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Spider dragline silk, one of the strongest polymers in nature, is composed
of proteins termed major ampullate spidroin (MaSp) 1 and MaSp2. The
N-terminal (NT) domain of MaSp1 produced by the nursery web spider
Euprosthenops australis acts as a pH-sensitive relay, mediating spidroin
assembly at around pH 6.3. Using amide hydrogen/deuterium exchange
combined with mass spectrometry (MS), we detected pH-dependent
changes in deuterium incorporation into the core of the NT domain,
indicating global structural stabilization at low pH. The stabilizing effects
were diminished or abolished at high ionic strength, or when the surface-
exposed residues Asp40 and Glu84 had been exchanged with the
corresponding amides. Nondenaturing electrospray ionization MS revealed
the presence of dimers in the gas phase at pHvalues below—but not above—
6.4, indicating a tight electrostatic association that is dependent on Asp40
and Glu84 at low pH. Results from analytical ultracentrifugation support
these findings. Together, the data suggest a mechanism whereby lowering
the pH to b6.4 results in structural changes and alteration of charge-
mediated interactions between subunits, thereby locking the spidroin NT
dimer into a tight entity important for aggregation and silk formation.

© 2010 Elsevier Ltd. All rights reserved.

Introduction

Spider silk is one of the toughest polymers found
in nature and is adaptable to a broad range of
biological functions. Dragline silk consists of spi-
droins produced by the major ampullate gland. The
proteins can be stored in a highly concentrated
soluble state (‘dope’) in the gland's sac. During
spinning, the dope passes from the sac through a
duct and is converted into an insoluble fiber.1 Over

*Corresponding author. E-mail address:
Michael.Fitzen@ki.se.
Abbreviations used: MaSp, major ampullate spidroin;

NT, N-terminal; MS, mass spectrometry; ESI, electrospray
ionization; wt, wild type; HDX, hydrogen/deuterium
exchange; CID, collision-induced dissociation.

doi:10.1016/j.jmb.2010.09.054 J. Mol. Biol. (2010) 404, 328–336

Contents lists available at www.sciencedirect.com

Journal of Molecular Biology
j ourna l homepage: ht tp : / /ees .e lsev ie r.com. jmb

0022-2836/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.



Author's personal copy

the length of the passage, the protein dope under-
goes a pH drop from pH 6.9 in the sac to pH 6.3 in
the distal region of the duct.2 This pH drop, along
with altered salt concentration, dehydration, and
shear forces, is involved in the assembly of soluble
spidroins into fibrils.3

Major ampullate spidroin (MaSp) contains ~3500
residues and can be divided into a highly
conserved N-terminal (NT) domain of ~130 resi-
dues, a long repetitive middle section composed of
poly-Ala-rich and Gly-rich segments, and a less
conserved C-terminal domain containing ~110
residues.4,5 The NT domain is associated with the
pH dependency of fibril formation, the repetitive
region affects themechanical characteristics of spider
silk, and the C-terminal domain governs assembly,
preventing unordered aggregation.6,7 Investigations
carried out with recombinant forms of MaSp1 from
the nursery web spider Euprosthenops australis have
shown that assembly is independent of pHwhen the
NT domain is removed, while inclusion of the NT
domain restores pH dependency,6,8,9 making it
essential to study how this dependency is mediated.
In solution, the recombinant MaSp1 NT domain

(residues 5–136)8 assembles into large complexeswith
a hydrodynamic size of ~700 nm as pH is decreased
below 6.4. Complex formation can be reversed by
increasing the pH, while high levels of salt inhibit
assembly. The crystal structure of the spidroin NT
domain was recently determined and reveals a
homodimeric conformation, where each subunit is
composed of a five-helix bundle.8 Notable is the
uneven distribution of surface-exposed charged
residues forming a positive pole and a negative pole
in each subunit. The two subunits are arranged with
their dipole axes in opposite directions.
To obtain a dynamic view of spidroin NT domain

