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Cellulose is the major polysaccharide of plants where it plays a predominantly structural
role. A variety of highly specialized microorganisms have evolved to produce enzymes that
either synergistically or in complexes can carry out the complete hydrolysis of cellulose.
The structure of the major cellobiohydrolase, CBHI, of the potent cellulolytic fungus Tri-
choderma reesei has been determined and refined to 1.8 angstrom resolution. The mol-
ecule contains a 40 angstrom long active site tunnel that may account for many of the
previously poorly understood macroscopic properties of the enzyme and its interaction with
solid cellulose. The active site residues were identified by solving the structure of the
enzyme complexed with an oligosaccharide, o-iodobenzyl-1-thio-g-cellobioside. The
three-dimensional structure is very similar to a family of bacterial B-glucanases with the
main-chain topology of the plant legume lectins.

Cellulose is the most abundant renewable
resource on Earth, accounting for about
half of the organic material in the bio-
sphere. In addition to its ecological and
commercial importance, the high degree of
crystallinity of the substrate makes cellulose
degradation a problem of fundamental in-
terest. Cellulolytic fungi produce exogluca-
nases or cellobiohydrolases (CBH, 1,4-B-D-
glucan cellobiohydrolase, E.C. 3.2.1.91)
that hydrolyze crystalline cellulose by cleav-
age from chain ends (I). They act synergis-
tically with endoglucanases (EG, 1,4-B-D-
glucanohydrolase, E.C. 3.2.1.4) that pri-
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marily hydrolyze the disordered, amorphous
regions of cellulose, cutting at internal gly-

cosidic bonds (1).

A. The free R factor (21) was 17.6% for 1 out of 10
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there was no clear density for the five missing
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mal disorder, and these were excluded from the
final model.
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The cellobiohydrolase CBHI is probably
the key enzyme needed for the efficient
hydrolysis of native crystalline cellulose. It
is the most abundant cellulase produced by
the filamentous fungus Trichoderma reesei,
and the removal of its gene reduces overall
activity on crystalline cellulose by 70% (2).
It exhibits the strongest synergy with other
T. reesei and bacterial cellulases (3). Be-
cause CBHI acts synergistically with the
other cellobiohydrolase (CBHII) produced
by T. reesei (4), it has been suggested that
one or both of the enzymes may possess
endoglucanase activity (5). Cellobiohydro-
lase I has been classified on the basis of its
amino acid sequence as a family C enzyme
(6). This family includes both exo- and
endoglucanases which cleave the B(1 — 4)
glycosidic bond by a double-displacement
mechanism, resulting in retention of con-
figuration of the product, cellobiose (7).

Cellobiohydrolase I is a two-domain en-
zyme, consisting of a large catalytic core
linked to a small cellulose-binding domain
by a heavily glycosylated linker region (8).
The structure of the core was solved by the
standard method of multiple isomorphous

Fig. 1. Electron density of the active site residues. The map was calculated with 2|F .| — |Feacl
amplitudes, and phases were calculated from the final model. The ligand, o-iodobenzyl-1-thio-g-
p-glucose, is labeled IBTC and hydrogen bonds are indicated by dashed lines.
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replacement (MIR), and a model was re-
fined to a crystallographic R factor of 18.1%
at 1.8 A resolution (Table 1 and Fig. 1). It
consists of a large, single domain with
overall dimensions of approximately 60 A

by 50 A by 40 A (Fig. 2). About one-third
of this 434-residue domain is arranged in
two large antiparallel B sheets that stack
face-to-face to form a B sandwich. Except
for four short a helices, the rest of the

Table 1. MIR data and crystallographic methods. The crystals belong to space group P2,2,2,
and the cell dimensions are a = 84.0 A, b = 86.2 A, and ¢ = 111.8 A. The structure was solved by
standard MIR methods, making extensive use of density modification and averaging, and has been
refined with reciprocal space methods with tight stereochemical restraints (29). The second heavy
atom derivative was made with a mutant enzyme where a free cysteine was introduced at Ser'28 by
site-directed mutagenesis.

