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1. INTRODUCTION

Dendrimers are a family of highly branched compounds that
share a common layout where wedges emerge radially from a
core by means of a regular branching pattern.1-7 These struc-
tures are characterized by a combination of high end-group fun-
ctionality and a precisely defined chemical composition contain-
ing three topologically distinct regions (core, branches, and
periphery), where each region can manifest features that are
modulated by the dendrimer as a whole.1,3,7-11 Because of their
particular architecture, these molecules have been used to combine
miscellaneous building blocks, such as branched compounds,1,10

proteinogenic and nonproteinogenic amino acids,8,12,13 carbohy-
drates,14-16 among others.6 Nowadays, dendrimers constitute a
class of molecules presenting a wide range of sizes, functionalities,
and applications.4-10,16-20

Peptide dendrimers are a specific kind of dendrimers formed
by alternating proteinogenic amino acids with branching diamino
acids.13,21,22 The peptide dendrimers obtained in this way have
been continuously and systematically studied, providing models
for different natural systems. Some examples include catalytic
peptide dendrimers with esterolytic or aldolytic activity,21-23

multivalent lectin binding dendrimers,14,24 drug delivery com-
pounds,25 and peptide dendrimers for vitamin B12 transport.

26,27

Moreover, combinatorial synthesis methods allow for the se-
quential design of peptide dendrimers mimicking specific aspects
of biological functions.8,28,29 Peptide dendrimers have already been
reported to exhibit biocompatibility,14,16 enhanced resistance to

proteolysis,30 and acquisition of secondary structure motifs
characteristic of folded proteins.31

It has been suggested that most peptide dendrimers are
topologically constrained to adopt a globular shape.8,22,23,28

Thus, multibranched molecules with protein-like structures
could be shaped, and features such as molecular recognition
would arise from cooperative interactions among the different
amino acid constituents, in a manner similar to that of natural
proteins.8,22,23 Unfortunately, most studies of peptide dendrimers
lack structural information at the molecular level. It has been
proposed that peptide dendrimers exhibit relatively loose conforma-
tions similar to molten globule proteins,23 which might explain the
reason why it has not been possible to obtain detailed structural
information using the most common experimental techniques.32

Several experimental studies, such as diffusionNMRexperiments on
catalytic esterase peptide dendrimers, indicate that these molecules
adopt roughly spherical structures,8,23,32 while other studies, such as
cobalamin-binding experiments, suggest the existence of more
disordered states.26,27,31

Reliable information at the molecular level is therefore vital for
understanding the functional properties of peptide dendrimers,
and their structure in solution. The use of molecular mechanics/
dynamics (MM/MD) methods, which are very well suited to
study structural aspects of biomolecules, including large
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ABSTRACT: We present here the first comprehensive structural
characterization of peptide dendrimers using molecular simulation
methods. Multiple long molecular dynamics simulations are used to
extensively sample the conformational preferences of five third-
generation peptide dendrimers, including some known to bind
aquacobalamine. We start by analyzing the compactness of the
conformations thus sampled using their radius of gyration profiles.
A more detailed analysis is then performed using dissimilarity
measures, principal coordinate analysis, and free energy landscapes,
with the aim of identifying groups of similar conformations. The results point to a high conformational flexibility of these molecules,
with no clear “folded state”, although two markedly distinct behaviors were found: one of the dendrimers displayed mostly compact
conformations clustered into distinct basins (rough landscape), while the remaining dendrimers displayed mainly noncompact
conformations with no significant clustering (downhill landscape). This study brings new insight into the conformational behavior
of peptide dendrimers and may provide better routes for their functional design. In particular, we propose a yet unsynthesized
peptide dendrimer that might exhibit enhanced ability to coordinate aquocobalamin.
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conformational transitions like protein folding,33-35 might be a
valuable tool to investigate these issues, as these methods allow
us to gather structural information about peptide dendrimers
that would otherwise be inaccessible. This approach has been
performed recently and for the first time to investigate catalytic
peptide dendrimers with proven esterolytic activity, providing
the first insights into these molecules structural behavior in
solution.32 In that work, Javor et al. adopted a simulated
annealing procedure using multiple short MM/MD runs, finding
that the dendrimers tended to adopt compact, roughly spherical
structures.

Herein, we characterize five third-generation peptide dendri-
mers using multiple long MM/MD simulations and analyze their
conformational details and structural preferences in solution.
The purpose is to characterize the whole conformational space of
these dendrimers, rather than simply finding their low-energy
conformers.

