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Abstract: The solution structure of the central repetitive domain of high molecular weight (HMW)
wheat gluten proteins has been investigated for a range of concentrations and temperatures using
mainly small-angle neutron scattering. A representative part of the repetitive domain (dB1) was
studied as well as an “oligomer” basically consisting of four dB1 units, which has a length similar
to the complete central domain. The scattering data over the entire angular range of both proteins
are in quantitative agreement with a structural model based on a worm-like chain, a model
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frequently used in polymer theory.  This model describes the “supersecondary structure” of dBI
and dB4 as a semiflexible cylinder with a length of about 235 and 900 A, respectively, and a
cross-sectional diameter of about 15 A. The flexibility of both proteins is characterized by a
persistence length of about 13 A. Their structures are thus quantitatively identical, which implies
that the central HMW domain can be elongated while retaining its structural characteristics. It
seems conceivable that the flexible cylinder results from a helical structure, which resembles the
B-spiral observed in earlier studies on gluten proteins and elastin. However, compared to the
previously proposed structure of a (stiff) rod, our experiments clearly indicate flexibility of the

cylinder.

© 2003 Wiley Periodicals, Inc. Biopolymers 69: 311-324, 2003

Keywords: high molecular weight; wheat gluten proteins; small-angle neutron scattering; oli-

gomer; worm-like chain; repetitive domain

INTRODUCTION

Wheat gluten proteins are of considerable interest due to
their functionality in bread. They form extensive insol-
uble protein networks in dough, which are stabilized by
intermolecular disulfide bonds.'* These networks con-
tribute to the biomechanical properties, such as strength
and elasticity. The functional behavior of this class of
proteins is significantly determined by the high molec-
ular weight (HMW) proteins.>” HMW proteins have
molecular masses from 68 to 89 kDa and are divided
into three domains, a central repetitive domain flanked
by short, nonrepetitive N- and C-terminal domains, as
schematically shown in Figure 1A.>%'° The terminal
domains are suggested to have a globular structure with
high contents of a-helix. They have several cysteine
residues present, whose function in dough may lie in the
formation of intermolecular disulfide bonds leading to
cross-linked networks.!*!" The large central repetitive
domain consists of 3-turns, and was proposed to form a
“supersecondary structure” of an elongated, so-called,
B-spiral.>"#%1271¢ The B-spirals may contribute to glu-
ten elasticity. The precise molecular basis for the elastic
properties of gluten and dough is not known, but is
thought to involve contributions from the structures of
the individual subunits and their interactions via nonco-
valent and covalent bonds. A thorough knowledge of the
size and shape of these types of structures would con-
siderably help to understand HMW proteins and their
dominant role in gluten dough textures.

To our knowledge, no detailed three-dimensional
(crystal) structure has been determined of the com-
plete protein or the central domain. However, there
are a few studies on the solution structure of the
protein and the repetitive domain using different pro-
teins and buffers as well as different measurement
techniques, such as viscosimetry,'® small-angle x-ray
scattering,'”'® and scanning tunneling microscopy.'*
They were interpreted in terms of a rodlike structure
based on the (-spiral.

In this study we investigate two model proteins, both
cloned from the central domain, produced in Esche-
richia coli, and purified with metal chelation chroma-
tography and high-performance liquid chromatography
(HPLC). The smaller protein, dB1, represents approxi-
mately the first quarter of the sequence of the repetitive
central domain with a molecular mass of 16.9 kDa. The
second protein, dB4, with a molecular mass of 63.8 kDa,
is composed of four dB1 segments resulting in a molec-
ular mass comparable to the full central domain (Figure
1A). The amino acid sequences of dB1 and dB4 are very
similar to the central domains of HMW Dx5 and other
x-type HMW subunits: The sequences are almost com-
pletely covered with three different consensus repeats,
whose occurrences are 42% (PGQGQQ), 29%
(PGQGQQGAQQ), and 17% (GYYPTSPQQ) in dB1 and
dB4, while the relative proportions in the central domain
in HMW Dx5 are 45, 27, and 23%, respective-
1y &15:1619=21 ye thus consider dB1 and dB4 appropri-
ate models for the wild-type domain of the HMW Dx5
protein. The solution structure of dB1 and dB4 has been
studied using small-angle neutron scattering experi-
ments. The data over the entire angular range quantita-
tively agree with a model of a flexible cylinder. The
flexibility of the cylinder represents the new feature
compared to models proposed earlier.>*'*!"1® We dis-
cuss the consequences of the flexibility on the properties
of the central domain and the network, such as the
B-spiral structure, the formation of disulfide bonds, and
the elasticity.

