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ABSTRACT: Unlike man-made fibers, the silks of spiders are spun from aqueous solutions and at atmospheric
pressure in a process still poorly understood. The molecular mechanism of this process involves the
conversion of a highly concentrated, predominantly disordered silk protein (spidroin) intoâ-sheet-rich
structures. To help store and transport the spidroins in solution, as well as probably control their conversion,
a liquid crystalline arrangement is established in the storage region in the ampulla and persists into the
duct. Although it has been suggested that changes in the concentration of hydrogen and metal ions play
a role in the formation of the solid thread, there is no reported evidence that these ions influence the
secondary structure of native spidroin in solution. Here, we demonstrate that pH values between
approximately 3.5 and 4.5 induce a slow change of conformation from the disordered to theâ-sheet-rich
form. We also report that Al3+, K+, and Na+ ions induce similar changes in structure, while Ca2+ and
Mg2+ stabilize the predominantly disorder state of the protein. Cs+ and Li+ have no apparent effect.
Direct volumetric and spectrophotometric titration showed a pI of 4.22( 0.33 and apparent pK values of
6.74 ( 0.71 and 9.21( 0.27, suggesting a mechanism for the effect of low pH on the protein and a
rationale for the observed reduction in pH in the duct. We discuss the importance of these findings for the
spinning process and the active role played by the spider to alter the kinetics of the transition.

The spider dragline silk is one of the toughest materials
known. It is an extraordinary achievement for a spider to
draw protein fibers from aqueous solution at room temper-
ature and atmospheric pressure to produce mechanical
properties comparable to and often better than man-made
fibers (1). Although the composition of the silk is not fully
known, partial gene sequences (2-5) from Nephila claVipes
suggest that spider dragline silk contains two large structural
proteins: spidroin 1 and spidroin 2. The complexity of the
silk gland suggests that the control of the spinning process
relies on a precise sequence of tightly controlled events
(storage-transport-fibril formation) that take place along
the production pathway (5). During this process, the spider
actively controls the conversion of the soluble and highly
concentrated aqueous solution (up to 30% in weight) of silk
protein(s) into an insoluble fiber. Physiological parameters,
such as pH and ions, appear to play key roles in this control

by affecting the folding and conformational transitions of
spidroin (6-10).

Studies on both silkworm and spider have demonstrated
the presence of proton pumps thought to acidify the silk
proteins as they flow through the spinning duct (5, 10, 11).
In a recent study, we demonstrated the existence of a pH
gradient in the ampulla of theNephilaspider, indicating an
apparent pH of about 7.2 for storage and a pH of about 6.4
for spinning (10). We also demonstrated in vitro conforma-
tional changes produced by a similar reduction in pH.
Rheological data by Chen et al. (12) indicated that in spiders
both pH and salt content influenced strain dependence during
shear. Terry et al. (13) demonstrated a sol/gel transition on
changing the pH of nativeBombyx morisilkworm fibroin
from 11 to 2. This transition was reversible provided that
the material was not stored under acid conditions for more
than a few minutes. These findings are of relevance because
it is now agreed that pH-induced gelation is accompanied
by an increase inâ-sheet structures. The isoionic point (pI)
of fibroin [about pH 4-5 (14)] has been found to be the
optimal value for gel formation andâ-sheet conversion (15,
16), suggesting that electrostatic forces may regulate the
solubility of spidroin and hence its precipitation. There are
no definite links between precipitation andâ-sheet formation,
although it is generally accepted thatâ-sheet formation leads
to precipitation. Other factors can influence precipitation of
silk proteins. For example, the addition of alcohol to native
spidroin leads to the formation of flakes andâ-sheet structure
(17, 18).
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The ionic balance as much as the pH is likely to be of
great importance during the spinning process. Knight et al.
(7) detected Na, K, S, P, and Cl, in the thread and lumen of
the spinning duct using cryo-SEM EDX. Ca and Mg ions
were not detected consistently and were often close to the
detection limit. Although absolute ionic concentrations could
not be determined, there was an increase in K+ and a
decrease in Na+ ion concentrations, suggesting that those
ions may be important in fiber formation. Rheological data
and the study of spidroin aggregation supported this view
(12). In silkworm, Ca2+ and Mg2+ ions have been found (19,
20) to play a determinant role in the swelling and gelation
of fibroin prior to fiber formation (21, 22). Ochi et al. (23)
suggested that Ca2+ and Mg2+ maintained the gel network
of fibroin by bonding to the carboxylic groups of fibroins.

