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Abstract The partial modification of carboxylic acid
terminated polyamidoamine (PAMAM) dendrimers with
glucosamine has been reported to give dendrimer
glucosamine conjugates novel immuno-modulatory and
anti-angiogenic properties. Experimental analysis of these
glycosylated dendrimers showed that, on average, eight
glucosamine molecules were covalently bound to each
dendrimer. In order to better understand the surface
loading and distribution of these glucosamine molecules,
molecular reactivity was determined by evaluation of
electronic properties using frontier molecular orbital
theory (FMOT) and molecular dynamics simulations. It
was shown that the surface loading and distribution of
zero length amide bond-conjugated glucosamine mole-
cules was determined by both electronic effects and by
the different dynamic conformations adopted by the
modified dendrimer during the incremental addition of
glucosamine. Importantly, the structural features and the
dynamic behavior of the partially glycosylated generation
3.5 PAMAM dendrimer showed that its flexibility and
polarity changed with the incremental addition of
glucosamine. These peripheral glucosamine molecules
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remained available on the dendrimer’s surface for
interaction with the biological target.
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FMOT - Molecular dynamic simulation

Introduction

The partial modification of carboxylic acid terminated
polyamidoamine (PAMAM) dendrimers with glucosamine
has been reported to give dendrimer glucosamine conju-
gates novel immuno-modulatory and anti-angiogenic prop-
erties [1]. Dendrimers are a class of polymeric compounds
that can be distinguished from conventional linear polymers
by their highly branched and symmetrical architecture [2].
Dendrimers are synthesized using a sequence of reactions;
each time the sequence is conducted, the dendrimer is said
to increase by one generation. The number of end groups
double and the molecular weight of the dendrimer increases
each time the sequence of reactions is conducted. The
generation of a dendrimer is representative of both its size
(i.e., diameter in angstroms) and its molecular weight [3].
Typicallyy, PAMAM dendrimers are available in whole
number generations (amine terminated). If the surface end
groups are capped, the dendrimer is said to have increased
by a half-generation. Hence, for an amine-terminated
dendrimer of generation 3, capping it to have carboxylic
acid terminated end groups will give a generation 3.5
dendrimer. The number of end groups does not change by
simple capping of the existing endgroups. The PAMAM
dendrimer used was a generation 3.5 with 64 carboxylic
acid end groups. These were prepared by carbodiimide-
based coupling to form a stable zero length amide bond
between the carboxylic acid terminated dendrimer and the
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Scheme 1 Synthesis of
dendrimer glucosamine
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aminosaccharide (Scheme 1). The divergent synthesis used
does not allow for predetermined positioning of the
glucosamine molecules on the dendrimer’s surface.

Experimental analysis of the glycosylated dendrimers
showed that, on average, eight glucosamine molecules were
covalently bound to each dendrimer. In order to better
understand the surface distribution of these glucosamine
molecules, and its contribution to the biological properties
of the dendrimer glucosamine molecule, we have developed
a method to generate 3D models of these dendrimers in
silico [4]. In this paper, these structures have been used to
study the loading and the distribution of glucosamine on the
end groups of the PAMAM dendrimer computationally, and
to define the dynamic behavior of the whole molecule.

Molecular reactivity can be estimated by evaluation of
electronic properties. The frontier molecular orbital theory
(FMOT) focuses on valence electrons and the interaction
between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) in
the molecules involved in both the formation and the
breaking of bonds [5]. Chemical reactions are favored at
atoms in molecules where the maximum overlap between
the HOMO of a reactant molecule and the LUMO of
another reactant molecule leads to bond formation [6]. The
FMOT has been used widely for the study of chemical
reactions; e.g., Diels Alder reactions [7] and metal
substitutions [8]. For dendrimeric structures, this theory
has been used to study energy flow and the intensity of
light emission from a nanostar dendrimer [9].

Although the electronic effects can have a determining
effect on reactivity, molecular conformational and dynamic
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behaviors can also play important roles when macro-
molecules such as dendrimers are considered. Molecular
dynamics studies of PAMAM dendrimers have already
helped to elucidate the structural features and behavior of
these molecules. A study varying the percentage acylation
of a generation 5 PAMAM dendrimer showed that their
overall shape was not dependent upon the percentage of
acyl groups on their surface because intramolecular
hydrogen bonds form and break during the simulation [10].