RESULTS

Cloning of dB1 and dB4

A representative part of the central repetitive domain of
HMW Dx5 was amplified by polymerase chain reaction
(PCR) and subcloned in pSk™ as previously described
by van Dijk et al.'® The location and length of dB1 in the
DNA sequence is shown schematically in Figure 1A. To
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FIGURE 1 (A) Schematic drawing of HMW Dx5, divided into its domains. The width of the
domains in the drawing is proportional to the length of the amino acid sequence, indicated in the
figure. Only a limited number of extra, non-native, amino acids at the termini of dB1 and dB4 were
introduced for cloning and purification purposes, being 7 and 2% of the total number of amino acids,
respectively. The size of dB1 and dB4, and their locations in the sequence are indicated in the
bottom of the figure. (B) The 1.5% agarose gel, DNA colored with ethidium-bromide (30 ppm) for
fluorescent detection. Lane 1: marker, phage A-DNA + Hind III/Eco RI; lane 2: dB1 concatamers
up to 8 units. The number of base pairs are indicated in the figure.

obtain concatemers of dB1, Bg/Il and BamHI restriction
sites were introduced, by PCR, at the 5’ and 3’ end of
dB1, respectively. Self-ligation of the Bg/II- and BamHI-
digested dB1-monomers yielded a population of DNA
fragments encoding various length dB 1-multimers. Plas-
mids possessing fragments with the correct orientation
were selected by restriction with Bg/Il and BamHI.
These two restriction enzymes produce compatible co-
hesive ends. However, in dBl-concatemers with the
correct orientation both restriction sites were lost due to
the ligation of Bg/Il ends to BamHI ends. After self-

ligation and Bg/Il/BamHI selection dB1-multimers con-
taining up to 8 dB1-monomers were observed, demon-
strating an efficient way of genetic engineering of poly-
mers (Figure 1B). The dB1 and dB4 were purified from
agarose gel and ligated into the Bg/Il/BamHI-digested
expression vector pQE60.

Expression and Purification of

dB1 and dB4

The yield of dB1 after expression and purification on
Ni**-agarose was approximately 20 mg/L cell cul-
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FIGURE 2 Purification of dB1. (A) SDS-PAGE. Lane 1: 100 mM imidazole fraction of Ni*"-
agarose dB1 purification, lane 2: HPLC fraction of dB1, M: marker: HPLC fraction of dB4.
Analytical HPLC chromatograms of dB1 (B) after Ni*"-agarose purification and (C) additional

preparative reversed HPLC purification.

ture. Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) demonstrated that a sig-
nificant amount of other proteins was present in the
purified fractions, as shown for dB1 in Figure 2A
(lane 1). The estimated purity after the Ni*"-agarose
purification step was more than 95%, based on the

optical density at 214 nm in an analytical high per-
formance liquid chromatography (HPLC) chromato-
gram (Figure 2B). The second purification step, pre-
parative (HPLC) gave essentially pure dB1 (>99%),
as shown in Figures 2A (lane 2) and 2C. The SDS
band was found at ~26.5 kDa.'® The yield of dB4
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FIGURE 3 CD spectra of dB1 (+) and dB4 (®) at the same protein concentration of 0.10 mg/mL

and a temperature of 25°C.

after Ni*"-agarose purification was roughly 5 mg/L
cell culture, as determined by absorption. The purities
of dB4 after each purification step were comparable
with those obtained for dB1. The first 11 N-terminal
residues of dB4 were identified as GGSPGQASPQR,
confirming the protein’s correct identity. They are
also equal to the first 11 residues of dB1, which is
consistent with the modular sequence of dB4 (Figure
1A). The sequencing data also signified that the N-
terminal methionine was cleaved off by post transla-
tional modification. The intactness of the C-terminus
was ensured by the presence of the His tag used in the
Ni?*-agarose purification. The experimental molecu-
lar mass of 64 = 1 kDa, obtained with mass spectros-
copy, was consistent with the theoretical molecular
mass of 63.8 kDa. The SDS band was found at 85-90
kDa (Figure 2A).

Small-Angle Neutron Scattering (SANS)

A series of scattering experiments was performed to
obtain quantitative information on the solution struc-
ture of the central repetitive domain of HMW wheat
gluten proteins. We investigated two model proteins,
dB1 and dB4, both cloned from the central domain
(Figure 1). The bigger protein, dB4, is composed of
basically four dB1 units and has a molecular mass
comparable to the full central domain. Only a limited
number of extra, non-native, amino acids at the ter-
mini of dB1 and dB4 were introduced for cloning and
purification purposes, being 7 and 2% of the total
number of amino acids, respectively. Both proteins

are thus expected to have a similar structure, but to
differ in size. This is supported by CD measurements.
The CD spectra of dB1 and dB4 at the same concen-
tration are identical within experimental accuracy,
indicating preservation of secondary structure (Figure
3).

