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In its silk Il form, fibroin is almost exclusively formed from layers of 3-sheets, rich in glycine, alanine and serine.
Reported here are computational results on fibroin models at semi-empirical, DFT levels of theory and molecular
dynamics (MD) for (Gly)qo, (Gly-Ala)s and (Gly-Ser)s decapeptides. While alanine and serine introduce steric
repulsions, the alanine side-chain adds to the rigidity of the sheet, allowing it to maintain a properly pleated
structure even in a single 3-sheet, and thus avoiding two alternative conformations which would interfere
with the formation of the multi-layer pleated-sheet structure. The role of the serine is proposed to involve mod-
ulation of the hydrophobicity in order to construct the supramolecular assembly as opposed to random precipi-
Silk 11 tation due to hydrophobicity.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Fibroin is a protein rich in glycine, alanine and serine. The “Silk I”
conformation of fibroin is known to be relatively flexible, and to rely
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significantly on intramolecular hydrogen bonds, somewhat reminiscent
of collagen, with repeated 3-turn motifs [ 1-3]. This conformation would
prevail while fibroin is still within the gland of the worm. By contrast,
the “silk II” conformer is more stable, and is known to rely on inter-
strand hydrogen bonds between 3-strands organized in multiple layers,
as illustrated in Fig. 1 [1,2]. The transition from I to Il was shown to de-
pend on external factors such as tensile stress and hydration [2-5]. Local
p-helix arrangements were also proposed in fibroin [6].
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The natural occurrence of the amino acids in silk Il involves a ratio of
3:2:1 which can be reflected for instance into a sequence of the type
(Ala-Gly),-Ser-Gly [1].

Using NMR and empirical calculations, it was shown that alanine
protons are engaged in stronger, more favorable inter-strand hydrogen
bonds in silk II, as compared to glycine [ 7]. Computational DFT data have
been employed for comparing with the experimental NMR data; nota-
bly, the geometries for such DFT computations were built directly to
the desired conformations, rather than optimized [8].

With (AG),s peptides, mixtures of 3-turns and 3-sheets were dem-
onstrated using NMR spectra, with evidence for lamellar arrangements
in solution [9,10]. Introduction of serine residues into such AG polypep-
tides was found to provide even better similarity with fibroin; the role
of the serine was proposed to involve loosening of the inter-plane inter-
actions by means of its bulkier and more hydrophilic side-chain [10].
Molecular mechanics and dynamics calculations have been used to de-
scribe the folding of both silk I and silk I, and the instability of its aggre-
gated states also followed by NMR data [4]. Buehler and Keten have
employed molecular mechanics to show that poly-alanine structures
are more likely to engage in crystalline-like 3-sheet domains than the
glycine rich structures, these authors also evidenced a role for each
type of structure under mechanical stress in fibroin [11,12]. This was
in line with experimental data showing that in [GAGAGX], peptides
the nature of the amino acid X (A, S, Y or V) has a measurable influence
on the ability of the peptide to form p-sheets [13].

Using a small two-peptide model Asakura and co-workers in 2004
[14] applied molecular mechanics in order to show possible ways in
which a tyrosine residue may be accommodated within fibroin. With
such models, they further described silk I type of structures in water.
The position of the tyrosine as an (AG) polypeptide was found to affect
the preference for silk Il [ 15] versus silk I conformations [16]. Zhou and
co-workers have additionally shown that this tyrosine can yield a spec-
troscopically detectable free radical, whose signal would be diagnostic
between the I and II types of silk [17].

Stewart [ 18] has shown that semiempirical methods may reasonably
describe 3-sheet structures in globular-type proteins without stacked
sheets of B-strands; tensile strength parameters were then derived
from a fibroin model using such semiempirical strategy, although the
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detailed structure of the optimized geometry has not been discussed
[18]. Several studies have shown that the hydrogen bonding interac-
tions within 3-sheets are cooperative with contributions to the energy
of binding from several layers [19-24].

Molecular dynamics (MD) studies has been used before to obtain in-
formation on how the molecular interactions can be understand at atom-
ic level and draw conclusions on the final effect in the structure [25].

We have recently provided an extended analysis of computational
methods for predicting another secondary structure element in pro-
teins, the o helix [26]. Here, we report computational data on fibroin
using two of the best performing methods for the task, namely PM6
and M06-2x, which were used to compute the energy of interaction be-
tween strands, after optimization. We also applied molecular dynamics
methods to obtain statistically representative geometrical models and
understand its interaction and stability across the time. These data
allow not only the estimation of preferred geometries for fibroin-like
peptides, but also of the relative energies of interactions, thus allowing
formulation of conclusions on the roles of alanine and serine in fibroin.
As glycine contains the smallest side-chain, we perform calculations on
Gly-Gly multimers as reference, thereafter examining the effect of
different side-chains with Gly-Ala and Gly-Ser peptide models.

