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Cellobiohydrolase I (Cel7A) of the fungusTrichoderma reesei
(now classified as an anamorph of Hypocrea jecorina) hydro-
lyzes crystalline cellulose to soluble sugars, making it of key
interest for producing fermentable sugars frombiomass for bio-
fuel production. The activity of the enzyme is pH-dependent,
with its highest activity occurring at pH 4–5. To probe the
response of the solution structure of Cel7A to changes in pH, we
measured small angle neutron scattering of it in a series of solu-
tions having pH values of 7.0, 6.0, 5.3, and 4.2. As the pH
decreases from 7.0 to 5.3, the enzyme structure remains well
defined, possessing a spatial differentiation between the cellu-
lose binding domain and the catalytic core that only changes
subtly. At pH 4.2, the solution conformation of the enzyme
changes to a structure that is intermediate between a properly
folded enzyme and a denatured, unfolded state, yet the second-
ary structure of the enzyme is essentially unaltered. The results
indicate that at the pH of optimal activity, the catalytic core of
the enzyme adopts a structure in which the compact packing
typical of a fully folded polypeptide chain is disrupted and sug-
gest that the increased range of structures afforded by this dis-
ordered state plays an important role in the increased activity of
Cel7A through conformational selection.

Lignocellulosic biomass has the potential to be a plentiful
feedstock for the production of biofuels. One of the main chal-
lenges to realizing this renewable energy source lies in master-

ing the process of producing fermentable sugars from the recal-
citrant complex of cellulose, hemicellulose, and lignin that
comprises lignocellulosic biomass. The fungus Trichoderma
reesei (now classified as an anamorph of Hypocrea jecorina)
breaks down biomass to meet its energy demands (1, 2) and
efficiently degrades biomass into sugars by producing several
enzymeswith complementary activities.Due to its high levels of
enzyme production, T. reesei is the primary commercial source
of cellulases. Developing a fundamental understanding of their
enzymatic mechanisms is one key to engineering improve-
ments capable of increasing biofuel yields from biomass.
Of key interest among these enzymes is the cellobiohydrolase

I (Cel7A)5 due to its ability to bind to and disrupt the surface of
crystalline cellulose (3). AsCel7Aprogresses along the cellulose
surface, the glucan chain that enters the active site tunnel is
processively cleaved, releasing cellobiose (glucose dimer) units
that are later hydrolyzed to glucose by the T. reesei �-glucosi-
dase. The disruption of the cellulose surface by Cel7A also
enables the endoglucanases and cellobiohydrolase II (Cel6) to
degrade the cellulose chains further. These synergistic interac-
tions result in rapid hydrolysis of crystalline cellulose. Thus,
Cel7A carries out a critical first step in producing sugars that
can be readily fermented into bioethanol.
Cellobiohydrolases such as Cel7A share a common organi-

zation of three general domains (4). A catalytic core is con-
nected to a cellulose binding domain by a short linker. InCel7A,
these domains have 436, 36, and 24 amino acid residues, respec-
tively. The enzyme is highly glycosylated (5–9), with sites on the
catalytic core and linker.
The tertiary structure of Cel7A has been studied using a variety

of techniques. Although the high resolution structure of the intact
holoenzyme has not been determined, possibly due to difficulties
in crystallization that result from the glycosylated and unstruc-
tured linker, the structures of the catalytic core and cellulose bind-
ingdomainshavebeendeterminedby crystallography (10, 11) and
NMR(12), respectively.Thecatalytic corehasanegg-like, globular
structure with a long cleft identified as the binding site for the
glucan chain (11). The cellulose binding domain is an antiparallel
�-sheet (12) folded into a wedge-like shape that yields an
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amphipathic character. The low resolution structure of the intact
enzyme has also been studied by small angle x-ray scattering
(SAXS) (13, 14) and EM (15). The experiments performed at neu-
tralpHfoundtheenzymetohaveacompactcorewithanextended
tail (13–15). This shape was also found for a cellobiohydrolase
fromthe fungusHumincola insolens (16), suggesting that cellobio-
hydrolases from different species share a common structure.
T. reesei is an acidophilic organism typically cultivated at pH