The scattering power of a particle increases dra-
matically with its molecular mass. Thus any aggrega-
tion has to be avoided, since even a small amount of
aggregates would completely dominate the scattering
behavior and render any meaningful data analysis
impossible. Dynamic light scattering (DLS) was used
to determine the most favorable conditions, in partic-
ular to find the best-suited buffer (acetate/EDTA).
DLS was also applied to assess sample quality with
respect to aggregation prior to the SANS experiments.
Furthermore, care was taken to prepare protein solu-
tions of high purity, especially to avoid contamination
by other proteins (Figure 2). The buffer selection
based on DLS is described in the second paper of this
series.

SANS measurements were performed using a
buffer with heavy water (D,0) instead of light water
(H,O) in order to reduce incoherent background from
hydrogen and maximize scattering contrast. SANS
measurements were performed with dB1 and dB4 at
different concentrations ranging from 1.8 to 9.9
mg/mL at 25°C. Figure 4A shows the resulting scat-
tering intensities /(g) normalized by the protein con-
centration as a function of the magnitude of the scat-
tering vector ¢ = (4m/A) sin (6/2), where 6 is the
scattering angle and A the neutron wavelength. When
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FIGURE 4 (A) SANS intensities /(g) normalized by protein concentration ¢ as a function of the
magnitude of scattering vector g at different protein concentrations for dB1 (V¥: 9.88 mg/mL; [I:
1.82 mg/mL) and dB4 (®: 9.19 mg/mL; A: 1.91 mg/mL) at 25°C. The asymptotic I(q) ~ ¢~
behavior is shown as the dashed line and the solid lines are fits using a flexible cylinder model. (B)
The I(g) for dB1 at different temperatures (<: 8°C, ¥: 25°C, X: 30°C) and constant concentration
of 9.88 mg/mL. The solid line is calculated based on the values obtained from a fit to the data of
dB1 and dB4 at 25°C.

normalized with respect to the concentration, the data the samples with the higher concentrations of dB1 and
do not show significant differences. This indicates dB4 to obtain better statistical accuracy. Experiments
that measurements are not affected by interaction were also carried out at different temperatures, 8°C,
effects within this concentration range. For the fol- 25°C, and 30°C (Fig. 4B). The data obtained are in

lowing detailed analysis we have, therefore, chosen perfect agreement and indicate no significant temper-
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FIGURE 5 SANS intensities I(g) vs square of scattering
vector ¢ for dB1 (V) and dB4 (O). The solid lines are

Guinier fits, which are only based on the data points indi-
cated by filled symbols.

ature dependence of the structure within this range. A
detailed investigation of the thermal behaviour of dB1
is treated elsewhere.'”

The Radius of Gyration of dBI and dB4. Without
any assumptions concerning the structure of the pro-
teins, we can obtain the radius of gyration, R that
characterizes the overall size of the proteins R can be
determined from the low ¢ region (¢ Rg < 1) using
the so-called Guinier approximation.?*:

1(q) = Ie *" (1)

where [, is the forward scattering intensity at g = 0.
Fitting I(q) up to ¢* < 0.0025 A2 for dB1 and ¢*
< 0.0004 A~ for dB4, we obtain Rg ~ 28 and 67 A
for dB1 and dB4, respectively (Figure 5). Based on
these estimates of the R values we can already obtain
a very rough idea on the structure of the proteins.
Were the proteins globular, these Ry values would
correspond to spheres of radii 36 and 87 A, respec-
tively. This is much larger than the 17 and 26 A,
respectively, estimated from their molecular masses
and density (about 1.4 g/cm®). This already indicates
that the proteins are not compact, but have either an
elongated or very open structure.

The Shape of dBI and dB4. Detailed information on
the shape of the protein can be obtained from the ¢
dependence of the scattering intensity at intermediate
and high ¢ values. The magnitude of the scattering
vector g determines the length scale, Ly, ~ 1/q,
probed in a scattering experiment. Different regions in
the scattering pattern thus correspond to the behavior
characteristic of the various length scales of the pro-
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tein. In particular, higher ¢ values correspond to
smaller length scales; hence, the scattering data be-
come sensitive to structural details and provide infor-
mation on the more local structure of the protein.
Beyond the Guinier region, which is associated with
the overall size of the protein and has a rather small
slope, the scattering intensity crosses over to a steep
decay following a power law 1(g) ~ g-» in the inter-
mediate g range (Figure 4A, dashed line), before the
slope changes again at ¢ ~ 0.13 A~!. The exponent of
—5/3 is frequently found for polymer solutions. It is
characteristic for polymers in a good solvent, where
the good solvent conditions imply excluded volume
effects.>*>° This model not only takes into account
short-range interactions between neighboring seg-
ments, but also between segments widely separated
along the chain. If the polymer is modeled as a con-
nected path, the excluded volume effect will corre-
spond to the condition that the path cannot pass
through any sites that have already been traversed
previously, which is called a “self-avoiding walk.”
(An “ideal chain” polymer only taking into account
interactions with neighboring segments corresponds
to a “random walk” without excluded volume effect
and leads to a slope of —2).% It is important to note
that this “polymer” does not necessarily correspond to
the protein as a chain of polymerized amino acids, but
is a more general model of a flexible cylinder describ-
ing the overall structure of the protein.