2. Methods

Polypeptide models were built as ten — amino acid monomer units
using the Spartan software package [27] and multiplied up to eighteen
such units (6 x 3 monomers) as described previously. Parallel as well
as antiparallel structures were considered; however, unless otherwise
specified, only antiparallel structures are discussed in Section 3, in line
with experimental data [4]. Within a plane each monomer was ar-
ranged so that its side-chains point on the opposite side of the layer's
plane, relative to the side-chains of the two neighboring-sheets.

Regarding the construction of the layers, we study first a single
decapeptide and its relationship with the solvent, then a dimer (non-
covalent association of two decapeptides in antiparallel pleated beta
sheet conformation) in order to explore chain to chain and dimer-solvent
interactions. Subsequently, models of 4 and 6 monomers were done with
the intention to observe the systematic effect of isolation of the central
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Fig. 1. Assemblies of octadecamers in (3-sheets (decaglycine chosen for illustration only) organized canonically according to a putative fibroin-like silk II structure. The [(Gly-Ala)s];g and

[(Gly-Ser)s];s assemblies are presented in the Supporting Information.
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chains into a single layer, but preserving the solvent interaction over and
under the layer. Models consisting of 8 and 18 monomers, respectively,
were constructed in 3 layers of 2 and 6 monomers each, where we focus
our attention over the two central monomers which are isolated from
water to observe its interaction only within the polymeric environment.
For such structures we analyze the effect of the solvent by MD. This se-
ries of models allows one to verify the extent to which the observed
trends are systematic, and to explore their size-dependence, thus giving
further weight to the conclusions drawn on the largest of the models.

Geometry optimization was performed on all the initial structures,
and the results are presented in Fig. 2 and Table 1; the semi empirical
PM6-D2 method [28] and CPCM continuous solvent model [29] were
employed as implemented in MOPAC 2009 [30,31]; The limited memo-
ry BGFS function optimizer, which calculates the hessian as needed, was
employed because of the size of some of the systems calculated; the
augmented dispersion correction term version 2 (D2) was also taken
into account; Localized Molecular Orbital method (MOZYME) algorithm
was employed to speed up the SCF iterations; and the solvent effect was
induced by simulating water with an effective radius of the solvent of
1.3 A, electrostatic potential of 78.39 and using Cartesian coordinates
to perform the calculations. No hydrogen bond polarization was taken
into account. The choice for this methodology was based on recent tech-
nical evaluations of the various optimization algorithms of the PM6
method in the MOPAC2009 software package on various polypeptides
[26,32]. Convergence was reached when the default SCF criterion of
1 x 10~ * kcal/mol was achieved and the Herbert test was satisfied
as performed by default within MOPAC.

As reference, DFT geometry optimizations on single-sheets were
performed by using the hybrid meta-GGA functional M06-2X [33] and
the 6-31G** basis set as implemented in Gaussian 09 program [34]
with standard convergence criteria: the maximum force of the system
was set with a threshold of 0.000450 Hartree and a RMS threshold of
0.0003; maximum displacement was set with a threshold of 0.0018 A
and RMS of 0.0012.
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Molecular mechanics-molecular dynamics calculations were per-
formed using the Amber14 force field [35,36] as implemented in Sander.
MPI program contained in AmberToolkit version 14 [37]. These calcula-
tions were performed to analyze the stability of the systems across the
time. All the systems were first geometry optimized with PBC condi-
tions of 1 Angstrom distance from all the amino acidic atoms of the sys-
tem into a cubic box of water, at 300 K and NVT. Then sequenced
heating was performed from 0 to 300°K, at NPT conditions, followed
by molecular dynamics during 60 fs where SHAKE algorithm [38] was
used and no other constrains were imposed. This first 60 fs was
discarded to sampling later 5 ns in the same conditions, the results pre-
sented in Section 3 were taken from the average of the latest 5 nanosec-
ond time. The Amber14 all atoms force field implements better
statistical corrections to avoid over estimation of a-helix conformations
although it implements no changes for amino acids since its version
Amber10, which results on folding of proteins already has been
observed [39].