4.8 or 5.0. Its cellulases function optimally at acidic pH between
3 and 5 (17, 18). In particular, pH values between 4 and 5 are
optimal for Cel7A (17, 18). Further, an acidic pH confers ther-
mal stability to Cel7A (19). The pI values calculated from the
amino acid sequences of the three domains (20) indicate that
the catalytic core has a pI of 4.3, whereas those of the cellulose
binding domain and linker are 6.4 and 12.3, respectively. The
glycosylation of the enzyme is variable, resulting in a range of pI
values for the holoenzyme. Isoforms having pI values between
3.5 and 4.2 are found depending on the growth conditions and
the specific strain of the fungus (8, 9).
The mechanism driving the increased catalytic activity at

acidic pH remains to be explored. It is possible that the pH-
driven changes in the protonation states of key residues are
responsible for the increase in activity. The pI of the catalytic
core of the enzyme is very near the peak in the activity of the
enzyme. A physicalmechanismmay also play a role in the activ-
ity of the enzyme. Changes in the relationship between the cel-
lulose binding domain and the catalytic core could impact
access of cellulose to the active site of the enzyme. A structural
characterization of the enzyme as a function of pH is required
to understand the activity of the enzyme better.
Here, we present a small-angle neutron scattering (SANS)

study of the structure of Cel7A in a series of solutions of
decreasing pH ranging from7.0 to 4.2, the latter being the pH at
which the enzyme is known to be themost active. At the higher
pH values measured, the structure has features that are consis-
tent with the high resolution structures of the catalytic core of
the enzyme (10, 11) and the cellulose binding domain (12). The
SANS data of Cel7A collected at pH 4.2 demonstrate that the
enzyme undergoes a pH-dependent conformational change.
Analysis and modeling of the SANS data indicate that the
change is consistent with the catalytic core of the enzyme tran-
sitioning to a state intermediate between the compact structure
determined by crystallography (10, 11) and a fully denatured
ensemble. The scattering at pH 4.2 is not consistent with an
ensemble of structures generated using the available high reso-
lution structures of the domains of the enzyme (10–12) con-
nected by flexible linkers. The results provide new insight into
the structural basis for the pH-dependent activity of the
enzyme that suggests that conformational selection (21–23)
plays an important role in the function of the enzyme.

EXPERIMENTAL PROCEDURES

Sample Preparation— Cel7A was purified from a commer-
cial culture filtrate produced by submerged fermentation of T.
reeseiQM9414 (Sigma-Aldrich) by ion-exchange and chroma-
tofocusing chromatography using a method described previ-
ously (24). An AKTA basic chromatography system (GE
Healthcare) was used for chromatofocusing and gel filtration.

Polybuffer 74 was removed from the Cel7A following chroma-
tofocusing by gel filtration on Superdex-200 (GEHealthcare) in
50 mM sodium citrate at the desired pH values for the studies.
The Cel7A eluted as a single peak with a retention time consis-
tent with elution of Cel7A monomers based on the reported
molecular mass (25). The purified enzyme was shown by iso-
electric focusing with a Phast Gel system (GE Healthcare) to
have amajor bandwith pI of 4.2 and aminor bandwith pI of 4.0.
CDSpectroscopy—CDmeasurements forCel7Awere collected

at the series of pH values (4.2, 5.3, 6.0, and 7.0) using a Jasco J-810
CD spectrometer. Data were collected at room temperature in
1-mm path length quartz cuvettes. Spectra were recorded every
0.1 nm from 250 to 190 nm, but strong absorption by the buffer
caused the data quality to be unacceptable below 200 nm.
SANS Measurements—SANS measurements were per-

formed using the Center for Structural Molecular Biology Bio-
SANS instrument at the High Flux Isotope Reactor of Oak
Ridge National Laboratory (26). The wavelength was 6.0 Å, and
the wavelength spread, ��/�, was set to 0.14. To provide suffi-
cient q range for the data analysis (0.025 Å�1 to 0.25 Å�1), a
single sample-to-detector distance was used, namely 1.1 m.
Both the pH 4.2 and 5.3 data were measured at an additional
sample-to-detector distance, namely 6.8 m, to provide addi-
tional low q data (down to �0.007 Å�1) to verify that the sam-
ples were free of high molecular mass contaminants and aggre-
gates at low pH. Data were corrected for transmission, detector
sensitivity, dark current (electronic noise), and sample back-
ground according to standard procedures. The corrected data
were azimuthally averaged to produce the one-dimensional
intensity profile I(q) versus q.
SANSDataAnalysis andModeling—The small angle scatter-

ing intensity profile ofmonodisperse, identical particles in solu-
tion is given by Equation 1 (27),