interactions in response to pH changes, we applied
electrospray ionization (ESI) mass spectrometry
(MS) to wild-type (wt) and mutant forms of the
spidroin NT domain in the pH interval 6.0–7.0.
ESI-MS was selected since noncovalent protein–
protein interactions can be preserved and studied
in the gas phase to reveal stoichiometries, apparent
dissociation constants, and interaction modes for
protein complexes.10,11 Amide hydrogen/deuterium
exchange (HDX), in combination with ESI-MS
(HDX-MS),12–14 gives information about conforma-
tional changes and structural flexibility by measure-
ment of differential deuterium incorporation into
protein backbone amides. Flexible or solvent-exposed
segments allow rapid exchange, while less exposed or
tightly folded segments exchange more slowly. The
various degrees of deuterium incorporation into
protein segments were determined using peptic
digestion and LC-MS analysis14–16 to identify pH-
dependent changes in secondary structure elements
and local conformation. Analytical ultracentrifuga-
tion was employed to correlate gas-phase data with

solution data. The results show that a drop in pH
causes global stabilization and charge-dependent
locking of the dimer, providing insight into the
mechanism behind spidroin assembly.

Results

Gas-phase interactions of the spidroin NT domain

Nondenaturing ESI-MS analysis of the wt spi-
droin NT domain in ammonium acetate at pH
values ranging from 6.0 to 7.0 was carried out in
steps of 0.2 pH unit (Fig. 1a). At pH 6.4–7.0, mainly
monomeric protein was observed in the gas phase,
while at pH 6.2 and 6.0, a large increase in gas-
phase-stable dimers could be detected. Collision-
induced dissociation (CID) experiments showed
that these dimers require collision energies above
40 eV to partially dissociate, indicating strong
interactions (Supplementary Fig. 1).
To investigate the influence of charged residues on

the formation of dimers observed in the gas phase,
we studied a set of spidroin NT domain mutants
where the highly conserved and surface-exposed
residues Asp40 and Glu84 had been exchanged with
Asn (D40N) and Gln (E84Q), respectively. A double
mutant (D40N/E84Q), as well as a mutant where
Glu79 (not at the surface) had been changed to Gln
(E79Q), was also studied. When the pH was
changed from 7.0 to 6.0, only a limited amount of
E84Q dimers was detected at low pH, while D40N
and the double mutant D40N/E84Q were not able
to form dimers that can be transferred to the gas
phase at any pH (Fig. 1b). E79Q, on the other hand,
revealed pH-dependent dimers at low pH in the ESI-
MS spectra. For this mutant, dimerization was also
observed at pH 6.8 and 7.0, but to a lower extent
than at low pH (Fig. 1b).

Analytical ultracentrifugation and sedimentation
equilibrium experiments

To correlate the gas-phase data with the solution
data, we carried out ultracentrifugation experiments
(Fig. 2). At pH 7.2, the wt spidroin NT domain
revealed a sedimentation coefficient (s) of 1.7±0.1 S;
at pH 6.2, the s-value was 2.8±0.1 S. Parallel
sedimentation equilibrium experiments were per-
formed to determine the mass of the main molecular
species in solution. At pH 7.2, we found an average
mass of 17,470±998 Da, which is slightly greater
than the calculated molecular mass of 14,011 Da for
the monomeric wt spidroin NT domain. At pH 6.2,
the average molecular mass of the wt spidroin NT
domainwas determined to be 25,450±372 Da, which
is most compatible with the size expected of a dimer.
The ultracentrifugation data are thus in line with the
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observations made in the gas phase (i.e., the wt
spidroin NT domain forms mainly dimers at acidic
pH while being mainly monomeric at neutral pH).

Deuterium incorporation into wt spidroin NT
domain

The spidroin NT domain was subjected to HDX-
MS experiments at pH 7.0 and 6.0. Due to the
relatively small size of the spidroin NT domain
(14,011 Da), 93% of the protein sequence was
covered in a limited number of peptic fragments
with isolated MS signals. Since the backbone amide
HDX rate is slowed by 1 order of magnitude when
the pH is lowered from 7.0 to 6.0, the incubation
times at pH 6.0 were extended by a factor of 10 for a
direct comparison with deuterium incorporation at
pH 7.0.15,16

Deuteration profiles for wt spidroin NT domain at
pH 7.0 and 6.0 (Fig. 3, top and middle) both show
that the deuteration level at a given time point varies
along the polypeptide chain, and that regions with
low levels of deuterium labeling coincide with the
positions of the five α-helices determined by X-ray
crystallography.8 Since α-helices are known to
incorporate deuterium more slowly than unfolded
segments, we conclude that these regions of the
backbone are in α-helical conformation and, thus,