Compound
Property
. $128C/
Native Pb (CH,C0O0), merthiolate

Resolution (A) 1.81 1.99 1.81
Measurements 99089 131433 92263
Unique reflections 65174 45728 39965
Datato 2.0 A (%) 95.5 81.4 62.2
Data in highest 52.0 29.0 255
Resolution bin (%) (1.87t01.81 A) (2.06t0 1.99 A) (1.87t01.81 A)

rerge” 43 8.3 9.0
Ryt (151025 A) 18.7 17.7
Reyist 0.63 0.63
Phasing power$ 1.8 14
Number of sites 6 2

*Rirerge = Ell = < I >|Z< 1>] x 100.
I Ferens)l = Febs)ll for centric reflections.
by the lack of closure.

tRyery = 2||F PH' - |F PWS’F PH- $Rcyis = 2||F PH(obs)I - |F PH(cplc)IV
§Phasing power = mean value of the heavy atom vector divided

Fig. 2. (A) Ca stereo drawing of CBHI with a color
ramping scheme where the NH,-terminal residues
appear red and the COOH-terminal residues are blue.
The active site residues and ligand are drawn in
magenta and red, respectively. The view is approxi-
mately orthogonal to the concave top face of the B
sandwich. (B) For comparison, the B-glucanase is
drawn from the same view with color ramping of the
secondary structure elements.
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protein consists almost entirely of loops
connecting the B strands. These loops are
partly stabilized by nine of the ten disulfide
bridges present in the structure. The two B
sheets are highly curved, forming concave
and convex faces that contain seven and
eight antiparallel B strands, respectively.
The interface between the sheets comprises
a considerable volume which is packed
mostly with hydrophobic side chains but
contains one hydrophilic patch formed by
residues of both sheets (Glu??? from the
concave face and Thr??, Arg®®?, Tyr’™,
and GIn3!3 from the convex face). Most of
the loops between strands in the convex
sheet are short, whereas those in the con-
cave sheet and the connections between
sheets are longer. Together with local twists
in some of the strands, this creates a ~40
long tunnel that runs the length of the
concave sheet (Fig. 3). The tunnel is the
binding site of the cellobioside derivative
and the probable active site (9).

The structure of CBHI is very different
from the structures of the other four cellu-
lases that have been determined: the cata-
lytic core of CBHII from the fungus T.
reesei (10) and the related endoglucanase
E230 from the fungus Thermomonospora
fusca (11), the thermostable bacterial en-
doglucanase CelD from Clostridium thermo-
cellum (12), and the fungal endoglucanase
EGV from Humicola insolens (13). Both
cellobiohydrolases contain an active site
tunnel. Although the tunnel of CBHI is
about twice as long as that observed in
CBHII, they are both built up from loops
extending from a structural motif; in the
case of CBHI, several loops extend from the
B sandwich core, and in CBHII two long
loops extend from the COOH-terminal end
of a modified triose isomerase barrel. The
sides of both tunnels are formed by side
chains involved in a complex network of
hydrogen bonds and salt links and are rich
in amino acids that are known to interact
with sugars (14), especially tryptophan
residues. There are three tryptophans in
CBHII and four in the CBHI tunnel. Both
tunnels are flattened to accommodate glu-
cose units, but in CBHI a point at the
center forces the cellulose chain to adopt
something other than an extended confor-
mation (Fig. 3). In both enzymes, the
active site is positioned such that the prod-
uct, cellobiose, is just enclosed by the
tunnel.

We estimate that the CBHI tunnel has
seven glucosyl binding sites (A to G), in
agreement with other binding studies (15).
The ligand o-iodobenzyl-1-thio-B-D-cello-
bioside (IBTC) binds to one entrance (Fig.
2) with the aromatic group in site A and a
glucosyl unit in B. No interpretable elec-
tron density exists for a second glucosyl unit
(Fig. 1). Because CBHI can degrade cello-

525



Fig. 3. The active site tunnel of
CBHI drawn as a semi-transparent
surface. The active site residues
and ligand are included. The views
are (A) orthogonal to the tunnel and
(B) along the tunnel. The B sand-
wich is indicated by a magenta
ribbon. The Ca trace is colored red
to indicate loops that are expected
to be deleted in the related en-
doglucanase EGI of T. reesei. Be-
cause of low sequence identity,
some loops are difficult to delimit
precisely. Therefore, these are in
blue with red representing the most
likely region to be deleted.

