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Abstract

Conformationally restricted amino acids are promising candidates to serve as basic pieces in
redesigned protein motifs which constitute the basic modules in synthetic nanoconstructs. Here we
study the ability of constrained cyclic amino acid 1-aminocyclohexane-1-carboxylic acid (AcgC) to
stabilize highly regular B-helical motifs excised from naturally occurring proteins. Calculations
indicate that the conformational flexibility observed in both the ring and the main chain is
significantly higher than that detected for other 1-aminocycloalkane-1-carboxylic acid (Acnc, where
n refers to the size of the ring) with smaller cycles. Incorporation of Acgc into the flexible loops of
B-helical motifs indicates that the stability of such excised building blocks as well as the nano-
assemblies derived from them is significantly enhanced. Thus, the intrinsic AcgC tendency to adopt
folded conformations combined with the low structural strain of the cyclohexane ring confers the
ability to both self-adapt to the B-helix motif and to stabilize the overall structure by absorbing part
of its conformational fluctuations. Comparison with other Acyc residues indicates that the ability to
adapt to the targeted position improves considerably with the ring size, i.e. when the rigidity
introduced by the strain of the ring decreases.

Introduction

Synthetic a-amino acids 1-aminocycloalkane-1-carboxylic acids (Acnc, where n indicates the
size of the ring) are the result of C*C® cyclization whereby dialkylated glycine residues with
cyclic side chains are formed. The conformational properties and electronic characteristics of
N-acetyl-N’-methylamide derivatives of the cyclopropanel (Acsc), cyclobutane? (Acyc) and
cyclopentane® (Acsc) analogues were fully characterized using ab initio and Density
Functional Theory (DFT) quantum chemical calculations. The conformational flexibility of
the backbone increases with the size of the ring. In the Acsc dipeptide each accessible backbone
conformation is compatible with different arrangements of the cyclopentane ring.3 The
pseudorotational cyclopentane puckering strongly depends on the peptide backbone structure,
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that is, the arrangement of the cycle is determined by interactions between the side chain and
the backbone.

When re-engineering protein modules via targeted replacements with synthetic amino acids,
4 the stability of self-assembled B-helical-based constructs, which should be considered as
nanotubes or nanofibers, increases when the mobility of the loop regions is reduced by
incorporating conformationally restricted amino acids.>:® Previously we examined the stability
of B-helical nanoconstructs following introduction of Acsc and 1-amino-2,2-diphenyl-
cyclopropanecarboxylic acid (c3Dip), an Acsc analogue bearing two phenyl rings at geminal
positions, into flexible regions of the B-helical building blocks. Position-specific mutations
indicated that when Acsc is introduced in loop regions it is able to enhance the stability of the
nanoconstucts due to its strong tendency to adopt a turn structure, while c3Dip is unsuccessful
due to the steric effects induced by the bulky side chain.>:6

Here we report a complete study about the stability of p-helical-based nanostructures when 1-
aminocyclohexane-1-carboxylic acid (Acgc) is introduced in the loop region proteins. Early
studies on small linear Acgc-containing peptides indicated that this amino acid tends to be
involved in B-turns suggesting that this synthetic amino acid is a potential candidate to increase
the stability of nanoconstructs. Crystal state structural analyses indicated that this residue can
occupy either the corner position (i+1, i+2) of type | B-bend or the i+2 position of type Il B-
bends,”10 that is, the backbone conformation adopted by the Acgc is located in the helical
region (¢, y= +55°,+30°). Similarly, 1lH-NMR and FTIR studies in solution indicated that small
oligomers of Acgc tend to form (incipient) helical secondary structures.!! In cyclic peptides
the Acgc residue adopts conformations in the helical region leading to p-bends.12 On the other
hand, AcgC was recently introduced in position 8 of bradykinin and positions 6, 7 and 8 of its
B, receptor antagonist to reduce the flexibility of the peptides, thus forcing the peptide
backbone and side chains to adopt specific orientations.13 Interestingly, the AcgC substitution
resulted in an increase in B, antagonistic activity, which offered new possibilities for designing
new potent and selective B, blockers. Biological and pharmaceutical properties of several
Acgc-containing peptides have been evaluated, some showing highly potent antidiuretic
activity.14 However, in spite of all these studies, no accurate description about the intrinsic
conformational preferences of Acgc has been previously reported.

