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Abstract: Molecular dynamics simulations with explicit waters have been employed to investigate the dominant
source of elastin’s elasticity. An elastin-like peptide, (VPGY3)as pulled and released in molecular dynamics
simulations, at 10 and 4Z, lasting several nanoseconds, which is consistent with the experimentally determined
dielectric and NMR relaxation time scales. At elastin’s physiological temperature and degree of extension, the
simulations indicate that the orientational entropy of waters hydrating hydrophobic groups decreases during
pulling of the molecule, but it increases upon release. In contrast, the main-chain fluctuations and other measures
of mobility suggest that elastin’s backbone is more dynamic in the extended than released state. These results
and the agreement between the simulations with various experimental observations suggest that hydrophobic
hydration is an important source of the entropy-based elasticity of elastin. Moreover, elastin tends to reorder
itself to form a hydrophobic globule when it was held in its extended state, indicating that the hydrophobic
effect also contributes in the holding process. On the whole, our simulations support the hydrophobic mechanism
of elasticity and provide a framework for description of the molecular basis of this phenomenon.

Introduction model structure of an elastin-like peptide, (VPGYGas a
continuous coil of3-turns interconnected by glycine residdés.
They suggested that the elastomeric restoring force originates
from the reduction of librational entropy in the peptide segments
linking the -turns as the elastin coil is stretched, which they

Elastin is responsible for elasticity and resilience in many
tissues, and it is well-known for its extreme durability and ability
to deform reversibly. Recently, elastin-derived biopolymers,
repregented by (VPGVG;)have attracted much a'gtentlor! due coined the ‘“librational elasticity mechanisi".In addition,
to their potential uses as biomaterfadsd for other industridl .
applications. For example, one can modulate the transition Hoeve and co-workers suggested that ela_stm fOHOW.S the class-
temperature. of a given elas’tin polymer by many physicochem- ical theory of rubber elasticity: the collection of chains have a
ical changes, such as phressuré,salt® organic solutedand random distribution of end-to-end chain lengths and the dis-
oxidation stz;te of a side chain ,or flunctional gr@um;ese placement from th.'s posmpn of highest entropy provides the
properties could be exploited to provide materials with particular foyrce ofrt]he.elasftm restprtlngtfor:;fOn the wrl;ole,(;each elas- f
sensing capabilities or molecular machines for interconversion icity mechanism Is consistent with, or even based on, some o

of energied. Elastin has also been used as a model system toFhe experimental results, but the lack of detailed structural

study hydrophobic interactions of proteins and to determine |nforma_tion makes it very diﬁicult_to compare t_hese mechanisms
hydrophobicity scales for different amino acitls. and arr.|ve at the molecular ba§|s for elasticity.

Due to the extreme mobility of the elastin backbdregh- Previous NMR and CD studigssuggest that the entropy
resolution NMR and X-ray structures of elastin remain elusive. change of each single (VPGV{xjhain, rather than the effects
This lack of detailed structural information has prevented the Of cross-linking, provides the dominant source of elastomeric
elucidation of the link between structure and function. Currently, force. In addition, gene analysis shows that tropoelastin is
there are three mechanisms to explain the entropic origins of divided into several hydrophobic and cross-linking sectidns,
elastin elasticity. Gosline’s group suggested that polymeter and (VPGVG)gs appears to nicely represent one of these
interactions are the source of elasticity, such that the hydro- hydrophobic sections. These results opened the door for inves-

phobic effect drives the proce®&Jrry and co-workers built a  tigating elasticity using this relatively small peptide instead of
a large cross-linked polymer. For example, Urry’s group sim-
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u.washington.edu.
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Figure 1. Conformational behavior of elastin as probed by molecular dynamics simulations in water at 10°&hdi#2 simulations began from
the idealizeds-spiral structure, which was allowed to adapt to its environment for 6 ns of MD. Then, various cycles of pulling, holding, and
releasing the molecule were performed. Theb@sed radius of gyration is given below each structure. The final structure from each simulation is

shown with the main chain in red and side-chain atoms in green.