Persistence Lengths of dB1 and dB4. The cylinder
nevertheless is not completely flexible, but only
“semiflexible” It does not freely bend within very
small distances but has a tendency to persist in some
initial direction. Below a certain distance it thus be-
haves like a stiff cylinder. This defines the so-called
persistence length /,, which is used to characterize the
flexibility of polymers. These distances over which
the cylinder is locally stiff, represent a shorter length
scale than the (contour) length L and hence control
l(g) at intermediate values of g. One thus expects a
crossover to a scattering behavior characteristic for
stiff cylindrical structures, which is an asymptotic ¢~
dependence for /(¢).** This transition is predicted to
be located at g, ~ 1.9.2%%7 However, the transition
region is often fairly broad. A particularly sensitive
way to represent scattering data for semiflexible poly-
mers is the so-called “Holtzer plot” (or “bending rod
plot” shown in Figure 6, in which ¢l(g) is plotted
versus ¢.2°7>% In this plot the I(q) ~ ¢~ ' dependence
for an infinitely thin cylinder results in a plateau.
The crossover from the asymptotic ¢ > to ¢~
dependence is found at a similar g value for both
proteins and occurs at about ¢ ~ 0.13 A~'. This
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results in an estimate of [, ~ 15 A. The Holtzer plot
also shows a maximum toward smaller values of g.
The position of the maximum q,,,, =~ 0.045 and 0.02
A~ for dB1 and dB4, respectively, is independent of
the stiffness, i.e. [, and only depends on the radius of
gyration, ¢... Rg ~ 1.4.2%?7 This is in very nice
agreement with the radii of gyration determined from
the Guinier fit.

The height of the maximum depends on the num-
ber of persistence lengths [, along the contour length
LN, = L/lp26 As expected, the maximum and thus N,
is higher for the longer dB4. In addition, the values of
N, estimated from the heights of the maxima agree
with those calculated using the above values for Rg
and [,. The observed maxima are due to the stronger
g dependence of a flexible coil (¢~ >®) when com-
pared to a stiff cylinder (¢~ ). In particular, no max-
imum is found for stiff cylinders. Our data are thus in
clear disagreement with the structure of a stiff cylin-
der, which was proposed in earlier studies."*'”'® Our
data also do not support a prolate shape, for which
axial ratios much bigger than 1, i.e., an elongated
prolate ellipsoid, show a similar ¢~ ' behavior.

Contour Lengths of dBI and dB4. Based on the
radii of gyration Ry and the above estimate of the
persistence length /; we can now get an estimate of
the (contour) length L of the cylinder. An analytical
expression relating these quantities for semiflexible
polymers without excluded volume effects is given in
Eq. (2).%°

Ll AUIAE
RG,02(lep) :T 1-3 I +6 I

- 6(le) (1- e”’”)} @)

The effect of excluded volume is accounted for by
an expansion factor o = Rg/Rg o, which follows**:

L 2 L 3470.17/6
a(L,l,) = {1 + [6_24 zp] + [17.34 IPH @

A combination of these two equations gives R as
a function of L and [, and its applicationo yields an
estimate for the length of dB1 Lz, =~ 185 A and dB4
Lygs =~ 740 A. This corresponds to a ratio Lygs/Lyg,
~ 4, which compares with a value of 607/160 = 3.79
expected from the number of amino acids of the two
proteins.

Local Cross-Sectional Structures. At even higher g
values and thus smaller length scales, we can probe

the local cross-sectional structure of the cylinder. Its
size is described by the cross-sectional radius R_,.
This gives rise to a cross-section Guinier behavior at
q R, < 1 and a strong decrease in the scattered
intensity toward the highest ¢ values measured (g
> 1/R). The data do not show a clear Guinier regime
but only a broad crossover region. Possibly it even
overlaps with the crossover region from the flexible to
the semiflexible asymptotic behavior. This indicates
that the persistence length /; and cross-sectional ra-
dius R, are very similar. The same behavior can be
observed for “real” polymers. Depending on the de-
gree of deuteration of polystyrene (fully deuterated,
phenyl ring deuterated, or backbone deuterated), its
effective cross-sectional radius R . can be changed
while [, is kept constant. This results in different
lp—RCS, o ratios. Accordingly, very different crossover
regions are observed.?>** Due to the supposedly sim-
ilar sizes, we do not attempt to obtain a value for R
from the asymptotic behavior only, but leave the
determination of R, to model fitting.

