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Abstract
Here we study conformational stabilization induced in a β-helical nanostructure by position-specific
mutations. The nanostructure is constructed through the self-assembly of the β-helical building block
excised from E. coli galactoside acetyltransferase (PDB code 1krr, chain A; residues 131-165). The
mutations involve substitutions by cyclic, conformationally constrained amino acids. Specifically, a
complete structural analysis of the Pro-Xaa-Val sequence [with Xaa being Gly, Ac3c (1-
aminocyclopropane-1-carboxylic acid) and Ac5c (1-aminocyclopentane-1-carboxylic acid)],
corresponding to the 148-150 loop region in the wild-type (Gly) and mutated (Ac3c and Ac5c) 1krr,
has been performed using Molecular Dynamics simulations and X-ray crystallography. Simulations
have been performed for the wild-type and mutants of three different systems, namely the building
block, the nanoconstruct and the isolated Pro-Xaa-Val tripeptide. Furthermore, the crystalline
structures of five peptides of Pro-Xaa-Val or Xaa-Val sequences have been solved by X-ray
diffraction analysis and compared with theoretical predictions. Both the theoretical and
crystallographic studies indicate that the Pro-Acnc-Val sequences exhibit a high propensity to adopt
turn-like conformations, and this propensity is little affected by the chemical environment. Overall,
the results indicate that replacement of Gly149 by Ac3c or Ac5c significantly reduce the
conformational flexibility of the target site enhancing the structural specificity of the building block
and the nanoconstruct derived from the 1krr β-helical motif.

Introduction
Currently, there is increasing interest in nanostructure design, which involves the ability to
predictably manipulate the properties of the self-assembly of autonomous units with preferred
conformational states.1-6 The units can be synthetic material science based or derived from
functional biological macromolecules. Among the latter, peptides, proteins and nucleic acid
molecules and their parts provide biological building blocks that may be assembled in a bottom-
up approach into novel architectures, which may differ from those found in nature.5,6 Proteins
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are particularly suitable candidates for nanostructure design since they provide a broad range
of molecular shapes (conformational motifs) that can be used to create diverse scaffolds.
Successful design with proteins follows the physical principles of folding, stability and protein-
protein interactions.7-9 In hierarchical design strategies, the assembled protein building blocks
need to be in their preferred conformational states.10

Recently, we proposed the novel strategy of starting with the nanostructure shape created by
making use of a library of protein building blocks with available structures.11-13 Such a
strategy is attractive because the richness of the repertoire of the protein building block shapes
and chemistries provides an immense array of potential nanoassemblies. The use of protein
building blocks has additional advantages, since these structural elements have been perfected
by evolution, are easily available, and are biocompatible. The challenge is to be able to
predictably modulate them towards the desired goal. To successfully engineer nanostructures
using protein building blocks, two criteria should be fulfilled. First, the desired conformation
of the selected building block should be stable, and second, the association between the building
blocks should be favorable, with an energy gap between the desired self-assembly and all other
potential associations. To fulfill the first criterion, selection of a relatively stable structural unit
such as a structural repeat taken from a commonly occurring protein architecture14-16 appears
as a promising choice. For the second, attempting to preserve a native interface or construct
also seems a reasonable approach.17

We have followed this strategy to design self-assembled nanostructures using building blocks
extracted from β-helical proteins that contain a tubular or fibrillar motif in their folds.18 More
specifically, we selected 17 building blocks from native left-handed β-helical proteins by
slicing β-helices into two-turn repeat units. Four copies of each structural unit were stacked
one atop the other with no covalent linkage between them. The stability of these self-assembled
organizations was investigated through Molecular Dynamics (MD) simulations using atomistic
models. We observed that a structural model based on the self-assembly of a two-turn repeat
motif from E. coli galactoside acetyltransferase (PDB code 1krr, chain A; residues 131-165)
produced a very stable nanoconstruct. Moreover, mesoscopic simulations using explicitly
derived coarse-grained models19,20 indicated that the energetic stability of the nanostructure
varies with the number of self-assembled building blocks, becoming disfavored after a
threshold value (~ 45).

Although we are aware that no experimental evidence demonstrating that a building block
consisting of two turns of β-helix remains intact in solution has been reported, the following
considerations should be taken into account. Despite the classical vision that hierarchical three
dimensional organization of globular proteins is the key event to stabilize secondary structure
motifs, recent discoveries have shown that under the proper conditions short segments that
present a high density of secondary structure motifs can become conformationally stable once
excised from their original proteins.21 Hence, secondary structure repeats can be driven to
show similar conformational tendencies when extracted from their native environment. For
instance, if such motifs are associated to form longer polypeptide segments by small chemical
modifications (such as capping of the terminal coils or the covalent linkage of the repeat
segments) the main secondary structural features are preserved,21,22 and the most important
non covalent interactions that characterized the structural motif remain mainly unaltered.23
Hence, the construction of nanostructures based on extracting polypeptide segments with high
density of secondary structure has become for the last five years a standard strategy within the
field of nanobiology. In order to preserve their native fold the building blocks require further
manipulation, such as building structural repeats.24-26

In our case, the results previously obtained18 showed that if the proper protocol is found, the
resulting nanoconstruct is stable. Our recent efforts have focused on proposing alternative paths
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to stabilize the native fold, combining in silico studies with the structural features of synthetic
amino acids. The hypothetical constructs built in silico allow identification of those polypeptide
segments are more flexible. In the context of the polypeptide dynamics, it means pointing to
the parts that would most contribute to stabilize the unfolded states, presumed to be the most
populated after the peptide is excised from the protein. This information is used to enhance the
conformational specificity of β-helical nanoconstructs, by incorporating substitutions with
non-proteinogenic amino acids in key positions of those mobile segments along the building
blocks.27-30 The idea is to overpopulate the folded conformation by an extra stabilization of
the flexible zones of the peptide. In silico this was accomplished by incorporating
conformationally restricted amino acids in the most flexible regions of the β-helix, i.e the loops,
27-29 even though in a few specific cases stabilization was achieved by replacing residues
located in the β-sheet segments.30 It is worth noting that synthetic constrained amino acids
were typically created to restrict their accessible conformational spaces to one of the
conformations associated to the common secondary structural motifs. Furthermore,
constrained amino acids promote such structural motifs in neigboring residues by altering their
potential energy hypersurfaces,28,29 which produces a stabilization of the folded state with
respect to the unfolded one. The most successful results27,28 were obtained by reducing the
mobility of the loop regions by inserting 1-aminocycloalkane-1-carboxylic acids (Acnc, where
n indicates the size of the cycloalkane ring), which are cyclic Cα-tetrasubstituted amino acids
with a strong tendency to accommodate folded turn-like conformations.31-33 In particular, we
observed that when the cyclopentane derivative (Ac5c, Figure 1) replaces Gly149 in the flexible
loop defined by residues 148-150 of 1krr, the conformational specificity of both the building
block and the self-assembled nanoconstruct increases significantly.28 The Gly149 residue
seems therefore to be an appropriate target for position-specific mutations with constrained
amino acids.

