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Acidic Residues Control the
Dimerization of the N-terminal
Domain of Black Widow Spiders’
Major Ampullate Spidroin 1
Joschka Bauer1, Daniel Schaal2,3, Lukas Eisoldt1, Kristian Schweimer2,3,
Stephan Schwarzinger2,3 & Thomas Scheibel1,3,4,5,6
Dragline silk is the most prominent amongst spider silks and comprises two types of major ampullate
spidroins (MaSp) differing in their proline content. In the natural spinning process, the conversion of
soluble MaSp into a tough fiber is, amongst other factors, triggered by dimerization and conformational
switching of their helical amino-terminal domains (NRN). Both processes are induced by protonation
of acidic residues upon acidification along the spinning duct. Here, the structure and monomer-dimerequilibrium of the domain NRN1 of Latrodectus hesperus MaSp1 and variants thereof have been
investigated, and the key residues for both could be identified. Changes in ionic composition and
strength within the spinning duct enable electrostatic interactions between the acidic and basic pole of
two monomers which prearrange into an antiparallel dimer. Upon naturally occurring acidification this
dimer is stabilized by protonation of residue E114. A conformational change is independently triggered
by protonation of clustered acidic residues (D39, E76, E81). Such step-by-step mechanism allows a
controlled spidroin assembly in a pH- and salt sensitive manner, preventing premature aggregation of
spider silk proteins in the gland and at the same time ensuring fast and efficient dimer formation and
stabilization on demand in the spinning duct.
Spider dragline silk is used by orb weavers as a lifeline to escape from predators and as a stabilizing frame in their
webs due to its excellent mechanical properties including an outstanding toughness. It comprises proteins produced in the major ampullate silk gland classified as major ampullate spidroins MaSp11 and MaSp22 dependent
on their amino acid composition, mainly their proline content which is low (<1%) in MaSp1 and high (~9%)
in MaSp23. Spidroins are stored in a soluble form at high concentrations (>30% w/v) in the presence of NaCl in
the lumen of the silk gland4,5, and fiber assembly is initiated upon passage of the spidroin solution through the
spinning duct6. The pH decreases along the duct from pH 7.2 to 6.0 or below, depending on the spider species,
and sodium chloride is replaced by potassium phosphate, both of which together with shear forces induce spidroin assembly5,7–11. Within the spinning dope, the large repetitive MaSp core domains (>1000 amino acids) are
assumed to be intrinsically disordered, while the short (~100–150 amino acids) non-repetitive N- (NRN) and
C-terminal domains (NRC) exhibit well defined α-helical structures3,12,13. These terminal domains control spidroin solubility in the dope and initiate fiber assembly upon passage through the spinning duct. Fiber assembly is
accompanied by conversion of the intrinsically disordered core domain into a β-sheet-rich (~25–40%) one14–19.
Due to their important function during assembly, the sequences and therefore the three-dimensional fold of
NRC and especially NRN are highly conserved, not only of individual silks between spider species, but also
between different silk types within one species20–24. While NRC of most MaSp are permanent disulphide-linked
dimers even under storage conditions in the gland, dimerization of NRN is triggered in a pH and salt dependent
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manner within the duct25–27. The previously determined structure of Euprosthenops australis (NRN1E.a.) as well as
of Latrodectus hesperus (NRN1L.h.) MaSp1 revealed a dipolar charge distribution, with charged amino acids being
grouped into a basic NH2- and an acidic COOH-terminal pole26,28,29. In NRN1E.a., an acidic cluster, comprising
at least six surface exposed aspartic and glutamic acid residues, has been assumed to mediate a pH-dependent
dimerization upon conversion from a dimer-incompatible into a dimer-favouring conformation28. The monomeric wildtype (wt) structure, denoted as conformation I, is stabilized both in the presence of sodium chloride
and at a neutral pH (7.2). Acidification triggers the formation of conformation II upon dimerization. Previously,
the conformational change was monitored by a bathochromic shift of the fluorescence emission of a single, naturally occurring Trp residue (W9) indicating its relocation into a more hydrophilic environment on the surface12,28.
Underlining their likely importance for this conformational change, one aspartic acid (D39) and three glutamic
acid residues (E76, E81, E114) are the most conserved residues within NRN among all spider species so far
investigated20–24.
Here, the dimerization and conformational changes of the amino-terminal domain of Latrodectus hesperus
MaSp1 (NRN1L.h.) have been investigated in more detail. A variety of different techniques such as tryptophan
fluorescence, near- and far-UV circular dichroism, multi-angle light scattering as well as two-dimensional
NMR-spectroscopy were applied to characterize wtNRN1L.h. and variants thereof. The role of the most conserved
acidic residues was identified by replacing them by their non-titratable analogues asparagine and glutamine to
mimic the protonated state caused by acidification within the spinning duct. While protonation of the single side
chain E114 upon acidification is sufficient to trigger dimer formation, the structural conversion into the final
dimer conformation is mediated by the acidic cluster. Charged residues D39 and E81 prearrange the antiparallel
dimer by electrostatic interactions with basic residues of the second subunit. Dimerization and structural rearrangement occur independently and are controlled by separated regions of the domain.