The dendrimers investigated have an identical topology
(Figure 1) but are composed of different amino acid residues
(Table 1). Thus, we expect to analyze not only the structural
tendencies inherent to each of these particular dendrimers, but
also reach some conclusions concerning the relevance of topol-
ogy on the preferentially acquired conformations. This approach
is of interest since some authors advocate the idea that the
acquisition of structure by peptide dendrimers is mainly topology
driven.8,23,28

The peptide dendrimers B1, B1H, and C1 have been synthe-
sized and characterized using different experimental techniques,26

having demonstrated ability to mimic the cobalt binding in
vitamin B12 dependent enzymes or transport proteins. Their
coordination with cobalamin is thought to be mediated by
cysteine or histidine residues,26 and their experimental cobala-
min-binding affinities are also presented in Table 1. The intri-
guing question surrounding these three dendrimers is that the
one presenting the higher number of potentially cobalamin-
coordinating residues (C1, which presents two histidines) is not
the one with the higher binding constant. Furthermore, the
exchange of a single cysteine residue in B1 by a histidine one
(producing B1H), leads to a marked decrease of the binding
constant.26 These counterintuitive results might be explained by
the preferential conformations adopted by each of these den-
drimers in solution.

The peptide dendrimers B1HH and B1HHH are both variants
obtained from B1 by replacing with histidine the two
4-aminomethyl(benzoic) acid (Amb) residues (positions X4 in
Figure 1) and, in B1HHH, also the cysteine core residue
(position X2 in Figure 1). They have been included in the present
study in order to examine the effect of incorporating two
additional potentially cobalamin-coordinating residues into the
overall dendritic topology under investigation. Because of the
similarities in the amino acid residues composition between B1,
B1H, B1HH, and B1HHH, they will be collectively designated as
“B1-family”.

To the best of our knowledge, these are the first long
molecular dynamics simulations of peptide dendrimers and the
first attempt to perform a comprehensive structural characteriza-
tion of these molecules. We analyze several properties by
resorting to histogram analysis and energy landscapes, which
play a crucial role in rationalizing the conformational behavior of
peptides and proteins.33-40

The present study can provide new insights into the struc-
ture-function relation in peptide dendrimers and, together with
the available experimental results, contribute to an integrative
understanding of their structure in solution and the development
of novel applications.

2. COMPUTATIONAL METHODS

2.1. Dendrimer Building. We have used PyMOL41 (version
0.99rc6) to obtain an initial set of 3D coordinates for each
peptide dendrimer introduced in Table 1. All the dendrimers
were built and simulated using the sequence with which they
were synthesized (or would be in the case of B1HH and
B1HHH),26 namely, by attaching an amine group (NH2) to

Table 1. Residue Composition and Cobalamin Binding Constant for Each Peptide Dendrimer

residues at each positiona

dendrimer X1 X2 B1 X3 X4 B2 X5 X6 B3 X7 X8 binding constant,b 106 M-1

B1 Asp Cys Dap Tyr Amb Lys Ala Glu Dap Ser Glu 5.0( 0.800

B1H Asp His Dap Tyr Amb Lys Ala Glu Dap Ser Glu 0.083( 0.011

B1HH Asp Cys Dap Tyr His Lys Ala Glu Dap Ser Glu n.a.c

B1HHH Asp His Dap Tyr His Lys Ala Glu Dap Ser Glu n.a. c

C1 Ala Arg Dap Thr His Dap Tyr Glu Dap Gly Ser 0.022( 0.002
a Standard three-letter abbreviations are used for proteinogenic amino acids; Dap for s-2,3-diaminopropionic acid and Amb for 4-aminomethyl-
(benzoic) acid. bTaken from ref 26. cData not available.

Figure 1. Schematic topology of the peptide dendrimers investigated.
The Xn and Bn residues of each dendrimer are indicated in Table 1.
Dendrimer generations (G0-G3) and their constituents are evidenced
using different colors. The N- and C-terminal caps are, respectively, the
acetyl group (Ace) and the amine group (NH2).



5044 dx.doi.org/10.1021/ja111001v |J. Am. Chem. Soc. 2011, 133, 5042–5052

Journal of the American Chemical Society ARTICLE

the core C-terminus, and acetyl (Ace) groups to the peripherical
N-termini (see Figure 1).
The starting structures obtained with PyMOL showed con-

figurations resembling a random coil. To ensure that no compact
conformational states were favored by these starting conforma-
tions, all structures were subject to energy minimization and
initiation procedures previous to the production stage of the
simulation (see section 2.2).
To facilitate the comparison among conformations of different

peptide dendrimers we employ a color code to represent each of
them along the article. Accordingly, B1 structures are colored in
red, B1H in green, B1HH in blue, B1HHH in yellow, and C1
structures in gray.
2.2. MM/MD Settings.The GROMACS package,42,43 version

