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In this work we used atomistic molecular dynamics simulations to examine different aspects of tubular
nanostructures constructed using protein building blocks wjtkhalical conformation. Initially, we considered

two different natural protein building blocks, which were extracted from the protein data base, to compare the
relative stabilities of the nanotubes obtained made of self-assembled and covalently linked repeats. Results show
nanotubes constructed by linking building blocks through covalent bonds are very stable suggesting that the basic
principles of polymer physics are valid when the repeating units are made of large fragments of proteins. In
contrast, the stability of self-assembled nanostructures strongly depends on the attractive nonbonding interactions
associated to building blocks aligned in a complementary manner. On the other hand, we investigated the ability
of a conformationally constrained synthetic amino acid to enhance the stability of both self-assembled and
polymerized nanotubes when it is used to substitute natural residues. Specifically, we considered 1-aminocyclo-
pentane-1-caboxylic acid, which involves strong stereochemical constraints produced by the cyclopentane side
chain. We found that the incorporation of this amino acid within the more flexible regions gfttkeécal building

blocks is an excellent strategy to enhance the stability of the nanotubes. Thus, when a single mutation is performed
in the loop region of thg-helix, the bend architecture of the whole loop is stabilized since the conformational
mobility is reduced not only at the mutated position but also at the adjacent positions.

Introduction tions. Constructs which preserve their organization in the

simulation are candidates for experiments. We observed that a

Complex multimolecular structures can be usefully designed stryctural model based on the self-assembly of a two-turn repeat
from biological macromoleculéd via noncovalently self-  motif from E. coli galactoside acetyltransferase (PDB code 1k,
assembled “foldamer” building blocRsSelf-assembly of pep-  chain A) produced a very stable tube. Mutational studies

tides and proteirfs*2 and DNA***and RNA segmentSinto revealed that the stability of the self-assembly is enhanced when
novel nanostructures has been reported. In these nanostructureg, mobility in the loop regions is reduced or unfavorable

especially in those derived from proteins, it was proposed that
suitable building blocks are composed by fragments able to
retain in solution a conformation similar to that observed in
the native protein structufé.'2Thus, manipulation of such pre-
existing protein foldamers may provide stable nanostructures

electrostatic interactions are eliminat®d?! In addition, tech-
nological applications as the formation of nanofibers to transfer
charge through p-electron stacking or throughttansfer have
been proposet?

through a favorable association procésds “Here, our goal is to design through atomistic computer
Previously, we have used computer simulation methods to S|mulat|ons a stable tubular structure using naturally occurring

design tubular nanostructures basegBdrelical proteins? We rgpeat building blocks. Current techniques do not allow S|mula-.

selected 17 building blocks from native left-hang@delical tions of the self-assembly processes. However, the systematic

proteins by slicings-helices into two-turn repeat units. Four Use of MD to screen potential assembly arrangements has proven
copies of each structural unit were stacked one atop the other,t0 be an efficient and reliable tool to predict the ultrastructure
with no covalent linkage between them. The stability of these of amyloid fibrils by discarding unfavorable association modes
self-assembled tube organizations was investigated throughin small model system®:-2¢ In the present work, we study the
relatively short (26-40 ns) molecular dynamics (MD) simula- ~ stability of self-assembled versus covalently linked repeats.
Regan and co-workers have recently shown that copies of
* To whom correspondence should be addressed. E-mail: david.zanuy@ structural units covalently linked by spacers lead to stable

uch:.es;_ carlos.aleman@upc.edu. supramolecular structuré%!8 Accordingly, we investigate if
N g{g;eljsr:itsérzgyte”'ca de Catalunya. this strategy can be extended to tubular nanostructures based
$NCILECRDC. on p_olymerizedﬁ-helical repeats using. MD simulatior)S. In
'Tel Aviv University. addition, we examine the ability of a given conformationally
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Table 1. Sequences of the Wild Type 1krr and 1hv9 Building Blocks Used to Construct the Nanotubes?

PDB protein name residues sequence

1krr galactoside acetyltransferase from e. coli 131-165 PITIGNNVWIGSHVVINP GVTIGDNSVIGAGSIVT
1hv9 N-acetylglucosamine 1—phosphate uridyltransferase GImuU, 296—329 CVIKNSVIGDDCEISPY TVVEDANLAAACTIGPF
C—terminal domain from e. coli.