The complexity of the ionic balance and charge interac-
tions in silk proteins is not well-understood and probably
underestimated because of their large size. It is therefore
important to examine separately the role of stabilizing and
destabilizing forces to understand how their interaction is
involved in storage and fiber formation in silk proteins. In
this study, we used synchrotron radiation circular dichroism
(SRCD)1 to monitor the stabilizing and destabilizing effects
of salts and pH on the secondary structure in dilute aqueous
solutions of spidroin.

We show in this study that the conformational transi-
tion from the predominantly random-coil starting struc-
ture to the finalâ-sheet-rich state happens at remarkably
specific pH and ionic conditions. We consider these condi-
tions in the light of the Hoffmeister series and the direct
measures of the pK values and equivalent point in native
spidroin. We describe the changes in spidroin secondary
structure inferred from SRCD spectroscopy (17). We also
discuss variation in the starting solution structure leading to
variation in kinetics of conversion and its implication for
the spinning process.

MATERIALS AND METHODS

Sample Preparation.Mature female “Golden Silk” spiders,
Nephila edulis(tetragnathidae), were reared free range in
an environmentally controlled room, They were fedMusca
domesticaflies ad libitum every other day, and their webs
were sprayed with tap water. The proteins from the major
ampullate gland were obtained as follows: the opisthosoma
(abdomen) of the spider was cut away from the cephalothorax
and immediately dissected, and the major ampullate (Ma)
gland was collected in 10 mM phosphate buffer at pH 7.
The epithelium was gently stripped off, and the gland ma-
terial was gently blotted and collected in preweighed Eppen-
dorf tubes. After the material was reweighed, it was then
dissolved overnight at room temperature, 20( 2 °C in twice
distilled water. Stock solutions at 2% blotted weight/weight
(wt/wt) were prepared. Henceforth, wt %/wt will be short-
ened to wt %. Care was taken to avoid shearing the protein
solutions at all times, because this material is very sensitive
to strain, particularly when concentrated (12).

Constrained Spiders.To discover whether storage of the
protein in vivo affected the ability of the silk protein to
undergo the structural transition, mature femaleNephila

edulisspiders, reared as above, were constrained for 2 weeks
within a cylindrical plastic pot 20 cm high and 10 cm wide.
They were fed a mealworm every other day ad libitum and
sprayed with tap water. Samples were prepared as described
above. Surprisingly, the amino acid composition from
constrained and free-range spiders was similar (data not
shown).

Volumetric Titration.To fully ionize the protein, 400µL
of 1 wt % Ma gland solution was treated with either 5µL
of hydrochloric acid (2 M) or 5µL of sodium hydroxide (2
M) and left to equilibrate overnight at 5°C. The acid
solutions were titrated with 0.15 M NaOH, and the basic
solutions were titrated with 0.15 M HCl.

The setup (Figure 1) consisted of a pH semimicroelectrode
(model 911600, Orion), a standard pH meter (PHM80;
Radiometer, Copenhagen), and a Micro Syringe pump
controller [model Micro 4, World Precision Instrument
(WPI)] fitted with a 1 mLsyringe type F (WPI).

The titrants were delivered in steps of 2-10 µL at a rate
of 500 nL/s. The temperature of titration was not controlled
but measured to be around 22°C. The addition of the titrant
was hand-controlled, and at each addition, the syringe was
removed from the solution (to prevent diffusion of the titrant
into the solution) and the pH values were recorded once a
stable reading was reached (from 30 min to 4 h depending
on the pH value). A back titration was also performed on
both acidic and basic samples. Although at a different
concentration (approximately 0.5% for the back titration),
the two titration curves were identical. The pK and equivalent
points (pE) were determined using a second derivative
analysis. Direct titration of water without the protein gave a
small response, leaving us to assume that dissolution of
carbon dioxide into the solution under test was negligible.