4.0.2, and the GROMOS 53A6 force field44 were employed to
perform MD simulations on the five different peptide dendri-
mers. Most of the amino acid blocks considered for the topology
of peptide dendrimers were already available in the GROMOS
53A6 set. Nevertheless, new topology blocks for the 4-amino-
methyl(benzoic) acid (Amb), the s-2,3-diaminopropanoic acid
(Dap) and the branching lysine residues, were constructed ass-
uming the transferability of the force field (see Supporting
Information). The charges assigned to each tritable residue were
the ones typically present at pH 7. The suitability of the
protonation states chosen was confirmed a posteriori by pKa

calculations over the conformation ensembles obtained from the
simulations (data not shown).
The nonbonded interactions were treated with a twin-range

cutoff of 8/14 Å and neighbor lists updated every 10 fs. The
reaction-field method,45 with a relative dielectric constant of
54.0,46 was used for the long-range electrostatic interactions.
Molecular dynamics simulations were performed by integrat-

ing the equations of motion using the Verlet leapfrog algorithm
with a time step of 2 fs, and the system coordinates (snapshots)
were saved every 10 ps for further analysis. The LINCS
algorithm47 was employed to keep all bonds at their equilibrium
values and the SETTLE algorithm48 was used to maintain water
molecules rigid.
Solvent and solute were separately coupled to temperature

baths at 298.15 K, with Berendsen coupling49 and a relaxation
time of 0.1 ps. A Berendsen isotropic pressure coupling49 was
used at 1 bar, with a relaxation time of 0.5 ps and an isothermal
compressibility of 4.5 � 10-5 bar-1.
All simulations were done with explicit solvent, using 13619

(B1), 13608 (B1H), 9446 (B1HH), 9441 (B1HHH), and 9442
(C1) single point charge (SPC)50 water molecules in rhombic
dodecahedral unit-cells, while applying periodic boundary con-
ditions. Suitable minimum distances between the peptide den-
drimers and the end of the unit-cells were used to ensure that
periodic images did not interact. The final systems contained
about 28 to 40 � 103 atoms.
All systems were energy minimized to remove excessive strain.

This was done using the steepest descent algorithm, consisting of
12 000 steps with all dendrimer heavy atoms position restrained,
followed by 15 000 steps without position restraints.
The initiation procedure consisted of seven different simula-

tions. First a 20 ps simulation was performed with all dendrimer
atoms restrained at a temperature equal to 298.15 K and assign-
ing initial random velocities to the structure, thus generating the
different replicates. This first step was followed by another
simulation for 30 ps restraining only the R carbon atoms. A
third simulation was performed for 50 ps without position

restraints and heating the system up to 400 K. After that and
to ensure the formation of extended conformations, the partial
charges of each atomwere changed from their reference values to
a value ofþ0.1 e and heating continued during 100 ps up to 500
K. This brief change in all atomic electric charges promotes the
repulsion among all dendrimer atoms, originating a generic initial
structure that corresponds to the most “stretched” conformation
of each dendrimer. This is, in our opinion, the less biased
approach because it allows the simulations to depart from states
that do not represent a conformational minimum and that are, in
principle, the least favored ones.
Next, a simulation was run during 50 ps decreasing the systems

temperature to 400 K, while keeping the positive charges on the
atoms. Subsequently, all the atoms were kept positively charged
throughout a 50 ps simulation, while cooling the system down to
its reference temperature (298.15 K). Finally, all the charges were
set to their original values and the initiation protocol was
completed with a 20 ps MD run at 298.15 K with all dendrimer
heavy atoms position restrained. The force constant used for the
position restraints during all minimization and initiation steps
was 1000 kJ mol-1 nm-2.
Starting with these fully extended configurations, ten molec-

ular dynamics simulations of 100 ns were performed for each of
the five peptide dendrimers under study, amounting to a total of
1 μs per dendrimer. The replicates of each peptide dendrimer
started from the same optimized system but with different sets of
random velocities. The systems showed to be equilibrated at
different time lengths (see section 3.1) and only the equilibrated
trajectories were used for subsequent analysis, which was done
using GROMACS42,43 or in-house tools. This ensemble-
dynamics approach, combining several replicates with long MD
runs, allows us to obtain not only temporal averages but also
ensemble averages. Despite this extensive sampling, we can not
disregard the hypothesis that there may exist conformational
events that are not accounted for, as the simulationsmay not have
reached an ergodic stage.
2.3. Root Mean Square Deviation. The (dis)similarity

among pairs of conformations was quantified using the root-
mean-square deviation (rmsd) of their atomic Cartesian coordi-
nates obtained after translational and rotational least-squares
fitting. The rmsd between conformation A and conformation B
of a given molecule was defined as the minimum of the function

rmsdðA, BÞ ¼ 1

∑
N

i¼1
mi

∑
N

i¼ 1
mi ) riðAÞ- riðBÞ )2

2
664

3
775

1=2

ð1Þ

where N is the number of atoms in the summation, i is an index
over these atoms,mi is the mass of atom i, and ri(A) and ri(B) are
the Cartesian coordinates of atom i in conformations A and B.51