Urry’s idealizeds-spiral model as the starting structure. In both
cases, larger main-chaim,(v) fluctuations of the segments
linking the -turns were observed in the relaxed state than in

the extended state, thereby supporting the librational elasticity

mechanisni>1® However, they did not discuss the role of the

hydration waters, even though only water-swollen elastin shows

elasticityl”

Recently, we have successfully simulated the “inverse tem-

perature transitiod® of elastin using the ENCAD molecular
dynamics program? F3C water modet? and Urry’s S-spiral

transition temperature of elastin. The results presented here
suggest that hydrophobic hydration of elastin is a very important,
if not essential, source of elastin’s elasticity.

Methods

NMR or X-ray structures of elastin are not available due to the
extremely high mobility of the elastin backbofi€? Instead, previous
elasticity simulation®16 used an idealizegs-spiral model® as the
starting structure. However, our recent MD simulations (which also
started with the3-spiral model structuréj and various experimental

model as the starting structure. Those simulations suggest thaftudies**‘suggest that elastin does not form a stable exteyietgiral

water is critical in determining elastin’s conformational behavior

and consequently its inverse temperature transition. Above its

structure and instead should be described as an amorphous hydrophobic
globule. Therefore, we extracted the 6 ns structures from the previous
simulation4® at 10 and 42C, and used them as the starting structures

transition temperature, elastin is best described as a compact,, e elasticity simulations described here.

amorphous hydrophobic globule with distort@estrands and
fluctuating turns. Moreover, the hydrophobic domain of elastin
formed in water is extremely dynamic with molecular expansion/
contraction on the nanosecond time scdél&herefore it is a
“dynamic-compact amorphous globule”, which is distinct from
the traditional view of compact globular proteins. Below the

transition temperature, the strands and turns are less prevalen
and hydrophobic collapse does not occur, such that elastin is

more extendeé® Here, we extend our earlier work by perform-
ing elasticity simulations using conformations from our previous

simulations as starting structures. Specifically, we have simu-

Previous elasticity simulatiofs*assumed that elastin has a helical
structure of 2.7 pentamer units per tugigpiral) in both the relaxed
and extended states, therefore they simulated the stretching process of
elastin by raising the axial distance per turn of fhgpiral. In the current
research, we pulled a pair of elastin main-chain atoms, instead of many
pairs of atoms$>16to release the assumption of the helical structure in
glastin’s extended state. Since elastin forms a hydrophobic core at 42
°C,*® pulling just the ends of the molecule can cause the termini to
separate from the main body of the peptide. As a result, we selected
another pair of atoms (Catoms of Pro 12 and Gly 78) for the pulling
simulation at 42°C to minimize end effects (Figures 1 and 2). We
have also completed several other elasticity simulations by selecting

lated pulling/releasing cycles on the nanosecond time scale atother pairs of atoms. The overall results are similar though the detailed

10 and 42°C, which are below and above, respectively, the
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592.
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Dynamics Yeda: Rehovat, Israel, 1990.

(20) Levitt, M.; Hirshberg, M.; Sharon, R.; Laidig, K. E.; Daggett,J/.
Phys. Chem. B997 101, 5051-5061.

information may differ from one simulation to another (data not shown).
In addition, in each pulling simulation, we continued the simulation
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(22) Torchia, D. A.; Piez, K. AJ Mol. Biol. 1973 76, 419-424.
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Mol Biol. Cell 1999 10, 3595-605.
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75—83.
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' - — — ; number of hydrophobic contacts after pulling, while the sol-

holding

tacts increased when released. Also, the number of hydration
waters decreased upon release when elastin underwent hydro-
. phobically driven collapse (Table 1). The properties of the
simulations after elastin was released were quite similar to those
of the corresponding reference simulations at both tempera-
] tures. These results, together with the data presented in Figures
1 and 2, suggest that our simulations provide a reasonable
representation of the pulling/releasing (elasticity) processes of
] elastin.

Hydration Changes during Pulling/Releasing Cycles of
Elastin. The orientations of waters around hydrophobic groups
of elastin are almost identical for extended and relaxed
states, and they are similar at 10 and°@(Figure 3). These

Time (ns) data are in good agreement with our previous simulation re-
Figure 2. Elastin’s response to force at 42. The inserted structure  sults of hydrophobic hydratiof?*° Regarding temperature-
shows the pair of atoms selected for pulling. dependent differences, Figure 3 shows an additional peak with
a distance of 354.0 A and an angle of 16011C° in the
Jlower temperature simulations that is not present at the higher
extended state (we call this the holding process, Figure 2). ACLO temp())erature. These peaks a_nd the_ o’hstrlbutlons |nd|_cate that
the G, atoms of Val 1 and Val 79 were selected for pulling (Figure 1). ~50% of the water molecules in elastin’s closest hydr.atlon layer