triose and other short oligosaccharides
(15), it is likely that the glucosyl unit is
missing because of enzymatic action rather
than crystallographic disorder. The aro-
matic iodobenzyl group in site A stacks on
the ionized, planar guanido group of
Arg?®!. Although arginine residues stack-
ing on aromatic groups are found in active
sites and sugar-binding sites (16), stacking
of a guanido group onto a glucosyl unit is
unusual. Normally, stacking interactions
position the arginine side chain to form
hydrogen bonds with the hydroxyls of the
sugar. Site B resembles a typical sugar-
binding site with the more hydrophobic B
face of the glucosyl unit stacking on the
indole ring of Trp®>7®. All hydroxyl groups
of the sugar form hydrogen bonds to pro-
tein atoms or water molecules. The vacant
C site contains Trp*®” which, in a mod-
eled, extended cellobioside, would inter-
act with the a-face of the second sugar. A
similar situation exists in the active site of
CBHII where indole rings interact with
both a and‘B faces of glucosyl units (10).
Two more tryptophan residues (38 and 40)
line the other end of the tunnel to form
site E and the last site, G.
Cellobiohydrolase I, like lysozyme,
cleaves B-1,4-glycosidic bonds with reten-
tion of configuration, yielding the B ano-
mer as reaction product (7). The necessary
catalytic residues for a double-displacement
reaction (17) are immediately apparent
from the CBHI structure. The third strand
of the concave sheet contains three acidic
residues (Glu?'?, Asp?'4, and Glu?'?) that
are close to the proposed B(1 — 4) linkage
between sites B and C. Because of the
curvature of the strand, the carboxylate
groups wrap around the acetal linkage such
that Glu?!7 is “below” and Glu?!? “above”
the bond to be cleaved (Fig. 1). The strand
curvature is increased by an irregularity so
that the side chains of residues Ile?'® and
Trp?!® are both internal. Both Glu?'? and
Asp?'* form hydrogen bonds to hydroxyl
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groups of the glucosyl unit in site B. The
Glu?'7 hydrogen bonds to O-4 [equivalent
to the B(1 — 4)-linking oxygen in the
cellobioside] and to O-3, whereas Asp?!*
interacts only with the O-3 hydroxyl. The
carboxylate of Asp?! is also in close con-
tact with the carboxylate of Glu?!? (214
OD1-212 OE2 2.7 A) and to the imada-
zole ring of His??® from a neighboring
strand (214 OD2-228 NE2 3.1 A). In
turn, Glu?!? makes contacts to Ser!7# (212
OE1-174 OG 2.8 A and 212 OE1-174 N
3.1 A) and has three hydrogen bonds to
water molecules. Although all three resi-
dues are likely to be important, the prox-
imity of Glu?!” to the O-4 atom suggests
that this residue may act as a general acid
catalyst by donating a proton. The prox-
imity of the side chains of Glu?!2, Asp?!4,
and His?*?® are likely to affect their pK’s
but, based on its position and environ-
ment, we think that Glu?!? is the probable
nucleophile. The active site residues are
highly conserved when the nine available
sequences of CBHIs and the related EGI
endoglucanases are aligned (18). Our pro-
posal that cleavage occurs between sites B
and C is in agreement with the binding
studies and suggests that the cellulose
chain is cleaved from its reducing end
(19). It also explains why the preferred
product is cellobiose and not glucose for
longer substrates because the restricted
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volume prevents extensive rearrangement
of the cellulose chain as it threads through
the tunnel. The zig-zag pattern of glyco-
sidic linkages then allows the correct con-
formation to occur at the active site every
two glucosyl units, giving rise to the cel-
lobiose product.

On the basis of the CBHII structure, it
was proposed that several loops making
up the active site of exoglucanases have
been lost during the evolution of related
endoglucanses to create more open struc-
tures (10). This has been confirmed in
the CBHII family by the structure deter-
mination of the related endoglucanase
E230 (11). A comparison of the sequences
of CBHI and the homologous endogluca-
nase EGI from T. reesei (20) revealed
several deletions in the endoglucanase
sequence. Four of these deletions map to
active site loops in CBHI that help to form
the substrate binding tunnel (Fig. 3), sup-
porting the hypothesis that endogluca-
nases are generated from related exogluca-
nases by active site loop deletion.