Fig. 1. ESI-MS spectra showing the pH-dependent dimer formation of wt andmutant spidroin NT domains. (a) ESI-MS
spectra of the wt spidroin NT domain at pH values between 7.0 and 6.0. Peaks corresponding to monomers and dimers
are denoted M and D, respectively. (b) Plot of the observed dimer/monomer gas-phase ratios of the wt spidroin NT
domain and the E79Q, E84Q, D40N, and D40N/E84Q mutants. While D40N and D40N/E84Q do not show a pH-
dependent increase in dimers at low pH, a small increase was observed for the E84Q mutant at pH 6.0. The E79Q mutant
shows a pH-dependent increase in dimers at low pH; however, dimers could also be detected at pH 7.0 and 6.8.

Fig. 2. Sedimentation velocity analysis of the wt
spidroin NT domain at neutral and acidic pH values.
The protein exhibits a peak with a sedimentation
coefficient of 1.7±0.1 S at neutral pH and a sedimentation
coefficient of 2.8±0.1 S at acidic pH, indicating molecular
masses of 17,470±998 and 25,450±372 Da, respectively.
The results shown are representative of one of three
experiments.
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that the positions of the five α-helices are not
significantly altered by the pH shift. On the other
hand, the deuteration levels differ significantly
between pH 7.0 and pH 6.0, in particular for
regions that exchange slowly. At pH 6.0, deuteri-
um incorporation into all helical segments is lower
than at pH 7.0. This observation indicates de-
creased unfolding and tighter packing of these
regions at low pH.
To visualize pH-dependent local perturbations,

we calculated the average differences in deuterium
incorporation between pH 7.0 and pH 6.0 using data

for all time points17,18 (Fig. 4). Positive perturbations,
reflecting increased solvent exposure and structural
flexibility in response to lowered pH, were not
observed. In contrast, negative perturbations, reflect-
ing structural stabilization and shielding from the
solvent, could be observed for the middle regions of
all helices, corresponding to the hydrophobic core of
the spidroin NT domain (Fig. 5). The strongest
negative perturbation was observed for the middle
segment of helix 3, a region shown by crystallogra-
phy to be buried at the interface between the dimer
subunits.8

Fig. 3. Deuterium exchange profiles for wt and mutant spidroin NT domains. Profiles are shown for wt spidroin NT
domain at pH 7.0 (top) and pH 6.0 (middle), and for D40N/E84Q at pH 7.0 (bottom; mutated positions are indicated in
red). Incorporation of deuterium after various incubation times is indicated by color-coded underlining of the amino acid
sequence. Each line corresponds to an observed peptic fragment. The corresponding deuteration levels (in percent) are
given on the bottom right. The positions of the five α-helices are indicated. Residue numbering follows Askarieh et al.8
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Deuterium exchange in the D40N/E84Q mutant

The deuterium incorporation profiles of the
D40N/E84Q double mutant reveal regions with
deuteration levels lower than those for neighboring
segments (Fig. 3, bottom). As for the wt spidroin NT
domain, these regions coincide with the positions of
α-helices, in agreement with the observation that the
structure of the D40N/E84Q double mutant is
largely identical with that of the wt NT domain.8

However, at pH 7.0, segments covering helices 1, 2,
3, and 4 were deuterated more rapidly in the NT
domain double mutant than in the wt NT domain
(Fig. 3; Supplementary Fig. 2), indicating that the
mutant exhibits a higher unfolding rate in these
regions at pH 7.0. Moreover, only minor differences
were observed between the deuterium incorpora-
tion level at pH 7.0 and the deuterium incorporation
level at pH 6.0 for the D40N/E84Q mutant (Fig. 4).

Effect of ionic strength on pH-dependent
structural change

HDX-MS time-course experiments were per-
formed with wt spidroin NT domain at pH 7.0 and
6.0 in the presence of 300mMNaCl, and the resulting
perturbations were determined (Fig. 4; Supplemen-

tary Fig. 2). Comparison of deuterium incorporation
at pH 7.0 and 6.0 at high and low ionic strengths
shows that high-salt conditions decrease the deuter-
ation of helical segments at pH 7.0, while the
deuteration levels at pH 6.0 are similar independent
of salt concentration (Supplementary Fig. 2). Conse-
quently, the perturbations going from pH 7.0 to
pH 6.0 are less pronounced in the presence of
300 mM NaCl, indicating that the pH-dependent
difference in structural flexibility is reduced at high
ionic strength (Fig. 4).