The aim of this work is to report the overall of the results of a four-steps project that involve:
(i) the characterization of the conformational properties of Acgc; (ii) the influence of the
environment in such properties; (iii) the development of force-field parameters for this
synthetic amino acid; and finally (iv) a complete study about how the incorporation of AcgC
within the more flexible regions of the -helical building blocks affects to the stability of self-
assembled nanoconstructs. The paper has been organized as follows. First, we present the
computational procedures used to examine the intrinsic conformational properties of Acgc and
the stability of protein nanostructures that incorporate this constrained amino acid at the more
flexible regions of the protein building blocks. The minimum energy conformations and the
Ramachandran maps of the N-acetyl-N’-methylamide derivative of Acgc (Scheme 1), hereafter
denoted Ac-Acgc-NHMe, calculated in the gas-phase and solution (chloroform, methanol and
water solvents) are compared and discussed. After this, a set of force-field parameters has been
developed for Acgc to allow molecular dynamics simulations (MD). The suitability of such
parameters has been checked by comparing the conformational preferences predicted for Ac-
Acgc-NHMe by DFT calculations and MD simulations. Next, we examine if Acgc is a good
candidate to increase the stability of both the p-helical protein building blocks and the
nanoconstructs formed by self-assembling of such repeats. For this purpose we considered as
building blocks the left-handed B-helices formed by residues 131-165 of E. coli galactoside
acetyltransferase (PDB code 1krr, chain A) and by residues 296-329 of N-acetylglucosamine
1-phosphate uridyltransferase GImU, C-terminal domain from E. coli (PDB code 1hv9) that,
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Methods

in our earlier study, were found to form the most and least stable protein nanotubes,
respectively.1® Finally, to further address the potential use of conformationally restricted amino
acids to stabilize natural building block foldamers, the stabilizing effect produced by Acsc and
Acgc substitutions are compared.

Quantum chemical calculations were carried out using the Gaussian 03 program.16 All the
energy minima of Ac-Acgc-NHMe were localized using a systematic conformational analysis
strategy. Specifically, because each flexible backbone dihedral angle is expected to have three
minima, i.e. gauche™ (60°), trans (180°) and gauche™ (-60°), the number of minima that may
be anticipated for the potential energy hypersurface E= E(o,y) of Ac-Acgc-NHMe is 32= 9.
Furthermore, due to the cyclic nature of the side chain, two chair and one boat (labeled as Sy,
S, and B, respectively, in Scheme 2) arrangements of the cyclohexane side chain have been
considered for each backbone minimum energy conformation. We are aware that another boat
conformation can be obtained by exchanging the positions of the NHAc and CONHMe
moieties. However, this alternative boat arrangement is expected to be of the highest energy
and, therefore, it has not been included in the conformational analysis. Accordingly, such 9x3=
27 structures were considered as starting points for complete geometry optimization.

This systematic strategy permitted satisfactory exploration of the potential energy
hypersurfaces not only of small dipeptides =3 but also of flexible organic molecules.
Frequency analyses were carried out to verify the nature of the minimum state of all the
stationary points obtained and to calculate the zero-point vibrational energies (ZPVE) and both
thermal and entropic corrections. These statistical terms were used to compute the
conformational Gibbs free energies in the gas-phase at 298 K (AG9P). All the calculations were
carried out using the B3LYP18:19 functional and the 6-31+G(d,p) basis set.2°

A complete exploration of the potential energy surface E(op,y) was performed by mapping the
Ramachandran plot of Ac-Acgc-NHMe. Calculations were performed on a grid of points on
the (o,v) space at 30° intervals, m; and w, being initially positioned at 180° in all cases. Due
to the achiral nature of the molecule, only half of the map was computed since E(¢,y)=E(—o,
—y). At each point of the grid the geometry was optimized in the gas-phase by keeping the
dihedral angles ¢ and y constrained during the minimization process.