Materials and Methods

Protein production. Genes encoding the amino-terminal domain of Latrodectus hesperus major ampullate
spidroin 1 were cloned into pET28a, containing a sequence encoding a His6-SUMO-tag (Novagen). Mutations
were introduced using a QuikChange  Site-Directed Mutagenesis Kit (Agilent Technologies). Genes were
expressed in Escherichia coli strain BL21 (DE3) (Agilent Technologies). The cells were grown to an OD600 =  8
in ZYM-5052 autoinduction medium30 containing kanamycin for 17 h at 30 °C. Proteins were purified by nickel-NTA chromatography (HisTrap FF, GE Healthcare) and size exclusion chromatography (HiLoad  26/60
Superdex 75 pg, GE Healthcare). The His6-SUMO-tag was cleaved off by addition of a SUMO-protease and
incubation for 1 h at RT. SUMO-tag and protease were separated from the spidroin using a second nickel-NTA
chromatography step.
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Fluorescence spectroscopy. Tryptophan fluorescence was analysed using a Jasco FP-6500 spectrofluorometer with a 3 mm path length. The spectra were recorded at an excitation wavelength of 295 nm and an emission
wavelength between 300 and 450 nm. The pH-titration was performed by successively adding 5 μl of 0.1 M H3PO4
to 1 ml of protein solution (14.2 μM).
CD spectroscopy. Circular dichroism spectroscopy measurements were performed using a Jasco J-715 spec-

tropolarimeter. CD spectra were acquired at a response time of 1 s, a scanning speed of 50 nm min−1 and a bandwidth of 1 nm. Far-UV CD spectra and thermal transitions were measured at 14.2 μM using a path length of 0.1 cm.
Thermal transitions were recorded at a wavelength of 222 nm and a heating rate of 60 °C h−1. Near-UV CD spectra
were monitored at protein concentrations of 35.5 μM and 142.5 μM (Supplementary Fig. S1) using a path length
of 0.5 cm, and, respectively, of 1.0 cm. Near-UV CD spectra were processed by applying a Savitzky-Golay filter31.

SEC-MALS.

™

Size-exclusion chromatography (SEC, Superdex 200 10/300 GL, GE Healthcare) was performed on an Agilent 1100 system to pre-separate the protein solution for the subsequent analysis. The flow rate
of 20 mM sodium phosphate buffer (pH 7.2 or 6.0 ± 300 mM NaCl) was set to 0.7 ml min−1, and 250 μl of protein
solution (71.2 μM) were injected at 0.2 ml min−1. Multi-angle light scattering (MALS) and quasi-elastic light scattering (QELS, WYATT) were employed to determine the molecular weight (MW) and, thus, the monomer-dimer
equilibrium of NRN. The data were evaluated using the ASTRA software (WYATT).

NMR analysis.