I�q� � � ��
V

���r�� � �s�e�iq� � r�d3r��
2

, (Eq. 1)

where �(r�) is the scattering length density of the particle as a
function of position r� within the particle volume V; �s is the
scattering length density of the solvent; and q� is themomentum
transfer, having the magnitude q � 4�sin(�)/�, where 2� is the
scattering angle and � is the wavelength. The integration in
Equation 1 is an ensemble and orientational average over all
particles in the incident beam.
The radius of gyration, Rg, was determined according to

Guinier and Fournet (27). Data were also analyzed for the dis-
tance distribution function, P(r). P(r) provides the frequency of
distances between scattering centerswithin an object. The scat-
tered intensity I(q) is related to P(r) by the Fourier transform in
Equation 2,

P�r� �
1

2�2�
0

�

dq � �qr� � I�q�sin�qr�. (Eq. 2)
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The indirect Fourier transform algorithm implemented in the
software GNOM (28) was used to determine P(r) from mea-
sured intensity profiles. The boundary conditions P(r) � 0 at
r � 0 and at the maximum linear dimension, dmax, were
imposed to ensure proper behavior. dmax was a free parameter
in the fitting. In addition to providing dmax, P(r) fitting also
provides a second measure of Rg, which is the second moment
of P(r). The uncertainty in dmax was estimated by testing
GNOM with dmax values near the best fitting value. All data
were analyzed over the same q range to provide consistency in
the information content in the data.
Kratky plots (q2I(q) versus q) (29) were produced from the

SANS data. A Kratky plot accentuates the scattering data at
higher q values, making the decay behavior of the scattering
curve readily apparent. It is known that a compact particle small
angle scattering curve decays as q�4 (30), whereas a random
polymer chain decays as q�1 (29). Kratky plots are useful for
differentiating between compact and unfolded structures (31).
A Kratky plot will display a slope of �1 at high q for a com-
pletely unfolded protein and a slope of �2 for a compact pro-
tein. Kratky plots are highly sensitive to background subtrac-
tion issues that can result from the incoherent scattering of
neutrons by hydrogen. To build confidence in the plots, a con-
stant base linewas applied, and several values of the base line on
the order of the experimental uncertainty in the data were
tested to ensure that the features observedwere not the result of
subtle errors in background correction.
Structural modeling of Cel7A from the SANS data was

accomplished using two different approaches. Restoration of
the molecular envelope of the enzyme from the SANS data,
representing the shape of the surface of the structure, was
accomplished through the use of GA_STRUCT (32). All data
were modeled over the same q range to provide consistency in
the information content in the data. A set of 25 models was
generated from each SANS dataset and used to produce the
consensus envelope, representing the structure consistent
across the set of models.
Additional structural modeling employed the ensemble

optimization modeling method described by Bernado and
co-workers (33). The modeling employed the crystallo-
graphic structure of the catalytic core of Cel7A (Protein Data
Bank ID code 1CEL) (10) to which hydrogen atoms were
added using the softwareWHAT-IF (34) and the NMR struc-
ture of the cellulose binding domain (12). It was not possible
to create gylycosylated models using the software. However,
because the total molecular mass of the sugars is much
smaller than the total molecular mass of the enzyme, the
resulting structures are reasonable representations of
the conformations adopted by the enzyme in solution. The
default options were used for the calculations with the
exception of the number of points generated for the intensity
calculation (101 instead of the default 51).
The H�� method (35, 36) was employed to calculate

approximate pKa values of all the residues of Cel7A from the
6CEL (11) crystal structure. This method is based on classical
continuum electrostatics and statistical mechanics calcula-
tions. A residue was considered as protonated when its pKa
value is larger than the pH of the solution.

