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ABSTRACT: Spider dragline silk is a remarkably tough biomaterial and composed primarily of spidroins MaSpl and MaSp2.
During fiber self-assembly, the spidroin N-terminal domains (NTDs) undergo rapid dimerization in response to a pH gradient.
However, obtaining a detailed understanding of this mechanism has been hampered by a lack of direct evidence regarding the
protonation states of key ionic residues. Here, we elucidated the solution structures of MaSp1l and MaSp2 NTDs from Trichonephila
clavipes and determined the experimental pKa values of conserved residues involved in dimerization using NMR. Surprisingly, we
found that the Asp40 located on an acidic cluster protonates at an unusually high pH (~6.5—7.1), suggesting the first step in the pH
response. Then, protonation of Glul19 and Glu79 follows, with pKs above their intrinsic values, contributing toward stable dimer
formation. We propose that exploiting the atypical pK, values is a strategy to achieve tight spatiotemporal control of spider silk self-
assembly.

B INTRODUCTION neutral pH and gradually unfolds at more acidic pH values.”
The repetitive regions, on the other hand, maintain a
dynamically disordered structure in solution,”’” mainly
composed of random coil conformations together with small
amounts of PPII helices.*” The conformation of the isolated
RD was not found to depend on the pH,” but the intra- and
intermolecular interactions of the RD were affected by the ion
composition and concentration.'’ Recently, it was also shown
that liquid—liquid phase separation in response to anion and
pH gradients is essential in controlling the self-assembly of

Spider dragline silk is a natural high-performance fiber that is
well recognized for its outstanding mechanical properties and
biocompatibility. Dragline silk is a hierarchically structured
fiber that is primarily composed of spider silk proteins
(spidroins) MaSpl and MaSp2. Both proteins contain
conserved N-terminal and C-terminal domains (NTD and
CTD) flanked by a long repetitive domain (RD). Despite the
predominance of repetitive sequences, the self-assembly of
soluble spidroins into mature silk fibers is controlled via the

Lo . . 11
small globular NTD and CTD (which have molecular weights spidroins into hierarchical structures. )
of ~14 and 10 kDa, respectively).”” Inside the ampullate The pH response of the NTD must be tightly regulated to

gland, spidroin is stored at a high concentration in a storage sac ensure the correct timing of the structural changes leading to

(up to 50% w/v).” During the formation of native spider silk, dime.rization. as the SP idroins. migrate. along t.he rTlultiple
the terminal domains are highly responsive to changes in pH physicochemical gradients. Previous studies have identified an

and ion composition within the spinning ducts of the silk

glands.”* The NTD maintains a monomeric structure at higher Received: November 11, 2022
pH conditions found in the silk gland storage sac (~pH 7), Revised:  February 17, 2023
whereas at lower pH values [as occurs in the spinning duct Published: March 29, 2023

(~pH 6-5)], the NTD undergoes dimerization with an
antiparallel orientation, a response also mediated by the NaCl
concentration.” In contrast, the CTD forms a stable dimer at
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Figure 1. Alignment of MaSp1 (M1) and MaSp2 (M2) NTD amino acid sequences. Tc = Trichonephila clavipes (family: Araneidae); Av = Araneus
ventricosus (Araneidae) and Argiope argentata (Araneidae); Lh = Latrodectus hesperus (Theridiidae); Ea = E. australis (Pisauridae). The locations of
the N-terminal signal sequence (which is omitted from the constructs), a-helix, and loop elements are indicated on the top, and the residue
numbers are shown on the bottom. The residue numbering for Tc-M2 has been shifted by —1 relative to the deposited structure (PDB ID: 8GS7)

throughout this paper to facilitate comparisons with the other NTD variant.

1214 Several residues relevant to this study are indicated.

array of conserved anionic and cationic residues on the NTD
surface that regulate different stages of the dimerization
process (Figure 1).'”"* Most studies on the structure and
function of spidroin NTD have been based on MaSpl from
Euprosthenops australis, which contains a globular structure
consisting of five a-helices, and a main acidic cluster that
includes conserved residues D39, D40 (helix 2), and E79
(helix 3), which play important roles in dimerization, along
with the more distally located E84 and E119 (helix 5). s
There is also a basic cluster that includes R60 and K65 on a
loop between helices 2 and 3, which, upon antiparallel
dimerization, are well positioned to form intermolecular
interactions with the acidic cluster on the opposite subunit."">
Despite the conservation of sequence and overall structure, it is
unclear whether the specifics of the dimerization mechanism
are the same among different species as well as among different
spidroin types, as discrepancies in the structures and
mechanistic contributions of residues have been re-
ported."*'*'® To understand the contributions of the different
anionic and cationic residues to the NTD dimerization
mechanism, tryptophan (Trp) fluorescence spectroscopy, in
conjunction with mutational analyses, has been used
extensively.'”~" In addition, the monomer—dimer equilibrium
of the E. australis MaSpl NTD was investigated using
fluorescence cross-correlation spectroscopy (FCCS),'* while
the kinetic dimerization on wild-type (WT) and mutant NTDs
was studied using steady-state and time-resolved fluorescence
experiments. 7

While the interpretation based on Trp fluorescence
spectroscopy provides useful insights, we consider that the
results are less straightforward for the NTD dimerization since
the technique shows the overall monomer—dimer equilibrium
of WT and mutant NTDs; in contrast, the pH-dependent
dimerization of NTD originates from intermolecular inter-
action between monomers, which is the result of ionization
(protonation or deprotonation) events of several key residues,
and this event is not well understood. To date, the detailed
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molecular basis that explains the step-by-step mechanism has
remained unclear because direct evidence of the relevant
experimental pK, values of individual key residues is still
missing. Previously, computational methods have been used to
predict the protonation behavior of NTD residues in a pH
gradient.'® Furthermore, in another study using a coarse-
grained model, the pK, values of individual acidic and basic
WTs and mutant NTDs were also calculated.'” Although
computational methods for estimating protein pK, profiles are
undoubtedly powerful, such approaches sometimes have
limitations, and in some cases, the predictions may deviate
from reality.”””" Strictly speaking, such theoretical methods are
valid only when the three-dimensional protein models (on
which the calculations represent the conformational spaces
sampled by the protein during its structural transition) are
adequate. Furthermore, the theoretical calculations, which are
based on static structures, are further complicated by the
plasticity and conformational dynamics of the NTD.'*'**
To fabricate artificial spider silk, which mimics the
mechanical properties of native silk, a comprehensive under-
standing of the spider silk self-assembly mechanism must be
obtained, including the universal dimerization mechanism of
the NTD. Here, we determined the solution structure and
dynamics of MaSpl and MaSp2 NTDs from T. clavipes and
investigated the dimer formation of both NTDs. To pinpoint
the sequential molecular mechanism of NTD dimerization, we
performed pH titration on the MaSp1 and MaSp2 NTDs and
followed the chemical shift changes of individual key amino
acid residues using NMR spectroscopy, whereby we obtained
the relevant experimental pK, value and protonation state of
individual amino acid residues. Additionally, we performed
extensive mutational analysis on the NTDs and dimerization
assays based on tryptophan fluorescence, the results of which
largely converged with previous findings.'”'*'> Altogether, the
results of this study provide clear and direct evidence of the
pH-response dimerization of both MaSpl and MaSp2 NTDs,
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leading to a better understanding of the mechanism of NTD
dimerization, which is crucial for spider silk spinning.