Discussion

The NT domain of E. australis MaSp1 is involved
in the pH-dependent regulation of spider silk
assembly. The conserved overall structure of this
domain shows a positive pole and a negative pole
on the surface, suggesting that charge interactions
play a role in the formation of spider silk in the
extrusion duct of the ampullate gland.8 Using MS,
we have studied the effect of pH on the structural
flexibility of the spidroin NT domain and investi-
gated the role of conserved charged residues.
ESI-MS experiments showed that at pH values

below—but not above—6.4, the spidroin NT

Fig. 4. Changes in average deuterium incorporation in response to lowered pH. Perturbations (from 7.0 to 6.0) were
calculated for the wt spidroin NT domain, the D40N/E84Q mutant, and the wt spidroin NT domain in the presence of
300 mM NaCl. Negative perturbations indicate less deuterium exchange at lower pH. Residues located at the dimer
interface are indicated in red. Residue numbering follows Askarieh et al.8
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domain forms dimers that can be transferred to the
gas phase (Fig. 1a). Hydrophobic interactions are
known to be weakened in the gas phase, while
electrostatic interactions are reinforced.19 The high
relative stability of the dimers observed below
pH 6.4 and their dependency on the charged
residues Asp40 and Glu84 therefore suggest that
their association at low pH is dominated by
electrostatic interactions.
To make a correlation with solution conditions at

neutral pH versus solution conditions at acidic pH,
we subjected the wt spidroin NT domain to
analytical ultracentrifugation. It was found that the
protein is primarily monomeric at pH 7.2, while it
forms mainly dimers at pH 6.2 (Fig. 2). The data are
thus in line with the results from gas-phase
experiments. However, it should be noted that, in
size-exclusion chromatography, the wt spidroin NT
domain migrates primarily as a dimer, both at
neutral pH and at acidic pH.6

It is interesting to note that the E79Q mutation has
an effect different from the effects of the E84Q and
D40N mutations. The D40N and E84Q mutants are
not able to form dimers that, to a significant degree,
are transferrable to the gas phase, while the E79Q

mutant forms dimers that can be observed in the gas
phase both at high pH and at low pH, with a
minimum at pH 6.6 (Fig. 1b). Glu79 is a conserved
residue, but it is not located at the surface of the
protein.
Large assemblies of wt or mutant spidroin NT

domains were not observed in the ESI-MS spectra.
Such protein complexes are reported to have a
hydrodynamic size of ~700 nm,8 and it is unlikely
that such assemblies survive the ESI process or are
sufficiently ionized to be detected.
We carried out HDX-MS experiments to map

differences in the deuteration levels of protein
backbone amides in response to lowered pH. The
distribution of slowly deuterated regions coincides
with the distribution of α-helices in the crystal
structure and suggests that the crystal structure of
the spidroin NT subunit resembles that in solution.
The deuteration level of individual peptic pep-

tides is represented for each peptide as percent
maximum deuteration.14,15,18,20 It is important to
note that the resolution in the deuterium exchange
profile is limited by the specificity and efficiency of
the peptic digestion, and it is difficult to judge the
distribution of deuterons in longer proteolytic

Fig. 5. Structural representation
of the deuterium exchange profile
for the wt spidroin NT domain. The
negative perturbations observed in
the wt protein (Fig. 4) are indicated
in the crystal structure of the wt
spidroin NT domain dimer (Protein
Data Bank ID 3LR28) according to
the color code given. To visualize
the domain organization of the
spidroin NT domain dimer, we
show one subunit as space-fill
model, and we label the secondary
structure elements as helices 1–5.
Decreased deuteration levels can be
observed in the core of the helix
bundle composed of the middle
regions of all five helices.
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fragments. However, since comparisons are made
for a particular peptic fragment at different time
points and under different conditions, percent
values are reasonable for judging the alteration of
deuteration levels in segments of the protein
backbone.
We observed that deuteration levels of segments