3. Results and discussion
3.1. Effects of the methodology on the models

We have previously tested several minimization protocols with PM6
with and without correction term variants in a-helix Gly;o monomers
[32]. PM6 as an ab-initio based method, relies on a Hamiltonian that ap-
plies a correction term for energy and considers the hydrogen bond for-
mation as static. In terms of energy the error can be up to 4.44 Kcal/mol
[31,32]. To reduce this error, our calculations include a dispersion cor-
rection term version 2 (D2) as implemented by MOPAC (c.f. Methodol-
ogy section), and no polarization of the hydrogen bond was taken into
account, because as published by MOPAC developers, the correction
term for hydrogen bond polarization gives as result energies of interac-
tion rather than energies of formation.
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Fig. 2. Gly,, (Gly-Ala)s and (Gly-Ser)s decapetides organized as single 3-sheets: geometries before and after optimization with DFT (M06-2x/6-31G**) and PM6 methods. Internal
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Table 1

Energies for PM6 optimized models (kcal/mol). Stabilization energies are calculated as the difference between the energy resulted from geometry optimization and the appropriate mul-
tiple of the energy obtained by a single point calculation on a single-monomer extracted from the core of a PM6 optimized eighteen-monomer model (references marked with *).

Stabilization energy (kcal/mol)

Model Monomers Hydrogen bonds Energy (kcal/mol) Total Per amino acid Per hydrogen bond
(Gly)1o * 1 0 —553.1 0.0 0.0 0.0
(Gly)1o 1 8 —565.1 —12.1 —1.2 —15
[(Gly)1ol2 2 13 —1135.8 —29.6 —-15 —23
[(Gly)1ola 4 31 —2297.7 —85.3 —-21 —2.8
[(Gly)1ols 8 60 —4692.7 —267.9 -33 —45
[(Gly)1ols 6 50 —3460.9 —1424 —24 —28
[(Gly)1olis 18 156 —10,743.0 —787.9 —44 —5.1
(GlyAla)s * 1 0 —593.2 0.0 0.0 0.0
(GlyAla)s 1 7 —600.9 —-77 —038 —-1.1
[(GlyAla)s], 2 11 —12153 —289 —-14 —26
[(GlyAla)s]4 4 31 —2461.1 —883 —22 —28
[(GlyAla)s]s 8 61 —4998.2 —252.6 —32 —4.1
[(GlyAla)s]s 6 41 —3706.6 —1475 —25 —36
[(GlyAla)s]is 18 150 —11,377.0 —699.4 -39 —4.7
(GlySer)s * 1 1 —793.1 0.0 0.0 0.0
(GlySer)s 1 0 —799.2 —6.1 —0.6 0.0
[(GlySer)s], 2 17 —1632.6 —464 —-23 —2.7
[(GlySer)s]4 4 53 —3302.2 —129.8 —32 —24
[(GlySer)s]s 8 95 —6683.4 —338.6 —4.2 —36
[(GlySer)s]s 6 50 —4970.0 —211.3 —35 —4.2
[(GlySer)slis 18 150 —15,210 —933.6 —5.2 —6.2

To assess the theory level effect on geometry of the system, one
should take a close look at Fig. 2-B, C and D. Fig. 2-B is the PM6 result,
and its conformation is 2.2; ribbons, which contains several
intrahydrogen bonds. The DFT M06-2x functional, which includes a cor-
rection term for hydrogen bonds, has proven to be more accurate for the
prediction of biopolymer conformations than other functionals. M06-2x
has identified two different conformers: a completely flat 3-sheet and a
distorted 2.2, ribbon conformation very similar to the one obtained by
PM6.

The tendency of PM6 calculations to slightly overestimate inter-
nal hydrogen bonds over intramonomer hydrogen bonds, is almost
negligible in the models containing a larger number of peptide
chains (up to 18). The accuracy of the calculated energy of formation
by PM6-D2 with L-BGFS in comparison with those obtained by DFT
MO06-2x suggests that this semiempirical method is indeed appropri-
ate for the study of the much larger models, where DFT would be far
less feasible.

3.2. Glycine

PMB6 calculations on conformers of the single Gly;o decapeptide re-
veal that the 2.2, ribbon is more stable by 12 Kcal/mol than a 3-sheet
conformation (c.f. Table 1, Fig. 2) — which is entirely expected since a
single peptide does not benefit from the intermolecular stabilizing hy-
drogen bonds that define a pleated 3-sheet. Using DFT M06-2x with
CPCM solvation in water, two conformations were shown as possible:
[3-sheet and 2.2 ribbon. Fig. 3 illustrates Ramachandran plots for the
models mentioned above and the corresponding geometries are
shown in Fig. 4. Thus, a single Gly;o decapeptide will tend to form 2.2
ribbons. This can also be seen in the MD results. Also, the structure
searches for less steric hindrance, which for Gly multimers is
achieved intercalating the backbones of the monomers across the layers
(cf. Fig. 5).