B EXPERIMENTAL SECTION (MATERIALS AND
METHODS)

Genetic Constructs. The spidroin NTDs used in the study were
based on sequences from T. clavipes: MaSp1 (UniProt accession code
BSSYSS) and MaSp2 (UniProt accession code ACF19413).
Constructs encoding the two WT sequences were purchased from
GenScript as Ndel/Xhol inserts in the pET1Sb vector (Novagen).

Site-Directed Mutagenesis. Point mutations were generated via
PCR-site-directed mutagenesis using primers featuring approximately
15 complementary bases on either side of the substitution site. Thirty
amplification cycles were carried out using KOD+ polymerase
(Toyobo), followed by Dpnl digestion (Takara), and transformation
into XL10-Gold ultracompetent Escherichia coli cells (Stratagene).
Transformants were screened by colony PCR using GoTaq Master
Mix (Promega) and T7 promoter/terminator primers, followed by
DNA sequencing using the BigDye Terminator v3.1 reaction
(Thermo Fisher Scientific).

Expression and Purification of WT and Mutant MaSp1 and
MaSp2 NTDs. A plasmid of interest was transformed into
BL21(DE3) E. coli cells and inoculated into a 100 mL culture at 37
°C in Luria Bertani (LB) medium (BD) with 100 pg mL™" ampicillin
(Sigma) with overnight shaking at 180 rpm. This preculture was used
to inoculate 1 L of fresh medium, which was grown at 37 °C with
shaking until the ODgy, reached ~0.8. Protein expression was induced
by adding 0.4 mM IPTG (Wako) with overnight shaking, and the
temperature was decreased to 30 °C. Cell pellets were harvested by
centrifugation and were resuspended in 20 mM Tris-HCI pH 7.5, 0.15
M NaCl containing 10 yM (4-amidino-phenyl) methanesulfonyl
fluoride (PMSF) as a protease inhibitor. The cells were lysed by
sonication on ice using a QSonica Q500 instrument. The lysates were
centrifuged at 8000 rpm for 30 min at 4 °C, and the supernatant
fraction was transferred to fresh Falcon tubes and incubated for 30
min. The clear supernatant was loaded onto a S mL HisTrap column
(GE Healthcare), and nonspecifically bound material was washed off
with binding buffer (20 mM Tris-HCI pH 7.5, 20 mM imidazole, 500
mM NaCl) using an AKTA Explorer (GE Healthcare). The bound
protein was recovered with elution buffer (20 mM Tris-HC, 500 mM
imidazole, and 500 mM NaCl, pH 7.5). The eluted product was
concentrated and buffer-exchanged against 20 mM Tris-HCI, pH 7.5,
with 0.15 M NaCl at 4 °C by centrifugation at 8000 rpm in a VivaSpin
centrifugal concentrator with a 10,000 kDa cutoff (GE Healthcare).
The poly-histidine tag was removed by overnight digestion with
thrombin (Sigma) at 4 °C, and the protein was further washed and
concentrated in the same buffer using VivaSpin to a final volume of
0.1-0.3 mL. The protein concentration was calculated by measuring
the absorbance at 280 nm using a NanoDrop instrument (Thermo
Fisher Scientific).

Fluorescence Spectroscopy Measurements. NTD dimeriza-
tion in response to pH changes was monitored according to shifts in
tryptophan fluorescence emission spectra. Each assay contained S yM
NTD, an appropriate level of NaCl, and a universal buffer system to
control the pH,23 which consisted of sodium acetate, 2-(N-
morpholino)ethanesulfonic acid, and 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (20 mM each of), with the pH adjusted to the
appropriate values (increments of 0.25 pH units). The assays (100
uL) were applied onto a 96-well black plate (Iwaki), and fluorescence
spectra were measured at 25 °C using a Spectramax M3 instrument
(Molecular Devices) with excitation at 280 nm and emission spectra
from 300 to 400 nm. Response curves were generated by taking the
ratio of emission intensity between 339 and 351 nm and plotting the
results as a function of pH. The fitting and midpoint between the
monomer and dimer forms (pK) of WT and mutant NTDs for this
type of curve were generated according to the following equation

n(pH—pK)
10
I bs — Idimer + Al

ol

1+ 10"0H—PK)

(1)
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where I, is the observed ratio emission intensity between 339 and
351 nm at a certain pH value, Iy, is the ratio emission intensity
between 339 and 351 nm at low pH or in dimeric form, # is the slope
of the curve, and pK is the midpoint between monomer and dimer
forms of NTD. This fitting equation is adopted from the Henderson—
Hasselbalch equation.

Protein NMR Sample Preparation. For the protein NMR
samples, recombinant WT and mutant MaSpl and MaSp2 NTDs
were doubly labeled (**C, '*N) by growing BL21(DE3) E. coli in M9
minimal medium containing *C-glucose (Cambridge Isotope Lab)
and "“N-ammonium chloride (Cambridge Isotope Lab). First, the
cells were grown in S mL of LB medium containing 100 pg/mL
ampicillin. Then, this culture was transferred into 200 mL of M9
minimal medium containing 100 pg/mL ampicillin and grown
overnight with shaking at 160 rpm at 37 °C. This preculture was
transferred into 2 L of the main culture of M9 minimal medium
containing 100 pg/mL ampicillin. The cells were grown until they
reached ODgy ~ 1. Then, 0.4 mM IPTG (Wako) was added to the
cell cultures, and the cells were grown overnight at 30 °C with shaking
at 160 rpm. The (*C, *N) WT and mutant MaSp NTDs were
purified in the same way as the unlabeled NTDs. The NMR samples
contained ~0.5—1 mM WT and mutant MaSp NTDs in 10 mM
phosphate buffer, pH 7, 10% D,O, and 0.1 mM 4.4-dimethyl-4-
silapentane-1-sulfonate (DSS).