2 For each fragment the mutated residues are highlighted with both bolding and italics.

Table 2. Details of the Simulated Systems? Studied in This Work: Total Number of Particles (Nawoms), Number of Solvent Molecules (Mwater),
Number of Sodium Atoms (Nna+), and Size of the Simulation Box at the Beginning of the Simulation

system Natoms Nwater Nna+ initial box size(A) simulation conditions
nanotubes
self—assembed 1krr 56238 18040 4 80 x 80 x 110 NPT 298K NVT 350K
self—assembled 1hv9 56084 18032 16 80 x 80 x 110 NPT 298K NVT 350K
polymerized 1krr 56226 18041 4 80 x 80 x 110 NPT 298K NVT 350K
polymerized 1hv9 56129 18059 16 80 x 80 x 110 NPT 298K NVT 350K
building blocks
1krr 17474 5656 1 56 x 56 x 56 NPT 298K
1hv9 17465 5656 4 56 x 56 x 56 NPT 298K

a Mutated systems in which proteogenic residues have been replaced by Acsc have not been explicitly specified since the variation in number of
particles with respect to the wild-type system is very small.

CH, proteolytic enzymes with respect to the newly incorporated
L4 . : . .
(a) H,C amino acids, while at the same time, the presence of new
functional groups may also redesign their biological functfeii.
CH, Description of the 5-Helical Building Blocks and the Acsc
HyCy Synthetic Residue Previously!® left-handed3-helical building
C blocks were selected for nanotubular structural design according
”‘-N/ \C"" to the following criteria: (i) they contain highly repetitive,
‘ ” symmetrical building blocks allowing formation of nanofibers
without performing many structural manipulatio¥s(ii) they
H 0 mostly occur in or near active or binding sites, thus likely to be
of functional importancé®-36 and (iii) as compared with right-
b handed3-helices, left-handef-helices exhibit small variability
( ) of shape, size, and sequeri¢d.eft-handeds-helices display
an equilateral triangular shape and highly repetitive sequence,

- a7 - a B whereas right-hande@thelices are less regular. We found that

i W ’\J =\ a nanotube constructed of four stacked replicas of the left-handed
--J/ /= /Ly Covalentlinkage p—_ b R 4 J" B-helix formed by residues 131165 of 1krr exhibited remark-

1 ¥ 7 i _w’ Bva able stability under different simulated conditions, including
> W\ ! &’ "i A _"% temperature increase and addition of i6h&n the other hand,
-~ )/: 1\_%}4 P )’ ‘}4 the less stable model was obtained from four self-assembled

¥ )= N D)= copies of thes-helix formed by residues 296329 of N-acetyl-

glucosamine-1-phosphate uridyltransferase GImU, C-terminal

Figure 1. (a) Chemical structure of the Acsc residue. (b) Formation domain fromE. coli (PDB code 1hv9). Thus, nanoconstructs
of a covalent link between two building blocks of 1krr. The Gly residue formed by this repeat are good systems to test stabilization
used as linker between the two building blocks is specifically strategies, and models constructed from both 1krr and 1hv9 have
displayed. been used to compare the stability of the nanotubes produced
restricted synthetic residue to enhance the stability of the by self-assembly versus covalent polymerization. A description
nanotubular construct. Specifically, we focused on 1-aminocy- Of the sequences used to create the models based on 1krr and
clopentane-1-carboxylic acid (Ac), a simple cyclica,o- 1hv9 repeats is provided in Table 1. Each sequence contains a
dialkylated amino acid with strong stereochemical constraints repetitive helical strand-loop motif, where the peptide backbones
induced by the cyclopentane ring (Figure 1a). A distinct alternate betweefi-strands and loops. X-ray crystal structures
structural feature of A is that the backbone dihedral angles of both 1krr and 1hv9 show that these two protein fragments
@) are not as geometrically restricted by the five-membered have an almost perfect equilateral triangular shape, with each
cycle as in Proline, even though the steric interactions producedside being~18 A.
by this bulky side group constrain its conformational flex- Studies of peptides containing thes&cesidue have indicated
ibility. 27 Taking into account that the stability of the nanotubular that this synthetic amino acid presents a restricted conforma-
construct is enhanced by the incorporation of proline in the loop tional space with a high propensity to adopt folded conforma-
region!® we decided to analyze if Ac is a good candidate to  tions?7:38:39This conformational characteristic makessé@
increase the stability of both the repeats and the tubes formedpotential candidate to reduce the conformational freedom of the
by self-assembling and by polymerization. [-helix building blocks if it is introduced in the most mobile

