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ABSTRACT: The shape and overall dimensions of the recently discoveredStreptomycesR-chitin-binding
protein, CHB1, were investigated by synchrotron radiation X-ray solution scattering. The radius of gyration
and the maximum size of CHB1 were determined to be 1.75( 0.03 nm and 6.0 ( 0.2 nm, respectively.
Using two independent ab initio approaches the low-resolution shape of the protein was found to consist
of two domains, an elongated main globule with a length of about 4 nm and a foot-like domain of about
2 nm width. The structural and functional properties of CHB1 depend strongly on the presence of disulfide
bonds; upon their reduction, the protein loses its affinity to chitin.

Streptomycetes are Gram-positive bacteria that grow as
substrate hyphae and, upon depletion of nutrients, differenti-
ate to aerial mycelia and spores. Besides their use as major
producers of antibiotics,Streptomycesspecies play an
ecologically important role in the degradation of chitin, using
the latter as a nitrogen and carbon source (1, 2). Chitin, which
is the second most abundant polysaccharide in nature,
consists of poly-(N-acetyl-D-glucosamine) chains arranged
in a parallel (â) or an antiparallel (R) fashion (3, 4) and is
hydrolyzed by chitinases (5-7), which are composed of the
structurally and functionally discrete catalytic and chitin-
binding domain (8).

In addition to chitinolytic enzymes, small proteins that
specifically target chitin have been found to be secreted by
variousStreptomycesstrains (9-12). The molecular mass
of these chitin-binding proteins are 18.7 kDa for CHB11 and
18.6 kDa for CHB2 as estimated from the corresponding
genes ofStreptomyces oliVaceoViridis and Streptomyces
reticuli, respectively. The two proteins consist of 201 and
200 amino acids, respectively, of which 77% are identical
(10) and the number as well as the relative positions of

tryptophan residues are conserved. Comparisons of a range
of mutant proteins derived from mutatedchb1genes have
shown that two tryptophan residues are buried within the
protein and one of the exposed tryptophans (Trp57) plays a
major role in the specific targeting of chitin by CHB1 (11).

Knowledge of the structure of CHB1 in conditions close
to physiological is essential to understand the formation of
the CHB1-chitin complex. Two independent methods (13,
14) were used to retrieve the low-resolution shape of CHB1
ab initio from X-ray solution scattering data. Evidence is
presented that formation of intramolecular disulfide bond(s)
confers enhanced stability to the chitin-binding form of
CHB1.

MATERIALS AND METHODS

Materials.Chemicals for gel electrophoresis were obtained
from Serva (Heidelberg). All other chemicals were at least
of analytical grade and obtained from Merck (Darmstadt),
Sigma (Deisenhofen), or Serva (Heidelberg).

Purification of the Chitin-Binding Protein and Binding
Tests. Streptomyces liVidanspCHB10 (9) containing theS.
oliVaceoViridis chb1 gene on a multicopy vector pWHM3
was precultivated overnight in minimal medium containing
1% glucose. Afterward, the strain was cultivated in minimal
medium supplemented with 1% ground chitin from crab
shells (Sigma) on a rotary shaker at 30°C for 4 days. The
culture was centrifuged (10 min, 2000×g) in order to remove
crystalline chitin. The supernatant was filtered and precipi-
tated overnight with 90% (w/v) (NH4)2SO4. After centrifuga-
tion (40000×g, 30 min) the pellet was resuspended in 20
mM Tris/HCl (pH 7.0) and supplemented with 1.7 M (NH4)2-
SO4, before loading onto a hydrophobic interaction chro-
matography column (Phenyl Sepharose 4 Fast Flow, Phar-
macia). Fractions comprising CHB1 were pooled and
precipitated with 90% (w/v) (NH4)2SO4, centrifuged at
40000×g for 30 min, dissolved in 1 mL of 20 mM Tris/
HCl, pH 7.0, and then applied to a Superdex-75 column
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(HR10/30, Pharmacia). The purity of CHB1 was analyzed
by SDS-polyacrylamide gel electrophoresis (15), and the
protein was identified immunologically usinganti-CHB1
antibodies as described previously (9). Gels were stained with
Coomassie Brilliant Blue G250. Protein concentrations were
determined according to Lowry (16). Binding of CHB1 to
the substrateR-chitin was performed according to Schnell-
mann et al. (9).