NMR Measurements for Assigning Chemical Shifts. NMR
spectra were recorded using a triple resonance TCI cryogenic probe
and a z-axis gradient coil with a Bruker spectrometer (700 MHz). All
NMR experiments were conducted at 25 °C. Backbone and side chain
chemical shifts ("*C, '*N) of the recombinant NTD MaSp1 at pH 7 in
the presence of 300 mM NaCl were assigned based on 2D and 3D
NMR experiments: 2D 'H—"N HSQC, 2D 'H—"*C HSQC aliphatic,
3D HNCACB, 3D CBCA(CO)NH, 3D HNCO, 3D HN(CA)CO,
3D HBHA(CO)NH, 3D HBHANH, 3D H(CCO)NH, 3D (H)C-
(CO)NH, 3D H(C)CH TOCSY, and 3D (H)CCH TOCSY spectra
in the aliphatic region. The side-chain carboxyl group resonances of
aspartic and glutamic acids and the side-chain carbonyl group
resonances of asparagine and glutamine of MaSp2 NTD were
assigned based on the 2D H2(C)CO spectrum.”*** The SN¢—'H§
correlation of the lysine side chain and *N§—"He of the arginine side
chain resonances were assigned based on 2D H2(C)N experiments.26
Aromatic side chain chemical shifts were assigned based on 2D
CG(CB)HB,”” 2D CB(CGCD)HD, and 2D CB(CGCDCE)HE.*®
The assigned chemical shifts H6 and He in the aromatic rings from
these experiments were used to assign the "H—"*C HSQC aromatic
spectrum. The chemical shift assignment of T. clavipes MaSp1 NTD at
pH 7 in the presence of 300 mM NaCl was deposited at BMRB under
accession number 50972.

The backbone and side chain chemical shifts of MaSp2 NTD at pH
7 in the presence of 300 mM NaCl were assigned based on our
previous report (BMRB accession number: 50353).> All spectra were
processed using NMRPipe’® and analyzed using NMRFAM-
SPARKY.*" All chemical shifts were referenced to DSS according to
International Union of Pure and Applied Chemistry (IUPAC)
recommendations.”> The structural propensities of both MaSp1l and
MaSp2 NTDs were calculated using the neighbor-corrected structural
propensity calculator.™

3D NMR Structure Calculations. Distance restraints of both the
MaSp1 and MaSp2 NTDs were obtained by measuring 3D 'H-"*N
NOESY HSQC and 3D 'H-"C NOESY HSQC exferiments.
Structure calculations were performed using CYANA.>* The 20
conformers calculated with CYANA were used as starting structures
for further refinement in Cartesian coordinates using XPLOR-NIH.*®
The solution NMR structures of MaSpl and MaSp2 NTDs from T.
clavipes were deposited in the Protein Data Bank (PDB) under
accession codes 7W10 and 8GS7, respectively.

NMR Measurement for Protein Dynamics. {'H}-'N
heteronuclear NOE experiments were performed to characterize the
protein backbone dynamics on the picosecond—nanosecond time
scale. The {'"H}—'°N steady-state NOE values were measured by
recording the following spectra: an initial spectrum recorded without

https://doi.org/10.1021/acs.biomac.2c01344
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Figure 2. Determination of the NMR structures of MaSp1 and MaSp2 monomeric NTDs from T. clavipes at pH 7.0. (a) "H—"*N HSQC spectra of
MaSpl NTD (spectral resolutions for "H and "N are 10.1 and 7.1 Hz, respectively) and MaSp2 NTD (spectral resolutions for 'H and *N are 10.1
and 6.0 Hz, respectively) in 10 mM phosphate buffer pH 7.0 and 300 mM NaCl. The chemical shift assignments for MaSp1-NTD and MaSp2-
NTD were deposited in the BMRB with accession codes 50972 and 50353, respectively. (b,c). Superimposed ensemble structures of MaSpl NTD
(b) and MaSp2 NTD (c) (PDB ID: 7W10 and 8GS7, respectively). Left, 20 superimposed conformers that are colored according to the root-
mean-square deviation (RMSD) of all atoms (green = low; magenta = high RMSD). The right portion shows the main acidic cluster region on the
monomer surface, and residue side chains are represented as sticks. (d) Superimposed structures of all 20 MaSp1 and 20 MaSp2 NTD conformers,
showing the Ca positions, with MaSp1 and MaSp2 in green and blue, respectively. (e) Surface representation of the MaSp2 NTD core region
(residues 8—131) in two views, which is colored by the electrostatic surface potential and was calculated using APBS. The relative orientation
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Figure 2. continued

(rotation) of the structure is 180° along the y-axis. (f) Representative conformer of the MaSp2 NTD is shown in cartoon and surface
representations, with the conserved acidic residues depicted as spheres. The two acidic clusters are shown, with cluster 1 comprising D36, D39,
D40, and E79 and cluster 2 comprising D17, D46, and DS3. (g) Representative conformer of the MaSpl NTD dimer structure from E. australis at
pH 5.5 (PDB ID: 2LTH). The backbone of subunit A is shown in dark blue, and the conserved acidic residues are depicted as in (f). The subunit B
backbone is shown in gray, and the basic residues R60 and K65 that come in close contact with the acidic residues of the subunit in the dimer form

are indicated.

the initial proton saturation and a second spectrum recorded with
initial proton saturation (3 s). The {'H}—"°N steady-state NOE
values of the MaSpl and MaSp2 NTDs were determined using 700
MHz NMR machines (Bruker). The steady-state NOE values were
calculated based on the ratios of the average intensities of the peaks
with and without proton saturation. The standard deviations of the
NOE values were calculated from the background noise level using
O-NOE — unsat

the following formula
2 2
NOE Isat Iunsat (2)
where I, and I, are the measured intensities of the peaks in the
presence and absence of proton saturation, respectively. The noise in
the background regions of the spectra, which were measured with
initial proton saturation and without initial proton saturation, is
indicated by oI, and ol,,,,, respectively.
Chemical Shift Perturbation Induced by Specific Mutations.