from the hydrophobic core of the wt spidroin NT
domain are decreased at low pH (Fig. 5). This
indicates decreased unfolding rates in these regions
and leads to the conclusion that the dimers
transferred to the gas phase at low pH are tightly
packed with reduced solvent accessibility. Mutation
of the highly conserved residues Asp40 and Glu84 to
the corresponding amides apparently reduces the
structural stabilization at low pH. The observation
that helix 3 displays the strongest negative pertur-
bation of the entire spidroin NT domain (Fig. 4) can
be explained by the fact that it is fully buried at the
interface between the subunits and flanked by
charged residues that are implicated in dimer
locking.
Charge-dependent conformational changes are

frequently altered by high ionic strength. We
observed that, in the presence of 300 mM NaCl, the
deuterium incorporation levels at pH 7.0 are
reduced, while they are largely unchanged at
pH 6.0, resulting in less pronounced pH-dependent
structural perturbations (Fig. 4). This indicates that
high-salt concentration leads to a more pH-indepen-
dent conformation. This could be due to the masking
of charge interactions in the spidroinNTdomain that
are required for the observed pH-dependent struc-
tural changes.
The dimer interface observed in the crystal

structure of the spidroin NT domain harbors
significantly more polar residues (43%) than the
average homodimer interface (30%).20 Hence, non-
polar interactions are expected to be relatively less
important for the stabilization of the spidroin NT
domain dimer. In the dimer structure, residues
Asp40 and Glu84 from the same subunit form an
intrasubunit “handshake” interaction.8 The two
residues are not positioned in a manner that allows
dimer-stabilizing intersubunit interactions, suggest-
ing that they are instead required for conformational
changes needed for dimer stabilization. Examination
of the spidroin NT domain dimer structure shows
that many of the side chains at the interface have
multiple conformations. A comparison of crystal
structures for the wt spidroin NT domain dimer in
two different crystal forms and for the spidroin NT
domain mutants shows that the dimer subunits are
able to rotate around a fairly flat interface.8 Both of
these observations suggest that the dimer interface is
not entirely rigid. It is tempting to speculate about a
scenario where multiple conformations are allowed
at higher pH values, while a single more compact
and assembly-competent conformation is stabilized

by interactions involving Asp40 and Glu84 at pH
values below 6.4.
In conclusion, we have presented evidence that

the NT domain of MaSp1 from E. australis under-
goes a pH-dependent electrostatic locking event
leading to a globally stabilized dimer. The pH
interval where this occurs coincides with the
measured pH drop in the spinning duct of the
spider, which strongly suggests that the assembly of
spidroins involves the locking event of the spidroin
dimer NT domain reported here.

Materials and Methods

Deuterium exchange

Wt and mutant NT domains from E. australis MaSp1
were expressed and purified as described previously.6,8

Stock phosphate buffers at 20 mMwere adjusted to pH 5.8
and 6.9. A mixture of 9 vol of stock phosphate buffer and
1 vol of protein stock solution (10 mg/ml spidroin NT
domain in 20 mMTris–HCl, pH 8.0) results in a final pH of
6.0 and 7.0, respectively. Deuterated buffers were pre-
pared by four rounds of freeze-drying of the stock
phosphate buffers and reconstitution in 99.9% D2O
(Cambridge Isotopes, Andover, MA). To start the incuba-
tion at 22 °C, we diluted the spidroin NT domain stock
solution 10 times in deuterated stock phosphate buffer,
resulting in a final deuterium content of about 90% and a
protein concentration of 1 mg/ml. Time aliquots (4 μl) for
ESI-MS analysis were collected from 1 min onwards.
Deuterium exchange was quenched by the transfer of
aliquots to prechilled Eppendorf tubes containing 16 μl of
0.1% trifluoroacetic acid (Merck, Darmstadt, Germany),
vortexing for 2 s, and freezing in liquid nitrogen. Samples
were kept in liquid nitrogen until analyzed.