Fitting the worm-Like Chain Model. Up to now we
have been considering the scattering behavior in terms
of asymptotic expressions only.?® In order to take full
advantage of the information content in the data over
the entire g range, we also include the crossover
regions. We thus need a complete, quantitative char-
acterization of the model and its scattering function,
based on which a least-squares analysis can then be
performed. As mentioned above, the model of a semi-
flexible cylinder with a circular cross-section that
does not penetrate itself is well studied in polymer
theory. It is known as the worm-like chain model of
Kratky and Porod®' modified to include excluded
volume effects and finite cross section.*>** Its scat-
tering cross-section /(g) can be described by>?

l(q’L’lp’Rcs) - IOch(q’L?lp)Scs(qu(:s) (4)

where S,,. (¢,L,;) and S ; (¢,R.) are the normalized
scattering functions of an infinitely thin worm-like
chain and of the cross section, respectively. This
decoupling approximation implies that the g depen-
dence of the scattering intensity can be written as the
product of the scattering function of an infinitely thin
worm-like chain and of the cross-section, which is
valid if the persistence length [, of the chain is sig-
nificantly larger than the cross-sectional radius R.,.
For S,,.(¢,L,[;,) a numerical parametrization based on
Monte Carlo simulations is used (method 3 with ex-
cluded volume effect).?’ The finite size of the cross-
section is included by S, (q). For a circular cross-
section of radius R it is given by



Ji(gR)
(g )} )

SCS(q’RCS) = |:2 qR

CS

where J,(x) is the Bessel function of first order. This
provides us with a complete description of the g
dependence of the scattering intensity for a self-avoid-
ing, semiflexible cylinder with circular cross-section,
which depends on the length L, persistence length /,
cross-sectional radius R, an overall scale factor, and
a constant background, each for both proteins. The
number of free parameters can be reduced using a
priori knowledge on the proteins. Their amino acid
sequence as well as our CD measurements (Figure 3)
indicate that dB1 and dB4 have the same structure,
and hence their persistence lengths and cross-sec-
tional radii should be identical. Furthermore, based on
the numbers of amino acid residues, the ratio of their
lengths is given by Lygs/Lyg; = 3.79. This leaves us
with only seven fit parameters for both scattering
curves; Lypa, I,, R, two overall scalefactors and
backgrounds. The starting values for L, and [, were
chosen based on the above constraints and Egs. (2)
and (3) together with the radii of gyration determined
from the Guinier fit. Throughout the data analysis
corrections were made for instrumental smearing.**
For each instrumental setting the ideal scattering
curves were smeared by the appropriate resolution
function when the model scattering intensity was
compared to the measured /(g) by means of least-
squares methods.’® The resulting fit yields good
agreement with the data over the entire g range as
shown in Figure 4A and supported by x> = 2.6. The
resulting best-fit parameters are Lz, = 893 * 60 A,
resulting in Ly, = 235 = 16 A, [, = 12.6 = 1.3 A,
and R, = 74 = 1.5 A. The errors are determined
according to the procedure described by Pedersen.*®
The fitted values are similar to the values estimated
based on the asymptotic behavior, which supports the
chosen model function. Also the Holtzer plot (Figure
6), which is a very sensitive representation for the
applied model, shows good agreement of the fit with
the data. This demonstrates that the model provides a
very good description of the scattering function and is
capable of quantitatively reproducing the experimen-
tal features over an extended range of scattering vec-
tors g. Hence we do not have to rely only on asymp-
totic expressions, such as a Guinier approximation for
the overall size and cross-sectional radius.

The uncertainty in R, toward smaller values is
rather large, while the possible error toward larger
values is much smaller, only 0.1 A. This large error is
due to the similar size of R and /,. In the experiments
both affect a similar g range. While the crossover to
the asymptotic stiff cylinder behavior is located at g
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FIGURE 6 Holtzer plot gl(g) vs g for dB1 (V) and dB4
(®). The fit results for the flexible cylinder model are shown
as the solid lines.

~ 1.9/, ~ 0.15 A~!, the following cross-section
Guinier region already ends at ¢ =~ 2/R_, =~ 0.19 A
This also makes it impossible to obtain detailed in-
formation on the shape of the cross-section. However,
the temperature dependence of dB1 was studied at
D22 up to slightly larger g values. Figure 4B shows
this data together with the model scattering intensity
calculated, based on the above given values. The very
good agreement over the whole q range supports the
values determined, especially R.

Small-Angle X-Ray Scattering (SAXS)

We also performed SAXS experiments. While the low
q region was strongly affected by aggregation, the
scattering at higher g values shows the same behavior
as observed by SANS. Furthermore, the SAXS exper-
iments extend to higher g values than covered by
SANS. Based on the above model and the values
obtained by fitting the SANS data, the model scatter-
ing function can be calculated. The calculated inten-
sities nicely agree with the measured SAXS data
(Figure 7) and therefore confirm the values deter-
mined by SANS, in particular the cross-sectional ra-
dius R,.