Accordingly, the role of Ac5c in the stabilization of the 1krr building block and the
corresponding self-assembled nanoconstruct deserve further analysis for future nanobiological
developments. Moreover, it is highly desirable to establish whether other residues of the
Acnc series -in particular, the cyclopropane member (Ac3c, Figure 1)- produce a similar
stabilizing effect when replacing Gly149. Previous studies on peptides incorporating
Ac3c31-35 Ac5c31-33,36,37 showed that both residues share some conformational features
inherent to their cyclic α-tetrasubstituted nature, while exhibiting distinctive structural
properties which may be crucial in stabilizing the 1krr building block and nanoconstruct. It is
also important to ascertain whether these conformationally restricted residues produce local
stabilization or rather a global reduction of the conformational flexibility of the whole foldamer
or/and the nanostructure. In this work, we report a complete structural analysis of the Pro-Xaa-
Val sequence (with Xaa being Gly, Ac3c and Ac5c), which corresponds to the 148-150 loop
region of the wild-type (Gly) and mutated (Ac3c, Ac5c) 1krr, using both computer simulation
and experimental techniques. For this purpose, the influence of Ac3c and Ac5c on the
conformation, flexibility and dynamics of the Pro-Xaa-Val sequence has been examined
considering the wild-type and mutants of three different systems, which were simulated by
MD: (i) the 1krr building block, (ii) the nanostructure constructed by stacking four replicas of
the building block, i.e. four self-assembled repeat units, and (iii) the isolated tripeptide. The
conformational preferences of the building blocks and the nanoconstructs were investigated
following the evolution of the β-helical conformation through MD trajectories, while a
conformational search procedure was applied to study the intrinsic conformational preferences
of the tripeptides. Furthermore, for the latter system, theoretical predictions have been
contrasted with experimental information provided by X-ray crystallography. Specifically, the
molecular structure of five peptides of Pro-Xaa-Val or Xaa-Val sequences bearing different
terminal groups have been solved by X-ray diffraction analysis. Combination of these
experimental data with results derived from MD simulations provides a complete view of how
the scenario of the examined loop region changes after the targeted replacements.
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Methods
Molecular Dynamics Simulations

Systems Studied—Three different systems based on the building block corresponding to
the segment 131-165 of the β-helical protein 1krr18 (Table 1) were simulated in this work.
First, the potential stabilization of the loop region 148-150 (Pro-Gly-Val) when Gly149 is
replaced by Ac3c and Ac5c was studied considering a single building block. These molecular
systems were built using a cubic simulation box (initial dimensions 56.0×56.0×56.0 Å3) with
5656 water molecules. The second series of simulations were centered on the structural features
of nanoconstructs built by placing 4 replicas of the β-helical building block assembled one on
the top of the other and united via non-covalent interactions. These simulations were designed
to examine whether Ac3c and Ac5c replacements are potential nuclei for the global stabilization
of both the desired β-helical conformation and the nanoassembly. In these systems the
simulation box was orthorhombic (initial dimensions 80.0×80.0×110.0 Å3) with 18041 water
molecules. In both the building block and the nanoconstruct series, sodium ions were added to
the system to reach electrical neutrality (1 and 4 cations, respectively). Finally, the intrinsic
conformational preferences of the isolated tripeptide corresponding to the loop segment were
studied in chloroform solution, the wild-type (Pro-Gly-Val) and mutated systems (Pro-Ac3c-
Val and Pro-Ac5c-Val) being investigated. These simulations were performed considering a
cubic simulation box (initial dimensions 44.5×44.5×44.5 Å3) with 772 chloroform molecules.
All systems were conveniently blocked at the Nt and Ct termini by acetyl (Ac, MeCO-) and
methylamide (-NHMe) groups, respectively.

General Simulation Conditions—All trajectories were generated using the NAMD
program.38 Simulations of the building blocks and the nanoconstructs were performed in
aqueous solution using the TIP3 model39 to represent explicit water molecules, while the
OPLS440 model of chloroform was employed for the conformational search of the tripeptides.
Energies were calculated using the AMBER force-field,41,42 the required parameters being
taken from the AMBER libraries for all the residues with the exception of Ac3c and Ac5c, that
were previously parametrized by our research group.36a,43,44

Atom pair distance cutoffs were applied at 14.0 Å to compute the van der Waals interactions.
The electrostatic interactions were computed using the non-truncated electrostatic potential
with Ewald Summations.45 The real space term was determined by the van der Waals cut off
(14.0 Å), while the reciprocal term was estimated by interpolation of the effective charge into
a charges mesh with a grid thickness of 5 points per volume unit, i.e. particle-mesh Ewald
(PME) method.45 The lengths of bonds involving hydrogen atoms were constrained using the
SHAKE algorithm.46 A numerical integration step of 2 fs was used in all simulations.

Before the corresponding MD production series, the thermodynamic variables of each system
were equilibrated. For this purpose, the energy of each system was initially minimized to relax
conformational and structural tensions using the conjugate gradient method for 5·103 steps.
Next, different consecutive rounds of short MD runs were performed in order to equilibrate
the density, temperature and pressure. Initially, solvent and charged sodium atoms were
thermally relaxed by three consecutive runs, while the protein parts were kept frozen. First,
0.5 ns of NVT-MD at 500 K were used to homogeneously distribute the solvent and ions in
the box. Second, 0.5 ns of isothermal and 0.5 ns isobaric relaxation were run. Finally, all the
atoms of the system were subjected to 0.15 ns of steady heating until the target temperature
was reached (298 K), and then 0.25 ns of NVT-MD at 298 K (thermal equilibration) followed
by 0.5 ns of density relaxation (NPT-MD). Both temperature and pressure were controlled by
the weak coupling method, the Berendsen thermo-barostat,47 using a time constant for heat
bath coupling and a pressure relaxation time of 1 ps. The end of the density relaxation
simulation was the starting point of each molecular simulation. All the systems based on 1krr
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were simulated at 298 K and constant pressure of 1 atm. The coordinates of all the production
runs, which were 10 ns long, were saved every 1000 steps (2 ps intervals) for subsequent
analysis.

Structural Analyses—The conformational specificity and conservation of the
nanostructures was measured by calculating (i) the evolution of the backbone root-mean-square
deviation (RMSD) through the simulation relative to the initial structure; and (ii) the root-
mean-square fluctuation (RMSF) of individual residues averaged over the whole simulation.
Both RMSD and RMSF were computed with respect to the backbone atoms (-N-Cα-C-). The
temporal evolution of the backbone dihedral angles φ,ψ was used to show the mobility of the
loop region under study. The conformation of a given residue is more clearly defined when the
fluctuations of φ,ψ are smaller.