3.3. Alanine

To understand the influence of alanine's methyl group, one may first
compare the [Gly;o], and [(Gly-Ala)s], stabilization energies per hydro-
gen bond (cf. Table 1); the Gly-Ala structure is better stabilized, by 0.3
Kcal/mol. Arrangements into a single layer but with 4 monomers,

[Glyqo]s and [(Gly-Ala)s]s, gave the same stabilization energy per hy-
drogen bond, — 2.8 kcal/mol. For hexameric models on a single layer,
the Gly-Ala structure is again 0.8 Kcal/mol more stable regarding
hydrogen bond interactions. However, in models with two layers of
sheets, where side-chain volume intervenes as a steric factor as the
alanine methyl group clashes with its upper neighbor, [Gly¢]s is better
stabilized than [(Gly-Ala)s]s: —4.5 vs —4.1 kcal/mol. For [Glyqo]1s Vs
[(Gly-Ala)s]s the energies of stabilization per hydrogen bond are
—5.1 and —4.7 kcal/mol, respectively, with a 0.4 Kcal/mol in difference
in favor of the Gly-Gly structures.

According to the molecular dynamics results, an observed light dis-
tortion in the Gly-Ala octadecamer from a completely flat 3-sheet into
2.2, ribbon-hybrid shaped pattern may help limit side chain steric
clashes (Fig. 6), but it also distorts the hydrogen bonds (third column
Table 1, Gly-Gly vs Gly-Ala), therefore making the Gly-Ala sequences
mechanically and thermodynamically less favorable, in line with the
PM6 geometry optimization results.

However, comparing Gly-Gly vs. Gly-Ala eighteen-mer struc-
tures after molecular mechanics-molecular dynamics calculations
(MM/MD), Gly-Ala structures show a higher gain of distance of 1.27
A between up and down monomers (cf. Table 2), meaning that the re-
pulsion and pulling forces in Gly-Ala is stronger. Also, the MD results
show that the backbone chains change their zigzag orientation from
generally planar sheets in Gly-Gly structures, to the canonical pleated
sheets on the other models, due to steric hindrance of the side-chains
(Fig. 6).

34. Serine

Even in the single decapeptide model, serine leads to a pleated
-sheet conformation (cf. Figs. 3, 1 and 1* monomers). This is not
only due to the sterics, but also to the fact that serine provides an
extra hydroxyl group that in the pleated conformer is able to engage
in hydrogen bonds between the Ser side-chains.

Ser-Ser side-chain hydrogen bonds also occur between monomers
within neighboring layers. Indeed, the energy of relative stability due
to the hydrogen bond formation was the same when the monomer
stands alone or when it is taken from middle of an eighteen-monomer
structure (c.f. Table 1). Comparing to Gly-Gly structures, Gly-Ser
seems to have a slightly better stability in models consisting of a single



14

J.F. Carrascoza Mayen et al. / Biophysical Chemistry 197 (2015) 10-17

Number of monomers Gly-Gly Gly-Ala Gly-Ser
1807 - 180 180 |
) N
-180 o 180" -180° 0° 180" -180 0* 180"
@ @ ]
180 180 180°
1 v o W v
-180 o* 180" -180 o 180° -180 I:ll' 180"
@ P ®
80— 180 180" |
2 Wy Wy woor }
-180 [ To0° -180 [ To0° -180 [ T00°
P @ 9
180 —— 180 180
Ly & |
4 Yo W o o }
-180 [y T80° -180 [ T80° -180° [ T80°
@ @ P
180° 180 y
e ‘
8 v v o o {
-180° -180 ; Tao° -180 o T80°
P P
180° 180° 180
Y % |
|
6 vel woel I W -
\
-180° 0 180 -180 0° 180"
@ o]
180" —— 1807
€ LS
C |
|
18 & v 1
-180 0 iso° 160 [ ig0°  -180 o T80°
@ @ @

Fig. 3. Ramachandran plots for PM6 results.



