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Recent experiments have discovered very different thermal conductivities between the spider silk and the

silkworm silk. Decoding the molecular mechanisms underpinning the distinct thermal properties may guide
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the rational design of synthetic silk materials and other biomaterials for multifunctionality and tunable

properties. However, such an understanding is lacking, mainly due to the complex structure and phonon
physics associated with the silk materials. Here, using non-equilibrium molecular dynamics, we demonstrate
that amino acid sequence plays a key role in the thermal conduction process through B-sheets, an essential
building block of natural silks and a variety of other biomaterials. Three representative [3-sheet types, i.e. poly-
A, poly-(GA), and ploy-G, are shown to have distinct structural features and phonon dynamics leading to
different thermal conductivities. Fundamental understanding of the sequence effects may stimulate the design
and engineering of polymers and biopolymers for desired thermal properties.

Introduction

Natural silk materials produced by spiders and silkworms' have
drawn considerable attention in the past couple of decades due to
their extraordinary mechanical properties,” > biodegradability, and
biocompatibility.* ° These unique properties have enabled diverse
applications of natural silk materials in making biomedical sutures®
and implantable devices,” and in drug delivery as the drug carriers
targeting cancer cells.® ® Recently, these materials were made even
more attractive for their thermal properties. The dragline silk made
by Nephila clavipes, a golden orb-web spider, was measured to have
a thermal conductivity of 1.2-151 Wm'K", surpassing many
materials.' "' By contrast, the thermal conduction in silkworm silk
is much less efficient. With thermal conductivities as low as 0.54
Wm'K,!2 silkworm silk-based textiles have been used as thermal
insulator for thousands of years.'* From fundamental point of view,
it is striking that the spider and silkworm silks (Figure 1ab), both
spun by arthropods, have such distinct thermal conducting
capabilities.

Structurally, both spider and silkworm silks are made of
proteins rich in -sheet, a protein secondary structure consisting of
aligned polypeptide strands interlocked by hydrogen bonds. In these
silk proteins, the abundant 3-sheet crystals are embedded in a semi-
amorphous matrix of 3; helices and P-turns (Figure 1c),'
contributing significantly to the physical properties of the silk
materials. For instance, our previous study has shown that the
thermal conductivity of the poly-alanine (poly-A) PB-sheet,” an
essential building block of the Nephila clavipes spider silk, can be 1-
2 orders of magnitude higher than that reported for other protein
structures.'® The main contributor to this phenomenon is the
hydrogen bonding between the B-strands (i.e. the polypeptide strands)
that form the -sheets. As heat is carried by phonons in the -sheet,
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the inter-strand hydrogen bonds blue-shift the frequencies of the
low-frequency phonon modes, which further enhance thermal
conduction.

Despite the progress, it remains unclear how heat is conducted
differently in the B-sheets constituting the spider and silkworm silks.
Structural biology has revealed that the $-sheets in different types of
natural silk feature different amino acid sequences. For instance, the
dragline silk from the Nephila clavipes spider has abundant poly-
Alanine (poly-A) repeats (Figure 1d) while the cocoon silk from the
Bombyx mori silkworm features poly-(Glycine-Alanine) [poly-(GA)]
repeats (Figure le).'"* ' Such a difference in the protein sequence
has been found responsible for the distinct mechanical properties of
different types of B-sheets.'® Nevertheless, how thermal conduction
is affected by the protein sequence is relatively unknown.
Deciphering the correlation between the thermal properties and the
protein sequence may improve our fundamental understanding of the
nanoscale thermal transport phenomena in biomaterials. The results
may further guide the design of synthetic silk materials'” 2 to
achieve tunable thermal properties with inherent biocompatibility,
which is desired by many biomedical applications that demand high-
performance thermal regulation. A word of caution though, is that -
sheet nanocrystals only account for ~30% of the residues in the N.
clavipes dragline,' *' and ~50% in the B. mori silk.' ?* The
amorphous phase is also critical in determining the overall thermal
properties of the silks. However, compared with B-sheets, the
amorphous phase is typically associated with more phonon scattering
and shorter mean free path of phonons leading to slower thermal
conduction.” Therefore, this work focuses on the B-sheets which are
the main thermal conductors in silks, aiming to reveal the effects of
amino acid sequence on their intrinsic thermal conductivities.