Isotopically enriched proteins were produced in the E. coli strain BL21 (DE3) grown in M9
minimal medium supplemented with 15N ammonium sulphate for 15N HSQC and additionally with 13C glucose
for triple resonance experiments. The cells were grown to an OD600 = 4 at 37 °C, and genes were expressed upon
addition of 1 mM IPTG for 4 h. All variants were purified in the same manner as their unlabelled analogues. 10%
(v/v) D2O was added to NMR samples in 22 mM sodium phosphate, and the pH was carefully adjusted to either
7.2 or 6.0. The pH-induced conformational change of triple mutant 3*, in which the acidic cluster was neutralized (D39N-E76Q-E81Q), shifted from pH 6.5 in wtNRN1 to 6.0 as seen in fluorescence titration experiments.
Therefore, the respective HSQC experiment was recorded at pH 5.5 instead of 6.0 to ensure complete structural
conversion.
All NMR spectra were recorded on a Bruker Avance 700 MHz NMR spectrometer equipped with a 5 mm TCI
cryogenic and a TXI probe with Z-axis gradients, respectively. The 15N HSQC experiments were recorded according to Mori et al.32. T1 and T2 15N-relaxation data were recorded for the determination of the oligomerization state
of E114Q at pH 7.2. The intensities of the HSQC-type spectra were fitted to mono-exponential decays using the
program curve fit (Palmer, Dept. of Biochemistry and Molecular Biophysics, Columbia University, USA). The
rotational correlation time τc was estimated using the equation
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Figure 1. Structural analysis of wildtype and variants of NRN1L.h. (a) The lowest energy structure of the
NRN1L.h. variant 3* was solved by NMR spectroscopy and is used as a structural template to show the position of the
individually mutated amino acid residues (PDB accession code: 2N3E). (b–e) Near-UV CD spectra of wtNRN1L.h.
and variants thereof at (b) pH 7.2, (c) pH 7.2 in the presence of 300 mM NaCl, (d) pH 6.0, (e) pH 6.0 in the presence
of 300 mM NaCl. (f) The near-UV CD spectra of E81Q, E114Q and 3* were subtracted by the spectrum
of wtNRN1L.h. to illustrate the significant spectral differences at pH 7.2. All spectra were taken at 142.5 μM.

Figure 2. Trp fluorescence analysis of NRN1L.h. variants. (a) The ratio of fluorescence at 328 nm and 343 nm
indicates the proportion between conformation I and II. The lines represent fits based on a two-state model.
(b) Shift of the fluorescence maximum upon lowering the pH from 7.2 to 5.5 (see also Supplementary Fig. S5).

τc =

6T 1
1
−7
4πν N
T2

with T1 and T2 as the longitudinal and transversal relaxation times and ʋN as the 15N nuclear frequency, respectively33. Subsequently, the molecular weight was approximated by extrapolation using a set of standard proteins34.
High resolution structural data (PDB: 2N3E) of variant 3* were obtained by standard triple-resonance experiments and resonance assignment as described in detail in Schaal et al.29. The structure of 3* is used here as a
structural template to highlight the positions of the most important residues. A structural comparison to the
previously published26 wtNRN1L.h. was not possible since the wildtype structure has not been deposited in the
pdb databank (www.rcsb.org)35. Distance restraints were collected from NOESY spectra and roughly classified
from very strong to very weak (2.7 to 5.5 Å) dependent on their spectral signal intensity. 120 structures were calculated using simulated annealing protocols of the XPLOR-NIH (1.2.1) software package36,37. Statistics, energetic
and structural analysis were performed on the twenty lowest energy structures (Supplementary Fig. S2) using
in-house software and PROCHECK38,39. Structural statistics are summarized in Supplementary Table S1.
NMR spectra were analysed and NMR distance restraints were collected using the CCPNMR software package40.
HSQC images were generated by NMRViewJ (Newmoon Scientific, Westfield, NJ, USA). Images and structural
alignment of 3* were made using MacPyMOL41. The final editing of all images was performed using Adobe
Illustrator CS3 (Adobe, San Jose, CA, USA).
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Figure 3. Stability analysis of NRN1L.h.variants. Protein denaturation was analysed as a function of urea
concentration or temperature using CD ellipticity at 222 nm. (a–d) Thermal denaturation of NRN1L.h. variants
at (a) pH 7.2, (b) pH 7.2 in the presence of 300 mM NaCl, (c) pH 6.0 and (d) pH 6.0 in the presence of 300 mM
NaCl. (e,f) Urea titration of NRN1L.h. variants at (e) pH 7.2 and (f) pH 6.0. The lines represent fits using a twostate model.

Results

Designing NRN1L.h. variants of MaSp1 from the black widow spider with modified charge
distribution. Throughout 34 so far analysed sequences of amino-terminal domains from different types of

spidroins or spider species, amino acid residues D39, E76, E81 and E114 are the most conserved ones24. These residues were replaced in the amino-terminal domain (NRN1L.h.) of MaSp1 of the black widow spider (Latrodectus
hesperus) by the non-titratable analogues asparagine and glutamine (Fig. 1a) to investigate their contribution
to dimerization and conformational conversion. Four single (D39N, E76Q, E81Q, E114Q), one triple (D39NE76Q-E81Q = 3*) and one quadruple mutant (D39N-E76Q-E81Q-E114Q = 4*) were investigated using several
independent methods. In addition, effects of charge reversal (D39R) and charge insertion (A69R) were analysed.