Conformational Search—The potential energy hypersurfaces of the Ac-Pro-Xaa-Val-
NHMe tripeptides were explored by consecutive series of heating-cooling MD cycles following
the principles of classic simulated annealing strategy.48,49 Thus, for each tripeptide, a
randomly generated conformation was brought to 900 K and kept at this temperature for 25
ns, coordinates and velocities being stored every 200 ps. These 125 structures were cooled
down to 298 K at a rate of 6 K per 25 ps and, subsequently, their conformational energies were
relaxed by 3·103 steps energy minimization. Even though this procedure does not provide a
complete exploration of the potential energy hypersurfaces, recent studies demonstrated that
the lower energy regions of the conformational space are satisfactorily characterized by
combining simulated annealing with molecular dynamics and energy minimization.50,51

Experimental Methods
General—Melting points were determined on a Gallenkamp apparatus and are uncorrected.
IR spectra were registered on a Mattson Genesis FTIR spectrophotometer; νmax is given for
the main absorption bands. 1H and 13C NMR spectra were recorded on a Bruker AV-400 or
ARX-300 instrument at room temperature unless otherwise indicated, using the residual
solvent signal as the internal standard; chemical shifts (δ) are expressed in ppm and coupling
constants (J) in Hertz. Optical rotations were measured on a JASCO P-1020 polarimeter. High-
resolution mass spectra were obtained on a Bruker Microtof-Q spectrometer.

Peptide Synthesis—The preparation of peptides of Pro-Xaa-Val sequence was carried out
following standard procedures of peptide synthesis in solution52 starting from the
corresponding valine derivative and using the tert-butoxycarbonyl group (Boc, tBuOCO-) as
protection for the amino moieties (Figure 2). All coupling reactions were performed by the
mixed anhydride method using isobutylchloroformate, while the Boc group was removed by
treatment with a 3N solution of hydrogen chloride in anhydrous ethyl acetate. None of the three
tripeptides thus obtained, Boc-Pro-Xaa-Val-NHMe (1a-3a), furnished single crystals suitable
for X-ray diffraction analysis. For this reason, transformation of the Boc group into pivaloyl
(Piv, tBuCO-) or acetyl (Ac, MeCO-) was considered. Pivaloylation and acetylation were
carried out, respectively, by reaction with pivaloyl chloride or acetic anhydride in chloroform
solution in the presence of N-methylmorpholine. The pivaloyl derivatives of both the Ac3c and
Ac5c tripeptides (2b,3b) furnished single crystals of good quality, whereas all efforts to
crystallize compounds of the Gly series (1a-c) were unsuccessful. Growing single crystals of
the Boc-Xaa-Val-NHMe dipeptides, isolated as intermediates in the synthetic route (Figure 2),
was also attempted. At this stage, only the Gly derivative (4a) crystallized. The Ac3c- and
Ac5c-containing dipeptides provided single crystals after transformation into the
corresponding acetyl (5c) and pivaloyl (6b) derivatives, respectively. The structure of all
peptides synthesized is shown in Figure 2 together with their abbreviated codes. All compounds
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provided satisfactory physical and spectroscopical data. Those whose crystalline structure has
been solved are given.

Piv-Pro-Ac3c-Val-NHMe (2b): White solid, mp 188°C (iPr2O/CH2Cl2). : -9.8 (c = 0.33,
MeOH). IR (nujol) ν 3357, 3280, 3223, 1698, 1657, 1630, 1608 cm-1. 1H NMR (CDCl3, 400
MHz) δ 0.76-0.81 (m, 1H), 0.83 (d, 3H, J = 6.8 Hz), 0.87 (d, 3H, J = 6.8 Hz), 0.94-1.01 (m,
1H), 1.21 (s, 9H), 1.43-1.49 (m, 1H), 1.53-1.59 (m, 1H), 1.79-1.93 (m, 2H), 1.94-2.04 (m, 1H),
2.07-2.20 (m, 2H), 2.73 (d, 3H, J = 4.8 Hz), 3.67-3.76 (m, 2H), 4.14 (dd, 1H, J = 5.6 Hz, J =
8.0 Hz), 4.24 (dd, 1H, J = 7.2 Hz, J = 9.2 Hz), 6.57 (brs, 1H), 6.88 (m, 1H), 7.24 (d, 1H, J =
9.2 Hz). 13C NMR (CDCl3, 100 MHz) δ 16.44, 17.64, 18.34, 19.39, 26.22, 26.24, 27.23, 27.87,
30.65, 34.65, 38.86, 49.00, 60.31, 62.96, 171.67, 172.48, 174.35, 178.10. HRMS (ESI)
C20H34N4O4Na [M+Na]+: calcd. 417.2472, found 417.2456.

Piv-Pro-Ac5c-Val-NHMe (3b): White solid, mp 160°C (iPr2O/CH2Cl2). : -11.5 (c = 0.43,
MeOH). IR (nujol) ν 3347, 1658, 1610 cm-1. 1H NMR (CDCl3, 300 MHz, 60°C) δ 0.93 (d,
3H, J = 6.9 Hz), 0.96 (d, 3H, J = 6.9 Hz), 1.31 (s, 9H), 1.57-1.75 (m, 2H), 1.76-1.96 (m, 4H),
1.97-2.20 (m, 5H), 2.37-2.48 (m, 1H), 2.49-2.60 (m, 1H), 2.79 (d, 1H, J = 4.8 Hz), 3.70-3.84
(m, 2H), 4.33 (dd, 1H, J = 5.1 Hz, J = 8.7 Hz), 4.43 (m, 1H), 6.50 (brs, 1H), 6.79 (m, 1H), 6.99
(d, 1H, J = 8.4 Hz). 13C NMR (CDCl3, 100 MHz) δ 17.39, 19.52, 24.14, 24.43, 26.22, 26.31,
27.30, 27.57, 29.58, 36.87, 38.05, 39.09, 48.86, 59.37, 63.01, 67.28, 172.23, 173.14, 173.83,
178.30. HRMS (ESI) C22H38N4O4Na [M+Na]+: calcd. 445.2785, found 445.2795.

Boc-Gly-Val-NHMe (4a): White solid, mp 183°C (iPr2O/CH2Cl2). : -21.1 (c = 0.50,
MeOH). IR (nujol) ν 3334, 3278, 1700, 1675, 1646 cm-1. 1H NMR (CDCl3, 400 MHz) δ 0.85
(d, 3H, J = 6.8 Hz), 0.88 (d, 3H, J = 6.8 Hz), 1.39 (s, 9H), 2.10 (m, 1H), 2.73 (d, 3H, J = 4.8
Hz), 3.76 (m, 2H), 4.18 (dd, 1H, J = 7.0 Hz, J = 8.6 Hz), 5.29 (m, 1H), 6.46 (m, 1H), 6.79 (m,
1H).13C NMR (CDCl3, 100 MHz) δ 18.01, 19.32, 26.16, 28.31, 30.76, 44.45, 58.65, 80.36,
156.27, 169.84, 171.66. HRMS (ESI) C13H25N3O4Na [M+Na]+: calcd. 310.1737, found
310.1733.