To assist the understanding of the thermal transport process in
B-sheets, it is helpful to draw an analogy between the protein [3-
sheets and other low-dimensional nanomaterials including nanotubes
and nanowires, and search for similarities and distinctions in the
thermal transport mechanisms. First, we note that all B-strands in the
B-sheets (Figure 1de) feature numerous side chains/atoms (e.g. -CHj;
and -H) that are anchored to the backbone of the polypeptide chains
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Figure 1. Natural silk from (a) the Nephila clavipes spider and (b) the Bombyx mori silkworm have a similar hierarchical structure in which
the (c) B-sheet protein structure serves as an essential building block. In natural silk proteins, the $-sheets form numerous crystalline domains
(blue) that are embedded in an amorphous matrix (red curves). Each of the B-sheets consists of multiple B-strands interlocked by hydrogen
bonds (red dash lines). The B-sheets in different types of natural silk may have different amino acid sequences. For example, the $-sheets in
the Nephila clavipes spider silk feature repeated (d) poly-A motifs, while those in the Bombyx mori silkworm silk are formed by repeated (e)
poly-(GA) motifs. (f) To compute the thermal conductivity of a B-sheet, heat flow is generated from the “heat source” (red region) to the
“heat sink” (blue region) by a velocity swapping algorism. L denotes the characteristic length of the model. (g) The B-sheet is analogous to a
network of thermal resistors. Each strand is represented by a line of thermal resistors whose total resistance is denoted by .44 OF Oy

depending on the location of the strand.

(i.e. -N-C-C-). This is analogous to the carbon nanotubes
functionalized by chemical attachments of alien molecules or atoms.
Second, the poly-(GA) B-strand in Figure le is analogous to the
superlattice nanowires that have alternating elements along the
length direction. Previous studies have shown that: 1) carbon
nanotubes functionalized by phenyl rings** and hydrogen atoms®
have lower thermal conductivities than their pristine counterparts
due to the reduced phonon mean free path; and 2) most superlattice
nanowires have lower thermal conductivities than the nanowires of
pure composition,® mainly due to the prominent phonon scattering
at the material interfaces. It is hypothesized that the similar structural
features dictate the thermal conduction process in B-sheets as well,
while the detailed mechanisms are to be revealed.

Here we report a non-equilibrium molecular dynamics study of
the thermal transport phenomena in three representative f-sheet
types, i.e. poly-(GA), poly-A, and poly-G. The poly-(GA) B-sheet is
abundant in the Bombyx mori silkworm silk, while the ploy-A -
sheet dominates in the Nephila clavipes spider silk. The poly-G f-
sheet is a conceptual sequence for comparison. The analysis allows
us to probe the fundamental physics underpinning the different
thermal conductivities of natural silk materials. By systematically
investigating the effects of sequence and structure, we will show in
detail the phonon dynamics and molecular mechanisms associated
with the thermal transport processes. The results will be further
discussed in comparison with those reported earlier on the thermal
conduction in synthetic low-dimensional materials. The conclusions
may expand our understanding of the role of hydrogen bonds in
facilitating thermal conduction in P-sheets, and guide the design of
biomaterials for desired thermal properties.

