0.02 2.% 1077 57x 1078 1.2x10*

hydrogen bonds to the carboxylate of Glull5 and the studies with a nonhydrolysable ligand (&B-Glg; 17)
carbonyl oxygens of Ala75 and Pro116 with both the primary showed that the-1 glycosyl unit is distorted in both the
and secondary guanidinium nitrogens. The position of Arg78 wild type and Y169F ligand complex. The extra space in
was well-defined in all structures presented here, but in a the mutant enzyme allows a reorientation of the C5 hydroxyl
mutant structure where the catalytic acid D117 is mutated group in the —1 glycosyl unit to a more energetically
to an alanine, the Arg78 showed less well-defined density favorable conformation and thereby provides a structural
for two conformations (unpublished results): one in a similar explanation for the earlier binding results. A similar structure
position as the structures presented herein and anothemvas later reported for the closely related cellobiohydrolase
position similar to the one for the corresponding residue in from H. insoleng18) and, recently, foM. tuberculosiCel6
T. reeseiCel6A. Because these two conformations of Arg78 (19). The distantly related Cel6A fronT. fusca shows
are not seen in any othér. fuscaCel6A structure, one  essentially an identical ring distortion in the WT-(&I8-
interpretation is that they are just the result of the changesGlc,) (Figure 4). After least-squares alignment with the WT
in the active site caused by the mutation of the catalytic acid. T. reeseistructure, the rmsd for the ligands was 0.9 A and
The Catalytic AcidAlthough it is clear which amino acid  the ligand structure showed no significant deviations (rmsd
functions as a proton donor in GH 6, the crystallographic of 0.4 A when aligning the ligands), thus maintaining the
studies have shown different arrangements of the protonationhydroxy methyl orientation. The protein ligand interactions
machinery. In the ligand structures of reeseiwild type are highly conserved between the two structures except for
and a Y169F mutant with GJeS-Glg (17) the catalytic acid, one hydrogen bond in each subsit®€ and—1. In the—2
Asp221, is flipped away from the glycosidic oxygen and not site, the hydrogen-bond interaction between the C3 hydroxyl
in position to act as a proton donor. In these structures, two group and the carboxylate in Asp137Tn reeseiCel6A is
conformations have been seen for Aspl75 that interactsnot present inT. fusca Cel6A because the aspartate is
closely with the catalytic acid (Figure 4). Different confor- replaced by an alanine. In thel site, the hydrogen bond
mations, both for Aspl75 and Asp221, are suggested tobetween the C6 hydroxyl group and Serl89 preserk.in
depend on the movements of the loop regions when thefusca Cel6A is absent inT. reeseiCel6A because in the
substrate is threaded through the tunnel, and their interactionposition of the serine it is an alanine.
is thought to be important for the protonation of Asp221 A more drastic mutation of the conserved tyrosyl, Y73S,
(17). Flipping of the catalytic acid is observed alsoHh in T. fuscareplaces the tyrosine with a much smaller serine
insolenscellobiohydrolase Cel6l@, 18). In T. fuscaCel6A, residue. This mutation caused only minor changes in the
the catalytic acid was observed in only one orientation, active-site residues of the. fuscaenzyme (parts A and B
pointing toward the glycosidic bond. The residues surround- of Figure 1) but dramatically affected the conformation of
ing the catalytic acid differ remarkably compareditaeesei the—1 glycosyl residue. The cellotetrose and thiol derivative
Cel6A (Figure 4), while the residues interacting with the had identical structures, and both formed the energetically
substrate are remarkably well-conserved. more favorabl¢C; conformation in the-1 glycosyl unit in
The catalytic acid Asp117 ifi. fuscaCel6A was about  the Y73S complexes. The adoption of this conformation is
3.5 A from the glycosidic bond in all of the complexed a direct consequence of the mutation because modeling the
structures presented here, and the carboxylates of Aspll#elaxed ligand conformation into the WT enzyme produces
did not interact with any other residues. Both Asn225 and severe clashes with the tyrosine side chain (see alsbryef
Aspl75 inT. reeseiCel6A are at hydrogen-bond distance The fact that the glycosyl units in subsite® and+1 had
from Asp221 when the residue is flipped away from the essentially identical positions in the WT-(GI8-Glg) and
glycosidic bond (Figure 4). Inl. fuscaCel6A, Leul2l Y73S-(Gle-S-Glg) structures is further evidence that the
replaces Asn225. The position of the hydrophobic Leul21 tyrosine alone is responsible for the ring distortion.
could prevent the catalytic acid ih fuscafrom adopting a Kinetic studies orT. fuscaCel6A (13, 21) show that the
conformation flipped away from the glycosidic bond that is activities of the Y73S mutant on CMC and phosphoric acid-
seen inT. reeseiCel6A. InT. fuscaCel6A, Arg78 (Argl74 swollen cellulose (SC) (0.022 and 0.088% of WT activity,
in T. reeseiCel6A) is filling up the space that Asp175 partly respectively) are comparable to the corresponding activity
occupies inT. reeseiCel6A (Figure 4), but Arg78 might be  of T. fuscaCel6A when the catalytic acid D117 is mutated
able to change location with changes in the amino-terminal to an alanine (0.03 and 0.02% of WT activity, respectively;
loop that covers the active site (see above). Table 2). Thus, the Y73S mutation, resulting in the nondis-
Distortion in the —1 SubsiteKinetic studies on Cel6A  torted glycosyl unit in subsite-1, strongly decreases the
and the Y169F cellobiohydrolase mutant frdmreese(20) activity. The Y73F mutant shows 8.4% of WT activity on
were interpreted to suggest that the enzyme distorts theCMC and 5.7% on SC. The higher activity in Y73F
glycosyl unit bound in the-1 site. This distortion could be  compared to Y73S can be explained by the size of the
relieved by a Y— F mutation of a conserved tyrosyl residue phenylalanine ring, which is likely to force a distortion of
(residue Y169) in the site. Subsequent crystallographic the the—1 subsite sugar as seen in ligand complexes with
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the corresponding mutation if. reeseiCel6A (17). The 8.
Y73S mutant also shows a tighter binding to shorter
substrates compared to the WT and Y73F mutant, except g
for the binding to MUXyIGIc (Table 2). The energetically
favorable “C; chair conformation seen in the two Y73S
complex structures can explain the tighter binding of MU-
(Glc),, MU(Glc)s, and cellotriose to this mutant. The same
explanation can be used for the tight binding of MUXyIGlc