Molecular dynamics simulations were performed by using an in- &t low temperature are nearly parallel to the protein surface,
house version of the program ENCAmnd a previous|y described |nd|Cat|ng that the hydraUOn |ayel‘ IS more Structured at |0W8r
force field202°Each molecular system simulated was described by using temperature.
an all-atom representation for both the protein and the solvent. Each  The average number of hydrogen bonds per water molecule
of the starting structures was minimized for 500 steps. The protein remains constant during each pulling/releasing cycle (Figure
was then solvated by a water box extending at least 10 A in all directions 4A). However, the number is higher at 10 than°2 suggesting
for t:‘e_pu”i”Tgh Simu'atizns ah 8 A in the Eon”o' and re"faSilng . that the water solvating elastin is more structured at lower
simulations. e w_ater ensity was set to the experimental value for temperatures (Figure 4A). Overall, both the hvdrogen bondin
the temperature of interest (0.9997 and 0.9915 g/mL for 10 arf€42 andF\)/vater orier&ta?ion dattzl suggest that the pro{)ertigs of elastings

respectivelyf® The systems were then equilibrated by minimizing the - . .
water for 2000 steps, performing MD of the water for 2000 steps, hydration waters remained almost the same through pulling/

minimizing the water for 2000 steps, minimizing the protein for 2000 '€l€asing cycles at a particular temperature. However, the
steps, and minimizing the protein and water system for 2000 steps. Number of hydration waters increased and decreased in response
After these preparatory steps, the systems were heated to the designate® pulling and releasing the chain (Table 1).

temperatures. Initial atomic velocities were chosen from a Maxwellian ~ Figure 4B shows the water orientational entropy around both
distribution and they were periodically scaled until the target temper- the main-chain and side-chain groups of elastin. Upon releasing
ature was reached. Production MD simulations were then run using athe molecule, the entropy of the elastin side-chain associated
2-fs time step. The nonbonded list was updated every 5 steps, and thehydration shell increased, while the entropy of main-chain
nonbonded cutoff was 8 A. Periodic boundary conditions and the hydration waters decreased. The entropy gain from the side-
minimal image convention were employed to reduce edge effects. In chain hydration as the chain collapsed dominated the entropy

each step of the pulling simulatipa 1 A increment per step on the . . . - :
selected atom pair was achieved by using a 420&l--A~2 force loss of the main-chain hydration waters (Figure 4B) and elastin

constant, followed by 200 ps of molecular dynamics simulation to '€turned to its relaxed states (Figure 1). Therefore, it appears
equilibrate at the new distance. There were 30 steps inpthlel that hydrophobic hydration, but not hydrophilic hydration,
simulation at 42C and 15 steps for the other pulling simulations. The provides the entropic source of elasticity.
1 A increment per step caused only a slight increase in the energy of Changes in the Elastin Backbone during Pulling/Releasing
the system such that the total energy was well conserved throughoutCycles.Table 2 shows the main-chain,(y) fluctuations on a
the trajectories. Structures were saved every 0.2 ps for analysis, yieldingrepeating peptide basis, that is, as Val 1-Pro 2-Gly 3-Val 4-Gly
3Q 000 structures per 6 ns simulation and 45 000 structures per 9 nsg Overall, pulling the molecule resulted in an increase in the
simulation. (¢, ) fluctuations in short extension cyclésull 1 at both 10
and 42°C, Table 2), while there was an inverse trend in the
long extension cyclépull 2 at 42°C). Here, short extension

Global Description of the Elasticity Simulations.We used means~50% extension based on the radius of gyration (Table
structures from our previous simulations at 10 and@zas the 1). In a recent mechanical study of elastin, the aortic circumfer-
starting points for the elasticity simulations (Figure 1). At both ence was assumed to expand 30% upon inflation from 0 to 13.7
temperatures, the radius of gyration became larger after pulling K Pa3! such that our short extension cycles are in line with the
the molecule, and it relaxed back toward the starting value when degree of extension experienced by elastin physiologically. In
released (Figure 1). In addition, like our previous restfithe addition, although thep value of Pro 2 had the lowest
42 °C simulations formed a hydrophobic globule, while none

(27) Hubbard, S. J.; Thorton, J. MNACCESS Computer Program

of the 10°C simulations did _(Flgure 1). . . Department of Biochemistry and Molecular Biology; University College:
The average values of various properties are shown in Tableondon, 1993.