2| J. Name., 2012, 00, 1-3

Models and Methods

Full-atom atomistic models were constructed for the P-sheets
with specific sequences and various sizes. We note that each f3-sheet
may exist in two different forms, i.e. the parallel and antiparallel
configurations. This study is focused on the antiparallel -sheets
only, because they are more dominant in the Nephila clavipes
dragline and Bombyx mori cocoon silks 7. Each B-sheet model is
composed of a specific number of fB-strands that have the same
characteristic length of 6.15 nm. The model is named as Xm-n-1,
where X indicates the repeated residues in the peptide, m is the total
number of the repeats in a single B-strand, » is the number of f3-
strands in each layer, and “1” means that this study focuses on
monolayer -sheets. To eliminate phonon scattering with geometric
boundaries, periodic boundary conditions were applied along all
three directions. The unit cell was set to be large (40 nm) along the
y- and z-directions to prevent periodic images of the B-sheet from
interacting with each other in these directions. In all these models,
about 70% hydrogen bonds form between the [-strands, which
confirms that the structures are stable and appropriate for subsequent
simulations (see details in ESI). It deserves mentioning that in this
study, all B-sheets were placed in vacuum to focus on their intrinsic
thermal conductivities. In real silk materials, however, there are
several extrinsic factors that may affect the thermal conduction
process, e.g. interaction with the amorphous phase and the
surrounding water molecules. Between the two factors, water may
have less influences due to its low presence in natural silks.?”® The
amorphous phase may scatter phonon transport in -sheets and

This journal is © The Royal Society of Chemistry 20xx
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change their thermal conductivities to some extent. However, we
believe the interaction with the amorphous phase will not overturn
the sequence effects to be revealed by this study.

The reverse non-equilibrium molecular dynamics method
developed by Muller-Plathe?® was employed to calculate the thermal
conductivity. The method has been applied to many different
material systems including polymers, nanotubes, nanowires, and
liquids,®® and has been shown to give consistent results as the
equilibrium Green-Kubo method.>’ To apply the method, it is
required that the system contains two copies of the B-sheet to be
analyzed, i.e. the original model and an image, both physically
connected and symmetric about their center along the direction of
intended heat flow (x-direction in this study). The entire system was
then divided into N slabs along the x-direction. A heat flux was
numerically generated by continuously swapping the velocities of
the “coldest” atoms (with the lowest kinetic energy) in the “heat
source” slab and the “hottest” atoms (with the highest kinetic energy)
in the “heat sink” slab (Figure 1f). Fourier’s law was then employed
to evaluate the thermal conductivity based on the heat flux generated
in the system and the heat flux-induced thermal gradient. During this
velocity-swap process, a virtual elastic collision model®> was
employed to ensure the conservation of both system energy and
momentum equilibrium. The induced heat flux was evaluated by
J= AE/2tA4, where ¢ denotes the time interval between two swaps, AE
is the averaged kinetic energy transferred per swap, 4 is the cross-
sectional area of the material, and the coefficient “2” reflects the two
symmetric heat transport paths from the hot slab to the cold slab.
Finally by Fourier’s law, thermal conductivity was calculated by
K=—J /4L, where d7/dx is the temperature gradient along the x-

direction. Due to the symmetric nature of the system, the
characteristic length, L, of the model equals to half the system length.

All simulations were performed using LAMMPS® with the
CHARMM?22 force field* to describe the interatomic interactions.
Particle-particle particle-mesh method (PPPM) was adopted to
address long range Coulomb’s interactions with a root mean square
accuracy of 10™. Nosé-Hoover thermostat was employed to maintain
system temperature at desired values. Time step was set to be 1 fs.
Prior to each simulation for obtaining thermal conductivity, the
initial molecular structure was relaxed by minimization with the
conjugate gradient method, followed by molecular dynamics
equilibration at the temperature of 300 K for 5 ns. Then, a heat flux
was induced by enabling the Muller-Plathe algorithm. The
simulation was performed for 450 ns and only the last 400 ns was
used to sample the temperature profile and heat flow. For all cases,
no noticeable difference was identified between the thermal
conductivities calculated using the 50 ns - 250 ns simulation results
and those calculated using the 250 ns - 450 ns simulation results,
indicating that the calculated thermal conductivities were stable with
time. Moreover, to eliminate possible spurious global rotation of the
molecule, global angular momentum was subtracted from the
momentum of every atom at all steps. To avoid protein denaturation
at high temperatures,” simulation parameters were optimized to
ensure that the temperature difference between the hottest and
coldest slabs in the system was 30+2 K.