In this paper, FMOT coupled with molecular dynamics
simulations were used to understand the structural features
of the experimentally determined loading and distribution
of covalently bound glucosamine, and its impact on the
surface properties of the PAMAM dendrimer.

Experimental section

Molecular dynamics simulation of saccharide modified
dendrimers

The dendrimer structures were generated with X-PLOR
using a recently described method and saved in pdb format
[4]. VMD [11] was used to convert the structures into the
mol2 file format and then imported into Maestro [12]. The
dendrimer system was prepared for molecular dynamics
simulations using Desmond with explicit solvent [13]. The
dendrimer glucosamine system was built using the SPC
solvation model and the size of the box was determined
automatically by creating a 10 A buffer zone around the
dendrimer. The molecular dynamics simulation, structure
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minimization and relaxation steps were performed for
4.8 ns at 300 K and 1.03 bar. Snapshot structures were
recorded every 4.8 ps.

Trajectory analysis of the molecular dynamics simulation

The trajectory from Desmond output in “.cms” format was
loaded into VMD, where water and ions were removed and
a new trajectory was exported as a mol2 file. These files
were loaded in VegaZZ 2.2.0.54 [14] and the trajectory
analysis tool used to determine gyration radius, polar
surface area (PSA), surface area and RMSD. The resulting
values were imported into Microsoft Excel and plotted.
Both the distance from the core to the surface glucosamine
and the number of hydrogen bonds were determined using
the Maestro measuring toolkit. Accelerys Discovery Studio
2.5 (http://accelrys.com/products/discovery-studio/) was
used to generate the interpolated charge surfaces.

Determination of electronic properties by semi-empirical
methods

The electronic properties of the dendrimers were deter-
mined by semi-empirical methods using Mopac 2009
9.303 W. Input files for Mopac were created using the
VegaZZ 2.2.0.54 interface, choosing PM6 and the key-
words 1SFC, MMOK, GRAPHF and VECTORS. Due to
computational restrictions, the molecules submitted for
these calculations were a one-quarter ‘slice’ of the
representative conformations of the generation 3.5
PAMAM dendrimer and dendrimer glucosamine conjugate
as generated by molecular dynamics simulations. These
calculations were conducted on a quarter of the generation
3.5 PAMAM dendrimer: (1) without any modifications
(qdend); (2) modified with one glucosamine (qdls); (3)
modified with two glucosamine molecules (qd2s); and (4)
modified with three glucosamine molecules (qd3s). In each
case, six representative conformations of each dendrimer
structure were subjected to calculations. They were used to
approximate electronic properties that reflected the elec-
tronic properties of the whole PAMAM dendrimer with
different loadings of glucosamine.

Results and discussion

The 3D structures of five generation 3.5 PAMAM den-
drimers with different loadings of glucosamine were
generated, and the resulting structures submitted to molec-
ular dynamics simulations with 1,000 structures saved in
each trajectory. These were then clustered to select a
significant number of representative structures to study the
loading and distribution of glucosamine. Additionally, the

whole trajectory was analyzed for a better understanding of
the dynamic behavior of these dendrimers with and without
conjugated glucosamine.

Loading and distribution of the glucosamine molecules
conjugated to a generation 3.5 PAMAM dendrimer

The generation 3.5 PAMAM dendrimer displays 64 carbox-
ylic end groups that are, in theory, all available for covalent
modification with glucosamine. NMR studies of the glucos-
amine PAMAM dendrimer conjugates have shown that there
are, on average, eight glucosamine molecules per dendrimer
([1] and unpublished observations).

FMOT postulates that the interaction between the
HOMO and the LUMO of molecules undergoing a reaction
can provide a good approximation of reactivity [5]. A
reaction will occur with increasing and often maximal
overlap of the HOMO and LUMO orbitals. For this study,
the LUMO of the glucosamine molecule and the HOMO of
the dendrimer with different patterns of glycosylation was
determined. The difference in the energy between the
dendrimer HOMO and glucosamine LUMO was then
determined and analyzed.