1. Elastin has a large solvent accessible surface area and a low (28) Lee, B.; Richards, F. Ml. Mol. Biol. 1971 55, 379-400.

(29) Laidig, K. E.; Daggett, VJ. Phys. Cheml996 100, 5616-5619.
(25) Levitt, M.; Hirshberg, M.; Sharon, R.; Daggett, @omputer Phys. (30) Laidig, K. E.; Gainer, J. L.; Daggett, M. Am Chem Soc 1998

Commun.1995 91, 215-231 120, 9394-9395.
(26) Kell, G. S.J. Chem Eng Data 1967, 12, 66—69. (31) Lillie, M. A.; Gosline, J. M.Biopolymers199Q 29, 1147-1160.
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Table 1. Average Properties over the Final Nanosecond of Different Portions of the Elasticity Simwlations

Li et al.

nonpolar side-chain no. of protein no. of waters
MD name R4 (A) SASAC (A?) SASAC (A?) contact$ H-bonds in hydration shell
elasticity simulations at 42C
control 12.9+ 0.2 5661+ 137 4103+ 122 53+ 4 16+ 2 376+ 14
pull 1 19.7+ 0.3 6260+ 181 4663+ 145 40+ 4 14+ 2 449+ 16
release 1 13.8 0.2 5625+ 164 4082+ 139 544+ 5 13+ 2 346+ 15
pull 2 249+ 0.4 6736+ 111 4898+ 92 38+ 3 9+1 494+ 14
release 2 14.60.3 6052+ 148 4325+ 122 51+ 4 14+ 2 4154+ 14
elasticity simulations at 16C
control 21.0+£ 05 6922+ 131 5107+ 114 33+ 3 4+1 526+ 15
pull 1 28.6+ 0.5 7686+ 206 5713+ 191 28+ 4 0+0 598+ 20
release 1 23.%+0.8 7283+ 188 5339+ 157 35+ 2 2+1 553+ 19

aThe data were averaged over the last ns of the designated time periods (see Figure 2) and vald€'saaét¢hé standard deviationsRadius
of gyration based on the positions of thecarbons¢ All solvent accessible surface areas were calculated with the program NACTES&h
employs Lee and Richard’s algorithm with a probe radius of 1% A Side-chain contacts were counted when two aliphatic carbon atoms were
within 5.4 A of each other. Atoms in neighboring residues were not consideHirogen bonds were tabulated as intact when the hydrogen and
the acceptor were within 2.6 A and the hydrogen bonding angle was witRiaf3®earity. f Water in water shell 1 was defined as water molecules

within 4.5 A from any elastin heavy atoms.
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Figure 3. The radial and angular distribution of water around elastin’s hydrophobic surface (carbon atoms) at (A) 10 an8iqB) & angular

distributions are given as percentages for each radial distance.

fluctuation, Pro 2p and Gly 3¢ had the highest values (Table

For theses’ order parameters, the values approaching 1 suggest

2). Correspondingly, many crankshaft-like motions of the Pro that the peptide is rigid and those near O reflect unrestricted
2—Gly 3 peptide plane were observed in both the current and motion. The data in Table 3 show that elastin is quite dynamic

previous elastin simulatior$. Also, as expected, glycine
exhibited larger ¢, ) fluctuations than proline and valine
(Table 2).

We have also calculated the generalized order paranf@er (
for the N—H vectors of the main-chain atoms and the-C,

at both temperatures and in both states. MoreoveiStalues

in the extended states are slightly lower in short extension cycles,
indicating slightly greater mobility for both the main-chain and
side-chain atoms of elastin in the extended state. These results
are in good agreement with the larger main-chain ¢)

vectors of the valine side-chain atoms. We and others havefluctuation values in the extended states in short extension cycles
shown that MD-derived® order parameters can be in good (Table 2). As a result, in the case of short extensions, the
agreement witl& values derived from NMR relaxation data. (32) Wong, K. B.; Daggett, VBiochemistry1998 37, 11182-11192.
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(A) (Figure 5) may represent the extended state of elastin. Also, in

33 the current paper, we compared only the average properties over
the last nanosecond for the pulling/releasing simulations (Fig-
ures 1 and 3 and Table 1) to get a more reasonable comparison
511 of the extended/relaxed state of elastin (elasticity).