Chemical shift perturbations induced by specific mutations were
calculated by the following equation®®

ol

2
CSP = ,[(AH)* + (A—N)
6.45

©)

pK, Determination. The pH was changed in steps of 0.25-0.35
pH units by adding a few yL of HCI or NaOH solution. The pH
meter (HORIBA) was calibrated using buffers of pH 4.0, 7.0, and 9.0.
WT and mutant NTDs were titrated in a pH range between 9 and S.
The chemical-shift titration data were analyzed using the Henderson—
Hasselbach equation, which is suitable for the rapid exchange of the
nuclei between environments and is associated with neutral and
charged states of the side chain as follows

IOV’H(PH*PKa)
)

ol

= G+ A————
O e

(4)

where 8,y is the chemical shift for the protonated form, and Ad = §,
— O,y is the change in chemical shift upon deprotonation. At lower
pH values, some peaks broaden due to intermediate exchange, and
samples tend to aggregate; therefore, to estimate the pK, value of
aspartic acid, the Ad of Cy was assumed to be 3.2 ppm, while to
estimate the PKQ value of glutamic acid, the Ad of Co was assumed to
be 4.1 ppm.”” We used the 2D H2(C)CO spectrum to follow the
BCy and "C§ chemical shifts of aspartic acid and glutamic acid,
respectively, as a function of pH. As a control experiment to check
whether the pH meter was well calibrated, we determined the pK,
value of His-2 of WT and mutant NTDs, which are located close to
the N-terminus of the proteins. To determine the pK, value of
histidine, '*Ce chemical shifts obtained from 'H—'*C HSQC
aromatics were used as a chemical shift reporter.

B RESULTS AND DISCUSSION

MaSp1 and MaSp2 NTD Structures from T. clavipes.
The structures of T. clavipes MaSpl and MaSp2 NTDs at pH
7.0 were solved by solution NMR spectroscopy (Figure 2; the
refinement statistics are summarized in Table S1). This is the
first report of a MaSp2 NTD structure from any species, while
the MaSpl NTD model supplements previously published
structures obtained from different species and under different
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conditions.”'#">** The 2D 'H—'N heteronuclear single
quantum coherence (HSQC) spectra mapping the backbone
amide proton and amide nitrogen chemical shifts showed some
divergence between the MaSp1 and MaSp2>’ data (Figure 2a)
due to several amino acid differences on the helix regions
(Figure 1), which encouraged to experimentally determine the
structure of NTD MaSp2.

Interestingly, despite some differences on the fingerprint 2D
"H-""N HSQC spectra of both NTD MaSp1 and MaSp2, the
translation of the backbone chemical shifts into secondary
structures of both MaSp1 and MaSp2 demonstrated five helical
regions connected by flexible loops (Figure S1). The final
models were deposited in the protein data bank (PDB) with
accession codes 7W10 and 8GS7 for MaSp1 NTD and MaSp2
NTD, respectively. The two proteins showed similar overall
structures due to high sequence similarity (75% sequence
identity) (Figure 2b—d), as well as similarity to other
previously reported NTD structures (Figure S2),'*'**®
which was consistent with a high degree of functional
conservation across spider taxa and spidroin types.

Within the core structure (residues 9—131, excluding the
flexible loops at either end), the positions of the helices were
constant for all conformers, while the highest degree of
conformational flexibility occurred in two loop regions
(between helix 2 and helix 3 and between helix 3 and helix
4). As found in previous studies, a distinct asymmetry in the
distribution of charged residues was observed in the T. clavipes
structures, leading to a pronounced dipole moment within
each monomer (Figure 2e). The positions of the conserved
acidic residues on the surface of the MaSp2 NTD are shown in
Figure 2f. These acidic residues are grouped mainly into two
clusters; acidic cluster 1 contains residue D40 in the center,
which is flanked closely by D39 and D36 on one side and by
E79 on the opposite side. Notably, D36 is not present in the
well-studied E. australis MaSp1. The E84 residue on the loop
between helices 3 and 4 is located close to this cluster in some
of the conformers; however, the varying side chain orientations
suggest that E84 does not form an integral part of this cluster.
A smaller cluster (acidic cluster 2), consisting of D17, D46,
and DS3, is also apparent. The presence of the Asp/Glu
residue at position 17 is well conserved among MaSp NTDs,
while DS3 is also conserved (although E. australis MaSp1 has a
Gln at the equivalent position) (Figure 2f), and D46 is found
to be conserved within the Araneidae family. Interestingly, the
intramolecular “handshake” that was reported between D17
and DS3 in the intermediate pH 6.5 dimer model of the T.
clavipes MaSpl NTD®® was not apparent in our pH 7
structures. The conserved E119 residue on helix S is situated
on the opposite side of the subunit surface and is not part of
either acidic cluster. As a comparison, Figure 2g shows the
dimeric structure of the E. australis MaSpl NTD elucidated at
pH 5.5 (PDB ID: 2LTH). Residues D40, E79, and E119 are
located at the dimer interface, and dimerization in the anti-
parallel orientation shifts cationic groups from the opposite
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Figure 3. Experimental pK, values of key MaSp1 and MaSp2 NTD residues obtained by NMR spectroscopy. (a) Titrations were performed in a pH
range of 9—4 and under two different salt conditions (0 and 300 mM NaCl). Curve fitting to the chemical shift data was performed using the
Henderson—Hasselbalch equation. The conserved residues D40, E79, E84, and E119 were probed, and the nonnative residue H2 (remains at the
N-terminus after cleavage from tag purification) was used as a control. The vertical dotted lines show the intrinsic pK, of the side chains of Asp
(3.86, red) and Glu (4.34, gray).>” (b) Comparison of the experimentally measured pK,, values with the intrinsic pK, values. Unusually elevated pK,
values were detected for D40, E79, and E119 compared to the intrinsic values. In some cases, proper curve fitting was prevented because the line of
experimental data was excessively broadened in the low pH range, which is indicated as ND. The data are arranged according to residue type.
Statistically significant differences relative to the intrinsic pK, value of each residue type are indicated by asterisks (****P < 0.0001, ***P < 0.001,

**P < 0.01, *P < 0.0S; ns = not significant).

Table 1. Summary of the Estimated Individual pK, Values of the Conserved Acidic NTD MaSpl and NTD MaSp2 from T.