To calculate the Ramachandran map of Ac-Acgc-NHMe in solution and to obtain estimation
of the solvation effects on the relative stability of the different minima, single point calculations
were also conducted on the B3LYP/6-31+G(d,p) optimized structures using a Self-Consistent
Reaction Field (SCRF) model. SCRF methods treat the solute at the quantum mechanical level,
while the solvent is represented as a dielectric continuum. Specifically, we chose the
Polarizable Continuum Model (PCM) developed by Tomasi and co-workers to describe the
bulk solvent.21:22 The PCM method involves the generation of a solvent cavity from spheres
centered at each atom in the molecule and the calculation of virtual point charges on the cavity
surface representing the polarization of the solvent. The magnitude of these charges is
proportional to the derivative of the solute electrostatic potential at each point calculated from
the molecular wavefunction. The point charges may, then, be included in the one-electron
Hamiltonian, thus inducing polarization of the solute. An iterative calculation is carried out
until the wavefunction and the surface charges are self-consistent. PCM calculations were also
performed in the framework of the DFT B3LYP/6-31+G(d,p) level using the standard protocol
and considering the dielectric constants of chloroform (e= 4.9), methanol (e= 32.63) and water
(e= 78.4). The conformational free energies in solutions (AG*S°H, where #sol# refer to the
solvent) were computed using the classical thermodynamics scheme: the free energies of
solvation provided by the PCM model were added to the AG9P.
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Molecular Dynamics (MD) simulations were performed using the NAMD program.23 Each
simulated system was placed in the center of a simulation box filled with explicit water
molecules, which were represented using the TIP3P model.24 Positively charged sodium atoms
were added to the simulation box in the required amount to reach electric neutrality (all
considered building blocks had negative net charge at neutral pH). All atoms of both building
blocks and nanotubes were considered explicitly.

The energy was calculated using the AMBER force-field,2%:26 with the required parameters
taken from the AMBER libraries for all the residues with the exception of Acgc. Force-field
parameters for Acgc were developed using the same strategy that we previously employed for
Acsc.3 As was be demonstrated, the parameters provided by such strategy are fully consistent
with AMBER ones. Atom pair distance cutoffs were applied at 14.0 A to compute the van der
Waals interactions. The electrostatic interactions were computed using the non-truncated
electrostatic potential with Ewald Summations.2” The real space term was determined by the
van der Waals cut off (14.0 A), while the reciprocal term was estimated by interpolation of the
effective charge into a charges mesh with a grid thickness 5 points per volume unit, i.e. particle-
mesh Ewald (PME) method.2” Bond lengths involving hydrogen atoms were constrained using
the SHAKE algorithm,28 with a numerical integration step of 2 fs. The initial edge of the cubic
box for simulations of wild type and mutated building blocks was 56.6 A, the total number of
particles considered explicitly ranging from 17465 to 17487. For simulations of the self-
assembled nanotube, the initial dimensions of the tetragonal box were (72.0 x 72.0 x 112.0)
A3 and the number of explicit particles ranged from 56084 to 56196.

Before the production series, the thermodynamic variables of the system were equilibrated.
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. First, solvent and charged sodium atoms were thermally relaxed by three consecutives
runs, while the protein parts were kept frozen: 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 submitted to 0.15 ns
of steady heating until the target temperature was reached (298 K), 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,
29 ysing 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 the molecular simulations
presented in this work. All the simulations were performed at 298 K and constant pressure of
1 atm. The coordinates of all the production runs, which were 10 ns long, were saved every
500 steps (1 ps intervals) for subsequent analysis.

Results and Discussion

Intrinsic Conformational Properties of AcgC

Geometry optimizations in the gas-phase at the B3LYP/6-31+G(d,p) level of the 27 structures
considered as starting geometries (see Methods), led to 11 different minimum energy structures
for Ac-Acgc-NHMe. Table 1 summarizes the more relevant structural data of such minima,
which are depicted in Figure 1. Within this context, it should be mentioned that the criterion
used to accept the formation of an intramolecular hydrogen bond was: d(H--0) < 2.5 A.

The two minima more stable in the gas-phase, | and 11, correspond to a Cy (y-turn), in which
the backbone dihedral angles ¢,y define a seven-membered intramolecular hydrogen bonded
ring with parameters d(H---0)=1.907 (1) / 1.938 (I1) A and £N-H---0=151.7° (1) / 147.9° (11).
In these minima, which differ in 0.2 kcal/mol, the cyclohexane ring adopts a S; and S,
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conformation, respectively. Thus, in this case the two chair arrangements show similar
stabilities. However, minimum V111, in which the C; backbone conformation and the B
arrangement for the cyclohexane ring are combined, is disfavored by 6.0 kcal/mol with respect
tol.