RESULTS

The CD spectra for Cel7A collected at the four pH values is
shown in Fig. 1. The spectra indicate a very high �-structure
content, as is expected based on the known structures of the
domains of the enzyme (10–12). The data indicate that the
secondary structure of the protein does not change significantly
in response to decreasing the pH from 7.0 to 4.2.
The SANS intensity profiles for Cel7A measured at the four

pH values and the associatedGuinier fits (27) are shown in Figs.
2 and 3, respectively. Beam time limitations did not allow the
pH 6.0 and pH 7.0 samples to be measured in both configura-
tions. Instead, only the shorter of the two instrument configu-
rations were measured, yet the minimum q value accessible to
this configuration (0.025/Å) is sufficient for the data analysis
andmodeling for a particle of this size, as can be seen in the two
datasets collected at lower pH. The scattering data collected

FIGURE 1. CD data collected for Cel7A at pH 7.0 (magenta), 6.0 (blue), 5.3
(red), and 4.2 (black).

FIGURE 2. A, SANS data collected for Cel7A at pH 7.0 (ƒ), 6.0 (Œ), 5.3 (E), and
4.2 (f). The curves have been offset for clarity. B, SANS data collected at pH 5.3
(E) and 4.2 (f) overlaid to make the differences between the curves more
apparent.
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under the three solution conditions have a similar overall char-
acter, indicating that the gross features of the structures are
similar.However, a clear difference is seen in the high qdata, for
which the profile collected at pH 4.2 lacks the break in the slope
above q � 0.15 Å�1 visible in the three datasets collected at
higher pH. This difference at high q is highlighted in Fig. 2B,
where the pH 5.3 and pH 4.2 data are shown scaled relative to
one another. TheGuinier plots, which used all of the data avail-
able for each sample, are linear, suggesting that the particles are
free of significant interparticle interference and aggregation.
The Rg values of the pH 7.0, 6.0, 5.3, and 4.2 structures are
26.1 	 2.1 Å, 26.1 	 2.3 Å, 29.7 	 1.2 Å, and 28.0 	 1.4 Å,
respectively.
The P(r) profiles derived from the SANS data using GNOM

are shown in Fig. 4. All of the fittings utilized the same q range
to ensure reliable comparison. The profiles have very similar
shapes andpositions for themain peak, being at 27–28Å.At the
two highest pH values studied, the profiles trail off to a dmax of
90 	 5 Å. There are subtle differences between the profiles,
with the P(r) found at pH 7.0 having a clear indication of a
shoulder near 65 Å that does not exist in the profile derived

from the pH 6.0 data. The P(r) derived from the pH 5.3 data has
a clear secondary maximum at 85 Å that provides a dmax of
110	 5Å. Finally, at pH 4.2, the P(r) contracts slightly to a dmax
of 100 	 5 Å, and there is no secondary maximum. Instead, the
profile decays with a tail to dmax.

Kratky plots generated from the data are shown in Fig. 5. The
data collected at pH 7.0, 6.0, and 5.3 possess a single peak and
decay to zero at higher q values. This behavior is consistentwith
both a compact particle (31) and with structured domains con-
nected by a flexible linker (37). The relative sizes of the catalytic
core and the remainder of the structure raise the possibility that
the effect of changes in their spatial relationship may not be
visible on aKratky plot. In contrast, the SANS data collected for
Cel7A at pH 4.2 do not decay to zero at higher q values. Instead,
the data level off to a non-zero value after decaying from the
maximum value. Such a Kratky plot clearly indicates the pres-
ence of increased disorder and/or flexibility in the structure,
which is intermediate between a fully folded, compact structure
and a completely denatured configurational ensemble of ran-
dom coil structures (31).
Shape restoration was applied to the SANS data using the