clavipes by NMR Spectroscopy”

MaSpl NTDWT MaSp2 NTDWT
0 NaCl 300 mM NaCl 0 NaCl 300 mM NaCl
residue PR g pK.™ My pK™ My PR g
D40 N.D N.D 6.4 + 0.1 22 +£02 7.1+ 0.1 1.5+02 6.3 £ 0.1 6.1 + 03
E79 6.6 + 0.1 12 + 0.1 6.0 + 0.1 1.5+0.1 6.8 + 0.1 1.0 £ 0.1 5.7+ 0.1 1.3 +£0.1
E84 44 + 0.1 0.7 + 0.1 4.6 + 0.1 0.9 + 0.1 44 + 0.1 0.6 + 0.1 45+ 0.1 0.7 £ 0.1
El119 6.3 + 0.1 1.3 +0.1 6.1 +0.1 34+ 04 62 + 0.1 1.0 £ 0.1 5.5 +0.1 1.2 + 0.1
H2 6.4 + 0.1 0.8 + 0.1 6.5 + 0.1 09 £ 0.1 6.5 + 0.1 1.0 £ 0.1 6.5 + 0.1 1.1 +£0.1

“ND means not determined due to line broadening of NMR signals.

subunit (in this case R60 and K6S) near acidic cluster 1.
Notably, for both T. clavipes MaSp1 and MaSp2, position 60 is
occupied by Lys (K60) instead of Arg, and additional basic
residues occupy nearby positions as well (K54 and RS8).
Experimental pK, Measurements of Key Acidic
Residues in WT NTD. Using solution-state NMR, we
measured the individual side chain pK, values of conserved
acidic residues D40, E79, E84, and E119 for both MaSp1 and
MaSp2 WT NTDs (NTD"7), as these side chains are highly
conserved and located at the dimer interface. Regarding
residue D39, unfortunately, the side chain chemical shift of this
residue overlaps with other aspartic acids (D18 and DS4)
(Figure S3). During the pH titration, we could not observe the
chemical shift changes other than D40. Therefore, we consider
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that D39 does not undergo protonation in the relevant pH
range. Consistently, Cf# chemical shift of residue D39 (BMRB
ID: 18480) of the previously reported E. australis NTD dimer
structure (PDB ID 2LTH) is 41.828 ppm,'” which is a typical
chemical shift of deprotonated aspartic acid.’

The titration experiments were performed over a pH range
of 9—5 (with intervals of 0.25 to 0.35 pH units) in the absence
and presence of 300 mM NaCl, and the resulting chemical shift
data were fitted against the Henderson—Hasselbalch equation
(see the experimental section in Supporting Information). The
chemical shifts of *Cy and '*C5 were used as reporters for the
pK, values of Asp and Glu, respectively. To avoid overlapping
signals, we performed 2D NMR experiments that correlated
Cy—Hp resonances for Asp and CO—Hy resonances for
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Figure 4. Investigation of pH-dependent dimerization of NTD via tryptophan fluorescence spectroscopy. (a) pH response of MaSpl NTD and
MaSp2 NTD as determined by changes in the fluorescence emission intensity ratios between 339 and 351 nm. The measured inflection points
(pK) are provided (+SE), corresponding to the midpoint of the sigmoidal response curves. The results are shown for the WT NTD as well as for
key variants (D39N, D40N, K65A, E79Q, E84Q, and E119Q) against a background of 150 mM NaCl. The full set of mutants and NaCl conditions
tested are presented in Figure S4b. (b) Change in the pH-dependent dimerization midpoints for the MaSp2 NTD mutants relative to WT at three
NaCl concentrations (20, 150, and 300 mM NaCl). The data are plotted as ApK on the y-axis and are calculated as pK"'™ — pK™". For A72R and
the D39N/D40N/E79Q/E119Q_quadruple mutant, the values of some inflection points (and hence of ApK) could not be precisely determined,
although minimum values can be estimated from the data and are indicated by arrows (e.g,, for A72R at 150 mM NaCl, the inflection is at least 1
pH unit lower than that for the WT). Statistically significant differences relative to the respective WT value at each concentration are indicated by

asterisks (¥*#%P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05).

Glu”**? to follow the chemical shift changes as a function of
pH (Figure S3). Figure 3a shows the data and the curve-fitting
results, and the individual side chain pK, values that were
estimated are shown in Table 1, in which similar trends were
observed for MaSp2 and MaSp1. The pK, of D40 NTD MaSpl
in the absence of NaCl could not be determined since the D40
side chain chemical shift experienced severe exchange
broadening due to monomer—dimer equilibrium and caused
less data points, particularly for the fitting on the transition
region. On the other hand, the side chain chemical shifts
(C6—Hy) of E79 and E119 are in full protonated form, could
not be obtained due to the exchange broadening at acidic pH
(Figure S4) and sample instability at pH less than S. In this
study, upon pH titration, the chemical shift changes (AS) of
those glutamates were more than 0.7 ppm. Considering, the
chemical shift difference in the well-defined baseline of the
deprotonation region is not more than 0.1 ppm, therefore, the
chemical shift differences for more than 0.6 ppm in the
transition region are sufficient for the fitting and estimate the
pK, values with assumption of AS as described previously.”’
Strikingly, residues D40, E79, and E119 displayed pK, values
that were considerably higher than the intrinsic pK, values
(reported as 3.86 and 4.34 for Asp and Glu, respectively)
(Figure 3b).”” The deviation was most prominent in D40, in
which the experimentally measured pK, value was approx-
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imately 2.5—3 pH units higher than the intrinsic value (6.4 +
0.1 for MaSpl at 300 mM NaCl, 6.3 + 0.1 for MaSp2 at 300
mM NaCl, and 7.1 + 0.1 for MaSp2 at 0 NaCl). This result
contrasts with a previous computational study, in which the
pK, of D40 was estimated to be approximately 4.1, that is, very
close to the intrinsic value for Asp.18 For E79 and E119, on the
other hand, the measured pK, values were approximately 1—-2
pH units higher than the intrinsic values, while for E84, Iocategl
on the solvent-exposed helix 2—3 loop, the observed pK,s
(4.4—4.6) were very close to the intrinsic values. In agreement
with our data, the previously reported Cf chemical shift of
D40 and Cy chemical shifts of E79 and E119 of the E. australis
NTD MaSp1 dimer at pH S.5 are 39.312, 33.080, and 33.423
ppm (BMRB ID: 18480),' respectively, which are typical side
chain chemical shifts of protonated aspartate and glutamate, as
mentioned previously.”’