Photometric Titration.UV spectra of 0.5 wt % aqueous
solutions of Ma gland proteins in 1 cm rectangular quartz
cell were collected using a Perkin-Elmer UV-visible
spectrophotometer model Lambda 20 (Winlabs software)
fitted with a water bath thermostatically controlled temper-
ature held at 22°C. A total of 500µL of the protein solution
was adjusted with 10, 1, 0.1, and 0.01 M HCl and NaOH
and left to equilibrate overnight at 5°C. Prior to collecting

1 Abbreviations: SRCD, synchrotron radiation circular dichroism;
CD, circular dichroism; Ma, major ampullate.

FIGURE 1: Experimental setup for the volumetric titration. (1)
Protein solution in an eppendorf tube, (2) microsyringe with titrant,
(3) pH minielectrode, (4) micropump, (5) pH-meter, (6) 3-mm long
magnetic bar, and (7) magnetic stirrer.

â-Sheet Transition in Silk Proteins Biochemistry, Vol. 43, No. 44, 200414081



the UV spectra, the pH of each solution was recorded using
the semimicroelectrode described above. Changes in absorp-
tion at 250, 274, 294, 355, and 440 nm were extracted and
normalized using the following equation:

where f is the fraction of the change,A is the observed
absorption at a pH value, andAmax andAmin are the largest
and smallest absorptions observed, respectively. The titration
curves were analyzed by linearization of the ionization
equation

to give

whereK is the ionization constant, [H+] is the hydrogen ion
concentration and,f is the fraction of the change. Most
samples yielded a function made up of two or three linear
segments. A corresponding ionization constant could be then
calculated for each of these segments.

The Effect of pH.We studied the effect of pH on the
conformation of spidroin at a concentration of 1 wt % in
the presence of 50 mM buffer. A total of 2 wt % spidroin
samples were prepared (see above) and mixed with 0.1 M
buffer solutions in a 1:1 ratio. We used four different buffer
systems: acetic acid/acetate (pH 2.5-5), citric acid/phos-
phate (pH 2.5-8), phosphate monobasic/phosphate dibasic
(pH 6-9), and bicarbonate/carbonate (pH 9-10.2), covering
a pH range from 2.5 to 10.2. The mixtures were left to
equilibrate overnight prior to recording the circular dichroism
(CD) spectra.

The pH of 1 wt % spidroin in water was directly adjusted
with 2 M/0.1 M/0.01 M HCl and 2 M/0.1 M/0.01 M NaOH
(see photometric titration above), and the CD spectra were
collected after allowing them to equilibrate overnight.

The kinetic of the change in conformation was monitored
at its optimal point, i.e., about pH 4.34. Mixtures of spidroin
at 1 wt % in either 0.5 M acetic acid/acetate or citric acid/
phosphate were prepared (see above) and monitored with
time by CD. The fractions of the changef were calculated
as followed:

whereθ is the ellipticity at a certain wavelength, andθmax

andθmin are the largest and smallest ellipticities measured,
respectively.

We defined ther value as the ratio of the ellipticities
of the plateau at 217 nm (θ217nm) and the negative band at
199-200 nm (θ199nm)

Salt Samples.To study the effect of different cations on
the conformation, we mixed equal volumes of 2 wt %
spidroin solution and 1 or 0.5 M solutions of each of the
following salts in turn: KCl, NaCl, LiCl, CsCl, CaCl2,
MgCl2, and AlCl3. All salts were purchased from Sigma (at
least 99% purity). The protein-salt mixtures were left to
equilibrate at room temperature, prior to recording the CD
spectra. The pH of the protein-salt mixtures was not actively
controlled but only measured, with the pH values lying
between 5.9 and 6.2, except with Al3+, where the pH was
approximately 2. CD spectra were recorded as described
above.

We also used more dilute solutions (125 mM final
concentration) of the above salts to study the kinetics of the
change in conformation of 1 wt % spidroin (final concentra-
tion); the acquisition of CD spectra was initiated immediately
after mixing of the protein with the salt. The fractions of
the change were calculated as in eq 4.

CD. Solution samples for CD were transferred to a 0.1
mm path-length Suprasil quartz sandwich cell (Hellma
124-QS). Spectra were collected at 20°C on the synchrotron
radiation-based CD facility at ISA, Aarhus, Denmark. The
loaded cell was checked for bubbles and voids. Insoluble
fibers of silk produced by shear are strongly birefringent;
thus, a polarizing microscope was used to check that the
contents of the sandwich cell had not been sheared. The
control voltage that determines the high-tension (HT) dynode
voltage of the photomultiplier tube (PMT) was recorded with
each CD spectra as an indication of the reliability of each
CD spectra. In all of our measurements, the control voltage
was -5 V (corresponding to a 600 V HT) for a highly
transmitting sample and+5 V (1600 V HT) for a highly
absorbing sample (for which the CD signal is useless). The
samples were scanned 3 times with a 3 s/nanometer ac-
cumulation time, and the scans were repeated at least 3 times.