program GA_STRUCT (32) to visualize the shape of the
enzyme in solution. The resulting consensus envelopes for
the pH values studied are shown in Fig. 6. The structures do not
differ greatly, being ellipsoidal structures roughly twice as long
as they are wide. The similarity of the models is consistent with
the P(r) analysis, including the increased length of the pH 5.3
structure. The catalytic core of Cel7A is egg-shaped (10, 11),
and it is 67 Å long with a cross-sectional width that varies
between 41 and 57 Å at the widest point. All of the models
generated from the SANS data are clearly narrowed toward one
endof the structure. Thewidest points of themodels are�45Å,
which is in reasonable agreement with the high resolution
structure in light of the nature of the consensus envelopes (32).
The narrowed ends of the models suggest a separation of the
cellulose binding domain from the catalytic core. Amodel pro-
duced in this manner is the single structure that best fits what
are in fact data from an ensemble of structures that results from
the unstructured nature of the linker connecting the two
domains and the very small size of the linker and cellulose bind-
ing domain relative to the catalytic core. Therefore, the nar-
rowed end of themodel structures should be considered only to
represent an average region of density resulting from these
structures rather than a distinct location occupied by the
structures.
The volumes of the consensus envelopes at pH 7.0, 6.0, and

4.2 are consistent and are in reasonable agreement with the
expected volume of the enzyme (�65,000 Å3). In contrast, the
volume of the consensus envelope derived from the pH 5.3 data
is �30% larger than expected, which raises the possibility that
the enzyme has adopted a more flexible conformation than in
the other pH conditions that gives rise to a larger ensemble of
structures (38). The Kratky plot at pH 5.3 does decay at higher
q values as is expected for a compact particle, but there is a
suggestion of a tail to the curve. One explanation for this behav-
ior is that the relationship between the catalytic core and the
cellulose binding domain might have a much higher degree of
variability than the conformational state adopted at the other

FIGURE 3. Guinier plots and fits for the SANS data collected for Cel7A at
pH 7.0 (ƒ), 6.0 (Œ), 5.3 (E), and 4.2 (f). The fit curves are the solid black lines.
The curves have been offset for clarity.

FIGURE 4. P(r) curves derived from the SANS data at pH 7. 0 (blue), pH 6.0
(green), pH 5.3 (red), and pH 4.2 (black) using the program GNOM (28).
The curves have been scaled to a maximum height of 1.0 for ready
comparison.
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pH values studied. Interestingly, the changes in the enzyme at pH
4.2 indicated by the Kratky plot do not produce an increased vol-
ume in the consensus envelope. Taking the CD results into
account, the envelope volumes suggest that the relationship
between the cellulose binding domain and the catalytic core at pH
4.2 is comparablewith their relationshipatpH7.0,but thecatalytic

core has adopted amore flexible state inwhich theproperly folded
polypeptide chain is not tightly packed as it is at higher pH values,
leading to the changes observed in the Kratky plot.
To understand better the change in the relationship between

the cellulose binding domain and the catalytic core that takes
place between pH 7.0 and pH 5.3, ensemble optimizationmod-
eling (33) was applied. In light of the nature of the data at pH 4.2
and the domination of the SANSdata by the large catalytic core,
application of this method of modeling the data is not appro-
priate at this pH. TheRg and dmax distributions of the structures
generated, the distributions of the structures selected during
the ensemble optimization, and the structure having the high-
est frequency in the optimized population are shown for pH 7.0
(Fig. 7), pH 6.0 (Fig. 8), and pH 5.3 (Fig. 9). Although the gen-
erated ensembles of structures have essentially the same distri-
butions of Rg and dmax, as would be expected given the identical
structures and amino acid sequences used for the modeling, the
populations selected during the ensemble optimization processes
implemented in the software utilized differ. At pH 6.0 and 5.3, the
selected populations of structures are very similar and can be con-
sidered the same. In contrast, at pH 7.0, the distribution of struc-
tures selectedduringoptimization clearly differs fromthose found
for theother twopHvalues.Thebest fit profiles determinedby the
modeling process are shown in Fig. 10. The fits to the data are
excellent, and it is important to note that although the distribu-
tions of selected structures found by the modeling differ, the fea-
ture in the model curves above 0.15 Å�1, which can be attributed
to the catalytic core of the enzyme, is essentially unaltered.

DISCUSSION

The degradation of biomass and cellulose, in particular, by
fungi for food involves a concerted attack by several enzymes,

FIGURE 5. Kratky plots generated from the SANS data collected for Cel7A at pH 7.0 (A), pH 6.0 (B), pH 5.3 (C), and pH 4.2 (D).