On the other hand, incorporation of synthetic residues into regions, i.e., the folded loops, replacing natural amino acids.
naturally occurring building blocks may also increase resistance Furthermore, the strain energy associated with the cyclopentane
toward in vivo proteolysis, due to the low selectivity of ringin Acsc is significantly lower than that of other constrain&%v
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Figure 2. Evolution of the backbone RMSD of the simulated wild type nanotube models with respect to the initial structure at 298 (a) and 350
K (b): self-assembled 1krr (black), self-assembled 1hv9 (orange), polymerized 1krr (blue) and polymerized 1hv9 (red). (c) RMSF of the 1krr
(top) and 1hv9 (bottom) polymerized nanotubes in comparison with their corresponding self-assembled ones at 298 (c) and 350 K (d). The color
code is identical to that mentioned above.

amino acids with cyclic side chains recently investigaed. The results presented in this manuscript demonstrate the
Accordingly, Aac is expected to adapt its folded conformation promising utility of the conformationally restricted amino acids
within the targeted position more easily than the corresponding as key pieces to bias the conformational preferences of naturally
analogue with a cyclopropane ring. Threesésingle mutations occurring building blocks. In all cases, we observe favorable
were considered in this work for eaghhelix building block, formation of coherently organized nanostructures whegcAc
which were selected based on our previous study (see bé&low). is introduced in selected positions of thdaelical building block,

The mutated positions for the 1krr and 1hv9 fragments are independently of the conditions studied and the protein segment
displayed in Table 1. chosen for the experiments. Thus, nanotubes built bthBQ/
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Figure 3. Structure of self-assembled (a) and polymerized (b) nantubes obtained from both 1krr and 1hv9 at the beginning and after 10 ns of
MD simulation. In all cases the arrows pointing to the left and right of the starting structures precede the organization sustained at 298 and 350
K, respectively. Note that for the assembled structures each building block is highlighted with different color.

assembly of the 1krr motifs get extra stabilization when Gly was subjected to minimization until the difference in energy was less
149 is substituted by Ac. Analogous results are obtained when than a threshold of 10 kcal/mol or the norm of the gradient for two
Acsc replaces Asp at the position 306 of 1hv9. On the other successive steps in the minimization was less than 0.1 kcafimdext,
hand, the promotion of polymerization as compared to self- different consecutive rounds of short MD runs were performed in order
assembly always increases the thermal stability of the constructsto equilibrate the density, temperature, and pressure. First, solvent and

even when the assembly is not favored as in 1hv9. charged sodium atoms were thermally relaxed by three consecutives
runs, while the protein parts were kept frozen. Then, 0.5 ns of NVT

MD at 500 K were used to homogeneously distribute the solvent and
Methods ions in the box. Second, 0.5 ns of isothermal and 0.5 ns isobaric relaxa-
tion were run. Finally, all of the atoms of the system were submitted

Computational Details. MD simulations were performed using the ~ t0 0.15 ns of steady heating until the target temperature was reached
NAMD program# Each simulated system was placed in the center of (298 K), 0.25 ns of NVT-MD at 298 K (thermal equilibration) followed
an orthorhombic simulation box filled with explicit water molecules, by 0.5 ns of density relaxation (NPT-MD). Both temperature and
which were represented using the TIP3 mddebositively charged pressure were controlled by the weak coupling method, the Berendsen
sodium atoms were added to the simulation box in the required amountthermo-barostaf; using a time constant for heat bath coupling and a
to reach electric neutrality (all considered building blocks had negative pressure relaxation time of 1 ps. The end of the density relaxation
net charge at neutral pH). All atoms of both building blocks and the simulation was the starting point of the molecular simulations presented
nanotubes were considered explicitly. The details for each simulated in this work. All of the building block systems were simulated at 298
system are provided in Table 2. K and constant pressure of 1 atm. On the other hand, all of the nanotube