DISCUSSION

Flexibility of the Cylinder

The scattering data are in agreement with a structural
model of a semiflexible cylinder. The asymptotic be-
havior of the scattering data in limited ¢ ranges was
analyzed but, in addition, we applied a single model
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FIGURE 7 SAXS intensities /(g) vs magnitude of the
scattering vector ¢ for dB1 (V) and dB4 (O). The solid lines
are calculated based on the SANS results. The samples were
prepared by dialyzing the purified protein solutions in a
buffer containing 20 mM acetate and 3 mM EDTA. The
protein concentration and pH were 14.6 mg/mL and 4.6
(dB1), and 0.9 mg/ml and 4.4 (dB4), respectively.

function capable of describing the scattering data over
the entire g range, which corresponds to a broad range
of length scales. The best fit was obtained for flexible
cylinders with length 235 and 893 A for dB1 and dB4,
respectively, a cross-sectional radius R, = 7.4 A, and
a ﬁexibiolity quantified by a persistence length [,
= 12.6 A. The scattering data of both, dB1 and dB4,
can be fitted with identical [, and R, which reflects
the fact that they both have the same structure, except
that dB4 consists of basically four dB1 units and is
thus longer. This implies that the structure of the
repetitive domain is maintained and suggests that the
central domain can be elongated while the basic struc-
tural properties are retained. The structure of a flexi-
ble cylinder is an extension of the (stiff) rod model,
which was applied in earlier solution studies to ana-
lyze scattering and viscosimetric data.'>'”'® On one
hand, the cylindrical, rodlike shape is retained, while
on the other hand, our scattering data clearly indicate
a high degree of flexibility of the cylinder. This is
most evident from the Holtzer plot (Figure 6), where
a stiff cylinder would not show a maximum. The fitted
values, especially L and R, indicate that the flexibil-
ity is not associated with the protein backbone, but the
supersecondary structure of the protein.

Length of the Cylinder

A quantitative comparison with previous studies is not
straightforward, because different proteins and buff-
ers were used. Nevertheless, there are two other stud-

ies where the lengths of the repetitive domains can be
compared. SAXS measurements on HMW Ax1 in
0.1M acetic acid buffer, reported a length of 786 A."”
For an estimation of the length of the repeptive do-
main of Ax1, the N- and C-terminal domains were
assumed to be globular. Taking a partial specific vol-
ume of 0.73 mL/g, their theoretical diameters are 31.2
and 21.6 A, respectively. With a repetitive domain of
681 residues,®’ the average length per amino acid,
Laa, is 1.1 A. Secondly, viscosimetric studies on
HMW Bx7 in 0.05M acetic acid/0.01M glycine re-
ported a length of 504 A.'* Taking in account the
terminal domains, and a repetitive domain of 645
amino acids,” we get here a L, ,, of 0.7 A. Our value
of Ly ~ 1.5 A for both dB1 and dB4 is significantly
higher and indicates that the central domain, and thus
HMW proteins have longer contour lengths than pre-
viously reported. A flexible cylinder instead of the
assumption of a stiff rod is largely responsible for this
difference. Although variation exists between the re-
petitive domains of Ax1, Bx7, and Dx5, we do not
think that they are large enough to explain the differ-
ences.

Diameter of the Cylinder

Earlier work using SAXS focused on the low and high
q region only. Based on the assumption of a com-
pletely stiff rod, the overall size in terms of the radius
of gyration Rg or length L of the rod as well as the
cross-sectional radius R, was obtained from Guinier
fits to the low and high ¢ data, respectively.'”"'® The
values for R are, however, significantly different.
They observed a three to four times larger R, which
they attributed to side-to-side aggregation. Our expla-
nation for this discrepancy would be the high flexi-
bility and correspondingly small persistence length [,,
which is close to R_,. As mentioned above, this results
in a single, broad crossover region so that the deter-
mination of R_ by a Guinier analysis is strongly
influenced by [, and prone to an apparently larger R.

B-Spiral

It was proposed that the central repetitive domain of
the HMW gluten protein adopts a supersecondary
structure of a linear helical organization, called a
B-spiral, which is thought to be similar to those sug-
gested for elastin.>*!>!3383% The formation of this
spiral in gluten has been suggested by modeling®® as
well as by scanning tunneling microscopy (STM)
observations.'* The B-spiral could be stabilized by
hydrogen bonds of the glutamine side chains from
different windings, but has never been demonstrated
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FIGURE 8 Distribution function W(D,,) of the end-to-end distance D, based on the parameters
determined for dB4. The vertical line indicates the average end-to-end distance {D,_}.

experimentally.'>'®?! Their existence was suggested
for peptide analogues of the central domain that were
found to stabilize a B-spiral consisting of at least 30
residues.'® In addition, it is well-established that the
repetitive domains consist of B-turns,'>!315-16:19.21.41
The number of B-turns present was estimated to be 27
in dB1, and thus 108 in dB4.'® The flexibility of the
cylinder, in combination with the abundant -turns,
makes a highly ordered, spiral structure with uniform
radius and pitch very unlikely.