FIGURE 6. Consensus envelopes generated by GA_STRUCT (32) from the
SANS data collected for Cel7A at pH 7.0 (A), pH 6.0 (B), pH 5.3 (C), and pH
4.2 (D). Two orthogonal views of each model are shown, rotated around the
long axis of the model.
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including Cel7A. This process has attracted the attention of
researchers who hope to leverage these enzymes in an indus-
trial setting for the cost-effective production of biofuels. The
SANS study presented here demonstrates that Cel7A under-
goes a pH-driven transition between conformational states
without a significant disruption of its secondary structure, pro-
viding new insight into the function of the enzyme.
The size and shape of the enzyme studied here at neutral pH

are very similar to what were seen in previous studies of intact

Cel7A. Early SAXS studies found a tadpole-like structure, hav-
ing a head very similar in size to the models produced in the
current work (13, 14). However, the length of the tail deter-
mined from the SAXS data in both studies was considerably
longer, extending to 180Å.TheP(r) determined from the SAXS
data is quite consistent in shape with the P(r) determined from
the present SANS data, again except for the very long tail
observed in the SAXS experiments. The authors of the earlier
study suggested that a small amount of aggregation may have
been present in the SAXS samples that was not observed with

FIGURE 7. Structure distributions produced by the EOM modeling (33)
from the SANS data collected at pH 7.0 using the high resolution struc-
ture of the catalytic core (10, 11) (shown in cyan) and cellulose binding
domain (12) (shown in green). The solid lines are the distributions produced
by the software, whereas the dashed lines are the final distributions of struc-
tural parameters from the models selected by the ensemble optimization
process. The structure shown, which is the selected model having the highest
frequency, is rotated 90° about the long axis of the structure to produce the
two views. The breaks in the structure at the ends of the linker are shown to
highlight the domains.

FIGURE 8. Structure distributions produced by the EOM modeling (28)
from the SANS data collected at pH 6.0 using the high resolution struc-
ture of the catalytic core (10, 11) (shown in cyan) and cellulose binding
domain (12) (shown in green). The solid lines are the distributions produced
by the software, whereas the dashed lines are the final distributions of struc-
tural parameters from the models selected by the ensemble optimization
process. The structure shown, which is the selected model having the highest
frequency, is rotated 90° about the long axis of the structure to produce the
two views. The breaks in the structure at the ends of the linker are shown to
highlight the domains.
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analytical ultracentrifugation (13), which could result in an artifi-
cially extended tail in the P(r) curve. A later EM study of the
enzyme that employed negative staining generally supported the
SAXS results, although the structure was found to have a dmax of
134 Å (15), which is considerably shorter than the earlier SAXS
results, but longer than the dmax found in the current study.

The increase in average separation between the catalytic core
and cellulose binding domain as the pH decreases from 7.0 to
5.3 is relatively subtle, but can be seen in the data and models.
Such changes are not unexpected as the net charge of the

domains of the enzyme changes with decreasing pH. The rela-
tively extended state of the linker is consistent with the known
glycosylation of the enzyme even though the models produced
here lack glycosylation. The linker region is heavily glycosy-
lated, with between one and three mannose at the nine serine
and threonine residues (6, 7). The glycosylation sites used in
recent molecular dynamics simulations of Cel7A (39, 40) are
toward the C terminus of the linker (Thr-451, Thr-452, Thr-
453, Ser-455, and Ser-456). The other glycosylation sites on the
linker, Thr-443, Thr-444, Thr-445, and Thr-446, lie next to the
catalytic domain in themodel. These bulky groups in the linker
region may help stabilize the extended conformation of the
linker region, leaving the cellulose binding domain free to bind
to cellulose rather than interacting with the catalytic core.
Electrostatics calculations on the enzyme shed light on the

origin of the pH-dependent change. The results, shown in Fig.
11, suggest little change in the net charge of the catalytic
domain at the three pH values at which the SANS profile also
changes little (pH 7.0, 6.0, and 5.3), but then an abrupt and

FIGURE 10. Fits of the best profiles determined by the EOM modeling (33)
to the SANS data collected at pH 7.0 (ƒ), 6.0 (Œ), and 5.3 (E).

FIGURE 11. Left, calculated net charge of the catalytic domain as a function of
the solution pH; triangles indicate the pH values of the SANS experiments. A
schematic representation of the enzyme is shown in the inset, with the ioniz-
able residues in violet and the catalytic residues in red. Right, approximate pKa
values of the ionizable groups calculated employing the H�� method
(35, 36).