The large size of the dendrimer (894 heavy atoms) meant
that only partial segments of the structure could be readily
used to determine the HOMO—-LUMO electronic properties,
and that semi-empirical methods would be applicable. The
HOMO of the dendrimer was located on one of the terminal
carboxylic acid groups. This would allow an interaction with
the LUMO in the glucosamine, which was found to be located
on the amine group (Fig. 1).

These electronic property calculations were applied to
increasing sizes of dendrimer branches with and without
glucosamine (Fig. 2). This approach enabled confirmation
that the position of the HOMO was in the terminal

Fig. 1 The highest occupied molecular orbital (HOMO) from a
polyamidoamine (PAMAM) dendrimer portion of a carboxylic acid
end group (/eff) and the lowest unoccupied molecular orbital (LUMO)
of a glucosamine molecule (right). These electronic properties were
calculated using PM6 method implemented in MOPAC
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carboxylic groups where the interaction with the LUMO of
glucosamine was expected to take place. An important new
observation was that when the first glucosamine molecule
was covalently attached to the dendrimer, the HOMO was
always located on the opposite branch to the one with the
zero length amide bond between the dendrimer and the
glucosamine.

The gap between the HOMO of the dendrimer and
the LUMO of the glucosamine decreased as the size of
the dendrimer molecule increased. According to FMOT,
the smaller the gap between the HOMO and LUMO, the
more likely is the reaction to take place. By analogy, it
was expected that this gap would be even smaller if the
whole dendrimer was considered.

Computational limitations meant that a quarter of the
dendrimer structure (i.e., a “slice” displaying 16 terminal
carboxylic groups) was selected for further detailed
analysis. Dendrimers are hyperbranched and flexible
molecules with many rotatable bonds. Six representative
conformations from a quarter section of the dendrimer
without glucosamine, and the same number of conforma-
tions of the dendrimer with 1, 2 and 3 glucosamine
molecules were considered in relation to the LUMO of
the glucosamine molecule (—4.61 eV). The averaged energy
values of the HOMO for each dendrimer can be found in
the table below (Table 1).

It was found that the HOMOYLUMO?® gap increased as
additional glucosamine molecules were covalently bound to
the dendrimer. According to FMOT, the increase in the gap
indicated that each addition of glucosamine decreased the
overlap of the HOMO and the LUMO. This thereby
decreased the probability that additional conjugation reac-
tions would occur with the adjacent surface carboxylic acid
groups of the dendrimer.

A detailed analysis of the dendrimer segments showed
that the energies of both the HOMO and HOMO-1, with
three glucosamine molecules attached, was almost double

Fig. 2 Top Increasing branches
of PAMAM dendrimer modified
with one glucosamine submitted
to semiempirical calculations
with Mopac to determine the
HOMO energy value and its
location (arrow). Bottom
HOMO®-LUMO?® gap as defined
by the HOMO® energy value
determined for each dendrimer
structure and the LUMO?® of a
glucosamine molecule

(—4.61 eV)

7.83
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the LUMO energy value of the glucosamine molecule. This
would make the addition of a fourth sugar to the dendrimer
section under study very unlikely. Therefore, the theoretical
maximum loading of a generation 3.5 PAMAM dendrimer
with glucosamine was found to be 12.

However, electronic effects on their own are insufficient
to completely understand the loading and distribution of the
glucosamine molecules on the surface of these dendrimers.
Observation of the position of the HOMO, and defining
both the location and availability of the terminal group, was
necessary to better understand the loading and distribution
of the glucosamine molecules (Fig. 3, Table 2).

Both the HOMO and HOMO-1 positioning and avail-
ability were inspected for each structure. Figure 3 shows an
example of the HOMO position for each of the quarter
segments of the dendrimers that were studied. The first
structure is representative of the six conformations for the
segment of the dendrimer with no glucosamine attached.
The HOMO/HOMO-1 orbitals are located at the end
groups of the branches of the dendrimer and they are
always available for the conjugation reaction.