The minimum value of eq 1 is obtained by an optimal super-
position of the two structures. The rmsd value quantifies how
well the atoms of two molecular structures can be superimposed
and fulfils the requirement of a metric,52,53 meaning that it
preserves the relative proximity between all the conformations.
Determining the rmsd value for a pair of chemically symme-

trical or quasi-symmetrical molecules is a task hindered by the
fact that such molecules have on their composition residues
that are placed at different positions in the overall architecture
but that are chemically equivalent. The peptide dendrimers
studied here can be considered as chemically quasi-symmetrical
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structures, as evidenced by Figure 1, because for any residue in a
generation other than G0 there is at least one chemically
equivalent residue. To overcome this problem we devised an
automated procedure to construct all chemically equivalent
permutations of a dendrimer, by iteratively swapping residue
sections (pairs of spacer units) attached to the same branching
units. There are seven branching residues (1B1 þ 2B2 þ 4B3 in
Figure 1) whose attached pair of spacer units may be in two
different states (swapped or not), which amounts to a total of 27 =
128 different permutations. (The Supporting Information ex-
plicitly shows the conformations thus obtained for the simpler
case of a second-generation dendrimer, as well as an actual
example involving a pair of conformations from the C1
simulations.) When a conformation is compared with some
reference, the corresponding rmsd values are computed with
all its 128 variants and the lowest one (the “true” rmsd) is
selected. Because of the high computational cost of these calcula-
tions (128 times heavier than a standard rmsd calculation), we
have performed them using only the conformations present at
0.2 ns intervals of the concatenated trajectories.
With the calculated rmsd values, we have built for each

dendrimer the corresponding rmsd matrix, accounting for the
dissimilarity between all pairs of structures. Following an ap-
proach described elsewhere,40 we have used this matrix to
determine the central structure that minimizes the dispersion of
the rmsd values for each dendrimer.
2.4. Free Energy Landscapes. To characterize the conforma-

tional space of peptide dendrimers, we must identify the acces-
sible energy basins and minima on the potential-energy surface.
To achieve this, we have determined probability density func-
tions, P(r), in two different representation spaces. The first is a
two-dimensional (2D) space using as coordinates the values of
the radius of gyration (Rg) and rmsd to the central structure. The
second uses the three-dimensional (3D) Euclidean coordinates
obtained for a principal coordinate representation of the con-
formations (section 2.5). Both representation spaces were ob-
tained using the concatenated trajectories at intervals of 0.2 ns.
The probability density functions were estimated using a Gauss-
ian kernel estimator,54 while employing grids of (0.009 Å)3 for
the 2D energy surfaces, and (0.05 Å)3 for C1 and (0.08 Å)3 for
the B1-family dendrimers 3D energy surfaces.
As done previously,40 energy surfaces were computed from

P(r) according to

EðrÞ ¼ - RT ln
PðrÞ
Pmax

ð2Þ

where P(r), Pmax, T, and R are, respectively, the probability
density function, its maximum, the absolute temperature, and the
ideal gas constant. For simplicity, we will hereafter refer to E(r) as
“energy”, although it, in fact, represents a conditional free
energy.38-40

We group the configurations expressed in the conformational
spaces using as clustering condition the confinement within a
common energy basin, while considering different energy
cutoffs.40

2.5. Principal Coordinate Analysis. Creating useful repre-
sentations of molecular conformation spaces is a task hindered by
the high dimensionality of these spaces. Collective coordinate
methods, such as principal components analysis or principal
coordinate analysis (PCoorA), allow the projection of multi-
dimensional data on low-dimensional subspaces.55-57

PCoorA is a method that allows the mapping of objects into a
system of coordinates (called principal coordinates), in such a
manner that the Euclidean distances between objects in that space
correspond (as well as possible) to their dissimilarities.56-61

We used the rmsd values between pairs of conformations as a
dissimilarity measure and reduce the dimensionality of the data
set to a 3D space.