Identification of key residues of the pH- and salt-induced structural conversion. The pH-dependent

conformational state of wtNRN1L.h. was determined by far- and near-UV circular dichroism (CD) spectroscopy
revealing a significant pH-dependence of tertiary (Fig. 1b–e) but not of secondary structure (Supplementary Fig. S3).
Mutating individually E81 or E114 clearly affected the environment of the aromatic amino acid side chains
and particularly that of the single Trp (W9), and the effect was even more pronounced in the triple mutant 3*
(D39N-E76Q-E81Q) (Fig. 1b,f). Hence, negative charges appeared crucial for stabilizing the monomeric conformation I at neutral pH. Starting from wtNRN1L.h. in conformation I, the five-helix bundle rearranged upon acidification into conformation II, thereby shifting W9 as indicated by a decreased ellipticity (Fig. 1b,d). Addition of
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Figure 4. Analysis of monomer-dimer distribution of wildtype as well as variants of NRN1L.h.. (a) Mean
molecular weights indicate the ratio between monomers and dimers of NRN1L.h. variants. MALS of 71.2 μM
protein was measured at different pH values in the absence and presence of 300 mM NaCl. (b) The normalized
UV signal shows the SEC profile of 35.6 μM and 142.5 μM wtNRN1L.h. at pH 7.2. The molecular weight was
determined using MALS. (c) Near-UV CD spectra of 35.6 μM and 142.5 μM wtNRN1L.h. were taken at pH 7.2.

NaCl clearly suppressed the structural conversion of 3* (Supplementary Fig. S4), suggesting a role of the mutated
acidic residues as a salt-sensitive switch.
The importance of charge-charge interactions at the dimerization interface was emphasized by effects of
charge-reversal mutations. Introduction of basic residues into the acidic cluster prevented the controlled structural conversion (Fig. 1b,d). Strikingly, the conformational change of wtNRN1L.h. involved the relocation of residue W9 into a more hydrophilic environment, which can be seen by a fluorescence redshift with a transition
point at around pH 6.5 (Fig. 2a). Neutralization of side chain D39 reduced the fluorescence redshift (Fig. 2b)
and lowered the fluorescence transition to pH 6.2 (Fig. 2a). Both effects were even stronger upon deletion of the
entire acidic cluster (3*). Accordingly, the local cumulation of residues D39, E76 and E81 elevates their putative
pKa to values near the physiological pH and enables wtNRN1L.h. to completely switch between conformation I
and conformation II at slightly acidic pH values (Fig. 2a). Clustering of acidic residues significantly destabilizes
the wildtype protein, verified by an increased chemical and thermal stability of D39R (Fig. 3 and Supplementary
Table S2). Furthermore, deletion of the acidic cluster clearly reduced the rearrangement into conformation II in
the presence of salt (Fig. 1c,e and Supplementary Fig. S4). This finding suggests that the clustered residues D39,
E76 and E81 cooperatively act as a pH- and salt-sensitive sensor controlling the structural conversion of NRN1L.h.
Introduction of an arginine residue within helix 2 (D39R) or helix 3 (A69R) clearly supported conformation I
(Figs 1 and 2). Neutralizing E81 or even the entire acidic cluster (3*) considerably altered not only the vicinity of
the mutated residues, but the overall conformation I (Fig. 1a,f). Presumably, this is a consequence from lacking
electrostatic repulsions between helix 2 and 3. Intramolecular electrostatic repulsions within the acidic cluster
are confirmed by an increased protein stability of 3* (Fig. 3 and Supplementary Table S2) and a simultaneously
reduced conformational change in the presence of salt (Fig. 1e and Supplementary Fig. S4). The altered conformation I of 3* does not completely prevent conformational changes upon acidification, indicating that additional
so far unknown residues might be involved in attaining conformation II.

The monomer-dimer equilibrium is not affected by structural conversion.

Monomer-dimer equilibria of the NRN1L.h. variants were examined using multi-angle light scattering (MALS) analysis. Decreasing the
pH from 7.2 to 6.0 triggered wildtype dimerization, whereas the monomeric state was stabilized in the presence
of sodium chloride (Fig. 4a and Supplementary Fig. S6). Increasing the wtNRN1L.h. concentration slightly shifted
the monomer-dimer equilibrium towards the dimer state as expected (Fig. 4b). Near-UV CD spectra revealed
Scientific Reports | 6:34442 | DOI: 10.1038/srep34442
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Figure 5. HSQC spectra of wtNRN1L.h., E114Q, D39R and 3*. 15N-HSQC spectra of (a) wtNRN1L.h., (b)
E114Q and (c) D39R have been taken at pH 7.2 (black) and pH 6.0 (red). (d) Since the conformational change
of 3* was shifted to a lower pH, the 15N-HSQC spectra of 3* was measured at pH 7.2 (black) and at pH 5.5 (red).