The second structure corresponds to one of the six
conformations with one glucosamine conjugated to the
surface of the dendrimer. It can also be considered
representative of all six conformations in which the HOMO
is always available. For these molecules, the HOMO,
though not always located in the extremities or at the end
groups of the branch, is always at a considerable distance
from the conjugated glucosamine molecule. In this case, the
HOMO-1 did not follow the trend described in that it was
only available in half of the structures studied (Table 2).
The third structure (Fig. 4) corresponds to one of the six
conformations of the quarter segment of the dendrimer with
two glucosamine molecules conjugated to its surface. This
structure was also representative of what happens with
these structures when the HOMO is located in the interior
of the dendrimer’s branches. This affects its availability for

HOMO“LUMOE GAP (eV)
5.00 3.13
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Table 1 Average values of the highest occupied molecular orbital
(HOMO) energy determined for each of the six representative
conformations of each dendrimer studied, and differences between
the HOMO of the quarter segment of the generation 3.5 polyamido-
amine (PAMAM) dendrimer and the lowest unoccupied molecular
orbital (LUMO) of the glucosamine (—4.61 eV). HOMO dendrimer
orbital, LUMO® glucosamine orbital

Molecule ~ Number of HOMO? HOMO?  HOMO!
glucosamines -1 (eV) (V) LUMO*®
GAP (eV)
Qdend 0 -6.13 -5.97 1.36
qdls 1 ~7.46 -7.32 271
qd2s 2 -8.03 -7.71 3.10
qd3s 3 -9.00 -8.80 4.19

Fig. 3 Position of the HOMO
orbital (arrow) on a quarter
segment of a generation 3.5
PAMAM dendrimer with
increasing numbers of
glucosamine molecules (shaded
circles). a No glucosamine, b
One glucosamine, ¢ two
glucosamines, d three
glucosamines

reaction with glucosamine. The last structure shown
(Fig. 4d) corresponds to one of the six conformations of
the quarter of the dendrimer with three glucosamine
molecules conjugated to its surface. In this case, the
HOMO is never available on the surface and it appears on
an end group at the extremity of the branch. Furthermore, it
points inwards towards the core of the dendrimer. As a
result, the adjacent branch from the whole dendrimer
sterically interferes with the end group. The availability of
the HOMO and HOMO-1 for all the representative
structures under study are summarized in Table 2.

The addition of the first glucosamine is favorable
because the HOMOs of the carboxylic groups are available.
After one saccharide has covalently bound to one of the end
groups, the HOMO is again located on a peripheral
carboxylic acid group making the addition of a second
glucosamine favorable. When two sugars are bound, in a

b
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Table 2 Availability of the terminal carboxylic groups where the
HOMO and HOMO-1 are located for each conformation and
molecule studied

Number of sugars Availability Availability
on the quarter of the of the

of the gen. 3.5 HOMO? HOMO-1
PAMAM dendrimer

0 ottt +++ A+t
1 +++++- +ot -t
2 4+ +H--t+
3 R

%+ available, - not available for the reaction

quarter segment of the dendrimer, it becomes much less
likely that the addition of third glucosamine will take place
because there is only a 50:50 chance that the HOMO will
be available for interaction with a carboxylic acid end
group. The addition of a fourth glucosamine molecule is
very unlikely to occur within the same quarter segment of
the dendrimer.

Taking both electronic and steric effects into account, the
conjugation of four to eight glucosamine molecules onto
the available 64 carboxylic acid end groups that are present
on the generation 3.5 PAMAM dendrimer is the most
favorable energetic and steric outcome. The conjugation of
additional glucosamine molecules requires overcoming
increasingly higher energy barriers with available positions
for conjugation being available for only half of the time.
Additional conjugation reactions of glucosamine beyond 12
molecules on the whole dendrimer are very unlikely

because the energy gap and the overlap between the LUMO
of glucosamine and the HOMO of the newly formed
conjugate is large, and the carboxylic acid end group is not
available. These molecular modeling based observations are
consistent with the experimental data that an average of
eight glucosamine molecules were conjugated to the surface
of a generation 3.5 PAMAM dendrimer.