Mass spectrometry

To investigate gas-phase protein–protein interactions,
we diluted the spidroin NT domain stock solution 100-
fold in 10 mM ammonium acetate buffers adjusted to
pH 6.0, 6.2, 6.4, 6.6, 6.8, or 7.0 to yield solutions with a final
protein concentration of 0.1 mg/ml. Samples were
introduced into the mass spectrometer using metal-plated
borosilicate glass capillary needles (Proxeon, Odense,
Denmark).
For HDX-MS, aliquots of deuterated wt spidroin NT

domain were quickly thawed and injected into an HPLC
system using a prechilled Hamilton syringe. The entire
system was submerged in an ice bath during analysis.21

Protein samples were injected into a 5-μl sample loop and
digested online in a Porozyme Immobilized Pepsin
Cartridge (Applied Biosystems, Foster City, CA) operated
at 17 μl/min in 0.05% trifluoroacetic acid. Peptic peptides
were desalted using a Waters Symmetry C18 trap column
and eluted in a single step with 70% acetonitrile contain-
ing 0.1% formic acid at a flow rate of 17 μl/min. Samples
were delivered to the mass spectrometer through a
tapered tip emitter with a 50-μm opening (New Objective,
Milford, MA) coupled to the HPLC via a T-connector.
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Spectra were acquired in positive-ion mode with a
Waters Ultima API mass spectrometer (Waters, Milford,
MA) equipped with a Z-spray source. The source
temperature was 80 °C, the capillary voltage was 1.7 kV,
and the cone and radiofrequency lens 1 potentials were
100 and 38 V, respectively. The mass spectrometer was
operated in single-reflector mode to achieve a resolution of
10,000 (full width at half maximum). The mass scale was
calibrated using myoglobin for gas-phase interaction
experiments and using [Glu1]fibrinopeptide B for HDX-
MS. Scans were acquired for 5 min at a rate of one scan per
2 s between 500 m/z and 4000 m/z for gas-phase
interaction studies, and between 200 m/z and 2000 m/z
for HDX-MS. Argon at 5.2×10− 5 mbar was used in CID
experiments. Mass spectra were analyzed using Waters
MassLynx software. For determination of monomer/dimer
ratios, ESI-MS spectra were smoothed (5 G) and centered,
and ratios were calculated from the sum of the signal
intensities of the [M+6H]6+, [M+7H]7+, and [M+8H]8+

charge states of the monomer, and the [M+8H]8+ and
[M+9H]9+ charge states of the dimer.11

To correct for back exchange, we prepared the fully
deuterated protein by freeze-drying of a sample of
spidroin NT domain followed by resuspension in
99.9% D2O and 4 h of incubation at 50 °C. This
procedure was repeated twice before the sample was
subjected to online digestion and ESI-MS. Backexchange
corrections and deuteration level calculations were
performed as described previously.14 Peptic peptides
were identified based on a map of pepsin-digested
undeuterated material using automated LC-MS/MS
analysis with a Waters NanoAcquity system (Waters).
Peptide sequences were identified by individual analysis
of CID spectra using the Waters MassLynx and
ProteinLynx software packages.

Analytical ultracentrifugation

Sedimentation velocity experiments were performed at
48,000 rpm and 22 °C in a Beckman XL-A ultracentri-
fuge (Beckman Coulter, Inc.) with a UV–Vis detector,
using an An-50Ti rotor and double-sector 12-mm
centerpieces of Epon charcoal, as previously reported.22

Sedimentation profiles were registered every 5 min at
235, 260, or 280 nm. Experiments were carried out in
duplicate at two protein concentrations (150 and 450 μg/
ml) in 10 mM phosphate buffer at different pH values.
Typically, samples were centrifuged at 3000 rpm for
2.5 min prior to ultracentrifugation experiments to
remove polymerized protein. The sedimentation coeffi-
cient distributions were calculated by least-squares
boundary modeling of sedimentation velocity data
using the c(s) method,23 as implemented in the SEDFIT
program from which the corresponding s-values were
determined.
To determine the mass of the main protein species, we

performed parallel sedimentation equilibrium experi-
ments in 10 mM potassium phosphate, at different pH
values, using the following protein concentrations: 75, 100,
150, 225, and 450 μg/ml. Ultracentrifugation was per-
formed at 18,000, 25,000, and 45,000 rpm. The absorbance
scans were recorded when sedimentation equilibrium had
been reached. The buoyant molecular masses of the wt
spidroin NT domain were determined by fitting a

sedimentation equilibrium model of a single sedimenting
solute to individual data using the program EQASSOC24

or HeteroAnalysis.25 These values were then converted
into the corresponding average molecular masses by using
0.7192 ml/g as the partial specific volume of the wt
spidroin NT domain, calculated from amino acid compo-
sition with the program SEDNTERP.26

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.jmb.2010.09.054
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