3. RESULTS AND DISCUSSION

3.1. Equilibration and Validation. The equilibration time of
the different replicates was determined by monitoring the radius
of gyration (Rg),

62 which provides a rough measure of the
compactness of a structure and is commonly used to study
branched molecules.63-68 More traditional properties like the
potential and kinetic energies converge almost immediately. The
replicates of all peptide dendrimers reach equilibrium at different
times, ranging from 5 to 30 ns. By concatenating the trajectories
of the different replicates, one obtains the total amount of
production simulation in equilibrium conditions, whose corre-
sponding times are presented in Table 2. For each peptide
dendrimer, the subsequent analysis were performed over the
corresponding group of ten equilibrated trajectories.
Although not many physical properties have been experimen-

tally determined for the dendrimers studied here, a recent
diffusion NMR spectroscopy study reported a diffusion coeffi-
cient of 1.10 � 10-10 m2 s-1 for the B1 free form (without
cobalamin) in aqueous solution.27 This value can be used to
assess the suitability of our approach and the use of GROMOS
53A6 force field for the simulation of these peptide dendrimers.
From the simulations, we have determined the diffusion

coefficient for B1 in water by computing the mean-square
displacement (MSD) and employing the Einstein relation.69

For each of the ten replicates, we have determined the MSD of
the dendrimer center of mass by considering only the last 80 ns;
we discarded the first 20 ns of all replicates because that was the
time the slowest replicate of B1 took to equilibrate. An average
over these ten MSD curves originated an 80 ns average MSD
curve (Figure 2), whose initial and final points were discarded to
avoid the effects of ballistic motion and poor sampling.70 The
linear part of this average curve, ranging from 5 to 55 ns, was then
subjected to a linear least-squares fit. The Einstein relation was
then applied to the resulting straight line, yielding a diffusion
coefficient of 2.85 � 10-10 m2 s-1.
The statistical error associated with the diffusion coefficient

was calculated as the difference between the diffusion coefficients
obtained from fits over the two halves of the fit interval
considered, in accordance with a methodology described
elsewhere,71 yielding a value of 0.43 � 10-10 m2 s-1.

Table 2. Total Length of the Concatenated Equilibrium
Simulations for Each Dendrimer

dendrimer equilibrated simulation length (ns)a

B1 850.10

B1H 905.10

B1HH 905.10

B1HHH 880.10

C1 835.10
aThis values refer to the sum of the equilibrated trajectories of 10
replicates.
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Considering the difficulties of estimating second-order time-
dependent properties from simulations,69 the computed diffu-
sion coefficient ((2.85( 0.43)� 10-10 m2 s-1) is in reasonably
good agreement with the experimental value (1.10 � 10-10 m2

s-1).27 Hence, the simulations seem to adequately reflect the
experimental systems, supporting the suitability of the GRO-
MOS 53A6 force field to model peptide dendrimers.32

3.2. Radius of Gyration. To investigate and characterize the
existence of homogeneous conformational classes representative
of each peptide dendrimer we have concatenated the equilibrated
conformations sampled during the simulations and computed
the Rg value for each of them. The resulting distributions of Rg
values are shown in Figure 3, together with examples of
structures associated with particular values.
The first important observation is that the B1-family dendri-

mers exhibit Rg values that vary within similar ranges
(approximately from 1 to 2 nm), with most conformations
comprised in the interval between 1.3 and 1.5 nm. When
compared to the B1-family dendrimers, the Rg values of C1 tend
to be smaller and vary within a shorter range (from 0.8 to
1.4 nm). These different distributions are reflected on the
average Rg values of each dendrimer (Table 3).
Moreover, C1 presents a number of conformations with low Rg

values that are inaccessible to the B1-family dendrimers, implying
that the combination of amino acid residues used to construct C1
promotes the formation of more compact structures. An analogous
observation can be made for the conformations with high Rg values
of the B1-family, which are inaccessible to C1.
An analysis of the conformations with high Rg values revealed a

significant number of noncompact conformations of peptide
dendrimers (e.g., B1 with Rg = 1.943 nm and C1 with Rg =
1.427 nm). The myriad of Rg values accessible to these dendri-
mers evidence the huge conformational variability that seems to
characterize such structures. Still, from a detailed analysis of the
conformations, we have verified that the most recurrent Rg values
correspond to heterogeneous structures, sharing a common

overall compactness but miscellaneous conformations, as illu-
strated by the images of structures collected in the vicinity of the
most frequent Rg value of C1 (Figure 3). Therefore, although the
histogram analysis performed allows the characterization of the
overall compactness trends in the different peptide dendrimers, it
does not satisfactory discriminates the conformations according
to their structural homogeneity.
To further investigate the conformational preferences of these

molecules by means of a single structural coordinate, we have
performed an extensive analysis using the same histogram approach
but employing different properties.We have studied the distribution
of the conformations using as structural coordinates the following
measures: total number of hydrogen bonds; solvent accessible
surface area; sum of the distance between the branching residues
R-carbons; asphericity;72,73 acylindricity;72,73 and the distance
between the two farthest atoms in each structure. The histograms
of all the aforementioned properties evidence similar tendencies to
the ones displayed by the Rg histograms, with a clear distinction
between the B1-family and the C1 dendrimers (data not shown).
Although these properties further support the existence of more
compact structures in C1 than in the B1-family, none of them
provides a satisfactory detailed discrimination among the conforma-
tions of each dendrimer.
Additionally, we have computed the values for the dihedral

angles of every snapshot of the equilibrium concatenated trajec-
tories. The allowed j and ψ angle values thus obtained are in
accordance with the ones typically exhibited by proteins74