Molecular dynamics simulation analysis of glycosylated
PAMAM dendrimers

To better understand the dynamic behavior of these
dendrimers, molecular dynamics simulations were carried
out for 4.8 ns. Molecular properties including the surface
area, polar surface area, gyration radius and RMSD were
estimated and plotted as a function of time using the
VegaZZ trajectory analysis tool (Fig. 4).

The surface area graph (Fig. 4b) shows that there is an
initial decrease in the surface area values. This is most
likely to be the result of the starting structure being
generated in vacuum and the use of nOe constraints to
stretch the initial structure. After an initial decrease, the
area oscillated around the average value of 13,965 A?. The
polarity of the surface (Fig. 4c) followed a similar pattern
along the trajectory.

The RMSD analysis, as a measure of flexibility and
folding [15-17], was conducted for all of the PAMAM
dendrimer structures. A plateau was seen after the first
1,400 ps (Fig. 4d). This means that the molecule explored
the conformational space with similar differences when
compared to the initial structure set as reference for the

Fig. 4 Molecular properties a b
determined for a generation 3.5 30 - 20000 -
PAMAM dendrimer along a ol 25 - =
trajectory of a 4.8 ns molecular P .. - 18000 +
dynamics simulation. a Gyration .g‘ 20 ~ s 16000
radius in Angstroms. b Surface & 15 A <
area in square Angstroms. ¢ £ 10 - @ 14000 -
Polar surface area in square = .g 2000 -
Angstroms. d Root mean square s 2] 3 1
deviation (RMSD) in Angstroms L : : 10000 ' .
1] 2000 4000 0 2000 4000
Time (ps) Time (ps)
c d
<
E 8000 20~
< 7000 — 15
Y =
& 6000 2 10
5 s
@ 5000 & 51
]
:O 4000 + T T 0 T T
0 2000 4000 0 2000 4000
Time (ps) Time (ps)

@ Springer



J Mol Model (2011) 17:2051-2060

2057

RMSD calculations. However, further changes in the
explored conformational space were observed as indicated
by the increase of the RMSD values towards the end of the
simulation. Although the RMSD reached a plateau after
1.4 ns, RMSD values of approximately 11 A indicated a
flexible structure. This plateau was consistent with the
profile that was obtained for the gyration radius where, after
only 1,400 ps, limited fluctuations occurred. These fluctua-
tions indicated that the overall shape of the structure was
not undergoing major changes during the simulation period.

Closer inspection of the overlay of representative
structures also indicated that the core and inner branching
units had little mobility with most of the RMSD changes
occurring because of movement of the outer sphere of the
dendrimer (Fig. 5). The three superimposed structures, with
overlapped dendrimer cores, at three different time points
indicated that the first branching generation of the den-
drimer did not change during the simulation. From the
second generation onwards, and all the way to the end
groups, the structures showed varying degrees of flexibility.
The greatest flexibility was observed in the last 1.5
generations of the dendrimer. This was consistent with the
observations described above.

To examine the influence of the conjugation of glucos-
amine on the conformation and the molecular properties of
these surface modified PAMAM dendrimers, molecular
dynamics simulations were performed with three different
loadings of glucosamine of the generation 3.5 PAMAM
dendrimer. The entire dendrimer was modified with seven,
eight or nine glucosamine molecules and their molecular
properties determined and compared as shown in Fig. 6.

These three glycosylated dendrimers displayed very
similar gyration radius values. Throughout the simulation,

Fig. 5 Overlap of a quarter segment of a generation 3.5 PAMAM
dendrimer at different time points of the trajectory of a 4.8 ns
molecular dynamics simulation. Blue Structure after 1.4 ns of the
simulation; Dark pink Structure after 3 ns of the simulation; Red
Structure after 4.2 ns of the simulation. Black Dendrimer core,
superimposition of the core of the dendrimer

the dendrimer with nine glucosamine molecules was the
most compact. For the surface area values, the three
glycosylated dendrimers displayed profiles with similar
values with the nine glucosamine dendrimer molecule
having lower values than the eight glucosamine molecule
for a significant period of time. This was consistent with the
nine glucosamine dendrimer having a more compact
structure, an observation that was not expected because
this molecule had the highest number of atoms.