The energy was calculated using the AMBER force-fi@lth with systems, both self-assembled and covalently linked models, were
the required parameters taken from the AMBER libraries for all of the simulated using the aforementioned conditions to assess their stability
residues with the exception of AT A recently developed parametriza-  at physiological conditions and at higher temperature to partially study
tion?’ that is fully consistent with AMBER parameters was used for their kinetic stability. Thus, in those simulations, the end of NPT
this conformationally constrained residue. Atom pair distance cutoffs relaxation was used as starting point for an NVT simulation at 350 K
were applied at 14.0 A to compute the van der Waals interactions. The (more than 50 degrees over standard conditions). The coordinates of
electrostatic interactions were computed using the non-truncated electro-all the production runs, which were 10 ns long, were saved every 500
static potential with Ewald summatioAsThe real space term was  Steps (1 ps intervals) for subsequent analysis.
determined by the van der Waals cut off (14.0 A), whereas the reciprocal ~ Structural Analyses. The conformational stability and conservation
term was estimated by interpolation of the effective charge into a of the nanostructures was measured by calculating (i) the evolution of
charges mesh with a grid thickness of 5 points per volume unit, i.e., the backbone root-mean-square deviation (RMSD) through the simula-
particle-mesh Ewald (PME) methdtiBond lengths were constrained  tion relative to the initial structure; and (ii) the root-mean-square
using theSHAKE algorithm{® with a numerical integration step of 2 fluctuation (RMSF) of individual residues averaged over the whole
fs. simulation. Both RMSD and RMSF were computed with respect to

Before the production series, the thermodynamic variables of the the backbone atoms-(N—C*—C—). The distribution of the backbone
system were equilibrated. The energy of each system was initially dihedral angles,i» was used to show the mobility of the loop regions.
minimized to relax conformational and structural tensions using the The conformation of a given residue is more restrained whewpiire

conjugate gradient method for at least8.0° steps; that is, the system  distribution is narrower. CDV
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Results and Discussion (a) 50

Self-Assembled versus Polymerized Nanotubes Derived
from Wild-Type 1krr and 1hv9. The overall stability of the 4.0 4
self-assembled and polymerized nanotubes of 1krr and 1hv9

was measured by computing the backbone RMSD with respect 2 301
to the initial structure. Analysis of the RMSDs for simulations —~
performed at 298 K, which are displayed in Figure 2a, indicates 7

that the self-assembled structure of 1krr is very stable (average 5 2.0

RMSD = 1.43+ 0.12 A), whereas the self-assembled construct
of 1hv9 exhibits significant conformational distortions that lead \
to an increase of the RMSD beyda A after 1 ns of simulation 1.0 3
(average RMSD= 2.18 4+ 0.21 A). Figure 3a compares the

two self-assembled structures following 10 ns of simulation,
whereas Figure 2c plots the RMSF of these two systems. The

low stability of the 1hv9 structure is mainly due to the distortions

of the loop regions, especially those formed by segments-304

306 and 32%+323. In contrast, no significant fluctuation was b
found for the self-assembled structure of 1krr after 10 ns. ( )
Although no qualitative change is detected when these results
are compared with those derived from simulations at 350 K
(Figure 2b), self-assembled structures show significant sensitiv-
ity toward thermal strain. Thus, the self-assembled structure of
1krr exhibits much higher structural fluctuations at 350 K than
at 298 K, even though the core of the assembly remains stable
in both cases. Inspection to the RMSF clearly shows that the
main distortions are located at the building blocks of the
assembly edges, suggesting that this greater flexibility might
mostly be a reflection of the finite size of the system. On the
other hand, the self-assembled construct based on the 1hv92
building block exhibits the same behavior as previously seen
at 298 K. However, at 350 K, the destabilization occurs in a
much shorter time lapse (the RMSD gets to 2.5 A even before
reaching 1 ns). # Residue

Inspection of the RMSF (Figure 2d) demonstrates that the Figure 4. Comparison of the RMSF for the wild type and mutated
reduction of nano-organization is homogenously extended to puilding blocks. (a) Bgilding blocks based‘on 1krr: wild type (black
all of the building blocks, analogous to what was seen at 298 in€). P148Acsc (blue line), G149Acsc (red line), and AL60ACsC (green

. " . _line). (b) Building blocks based on 1hv9: wild type (black line),
K. Therefore,. both simulated condmoqs show the same behaworDSOSACBC (blue line), D30BACsc (red line), and A322Acsc (green line)
for the studied assembly cases, with the temperature only gray dashed lines indicate the position of the substitutions.

enhancing the differences in the kinetic stability among them.