The active site of CBHI shows local
similarities to a number of carbohydrate-
degrading enzymes, each of very different
structure (21). The CBHI core also shows
unexpected overall structural similarity to
two families of proteins; the legume lec-
tins and a family of bacterial 1,3-1,4-B-
glucanases (also called lichenases and
B-glucanases). The similarity to the le-
gume lectins is essentially at the level of
the folding topology (22). Though the
comparison of CBHI with lysozymes is an
example of convergent evolution, a com-
parison with a Bacillus B-glucanase struc-
ture (23) reveals evidence for a direct
evolutionary relation. The structures can
be superimposed such that 131 pairs of Ca
atoms (out of the 214 residues in the
B-glucanase) have a root-mean-square
(rms) deviation of 1.8 A. These residues
correspond to most of the B sandwich in
the B-glucanase. The long loops that form
the tunnel in CBHI are missing in the
B-glucanase which cleaves B(1 — 4)
bonds in the middle of mixed linked
B-glucan chains that also contain B(1 —
3) linkages. Their requirement for an open
active site is, therefore, in agreement with
the exo-endo hypothesis described above.
Only 12 residues are conserved in se-
quence within the structural alignment,
but they include the catalytic trio of car-
boxylates and both tryptophans in the
active site. The residue structurally equiv-
alent to the suggested nucleophile in
CBHI (Glu?'?) has been identified as the
likely catalytic nucleophile in the B-glu-
canase (24).

We believe that the key to understand-
ing the primary function of CBHI is the
long cellulose binding tunnel. The relative-



ly low catalytic efficiency of the enzyme
(15) has already raised the question of
whether hydrolysis is its primary function
and whether the genes encoding cellobio-
hydrolases are under any selection pressure
to increase their catalytic efficiency (25).
The differing tunnels observed in CBHI and
CBHII can explain both their synergy and
their interaction with crystalline cellulose.
The sorption of CBHI is rapid and irrevers-
ible. The distribution of the enzymes on
cellulose crystals is markedly different;
CBHI shows a preference for the crystal
edge (26), but CBHII acts at one tip of the
crystal (27). In CBHII, the active site
tunnel is relatively short so that after cello-
biose has been produced, the remaining
cellulose chain may either fall off the en-
zyme or thread further into the tunnel,
thereby leading to another cycle of activity.
Therefore, the clustering of CBHII at one
tip is due to the continuous attachment and
separation of the enzyme to the free nonre-
ducing ends of cellulose chains. If a cellu-
lose chain threads into the CBHI tunnel
from the A site, we would also expect the
cellulose to eventually fall off the enzyme.
However, if the entry is from the G site, the
length of the CBHI tunnel makes it more
likely that the cellulose chain remains at-
tached to the enzyme after the catalytic
reaction, and the enzyme then progresses
along the chain. This results in the enzyme
coating the cellulose surface with a prefer-
ence for the more exposed crystal edge. The
synergistic action of CBHI and CBHII is
most simply explained if we assume that
one or both of the enzymes has some en-
doglucanase activity (28). However, as
CBHI pares the crystal by peeling off one
cellulose chain at a time, the interactions
between neighboring chains may be weak-
ened, making them easier to separate and
more accessible to hydrolysis by CBHII.
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A. K. Konstantinidis, I. Marsden, M. L. Sinnott,
Biochem. J. 291, 883 (1993).

H. Chanzy, B. Henrissat, R. Vuong, M. Schdilein,
FEBS Lett. 163, 113 (1983).

H. Chanzy and B. Henrissat, ibid. 184, 285 (1985).
One loop in each active site shows somewhat
elevated temperature factors that may indicate
areas that could open up the site to allow endo-
activity. We judge that this is insufficient to open
up the active site to a cellulose chain.