Minimum 111 corresponds to an a-helical conformation with the cyclohexane arranged in S;.
No intramolecular hydrogen bonding interaction is present in this structure, which is 2.5 kcal/
mol less stable than the global minimum I. The analogous a-helical minimum but with the
cyclohexane arranged in Sy, VI, is destabilized by 1.3 kcal/mol with respect to I11. In this case,
no B arrangement was compatible with the a-helical backbone conformation. Comparison of
these results with those obtained for I and Il indicates that the S;«<>S, equilibrium is
significantly influenced by the backbone conformation. This influence becomes more apparent
in minima 1V, VIl and XI, in which the P;; backbone arrangement is compatible with the S,
S, and B conformations, respectively. The chair conformation with the CONHMe moiety in
an equatorial position (S1) is more stable than the structure that adopts a S, conformation by
3.0 kcal/mol, the B arrangement being destabilized by 6.4 kcal/mol.

Finally, the least favored backbone conformation corresponds to the Cs, which is displayed by
minimaV, IX and X. In these structures the backbone dihedral angles ¢,y are arranged in trans,
defining a five-membered intramolecular hydrogen bonded ring with parameters d(H:--O)=
1.974 (V) 11.922 (1X) / 2.021 (X) A and £N-H---0=114.2° (V) / 117.9° (IX) / 112.5° (X).
The V, IX and X minima, which show steric repulsions between the amide groups and the -
methylene hydrogen atoms, are destabilized by 3.4, 6.2 and 7.5 kcal/mol, respectively, with
respect to the global minimum 1. For the Cg the S, chair conformation is the most stable
arrangement of the cyclohexane ring. Table 2 lists the values of AG9P for the 11 minima. As
can be seen, the influence of the ZPVE, thermal and entropic corrections do not introduce
significant changes in the stability of these structures, the maximum difference between AE
and AG9 being 1.3 kcal/mol (minimum V).

Figure 2 represents the Ramachandran map calculated for Ac-Acgc-NHMe in the gas-phase.
The map was obtained by considering the S4 as the starting conformation for the cyclohexane
ring of all the calculated structures on the (¢,y) space. Although this chair conformation was
frequently retained after geometry optimization, in some cases the S; transform into the S, or,
even, the boat arrangements. As expected, the four backbone conformations listed in Table 1
correspond to low energy regions in the map. Comparison of the map calculated for Ac-Acgc-
NHMe with those previously reported for Ac-Acsc-NHMe? and Ac-Aczc-NHMe! evidence
that the conformational flexibility of Acc-containing dipeptides increases with the size of the
ring. Thus, although Acgc is a constrained amino acid, the number of low energy regions is
significantly smaller for Acsc and Acsc.

The Ramachandran maps calculated in chloroform, methanol and water solutions are displayed
in Figure 3. The topology of these maps is different from that obtained in the gas-phase
indicating that the solvent plays a crucial role in the conformational preferences of Acgc.
Specifically, Figure 3 reveals that the relative energy range that separates the most and least
favored conformations is drastically reduced by the solvent. This is also indicated in Table 2,
which compares the conformational free energies in solutions for the 11 minimum energy
structures for Ac-Acgc-NHMe. Interestingly, although the relative free energy order of these
structures is very similar in the gas-phase and in a chloroform solution, the free energy range
for the first 6 minima is significantly narrower in the latter organic solvent, i.e. they are
separated by 3.5 and 1.8 kcal/mol in the gas-phase and chloroform solution, respectively. The
effect of the solvent is even more pronounced in methanol and water, in which a substantial
change in the relative conformational free energy order is detected. Thus, minimum V1 is the
most favored in these polar environments. Overall, these results indicate that the
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conformational restrictions imposed by the cyclohexane ring are less severe in solution than
in the gas-phase, the role of the solute-solvent interactions being crucial for the conformational
preferences of Acgc in the former environment.

Force-Field Parametrization

Electrostatic charges have been the only force-field parameters specifically developed for
Acgc, the stretching, bending, torsional and van der Waals parameters being directly transferred
from the Amber force-field.25:26

Atomic charges for all eleven minimum energy conformations listed in Table 1 were calculated
by fitting the HF/6-31G(d) quantum mechanical and the Coulombic molecular electrostatic
potentials (MEPSs) to a large set of points placed outside the nuclear region. It should be noted
that the electrostatic parameters derived at this level of theory are fully compatible with the
current Amber force-field.2%:26 Electrostatic potential (ESP) fitting atomic centered charges
for the Acgc residue were derived by weighting the charges calculated for the eleven minimum
energy conformations according to the Boltzmann populations. The weights were given by the
standard Boltzmann formula using the AG9P values listed in Table 2, i.e. in practice only
minima I and Il contributed significantly. The resulting electrostatic parameters are displayed
in Figure 4.