The surface polarity of these glycosylated dendrimers
was proportional to the number of conjugated glucos-
amines. Finally, for the RMSD values, the dendrimer
with eight glucosamines attached was clearly different.
This suggested that this molecule explored a larger
conformational space because of its even distribution of
surface glucosamine molecules. However, with longer
simulation times these properties reached a plateau and
converged. The observed difference in behavior of the
dendrimer with eight glucosamines on its surface from
the other two dendrimer glucosamine conjugates was
interesting because it was the only molecule with a even
distribution of surface glucosamine molecules. It is the
most flexible of the three molecules. This could be an
indication that the uneven distribution of glucosamine
molecules leads to a rigid dendrimeric structure with
smaller conformational space.

For all of these glycosylated dendrimers, their molecular
properties converged and stabilised after 4 ns. Therefore, a
single dendrimer glucosamine could be used as a represen-
tative structure for all of these molecules with different
loadings of glucosamine. Similarly, molecular dynamics
studies of heterogeneously modified PAMAM dendrimers
showed that the distribution of their surface modifying
groups was dependent upon the conformation of the core
and its branching monomers, and that its overall shape was
not altered by the surface modifications [18]. Therefore,
based on the computational HOMO-LUMO reactivity
studies and the analytical studies of dendrimer glucosamine
conjugates, the generation 3.5 PAMAM dendrimer with
eight glucosamine molecules conjugated via a zero length
amide bond was found to be a good representative structure
for further studies and analysis.

Others have also studied the effects of terminal group
modifications on the solution properties of dendrimers
using molecular dynamics. For example, the flexibility
and shape of glycodendrimers [19] and poly(L-lysine)
dendrimers [20] were studied. These properties were also
studied using different monomers, generations, and differ-
ent surface monomers [19, 20].

Our strategy was different in that we compared and
contrasted biologically active (i.e., generation 3.5 PAMAM
dendrimer modified with eight glucosamine molecules) and
biologically inactive (i.e. generation 3.5 PAMAM den-
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Fig. 6 Molecular properties a b
determined for generation 3.5 20000
PAMAM dendrimer modified = 30 g 18000
with 7, 8 or 9 glucosgmine % 25 =
molecules along a trajectory of a 3 2 16000
4.8 ns molecular dynamics E 20 \M ﬁ .
simulation. Brown Dendrimer c 9 14000 w
modified yvith seven 2 15 "".=: 12000
glucosamine molecules; green g "
dendrimer modified with eight @ 10 10000 -
glucosamine molecules; blue 0 2000 4000 0 2000 4000
dendrimer modified with nine Time (ps) Time (ps)
glucosamine molecules. a c d
Gyration radius in Angstroms. b = 25
Surface area in square < 2000
Angstroms. ¢ Polar surface area b _20-
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drimer and a generation 3.5 PAMAM dendrimer modified
with one glucosamine molecule) by analysing the flexibility a
and the shape of the molecule. Gyration radius, as a gg:
measure of molecular shape indicated that the presence of .z 5
eight glucosamine molecules led to a less compact structure 75 24 4
(Fig. 7a). E grz) :\\A’\"“'\"‘-—V\w
The RMSD values are a measure of flexibility in that any S 18-
value greater than 4 A is considered to be a different 8 16
conformation. The dendrimer that has no glucosamine & i: ]
molecules conjugated to its end groups reaches a plateau 10 . . . .
rapidly during the 2 ns simulation (Fig. 7b). The units on 0 1000 2000 3000 4000
the outer surface continued to change their conformation up _Denl;;me (ps) o
to the end of the trajectory, when it started to explore a b
different conformational space. The dendrimer with eight 251
surface glucosamines presented several plateaus in its 204
profile (before 2 ns, at 2.5 ns, and after 4 ns). This means —
that it passed through several significantly different 'g- 151
conformations. With time, this dendrimer glucosamine 2 104 M
explored an increasingly larger conformational space
(Fig. 7b). 4
Considering the profiles of these biologically active 0 . . : . ;
and inactive molecules led to the conclusion that the o 1000 Zﬂﬂ%me{w 3000 4000 000
dendrimer with eight surface glucosamine molecules was —DEND i

the most flexible molecule because it explored the largest
conformational space. This indicated that flexibility was
an important property for the biological properties of
these molecules.