FIGURE 9. Structure distributions produced by the EOM modeling (28)
from the SANS data collected at pH 5.3 using the high resolution struc-
ture of the catalytic core (10, 11) (shown in cyan) and cellulose binding
domain (12) (shown in green). The solid lines are the distributions produced
by the software, whereas the dashed lines are the final distributions of struc-
tural parameters from the models selected by the ensemble optimization
process. The structure shown, which is the selected model having the highest
frequency, is rotated 90° about the long axis of the structure to produce the
two views. The breaks in the structure at the ends of the linker are shown to
highlight the domains.
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strong change in the net charge of the enzyme takes place
between pH5.3 and 4.2, with the net charge changing from�10
to 0. This strong change is likely to be responsible for the dis-
ordering effect seen in the SANS Kratky plot. The residues
affected are also shown in the figure and are distributed
throughout the domain, consistent with a global change. Most
of the ionizable residues listed with Fig. 11 lie on surface of the
catalytic domain and are far from the active site pocket.
The transition to the less structurally ordered state indicated

by the SANS data collected at pH 4.2 suggests that disorder, or
more likely flexibility, in the catalytic core is important for opti-
mal activity of Cel7A. The SANS data suggest that the structure
is not completely denatured by the acidic pH, whereas the CD
data show that the secondary structure of Cel7A does not
change. Fully denatured proteins can be readily identified from
their SAXS and SANS profiles (for recent examples, see Refs.
41–43) as well as their CD spectrum, and the Rg of an unfolded
protein is significantly larger than the native structure, which is
not the case forCel7A at pH4.2.However, theKratky plot at pH
4.2 shows clear evidence of some degree of disorder. According
to random polymer theory, in cases where the scattering object
obeys Gaussian statistics, a Kratky plot will contain a plateau in
the q range 3Rg�1 
 q
 1.4b�1, where b is the statistical length
of the polymer chain, which has been seen in proteins dena-
tured by guanidinium chloride (44). Some evidence of random
polymer-like behavior is visible at pH 4.2 in Fig. 5. Taken
together, the results presented here suggest that the catalytic
core becomes flexible at pH 4.2 while retaining its secondary
structure. One possibility would be some flexibility in packing
between the secondary structural elements. This change would
enhance flexibility, affording a broader ensemble of structures
in solution than would exist if the catalytic core remained well
ordered. Such a broader ensemble of structures would favor
conformational selection, in which a ligand (cellulose) drives
the selection of a functional enzyme structure from an ensem-
ble of structures, over an induced fit mechanism of action, in
which the ligand binds to the single, functional conformation of
an enzyme (21–23).
Increased flexibility in the catalytic core of the enzyme has

the potential to enhance substrate access to the active site. The
structure of the catalytic core of the enzyme shows a well
defined, long cleft into which the glucose chainmust insert (10,
11). The cleft can be seen in the structure shown in Figs. 7–9
and is better described as a tunnel if the structure is viewed as a
space-filling model. An increase in the flexibility of the struc-
ture of the catalytic core could allow the cleft to adopt confor-
mations that are more open to the surrounding environment,
making it easier for the enzyme to latch onto a glucose chain,
starting the process of hydrolysis. The importance of a partially
unfolded state of a protein for substrate recognition and bind-
ing has been described previously (45). Given the structure of
crystalline cellulose, the increased binding opportunities
afforded by a partially disordered structure would prove highly
beneficial for extracting sugars from lignocellulosic biomass.

CONCLUSIONS

The current SANS study provides insight into the pH
dependence of the structure ofCel7A andhow it correlateswith

the activity of the enzyme. The structures above pH 5.0 are
consistent with a model in which the linker domain adopts an
ensemble of extended conformations and the catalytic core of
the enzyme retains a well structured state. When exposed to
acidic pH below 5.0, the SANS data demonstrate that the global
structure of the enzyme changes into one with increased flexi-
bility. This pH-dependent conformational change is well corre-
latedwith the known increase in catalytic activity of the enzyme
and the pI of the Cel7A determined during the sample
preparation.
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