3.2 4

294 Discussion

28 4 Comparing the Contributions of Elasticity: Hydrophobic
L N N T T S, Hydration vs Backbone Mobility. Although elasticity is well-
< known to be linked with entropd? it is not clear whether this
L ;oL ) entropy arises from the conformational entropy of the protein
10°C 42°C backboné! or from the change in the hydration of hydrophobic
(B) side chain$. Our results indicate that the water orientational
entropy for the hydrophobic hydration waters, but not the main-
chain polar hydration waters, increases in all relaxed states for
all pulling/releasing cycles (Figure 4B). In addition, the structure
of the hydration shell does not change much upon extension
(Figure 3), but there are more “ordered” hydration waters in
the extended than in the relaxed state (Table 1). These results
suggest that hydrophobic hydration of elastin contributes to
-250 elasticity and the release of hydration waters plays a dominant
R NP N S N L role. Experiments have also shown that removal of only 10%
N P & of elastin’s hydration waters has a profound effect on its
L )L ; elasticity modulus, suggesting that hydration is critical to
10°C 42°C elasticity3®
Figure 4. The average properties of water shell 1 (within 4.5 A of On the other hand, our main-chaip, @) fluctuation values
any elastin heavy atom) of elastin during the final nanosecond time and order parameter data suggest that the peptide is more
period. (A) The average number of hydrogen bonds per water molecule dynamic in the extended state during short extension cycles but
'h“(;'he” 1. (B) The orientational entropy of water in shell 1 for 5.6 gynamic in the relaxed state during long extension cycles
ydrophobic side-chain hydration (solid bar) and main-chain hydration (Tables 2 and 3). These results suggest that the conformational
(cross-hatched bar). g .
entropy of elastin actually decreases when elastin is released

extended peptide chain is more dynamic, has more configura-from the extended state over short extension cycles, which
tional states accessible to it, and therefore has greater entropymeans that the conformational entropy would not appear to be
Thus, the peptide itself does not seem to provide the main sourcethe source of elasticity in this case. As mentioned above, these
of entropy-based elasticity, instead the entire system (elastinshort extension cycles are consistent with the degree of elastin’s
plus its hydration waters) must be considered to explain Physiological extensioft
elasticity. Gosline’s microcalorimetry study supports this idea: the
When the distance of the selected pair of atoms reached theoverall conformational entropy of the peptide chain actually
designated length, it was held constant for 3 ns to simulate theincreases when elastin is stretched and the polymer becomes
extended state of elastin (holding process). The holding processmore “random™ Furthermore, he found that the conformational
from the 42°C pull 1 simulation is illustrated in Figure 5. entropy of elastin does not contribute to elastic force at
Residues Pro 67 and Val 71 formed dynamic hydrophobic extensions of less than-70%? In the more extreme and
interactions with other residues, and the Pro 67-Val 71 segmentnonphysiological extension ranges, the main-chain conforma-
joined the main hydrophobic core of elastin. Since the Pro 12- tional entropy does contribute to the elasticity (Tables 2 and
Gly 78 G,—C, distance was constant, the Pro 72-Gly 78 3). This is in accordance with meanfield wétk3® that predicts
segment became more extended in this holding process (Figurea maximum in the number of conformations at intermediate radii
5). The straight chain of Pro 72-Gly 78 was unfavorable due to of gyration. However that number tails off for very extended
the exposure of hydrophobic side chains to water and the feweror compact polymer molecules. Therefore, both experimental
main-chain conformations available to extended states, thereforeand our simulation results suggest that the conformational
this process only occurred because the main hydrophobic coreentropy of the elastin polymer itself is not the main source of
gained more favorable energy/entropy to overcome the unfavor-elasticity, at least in the case of short extension cycles. Instead,
able effect. In fact, after the Pro 67-Val 71 segment joined the the increase in entropy originates from the hydrophobic collapse
main hydrophobic core~7.8 ns), more dynamic hydrogen of the chains and the concomitant expulsion of waters from the
bonds formed and the hydrogen bonding network was very fluid nonpolar surfaces leading to an increase in solvent entropy,
(Figure 6). Such a dynamic hydrogen-bonding network (Table which appears to be the major determinant of elasticity.
4) provides elastin with many low-energy states, allowingitto  The Roles of Elastin’s Hydration Waters. Previously,
populate a range of conformations (high entropy). Moreover, Gosline and French found that elastin has similar elastic char-
benefiting from the extremely dynamic features of elastin, our acter both in a thermodynamic open system (swelling equilib-
3 ns holding processes were on par with the experimentally rium with water) and in a thermodynamic closed system
determined relaxation timé8:3* Therefore, the larger hydro-  (constant water content, 0.46 g of water/g of protémn
phobic globule formed at 42C during the holding process