In addition to the computation of thermal conductivity, phonon
density of states (DOS) was also evaluated to further reveal the
thermal transport mechanisms. Fourier transformation of the velocity
autocorrelation function (VAF) was calculated for all/selected atoms

following the equation (@) =% J' i <<V;(t);-v(((());>>dt where p(@) is
=)o O

the DOS with the angular frequency @, v(¢) is atomic velocity, and
<> denotes an average over the selected atoms.

This journal is © The Royal Society of Chemistry 20xx

Results and Discussions

Figure 2a plots the computed thermal conductivities of all the B-
sheets under investigation. To reveal the sequence and size effects,
all B-sheets were built to have the same length of 16 residues, while
the width was varied by changing the number of the p-strands. The
results show prominent width effects. As the number of B-strands
increases from 1 to 9, the thermal conductivity of the poly-(GA) -
sheet increases from 0.84 to 2.09 Wm™'K™! (blue circles in Figure 2a).
Additionally, it can be speculated that the thermal conductivity
should converge to a certain value as the B-sheet becomes infinitely
large. Similarly, the poly-G and poly-A B-sheets also give the same
ascending trend. The thermal conductivity of the poly-A [-sheet
increases from 1.85 to 4.30 Wm™'K™' (black squares), while that of
the poly-G P-sheet increases from 2.29 to 6.11 Wm'K' (red
diamonds). The size effects are attributed to the hydrogen bonds
interlocking B-strands to form the B-sheets, which blue-shift the
frequencies of the low-frequency phonon modes and facilitate
thermal conduction. Similar hydrogen bond effects have been
discovered in a-helices to enhance thermal diffusion.*®

All of these results agree with a thermal resistance model
developed in our previous work'® which reveals that: 1) the thermal
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Figure 2. (a) Thermal conductivity and (b) thermal conductance
versus the number of B-strands (n) for the poly-A, poly-G, and poly-
(GA) B-sheets. The results in (a) are fitted by a thermal resistance
model to predict the thermal conductivities of larger -sheets. The
inset in (b) plots the thermal conductance divided by the number of
B-strands.
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Thermal Conductivity (W/K-m)

B-sheet n=1 n>2
Kingle Keage  Kint
Al6-n-1 1.85 2.25 4.86
GA8-n-1 0.84 1.07 2.30
Gl6-n-1 2.29 349 6.80

Table 1. Computed thermal conductivities of three standalone [3-
strands (Kingie), and the interior and edge B-strands in the
corresponding B-sheets (G, and Kgge)-

conductivity of a B-sheet increases with the number of B-strands in
the B-sheet (n); 2) the thermal conductivity of any -strand in the -
sheet depends on the degree of hydrogen bonding; and 3) as n
becomes infinitely large, the thermal conductivity of a monolayer 8-
sheet converges to that of an interior B-strand in the -sheet. Figure
1f shows a poly-A B-sheet (A-16-5-1) that has five [-strands
interlocked by hydrogen bonds. The thermal resistance model
simplifies the B-sheet as a network of residues as shown in Figure 1g.
The B-strands are further divided into two groups — edge strands and
interior strands, with their thermal conductivities denoted by Aggqe
and x,, respectively. The overall thermal conductivity of the B-sheet

is derived as 4 — o4 o/ n+ (=2, /n- Using the results in Figure 2a,
edge in

Kedge and x5y of the poly-A, poly-G, and poly-(GA) [B-sheets are
evaluated and tabulated in Table 1. It is readily seen for all the three
types of P-sheets, edge P-strands and interior B-strands have
different thermal conductivities; &y is higher than i;gee, and both of
them are higher than &Gy, the thermal conductivity of a stand-alone
B-strand of the same type. This is consistent with the fact that the
interior B-strands are connected with more hydrogen bonds than the
edge B-strands in a f-sheet, and a stand-alone [-strand has no
hydrogen bond. Furthermore, the model also predicts increasing
thermal conductivity with n, which agrees with the computational
results in Figure 2a. As n keeps increasing, x =x| =«  gives

n—o0 int

the upper limit of the thermal conductivity.