Scattering Experiments and Data Processing.The syn-
chrotron radiation X-ray scattering data were collected using
standard procedures on the X33 camera (17, 18) of the
EMBL on the storage ring DORIS III of the Deutsches
Elektronen Synchrotron (DESY) and multiwire proportional
chambers with delay line readout (18). The scattering curves
were measured at a wavelength ofλ ) 0.15 nm in two ranges
of momentum transfer 0.28< s < 3.0 nm-1 and 0.40< s <
5.1 nm-1 (s ) 4π sin θ/λ, where 2θ is the scattering angle).
The data, recorded at protein concentrations of 5 and 8 mg/
mL, were normalized to the intensity of the incident beam

and corrected for the detector response. The scattering of
the buffer was subtracted and the difference curves were
scaled for concentration using the program SAPOKO (Sver-
gun and Koch, unpublished). Concentration effects were not
detectable and the final composite scattering curve was
obtained by merging the data recorded in the twos-ranges.

The maximum dimensionDmax of CHB1 was estimated
from the experimental data using the orthogonal expansion
program ORTOGNOM (19). The distance distribution func-
tion p(r) and the radius of gyrationRg were evaluated by
the indirect Fourier transform program GNOM (20, 21). The
radius of gyrationRg of CHB1 was computed from thep(r)
function and also from the Guinier approximation (22,
Chapter 3.3.1). The Porod volumeVp (23) was calculated
from the processed [i.e., backtransformed from thep(r)]
scattering curves as described in (22, Chapter 3.3.3). The
molecular mass of the protein was estimated by comparison
with forward scattering data from a reference solution of
bovine serum albumin.

Shape Determination.As CHB1 is a low molecular weight
protein, its X-ray scattering curve at higher angles (starting
approximately froms ) 2.0 nm-1) contains significant
contributions from the internal particle structure. This
undesirable contribution was removed prior to the shape
analysis by subtracting a constant, given by the slope of an
s4I(s) vs s4 plot, from the experimental data to ensure that
the intensity would decay ass-4 following Porod’s law (23)
for homogeneous particles. The resulting “shape scattering”
curve (i.e., scattering due to the excluded volume of the
particle filled with homogeneous density) in the range of up
to s ) 3.5 nm-1 was used in the ab initio shape restoration
of the quaternary structure. The outer portion of the curve
(s > 3.5 nm-1) that is dominated by the scattering from the
internal structure was discarded in the shape analysis.

The low-resolution particle shape was restored from the
experimental data using two ab initio procedures. In the
method of Svergun et al. (13, 14), the particle shape is

FIGURE 1: Analysis of the purified CHB1 before and after exposure
to X-rays. A total of 8µg of CHB1 were analyzed before (lane 2)
and after (lane 3) exposure to X-rays under reducing conditions in
a 15% polyacrylamide gel. The gel was stained with Coomassie
blue. The migration positions of molecular mass standards are
indicated in lanes 1 and 4.

FIGURE 2: X-ray scattering and calculations. (A) X-ray scattering curves for CHB1: composite experimental curve (full circles with error
bars); shape scattering curve after subtraction of a constant (open circles); scattering from the model envelope (dashed line); scattering from
the dummy atom model (full line). The Guinier plot with linear fit is shown in the insert. (B) Distance distribution functions of CHB1
evaluated by the programGNOM. (1) Nonreduced protein corresponding to panel A; (2) reduced form of CHB1.
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represented by an angular envelope functionr ) F(ω) where
(r,ω) are spherical coordinates. The envelope is parametrized
as

where Ylm(ω) are spherical harmonics and the multipole
coefficientsflm are complex numbers. The scattering intensity
I(s) from the envelope is evaluated as (25)

where the partial amplitudesAlm(s) are calculated from the
coefficientsflm as described (26). The programSASHA(13,
24) determines these coefficients by minimizing the discrep-
ancy defined as

whereN is the number of the experimental points and the
weighting function isW(sk) ) sk