Moreover, these results are in excellent agreement with our
previous report? even though different MD conditions were to be crucial for understanding the stabilities of both self-
used. Previous simulations were performed with the CHARMMZ22 assembled and polymerized tubes (see below).

0.0

RMSF (A)

force-field using a simulation box of dimensions (50 x 70 The evolution of the RMSDs along the simulations for the
A with NVT conditions at higher temperature (330 K), whereas polymerized nanotubes is included in Figure 2, panels a and b
the present work was carried out with AMBER force-fiéi¢? (simulations at 298 and 350 K). The structures obtained at the

using an initial box size of 8& 80 x 110 A and the density  end of each trajectory are displayed in Figure 3b. Finally,
was previously relaxed at 298 K and 1 atm (NPT conditions), Figures 2c and Figures 2d compare the residue-based fluctuation
whereas 350 K simulations were run in parallel. Hence, it can of the po|ymerized structures with their Corresponding self-
be concluded that the predictions do not depend on the force-assembled ones, at 298K and 350K, respectively. For both 1krr
field or on the simulation conditions. and 1hv9, the polymerized structures are considerably more
The polymerized nanotubes of 1krr and 1hv9 were constructedstable than the self-assembled ones, even though the most
by linking covalently the corresponding building blocks. To significant improvement was obtained for the construct derived
successfully link these polymeric nanostructures, the covalentfrom the 1hv9 building block. The average RMSDs are (Gt98
linkage of several identical building blocks should guarantee 0.20 and 0.98t 0.13 A for the tubes formed by polymerizing
the formation of the desired fold. To provide a homogeneous the 1krr and 1hv9, respectively, showing a reduction of about
and regulag-helix fold, a Gly residue, which is not expected and 1.2 A with respect to the self-assembled analogues. The
to alter the chemical nature of the nanoconstruct due to the lackbehavior exhibited by both the polymerized and the self-
of side chain, was used. Figure 1b shows the position of the assembled tubes at 350 K is qualitatively analogous to that
Gly linker between two consecutive 1krr building blocks. In  previously described at 298 K. However, in all cases, the
contrast, no linker was needed for the polymerized nanotube structural fluctuations increase with the temperature. Figure 2d
of 1hv9, as a regulgs-helix arrangement was obtained when illustrates such behavior, as can be observed by the homoge-
the building blocks are linked directly. This structural difference neous increment of the structural fluctuations along all of the
between the nanoconstructs formed by 1krr and 1hv9 was foundstudied sequences when the temperature is raised. CDV
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Figure 5. Structure of the wild type and mutated building blocks of 1krr (a) and 1hv9 (b) after 10 ns of MD simulation. The hydrogen atoms
have been omitted for clarity and the backbone has been represented by solid shapes (arrows indicate sheet conformation). Circled zones
correspond to explicit structural effects that are highlighted in the text.

On the other hand, a detailed comparison of panels a and b Stability of Building Block Mutants of 1krr and 1hv9.
in Figure 2 illustrates how covalent linkages between building Three positions of 1krr and 1hv9 were selected as suitable
blocks reduce the unfolding velocity; that is, polymerization candidates for substitution by Acaccording to the following
provides not only thermal stabilization but also enhances the criteria: (i) the residues are located in the loop regions, which
kinetic stability of the nanoconstructs. Although self-assembled display higher mobility than th@ sheets and present a turn-
models rapidly lose global organization, those that were conformation similar to that preferred by 4&x (ii) the side chain
covalently linked show similar behavior to that exhibited at 298 of the residues is outward-pointing avoiding unfavorable steric
K (Figure 3b). interactions between the cyclopentane group of thecAc