# of HB per water

Entropy (J Mol K1)

(35) Gosline, J. M.; French, C. Biopolymers1979 18, 2091-2103.
(33) Henze, R.; Urry, D. WJ. Am Chem Soc 1985 107, 2991-2993. (36) Flory, P. J.; Fisk, SJ. Chem Phys 1966 44, 2243-2248.
(34) Urry, D. W.; Trapane, T. L.; Igbal, M.; Venkatachalam, C. M; (37) Sanchez, I. CMacromolecules979 12, 980-988.

Prasad, K. UBiochemistryl985 24, 5182-5189. (38) Dill, K. A. Biochemistryl985 24, 1501-1509.
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Table 2. Main Chain ¢, 1) Fluctuations for the Final Nanosecond of Different Portions of the Elasticity Simulations

Val 1 Pro 2 Gly 3 Val 4 Gly5
MD name ¢ Y ¢ Y ¢ Y ¢ Y ¢ Y
elasticity simulations at 42C
control 17.48 13.26 9.96 21,51 29.47 29.80 18.88 14.58 22.00 24.71
pull 1 19.50 14.59 9.96 27.50 29.57 30.07 18.74 14.58 22.29 27.67
release 1 20.57 14.23 10.06 22.25 30.34 25.86 20.52 16.36 21.86 24.85
pull 2 22.48 15.01 10.01 19.78 27.38 29.85 17.01 13.95 20.66 27.45
release 2 26.53 15.67 9.93 19.98 31.64 32.98 23.99 16.14 24.73 31.01
elasticity simulations at 16C
control 20.49 13.39 9.36 18.08 25.96 27.34 19.18 14.92 21.08 23.22
pull 1 22.52 13.76 9.66 19.37 31.29 31.09 19.82 14.12 23.53 25.54
release 1 16.51 13.32 9.56 18.06 26.87 28.37 17.35 13.55 21.22 26.27
Table 3. Calculated Order ParameteiS)(over the Final Several groups have suggested that the turns in elastin might
Nanosecond of Different Portions of the Simulatibns contribute to elasticity. Arad and Goodman's NMR and CD
MD name main chair-NH side chain—CHj for Val studies of elastin-like peptides suggest that an equilibrium exists
elasticity simulations at 42C between g3-turn and ay-turn, resulting in a structure that
control 0.51+ 0.21 0.47+ 0.21 combines flexibility with strong conformational preferenéés.
pull 1 0.424+0.19 0.40+ 0.22 Wasserman and Salemme’s simulations revealed a kind of
release 1 0.4¢-0.14 0.45+0.18 crankshaft motion in the elastin peptide, which results in a
pull 2 0.44+0.20 0.45+ 0.22 reorientation of the central peptide bond with little deformation
release 2 0.4%0.19 0.40£0.21
T ) of the overall structure of elastii.We also have observed such
ol e|SSStI](;EyOSI1r2U|atI0nS at 1mo A6t 0.20 crankshaft motions of the Pro 2-Gly 3 peptide bond in all the
contro ) ) : : trajectories (data not shown).
pull 1 0.40+0.14 0.37£0.15 . .
release 1 0.56 0.14 0.49+ 0.18 However, the dynamig-turn is only part of the story of
" - — elastin and elasticity. Experimental resttsuggest that elastin
The values after£” are the standard deviations. has~45% -strand structure, which translates into a remarkable