An important test to check the reliability of force-field parameters developed for amino acids
is the attempt to reproduce both the energetically accessible conformations of dipeptides and
their flexibility.3:25:26 |n order to ascertain how the force-field parameters describe these
properties Ac-Acgc-NHMe, MD simulations were performed at 298 K in the gas-phase. The
three conformations of lower energy were used as starting point, each trajectory being 8 ns
long. Figure 5 represents the accumulated Ramachandran plot of the three trajectories for the
Acgc dipeptide. It is worth noting the C; and o are the populated regions, in excellent agreement
with the AG9P values derived from DFT calculations (Table 2). On the other hand, as expected
a chair conformation was systematically detected for the cyclohexane ring.

Building Block Mutants of 1krr and 1hv9

DFT calculations on Ac-Acgc-NHMe indicated that AcgC presents a high propensity to adopt
folded conformations. This conformational characteristic makes this synthetic amino acid a
potential candidate to reduce the conformational freedom of the B-helix building blocks if it is
introduced in the most mabile regions, i.e. the folded loops, replacing natural amino acids. The
strain energy associated with the cyclohexane ring in Acgc is significantly lower than that of
other recently investigated constrained amino acids with cyclic side chains, Acsc and c3Dip.
56 Accordingly, Acgc is expected to adapt its folded conformation within the targeted position
more easily than the corresponding analogue with a cyclopropane ring. Two Acgc-single
mutations were considered for the 1krr and 1hv9 B-helix building blocks.® We found that a
nanostructure constructed by four stacked replicas of the left-handed p-helix formed by
residues 131-165 of 1krr exhibited remarkable stability under different simulated conditions,
including temperature increase and addition of ions.1°> On the other hand, the less stable model
was obtained from four self-assembled copies of the B-helix formed by residues 296-329 of
1hv9. Thus, nanoconstructs formed by the latter repeat are good systems to test stabilization
strategies. A description of the sequences of 1krr and 1hv9 building blocks is provided in Table
3.

Two positions of 1krr and 1hv9 building blocks were selected as suitable candidates for
substitution by Acgc according to the following criteria (Figure 6): i) the residues are located
in the loop regions of the B-helix, which display higher mobility than the  sheets and present
a folded conformation similar to that preferred by Acgc; ii) the side chain of the residues is
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outward-pointing avoiding unfavorable steric interactions between the cyclohexane group of
the Acgc substitution and the side chains of the inward-pointing residues. Targeting flexible
disfavored loop regions should have direct impact on the structural stability of the nanotubes.
For the 1krr building block the Gly-149 and Ala-160 residues were substituted by the AcgC
one at a time (Table 3), the two corresponding mutants being denoted G149Acgc and
AL160AcgC, respectively. The single mutations performed on the 1hv9 building block at
Asp-306 and Ala-322 were denoted D306Acgc and A322Acqc, respectively. The charged side
chain of Asp-306 produces electrostatic repulsions with Asp-305 in the loop region of
1hv9.15

Figure 7 compares the root mean square deviation (RMSD) of the wild type with the
corresponding mutants, while Figure 8 displays for each case the initial structure with that
obtained after 10 ns of MD simulation. As can be seen, replacement of Gly-149 by AcgC
produced an improvement in the RMSD of the 1krr building block. Such improvement s clearly
observed in Figure 9, which shows the root mean square fluctuation (RMSF) of individual
residues averaged over the whole simulation. Analysis of the RMSF reveals a considerable
local improvement, the averaged RMSD of residue 149 decreasing by about 1.5 A.
Accordingly, substitution of a flexible Gly residue by an Acgc, which is constrained to adopt
turn conformations, stabilizes the bend architecture of the loop by reducing its mobility. In
contrast, neither local nor global improvement was observed for the A160AcgC mutant. The
RMSD of residue 160 increased by 1.17 A after mutation (Figure 9). A detailed examination
of the snapshot recorded for this mutant at the end of the simulation (Figure 8) reveals a
significant distortion in the turn at positions 159-161, indicating that the rigidity introduced
by the synthetic residue in the loop causes the disruption of the B-helix motif (see
Ramachandran plots in the Supporting Information). This feature suggests that in order to retain
the global organization of the building block it is important to preserve some flexibility in this
loop.