Intramolecular Disulfide Bonds

In HMW proteins, the central domain is flanked by N-
and C-terminal domains, which contain several cys-
teine residues. Intermolecular disulfide bonds be-
tween cysteines from different subunits allow the
formation of a protein matrix and are thus important
in determining their properties."*** They compete
with intramolecular disulfide bonds that may interfere
with the polymerization. Intramolecular disulfide
bonds between N- and C-terminal domains were in-
deed found.? This, however, cannot be understood
based on the rod-like structure of the central domain,
where the N- and C-terminal cysteines are far apart
from each other. In contrast, flexibility of the central
domain as suggested by our SANS experiments al-
lows the N- and C-terminal domains to approach each

other and therefore intramolecular disulfide bonds can
be formed. The proposed model of a flexible cylinder
can thus resolve this contradiction.?

We can quantify this argument by considering the
end-to-end distance D, of the flexible cylinder. Since
it is a very dynamic structure and assumes steadily
changing random configurations, one can only specify
an average value for the end-to-end distance (D,,) and
a probability for a certain end-to-end distance W
(D,.).** The distribution W(D,,) is shown in Figure 8
for dB4, whose length roughly corresponds to the
length of the complete central domain. While the
average is (D..) = 174 A, Figure 8 shows that there is
also a considerable probability to find small distances
D... This probability can then be compared with the
(very small) Boltzmann factor exp (—Eg¢/kgT),
where Eg ¢ = 86 kgT is the energy gain in forming a
disulfide bond.**

Elasticity

It has been proposed that elasticity is related to the
formation of long chains of glutenins, which are con-
nected by intermolecular disulfide bonds between the
N- and C-terminal domains.*? In addition, the B-spiral
structure of the central domain with its intrinsic elas-
ticity is also suggested to play an important role.'***
It is believed that stretching the B-spiral disrupts its
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conformation, which is stabilized by hydrogen bond-
ing between glutamine pairs,'® and results in an en-
ergetically less favorable state. After cessation of
stress, the stable conformation is restored and results
in elastic recoil.

A new component is added by the flexibility of the
cylinder. In response to an external force acting on its
ends, it stretches and each segment tends to align with
the force. It thus no longer has a random configura-
tion, but is restricted to a certain direction and longer
end-to-end distances D,. (Figure 8). However, ther-
mal agitation tries to restore disorder of the segments
and hence opposes the stretching force. This elastic
response is purely entropic. Stress-strain curves of
single molecules have been obtained experimentally,
as demonstrated by direct mechanical measurements
of the elasticity of single DNA molecules.*’

The proposed model allows us to take full profit of
results from polymer theory. The dependence of the
end-to-end distance D, on the external force has been
analytically derived.**~*® and computer simulations
have been performed to investigate the full force
regime, including the crossover between the linear
force and Pincus-scaling regime.*=>' The conse-
quences for the elasticity of polymer networks have
also been investigated theoretically and experimental-
ly.>> These models assume a constant length of the
polymer, which corresponds to the flexible cylinder in
our case. The deformability under stress and extensi-
bility of the 3-spiral is thus not taken into account. In
particular, the intrinsic elasticity along the B-spiral
axis adds an extra mechanism, which results in an
enthalpic as well as entropic contribution to elasticity.

CONCLUSION

We have performed small-angle scattering experi-
ments to investigate the solution structure of repre-
sentative parts of the repetitive domain of HMW
wheat gluten proteins, dB1 and dB4. The data over the
entire g range and for both proteins are in agreement
with a structural model of a flexible cylinder, whose
parameters were determined. The supersecondary
structure of this cylinder is consistent with a [-spi-
ral.'>!® The fact that both proteins can be described
by the same structural model indicates that the struc-
tural properties are maintained upon “polymeriza-
tion”, which is corroborated by CD experiments.
Compared to the rod-like structure proposed earli-
er.!>!718 the present model adds the important fea-
tures of flexibility, and a more extended structure for
the protein. This has substantial consequences. It al-
lows for intramolecular disulfide bonds between the

N- and C- terminal domains and thus resolves a
former contradiction.? Furthermore, it introduces a
new structural element bearing elasticity and readily
provides the theoretical background due to its relation
to polymer theory.

MATERIALS AND METHODS

Materials

Restriction enzymes and T4-DNA ligase were obtained
from Boehringer. Gel extraction kit was obtained from
QIAGEN. Ni**-agarose was obtained from QIAGEN; iso-
propyl-p-thiogalactopyranoside (IPTG) was obtained from
Boehringer. Tryptone and yeast extract were obtained from
Difco. Buffer components were obtained from Sigma.