Furthermore, we found that the "N K65, K60, and '*Ne
R58 chemical shifts of the MaSp2 NTD at neutral pH were
approximately 33.5, 32.8, and 85.2 ppm, respectively (Figure
S3), which are typical chemical shifts for protonated Lys and
Arg, respectively.”” However, the side chain Lys and Arg
signals of the MaSp2 NTD at acidic pH could not be observed
because the signals were broadened beyond detection. On the
other hand, in the final NTD dimer structure (Figure 2g), the
K6S side chain was in proximity to D40 (the D40—K6S
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Figure S. Probing effects of key NTD mutations on the conformation and pK, of conserved acidic residues using NMR spectroscopy. (a) CSPs
induced by specific mutations (at pH 7 in the presence of 300 mM NaCl). Combined chemical shift differences were calculated using eq 4 (see the
Supporting Information). For the D39N and E119Q mutants, CSPs (>0.1 ppm) were localized around the mutated residues. For D40N,
perturbations were observed around the mutated site, although the highest CSP values were found in the region around residues 59—62. For the
K6SA and A72R mutants, the effects were distributed across a wide range of residues that include the mutated site (although in the latter case, data
could not be measured at position 72). (b,c) Experimental pK, measurement for the conserved acidic residues of selected NTD mutants. (b)
Experimental pK, values for D40, E79, E84, E119, and H2 were measured for the MaSp2 NTD variants D39N, D40N, K65A, A72R, and E119Q at
300 mM NaCl. Chemical shift measurements against pH titration were carried out, and curve fitting was performed according to the Henderson—
Hasselbalch equation. (c) Effect of MaSp2 NTD mutations on the experimental pK, values of key acidic residues, which are expressed in terms of
ApK,, i, the difference between measured and intrinsic pK, values (pK,® — pK,™). For the MaSp2 NTD"" residues with deviant pK, yaues
relative to the intrinsic values (notably D40, E79, and E119), the introduction of a mutation at a different site led to varying degrees of either
reversion toward the intrinsic pK, value (seen most prominently in D40 with the A72R variant) or a more pronounced deviation from the intrinsic
value (e.g, in E79 with the E119Q variant). As a control, H2 pK, values are close to the intrinsic pK, value of His in all variants. Statistically
significant differences relative to the respective WT ApK, value are indicated (****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05).

distance is less than 4 A),'” suggesting that a salt-bridge pH transition midpoint (pK, or equilibrium point between
interaction formed between the two residues. monomer and dimer forms) by fitting a curve against the ratio

Probing pH-Induced Dimerization via Tryptophan of the fluorescence emission intensity ratio at 339 versus 351
Fluorescence Spectroscopy. We carried out Trp fluores- nm (excitation = 280 nm). For WT MaSpl and MaSp2, we

cence spectroscopy”'* on NTD"" and on a wide range of

mutants to monitor the overall monomer-to-dimer equilibrium NaCl ion (pK of 648 -+ 0.03, 6,06 = 0.02, and 5.82
as a function of pH. The present data covered a wider array of all concentration (pX of 648 £ 0.03, .06 £ 0.02, and 5.

residues than that of previous studies'”'”"> and under three + 0.01 for MaSpl NTD at 7.5, 150, and 300 mM NaCl,
different salt conditions. Figure 4a shows the spectra of a respectively, and 6.37 + 0.01, 5.98 + 0.02, 5.78 + 0.03 for
subset of MaSp2 and MaSp1 variants at 300 mM, while the MaSp2 NTD at 20, 150, and 300 mM NaCl, respectively),
entire set of curves is presented in Figure S5. We calculated the indicating the stabilization of the monomer form of NTD with

observed a consistent trend of decreasing pK with increasing
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increasing concentrations of NaCl, which is in line with
previous findings.'>*'

In the mutational analysis, for the acidic residues, the
carboxylate side chains were substituted with their non-
titratable amide counterparts (Asp to Asn; Glu to Gln),
whereas the basic residues (Arg or Lys) were replaced with
uncharged Ala. We also analyzed the A72R mutant, which
prevents dimer formation through steric and repulsive effects at
the interface.'* Figure 4b presents the MaSp2 NTD variants in
terms of ApK, which is a shift in the pH inflection point
introduced by each mutation relative to the WT value. Among
the acidic point mutations, D40N produced the largest change
in the pH midpoint value, shifting the pK value by
approximately —0.4 relative to that of the WT. As shown by
the experimental pK,, D40 undergoes the earliest protonation
event in the acidic gradient among the different residues
probed (Figure 3). Our results suggest that D40 plays a crucial
role in maintaining the NTD dimerization response at the
relatively high pH levels found in the silk spinning ducts.
Interestingly, E79Q produced an overall decrease in the pH
transition point (ApK of approximately —0.24 and —0.1 for
MaSp1 and MaSp2, respectively, at 300 mM NaCl conditions),
whereas the same mutation was reported to increase the
midpoint pK of E. australis MaSpl,'> which might reflect
differences in the functions of NTD residues between spider
species. Mutations at the other sites on the acidic cluster
(D36N, D39N, and E84Q) exhibited only mild or negligible
effects on the dimerization curves. Mutagenesis at the second
acidic patch (D17N, D46N, and DS3N) caused only slight
perturbations in the pH response. On the other hand, the
E119Q mutation produced a marked positive effect on ApK
(at least +0.3 relative to WT at 300 mM NaCl), consistent
with previous findings.'” E119 is located away from the acidic
clusters, and upon dimerization, the side chain inserts into a
hydrophobic pocket on its binding partner, which could
explain the ApK effects. Among single-point mutations of the
basic residues, K60A yielded the most prominent results, with
a ApK perturbation of approximately —0.2. Notably, our K65A
results diverged somewhat from those of previous reports; we
observed a slight increase in ApK (approximately +0.1),
whereas other studies showed a decrease in ApK.'>'°
Interestingly, among the single point mutations, A72R
produced an almost flat line for the MaSp2 data from pH 7
to 5, suggesting that this variant stabilized the monomer
conformation. Below pH S, a gradual fluorescence shift that
was consistent with dimerization was observed, although
insufficient data points in the lower pH range were obtained,
thus precluding a precise calculation of pK values. A number of
double, triple, and quadruple point mutations were also
investigated (K60A/K65A, D39N/E79Q, D40N/E79Q/
E119Q, and D39N/D40N/E79Q/E119Q), which produced
significant downward shifts in ApK, although none of these
mutations produced a perturbation greater than that of D40N
alone (with the exception of the quadruple mutant),
highlighting the important role of D40 in governing the pH-
dependent dimerization mechanism.