RESULTS

Volumetric Titration and Spectrophotometric Titration. To
determine the ionization characteristics and the groups
involved in buffering spider Ma gland proteins, we titrated
a solution of spidroin at 1 wt %. Figure 2 shows the volu-
metric titration by acid and base addition.

The starting solutions were fully protonated (in acid) or
deprotonated (in base), allowing all ionizable groups to be

f )
A - Amin

Amax- Amin
(1)

f ) 1

1 + K

[H+]

(2)

f

[H+]
) 1

K
- f

K
(3)

f )
θ - θmin

θmax - θmin
(4)

r )
θ217nm

θ199nm
(5)

FIGURE 2: Volumetric titration. (a) Titration with 0.15 M HCl of
400µL of spidroin 1 wt % after alkaline adjustment. (b) Titration
with 0.15 M NaOH of 400µL of spidroin 1 wt % after acidic
adjustment. The apparent pK values were determined by second
derivative analysis.
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titrated. The results in Table 1 showed that acid or base
titration were equivalent, leading to the same apparent pK
and equivalent points.

Unfortunately, the complexity of the titrated mixture made
it difficult to attribute with confidence the equivalent point
to a pI. However, we observed two apparent pK values at
6.74( 0.71 and 9.21( 0.27. A direct titration of spidroin
in water with acid and base without prior pH adjustment
yielded the same results (data not shown).

Figure 3 shows the change in the absorption spectra with
a change in the pH of the solution.

We identified three major changes in absorbance with
pH: first, at 440 and 355 nm, we observed an increase in
the normalized absorption at this wavelength with pH (see
Figure 4), correlated with a change in the color of the solution
(from colorless to yellow); second, the tyrosine titration band
at about 294 nm; and third, a band at 240 nm. This last band
because of its close similarity in shape and behavior with
tyrosine at 294 nm suggested a higher energy tyrosine band.
Figure 4 shows the fraction at all three wavelengths as a
function of pH, and Table 1 summarizes the pK values
obtained by spectrophotometric titration.

We noted that at low pH the fractions at 294 and 240 nm
showed a decrease and then an increase, suggesting that in

a highly acidic condition (below pH 2) the environment of
the tyrosine, hence, the tertiary structure of spidroin, was
different than at pH values above 2. Further, direct evidence
of this from CD spectra is given below. The apparent pK
values at 440 nm showed that the solution changed coloration
at approximately pH 4.12( 0.2. At 294 and 240 nm, the
titration showed two apparent pK values at 4.4( 0.28 and
9.47( 0.14, representing about 15 and 85% of the change
in the fraction, respectively. This suggested that the tyrosine
residues were predominantly exposed and readily titratable,
except perhaps at very low pH, where they might be partially
buried. The pK values obtained from volumetric and spec-
trophotometric titrations could be correlated only in alkaline
conditions, with volumetric titration giving a pK of 9.21(
0.27 and spectrophotometric titration giving pK values of
9.19( 0.1 and 9.47( 0.14 for 240 and 294 nm, respectively
(see Table 1). The observed pK values between 9.2 and 9.5
were attributed to tyrosine residues. These results also
indicated that pK of 4.12 from observations at 440 nm (see
Table 1) was from the yellow pigment present in MA.

pH-Induced Conformational Change. Figure 5 shows the
CD spectra of spidroin in very acidic and alkaline conditions
at pH 1.42 and 11.74, respectively.