We have also studied the number of intermolecular
hydrogen bonds that the dendrimer with eight glucosamine
molecules can form with the interior of the dendrimer. In
the whole trajectory, it was found that: (1) in 26% of the

@ Springer

Fig. 7 a Gyration radius values determined for generation 3.5
PAMAM dendrimer modified with eight glucosamine molecules along
a trajectory of a 4.8 ns molecular dynamics simulation. Blue
Dendrimer without glucosamine molecules; green dendrimer modified
with eight glucosamine molecules. b RMSD values determined for
generation 3.5 PAMAM dendrimer modified eight glucosamine
molecules along a trajectory of a 4.8 ns molecular dynamics
simulation. Blue Dendrimer without glucosamine molecules; green
dendrimer modified with eight glucosamine molecules
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Fig. 8 Structure of a glycosylated PAMAM dendrimer that displayed
a highest number of intramolecular hydrogen bonds between the
glucosamine molecules and the dendrimer’s branching units. The
branching units are represented as the molecular surface. The terminal
units are represented as tube and the glucosamine molecules as CPK.
Only polar hydrogen atoms are displayed. The green arrow points to
the only glucosamine that is buried on the molecular surface

conformations, one hydrogen bond was observed within the
branching units; (2) in 8% of the conformations, two
hydrogen bonds were observed within the branching units;
(3) in 1.7% of the conformations, three hydrogen bonds
were observed within the branching units; and (4) in only
one structure were four hydrogen bonds observed within
the branching units (Fig. 8). This raised the possibility that
the branches bearing glucosamine molecules could be
folding inwards towards the center of the dendrimer. Such
inward folding would lead to a diminished capacity of the
glucosamine moieties to be available for intermolecular
interactions. Visual inspection of the structures was
therefore performed and the glucosamine molecules found
to be mostly outward facing and accessible (Fig. 8).

Fig. 9 Interpolated charge
surfaces. a Generation 3.5
PAMAM dendrimer. b
Generation 3.5 PAMAM
endrimer with eight surface
glucosamine molecules. The red
arrows point out three of these
glucosamine molecules. The
shaded red areas correspond to
negatively charged residues and
the blue areas to positively
charged residues

Charge and its surface distribution were also studied.
Interpolated charge surfaces were generated for the biolog-
ically inactive generation 3.5 PAMAM dendrimer and for
the biologically active generation 3.5 PAMAM dendrimer
with eight surface glucosamine molecules. The surfaces
studied revealed a positively charged region throughout the
branching dendrimer, and at the core of the dendrimer,
where the protonated amine groups were located (Fig. 9).
The negatively charged areas were found on the surface
where the deprotonated carboxylic groups were present.
The main differences between the PAMAM dendrimer and
the glycosylated PAMAM dendrimer were seen on the
surface of the molecule. The presence of the eight
glucosamine molecules reduced the negative charge on
the surface (Fig. 9b). This allowed for a more relaxed
structure, a higher surface area, and a more balanced overall
charge distribution. This could be making an important
contribution to the biological activity of the molecule.

Conclusions

These electronic studies describe the relative roles, contri-
bution and importance of both the peripheral carboxylic
acid end groups and of the surface loading and distribution
of glucosamine molecules on generation 3.5 PAMAM
dendrimers to their observed biological activity. The
structural heterogeneity of the molecule was a consequence
of both electronic effects and of the different conformations
that the molecule could adopt. Taken together, these studies
showed that the dynamic flexibility of the generation 3.5
PAMAM dendrimer, modified with an average of eight
evenly distributed surface glucosamine molecules, was an
important property of this biologically active molecule.
Additional factors identified as being important were the
conformational space explored by the dendrimer glucos-
amine, its overall surface area, and its surface polarity. The
availability of peripheral glucosamine molecules for inter-
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action with the biological target was not impaired by
intramolecular hydrogen bonds.
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