A detailed analysis of the snapshots recorded during the substitution and the side chains of the inward-pointing residues;
simulation allows explaining the differences found between the and (iii) the charged side chain of the Asp-305 and Asp-306
nanostructures formed by these twhelical motifs. As residues produces electrostatic repulsions in the loop regions
mentioned above, no linker was required to join two consecutive of 1hv9. Thus, targeting flexible and electrostatically disfavored
building blocks of 1hv9 indicating that the distance between loop regions should have direct impact on the structural stability
the end of a repetitive unit and the beginning of the next one is of the nanoconstructs.
close to that typically found for a chemical bond. This distance,  For the 1krr building block, the Pro, Gly, and Ala residues
which is excessively short for self-assembling, together with at positions 148, 149, and 160 are substituted bycAne at a
the low inherent conformational stability of the 1hv9 building time (Table 1), with the three corresponding mutants denoted
block, precludes the stabilization of the self-assembled nano-P148Agc, G149Acc, and A160Aec, respectively. The single
construct and induces the unfolding of the loop regions. On the mutations performed on the 1hv9 building block at Asp-305,
other hand, a larger distance between consecutive buildingAsp-306, and Ala-322 were denoted D303&dD306A¢c, and
blocks was obtained for 1krr. This distance was suitable for A322Acsc, respectively. Figure 4 compares the RMSF of the
the stabilization of the tube formed by the self-assembled wild type building blocks with the corresponding mutants, and
building blocks since optimum nonbonding interactions were Figure 5 displays for each case the structure obtained after 10
obtained between successive repeating units. Finally, thens of MD simulation. As can be seen, for the 1krr mutants, the
behavior of polymerized nanoconstructs can be straightforwardly highest local improvement was obtained for G149, the averaged
explained: the stability of regular and homogeneous conforma- RMS of residue 149 decreasing by about 2 A. Thus, the
tions increases with the size of the chain. substitution of a flexible Gly residue by an & which is

Overall these results allow us to conclude that the stability constrained to adopt turn conformations, stabilizes the bend
of the nanotubes depends on how efficient is the match betweenarchitecture of the loop by reducing its mobility. This is reflected
consecutive building blocks. Homogenegiihelix folds can in Figure 6a, which shows the Ramachandran plots of the
be obtained by forming stable assemblies of building blocks substituted positions and the adjacent residues. As can be seen,
aligned in a complementary (self-assembled) manner or by the conformations of the Pro-148 and Val-150 residues are
introducing suitable linkers to retain the backbone hydrogen significantly more restrained in the mutant than in the wild type.
bonds and the electrostatic interaction in theheet and loop The P148Aec and A160Agc mutants also display a stabi-
regions. lization of the substituted position, although this local impro&%v
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Figure 6. Comparison of the backbone torsion angle (¢, ) distributions for the more significant building blocks. The Ramachandran plots
correspond to the targeted position and its adjacent residues in (a) 1krr wild type and G149Acsc mutant and (b) 1hv9 wild type and D306Acsc
mutant.

ment was smaller than 0.5 A (Figure 4a). In the case of substitution at Asp-305 does not provide either local or global
P148Acc, this is an expected result. Since Pro also prefers turn improvement. The structural distortion is significant and similar
conformationsy this substitution is less important than that of  for both the wild type and the D305Ac mutant, with the
G149Acc. Regarding A160Ag, the snapshot recorded at the  s-helix disrupted in both cases. In contrast, a notable structural
end of the simulations (Figure 5a) reveals a significant distortion stapility is displayed by the D306Ac mutant. In this case, the

in the turn at positions 148150. This segment is located  RMSF is considerably smaller not only at the substitution site
between both N- and C-termini edges, implying that it iS 1+ 4150 at all other positions. Thus, the initigthelix
Suscept'b.le to u_ndergo conformgtlonal changes whgn those edgeéonformation is retained without apparent distortions after 10
start fraying. Figure 5a also evidence the reorganization of the ns of MD simulation. Inspection of the Ramachandran plots of

turn between residues 15461, which involves the substituted the substituted position and the adjacent residues, displayed in
position. Thus, in A160Agc, the conformational rigidity of this . P S y » disprayec
Figure 6b, reveals a significant resemblance between the wild

loop is enhanced inducing a global chain effect that causes the o
edges to collapse. In the wild type case, the loop spontaneously!yP€ and the D306Ac mutant. Even though the substitution