that the monomer conformation I is adjusted to a dimer-compatible conformation I* with the Trp (W9) being
slightly reoriented (Fig. 4c).
Although the dimerization interface was different due to sterical constraints by replacing a small alanine
residue with arginine and its bulky side chain, the monomer-dimer equilibrium of A69R was similar to that
of wtNRN1L.h. The variant A69R showed a wt-like dimerization behaviour but an inhibited structural conversion, indicating independence of both processes upon structurally rearranging NRN1L.h. (Figs 1 and 2). Single
mutations of residues D39 and E81 into neutral amino acids did not trigger dimerization, but even stabilized
the monomeric state at neutral pH (Fig. 4a). Accordingly, the charged side chains of both residues are involved
in electrostatic interactions with basic residues of the second subunit at an early stage of dimerization which is
necessary to prearrange the subunits in an antiparallel manner. Contrary to the dimerization of NRN1E.a.10,24,28,42,
structural information such as Trp fluorescence could not be used to predict the monomer-dimer equilibrium of
NRN1L.h. since in this case both processes occurred independently.
Variant E114Q was considerably stabilized in the dimeric state at pH 7.2 (Fig. 4a), suggesting that protonation
(i.e. neutralization) of residue E114 likely triggered and definitely stabilized dimer formation in a pH-dependent
manner. Addition of NaCl-induced disassembly of E114Q dimers, and neutralization of E114 as well as the acidic
cluster (variant 4*) reduced such salt-induced dimer disassembly, indicating electrostatic interactions between
the acidic and basic pole across the dimerization interface. Variant 4* showed both a slight suppression of dimerization in the presence of NaCl as well as an unaltered conformation (Fig. 1b,c), corroborating that dimerization
and structural conversion of NRN1L.h. are independent and non-related events.

HSQC fingerprints show that changes in the acidic cluster initiate the conformational reorganisation. The independence of conformational switching and dimerization was confirmed by comparison of

N-HSQC spectra as well as 15N-relaxation experiments. wtNRN1L.h. showed characteristic 15N-HSQC fingerprints for its distinct conformation I at pH 7.2 and conformation II at 6.0, respectively, with severe differences in
the chemical shifts (Fig. 5a). In agreement with near-UV CD (Fig. 1), HSQC spectra of E114Q showed a slightly
altered conformation I* at pH 7.2 (Supplementary Fig. S7). An NMR relaxation experiment independently indicated dimerization of E114Q at neutral pH in the absence of salt by determining a rotational correlation time τc of
17 ns corresponding to an estimated MW of 27 kDa (Supplementary Fig. S8). This finding provides clear evidence
that in the case of NRN1L.h., residue E114 (theoretical pKa in NRN1E.a.: 4.4~6.7)43,44 is the ion/pH-sensitive switch
that controls dimerization. However, rearrangement into conformation II is not prevented by charge deletion of
15
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Figure 6. Scheme of pH-induced dimerization and structural conversion of wtNRN1L.h.. (a) Physiological
solvent conditions (pH 7.2, NaCl) during spidroin storage cause deprotonated D39, E76, E81 (red spheres) and
E114 (orange sphere) to stabilize monomeric NRN1L.h. in conformation I. A decreasing NaCl concentration
along the spinning duct enables electrostatic interactions between the acidic and basic pole of both subunits,
prearranging the dimer in an antiparallel manner. Decreasing ionic strength as well as pH effects residue E114
(orange → white sphere) which induces a slight altered conformation I*, and, thereby, triggers stable dimer
formation. (b) The structural change into the tight conformation II is initiated simultaneously in the spinning
duct but is independently controlled by successive protonation of clustered D39, E76 and E81 (red →  white
spheres). Thereby, the only W of the domain is shifted towards the surface (yellow →  green sphere).