For the wild type building block of 1hv9 and its mutants, results indicate that the D306AcgC
mutant shows a notable structural stability. In this case, the RMSF is considerably smaller at
many positions along the chain. The initial B-helix conformation is retained without apparent
distortions after 10 ns of MD simulation. Inspection of the Ramachandran plots of the
substituted position and the adjacent residues (Supporting Information) reveals a significant
resemblance between the wild type and the D306 Acgc mutant. Analysis of the RMSF indicates
that even though the substitution at position Asp-306 by Acgc eliminates the electrostatic
repulsion with Asp-305, the backbone constraints associated with the Acgc residue have a
significantly smaller effect in the fluctuations at the loop than at the other positions along the
chain. As a consequence, a substantial global stabilization of the building block is obtained.
By contrast, substitution at Ala-322 does not provide neither local nor global improvement.
The structural distortion is significant for both the wild type and the A322Acgc mutant, with
the B-helix disrupted in both cases.

Analysis of the conformation adopted by the cyclic side chain of Acgc through the MD
simulations of 1krr and 1hv9 mutants reveals a certain degree of mobility. Although the S; is
clearly the predominant conformation in all cases (population of 67%), relatively high
populations of both S, and B arrangements are detected (21% and 12%, respectively).
However, the apparition of the latter arrangements should be attributed to relaxation effects
associated to the dynamics of the building block, rather than to a thermodynamic equilibrium.
This feature indicates that the flexibility of the cyclohexane ring plays a crucial role in the
adaptation of the Acgc residue to the bend organization of the loop. Thus, although the intrinsic
stability of wild type building blocks increases by restricting the conformational freedom at a
specific position within the most mobile loop, the synthetic residue introduced for this purpose
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should retain some flexibility (for example in the side chain, as AcgcC) to avoid unfavorable
strain effects that disturb this architecture.

Assembled Mutants of 1krr and 1hv9

G149Acqc, AL60ACgC, D306ACgC and A322Acgc were used as building blocks for
nanoassemblies, which were constructed by stacking four copies of each repeat one atop the
other, with no covalent linkage between them. Figure 10 compares the evolution of the RMSD
calculated for nanotubes of the mutated building blocks with those obtained using wild-type
repeats, while Figure 11 depicts the structure of the nanoconstructs after 10 ns of MD. Finally,
Figure 12 shows the RMSF of all the investigated systems.

As expected from the results of the single building block, the RMSD of the G149Acgc self-
assembled system is significantly smaller than that derived from 1krr wild type repeat. At 298
K, the backbone RMSD of the self-assembled G149Acgc remains below 1 A for the entire
simulation indicating the stability of this organization is remarkably high. This behavior
demonstrates that the substitution of Gly-149 by Acgc not only reduces the flexibility of the
building block but also enhances its ability to retain the assembled nanostructure constructed
using the mutated subunits. This feature is clearly indicated by the Ramachandran plots
provided in the Supporting Information, which reflect not only the low mobility of the whole
mutated loops but also the remarkable conformational similarity among the four Acgc residues
contained in the different subunits of the self-assembled G149Acgc. On the other hand,
inspection to the RMSD and RMSF of the A160Acgc mutant indicates that self-assembling
does not provide any improvement of the local organization with respect to that observed for
the building block. Indeed, Figure 11 shows that the fourth building block is completely
unfolded after 10 ns of MD simulation. To conclude, restricting the conformational freedom
at a specific position within the most mobile loop significantly enhances the intrinsic stability
of 1krr self-assembled nanotubes.

Comparison of the self-assembled nanostructure derived from D306Acgc with that constructed
using the 1hv9 wild type building block is provided in Figure 10b. As can be seen, substitution
in the self-assembled tube produces a slight improvement. After 10 ns of MD simulation the
RMSD of the D306Acgc self-assembled tubes is about 1 A smaller than that of the 1hv9
nanoconstruct. However, inspection of the RMSF values reveals that the mutation at the
Asp-306 produces a partial fraying at the C-terminal region of all the interacting subunits, even
though a slight improvement is observed at some residues located at the N-terminal and central
regions. These results indicate that although electrostatic repulsions were removed in the
mutated building block, they partly reappear when the Asp-305 residues of the stacked
D306Acec units interact. Finally, the results obtained for the A322Acgc self-assembled
nanotube clearly indicate that mutation at the Ala-322 position destabilize not only the building
block but also the nanoconstruct. This is probably consequence of the steric interactions
produced by the cyclohexane side chain. Figure 11 reveals that the self-assembled organization
is completely lost after 10 ns of MD simulation.