When compared to the control at pH 6.9 in water, both
acid and alkaline treatment produced dramatic changes in
the structure. In acidic conditions, the spectrum was similar
to the classical random-coil-type CD spectrum with a positive
band at about 230 nm and a strong negative band at 199
nm. On the other hand, in alkaline conditions, the CD spec-
trum was closer in shape to the control except for a stronger
negative signal at 220 nm and the presence of a positive
band at about 250 nm. We were not able to interpret these
differences. We noted that, after either acid or alkaline
treatment, adjusting the pH back to approximately 7 produced
a complete recovery of the CD spectral shape. Remarkably,
we also noted that adjusting the dilute spidroin solutions to
pH values between 2 and 11 did not result in the above-
mentioned alteration. Instead, we observed a conformational
transition from the random-coil-type structure to aâ-sheet-
rich structure. Figure 6 shows the effect of pH on the CD
spectra of spidroin plotted from the ratio of the intensities
of the band at 217 nm to the band at 199 nm (r value).

We used ther value because it was a good measure for
the conformational change experienced by the proteins and
was independent of the solution concentration, hence allow-
ing the comparison of the different structures regardless of
protein precipitation. We noted three regions in Figure 6:
first, a flat region corresponding to no significant change in
the fold, with a typicalr value between 0.2 and 0.3; second,

Table 1: pK and Equivalent Points of Spidroin in Water
Determined by Volumetric and Spectrophotometric Titration

spectrophotometric titrationvolumetric
titration 240 nm 294 nm 440 nm

pK1 6.74( 0.71 4.4( 0.28 4.12( 0.2
pK2 9.21( 0.27 9.19( 0.1 9.47( 0.14
pE1 4.22( 0.33
pE2 7.63( 0.2
pE3 10.32( 0.25

FIGURE 3: Photometric titration. UV-absorption spectra of 0.5
wt % spidroin at different pH values in a 1-cm quartz cuvette (see
the Materials and Methods).

FIGURE 4: Photometric titration curves. Normalized fraction at 440,
294, and 240 nm (see the Materials and Methods). The fractions
were linearized using eq 3 to determine the pK values and then
fitted with a combination of eq 2 for each corresponding pK value.

FIGURE 5: Reversible acid and base denaturation of spidroin. CD
spectra of 1 wt % spidroin in a 0.1-mm sandwich cell after
incubation in acidic (pH 1.42) and alkaline (pH 11.74) conditions
compared to the control in water (pH 6.9).
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a region where ther value increased suddenly and dra-
matically to values typically between 0.3 and 0.6 [This region
corresponded to an increase in the order in the CD spectra
and was at a position close to that of the measured pI (see
above)]; and third, a conversion/aggregation region where
the r value became negative. We noted in Figure 6 that the
optimum value to convert the starting structure to theâ-sheet-
rich structure corresponded to a pH value centered at about
4.34, and on each side of the conversion region, we observed
a change in the order (onset regions, see above). We noted
that this depended on the sample and also the equilibration
time, and thus the onset region could stretch from a pH of
4.4-6.2. We repeated the same experiment by adjusting the
spidroin solution only with HCl and NaOH (see the Materials
and Methods) and observed a similar behavior except that it
was much slower, suggesting that the buffer solution chosen
(acetic/acetate or citric acid/phosphate) interacted with
spidroin.

To clarify the kinetics of the pH-induced transition, we
recorded the CD spectra of spidroin in the presence of acetic
acid/acetate buffer as a function of time. Figure 7 shows the
time evolution of the transition.

Microscopy using crossed polarizers (see Figure 8) of the
flakes formed by prolonged treatment at pH 4.34, suggested
that the conversion to theâ-sheet-rich structure caused the
spidroin to phase separate.

The fractions of change at 217 and 200 nm are plotted in
Figure 9.

We attributed the increase inâ-sheet structure to the band
at 217 nm and the decrease of disorder to the band at 200
nm (17, 24). The fraction of the change at 217 and 200 nm

could be fitted by a sigmoid. Although we did not provide
a physical interpretation of the sigmoids, they revealed a
complex conversion mechanism. We noted that the change
of the fraction at 217 nm was delayed and slower compared
to the one at 200 nm. Similar kinetic behavior was obtained
in citric acid/phosphate buffer, and in the presence of HCl,
the latter yielding to a much slower kinetic, suggesting, as
mentioned above, that the buffers used may interact prefer-
entially with the proteins.

Cations Induced Conformational Change. We noted that
in the presence of the cations (0.5 M) the CD signal of
spidroin decreased in intensity without a change in the shape
compared to the control, suggesting a decrease in the
concentration most likely associated with a precipitation of
the proteins (17). We observed that in the presence of Al3+

the signal disappeared completely, a sign of a total precipita-
tion, and that the solution in the test tube was gellike after
only a few minutes. The strong acidity (pH 2) in the presence
of Al3+ compared to pH 5.9-6.2 with the other salts might
be one reason for Al3+ potency. It is worth noting that Al3+

is known to have a strong precipitant action on other proteins.