2/[σ(sk)/Iexp(sk)], Iexp(sk), and
σ(sk) being the experimental intensity and its standard
deviation in thek-th point, respectively. Series 1 contains
M ) (L + 1)2 - 6 free parameters and provides a spatial
resolution of approximatelyδr ) x5πRg/[x3(L + 1)].

In the second ab initio procedure (14), a sphere of diameter
Dmax is filled by densely packed small spheres (dummy
atoms) of radiusr0 , Dmax. The structure of the dummy
atom model (DAM) is defined by a configuration vector X
assigning an index to each atom corresponding to solvent
(0) or solute particle (1). The scattering intensity from the
DAM is computed using eq2 with the partial amplitudes
(14):

where the sum runs over the dummy atoms withXj ) 1
(particle atoms),r j, andωj are their polar coordinates,Va )
(4πr0

3/3)/0.74 is the displaced volume per dummy atom and
j l(x) denotes the spherical Bessel function. In keeping with
the low resolution of the solution scattering data, the method
searches for a configurationX minimizing f(X) ) R2 +
RP(X), whereR > 0 is a positive parameter and the penalty
term P(X) provides a measure of looseness and intercon-
nectivity of the configuration. The penalty is computed by
analyzing the first coordination sphere of each dummy atom.
The default weightR ) 0.01 ensures a significant penalty
contribution at the end of minimization so that the final
solution has low resolution with respect to the packing radius
r0. Minimization is performed starting from a random
configuration by fitting the processed shape scattering curve
using the simulated annealing method (27); details of the
procedure are described elsewhere (14, 28).

Fluorescence Measurements.The intrinsic tryptophan
fluorescence was recorded at room temperature using an
SLM-AMINCO 8100 spectrofluorometer. Protein samples
were excited at 280 nm, and the emission was recorded over

a range of 320-370 nm. Excitation and emission band-pass
were set up at 8 nm.

RESULTS AND DISCUSSION

OVerall Dimensions and the Shape of CHB1.The chitin
binding protein CHB1 from the transformantS. liVidanswas
highly purified (Figure 1) by sequential hydrophobic interac-
tion chromatography and gel filtration. CHB1 was exposed
to synchrotron radiation and the composite X-ray solution
scattering intensity of the protein was recorded (Figure 2A).
The initial portion of the scattering curve in Guinier
coordinates is well approximated by a straight line (insert
of Figure 2A), suggesting that the protein solution is
monodisperse. The maximum dimension of CHB1 is found
to be 6.0 ( 0.2 nm and as deduced both from Guinier plot
and from the distance distribution functionp(r) its radius of
gyration is 1.75( 0.03 nm (Figure 2B). Its molecular mass
of 18 ( 1 kDa, in agreement with the value calculated from
the amino acid sequence (9), indicates that CHB1 is
monomeric in solution. Qualitative analysis of the distance
distribution function suggests that CHB1 consists of a
globular core yielding a principal maximum in thep(r) at 0
< r < 4 nm (Figure 2B) with a protuberance giving rise to
a shoulder at 4< r < 6 nm.