Ac-Ac3c-Val-NHMe (5c): White solid, mp 193°C. : -14.0 (c = 0.45, MeOH). IR (nujol)
ν 3381, 3325, 3301, 1665, 1644 cm-1. 1H NMR (CDCl3, 400 MHz) δ 0.83 (d, 3H, J = 6.8 Hz),
0.87 (d, 3H, J = 6.8 Hz), 0.88-0.93 (m, 1H), 0.98-1.03 (m, 1H), 1.41-1.52 (m, 2H), 1.97 (s,
3H), 2.10 (m, 1H), 2.75 (d, 3H, J = 4.7 Hz), 4.17 (dd, 1H, J = 6.0 Hz, J = 8.7 Hz), 6.78-6.87
(m, 3H). 13C NMR (CDCl3, 100 MHz) δ 16.95, 17.12, 17.78, 19.38, 23.18, 26.22, 30.60, 35.37,
59.03, 171.66, 172.02, 172.20. HRMS (ESI) C12H21N3O3Na [M+Na]+: calcd. 278.1475, found
278.1477.

Piv-Ac5c-Val-NHMe (6b): White solid, mp 159°C (Et2O/CH2Cl2). : -38.1 (c = 0.27,
AcOH). IR (nujol) ν 3344, 3306, 1667, 1641 cm-1. 1H NMR (CDCl3, 300 MHz, 60°C) δ 0.87
(d, 3H, J = 6.9 Hz), 0.91-0.99 (m, 4H), 1.23 (s, 9H), 1.66-1.99 (m, 5H), 2.11-2.30 (m, 1H),
2.39-2.54 (m, 2H), 2.79 (d, 3H, J = 4.8 Hz), 4.29 (dd, 1H, J = 4.8 Hz, J = 9.0 Hz), 5.92 (brs,
1H), 6.59 (m, 1H), 6.65 (brd, 1H, J = 9.0 Hz). 13C NMR (CDCl3, 100 MHz) δ 16.80, 19.06,
19.61, 23.94, 24.14, 26.24, 27.42, 29.14, 36.34, 37.69, 58.34, 67.41, 171.64, 173.41, 179.95.
HRMS (ESI) C17H31N3O3Na [M+Na]+: calcd. 348.2258, found 348.2243.

X-Ray Diffraction—Single crystals of 2b, 3b, 4a, 5c and 6b were grown by slow evaporation
from the solvents indicated in Table 2, where the main crystallographic data are also given.
The X-ray diffraction data were collected at 100 K (6b), 115 K (4a) or room temperature (2b,
3b, 5c) on an Oxford Diffraction Xcalibur diffractometer provided with a Sapphire CCD
detector, using graphite-monochromated Mo-Kαradiation (λ = 0.71073 Å). The structures were
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solved by direct methods using SHELXS-9753a and refinement was performed with
SHELXL-9753b by the full-matrix least-squares technique with anisotropic thermal factors
for heavy atoms. Hydrogen atoms were located by calculation (with the exception of the amide
protons, which were found on the E-map) and affected by an isotropic thermal factor fixed to
1.2 times the Ueq of the carrier atom (1.5 for the methyl groups). Crystallographic data
(excluding structure factors) for the structures in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication numbers CCDC
676501 to 676505. Copies of the data can be obtained, free of charge, on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [fax: +44(0)-1223-336033 or e-mail:
deposit@ccdc.cam.ac.uk].

Results and Discussion
The stabilization produced in both the building block and the self-assembled nanoconstruct
when Gly149 is replaced by Ac5c in the excised 1krr motif was recently reported.28 In order
to provide a reliable comparison of the stabilizing effects imparted by Ac3c and Ac5c when
replacing this Gly residue (hereafter denoted as G149Ac3c and G149Ac5c mutants,
respectively), in this work we have performed new MD simulations on the wild-type and the
two mutants using identical simulation conditions. It should be remarked that, although the
conformational specificity of the mutated building blocks and nanoconstructs is clearly
evidenced in the next sections, the present work focuses on the structural aspects related to the
148-150 loop region, i.e. the Pro-Xaa-Val sequence. Accordingly, analysis and discussion of
results mainly concentrate on the conformational description of the three residues involved in
such peptide fragment.

Effects of the Mutation on the Building Block
The temporal evolution of the backbone RMSD of the building block derived from the 1krr
β-helix for the wild-type sequence and the G149Ac3c and G149Ac5c mutants is depicted in
Figure 3a. As can be seen, the RMSD values of both mutants are significantly smaller than
those of the wild type. Furthermore, among the mutants, the structural deviations observed for
G149Ac5c are slightly lower than those corresponding to the G149Ac3c system.

Figure 4 shows the temporal evolution of the backbone dihedral angles Φ and Ψ for the 148-150
Pro-Xaa-Val sequence (Xaa = Gly, Ac3c and Ac5c) as well as its neighboring residues derived
from the simulations of the wild-type, G149Ac3c and G149Ac5c building blocks. As can be
seen, Ac3c and Ac5c adopt a well-defined conformation, the variations of the Φ,Ψ dihedral
angles being minimal in both cases. In contrast, large fluctuations are detected for the dihedral
angle Φ of the Gly residue, which frequently exchanges from - 170° to -90°, i.e. the
conformations adopted by Gly in the building block correspond to Φ,Ψ≈ -170°,0° and -90°,0°
with half-life periods of ~ 0.8 and ~ 2.2 ns, respectively. The conformational rigidity introduced
by the cyclic amino acids Ac3c and Ac5c also seems to affect the contiguous residues. Thus,
the Val150 Φ and Pro148 Ψ angles are significantly different in the wild-type and in the two
mutants. Specifically, Val150 Φ changes from ~ - 140° (wild-type) to ~ -60° (mutants), while
Pro148 Ψ varies from ~ -30° (wild-type) to ~ 165° (mutants). Moreover, substitution of Gly149
also induces significant changes in the dihedral angle Ψ of both Asn147 (from ~ -30° to ~ 150°)
and Thr151 (from ~ 170° to ~ - 40°), which are reflected in Figure 4.

Interestingly, inspection of the RMSD (Figure 3a) and, especially, the RMSF (Figure 5a) values
of the G149Ac3c and G149Ac5c building blocks reveals that the conformational specificity of
the β-helix motif is enhanced not only by a decrease in the flexibility of the target site but also
by the local conformational rearrangements undergone by the neighboring residues, which help
to eliminate unfavorable energetic contributions. Indeed, the overall of the results indicate that
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such rearrangements extend to two residues at each side, and the RMSF also illustrates that the
most significant ones affect those immediately adjacent.