evolved toward an alternative organization that favors the @t POSition Asp-306 by Ae eliminates the electrostatic repul-
preservation of th—helix motif (Figure 5a). In summary, the ~ SIOn with Asp-305, the backbone constraints associated with
flexibility of the loop containing Ala-160 is crucial for the global  the Acc residue have a significantly smaller effect in the
organization of the building block. fluctuations at the loop than at the other positions. As a
Results for the wild type building block of 1hv9 and its three consequence, a substantial global stabilization of the building
mutants are displayed in Figures 4b and 5b. As can be seenplock is obtained. Finally, the A322Ac mutant shows accep&DV
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Figure 8. Comparison of RMSF values for the wild type and mutated
sequences in both self-assembled (top plots) and polymerized (bottom
plots) nanotubes, simulated at 298 K. (a) Nanotubes based on 1krr:
On the top, the self-assembled wild type (blue line) and the G149Acsc
(blue-dashed line) building blocks; on the bottom, the polymerized
wild type (black line) and G149Acsc (black-dashed line) building
blocks. (b) Nanotubes based on 1hv9: On the top, the self-assembled

00 L0 20 30 40 50 60 7.0 B0 90 100 wild type (orange line) and D306Acsc (orange-dashed line) building
Time (ns) blocks; on the bottom the polymerized wild type (red line) and
Figure 7. Evolution of the backbone RMSD of the simulated nantube D306Acsc (red-dashed line) building blocks.
models based upon both wild type sequences and mutants with . .
respect to the initial structures. In the plot are compared assemblies lymerized nanotubes. These two mutants provided the largest
and polymerized structures for each case. For 1krr based nano- local and global stabilization for th&helix motifs derived from
tubes: wild type self-assembled nanotube (black line), wild type 1krr and 1hv9, respectively. The strategy used to build the

polymerized nantube (blue line), G149Acsc self-assembled nanotube

’ X - ; structures of both self-assembled and polymerized nanotubular
(orange line) and G149Acsc polymerized nantube (red line) simulated

at (a) 298 and (b) 350 K. For 1hvO based nanotubes: wild type self- mutants was identical to that (_jescrlbed above for the wild-type

assembled nanotube (black line), wild type polymerized nantube (blue nanoconstructs. The polym.erlzed nanotube Of. G148Anly

line), D306ACsc self-assembled nanotube (orange line) and D306Acsc formed a homogeneoyshelix when a Gly was introduced as

polymerized nantube (red line) simulated at (c) 298 and (d) 350 K. linker residue. Figure 7 compares the evolution of the RMSD
calculated for nanotubes of the mutated building blocks with

able local and global stabilization, which is a consequence of those obtained using wild-type repeats, whereas Figure 8

the restrictions imposed by the &con the backbone conforma- compares the RMSF. In Figure 7, the simulations performed at

tion. 350 K are also included, whereas Figure 8 only depicts the
Stability of the Self-Assembled and Polymerized Nano- RMSF at 298 K (see text below).
tubular Mutants of 1krr and 1hv9. G149Agc and D306Aec As can be seen, the RMSD of the G149éeself-assembled

were selected as building blocks for self-assembled and po-system is considerably smaller than its corresponding wild 8[))?/
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Figure 9. Comparison of the backbone torsion angle (¢, ) distributions of the targeted segments for the nanotubes constructed with the 1krr
building block simulated at 298 K. The Ramachandran plots correspond to the mutated position and its adjacent residues in the self-assembled
(a) and polymerized (b) nanotubes derived from the wild type and G149Acsc building blocks. Different colors have been used for each building
block.

system. At 298 K, the backbone RMSD of the self-assembled remarkable conformational similarity among the fourséc
G149Acc remains closeaot 1 A for the whole simulation residues contained in the different subunits of the self-assembled
indicating that the stability of this self-assembled organization G149Agc. This result is particularly important since, although
is remarkably high. No significant difference was found in the self-assembled nanotubes using 1krr repeats present an intrinsic
RMSF and Ramachandram plots of all of the 1krr based tubesstability, it can be significantly increased by restricting the
when the temperature is raised to 350 K. Thus, further results conformational freedom at a specific position within the most
related to the tubes’ ultra-structure will only be described for mobile loop.
the simulations performed at 298 K (detailed analysis of  On the other hand, Figure 7a suggests a small stabilization
simulations performed at 350 K is provided in the Supporting when this mutation is introduced in the polymerized tubes, even
Information). though the RMSFs are very low and similar to the G14@Ac
The aforementioned G149Acbehavior clearly demonstrates and 1krr polymerized systems. Indeed, the Ramachandran plots
that the substitution of Gly-149 by Ac not only reduces the  displayed in Figure 9b indicate that the conformation is more
flexibility of the building block but also enhances its ability to  regular for the mutated tube than for the wild-type one. As
retain the assembled structure constructed using the mutatednentioned above, introduction of Ac5c in position 149 reduces
subunits. The latter feature is clearly evidenced by the Ram- the conformational freedom of the segment enhancing the
achandran plots displayed in Figure 9a, which reflect not only stability of the conformational motif. Hence, introduction of
the low mobility of the whole mutated loops but also the conformationally restrained residues at suitable positions apeﬁg{?
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Figure 10. Comparison of the backbone torsion angle (¢, ) distributions of the targeted segments for the nanotubes constructed with the
1hv9 building block simulated at 298 K. The Ramachandran plots correspond to the mutated position and its adjacent residues in the self-
assembled (a) and polymerized (b) nanotubes derived from the wild type and D306Acsc building blocks. Different colors have been used for
each building block.