Crystals with typical dimensions of 0.3 mm by 0.3
mm by 0.2 mm were obtained as described [C.
Divne et al., J. Mol. Biol. 234, 905 (1993)] but with
the addition of o-iodobenzyl-1-thio-B-p-cellobio-
side to a final concentration of 1 mM. The complex
crystals were isomorphous to the unliganded form
with two molecules in the asymmetric unit and a
solvent content of ~40%. The independent mole-
cules are related by a fractional translation oper-
ator of (0.454, 0.500, 0.500) which prevented us
from defining the space group until we had solved
a heavy atom difference Patterson. Diffraction
data were measured with both a Nicolet/Xentron-
ics multiwire area detector and an R-AXIS |IC
imaging plate system mounted on Rigaku rotating
anode generators at +4°C. One of the heavy atom
derivatives was made with crystals from a mutant
enzyme where a free cysteine residue was intro-
duced at Ser'28 with site-directed mutagenesis.
Heavy atom parameters were refined with the

527



program MLPHARE [Z. Otwinowski, in /somorphous
Replacement and Anomalous Scattering, W. Wolf,
P.R. Evans, A. G. W. Leslie, Eds. (SERC Daresbury
Laboratory, Warrington, Cheshire, UK., 1991), pp.
80-85] in the CCP4 software package. Phases were
improved by density modification [K. Y. J. Zhang
and P. Main, Acta Crystallogr. A46, 377 (1990)] and
twofold averaging [T. A. Jones, in Molecular Re-
placement, E. J. Dodson, Ed. (SERC Daresbury
Laboratory, Warrington, Cheshire, U.K., 1992), pp.
91-105] at 3.5 A resolution and then extended to 3
A. The extension was made in steps of 0.1 A and
consisted of averaging, phase combination with the
MIR phases, and density modification. The main
chain was traced with O with skeletonized electron
density, and the initial model built from a database of
refined structures [T. A. Jones and S. Thirup,
EMBO J. 5, 819 (1986); T. A. Jones, J.-Y. Zou, S.
W. Cowan, M. Kjeldgaard, Acta Crystallogr. A47,

110 (1991)]. The initial complete model had an R
factor of 49.9% for reflections in the resolution
range of 7.5 to 2.0 A. Two rounds of simulated
annealing [A. T. Brunger, J. Kuriyan, M. Karplus,
Science 235, 458 (1987)] and rebuilding re-
duced the R factor to 25.0%. Six cycles of
standard least squares refinement and rebuild-
ing gave a final R factor of 18.1% for all mea-
sured unickJe reflections in the resolution range
7.5 to 1.8 A. This model contained 7038 nonhy-
drogen atoms corresponding to the complete
amino acid sequence of both molecules, two
N-acetyl glucoseamine molecules (one N-glyco-
sylation site per molecule at Asn27°), two o-io-
dobenzyl-1-thio-B-p-glucose molecules, 529 wa-
ter molecules, and one calcium atom (in a spe-
cial position on the twofold axis). The model was
tightly restrained with rms deviations in bond
lengths, bond angles, fixed dihedral angles of

Fas and Perforin Pathways as Major Mechanisms
of T Cell-Mediated Cytotoxicity

David Kagi,* Frangoise Vignaux,* Birgit Ledermann, Kurt Burki,
Valérie Depraetere, Shigekazu Nagata, Hans Hengartner,
Pierre Golsteint

Two molecular mechanisms of T cell-mediated cytotoxicity, one perforin-based, the other
Fas-based, have been demonstrated. To determine the extent of their contribution to T
cell-mediated cytotoxicity, a range of effector cells from normal control or perforin-deficient
mice were tested against a panel of target cells with various levels of Fas expression. All
cytotoxicity observed was due to either of these mechanisms, and no third mechanism was
detected. Thus, the perforin- and Fas-based mechanisms may account for all T cell-
mediated cytotoxicity in short-term in vitro assays.

T cell-mediated cytotoxicity has been
studied over many years (1). Two mecha-
nisms have been defined at the molecular
level. A perforin-based mechanism (2) was
confirmed by the low cytotoxic activity of
activated lymphoid cell populations from
perforin-deficient (P°) mice obtained by
gene targeting (3). This mechanism seems
to require molecules other than perforin,
including certain serine esterases (4). Inde-
pendently, a Fas-based mechanism was mo-
lecularly defined through involvement at
the target cell level (5) of the cell death~
transducing molecule Fas (APO-1) (6) and
at the effector cell level of a Fas ligand (7).
We investigated whether these two mech-
anisms could account for all T cell-mediat-
ed cytotoxicity.