A detailed analysis of the hydrogen bonds involving residues 147-151 for the wild-type and
the mutated building blocks revealed the existence of up to eight different types of hydrogen-
bonding interactions, which are listed and briefly described in Table 3. These interactions,
which have been labeled using Roman numbers, can be classified into three groups: (a)
backbone-backbone hydrogen bonds giving rise to turn-like conformations (interactions I and
II); (b) side chain-backbone hydrogen bonds (interactions III-V); and (c) long-distance
backbone-backbone hydrogen bonds involving residues 147-151 and those located in other
turn repeat units, i.e. either below or above the segment under study (interactions VI-VIII). In
all cases, hydrogen bonds were assigned using the following criteria: hydrogen⋯acceptor
distance lower than 2.5 Å and donor-hydrogen⋯acceptor angle larger than 120°.

Figure 6 shows the temporal evolution of the I-VIII hydrogen bonds for the wild-type,
G149Ac3c and G149Ac5c building blocks. Only two significant interactions are detected for
the wild-type building block, which correspond to the formation of a turn-like conformation
in the loop (I) and the hydrogen bond between Asn147 and the next turn repeat unit (VI).
Surprisingly, when Ac3c replaces Gly149 such interactions disappear in about 4ns, the resulting
mutant being dominated by the interaction between the hydroxylic side chain of Asn147 and
the Pro148 carbonyl group (III). In contrast, the two interactions found for the wild-type are
not only retained but even enhanced in the Ac5c-containing mutant, the most notable difference
between the two systems being the coexistence of interactions I and II in the latter. Furthermore,
the hydroxyl side group of Thr151 is hydrogen bonded to the Ac5c carbonyl (IV), thus
enhancing the conformational rigidity of the loop.

Effects of the Mutation on the Nanoconstruct
The RMSD and RMSF profiles of the nanoconstructs built by stacking four replicas of the 1krr
β-helical building block are displayed in Figures 3b and 5b, respectively. As can be seen, the
nanostructures of the two mutants are clearly more stable than the wild-type one. Thus, although
the latter is relatively stable on its own, replacement of Gly149 by Acnc residues reduces the
flexibility of the system not only in this loop region but in the whole nanostructure (Figure 5b).
This is visually evidenced for the G149Ac3c mutant by the selected snapshots depicted in
Figure 7.

In order to provide a representative description of the conformational effects produced by the
synthetic residues on the G149Ac3c and G149Ac5c nanoconstructs, we concentrated on the
analysis of the two central self-assembled structural units. The temporal evolution of the
Φ,Ψ dihedral angles for the segment comprised between residues 147 and 151 in each of these
two units is displayed in Figure 8. When Xaa is Gly, the results differ considerably from those
discussed in the previous section for an isolated building block. Indeed, the backbone
conformation of the wild-type nanoconstruct is similar to that obtained for the mutants of the
isolated building block. Accordingly, self-assembling interactions seem to induce the
conformational re-organization of the loop motif in the structural units of the nanoconstruct.
Furthermore, the replacement of Gly149 by Ac3c or Ac5c in the nanoconstruct does not produce
any significant conformational change in the backbone of the substituted position nor in its
neighboring residues. The largest change occurs for the dihedral angle Φ of residue 149, which
moved from around 120° (wild-type) to 90° (G149Ac3c) and 65° (G149Ac5c). However, a
detailed inspection of the data provided in Figure 8 reveals that the fluctuations of the dihedral
angles are smaller in the mutants than in the wild-type nanoconstruct, which is especially
evident for the Φ dihedral of residue 149. Analyses of the RMSD (Figure 3b) and, especially,
the RMSF (Figure 5b) values also evidence that the fluctuations are significantly smaller for
the mutants than for the wild-type system. Thus, replacement of Gly by Ac3c or Ac5c produces
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an increase of the backbone rigidity without apparent structural rearrangements, which leads
to the stabilization of the nanoconstruct.

The temporal evolution of the hydrogen bonding interactions for the two central structural units
of the three nanoconstructs is shown in Figure 9. Interestingly, the wild-type system is
dominated by two interactions, VI and VIII, that occur between the residues of the segment
investigated (Asn147 and Gly149, respectively) and residues located in the other turn repeat
unit of the same building block (Val164 and the terminal acetyl group, respectively).
Furthermore, a third type of interaction is detected in the wild-type nanoconstruct, although
with lower frequency than VI and VIII. It corresponds to the hydrogen bond between the side
chain of Thr151 and the backbone carbonyl group of Val150 (V). The hydrogen bond pattern
of the G149Ac3c nanostructure is very similar to that discussed for the wild-type system.
Indeed, the most remarkable difference is that the tendency to adopt turn-like conformations
is higher for the mutant than for the wild-type system, as revealed by the intermittent formation
of hydrogen bonds of type I along the last 7 ns of MD simulation.

Finally, the G149Ac5c nanoconstruct shows two differences in the hydrogen bonding
interactions with respect to the wild-type and G149Ac3c. First, the turn-like conformation
adopted by the Ac3c-containing mutant corresponds to a seven-membered hydrogen-bonded
ring (C7 or γ-turn), while a ten-membered one (C10 or β-turn) is found in the nanostructure
incorporating Ac5c. This is fully consistent with the intrinsic conformational properties
exhibited by these synthetic residues.31-37 Thus, although both Ac3c and Ac5c show a high
propensity to adopt turn-like conformations, the ability to accommodate a γ-turn motif has been
observed experimentally for cyclopropane residues only.54-56 Second, no trace of interaction
VIII was detected in the G149Ac5c nanoconstruct, hydrogen bonds between the segment under
study and the adjacent turn repeat unit within the same building block being restricted to the
VI type.

Comparison with the Crystal Structure of 1krr
Table 4 lists the backbone dihedral angles for residues 147-151 as found in the crystal structure
of the 1krr β-helical protein, which has been extracted from the PDB.57 As can be seen, these
values are significantly close to those obtained by simulating the self-assembled nanoconstruct
(Figure 8) and, indeed, most of the backbone dihedral angles of residues 147-151 differ by less
than 30°. However, comparison of the crystal structure with the dihedrals predicted for the
building block reveals a higher discrepancy, particularly, for the wild-type system, where
important variations are observed for the Asn147, Pro148 and Gly149 residues (Figure 4). This
feature indicates that the loop formed by residues 147-151 adapts its conformation depending
on the neighboring chemical environment. It should be noted that in the crystallized protein,
different secondary and tertiary structures surround the 131-165 β-helical sequence, while in
the self-assembled nanoconstruct this motif is flanked by identical repeating units, and water
molecules surround the excised β-helical fragment when it is examined as an isolated building
block. This conformational change appears to be more pronounced when the flexible Gly
residue is present, whereas the Ac3cand Ac5c-containing sequences are less sensitive to
environmental changes.