FIGURE 3: Low resolution models of CHB1. (Left panel) Envelope
model, (right panel) a DAM obtained by simulated annealing. The
middle and bottom rows are rotated counterclockwise by 90° around
the y- and x-axes, respectively. The models were displayed on a
SUN Workstation using the programASSA(43).
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The “shape scattering” (Figure 2A, curve 2) obtained as
described (see Materials and Methods) yields a Porod or
excluded volume of the hydrated particle of 32( 2 nm3, in
good agreement with the molecular mass of the protein. The
shape scattering curve was used to restore the low-resolution
particle shape with two ab initio procedures. Shape deter-
mination using the envelope function (eq 1) is unique when
the number of Shannon channels (29, 30) in the dataNs )
smaxDmax/π exceeds two-thirds times the number (M) of
parameters describing the envelope. The shape scattering
curve of CHB1 containsNs ) 6.6 channels and permits to
use harmonics up toL ) 3 (M ) 10) providing the spatial
resolutionδr ) 1.8 nm. The restored envelope in Figure 3,
left column, yields the fit to the data in Figure 2A with a
residual ofRI ) 1.5 × 10-2, a radius of gyration ofRg )
1.73 nm and an excluded volumeVp ) 34.0 nm3.

In the second ab initio procedure, a sphere of diameter
Dmax ) 6 nm was filled by densely packed dummy atoms of
radiusr0 ) 0.2 nm so that the entire DAM contained a total
of 2503 dummy atoms. The restored structure at the default
penalty weightR ) 10.02 (Figure 3, right column) contains
697 dummy atoms, yieldsRg ) 1.75 nm andVp ) 31.6 nm3,
and the scattering computed from the model is indistinguish-
able from the processed curve (curve 4 in Figure 2A;RI )
2.1 × 10-3) on the plot.

The shape determination methods yield models with an
arbitrary orientation and handedness, that were appropriately
rotated for comparison in Figure 3. Each of the two
procedures independently yields a similarly shaped molecule
consisting of an elongated main globule with a protuberance.
This agreement is astonishing considering that the envelope
model is described by only 10 independent parameters
whereas the DAM formally has 2503 parameters. Clearly,
the looseness penaltyP(X) drastically reduces the number
of independent parameters describing the DAM in Figure 3.
Note also that fitting the raw experimental data that contain
significant contributions from the internal structure (curve
1 in Figure 2A) would lead to significant distortions in the
final shape. This illustrates that subtraction of a constant to
impose ans-4 decay at higher momentum transfer values is
indispensable in ab initio shape determination (14) of a low
molecular weight protein like CHB1.

FIGURE 4: DAMs of CHB1 obtained for different values of the
parameters. Top and bottom rows correspond to packing radii of
0.25 and 0.2 nm, respectively. The left, middle, and right columns
correspond to penalty weightsR ) 0.001, 0.005, and 0.02,
respectively. In panel B, the models are rotated counterclockwise
by 90° around thex-axis.

FIGURE 5: RASMOL drawing of the polypeptide backbone of CT-
CBD I from T. reeseiusing NMR coordinates in the Brookhaven
Protein Data Bank (44), entries 2cbh (31). â-Strands are shown in
brown. The structure is superimposed on an envelope of CHB1,
whose size has been reduced (1:1.8) in order to compare the
structural domains of both proteins.
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To test whether the more detailed appearance of the
particle shape in the simulated annealing model is justified,
several independent annealing runs were performed for
different DAM packing radiir0 (0.2 and 0.25 nm) with
different penalty weights (R ) 0.001, 0.005, and 0.02). The
six resulting models (Figure 4) yield scattering curves which
are indistinguishable in the range 0< s < 3.5 nm-1. All
models display similar gross features but those obtained with
a small penalty weight (R ) 0.001) are clearly too detailed.
In contrast, solutions corresponding toR ) 0.005 and 0.02

are consistent with each other and also with the model
obtained using the envelope function. Further increase ofR
provides yet more compact solutions but leads to detectable
systematic deviations between the experimental shape scat-
tering curve and those calculated from the final DAMs.

