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Peptide Dendrimers: From Enzyme
Models to Antimicrobials and Transfection
Reagents

Jean-Louis Reymond*

Abstract: Aiming at studying cooperativity effects between amino acids in easily accessible protein models, we
have explored the chemistry of peptide dendrimers, which we obtain as pure products by solid-phase peptide
synthesis using a branching diamino acid such as lysine at every second or third position in a peptide sequence,
followed by reverse-phase HPLC purification. This article reviews discoveries driven by combinatorial library syn-
thesis and screening, including enantioselective esterase and aldolase enzyme models, cobalamin binding and
peroxidase dendrimers, glycopeptide dendrimer biofilm inhibitors and their X-ray crystal structures as complexes
with lectins, antimicrobial peptide dendrimers active against multidrug resistant Gram-negative bacteria, and
transfection reagents for siRNA and CRISPR-Cas9 plasmid DNA. Latest developments include cheminformatics
and artificial intelligence for exploring the peptide chemical space, and the principle of stereorandomization to
understand the role of peptide chirality in activity.
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1. Introduction

One goal of bioorganic chemistry is to discover how to com-
bine simple building blocks to form synthetic macromolecules
displaying emergent properties. In our previous work with cata-
Iytic antibodies, we observed enzyme-like catalysis in substrate
binding sites usually equipped with a single catalytic residue, for
instance a hydrogen-bonded aspartate activating a water mole-
cule for enantioselective protonation,!!'l or a tryptophan activating
the substrate by mt-stacking for retro-Diels-Alder catalysis.[?! As
a follow-up, we envisioned to search for enzyme-like coopera-
tive effects involving multiple amino acids by enforcing spatial
proximity between catalytic residues using a molecular tree, or
dendrimer. At the outset of this project, the concept of dendrimers
as molecular trees to mimic proteins and enzymes was well estab-
lished but had not been attempted with amino acids.

In contrast to most dendrimers prepared as mixtures using
polymer chemistry approaches, we synthesized peptide den-
drimers as pure products using solid-phase peptide synthesis
(SPPS) followed by reverse-phase HPLC purification. To obtain
dendrimers, we modified the SPPS protocol by inserting a branch-
ing diamino acid (diaminopropanoic acid or lysine) at every sec-
ond or third residue in a peptide sequence, which created suc-
cessive dendrimer generations doubling the number of growing
peptide chains at each branching residue.l’! This overview sum-
marizes the project from initial enzyme model studies to latest
biomedical applications, which has involved many PhD students
and post-docs as well as PD Dr. Tamis Darbre and Dr. Sacha Javor
as Co-Supervisors.

2. Peptide Dendrimer Enzyme Models

In an initial study featuring the catalytic triad (aspartic acid,
histidine and serine) as building blocks,3! we discovered partly
enantioselective peptide dendrimers hydrolyzing chiral cationic
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quinolinium esters with a catalytic site at the dendrimer core.l
The reaction mechanism involved cooperativity between aspar-
tates for electrostatic substrate binding and a histidine acting as
general base for ester bond cleavage. Screening combinatorial
libraries!! uncovered further esterase dendrimers with a single
catalytic histidine at the core, which was assisted by two cationic
arginines for electrostatic binding to anionic pyrene trisulfonate
ester substrates, however again with only partial enantioselectiv-
ity.[671 We further exploited the idea of an enzyme-like catalytic
site at the dendrimer core to obtain a dendrimer binding to cobala-
min via a cysteine residuel®! and a peroxidase dendrimer featuring
a mono-coordinated Fe(11)-bipyridine at its core.!

Our most active catalysts, however, turned out to be typical
dendrimers exploiting cooperativity between multiple catalytic
residues in the dendrimer branches. The best examples involved
histidines for ester hydrolysis,!!% and N-terminal prolines for en-
antioselective aldol catalysis (Fig. 1),['112] resulting in catalytic
efficiencies per residue surpassing linear peptides.!'3] However,
stereoselectivity remained difficult to control in these multivalent
systems.