The results in Figure 2a and Table 1 also show prominent effects
of the amino acid sequence. At any particular width, the poly-G -
sheet gives the highest thermal conductivity among the three types of
B-sheet under investigation, poly-A B-sheet the second, and poly-
(GA) B-sheet the lowest. In terms of the upper limit of thermal
conductivity (x), the poly-G B-sheet (G16-n-1) is approximately
40% higher than the poly-A B-sheet (A16-n-1) and 196% higher than
the poly-(GA) P-sheet (GA8-n-1). In addition to affecting the
thermal conduction in B-sheets where hydrogen bonds play a key
role, the sequence of amino acids also influences the conduction of
heat in standalone [B-strands. As shown in Table 1, the thermal
conductivity of the standalone GA8-1-1 B-strand is calculated to be
the lowest, 55% lower than that of A16-1-1, and 63% lower than that
of G16-1-1. The similar ranking between the standalone B-strands
and the B-sheets implies that the sequence effects are inherent to
proteins and not strongly influenced by hydrogen bonds.

These results are consistent with previous experimental
measurements and provide clues for us to understand the varied
thermal properties among different natural silks. As an essential
building block of the Nephila clavipes spider silk protein, the poly-A
B-sheet is shown by our computation to be a good thermal conductor,
which contributes to the experimentally measured high thermal
conductivity of the spider silk. Similarly, the low thermal
conductivity of the Bombyx mori silkworm silk is partly attributable
to the inefficient thermal conduction in poly-(GA) B-sheet.
Furthermore, the computational results also provide a hint on the
peptide design for engineering superior thermal-conducting

4| J. Name., 2012, 00, 1-3

biomaterials. Given the high thermal conductivities of the poly-A -
sheets, incorporating more poly-A motifs in the peptides may form
B-sheets of better thermal conducting capabilities, thereby improving
the thermal properties of the biomaterials. This is particularly
pertinent to the design of synthetic silk materials in which amino
acid sequence can be engineered following an optimized blueprint.

To reveal the mechanisms underlying the different thermal
conductivities between the poly-A and poly-G B-sheets, we first
convert the thermal conductivities into the thermal conductances.
Thermal conductivity (x) is the property of a material to conduct
heat, while thermal conductance (G) is the property of a plate of
particular length and cross section to conduct heat. They are
correlated by x = L-G/ A , where 4 is the cross-sectional area and
L is the length of the plate. To calculate G for any (-sheet under
investigation, we note that x and L are readily available while 4 is
lacking. The cross-sectional area of low-dimensional materials such
as graphene and nanotubes have been studied for decades and there
are many approaches available. In this study, the cross-sectional area
of a B-sheet was evaluated based on a time- and spatial-averaging
approach. As illustrated in Figure 3, a 3-sheet under equilibrium was
simulated for 1 ps, during which 1000 snapshots were stored. The
position of a 3-strand was quantified by averaging the coordinates of
all backbone atoms constituting the strand over the 1000 snapshots.
The cross-sectional area per stand (4gnq) Was then calculated based
on the area occupied by the f-strand on an averaging basis. In this
way, Agrang Was evaluated to be 25.46 A? for the poly-A B-sheets,
21.46 A? for the poly-(GA) B-sheets, and 17.08 A? for the poly-G B-
sheets.