contrast, removing only 10% of elastin’s hydration waters can amount of nonlocal hydrogen bonds. In contrast, the previous
greatly influence elasticit§ Our hydration water content in  €lastin models neglected nonlocal hydrogen bonds, as they were
the simulation (waters in water shell 1) is in very good considered harmful for elastici#f:** The current simulations
agreement with the experimentally observed vaRié&Both might provide a reasonable explanation of this disagreement.
the experiments and our simulations suggest that it is the On the one hand, only10—20% of elastin’s main chain polar
hydration waters of elastin, but not the bulk waters, that groups are involved in main-chain/main-chain hydrogen bonds
contribute to elasticity. (Table 1). This percentage is much lower than the average value
On the basis of our simulations, the hydration waters of elastin for globular proteins 0f~50% and as a result, elastin is
play at least the following roles in the elastiwater system: ~ more dynamic® On the other hand, both experimefitand
First, the orientational entropy of elastin’s hydrophobic hydration simulatior® studies suggest that elastifgsstructure is distorted.
layer decreases as the molecule is pulled, but increases upos shown in Table 4, a pair of peptide segments can form
release. This entropy change is suggested to be an importanexchanging hydrogen bonds with each other among elastin’s
source of elasticity. Then, hydration waters form hydrogen bonds distortedf-strands. In this way, elastin can form energetically
with elastin’s main-chain atoms as opposed to elastin-forming favorable nonlocal hydrogen bonds, while maintaining its
intramolecular hydrogen bonds as with globular proteins, which plasticity and populating more conformations.
makes elastin fully dynamic in both the extended and relaxed Elastin consists mainly of hydrophobic amino acids and
states. Similarly, previous atomic force spectroséémnd almost all of the lysines in elastin are involved in cross-linking.
molecular dynamics simulatioHssuggest that water drastically ~ Therefore, it has almost no polar groups other than main-chain
affects the elastic properties of poly(ethylene-glycol) (PEG) NH/O groups. The primary sequence of a globular protein and
through its dynamic hydrogen bonding to PEG’s main-chain its interaction with solvent determine its 3-dimensional structure.
atoms. Finally, the unfavorable interaction between waters andA globular protein uses side-chain polar groups and some of
elastin’s hydrophobic side-chain atoms results in hydrophobic its main-chain NH/O groups to interact with water, and the bulk
collapse with concomitant expulsion of waters from nonpolar 0f the main-chain polar groups form secondary structural main-
surfaces, which is the source of both the inverse temperaturechain/main-chain hydrogen bonds. Although elastin can undergo
transition and elasticity of elastin. a hydrophobic collaps®,similar to that of globular protein§,
Elastin’s Dynamic Peptide Chain.Both experiment4? and its main-chain NH/O groups seem to be used mainly for
simulatior® studies indicate that the fluctuating turns (mainly interactions with water and they form relatively few main-chain/
B-turns) and distorteg8-strands are the main components of main-chain hydrogen bonds. As a result, elastin is extremely
elastin’s secondary structure. These secondary structural featuregynamic in water.

are closely related to elastin’s ability to reversibly deform. Mechanism of Elasticity. Only water-swollen elastin exhibits
elasticity}” so both elastin and its hydration shell should be
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Figure 5. Hydrophobic collapse in the 42 pull 1 holding processthe Pro 67-Val 71 segment joins the main hydrophobic core of elastin: red,
elastin main chain; green, hydrophobic side-chain atoms; blue, Pro 67 and Val 71.

60 —— r is probably most applicable to physiological temperatures. On
the other hand, at temperatures below elastin’s transition
temperature, the hydrophobic side chains of elastin are already
“dissolved” in water and the cross-linking elastin becomes
swollen. Therefore, the contribution of hydrophobic hydration
to elasticity is lower compared with that at physiological
temperatures (Figure 4), and elastin does indeed show much
less elasticity below its transition temperattfe.

20 Eoo. .. TR T ] Previously, Urry’s group provided another explanation of

T = ‘ elasticity, the librational entropy mechanism of elastiéfty?

- Their elasticity simulatiotf showed that the “suspended” part
of elastin, the portion between theturns in Urry’s g-spiral
model® had much largerg, v) fluctuations in the relaxed state
than in the extended state; but fhurn portion of elastin was
unaffected. As a result, they proposed a “librational elasticity

Time (ns) mechanism”, which suggests that the primary mechanism of
Figure 6. Dynamic main chain/main chain hydrogen bonds of elastin elasticity for elastin is the damping of the peptide backbone
in the 42°C pull 1 holding process. Each number along tfiaxis dihedral angle dynamics upon elongatintHowever, their
corresponds to a unique hydrogen bond in elastin. The locations of simulation was performed in vacuo and was only 100 ps long.
hydrogen bonds 4849 in this figure are shown in Table 4. Water is known to be a plasticizer of elastin and only water-
swollen elastin displays elasticityAlso, dielectrié3 and NMF&
relaxation studies have shown that water-swollen elastin has a
correlation time from several to tens of nanoseconds. Therefore,
one might question whether the previous simuldfiooan
represent elastin in its functional state.