3. Glycopeptide Dendrimers and Lectin
Crystallography

By capping the multiple N-termini of our peptide dendrimers
with glycosylated carboxylic acids as the last SPPS coupling step,
we obtained multivalent glycopeptide dendrimers enabling us to
use cooperativity to bind to multivalent carbohydrate receptors.[!4]
While our first application aimed to deliver colchicine to cancer
cells,['5:16] we obtained the most interesting results with peptide
dendrimers displaying fucose or galactose to target the virulence
factors lectins LecB or LecA of the bacterium Pseudomonas ae-
ruginosa. These glycopeptide dendrimers displayed good biofilm
inhibition and dispersal activities.!!7-18]
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Fig. 1. Aldolase peptide dendrimer L2D1 discovered by Jacob Kofoed.!""

In the course of these studies, we learned to perform X-ray
crystallography of lectins with bound ligands in collaboration
with Prof. Achim Stocker in Bern,!!®! which led us to the first
X-ray crystal structures of peptide dendrimers in the form of
complexes with LecB (PDB 5D2A and 6S5S).120211 The same
approach allowed us to characterize cyclic antimicrobial pep-
tides with mixed D,L-chirality (PDB 5NFO0),[22! to obtain the first
X-ray crystal structures of short a-helical antimicrobial peptides
(AMPs, PDB 6Q86),[231 and very recently to characterize the
first X-ray crystal structures of an o-helical peptide with mixed
chirality consisting of only natural residues in both bicyclic and
linear forms (PDB 6YOU, 7TNEW).[24

In the structure of peptide dendrimer SBD8 in complex with
LecB, the dendrimer forms dimers interacting with each oth-
er via hydrophobic contacts, and with the lectin via one of its
two anchoring fucose residues (Fig. 2). Strikingly, only 33%
of the residues in dendrimer SBD8 form backbone H-bonds,
a feature suggested by molecular dynamics (MD) simulations
of several other peptide dendrimers and which contrasts with
folded proteins and peptides where approximately 70% of the
residues form backbone H-bonds. Despite the low percentage of
backbone H-bonds in peptide dendrimer SBD8, MD simulations
show that the X-ray conformation is stable both as monomer and
as dimer. This conformational stability might explain the suc-
cess of crystallization and is probably the exception rather than
the rule for peptide dendrimers considering that crystallization
attempts entirely failed with many other peptide dendrimers as
LecB complexes, as pure peptides or as racemates.
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Fig. 2. Peptide dendrimer SBD8 and its X-ray crystal structure as LecB
complex (PDB 6S5S) designed and solved by Stéphane Baeriswyl.?"

4. Antimicrobial Peptide Dendrimers

In a control experiment exposing a catalytic peptide dendrimer
combinatorial library23] to a screening protocol for discovering
antimicrobial cyclic peptides, 26l we discovered polycationic pep-
tide dendrimers with a membrane disruptive antibacterial activ-
ity.[271 Further optimization by sequence design resulted in an-
timicrobial peptide dendrimers (AMPDs) able to kill multidrug
resistant Gram-negative bacteria such as Pseudomonas aerugi-
nosa and Acinetobacter baumannii, which we investigated in col-
laboration with Dr. Thilo Kohler and Prof. Christian van Delden
at the University Hospital in Geneva.[281 Our AMPDs exploit the
cooperativity between multiple cationic and hydrophobic groups
in the dendrimer branches to permeabilize the outer and inner
membrane of bacteria,[?%! enabling synergistic effects with other
antibiotics,3% while eliciting only very low resistance.l3!l We have
further optimized AMPDs for broader activity using combinato-
rial chemistry32l and chemical space guided design.[3334]