The crystalline structure of the segment excised from 1krr to create the building block is
displayed in Figure 10, which shows the hydrogen bonding interactions involving residues
147-151. The most remarkable difference between the crystallized protein and the simulated
elements involves the backbone-backbone hydrogen bond of type II between the CO and NH
groups of Asn147 and Val150, respectively, which is consistent with the formation of a β-turn
(C10 conformation). Furthermore, the hydroxylic side chain of Thr151 is hydrogen bonded to
the Val150 carbonyl group (interaction V in Table 3). Finally, some long-range interactions
involving one residue of the loop, such as VI and VII, are also detected in the crystal structure
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of the β-helix (not shown in Figure 10). It should be noted that, in the simulated nanostructure
(Figure 9), interactions V and VI were clearly detected, whereas VIII was favored over VII.

Conformational Preferences of the Pro-Xaa-Val Tripeptides
In order to ascertain how the intrinsic conformational properties of the residue occupying the
targeted position (Xaa149) affect the structural behavior of the segment comprised between
residues 147 and 151 of 1krr in both the isolated building block and the nanoconstruct, the
potential energy surfaces of the Ac-Pro-Xaa-Val-NHMe (Xaa = Gly, Ac3c and Ac5c)
tripeptides have been explored. Figure 11 represents the position of the minima found for the
three compounds in the Φ,Ψ Ramachandran map of each residue. Table 5 lists the backbone
dihedral angles of the minima with a relative energy lower than 2.5 kcal/mol, which are depicted
in Figure 12. It should be noted that the terminal acetyl and methylamide groups in these
tripeptides mimic, respectively, the Asn147 CO and Thr150 NH moieties in the protein
fragment. However, interactions involving the functionalized side chains of Asn and Thr are
not possible in these systems, as are not long-range interactions. Accordingly, these tripeptides
are useful models to compare the conformational propensities of Gly, Ac3c and Ac5c within
the sequence under investigation, but caution should be taken when comparing the results in
this section with those described above for the isolated building blocks and the nanoconstructs.

The Φ,Ψ maps obtained for Ac-Pro-Gly-Val-NHMe indicate that, despite the presence of
proline, whose Φ angle is confined to values around -60°, the conformational freedom of this
tripeptide is relatively large. Thus, the flexible Gly residue adopts Φ,Ψ values typically
associated with helical, turn-like and fully extended conformations, with equal preference for
the left and right half of the Ramachandran map, corresponding to its achiral nature. However,
all the Ac-Pro-Gly-Val-NHMe minima in Table 5 are characterized by a hydrogen bond
between the acetyl CO group and the Val NH moiety, which forms the tenmembered cycle
typical of a β-turn. This result is in line with the well known propensity of proline to occupy
the i+1 position of β-turns58,59 and, therefore, of Pro-Xaa sequences to adopt this structural
motif.58-61 Simultaneously, C13 and C7 hydrogen-bonded rings are present in some of these
minima, where the acetyl carbonyl oxygen acts as a multiple hydrogen bond acceptor (Figure
12). On the other hand, Figure 13 shows the superposition of the segment Pro-Gly-Val in the
1krr crystal structure with all the minimum energy structures introduced in Table 5 for the Ac-
Pro-Gly-Val-NHMe tripeptide. As can be seen, calculations on this small model compound
reproduce very satisfactorily the conformational preferences experimentally found for the Pro-
Gly-Val sequence in the 1krr protein.

The behavior exhibited by Ac-Pro-Ac3c-Val-NHMe shows some important differences with
respect to that discussed above for the Gly tripeptide. First, only two minima were characterized
within an energy interval of 2.5 kcal/mol for the compound incorporating Ac3c, which reflects
a notable restriction of the backbone flexibility. As shown in Figure 11, the φψ values preferred
by the cyclopropane residue fall in the so-called bridge region of the Ramachandran map φψ
≈ ±90°,0°). This result is in agreement with the conformational propensities observed earlier
for this amino acid using both theoretical34 and experimental35 methods. Interestingly, the
two most stable minima characterized for Ac-Pro-Ac3c-Val-NHMe exhibit the same hydrogen-
bonding scheme (Figure 12, Table 5), namely the acetyl CO interacts with both the Val NH
and the terminal NHMe, thus leading to the coexistence of C10 and C13 intramolecularly
hydrogen-bonded conformations. Indeed, the two minima differ only in the β-turn type
accommodated by the Pro-Ac3c sequence, which corresponds to types I and II,60 respectively,
in minima #2 and #1. Previous experimental studies on a Pro-Ac3 c dipeptide62 actually
evidenced the presence of both β-turn types in chloroform and dichloromethane solutions.

The conformational space available to Ac-Pro-Ac5c-Val-NHMe was also found to be more
restricted than that corresponding to the Gly tripeptide, with only two minima being located
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within 2.5 kcal/mol. The lowest energy minimum of Ac-Pro-Ac5c-Val-NHMe is characterized
by intramolecularly hydrogen-bonded conformations of the C10 and C13 type and is very
similar to the global minimum located for the Ac3c tripeptide not only in terms of hydrogen-
bonded interactions but also regarding the dihedral angles. In contrast, the second minimum
of Ac-Pro-Ac5c-Val-NHMe presents two consecutive β-turns (two C10 conformations), a
structural motif not found for the Ac3c counterpart. This distinct behavior should be ascribed
to the different conformational propensities inherent to Ac3c and Ac5c.31-37 Both are achiral
cyclic Cα-tetrasubstituted α-amino acids and, as such, give rise to symmetrical Ramachandran
maps (Figure 11), in which the conformational space available is clearly reduced with reference
to Gly. However, remarkable differences are observed between them. Thus, the cyclopentane
residue appears to exert a higher restriction on the values accessible to the φ angle, which are
confined to two narrow regions near 60° and -60°. In comparison, the ψ dihedral is severely
constrained in Ac3c and, indeed, this amino acid is known34,35 to fix the ψ value near 0° due
to hyperconjugative effects between the cyclopropane ring and the adjacent carbonyl moiety.
63

X-Ray Diffraction Studies
The conformational properties in solution predicted by MD simulations for the different
systems considered and, in particular, for the Ac-Pro-Xaa-Val-NHMe tripeptides, have been
compared with those observed in the crystalline state for related small peptides. The peptides
synthesized in this work are shown in Figure 2 (see Methods section) and the molecular
structures of those which yielded single crystals suitable for X-ray diffraction analysis are
displayed in Figure 14. They correspond to two tripeptides of Pro-Ac3c-Val and Pro-Ac5c-Val
sequences (2b and 3b, respectively) and three dipeptides of Gly-Val, Ac3c-Val and Ac5c-Val
sequences (4a, 5c and 6b, respectively), bearing different terminal groups. Table 6 lists their
backbone dihedral angles, while the intramolecular and intermolecular hydrogen bonds
characterized in the crystalline structures are given in Tables 7 and 8, respectively. As in the
previous section, the short length of the peptides crystallized does not allow the establishment
of long-range hydrogen-bonding interactions. However, in the solid state, the CO and NH
groups of neighboring peptide molecules may form hydrogen bonds, and these intermolecular
interactions compete with intramolecular ones that stabilize turn-like conformations. The
crystallographic studies in this section therefore allow us to determine whether the structural
tendencies predicted for the Ac-Pro-Xaa-Val-NHMe tripeptides in a non-solvating medium
are kept in an environment less propitious to intramolecular hydrogen bonding such as the
crystal state.