Using the areas and thermal conductivities computed above, the
thermal conductances of all B-sheets under investigation are
calculated and plotted in Figure 2b. Similar with the thermal
conductivity, the thermal conductance is also found to increase with
the number of B-strands, which again, demonstrates that hydrogen
bonding facilitates thermal transport in -sheets. More importantly,
it is striking to discover that the poly-G and poly-A B-sheets have
very close thermal conductances despite their distinct thermal
conductivities. In other words, the difference in sequence (i.e. poly-
A versus poly-G) only affects the thermal conductivity significantly,
while not changing the thermal conductance notably. Given
x=L-G/ A, the poly-G and poly-A B-sheets (with same L) have
almost the same G, so x~1/4. That is, to tune the thermal
conductivity of a B-sheet made with homogeneous amino acids, we

L
R
o5
e o i
B . M

Figure 3. Evaluation of the cross-sectional area of a poly-A B-strand
based on the equilibrium positions of the interior B-strands in a -
sheet.
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Figure 4. Partial phonon DOS projected on the glycine and alanine
residues of (a) a GAS8-5-1 B-sheet and (b) a standalone GAS8-1-1 B-
strand.

may engineer the side chains to change the effective area of the -
sheet. For example, the short side chains in the poly-G -sheet can
reduce the cross sectional area effectively, thereby increasing the
thermal conductivity to the largest extent among the three types of -
sheet under investigation.

On the other hand, the poly-(GA) B-sheets are shown to have
lower thermal conductivities than their counterparts with
homogenous compositions (poly-A and poly-G). To understand how
the heterogeneous composition affects thermal conduction, we have
conducted phonon DOS (density of states) analysis on the poly-(GA)
B-sheets. Figure 4a plots the partial phonon DOS of the GA8-5-1 3-
sheet projected on the glycine and alanine residues, respectively.
Very different phonon modes spanning from 0 to 60 THz are
identified between the two types of residues. For example, the
glycine residues are associated with unique peaks at 0.71, 2.71,
4433, and 52.65THz, and have higher densities at 7.13, 8.96, 16.76,
31.85, 37.74, 50.23, and 55.86 THz; by comparison, the alanine
residues show unique peaks at 1.18, 34.11, and 42.34THz, and have
higher densities at 12.51, 21.44, 28.04, 38.78, and 49.02 THz. Based
on these results, phonon dynamics is distinct in the glycine and
alanine residues. When such phonons are carrying heat through the
B-sheets, some of them may reflect back or experience mode
conversion at the interfaces between the two different types of

This journal is © The Royal Society of Chemistry 20xx

residues, dramatically decreasing the efficiency of thermal
conduction. This is analogous to that in in superlattice nanowires
which are composed of alternating materials in a periodic pattern.
Several investigations®® have shown reduced thermal conductivities
of superlattice nanowires compared with that of the constituting
materials,’” based on similar mechanisms.

We note that, despite the similarities, the -sheets have several
unique characteristics that differ them from the superlattice
nanowires. First, superlattice nanowires feature alternating chemical
elements along the length direction which form many interfaces
between the materials. In [-sheets, however, the chemical
composition of the main phonon transport pathway, i.e. the backbone,
is the same for all residues; different types of residues are differed in
their side chains, which impose strong influences on the transport of
phonon through the backbone chains. Second, the thermal transport
in B-sheets is further complicated by the unique hydrogen bonding
interactions between the neighboring B-strands. Figure 4b plots the
partial phonon DOS of the standalone GA8-1-1 B-strand projected
on the glycine and alanine residues, respectively. The two types of
residues show very different phonon modes. And more importantly,
by comparing Figure 45 with Figure 4q, it is readily seen that the
low-frequency phonon modes in B-sheets are widened and have
blue-shifted frequencies, due to the inter-strand hydrogen bonds.
Indeed, in the -sheets with heterogeneous amino acid compositions,
the effects of alternating residues and hydrogen bonds are coupled,
which complicates the thermal transport phenomena.