E114 (Figs 1, 2 and 5b and Supplementary Fig. S7), showing that the structural conversion is controlled by additional residues and occurs independently from dimer formation.
Reversing the charge of residue D39 of the acidic cluster (D39R) stabilized the wt-like conformation I between
pH 7.2 and pH 6.0 (Fig. 5c and Supplementary Fig. S7). Together with unchanged near-UV CD and fluorescence
spectra in the same pH-range (Figs 1 and 2) this indicates that the interplay of clustered acidic residue side chains
is required for the change into conformation II. Neutralizing three charges of the cluster (3*) induced significant
differences as seen in the 15N-HSQC spectrum at neutral pH conditions (Fig. 5d and Supplementary Fig. S7).
Triple-resonance NMR spectroscopy showed that the overall structure of L.h. 3* (Supplementary Fig. S2, pdb
2N3E) resembled the five-helix bundle of NRN1E.a.12,28. A detailed triple resonance assignment is given in Schaal
et al.29. In summary it can be assumed that the charges of the acidic cluster are not required to adopt the overall
structure of wtNRN1L.h., but they significantly affect conformation I. The rearrangement into conformation II
seems to be initiated by neutralization of the clustered acidic residue side chains. Protonation of additional residues might further have an impact on the conformation, as suggested by a slightly changed 15N-HSQC fingerprint
of 3* upon acidification (Fig. 5d).
The structural conversion of NRN1L.h. was independent of dimerization, and both were controlled by distinct
amino acids of the domain. Protonation of E114 apparently triggers the antiparallel dimerization by folding into
a slightly altered conformation I*, while the conversion to conformation II is mediated by residues of the acidic
cluster (Fig. 6).
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Discussion

The dimerization of the amino-terminal spider silk domain NRN1L.h. is triggered by conserved acidic residues in
a pH- and salt-dependent manner (Fig. 6). During spidroin storage in the spider’s sac, a neutral pH and the presence of chaotropic salts like NaCl stabilize NRN1L.h. in the monomeric conformation I. The decrease of sodium
chloride concentration along the silk gland supports the formation of electrostatic interactions between the acidic
and basic poles of each monomer, prearranging the antiparallel dimer. Coincident with a dimerization mechanism suggested for NRN1E.a.10, the binding is predominantly stabilized by electrostatic interactions involving
residues D39 and E81. Acidification along the spinning duct triggers neutralization of residue E114 and, thereby,
slightly changes into conformation I* to strengthen the dimer formation. However, protonation of E76 does not
trigger dimerization of NRN1L.h. as it was suggested for NRN1E.a.10.
Successive protonation of the structurally neighbouring acidic residues D39, E76 and E81 reduces the charge
repulsion between helix 2 and 3 and rearranges the five-helix bundle into the tight conformation II. This mechanism slightly differs from that of NRN1E.a. in which apparently only E81 plays a key role10. The acidic cluster
ensures the correct order of firstly prearranging the dimer by electrostatic interactions and secondly changing the
conformation of the dimerized protein.
So far, it is unclear if D39 and E81 get protonated and, thereby, reduce the binding strength of the dimer by
breaking intermolecular electrostatic interactions, even so the monomer-dimer distribution remains unaffected
at low pH values (Fig. 4a). In accordance with da Silva et al. D39 likely has a strong tendency to lose its proton
upon dimerization of NRN1E.a., but neutralization did not affect dimer formation44. In spiders, the pH values
were only determined for one species in the first half of the spinning duct due to its extremely small inner diameter making it difficult to speculate about physiologically relevant protonation of residues11. In case of further
acidification in the second half of the duct its function remains unresolved since a stable NRN dimer is obviously
formed at pH 6.0, which is already present in the middle part of the duct.
The sequence of the amino-terminal domain, especially the acidic amino acids at positions 39, 76, 81 and
114, is highly conserved between different spiders24. Therefore, it is not surprising that the dimerization mechanism is similar between species. However, the key residues that control the step-by-step dimerization slightly
diverge between homologue amino-terminal domains, comparable to discrepancies found between major and
minor ampullate spidroins in one species24. In case of artificial fiber spinning it will be necessary to identify the
molecule-specific tightly controlled process to obtain fibers with a toughness identical to that of natural ones.
Since the amino-terminal domain allows to increase the extensibility and strength of fibers made of recombinant
spider silk proteins19, the stepwise dimerization of their amino-terminal domain is a necessary prerequisite for
correct spidroin assembly.