Comparison of the Stabilizing Effect Produced by Acsc and Acgc Substitutions

In our recent study,® MD simulations showed that when Acsc is introduced in the loop regions
of 1krrand 1hv9, itis able to enhance the stability of the nanostructures due to its highly strained
backbone and strong tendency to adopt turn conformations. We found that substitutions of the
middle Ala by Acsc in different Gly-Ala-Gly and Ala-Ala-Ala motifs lead to remarkable
stability, which implies that these motifs are potential targets for Acsc-mutations. Although
the conformational preferences of Acsc are severely restrained by the strain of the cyclopropane
ring,! the whole mutated motif self-adapts to the regular B-helical organization by altering the
backbone dihedral angles of the neighboring Gly and Ala residues. The latter residues act as a
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flexible hinge to absorb the tension induced by the cyclopropane ring in the loop, i.e. their
flexible backbone allows a conformational adjustment.

In this work better results were obtained for the G149Acgc and D306Acgc mutants, which form
self-assembled nanotubes with higher stability than those derived from 1krr and 1hv9 wild
type, respectively. In these mutants the middle position of Pro-Gly-Val and Asp-Asp-Cys
motifs is substituted by Acgc. The introduction of Acgc overcomes the limitations detected in
Acsc-mutants. This should be attributed to the enhancement of conformational freedom
provided by the cyclohexane ring with respect to the cyclopropane. The backbone of Acge is
more flexible than that of Acsc and different arrangements of the cyclohexane ring are
compatible with each backbone conformation.

Conclusions

The intrinsic conformational preferences of Acgc have been examined using DFT calculations
inthe gas-phase at the B3L'YP/6-31+G(d,p) level. Results indicated that Ac-Acgc-NHMe tends
to adopt folded conformations, as is usual in Ac,c dipeptides, even though its conformational
freedom is higher than that of the corresponding Acsc, Acsc and Acsc analogues. This partial
flexibility is mainly the consequence of the lack of strain in the cyclohexane ring. The influence
of the environment on these conformational preferences has been examined using the PCM
model to represent chloroform, methanol and aqueous solutions. Results indicated that the
conformational freedom increases with the polarity of the solvent. Our calculations lead us to
conclude that even though Acgc is a conformationally constrained amino acid its rigidity is
significantly lower than that of other related compounds, i.e. Ac,c with n < 6, making it a
potential candidate to stabilize nanoconstructs.

Here, we introduced Acgc in loop regions of 1krr and 1hv9 building blocks to examine the
effect of a conformational confinement on the stability of protein nanostructures. We observed
that (i) for the more stable 1krr the substitution of Gly-149 by Acgc has further reduced
significantly the conformational mobility not only at the mutated position but also of adjacent
positions significantly stabilizing the self-assembled tube. Thus, G149Acgc is a promising
mutant of 1krr; (ii) substitution of Asp-306 by Acgc in the wild type unstable 1hv9 induces a
remarkable structural stability especially in the building block, which we attribute to the partial
elimination of unfavorable electrostatic interactions. Finally, (iii) comparison of these results
with those reported previously® indicates that the ability of Ac,c constrained amino acids to
adapt their folded conformations within the targeted position improves with the size of the ring.
The rigidity introduced by the strain energy of the cyclopropane ring makes this adaptation
process more difficult for Aczc-mutants than for Acgc-mutants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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X XI

Figure 1.

Molecular structure of the minimum energy conformations characterized for the Ac-Acgc-
NHMe dipeptide at the B3LYP/6-31+G(d,p) level. Intramolecular hydrogen bonds are
indicated by dashed lines. The structural characteristics of each minimum are described in
Table 1.
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Ramachandran maps of the Ac-Acgc-NHMe dipeptide in chloroform, methanol and water
solutions computed at the B3LYP/6-31+G(d,p) level of theory. Energies (in kcal/mol) are
relative to the lowest energy minimum. Contours are drawn every two kilocalories per mole.
The position of the minima with lower free energies (see Table 2) is indicated in each case.
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Figure 6.
Schematic picture showing the loop and B-sheet regions of the B-helix as well as residues with
outward- and inward-pointing side chains.
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Figure 7.
Comparison of the RMSD (in A) for the wild type and mutated building blocks. (a) Building
blocks based on 1krr: wild type (black line), G149Acgc (blue line) and A160Acgc (red line).
(b) Building blocks based on 1hv9: wild type (black line), D306Acgc (blue line) and
A322Acqe (red line).
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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).
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Figure 10.