J.E. Carrascoza Mayen et al. / Biophysical Chemistry 197 (2015) 10-17 15

‘zf;f?“‘: SR
ks, e

g A AR LR
AN g 750 1
ERANR AR
B AL RAL LA R
Al AR AR AAK s Aal
.;é#,&&_&'ﬁ&i%&*}ﬁﬁ’:@
ropsaad
A . Y‘i

‘;ék;, - ».—.; :_#

HB= -2.7 Kcal/mol
|

=

llll“ll
R
X

1 2 3 45 6 7 8 9% 10
Residue Position

Fig. 4. PM6 optimized geometries of fibroin-like models. Left: hydrogen bond distance, angle and formation energy. Center: lateral view. Right: top view. A. (Gly10)1s antiparallel E. B.
((Gly-Ala)s)s antiparallel E. C. ((Gly-Ser)s)s antiparallel E. bonds. B. Left. Lengths of hydrogen bonds for a monomer taken from the center of the 18 monomer structure. D. Right:
tridimensional model of the octadecamer assembles optimized. Abbreviations: HB: hydrogen bond average energy.

Lateral view Frontal view Top view

G-G
G-A

—',,ge;-“.'x"é-tf'i?.’iﬁs;w;z; :
G-S

B isinie BT, T

LA -

R

pICE R e v...ek}g
sﬁ:afiiih v .":‘*-y-k e

Fig. 5. 18-mer structures after 5 ns of MM/MD.



16 J.F. Carrascoza Mayen et al. / Biophysical Chemistry 197 (2015) 10-17

L%

Fig. 6. [(Gly-Ala)s];s structure. Close up on backbone interactions for a dimer extracted
from the eighteen-mer complex after 5 ns of MM/MD. Shown distances of interaction
are from a calculated averaged structure, expressed in Angstroms.

layer of 3 sheets. However, where two or more layers are involved
the order is reversed; thus, the relative energy of hydrogen bonds
for 8-decapeptide models structured into 3 layers is 1 kcal/mol
better for [(Gly-Gly)s]s.

Comparing Gly-Ser with its homologous Gly-Ala 8-chain structure,
the difference is 0.5 Kcal/mol favoring the Gly-Ala structure. This
means that the potential contribution of an extra hydrogen bond is
compromised against steric hindrance caused by hydroxyl group's
volume.

Analyzing the eighteen-monomer structures, Gly-Ser has stabiliza-
tion energy per amino acid of 1.3 Kcal/mol higher than its homologous
Gly-Ala, while Gly-Ser is 0.8 Kcal/mol more stable than Gly-Gly. There-
fore, this seems to be the most stable structure (cf. Table 1).

Analyzing the MM/MD results for Gly-Ser eighteen-mer structures,
the total energies of these systems follow the same trends as in the
PMS6 results. The distance between backbones and between hydrogen
bonds are the highest too in average (c.f. Table 2). Yet it is also observ-
able through the dynamics that the Gly-Ser structures tends to dissolve
easier, meaning that the solvent effect plays an important role due to
the hydrophobic R-chain of Ser, as expected. At the same time, the inter-
nal monomers of the eighteen-mer structure get contracted.

For all the structures, the solvent effect tends to change the 3-sheet
conformation to a 2.2 ribbon conformation. Between the three types
of structures analyzed, Gly-Gly rather preserve its compactness. In
Gly-Ala structures the effect was that across the time, and because
of the repulsion of the chains plus the solvent effect, the structure
tends to be dissolved. Gly-Ser structures tend to be dissolved too,
but because of the hydrogen bond formation that is easier due to
the R-group of serine.

4. Conclusions

We have reported here on the stabilization energies for inter- and
intra-monomer interactions, as well as for interactions between parallel
planes, in fibroin models. We find that the role of alanine is to impart ri-
gidity within each pleated-sheet, thus priming it for secondary structure

Table 2

MM/MD averaged results after 5 ns divided into 2500 frames. All the energies are reported
in Kcal/mol, and the distances in Angstroms. Further details of the MD calculations can be
found in Supporting Information.

18-mer structure NHB DHB DBB
Gly-Gly 107.5 2.00 4.42
Gly-Ala 94.9 1.99 5.69
Gly-Ser 126.4 2.09 5.90

Abbreviations: NHB Number of hydrogen bonds; DHB Average distance computed for the
hydrogen bonds; and DBB Distance between backbone o carbons of the (3 sheet layers.

formation with another-sheet; this comes at the expense of a slight de-
stabilization of the interactions between the planes of the fibroin. We
find that serine disrupts the multiple-plane, multiple-sheet fibroin
structure, and propose that its presence in this protein involves a role
in the formation of the more water-soluble silk I form; in the absence
of serine, fibroin would be too hydrophobic to be manipulated even at
the ribosomal stage.
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