The effectiveness of reducing the CD signal without
causing a change in the fold of the remaining soluble protein
was Al3+ . K+, Na+ > Mg2+, Cs+, Li +, and Ca2+. After an
overnight incubation, all of the salts yielded precipitation
except Ca2+ and Mg2+ (data not shown). With 1 M salts,
we noted a stronger and faster precipitation compared with
0.5 M salts (data not shown). In Figure 10, ther values of
spidroin in the presence of 0.5 M salts are plotted against

FIGURE 6: Effect of pH on the conformational change. Plot of the
r value (ratio of the ellipticity at 217 nm to the ellipticity of the
negative band at about 199 nm) as a function of pH (see the
Materials and Methods). Note the four different zones: (1 and 3)
onset and increase in order prior to the conformational change,
respectively; (2) optimal pH region for the conformational change;
and (4) region of conformational stability with pH.

FIGURE 7: Time-resolved CD of the pH-induced conformational
transition in 1 wt % spidroin in the presence of 0.5 M acetic acid/
acetate buffer at pH 4.34.

FIGURE 8: Micrograph taken between crossed polarizers of a
solution of 1 wt % spidroin after at least 24 h of incubation at pH
4.34. Similar structures were observed in the presence of K+ and
Na+. Al3+ caused the solution to form a gel.

FIGURE 9: Kinetics of the fraction of the change for the pH-induced
transition. The fractions were extracted from the CD spectra of
Figure 7, using eq 4.
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various properties of the salts. Ther values were collected
and pooled from samples that were left to incubate for no
more than 2 h. A one-way ANOVA at 5% significance level
showed that the means of ther values were not significantly
different (Levene test of equal variance, number of repeats
per saltsn ) 5, p ) 0.3117). A mean comparison using
Tukey test at 5% significance level showed that ther values
from K+ and Na+ were significantly different fromr values
of the other salts but that K+ and Na+ were not significantly
different from each other. Similarly, ther values of Ca2+,
Mg2+, Li+, and Cs+ were not significantly different from
each other.

The six panels of Figure 10 show no evidence of a
correlation between the changes in the fold represented by
the r value and the specific properties of the cations
investigated. We noted in particular the absence of any cor-
relation with the molar surface tension. Generally, phenom-
ena that are dominated by hydrophobic effects show a
significant dependence on the molar surface tension (25, 26).
This led to the conclusion that Al3+, K+, and Na+ ions played
a key role in the conformational change perhaps by desta-
bilizing spidroin, whereas the other salts would stabilize
spidroin. Interestingly we found that the change in the fold
of the spidroin and its solubility did not follow the Hoffmeis-
ter series.

To understand the conformational change in the presence
of salts, we monitored the change in CD spectra of 1%
spidroin in the presence of 125 mM K+ (data not shown).
We observed a change in conformation from a predominantly
disordered structure to theâ-sheet-rich state. Interestingly,
we noted that the signal intensity at 217 nm hardly changed

compared to that of Figure 9, suggesting that the potassium
ions did not alter theâ-sheet content of the protein but
reordered the disordered structures and favored protein
aggregation. Unsurprisingly, we observed in some instances
a very fast kinetic of transition at about 240 min (data not
shown) compared to that at 870 min and pH 4.34 (Figure
9), highlighting a great variability in the sample extracted
from native spider glands. A set of other experiments was
performed (data not shown) to investigate the change in the
CD spectra of 1 wt % spidroin in the presence of salts in
phosphate-buffered solution in the physiological region of
pH 6-8. We observed only a smaller reduction of the signal
compared to spidroin in water, but no complete precipitation
was observed after several days (except in the presence of
Al3+).

Variability. The variability observed in the kinetics and
amplitude of signals is not easily explained. However, we
were able to establish a circumstantial link between the
kinetics and the shape of the CD spectra of spidroin in
solution. Figure 11 shows three CD spectra with different
kinetic behavior. The first was obtained from constrained
spiders (see the Materials and Methods) and consistently
yielded no changes in the conformation with pH, salts (data
not shown), alcohols, and detergents (18). In the second and
third, free-range spiders were used (see the Materials and
Methods). The second shows a “favorable structure”, which
yielded the fastest response with pH and salts (data not
shown), and for the third, a structure that was present most
of the time yielded the slower kinetics described above.