(consult the Supporting Information for details). Therefore,
the use of a dendritic architecture along with peptidic constitu-
ents does not seem to induce the occurrence of unusual (j,ψ)
combinations.
3.3. Residues Proximity. On the basis of what is currently

known about the structure of peptide dendrimers in solution and
by analogy with proteins, a “folded” dendrimer should, in
principle, exhibit multiple close contacts between residues that
lie far from each others on the overall topology.

Figure 2. Average MSD curve for the B1 dendrimer. The dashed part of the curve represents the values that were neglected in the fit. The fit over the
considered interval is presented in the inset plot, along with the diffusion coefficient obtained.
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To evaluate the spatial proximity between all the residue pairs
we employed an approach described elsewhere.32 This analysis
procedure implies plotting, for all residue pairs, the shortest
atomic spatial distance between a pair versus their shortest
topological distance in Figure 1, that is, the total number of
residues along the shortest through-bond path connecting them.
In Figure 4, we have plotted the average shortest spatial

distance for all possible pairs of residues of C1 and B1 versus
the corresponding topological distances. The plots obtained for
B1H, B1HH, and B1HHH are similar to the one of B1 and can be
found in the Supporting Information.

Figure 4 shows that topologically distant residues tend to be
spatially closer in C1 than in B1, indicating that in C1 there is the
possibility of close contacts either among the different dendritic
branches or among the branches and the dendrimer core. The
trends displayed in the plot further support the results from the
histogram analysis, highlighting once more the existence of two
distinct structural behaviors, one characteristic of C1 and another
of the B1-family.
3.4. 2D Energy Landscapes. Our analysis of the simulations

using a single structural coordinate (section 3.2) could not
identify distinct classes among the myriad of interconvertible
dendrimer conformations. Therefore, we have used two struc-
tural coordinates, the radius of gyration (Rg) and the rmsd value
to a central structure, in an attempt to adequately discriminate
eventual conformational classes (Figure 5). The plots of B1H,
B1HH, and B1HHH are very similar to those of B1 and are
provided in the Supporting Information.
The scatter-plots presented at the top of Figure 5 suggest that

there is no obvious relationship between the rmsd and Rg values,
with similar values of rmsd accounting for very distinct con-
formations. Thus, the rmsd value obtained using as reference the
central structure is not, by itself, a very good structural coordinate
to analyze peptide dendrimers.
Some significant differences are visible between the B1-family

and C1 scatter plots. While for the B1-family dendrimers the
populated regions of Rg and rmsd values are very similar among
them (consult the Supporting Information for B1H, B1HH, and
B1HHH plots), C1 occupies completely distinct regions, char-
acterized by lower Rg and rmsd values. Moreover, and contrary to
the almost horizontal point cloud in the B1-family dendrimers,
the scatter-plot of C1 has some visible point agglomeration
indicating the existence of three main conformational groups.
Using the density of Rg and rmsd values, we have computed

the corresponding 2D free energy profile. These profiles were
used to investigate the existence of conformational classes and
respective energy minima. The landscapes for B1 and C1 are
displayed as contour maps in the center of Figure 5 (the contour
maps for B1H, B1HH, and B1HHH are provided in the
Supporting Information).
As evidenced by the contour figure, the landscape of B1 has a

general funnel-like form and, if we draw an analogy with the
landscapes of protein folding, we may consider that the dendri-
mer “folding” process is essentially downhill in terms of energy.
Looking at some of the structures collected from the only existing
energy basin in B1 (bottom left in Figure 5), one can corroborate
that they share some features: all present a mildly loose structure,
and none of them presents a well-defined structural nucleus. A
clear distinction between the structures is still not obvious.
The energy landscapes of B1H, B1HH, and B1HHH

(Supporting Information) suggest that the landscape fea-
tures of all B1-family members are almost identical, with
similar conformations accounting for the lowest-energy
conformations. These findings support the idea that, in terms
of energetic barriers, all B1-family dendrimers behave simi-
larly, regardless of the amino acid differences that character-
ize each of them. It seems that, for these particular den-
drimers, a small number of amino acid changes does not
induces major transformations in the energy landscapes
defined using Rg and rmsd.
The C1 energy landscape is more complex than the B1-family

ones, clearly evidencing three distinct conformational regions, with
the majority of conformations gathered in the region leading to the

Figure 3. Radius of gyration probability density histograms for B1, B1H,
B1HH, B1HHH, and C1. Some atomic configurations of B1 (red) and C1
(gray) are displayed, with the corresponding Rg values. The structures were
represented considering only the R carbon atoms, and drawing lines
between bonded residues. Also represented is the line connecting the
nitrogen atom of the amino cap at the subsequent R carbon. Transparent
atomic surfaces obtained using a 1.4 Å probe are also shown.