References

1. Xu, M. & Lewis, R. V. Structure of a protein superfiber: spider dragline silk. Proc. Natl. Acad. Sci. USA 87, 7120–7124 (1990).
2. Hinman, M. B. & Lewis, R. V. Isolation of a clone encoding a second dragline silk fibroin. Nephila clavipes dragline silk is a twoprotein fiber. J. Biol. Chem. 267, 19320–19324 (1992).
3. Ayoub, N. A., Garb, J. E., Tinghitella, R. M., Collin, M. A. & Hayashi, C. Y. Blueprint for a high-performance biomaterial: full-length
spider dragline silk genes. Plos One 2, e514 (2007).
4. Hijirida, D. H. et al. 13C NMR of Nephila clavipes major ampullate silk gland. Biophys. J. 71, 3442–3447 (1996).
5. Chen, X., Knight, D. P. & Vollrath, F. Rheological characterization of Nephila spidroin solution. Biomacromolecules 3, 644–648
(2002).
6. Gosline, J. M., Guerette, P. A., Ortlepp, C. S. & Savage, K. N. The mechanical design of spider silks: From fibroin sequence to
mechanical function. J. Exp. Biol. 202, 3295–3303 (1999).
7. Knight, D. P. & Vollrath, F. Changes in element composition along the spinning duct in a Nephila spider. Naturwissenschaften 88,
179–182 (2001).
8. Dicko, C., Vollrath, F. & Kenney, J. M. Spider silk protein refolding is controlled by changing pH. Biomacromolecules 5, 704–710
(2004).
9. Foo, C. W. P. et al. Role of pH and charge on silk protein assembly in insects and spiders. Appl. Phys. A. Mater 82, 223–233 (2006).
10. Kronqvist, N. et al. Sequential pH-driven dimerization and stabilization of the N-terminal domain enables rapid spider silk
formation. Nat. Commun. 5, 3254 (2014).
11. Andersson, M. et al. Carbonic Anhydrase Generates CO2 and H+That Drive Spider Silk Formation Via Opposite Effects on the
Terminal Domains. Plos Biol. 12, e1001921 (2014).
12. Askarieh, G. et al. Self-assembly of spider silk proteins is controlled by a pH-sensitive relay. Nature 465, 236–238 (2010).
13. Hagn, F. et al. A highly conserved spider silk domain acts as a molecular switch that controls fibre assembly. Nature 465, 239–242
(2010).
14. Simmons, A. H., Michal, C. A. & Jelinski, L. W. Molecular orientation and two-component nature of the crystalline fraction of spider
dragline silk. Science 271, 84–87 (1996).
15. Huemmerich, D. et al. Primary structure elements of spider dragline silks and their contribution to protein solubility. Biochemistry
43, 13604–13612 (2004).
16. Exler, J. H., Hummerich, D. & Scheibel, T. The amphiphilic properties of spider silks are important for spinning. Angew. Chem. Int.
Ed. Engl. 46, 3559–3562 (2007).
17. Heim, M., Keerl, D. & Scheibel, T. Spider silk: from soluble protein to extraordinary fiber. Angew. Chem. Int. Ed. Engl. 48, 3584–3596
(2009).
18. Eisoldt, L., Smith, A. & Scheibel, T. Decoding the secrets of spider silk. Mater. Today 14, 80–86 (2011).
19. Heidebrecht, A. et al. Biomimetic Fibers Made of Recombinant Spidroins with the Same Toughness as Natural Spider Silk. Adv.
Mater. 27, 2189–2194 (2015).
20. Bini, E., Knight, D. P. & Kaplan, D. L. Mapping domain structures in silks from insects and spiders related to protein assembly. J. Mol.
Biol. 335, 27–40 (2004).
21. Rising, A., Hjalm, G., Engstrom, W. & Johansson, J. N-terminal nonrepetitive domain common to dragline, flagelliform, and
cylindriform spider silk proteins. Biomacromolecules 7, 3120–3124 (2006).
22. Garb, J. E., Ayoub, N. A. & Hayashi, C. Y. Untangling spider silk evolution with spidroin terminal domains. Bmc Evol. Biol. 10, 243
(2010).
23. Chen, G. F. et al. Full-Length Minor Ampullate Spidroin Gene Sequence. Plos One 7, e52293 (2012).