All sequence effects shown above were discussed using
monolayer -sheets as the model material. It is unknown, whether or
not the revealed sequence effects would hold when multiple B-sheets
stack to form nanocrystals. To answer this question, we simulated
several multilayer [B-sheets with the poly-A and poly-(GA)
sequences. The results demonstrate that the sequence of amino acids
influences the monolayer and multilayer -sheets in a similar way.
Figure 5 plots the thermal conductivities of two monolayer B-sheets
(i.e. A16-7-1 and GAS8-7-1), and four multilayer nanocrystals (i.e.
A16-7-3, GAB8-7-5, Al16-7-3, and GAS8-7-5). The thermal
conductivities of all poly-A B-sheets are about twice as high as that
of their poly-(GA) counterparts. In other words, the sequence effects
discussed earlier for monolayer -sheets hold in multilayer B-sheets.
Another important finding is that the thermal conductivities of the

7
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< 61 —e— GA8-7-
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Figure 5. Thermal conductivity versus the number of layers in -
sheet structures with the poly-A and poly-(GA) sequences. Each
layer has 7 B-strands and each strand has 16 residues.
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poly-A (or poly-(GA)) B-sheets keep almost a constant as the
number of layers varies. That means, the stacking of -sheets does
not change thermal conductivities significantly; phonon transport in
the hydrogen-bonded B-sheets is not much influenced by the vdW
interactions between the B-sheets.

The results shown in Figure 5 demonstrate that the thermal
conductivities of the poly-A B-sheets (~4 Wm™'K™") are higher than
that of the poly-(GA) B-sheets (~2 Wm'K™"). The sequence effects
partly explain the different thermal conductivities between the N.
clavipes dragline (~1.2 Wm™'K) and the B. mori silkworm silk
(~0.54 Wm'K™"), as the former silk has abundant poly-A B-sheets
while the latter has rich poly-(GA) B-sheets. The differences
between our simulation results and the experimentally measured
values are mainly attributed to the complex compositions and
structures of natural silks. As mentioned earlier, B-sheet nanocrystals
only account for ~30% of the residues in the N. clavipes dragline,
and ~50% in the B. mori silk. Moreover, each silk fiber is composed
of multiple silk fibroins along with a skin layer and a periphery
layer.'* Therefore, in addition to the intrinsic thermal conductivities
of the B-sheets, several other factors contribute to the overall thermal
conductivities of the silks. These factors include the amorphous
phase (most important), the interfaces between the amorphous and
the B-sheet phases, water molecules, and the skin and core periphery
materials. The influences of these factors, particularly the amorphous
phase and its interfaces with B-sheet nanocrystals, may be a topic of
future study.

Conclusions

To summarize, key molecular mechanisms underpinning the
thermal conduction in three representative f3-sheet types [i.e. poly-A,
poly-(GA), and ploy-G] are studied to reveal the intrinsic effects of
the amino acid sequence. With any of these sequences, [3-sheets are
shown to have thermal conductivities increasing with the number of
B-strands, demonstrating the positive contributions of hydrogen
bonds to heat transfer. At the same size, the poly-A -sheet shows a
thermal conductivity twofold higher than that of the corresponding
poly-(GA) B-sheet, which partly explains why the Nephila clavipes
dragline spider silk has higher thermal conductivity than the Bombyx
mori silkworm cocoon silk. Moreover, the poly-G B-sheet shows the
highest thermal conductivity among the three B-sheet types under
investigation. All these sequence effects are caused by the distinct
structures and unique phonon dynamics associated with the B-sheets.
First, the alternating residues in the poly-(GA) B-sheets cause severe
phonon mode mismatch across the G-A interfaces which obstruct

thermal transport. Second, the -sheets of homogeneous residues (i.e.

poly-G and ploy-A) surprisingly demonstrate comparable thermal
conductances despite the distinct thermal conductivities; the
difference between their thermal conductivities is caused by the

different cross-sectional areas which are tunable by side chain design.

All these conclusions suggest that, by properly designing the amino
acid sequence, protein [-sheets can be engineered to produce
multifunctional synthetic silk and other biomaterials with tunable
thermal properties.
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