Table 3. Average Radius of Gyration of the Dendrimers

dendrimer average Rg (nm)

B1 1.542

B1H 1.490

B1HH 1.502

B1HHH 1.419

C1 1.122
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global energy minimum, and where the two high-energy minima
correspond to small portions of the total number of conformations.
The basin that incorporates the energy minimum (labeled as 1)

accounts for conformations that share some features but are
structurally inhomogeneous. Nonetheless, their overall shape is a
compact one. The basin labeled as 2 accounts for conformationswith
free energies of approximately 1.75RT, displaying compact structures
with packed geometries. Finally, basin 3 accounts for conformations
characterized by energy values varying between 5RT < E < 2.5RT.
Observing some of the conformations in this cluster, we conclude
that they exhibit similar branching distributions. Furthermore, the
energy landscape indicates that transitions between basin 3 and basin
1 would have to overcome high energy barriers.
It is noteworthy that the structures presented in the high

energy basins (2 and 3), are usually more compact than the low
energy ones. This means that the preferential configurations of
C1 are not the most compact ones, but rather some mildly
compact or molten-globule-like structures.
3.5. Principal Coordinate Analysis. An alternative set of free

energy landscapes was computed in the 3D PCoorA spaces that
better preserve the dissimilarities among all pairs of structures, as
described in section 2.5. Figures 6-8 show those landscapes for the
B1, B1H, and C1 dendrimers, respectively, displaying the isoener-
getic surfaces for 2, 1, and 0.1 RT. The corresponding figures for
B1HH and B1HHH are very similar to the one of B1 and can be
found in the Supporting Information. Analogously to the isoener-
getic lines in Figure 5, the isoenergetic surfaces delimit regions
whose energy is below the indicated value, making possible to
identify the landscape basins. The isoenergetic surfaces represented
are those that better discriminate the existing basins.
If we analyze once more, the features of the energy land-

scapes making an analogy with protein folding, we can con-
sider that the B1-family dendrimers exhibit very similar “folding”
behaviors, with funnel-like landscapes and a clear downhill propen-
sity. Furthermore, structures shown in Figures 6 and 7 (as well as

those for B1HH and B1HHH in the Supporting Information)
underline the similarities among the low energy conformations of
the peptide dendrimers within this family. For B1, B1HH, and
B1HHH, the only observable basins arise at very low energy values
(approximately 0.1RT), corresponding to conformations that
account for very small fractions of the entire conformational
population.
The single exception to this downhill behavior in the B1-family

is B1H (Figure 7), whose 3D landscapes reveals an additional
basin around 2RT. This basin accounts for a small number of high
energy structures (1.83%) that, despite being conformationally
heterogeneous, generally display compact (or molten-globule
like) conformations, with tightly packed residues.
The C1 landscape (Figure 8) differs markedly from those of

the B1-family. In this dendrimer, we distinguish different basins
and, as indicated by the 2D energy landscapes, we identify diverse
conformational classes. Some of these basins account for sub-
stantial percentages of the total amount of conformations.
Varying the isoenergetic surfaces reveals that the basins are
connected in a nontrivial way, indicating that C1 has a complex
and rough landscape. Furthermore, a comparison between the
characteristic conformations depicted with each 3D landscape
shows that, as observed with the 2D landscapes, the preferential
structures populated by C1 are more compact than those favored
by any of the other peptide dendrimers studied here.
Among the different analysis methodologies used in the

present work, the conformational space defined using the
coordinates provided by PCoorA is the one that more efficiently
discriminates the different conformational preferences of peptide
dendrimers, because, besides finding the features identified by
the other methodologies, it also reveals new ones that were
“hidden” in the complexity of the data. Nonetheless, the general
topography (downhill/rough) of the energy landscapes of all
peptide dendrimers seems to be captured by the 2D energy
landscapes using Rg and rmsd as coordinates.

Figure 4. Shortest spatial distances of all residue pairs versus their topological distances. The spatial distance values used to construct the plots were
obtained by averaging over 4251 (B1) and 4176 (C1) conformations, collected at 0.2 ns intervals of the total concatenated trajectories. To avoid the
overlapping with B1 values, the C1 topological distances are shifted by þ0.5 units.
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4. CONCLUDING REMARKS

In the present work, we have extensively sampled the con-
formational space of peptide dendrimers with the first long time
scale MD simulations of these systems, performing also a
comprehensive analysis of their conformational preferences
using histograms and free energy landscapes. Furthermore, we
have shown that the diffusion coefficient experimentally mea-
sured for one of the dendrimers (B1) could be reasonably well

reproduced by the MD simulations, supporting the suitability of
the GROMOS 53A6 force field to model peptide dendrimers.