As shown in Figure 14, the crystalline structure of Piv-Pro-Ac3c-Val-NHMe (2b) is
characterized by the simultaneous presence of intramolecularly hydrogen-bonded
conformations of the C10 and C13 types, with the pivaloyl CO group acting as the acceptor and
the Val NH (C10) and the terminal NHMe (C13) being the donors (Table 7). In comparison,
the Pro-Ac5c-Val derivative (3b) accommodates a β-turn (C10) conformation, while none of
the Gly-containing tripeptides yielded single crystals of good quality probably due to the higher
intrinsic flexibility of the Pro-Gly-Val sequence. Thus, although the global minimum predicted
for all three Ac-Pro-Xaa-Val-NHMe tripeptides was characterized by the coexistence of C10
and C13 intramolecular hydrogen-bonded rings (Table 5), this double turn conformation is
observed only in the crystalline Ac3c derivative. This could be indicative of a higher propensity
of this amino acid to induce such a structural motif. Indeed, the two minima located for Ac-
Pro-Ac3c-Val-NHMe within 2.5 kcal/mol exhibited this conformation. Moreover, the dihedral
angles in the crystalline structure of 2b (Table 6) are in good agreement not only with those of
the global minimum characterized for the Ac3c tripeptide (Table 5) but also, with exception
of the ψ Val angle, with those detected for the Pro-Ac3c-Val sequence in both the building
block and the nanoconstruct (Figures 4 and 8). Figure 15a shows the superposition of the crystal
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structure found for 2b with the minima listed in Table 5 for the model tripeptide, and snapshots
separated by regular intervals of time of both the building block and the nanoconstruct. The
excellent concordance indicates that the conformation induced by this restricted synthetic
amino acid in the neighboring residues is scarcely influenced by the chemical environment.

As mentioned, the Ac5c tripeptide (3b) accommodates in the crystal a C10 (β-turn)
conformation centered at the Pro-Ac5c sequence and stabilized by a hydrogen bond between
the pivaloyl CO and the Val NH moieties (Table 7). This interaction is present in the two most
stable minima characterized for Ac-Pro-Ac5c-Val-NHMe (Table 5). However, in each of these
minima, an additional intramolecular hydrogen bond was detected (of type C13 or C10 in
minima #1 and #2, respectively), which is not found in the solid state. It this respect, it is
interesting to note that the crystalline Ac5c-Val dipeptide (6b) does accommodate a β-turn
(Figure 14), thus evidencing that both the Pro-Ac5c and the Ac5c-Val sequences are prone to
adopt a C10 conformation and that, accordingly, a C10 + C10 structure (two consecutive β-turns)
is accessible to the Pro-Ac5c-Val sequence. In comparison, the Pro-Ac3c-Val one has been
shown to prefer a C10 + C13 conformation. These results are in perfect agreement with the
structural propensities previously established for these cyclic residues.31-37 Thus, Ac5c is
known to exhibit a marked preference for the 310/α-helical region of the Ramachandran map,
corresponding to φ,ψ values around 60°,30° or -60°,-30°, which makes it a suitable candidate
to occupy both position i+2 and i+1 of a β-turn (as observed in 3b and 6b, respectively). In
contrast, Ac3c is usually found to accommodate φ,ψ values near 90°,0° or -90°,0° (the
bridge region), and this is compatible with the i+2 position of a C10 conformation but not with
the i+1 one. This feature explains why the Pro-Ac3c-Val sequence prefers a C10 + C13 structure
rather than two consecutive C10 turns, as well as the lack of intramolecular hydrogen bonds in
the crystalline structure of the Ac3c-Val dipeptide 5c (Figure 14). On the other hand, Figure
15b, which shows the superposition of the crystal structure of 3b with recorded snapshots of
both the building block and the nanoconstruct, reflects an excellent agreement with the
structural morphology found for the investigated turn region of the β-helix.

Among the Gly derivatives, we could only solve the X-ray diffraction structure of dipeptide
4a (Figure 14). Gly shows a much lower tendency to adopt folded conformations than the
Acnc residues and, accordingly, it was not surprising to find that compound 4a accommodates
an extended structure in the solid state, with both residues being located in the φ,ψ ≈ -150°,
150° region of the conformational map (Table 6). This result seems to be in contradiction with
the fact that all the low energy minima of Ac-Pro-Gly-Val-NHMe in Table 5 exhibit one or
more intramolecular hydrogen bonds. However, it should be emphasized that the latter finding
is not unexpected since these calculations were carried out in an organic solvent unable to
interact with the polar amide groups in the molecule. Under such environmental conditions,
the stability of conformers with intramolecular hydrogen bonds may be overestimated with
respect to extended conformations, which seems to be the case for the Gly derivatives according
to the results of the X-ray diffraction analysis. It is interesting to note that, in the crystal structure
of 4a, all NH and CO groups in the molecule are involved in intermolecular hydrogen bonds
(Table 8), which compete successfully with the intramolecular interactions detected in the
calculations. Therefore, the conformational propensities of the Gly-containing sequences seem
to be highly dependent on the environment, as mentioned above.

Conclusions
The results provided by MD simulations and X-ray crystallography on the systems investigated
allow us to draw the following conclusions about the conformational impact of the position-
specific mutations with Ac3c and Ac5c in the β-helical motif excised from 1krr:

a. Targeted replacements in the building block enhance the rigidity of the loop defined
by the 148-150 residues, which is quite flexible in the wild-type system. The synthetic
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amino acid adopts a well-defined conformation and, simultaneously, reduces the
conformational freedom of the neighboring residues. As a consequence, replacement
of Gly149 by Ac3c or Ac5c results in the retention of the conformation found for this
loop in the crystal structure of 1krr.

b. The influence of the mutations in the nanoconstruct is less pronounced than in the
building block. This is because the self-assembly of β-helical motifs seems to induce
a rearrangement in the loop of the wild-type system, which provides evidence that the
conformation of the Gly-containing sequence is affected by the chemical
environment. Results indicate that the native interface of the protein is similar to that
achieved by self-assembling replicas of the building block one atop the other.