to the WT and Y73F mutant. A xylosyl unit differs from a
glucosyl unit by the absence of a hydroxymethyl group at
the C5 atom. In ar. reeseiCel6A wild-type structure in
complex withmriodobenzylg-p-glucopyranosy)3-(1,4)o-
xylopyranoside, the xylosyl unit in subsitel adopts the
energetically favorabléC; chair conformation 17).

The distortion of the—1 glycosyl unit appears to be an
essential feature for the efficient catalysis in GH 6. The
inverting glycoside hydrolases act by a single-displacement
mechanism that passes through an oxocarbenium-ion-like
transition state. The transition state is stabilized by a partial
double bond between the ring oxygen and C1, which requires
a planarity of C5, O5, C1, and C2. The planar conformation
is seen in four different ring conformations, two-half chairs
(*Hs and ®H,), and two boats?(B and B, 35). The ?S,
distortion presented here and seen in several nonhydrolysable
ligand complexes in GH 6 is close to th&°B boat
conformation. In the complex of a nonhydrolysable cellobio-
derived isofagomine and Cel6A froml. insolens the
isofagomine in subsite-1 is distorted to a conformation
between &S, skew-boat and &°B boat conformation6).

The 2B boat conformation is also seen at atomic resolution
for an unrelated inverting endoglucanase in GHCRystrid-

ium thermocellumCel8A (37). Other glycoside hydrolase
families have examples of distortion close to one of the four
planar conformations, and all four distortions are represented 18-
among the families38).

Consistent with the observations from other GH family 6
ligand complex structures, we have shown that a distortion
of the glycosyl unit in subsite-1 is present also ifi. fusca
Cel6A. On the basis of earlier kinetic studies and the
structures presented here, we suggest that Tyr73 plays a key
role in the distortion of the glycosyl unit in subsitel and
that this distortion is highly significant for the enzymatic
activity of T. fuscaCel6A.
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