We first examined the specific antialloge-
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neic cytotoxicity generated in mixed leuko-
cyte cultures (MLCs) in vitro (8). Wild-type
C57BL/6-anti-C3H (H-2b-anti-H-2k; b-an-
ti-k) MLC cells lysed thymocytes from wild-
type C3H (k) mice in a 4-hour *!Cr release
assay (9) (Fig. 1A). They also lysed thymo-
cytes from Ipr mutant k mice (10), which
express little or no Fas (I1) and are thus
unable to be lysed by the Fas-based mecha-
nism (Fig. 1B). When P° b-anti-k MLC cells,
which are unable to lyse through the perforin-
based pathway, were used as effector cells,
some cytotoxicity still occurred on wild-type
thymocytes (Fig. 1C), but not on Ipr thymo-
cytes (Fig. 1D). The simplest interpretation
for this absence of cytotoxicity is that when
effectors were unable to exert perforin-based
lysis and targets were unable to be lysed
through the Fas pathway, no other mecha-
nism operated. In confirmation of other re-
sults (3, 5), both perforin- and Fas-based
mechanisms were antigen-specific because in
all cases k, but not C57BL/6 (b), thymocytes
were lysed (Fig. 1, A through C).

Similar evidence was obtained with
nonantigen-specific stimuli. MLC cells from
wild-type mice could be induced by phorbol
12-myristate 13-acetate (PMA) plus iono-
mycin to lyse syngeneic target cells through
the Fas-based mechanism and by concanava-
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0.008 A, 1.7°, and 1.4°, respectively. One nongly-
cine residue (Ser®®) has deviant main chain
torsion angles, and 12 residues have “pep-flip”
values greater than 2.5 A. The two molecules in
the asymmetric unit have an rms fit of 0.2 A for all
atoms. The surface in Fig. 3 was generated with
Voidoo [G. J. Kleywegt and T. A. Jones, Acta
Crystallogr. D50, 178 (1994)].
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lin A (Con A) to lyse the same syngeneic
target cells by a mechanism that was not
Fas-based (12). C57BL/6—-anti-BALB/c (b—
anti-d) MLC cells, either wild-type or P°,
were tested against syngeneic b thymocytes,
either wild-type or lpr. In medium alone, no
cytotoxicity was detected in this syngeneic
combination (Fig. 1, E through H). In the
presence of PMA plus ionomycin, wild-type
MLC cells lysed wild-type thymocytes (Fig.
1E), but not Ipr thymocytes (Fig. 1F), con-
firming that in this system PMA plus iono-
mycin reveals the Fas-based pathway exclu-
sively (12). The same results were obtained
with P° MLC cells (Fig. 1, G and H),
leading to the conclusion that P° cells could
be induced by PMA plus ionomycin to exert
Fas-based cytotoxicity against syngeneic
cells.

Lysis of both wild-type and Ipr thymo-
cytes by wild-type MLC cells stimulated by
Con A (Fig. 1, E and F) confirmed that Con
A triggered a non—Fas-based mechanism of
cytotoxicity. Con A also triggered lysis by P°
MLC cells of wild-type thymocytes (Fig. 1G)
but not of Ipr thymocytes (Fig. 1H). The
simplest interpretation of these findings is
that Con A induces both perforin- and
Fas-based mechanisms. Neither can operate
when P° effectors, which are unable to exert
perforin-based cytotoxicity, are used with Ipr
target cells (Fig. 1H). Thus, in this experi-
mental system (Fig. 1, E through H), al-
though Con A could trigger both perforin-
and Fas-based cytotoxicity, no other cyto-
toxicity mechanisms were revealed.

These conclusions also held for experi-
ments that used target cells other than thy-
mocytes. Wild-type or P° b-anti-d MLC
cells were tested on L1210 or L1210-Fas
tumor target cells, which express (5) little or
more significant amounts of Fas, respective-
ly. Whereas both target cells were lysed to
about the same extent by wild-type mouse
MLC cells (Fig. 2A), L1210 cells were lysed
less efficiently than L1210-Fas cells by P°
MLC cells (Fig. 2B) and by d11S cells,
which can be considered prototypic Fas-
based killer cells (Fig. 2C) (5, 13). Cytotox-