Evolution of the backbone RMSD (in A) of the simulated nanotube models based on the self-
assembly of both wild type and mutated building blocks. (a) Building blocks based on 1krr:
wild type (black line), G149Acgc (blue line) and A160Acgc (red line). (b) Building blocks
based on 1hv9: wild type (black line), D306Acgc (blue line) and A322Acgc (red line).
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Figure 11.

Structure of the nanotube models based on the self-assembly of 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). Stacked B-helix building blocks have been represented by different colors.
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Figure 12.

Comparison of the RMSF for the wild type and mutated sequences in self-assembled nanotubes.
(a) Nanotubes based on 1krr: wild type (black line), G149Acec (blue line) and A160AceC (red
line). (b) Nanotubes based on 1hv9: wild type (black line), D306Acgc (blue line) and
A322Acqe (red line).

J Chem Inf Model. Author manuscript; available in PMC 2009 November 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rodriguez-Ropero et al. Page 24

CH,.

Scheme 1.

J Chem Inf Model. Author manuscript; available in PMC 2009 November 2.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rodriguez-Ropero et al.

NHAc NHAC

CONHMe
CONHMe

Scheme 2.

J Chem Inf Model. Author manuscript; available in PMC 2009 November 2.

Sy

Page 25

NHAc

CONHMe



Page 26

Rodriguez-Ropero et al.

‘n'e //8¥56'TS9— um_m

‘low/[edy uj
|ow/[ed P

*(2 awayas 9as) Bul auexayolaAd ays Jo ‘AjaAndadsal ‘SUOITRWIOLU0D Te0q pue Z-1eyd ‘T-11eyd 0 Jajal g pue ¢S ,._”mo

*(1x@1 988) /h pue d sajBue [eIPBYIP By AQ PBUILSP SI UOITBLLIOMUOD BUOCM0R] 8Y L

q

saalbap c_«w
0'6 9 I LT 9vET- 9'65 L2191~ IX
gL 9 o) LT~ G'69T— T'8.T 6'L.T X
z9 ES o) 0'08T 9'6.T— 8'6.T— 9'6.T XI
09 q 9 8.1~ LTS L'l SY.T A
9 ‘s I €6.T z0S 8 LT~ TTLT- 1A
8¢ ‘s 0 8'9/T— T'6E v'€9 7'89T IA
v'e S o) G'6.T LT 8'8.T v'8LT— A
9C s I 9YLT AAARS 9'65 z0LT- Al
¥4 s D LT~ G'6T 7oL 8'69T 1
z0 ‘s o) G'GLT- 169 el LT~ 1l
300 s y 76LT 'ss g'el- v'SLT- I
v ureyd apIs auogoeg [u] M () om #

'A103y L JO [9A87 (d'P)D+TE-9/dAT1EL Ul T8 SNHN-2%Y
-0V JO ewiul| ABJau3 [euonewIojuod ay oy n(3v) ABIsug aAIIR|aY puR LUONEBWIOIUOD UreYD 8PIS ¢'UOITBWIOIU0D duogyoRy ¢ 'S8]buy UoISIO ] suogyoeg

Ta|qeL
NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Chem Inf Model. Author manuscript; available in PMC 2009 November 2.



Rodriguez-Ropero et al. Page 27

Table 2

Conformational Free Energies in the Gas-phase, Chloroform, Methanol and Aqueous Solutions for the Energy
Minima of Ac-Acgc-NHMe determined at the B3LYP/6-31+G(d,p) Level of Theory.

# AGgp AGCHCI3 AGMeOH AGHZO
| 0.02 0.0 15 1.8
1l 0.6 11 2.4 31
11 1.6 15 0.3 0.7
v 1.8 15 1.7 2.1
\Y% 21 18 52 34
VI 35 1.8 0.0 0.0
VI 4.5 3.3 24 0.0
VI 5.9 4.2 3.2 3.8
1X 5.7 4.5 3.3 3.9
X 7.4 5.3 4.3 4.1
Xl 8.0 5.9 4.4 4.4

a

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

G=—-651.717012 a.u.
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Sequences of the wild type 1krr and 1hv9 building blocks used to construct the nanotubes. For each fragment
the mutated residues are highlighted with both bolding and italics.

PDB Protein name Residues Sequence

Galactoside

PITIGNNVWIGSHVVINP

1krr gg?ityltransferase frome. 131-165 GVTIGDNSVIGAGSIVT
1hv9 N-acetylglucosamine 1- 296-329

phosphate uridyltransferase CVIKNSVIGDDCEISPY

GImU, C-terminal domain TVVEDANLAAACTIGPF

from e. coli.
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