The present study supports the idea that some peptide dendri-
mers are indeed very flexible, with the B1-family dendrimers
favoring loose and noncompact conformations where the non-
bonded contacts between residues are scarce. Some more
compact states are also observed in the B1-family, but they represent
only a very small fraction of the total amount of accessible

Figure 5. Scatter-plots (top) and free energy profiles (center) for B1 (left) and C1 (right), using Rg and rmsd as structural coordinates. The rmsd values
were calculated relative to the central structure. Amaximum cutoff of 5RT is used for the free energy profiles. Examples of conformations from each basin
are displayed, with the leftmost corresponding to the basin minimum.
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conformations. We have also identified a peptide dendrimer, C1,
featuring tightly packed preferential conformations that may be
regarded as molten globules. Therefore, the present results clearly
support the existence of at least two distinct preferential conforma-
tional behaviors accessible to peptide dendrimers. These two
distinct behaviors are also evident from the free energy landscapes:

the landscapes of the B1-family dendrimers display funnel-like
shapes with a clear downhill propensity, whereas C1 exhibits rough
with multiple significantly populated basins.

The existing experimental results on these systems suggest the
possibility of miscellaneous behaviors,8,23,26,31,32 where some
peptide dendrimers are regarded as presenting unorganized
flexible shapes, while others can display organized compact
structures. In light of the present results, the idea that peptide
dendrimers are topologically constrained to adopt a globular
shape might need some revision.

The factors conditioning the preferential shapes adopted in
solution by peptide dendrimers remain largely unstudied. None-
theless, some hypotheses can be drawn from the present study.
The clearly distinct conformational preferences observed here
for the C1 and B1-family dendrimers probably result from a large
difference in the composition of these two types of molecules.
One such difference is the length of the side chain of the B2

Figure 6. Cross-eye stereo images of B1 free energy landscapes. The
structural coordinates employed are the principal coordinate vectors of a
3D space preserving the dissimilarities between all pairs of conforma-
tions (section 2.5). Isoenergetic surfaces of 2, 1, and 0.1 RT are
represented in green, while the underlying density of points is shown
as red dots. Examples of structures from each basin and relative
populations are displayed, with the leftmost corresponding to the basin
minimum. The basins are numbered according to their minimum energy
values, with (1) corresponding to the lowest energy basin (high density
peak).

Figure 7. Cross-eye stereo images of B1H free energy landscapes. See
the caption of Figure 6 for further details.
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branching residues (see Figure 1 and Table 1). While those
positions are occupied in C1 by Dap residues with a short side
chains [-CH2NH2], in the B1-family they consist of Lys
residues with much longer and freely rotating side chains
[-(CH2)4NH2], that may confer greater flexibility and lead to
more disordered conformations. This hypothesis is consistent
with a simulation study of third-generation peptide dendrimers

with estereolytic activity, where compact molten globule struc-
tures were observed for dendrimers using Dap as the single
branching residues.32 On the other hand, a recent experimental
study by Uhlich et al.27 suggests that the size of peptide
dendrimers increases with the number of negatively charged
residues. This hypothesis could also explain the present results,
since the B1-family contains a large number of negative Glu
residues at the X8 positions, where C1 contains neutral Ser
residues (see Figure 1 and Table 1). Clearly, further and more
systematic studies are needed to better understand the confor-
mational determinants of peptide dendrimers. In any case, we
found the conformational preferences within the B1-family to be
remarkably robust to the replacement of a few residues, suggest-
ing that it might be possible to predict the structure of a peptide
dendrimer from others with similar composition.

The present work also provides some clues to enhance the
functionalization of cobalamin-binding peptide dendrimers. The
B1 and B1H dendrimers have very similar conformational
behaviors, suggesting that their different binding constants for
cobalamin simply reflect a better coordinating ability of Cys
relative to His at position X2 (see Figure 1 and Table 1).
Furthermore, the C1 dendrimer has a lower affinity for cobala-
min than B1H, despite having an additional His, indicating that
its more closed conformations may hinder a proper interaction
and formation of a tight complex. Therefore, although we have
not conducted further experimental or computational cobalamin
binding studies, we propose that the B1HH dendrimer, having a
Cys residue, a chemical composition very similar to B1, and the
open conformations characteristic of the B1-family, but with two
additional His residues, may exhibit an even higher binding
constant for cobalamin.
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