Chemical Shift Perturbation and pK, Determination
of Selected Mutants of the MaSp2 NTD by NMR
Spectroscopy. Since the effects of mutations on the structure
and residue-specific pK, s of key amino acids remained unclear,
we measured the chemical shift perturbation (CSP) at pH 7.0
(Figure Sa). We selected five mutants that targeted conserved
sites on the MaSp2 NTD (D39N, D40N, K6SA, A72R, and
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E119Q) and investigated the effect of those mutants on the
structures. The CSPs of E119Q and D39N were found to
localize around the mutated amino acids, suggesting that no
large structural changes or long-range effects were induced by
these mutations. Interestingly, the CSP in D40N was localized
not only around residue 40 but also around residues 59—62,
which are located in the loop between helices 2 and 3 (and
containing conserved basic residues K60), indicating that the
D40 side chain is close to K60.

Since D40 is not proximal to residues 60 in the monomer
3D structure, the unusual CSP result suggests that the
intermolecular contact between two residues (weak dimer
formation) occurs even at pH 7 and in the present of 300 mM
NaCl. Conversely, variant K65A was found to affect a broad
range of residues (from residue 44 to 65), although the effect is
subtle, implying that the K65A mutant causes minor structural
rearrangements that are distributed across a wide span of
residues. Similarly, the A72R mutant caused wider effects,
localized around helix 3, where residue 72 is found, as well as
at residues 44 and 48; however, the low CSP values suggest
only minor structural perturbations occurred.

To understand the effect of site-directed mutagenesis on the
pK, of key residues, we also measured the experimental pK, s of
ionizable residues against point mutation backgrounds (Figure
Sb,c). A previous study showed that neighboring acidic
residues, which act as clusters, might cause elevated pK,
values.”” For D40, which exhibits an unusually high pK, in
WT NTD (~6.3 for MaSp2 at 300 mM NaCl), we found that
the D39N mutation at the adjacent site led to a lower pK,
(~5.9) for D40, although the value was still considerably
higher than the intrinsic pK,. In contrast, the A72R mutation
caused a drastic reduction in the D40 pK, to ~4.4, close to the
intrinsic pK, of Asp (3.86). Contrary to the D40N variant, Trp
fluorescence data showed the highest pK value of E119Q
compared to those of other mutants, which indicates that this
variant stabilized the dimer conformation (Figure S5). NMR
data showed that the pK, of D40 of the MaSp2 E119Q variant
NTD is similar to the side chain pK, of the WT D40 MaSpl
NTD, but the side chain pK, of E79 of the E119Q_variant is
higher than that of the WT. This phenomenon occurs since
E119 is surrounded by hydrophobic residues and buried in the
hydrophobic interior; therefore, the mutation of Glu to Gln at
position 119 is more favorable for the dimer interaction.

Origin of the Elevated pK, Values of D40, E79, and
E119 of NTD MaSp1 and MaSp2. The A72R mutation,
which prevents dimer interaction, cause drastic reduction on
the pK, value of D40 to ~4.4 (close to the intrinsic pK, value
of Asp), implies that the unusually high pK, value of D40
around neutral pH is originated from the salt bridge interaction
between oxygen from the carboxyl group of residue D40 with
proton from the counterpart lysine or arginine that is close in
the space (K60/R60/K6S). A similar phenomenon also
occurred in the previously reported study in BPTI protein,
where the salt bridge caused the pK, at a rather basic pH."
Interestingly, we also found weak dimer interaction between
D40 and K60 which exists, even at pH 7 in the presence of 300
mM NaCl, as shown by CSP (Figure S). This phenomenon
also explains the drastic reduction on pK value of D40N since
the conversion of the carboxyl group in aspartate to the
carbonyl group in asparagine hinders the salt-bridge interaction
and stabilizes the monomer conformation (Figure 4).

Even though the salt-bridge interaction could not be
observed in the T. clavipes NTD dimer structure due to the
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Figure 6. Proposed step-by-step dimerization mechanism of spidroin NTD. (a) Sequence of protonation events during MaSp NTD dimerization
relative to the pH gradient. The x-axis corresponds to pH (neutral to acidic from left to right), along which the measured pK, values (under 300
mM NaCl conditions) of key conserved acidic residues D40, E79, E84, and E119 are indicated for the MaSp2 NTD variant. Additionally, for each
variant, the pH inflection point corresponding to the overall dimerization event as monitored by tryptophan fluorescence spectroscopy is indicated
with black circles. Protonation of D40 along the pH gradient precedes the dimerization event and is likely crucial for the initial step, which locks the
dimer in two positions. The protonation of E79 and E119 occurs downstream of the Trp-associated conformational change, suggesting that these
residues stabilize the formation of the dimer structures. E84 undergoes protonation below pH S and thus a change in its ionization state is unlikely
to play a role in the dimerization mechanism. (b) Distribution of acidic and basic residues on NTD produces positive and negative poles, which
cause the NTD to be oriented in an antiparallel manner. As the NaCl concentration and pH decrease, dimerization will be initiated by protonation
of D40, which possibly forms salt bridge interactions with K65 and/or R60/K60. This process is subsequently followed by the protonation of E79
and E119.

lack of the dimer structure; however, this finding is also acid residues, E79 and E119, which have estimated pK, values
supported by the fact that the E. australis NTD MaSp1 dimer of ~5.4—6.2, are required to stabilize the NTD dimer. In
structure distance between the side chain oxygen of D40 and contrast to previous studies, our NMR data showed that the

the side chain proton (H{) K6S of the E. australis NTD pK, value of E84 was ~4.4—4.6 (Table 1, Figure Sc), which is
MaSp1 dimer (PDB ID: 2LTH) is 3.2 A (Figure S6), which is close to the intrinsic pK, value of glutamic acid and is not

qualified as salt bridge interaction for the distance less than 4 affected by the salt concentration, suggesting that E84 is a