c. Simulations on the Ac-Pro-Xaa-Val-NHMe tripeptides (Xaa being Gly, Ac3c and
Ac5c) in organic solution indicate that the conformational space of the Ac3c and
Ac5c derivatives is more restricted than that of the Gly tripeptide. All three compounds
are predicted to adopt turn-like conformations stabilized by intramolecular hydrogen
bonds (C10 and C13, mainly). However, the ability to accommodate such structural
motifs in the crystal state was confirmed only for the peptides incorporating the non-
proteinogenic residues, whereas the crystallized Gly derivative was found to adopt
an extended conformation.

d. A good concordance between the solid-state structures and the minimum energy
conformations predicted for the Pro-Xaa-Val tripeptides was observed in the case of
the Acnc residues. Moreover, both the crystallographic and theoretical studies
highlighted the conformational features differentiating Ac3c from Ac5c, which are in
line with the conformational preferences previously established for these residues.

e. The higher propensity to adopt turn-like conformations exhibited by the Pro-Acnc-
Val sequences, evidenced by the X-ray studies, explains the ability of the Acnc
residues to stabilize the flexible loop region in the β-helical motif excised from 1krr.
In this sense, the agreement between the dihedral angles in the crystalline structure
of the Pro-Acnc-Val tripeptides (in particular, the Ac5c derivative) and the Pro-Gly-
Val sequence in the crystalline 1krr protein is remarkable.
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Figure 1.
Structure of two constrained amino acids of the Acnc family.
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Figure 2.
Left: Synthetic route followed for the preparation of peptides (Xaa = Gly, Ac3c and Ac5c).
Reagents: a) 3N HCl / EtOAc; b) iBuOCOCl, N-methylmorpholine (NMM); c) tBuCOCl,
NMM; d) Ac2O, NMM. Right: Codes of the peptides synthesized (those whose crystalline
structures have been solved by X-ray diffraction analysis are underlined).
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Figure 3.
Evolution of the backbone RMSD of the building block (a) and the self-assembled
nanoconstruct (b) derived from the 1krr β-helix for the wild-type sequence (black), the
G149Ac3c mutant (green) and the G149Ac5c mutant (blue).
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Figure 4.
Temporal evolution of the backbone dihedral angles φ (a) and ψ (b) of the Asn147, Pro148,
Xaa149, Val150 and Thr151 residues obtained from 10 ns MD simulations of the wild-type
(Xaa = Gly, in black) and the G149Ac3c (Xaa = Ac3c, in green) and G149Ac5c (Xaa = Ac5c,
in blue) mutants of the 1krr building block.
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Figure 5.
RMSF of the building block (a) and the self-assembled nanoconstruct (b) derived from the 1krr
β-helix for the wild-type sequence (black), the G149Ac3c mutant (green) and the G149Ac5c
mutant (blue). Red dashed lines indicate the position of the replacements.
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Figure 6.
For the simulations of the wild-type, G149Ac3c and G149Ac5c building blocks, spatio-
temporal evolution of the hydrogen bonds involving the segment comprised between residues
147 and 151. See Table 3 for definition of the hydrogen bond types.
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Figure 7.
Snapshots of the G149Ac3c self-assembled nanoconstruct taken at the beginning of the
simulation and after 2.5, 5.0, 7.5 and 10.0 ns of MD.
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Figure 8.
Temporal evolution of the backbone dihedral angles φ (a) and ψ (b) of the Asn147, Pro148,
Xaa149, Val150 and Thr151 residues located in the two central structural units of the wild-
type (Xaa = Gly, in black) and the G149Ac3c (Xaa = Ac3c, in green) and G149Ac5c (Xaa =
Ac5c, in blue) mutants of the self-assembled nanoconstruct.
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Figure 9.
For the simulations of the wild-type, G149Ac3c and G149Ac5c self-assembled nanoconstructs,
spatio-temporal evolution of the hydrogen bonds involving the segment comprised between
residues 147 and 151 of the two central structural units. See Table 3 for definition of the
hydrogen bond types.
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Figure 10.
Fragment 131-165 in the X-ray crystal structure of the β-helical protein 1krr (galactoside
acetyltransferase from E. Coli). Residues 147-151 are displayed using explicit atoms, while a
blue stripe is used to represent the rest of the sequence. Hydrogen-bonding interactions found
in the loop defined by residues 147-151 are indicated by dashed lines.
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Figure 11.
Comparison between the conformational preferences of the different residues in (a) Ac-Pro-
Gly-Val-NHMe, (b) Ac-Pro-Ac3c-Val-NHMe and (c) Ac-Pro-Ac5c-Val-NHMe. The dihedral
angles represented in the conformational maps correspond to the minima found by MD
simulated annealing.
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Figure 12.
Atomistic representation (balls and sticks) of the most relevant minima characterized for each
tripeptide studied. The atom colors code is the CPK and the hydrogen bonds have been depicted.
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Figure 13.
Superposition of the segment Pro-Gly-Val in the 1krr crystal structure (backbone highlighted
in yellow) with all minimum energy structures introduced in Table 5 for the Ac-Pro-Gly-Val-
NHMe tripeptide.
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Figure 14.
X-ray structure of the peptides crystallized. Heteroatoms (N,O) are shown as thermal ellipsoids
and the intramolecular hydrogen bonds are represented as dashed lines. Most H atoms have
been omitted for clarity.
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Figure 15.
Superposition of the crystal structure found for 2b (a) and 3b (b) with the minima listed in
Table 5 for the corresponding model tripeptide (left panel), and ten recorded snapshots
separated by regular intervals of time of both the building block (central panel) and the
nanoconstruct (right panel).
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Table 1
Sequence of the 1krr building block used to construct the self-assembled nanostructure.

PDB Protein name Residues Sequence

1krr Galactoside
acetyltransferase from E. coli 131-165 PITIGNNVWIGSHVVINP GVTIGDNSVIGAGSIVT
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Table 3
Hydrogen bonding interactions detected in the wild-type and/or the G149Xaa mutants (Xaa = Ac3c, Ac5c) of the 1krr
building block and the corresponding self-assembled nanoconstructs.

Label Donor⋯ Acceptor Comments

I (Pro148) C=O⋯H-N (Val150) Typically found in turn-like conformations

II (Asn147) C=O⋯H-N (Val150) Typically found in turn-like conformations

III (Asn147) N-H⋯O=C (Pro148) Asn interacts through the side chain

IV (Xaa149) C=O⋯H-O (Thr151) Thr interacts through the side chain

V (Val1 50) C=O⋯H-O (Thr151)) Thr interacts through the side chain

VI (Asn147) N-H⋯O=C (Val164) Asn interacts with a residue of the other turn repeat unit

VII (Pro131) C=O⋯H-N (Xaa149) Residue 149 interacts with a residue of the other turn repeat unit

VIII (Ac) C=O⋯H-N (Xaa149) Residue 149 interacts with the blocking group
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