Altogether, CHB1 has an elongated wedgelike structure
(Figure 3) with an approximately 4.0× 3.5 nm globular
domain and a 2.0 nm wide protuberance. Comparison of the
low resolution structure of CHB1 with members of carbo-
hydrate-binding proteins reveal a remarkably similar wedge-

FIGURE 6: Electrophoretic and fluorescence analysis of the reduced and the oxidized form of CHB1. (A) The protein (8µg) was incubated
with (lane 2) or without (lane 5) 30 mM of DTT for 10 min in 20 mM Tris/HCl, pH 7.0, before applying to a 15% polyacrylamide gel. Lane
3, CHB1 was incubated with 5 mM CuCl2 for 1 h before the addition of 30 mM DTT. Lane 6, CHB1 was supplemented with 5 mM CuCl2.
Lanes 4 and 7, buffer (20 mM Tris/HCl, pH 7.0). Lanes 1 and 8, molecular mass markers. (B) The fluorescence emission spectra [emission
wavelength (λem) of 280 nm with emission and excitation slits at 8 nm and atλex ) 342 nm] of the CHB1 protein (53 nM) were measured
at room temperature. (0) Nonreduced CHB1; (-) CHB1 after reduction by 30 mM of DTT.
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like shape of the cellulose-binding domain (CT-CBD I) of
the cellobiohydrolase I from the fungusTrichoderma reesei.
The structure of the 36 residue CT-CBD I, deduced from
magnetic resonance (NMR) spectroscopy, has dimensions
of 3.0 × 1.8 × 1.0 (31). It is characterized by a predomi-
nantly hydrophilic face, containing the three aromatic ty-
rosine side chains, that were shown to be involved in
cellulose binding, and other mainly hydrophobic residues.
The structures of CT-CBD I and CHB1 share the same
overall architecture with a main globule domain and a
protuberance (Figure 5). The principal structural element in
the globule domain of CT-CBD I, that includes the cellulose
binding surface at one end of the structural model, is an
irregular, triple-stranded antiparallelâ-sheet and the protu-
berance is made up by the loop, consisting of the residues
Cys19-Thr24 (31).

Disulfide Bond Formation in CHB1.Formation of disulfide
bonds, a reaction that occurs rapidly in vivo, contributes to
the stabilization of small proteins (31, 33, 34). CHB1 contains
four cysteine residues, three within the N-terminal part
(Cys44,52,78) and the fourth at the C-terminus in position Cys196

(9). To explore the effects of disulfide bridges, the reduced
and oxidized forms of CHB1 were investigated. Upon
reduction by dithiothreitol (DTT), the dithiol form of the
protein migrates as a band corresponding to a molecular mass
of approximately 19.5 kDa (Figure 6A, lane 2). In contrast,
CHB1 under nonreducing conditions migrates with an
apparent molecular mass of 18.2 kDa (lane 5), close to that
predicted from the amino acid sequence (9). The protein
showed a similar behavior if disulfide formation was
mediated by CuCl2 (lane 6). Upon reduction by DTT (lane
3), its mobility corresponded to that of the reduced form of
CHB1 (lane 2). The results indicate that CHB1 was isolated
from theS. liVidanstransformant in the oxidized form. Since
the mobility of the reduced CHB1 is retarded, compared to
that in the oxidized form, the dithiol formation must lead
either to a larger hydrodynamic volume or a lower net
negative charge.

Effect of Disulfide Bond Formation on the Binding
Properties of CHB1.To investigate whether disulfide forma-
tion influences the interaction of CHB1 with its substrate, a
4-fold excess (w/w) of reduced or nonreduced protein was
mixed with highly purified, suspended chitin from crab shells.
After centrifugation, the reduced CHB1 was found in the
supernatant but did not adhere to the insoluble chitin (Figure
7, lanes 2 and 3). The major portion of the nonreduced
CHB1, in contrast, bound to chitin (lane 6). The supernatant
of the nonreduced form also contains unbound protein (lane
5), which is due to the excess concentration of CHB1 relative
to chitin. The low ratio of unbound reduced CHB1 to chitin
demonstrates that stabilized disulfide bond formation within
CHB1 is essential for its targeting properties. This finding
is consistent with studies of the reduced fungal cellulose-
binding domain, CT-CBD I, in which DTT prevents its
binding to cellulose (35). Like all CBDs, the CT-CBD I
contains cysteine residues toward the N- and C-termini that
form a disulfide bond [Figure 8 (36)]. Within CT-CBD I of
the fungal cellobiohydrolase I, two disulfide bridges are
formed by the pairs Cys8-Cys25 and Cys19-Cys35 [Figure 5
(31)].