Cloning of dB1 and dB4

The pQE60dB1 and pSk-dB1 were constructed as described
previously by van Dijk et al.'® The dB1-encoding DNA was
purified on 1.5% agarose gel after Bg/Il/BamHI digestion of
pSKdB1. Multimers of the dB1 DNA were obtained after
self-ligation of the dB1 DNA monomers. After heat inacti-
vation of T4-DNA ligase, Bg/Il and BamHI were added to
the ligation mixture, selecting dB1 DNA multimers with the
correct orientation. The Bglll/BamHI-digested dB1 DNA
multimers were purified from agarose gel and ligated into
previously cut expression vector pQE60.

Expression and Purification

The dB1 was harvested from the E. coli strain SG 13009
(pREP4), transformed with the pQE60dB and induced with
isopropyl-D-thiogalactopyranoside.'® The first purification
step was performed by using Ni**-agarose chelation chro-
matography; a second purification step involved a prepara-
tive HPLC C4 reversed phase column (type Vydac CAT
214TP1022). The column was equilibrated with a 0.1% TFA
solution for 20 min. The sample was applied and eluted in
0.1% TFA with a 0-40% gradient, increasing at 1% per
min, of a solution containing 90% acetonitrile in 0.1% TFA;
the elution rate was 8 mL/min; dB1 eluted from the prepar-
ative column at approximately 32 min. The purity was
checked on an analytical HPLC C4 reversed phase column
(type Vydac CAT 214TP54), using the same elution condi-
tions and gradient and an elution rate of 1 mL/min; dB1
eluted from the analytical column at approximately 28 min
(see also Figure 2). The conservation of secondary structure
of dB1 after HPLC purification was checked with CD in
acetate buffer. The methods to express and purify dB4 were
similar to those used for dB1.

Sample Preparation

The protein concentrations for the scattering experiments
were attained by freeze-drying to the appropriate volumes.



The concentrated samples were dialyzed in demineralized
water for removal of the acetonitrile/TFA solution, intro-
duced by the HPLC purification. It was followed by dialysis
in the standard acetate/EDTA buffer (20 mM acetic acid, 0.5
g/L sodium acetate, 3 mM EDTA, pH 4.2) for at least two
days and by replacing the dialysis solution two times [1 mL
sample in 3 X 15 mL D,O (SANS) or 3 X 1L H,O
(SAXS)]. After dialysis, the samples were checked again by
analytical HPLC to rule out loss or breakdown of protein. In
addition, DLS was used to verify that no aggregates are
formed. After the small-angle scattering experiments, sam-
ples were collected and a determination of the concentration
was made using CD.

Circular Dichroism

All CD measurements were performed in protein solutions
with buffer concentrations lower than 2 mM, in order to
enhance the sensitivity in the wavelength region from 180 to
200 nm. The temperature was 25°C, the bandwidth 2 nm,
and the path length 1 mm. The concentration of the samples
was determined from their minimum intensity at 198 nm,
averaged over 120 s. The values were corrected for the
buffer. Wavelength spectra were recorded from 180 to 250
nm, with steps of 1 nm, each averaged over 10 s. Three such
spectra were averaged and the data were not smoothed.

Small-Angle Neutron Scattering

SANS experiments were performed at D11 and D22 at the
Institut Laue-Langevin in Grenoble, France (http://www.
ill.fr/YellowBook/D11/, http://www.ill.fr/YellowBook/D22/).
A neutron wavelength of 8 A and sample-to-detector distances
of 1.2, 4, and 13 m at D11 and 2.0 and 14.0 m at D22 were
used. All experiments at D22 were performed with the detector
offset by 40 cm. The wavelength resolution for both instru-
ments was 10% (full-width-at-half-maximum). The water for
normalization and samples were kept in stoppered quartz cells
with a path length of 1 and 2 mm, respectively. The raw spectra
were corrected for background from the buffer, sample cell,
and other sources by conventional procedures. The two-dimen-
sional isotropic scattering spectra were corrected for dead time
effects, azimuthally averaged, and corrected for detector effi-
ciency by dividing with the incoherent scattering spectra of
water.”>>°

Small-Angle X-Ray Scattering

SAXS data were collected on the X33 camera of the Euro-
pean Molecular Biology Laboratory on the storage ring
DORIS III of the Deutsches Elektronen Synchrotron at
Hamburg using multiwire proportional chambers with delay
line readout.>® A wavelength of 1.5 A was used and a
combination of two sample-detector distances allowed us to
cover a range of scattering vectors 0.04 < g < 0.5 A™!. The
raw data were normalized to the intensity of the incident
beam, corrected for detector response, and the scattering of
the buffer was subtracted.
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