a good strategy to stabilize not only the self-assembed nano-the background noise introduced by increasing thermal vibra-
constructs but also polymerized ones. Comparison of the self-tions, ultra-structural details will be provided for the 298 K
assembled and polymerized nanotubes of G148faveals that ~ simulations.

both the RMSD and RMSF are very similar for the two systems. ~ Figure 8b shows the RMSF for all of the 1hv9 based
Furthermore, the conformations of thesa@nd its neighboring ~ nanotubes studied at 298 K. As can be seen, substitution in the
residues do not depend on the self-assembled or polymerizedself-assembled tube does not produce any significant improve-
nature of the nanotube, being almost identical in both cases.Ment. Thus, the RMSD of the D3064c and 1hv9 self-

Thus overall these results allow us to conclude that G140Ac assembled tubes are very similar after 10 ns of MD simulation.
is a potentially good mutant of 1krr Indeed, inspection to the RMSF values reveals that the mutation

. . at the Asp-306 produces a significant fraying at the C-terminal
Comparison of the self-assembled and polymerized nano-egion of all of the interacting subunits, even though an
structures derived from D306é(CW|th those constructed USing improvement is C|ear|y observed not On|y at the substituted
the 1hv9 wild type building block is provided in Figure 7, panels position but also at the residues located at the N-terminal and
c and d, at two different temperatures. Once again, the incrementcentral regions. The reduced conformational flexibility of the
of temperature does not lead to meaningful differences with mutated loop is illustrated in Figure 10a, which compares the
respect to the simulations performed at 298 K. In order to reduce Ramachandran plots of residues 305, 306 and 307 contain&_j){?
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the four self-assembled subunits. These results indicate thatCiencia” (MEC). F.R.-R. also thanks the Spanish MEC for
although electrostatic repulsions were removed in the mutatedfinancial support. This project has been funded in whole or in
building block, they appear again when the Asp-305 residues part with Federal funds from the National Cancer Institute,
of the stacked D306Ac units interact. National Institutes of Health, under Contract No. NO1-CO-
Finally, inspection of the RMSD (Figure 7c), RSMF (Figure 12400. The content of this publication does not necessarily
8b) and Ramachandran plots of the residues contained in thereflect the view of the policies of the Department of Health
mutated loop (Figure 10b) of the D3064cand 1hv9 polym- and Human Services, nor does mention of trade names,
erized tubes shows that mutation bysacloes not produce any ~ commercial products, or organization imply endorsement by the
relevant variation in the stability of the nanoconstruct. This is U.S. Government. This research was supported [in part] by the
because the stability of the polymerized nanostructure con- Intramural Research Program of the NIH, National Cancer
structed using the 1hv9 wild type sequence is very significant. Institute, Center for Cancer Research.
Thus, the unfavorable effects associated with both the confor-
mational flexibility of the loops and the electrostatic repulsions
between neighboring Asp are minimized when the building
blocks are covalently linked, the influence of the mutation by
itself being almost negligible.

Supporting Information Available. Averaged root-mean-
square fluctuations for the wild type and mutated sequences in
both self-assembled and polymerized nanotubes simulated at
350 K. Ramachandran plots for the nanotubes constructed with
1krr and 1hv9 building blocks simulated at 350 K. This
information is available free of charge via the Internet at http://

Conclusions pubs.acs.org.
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