Scientific Reports | 6:34442 | DOI: 10.1038/srep34442

8

www.nature.com/scientificreports/
24. Otikovs, M. et al. Diversified Structural Basis of a Conserved Molecular Mechanism for pH-Dependent Dimerization in Spider Silk
N-Terminal Domains. Chembiochem 16, 1720–1724 (2015).
25. Gaines, W. A., Sehorn, M. G. & Marcotte, W. R. Spidroin N-terminal domain promotes a pH-dependent association of silk proteins
during self-assembly. J. Biol. Chem. 285, 40745–40753 (2010).
26. Hagn, F., Thamm, C., Scheibel, T. & Kessler, H. pH-Dependent Dimerization and Salt-Dependent Stabilization of the N-terminal
Domain of Spider Dragline Silk—Implications for Fiber Formation. Angew. Chem. Int. Ed. Engl. 50, 310–313 (2011).
27. Landreh, M. et al. A pH-dependent dimer lock in spider silk protein. J. Mol. Biol. 404, 328–336 (2010).
28. Jaudzems, K. et al. pH-dependent dimerization of spider silk N-terminal domain requires relocation of a wedged tryptophan side
chain. J. Mol. Biol. 422, 477–487 (2012).
29. Schaal, D. et al. Resonance assignment of an engineered amino-terminal domain of a major ampullate spider silk with neutralized
charge cluster. Biomol. NMR Assign. 10, 199–202 (2016).
30. Studier, F. W. Protein production by auto-induction in high-density shaking cultures. Protein Expres. Purif. 41, 207–234 (2005).
31. Savitzky, A. & Golay, M. J. E. Smoothing + Differentiation of Data by Simplified Least Squares Procedures. Anal. Chem. 36,
1627–1639 (1964).
32. Mori, S., Abeygunawardana, C., Johnson, M. O. & Vanzijl, P. C. M. Improved Sensitivity of Hsqc Spectra of Exchanging Protons at
Short Interscan Delays Using a New Fast Hsqc (Fhsqc) Detection Scheme That Avoids Water Saturation. J. Magn. Reson., Ser B 108,
94–98 (1995).
33. Kay, L. E., Torchia, D. A. & Bax, A. Backbone Dynamics of Proteins as Studied by N-15 Inverse Detected Heteronuclear NmrSpectroscopy - Application to Staphylococcal Nuclease. Biochemistry 28, 8972–8979 (1989).
34. Rossi, P. et al. A microscale protein NMR sample screening pipeline. J. Biomol. NMR 46, 11–22 (2010).
35. Berman, H. M. et al. The Protein Data Bank. Nucleic. Acids. Res. 28, 235–242 (2000).
36. Schwieters, C. D., Kuszewski, J. J., Tjandra, N. & Clore, G. M. The Xplor-NIH NMR molecular structure determination package. J.
Magn. Reson. 160, 65–73 (2003).
37. Schwieters, C. D., Kuszewski, J. J. & Clore, G. M. Using Xplor-NIH for NMR molecular structure determination. Prog. Nucl. Mag.
Res. Sp. 48, 47–62 (2006).
38. Laskowski, R. A., Macarthur, M. W., Moss, D. S. & Thornton, J. M. Procheck - a Program to Check the Stereochemical Quality of
Protein Structures. J. Appl. Crystallogr. 26, 283–291 (1993).
39. Laskowski, R. A., Rullmann, J. A. C., MacArthur, M. W., Kaptein, R. & Thornton, J. M. AQUA and PROCHECK-NMR: Programs
for checking the quality of protein structures solved by NMR. J. Biomol. NMR 8, 477–486 (1996).
40. Vranken, W. F. et al. The CCPN data model for NMR spectroscopy: Development of a software pipeline. Proteins 59, 687–696 (2005).
41. DeLano, W. L. The PyMOL Molecular Graphics System, version 1, 3r1 (2010).
42. Schwarze, S., Zwettler, F. U., Johnson, C. M. & Neuweiler, H. The N-terminal domains of spider silk proteins assemble ultrafast and
protected from charge screening. Nat. Commun. 4, 2815 (2013).
43. Wallace, J. A. & Shen, J. K. Unraveling a trap-and-trigger mechanism in the pH-sensitive self-assembly of spider silk proteins. J. Phys.
Chem. 3, 658–662 (2012).
44. da Silva, F. L. B., Pasquali, S., Derreumaux, P. & Dia, L. G. Electrostatic analysis of the mutational and pH effects of the N-terminal
domain self-association of the major ampullate spidroin. Soft Matter 12, 5600–5612 (2016).

Acknowledgements

We are grateful to Dr. Martin Humenik for experimental help and Britta Zimmermann for performing the
fermentation of E. coli to produce 15N-labelled proteins. Funding was obtained from the DFG (SFB 840 TP A8).

Author Contributions

J.B., D.S., L.E., S.S. and T.S. conceived the study design. J.B. and D.S. conducted the experiments. K.S., S.S. and
T.S supervised the research. J.B. wrote the manuscript with input from all authors. D.S., S.S. and T.S revised the
article critically.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Bauer, J. et al. Acidic Residues Control the Dimerization of the N-terminal Domain of
Black Widow Spiders’ Major Ampullate Spidroin 1. Sci. Rep. 6, 34442; doi: 10.1038/srep34442 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
© The Author(s) 2016

Scientific Reports | 6:34442 | DOI: 10.1038/srep34442

9