Circular dichroism (CD) spectra show that, similar to linear
AMPs, AMPDs are typically unordered in water and o-helical in
the membrane environment. However, experiments with stereo-
randomized peptides, which we prepare as pure products contain-
ing all possible diastereomers using racemic amino acids in SPPS,
show that our AMPDs retain their antibacterial activity upon ste-
reorandomization, while showing strongly reduced cell toxicity
and hemolysis.35! In the case of AMPD T25 partial stereorandom-
ization of the dendrimer core (sr-T25b) suppresses o-helical fold-
ing, which retains bacterial membrane disruption and bacterial
killing, but abolishes eukaryotic membrane disruption, cell toxic-
ity and hemolysis (Fig. 3). We are currently exploring the effects
of stereorandomization on different peptide-related compounds
as a potential general tool for improving their bioactivity profile.
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Fig. 3. MD simulations of AMPD T25 performed by Sacha Javor show
the a-helical fold. The effect of full and partial stereorandomization

of T25 on disrupting vesicles made of bacterial (EYPG) or eukaryotic
(EYPC) lipids was investigated by Thissa Siriwardena.t®

The striking lesson from our various optimization campaigns
with AMPDs is that their antibacterial activity spectrum, their
cellular toxicity and their proteolytic stability strongly depends
on their amino acid sequence, branching structure and stereo-
chemistry. Even single residue changes at the dendrimer core and
inner branches, which only account for a small fraction of the
dendrimer, can strongly affect their activity. While AMPDs do
not aggregate like the related transfection dendrimers described
in the next section, we recently discovered that their antibacterial
activity can be preserved at the acidic pH of 5.5 typical of biofilms
and human skin by removing their eight low pK, amino termini.[43!
In the same study, we discovered that AMPD activity strongly
increases in slightly alkaline media corresponding to chronic
wounds to include Klebsiella pneumoniae as well as methicil-
lin resistant Staphylococcus aureus. We are currently fine-tuning
the properties of our best AMPDs by altering their sequence and
stereochemistry to improve their in vivo toxicity, half-life and an-
tibacterial activity profile aiming for a clinical candidate.

5. Peptide Dendrimers as Transfection Reagents for
DNA and siRNA

In the course of exploring the potential of peptide dendrimers
as cell penetrating peptides,36-37 a collaboration with Prof. Florian
Hollfelder in Cambridge UK led us to discover that our peptide
dendrimers can act as transfection reagents for DNA and siRNA
when co-administered with cationic lipids.[3:3! In a follow-up
study, we introduced a hydrophobic dendrimer core to trigger
pH-dependent aggregation of the dendrimer to form nucleic acid
binding nanoparticles and obtained highly efficient peptide den-

drimer single component transfection reagents for siRNAI40-41]
and CRISPR-Cas9 plasmid DNA (Fig. 4).142] Note that despite
their structural resemblance to the AMPDs discussed above, our
transfection dendrimers do not kill bacteria. Compared to com-
mercial transfection reagents such as lipofectamine, our transfec-
tion dendrimers show lower cellular toxicity and offer an entirely
well-defined alternative that is much more stable upon storage
and provides much better reproducible transfection efficiencies.

Fig. 4. Dendrimer Z22 designed by Susanna Zamolo transfects tumor
spheroids with a large CRISPR-Cas9 plasmid, detected by GFP expres-
sion, much more efficiently than the commercial reagent L2000.42

6. Conclusion and Outlook

Dendrimer SPPS has turned out to be reliable with up to three
successive branching points, or generations, to form so-called
‘third generation’ dendrimers with eight amino termini, up to
50 residues and a molecular weight up to 5 kDa depending on
the length of each generation (usually 1-3 residues). We were
recently able to reduce reaction times and increase isolated yields
using optimized reagents and high temperature syntheses. The de-
pendence of peptide dendrimer properties on amino acid sequence
and stereochemistry allows for straightforward trial-and-error
discovery and optimization cycles, optionally including combi-
natorial libraries. To assist and extend the scope of this approach,
we are currently exploring the concept of the peptide chemical
space,* including molecular fingerprints, genetic algorithms



538

CHIMIA 2021, 75, No. 6

PepTiDE CHEMISTRY IN SWITZERLAND

and machine learning methods tested for proteins, 3] macromole-
cules, 047 linearl*8! and bicyclic peptides.[>-30 In terms of activity
types, our current focus is on antimicrobials and immunomodula-
tory dendrimers.
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