Spectroscopic InVestigations.CHB1 contains five tryp-
tophan residues, four at the N-terminus (Trp57,99,114,134), and

the other at position Trp184 (9). To obtain additional informa-
tion on the structural properties of the reduced and nonre-
duced CHB1, the fluorescence emission of both states was
monitored using the intrinsic tryptophan fluorescence. The
reduction of CHB1 (Figure 6B) causes the quantum yield to
decrease, suggesting that at least one tryptophan residue
interacts with side-chains which efficiently quench its
fluorescence (37). Previous studies (11) had revealed that a
replacement of each of the five tryptophan residues by
leucine (Leu) led to formation of mutant proteins targeting
chitin to varyingly reduced degrees. The Trp57 residue of
CHB1 was shown to be directly involved in the interaction
with chitin. An interaction of the N-terminal region including
the residue Trp57 with chitin is also in line with the
observation that conserved aromatic residues such as tryp-
tophan and tyrosin (see Figure 5) within CBDs are involved
in cellulose binding as shown by mutagenesis studies, NMR
spectroscopy, and X-ray crystallography (31, 38-42).

Effect of Reduction on the OVerall Structure of CHB1
Studied by SAXS.The conformational changes were inves-
tigated further by X-ray scattering in order to determine
whether they were accompanied by changes of the quaternary
structure of CHB1. The radius of gyration for the nonreduced
and the reduced complex of CHB1 was found to coincide
within experimental error. The scattering curves (not shown)
and the corresponding distance distribution functions (Figure
2B) nearly coincide indicating that the quaternary structure
of the oxidized form does not diverge from that of the
reduced CHB1. This finding implicates that the altered
property of the reduced CHB1, as compared to the oxidized
form, is mainly caused by changes of the secondary structure,
as a result of disulfide formation and/or interaction of
tryptophan residue(s) with side chains. Moreover, the retarded

FIGURE 7: Effect of disulfide bond formation on the chitin-binding
properties of CHB1. Before incubation with chitin (16 h) the protein
was supplemented with (lanes 2 and 3) or without (lanes 5 and 6)
30 mM of DTT. After two washes with buffer A (136 mM NaCl,
2.6 mM KCl, 1.4 mM KH2PO4, and 8.1 mM Na2HPO4, pH 7.1)
and with buffer A plus 1 M NaCl, both samples were centrifuged
at 10000×g for 5 min in order to separate unbound CHB1 from
the chitin-protein complex. Identical amounts of dissolved pellet
(lanes 3 and 6) and supernatant (lanes 2 and 5) were applied onto
a 15% polyacrylamide gel. Lanes 1 and 8, standard proteins.

FIGURE 8: N- and C-terminal amino acid sequence alignment of
CHB1 (9) and CT-CBD I (31). Identical amino acids are indicated
by black-shaded frames and similar amino acids with light-shaded
frames, respectively. Conservative Cys-residues are marked by an
asterisk. Dots indicate gaps for alignment of both termini.
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mobility of the reduced CHB1 must rather be caused by a
lower net negative charge than by a larger hydrodynamic
volume.

The quaternary structures obtained using two ab initio
shape restoration procedures show independently that CHB1
is organized as two well-defined domains, with a major
domain approximately 4 nm long and a protuberance with a
diameter of approximately 2 nm. Binding studies suggest
that only CHB1 stabilized by disulfide bond(s) forms a stable
complex with chitin. The change in fluorescence after
reduction of the protein reflects conformational changes due
to abolition of disulfide bond(s). It remains to be determined
whether the region that targets the polysaccharide in CHB1
corresponds to one end of the globular domain, as described
for CT-CBD I.
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