# of HB pairs

Table 4. Representative Example of Dynamic Hydrogen Bonds of
the Distorteds-Sheets in the 42C Holding Simulation

HB sequence HB HB totalHB #of HB HB lifetime
in Figure 6 donor acceptor time (ps) transitions (ps)

2‘1) gg m: gg 8 5;f 3;'12 1lg Wasserman and Salemtiextended the previous simulation
42 64NH 350 7 6 12 by including water. They stretched their elastin peptide by
43 64NH 360 1174 371 3.2 proportionally translating all atoms out from the center of mass
44 64NH 370 48 41 1.2 in a direction parallel to the helix axis (similar to Chang and
45 65NH 360 15 15 1.0 Urry’s simulation) over 130 ps, and they obtained larger Gly 5
46 65NH 370 374 257 1.5 than Gly 3 ¢, v) fluctuations. Thus, their simulation supported
47 G5NH 380 0 58 1.2 Urry’s librational elasticity mechanism. However, one cannot
48 66 NH 370 112 79 1.4 S ’ .

49 66 NH 380 882 368 24 exclude the possibility that the larger Gly &, ¢/) fluctuations

they observed are the result of the proportional transition
protocol they employe#® Moreover, they did not discuss

considered. Our results suggest that hydrophobic hydration ise|astin’s hydration properties and their relationship to elasticity.
an important source of elasticity, thereby supporting the |n fact, the librational entropy mechanism depends heavily
hydrophobic mechanisth.Moreover, the current research  on the linea-spiral structural model of elastin developed by
prOVIdeS some clues for the molecular basis of the relat|0nsh|p Venkatachalam and Urr&Q However recent Scann|ng force
between the inverse temperature transition and elasticity of microscopy experiments suggest that elastin molecules form a
elastin. Elastin tends to form a larger hydrophobic globule during disordered array of beaded filaments containing globular
the holding processes above its transition temperature (Figuregomains in the relaxed state, and the array of globules becomes
5); however, it does not form similar hydrophobic interactions more expanded and ordered but elastin does not adopt precisely
during the holding processes below its transition temperature orderedp-spiral conformations in the stretched stételso,
(Figure 1). It seems that the thermodynamic features that causeyyr realistic simulations of elastin starting with tjespiral

the hydrophobic collapse and represent the driving force for conformation result in dynamic-compact amorphous structures

the inverse temperature transition also make elastin form a largerat physiological temperature and these results are consistent with
hydrophobic core in the holding state (Figure 5). Moreover,

collapse automatically occurs when the pulling force is removed Chem: Quantum Biol Symp 1989 16, 235244,

(Figure 1) at physiological temperature. In this way, the ~ (49)Ury, D. W.; Trapane, T. L. Long, M. M.; Prasad, B. Chem
hydrophobic hydration mechanism of elasticity we present here Soc, Faraday Trans1 1983 79, 853-868.

(48) Luan, C.; Jaggard, J.; Harris, D.; Urry, D. Wt. J. Quantum
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various experimental resuft& Therefore, thgs-spiral structure both 10 and 42°C, hydrophobic hydration has a favorable
and the librational entropy mechanism might represent some contribution but the elastin peptide itself has a negative
local features of elastin, but they seem not to provide the bestcontribution to elasticity at short, physiological extensions, while
overall explanation of elasticity. both the peptide and its hydration layer contribute favorably to

In summary, we have performed molecular dynamics simula- elasticity at longer extensions. These results and the agreement
tions to investigate the mechanism of elasticity. It is the first between the simulations with various experimental observations
time that the simulations are on par with the experimentally suggest that the hydration of hydrophobic residues contributes
determined relaxation times of elastf®*Also, because solvent  significantly to elasticity, thereby supporting the hydrophobic
was present and its effect on the peptide were considered, thenechanism of elasticity.
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