We calculated ther value for these three types of structures
and found that the structure from the constrained spider had
an r value of about 0.24( 0.04 (n ) 16); the favorable
structure, anr value of 0.5( 0.1 (n ) 15); and the most
commonly occurring type of structure, anr value of about
0.31 ( 0.03 (n ) 35). A one-way ANOVA of the threer
values at 5% significance level showed that the threer values
were significantly different (Levene test for equal variance
p ) 0). A mean comparison using a modified Tukey test for
unequal sample size at 5% significance level showed that
the threer values were significantly different pair wise (p
< 0.001). Moreover, we noted that structures with anr value

FIGURE 10: Relationships between the change in spidroin fold (r
values) and the physical and chemical properties of specific ions.
None of the plots showed a correlation between the change in the
fold and the properties of the cations.

FIGURE 11: Variability in the CD spectra for the starting structure
of spidroin at 1 wt % in water. The structure from the constrained
spider had anr value of about 0.24( 0.04 (n ) 16); the favorable
structure (other), anr value of 0.5( 0.1 (n ) 15); and the most
commonly occurring type of structure, anr value of about 0.31(
0.03 (n ) 35). The threer values were significantly different (see
the text).
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of 0.5 ( 0.1 were more ordered (see Figure 10) and hence
more likely to undergo a faster conversion (27). Although it
seems likely that the protein in the constrained spider was
stored in a safe form with slow kinetics and resistance to
conformation change, it is unclear why the two free-range
spiders reared under similar conditions contain silk protein
with such differentr values and hence different structures.

DISCUSSION

In this study, apparent pK values were determined by two
different methods. Only the alkaline pK (9.21) was consistent
with both methods. The macroscopic pK determined from
volumetric titration at 6.74( 0.71 suggested a contribution
of pK values from different groups. The spectrophotometric
titration suggested the contribution from tyrosine residues
and a yellow chromophore. The pK value of 6.74( 0.71
was consistent with the average value of pH (6.73( 0.23
in the middle of the gland), which we measured in the
ampulla using a pH microelectrode (10).

The observed pE suggested that the pI of spidroin could
be 4.22, similar to the degummed silk fibroin (pH 4.8-5)
(14). This value was comparable to the predicted pI values
of 5.79 and 4.56 for the central repetitive portion of spidroin
I in the sequenced fragments P46804 and AAK30609 inN.
claVipesandN. senegalensis, respectively. These values are
very different from the predicted pI 10.32 for the central
repetitive sequence plus the strongly basic C-terminal frag-
ment (28) in Nephilaspidroin I. This suggests that the pI of
the whole spidroin I molecule may be governed by a very
large central repetitive region with its relatively low density
of negative charges rather than the proportionally minute C
terminus with its relatively high density of basic amino acids.

The optimal pH value of 4.34 for the conformational
transition (Figure 6) was remarkably close to the value of
4.22 found by volumetric titration as the pI value for spidroin.
This suggested that the net negative charge on the molecule
at pH values above pI prevented the conformational transition
and could provide a repulsive force preventing the close
approach of the molecular chains required for the formation
of â sheets. Furthermore, the availability of the tyrosine
residues and their position on loops (29) may favor tyrosine-
tyrosine interactions between different chains, thus promoting
â-sheet structure formation.

The effect of pH on the kinetics of the secondary-structure
transition change helps to explain the key role of pH in the
natural (and biomimetic) spinning process. We demonstrated
elsewhere (10) that for highly concentrated spidroin solutions
(20 wt %), the optimal pH for the conformational change to
aâ-sheet-rich state in 10 mM phosphate buffer was relatively
high (pH 6.2) compared with pH 4.34 for dilute solutions in
the same buffer. This difference is most likely linked to the
change in the protein-protein interaction at higher concen-
trations (27), with a more dilute solution requiring greater
suppression of ionization to induce sufficient protein-protein
interactions than a more concentrated solution. The complex
kinetics of the transition in dilute spidroin solutions at pH
4.34 were similar to those induced by methanol or ethanol
(17, 18). However, the absence of the initial red shift in the
negative band at 199 nm indicated a weaker type of
interaction. The kinetics for the acid-induced transition were
dependent on the acid used (HCl, acetic acid, or citric acid;

data not shown). The hydrophobic nature of acetic acid and
citric acid as well as their higher polarizability may account
for the faster kinetics produced by these acids, suggesting
that an enhancement of hydrophobic interaction, for example,
would promote the conformational change in spidroin. We
have previously suggested that a similar enhancement of
hydrophobic interactions accounts for the observation that
the conformational transition was faster at 20°C as compared
to 5 °C (17).