A solvent-exposed residue. This finding is also in line with the
Once D40 is protonated and a salt bridge is formed with solvent exposed of E84 residue of previously reported NMR

counterpart basic residues, the E79 and E119 residues will be structure of a homologous monomer NTD MaSpl (PDB ID:

buried at relatively hydrophobic interior environment. The 2LP))."

subsequent protonation of those residues at elevated pH is Interestingly, some striking discrepancies were observed

required to stabilize the dimer interaction. between the experimental measurements and the computa-
Our experimental study provides a direct glimpse into the tional predictions (Table S2). Continuous constant pH

protonation states of key residues in the MaSpl and MaSp2 molecular dynamics (CpHMD)'® and PROPKA3* predicted
NTDs as a function of pH, which is essential to properly only small perturbations in the pK, of D40 (within —0.7 to

understand the mechanism behind the pH relay system during +1.4 pH units relative to the intrinsic value) when applied to
spider dragline silk self-assembly. Since the pK, values of those known NTD dimer structures, in contrast to the large shift
conserved acidic residues are relevant to the pH gradient of the measured by the NMR titration experiments (within +2.4 to
spider gland,4 this finding suggests that D40, E79, and E119 +2.6 pH units relative to the intrinsic value). On the other
participate in the NTD dimerization mechanism. This study hand, the two computational methods reported positive
directly pinpointed the unusual pK, value of D40 (~6.5—7.1), deviation pK, values for E79 and E119 relative to the intrinsic
suggesting that protonation of D40 is important in the initial pK, value of glutamic acid, consistent with the experimental
step to lock the dimer and the protonation of two glutamic findings.
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By integrating the results of the experimental pK, measure-
ments and the dimerization assays, we show that D40
protonation precedes the midpoint of the fluorescence curves
that report on the conformational changes accompanying
dimerization in response to the decreasing pH gradient (Figure
6a), therefore suggesting that the protonation of D40
represents an initial step in the pH response mechanism. On
the other hand, the protonation of E79 and E119, while within
the pH range found in the spinning ducts, is shown to occur
after the fluorescence inflection point, suggesting that these
residues perform stabilizing functions toward the formation of
the final dimer structures.

The protonation of D40 at the beginning of the pH gradient
seems to be necessary for maintaining the relatively high
midpoint for dimerization of the NTD, whereas in the D40N
mutant, the fluorescence assay inflection point shifts drastically
lower, to approximately pH 5.5, suggesting that D40N
stabilizes the monomer conformation of the NTD. This effect
of the D40 mutation is consistent with previous reports,' ">
although the implications have been relatively elusive in
previous models. As previously mentioned, the A72R mutation
caused the NTD to stay in monomeric form from pH 7 to 5;'*
thus, the fact that the A72R mutant decreased the pK, of D40
drastically to a pK, of D40 ~ 4.4 highlights the unusually high
pK, value of D40 in the WT MaSp2 NTD, originating from the
interaction between D40 and its counterpart in the dimeric
form of the NTD rather than from its neighboring acidic
residues. This interpretation is also supported by the CSP
results, where long-range perturbations were observed in the
D40N mutant relative to the WT. However, we also found that
the K6SA mutation does not alter the pK, of D40, which
suggests that D40 might interact with multiple residues (such
as K60 and possibly also with R58 in the case for T. clavipes
MaSp1/MaSp2). In a similar manner, for residue E79, the
A72R mutation leads to a large decrease in the pK, (~5.6 in
the WT) to ~4.2, close to the intrinsic value for Glu side
chains, and likely reflects the effects of intermolecular contacts.

Intriguingly, considering the important role of D40, E79,
and E119, mutations of those residues (D40N—E79Q—
E119Q) do not abolish dimer formation at pH S, as shown
by Trp fluorescence spectroscopy data (Figure SS). The
mutations of D40N and E119Q_have opposite effects. D40N
stabilized the monomeric form, while E119Q_stabilized the
dimeric form. Comparison of the 2D "H—""N HSQC spectra
of WT, D40N, E119Q, and D40N—E79Q—E119Q at pH 7, 6,
and S demonstrates that the 2D spectrum of triple mutants
D40N—-E79Q—E119Q at pH 6 is still quite similar with 2D
spectrum of D40N, suggesting that the resultant effect of the
triple mutant is to stabilize the monomeric form at pH 6
(Figure S7). However, at pH S, this triple mutant experiences
exchange broadening due to monomer—dimer equilibrium.
Furthermore, when quadruple mutations are introduced on
cluster acidic residues (D40N—D39N—E79Q—E119Q), a
greater effect on stabilizing monomer conformation is observed
(Figure SS). This result implies that the ability of the NTD to
form an antiparallel dimer is not limited to one key residue, but
the entire acid and basic clusters function to generate positive
and negative poles, which cause electrostatic interactions and
lead to the formation of an antiparallel dimer of the NTD. This
finding is also supported by the observation of accelerated
association of NTD that is insensitive to charge screening in
case of a dipole—dipole interaction.'” A decrease in the salt
concentration, which is relevant to the condition in the
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spinning duct of the spider gland,* can be interpreted as
increasing the probability of the monomers encountering the
correct orientation, thereby increasing the rate at which the
monomer transforms into the dimer.

Bl CONCLUSIONS

We propose the mechanism of pH-induced NTD dimerization
(Figure 6b). Naturally, the distribution of acidic and basic
residues on NTDs generates the positive and negative poles,
which allow electrostatic interaction, thereby leading to an
antiparallel orientation of the NTDs. As the salt concentration
and pH decrease, dimerization is initiated by the protonation
of D40, which forms an interaction with its basic counterparts
(K65 and/or R60/K60). This is the initial step that locks the
dimer in two positions. Subsequently, E79 and E119 are
protonated to form a stable dimer since both residues are
buried in the hydrophobic interior. Here, we also demonstrate
that this molecular mechanism is conserved on MaSpl and
MaSp2 NTDs. In this study, we clarify the sequential step of
NTD dimerization in both MaSpl and MaSp2 NTDs by
showing direct evidence based on experimental pK, values
obtained from individual amino acids. This pH-response NTD
dimerization is connecting spidroins via intermolecular
interactions to form rapid self-assembly of hierarchically spider
silks and is thereby required for synthesizing strong artificial
spider silk. This study also elucidates the molecular mechanism
and introduces the possibility of making hybrid MaSp1/MaSp2
spider silks via NTD dimerization, which results in artificial
spider silks with tunable properties.
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