We were not able to suggest a precise mechanism for the
action of pH on the conversion to theâ-sheet-rich structure
other than the already suggested hydrodynamic gelation
reported in the silkworm silk system (9, 16, 30) and spider
silk (12).

The effects of salts on spidroin are very complex as
illustrated by Figure 10. Hence, we decided to look at the
effect of salts in simple and general terms. We considered
that salts, which destabilize the native folded form of a
macromolecule, also increase macromolecular solubility of
the unfolded form. Conversely, salts that stabilize the folded
conformation by strengthening intramolecular interactions
decrease macromolecular solubility of the unfolded form.
This argues for the role of salts in storing silk proteins in a
soluble form and then converting them to insoluble fibers.
In spiders, as well as in silkworm, it has been demonstrated
that the silk protein lowest energy conformations areâ-sheet-
rich structures. In this context, Al3+, K+, and Na+ favored
the formation of theâ-sheet-rich state by strengthening
intramolecular contacts and decreasing macromolecular
solubility according to our interpretation. This suggested that
a progressive dehydration of the protein promoted the phase
separation, which occurred onâ-sheet structure formations.

We observed that concentrations of salts ranging from 0.5
to 1 M produced effects on the relatively low concentration
(1 wt %) of spidroin. We could not establish if, at the salt
concentration studied, the electrostatic interactions were
saturated or partially shielded and how critical the ratio of
salt/protein was. Furthermore, we found no relation between
the ability of ions to induce structural changes in spidroin
and their position in the Hoffmeister series, suggesting that
the bindings of specific ions were the predominant forces
involved in the conformational change instead of solvent-
reordering effects. This was consistent with the finding that
the kinetics of the conformational change in spidroin films
was dependent on the K+ concentration [biphasic at low
concentrations and monophasic at high concentrations (8)].

Finally, uncertainty about the net charge of spidroin makes
it more difficult to interpret the effects of pH and cations,
although this protein is likely to have a net positive charge
below the apparent pK of 6.74 ( 0.71.

CONCLUSION

Our results showed that spiders, in the same manner asB.
mori, control and promote the conformational change to
â-sheet-rich structures in spidroin by acidification of the
protein mixture down to their apparent pI (measured value
of 4.22 ( 0.33 for spidroin; measured value for fibroin of
4-5), thus, contributing to fiber formation. The observed
pK value of 6.74( 0.71 supports our direct measurement
of pH in the lumen of the ampulla and confirmed this value
as the optimal storage pH. Although the contributions to the
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apparent pK values and pI were not fully resolved, we
observed that the higher pK value (9.47( 0.14), associated
with the tyrosine residues, suggested that tyrosines were not
buried, hence, directly accessible for titration. Interestingly,
the mobility and accessibility of tyrosines residues support
the hypothesis that spider protein aggregation may occur via
tyrosine-tyrosine interactions.

We found that the conformational transition was signifi-
cantly dependent on the amount of structural order (as
measured by ourr values) in the starting material. Structures
with higher order showed a rapid conformational change,
whereas less ordered structures delayed or prevented the
conformational change. Similar results were found by in-
creasing the concentration of spidroin (27), suggesting that
at low concentrations spidroin was not monodisperse and
instead formed large soluble aggregated structures of partially
extended chains. Differences in the ability of salts to induce
the conformational change in spidroin were found not to
depend on the Hoffmeister series, suggesting that the stability
and conformation of the spidroin structure is at least in part
dependent on the specific cation interaction and perhaps a
weaker solvent-ordering effect. Our results imply the im-
portant roles that pH and ion affinity play for understanding
the way in which spiders and silkworms store and spin tough
threads under ambient conditions.
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