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Abstract

Control over supramolecular recognition between proteins and nanoparticles (NPs) is of
fundamental importance in therapeutic applications and sensor development. Most NP-protein
binding approaches use ‘tags’ such as biotin or His-tags to provide high affinity; protein
surface recognition provides a versatile alternative strategy. Generating high affinity NP-protein
interactions is challenging however, due to dielectric screening at physiological ionic strengths.
We report here the co-engineering of nanoparticles and protein to provide high affinity

binding. In this strategy, ‘supercharged’ proteins provide enhanced interfacial electrostatic
interactions with complementarily charged nanoparticles, generating high affinity complexes.
Significantly, the co-engineered protein-nanoparticle assemblies feature high binding affinity
even at physiologically relevant ionic strength conditions. Computational studies identify both
hydrophobic and electrostatic interactions as drivers for these high affinity NP-protein complexes.
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Supercharged proteins provide a strategy for high-affinity nanoparticle-protein binding at high
ionic strength.

1. Introduction

Engineered nanoparticles (NPs) provide a powerful and flexible scaffold for interfacing
with biologics.12:3 Rational co-engineering of non-covalent interactions between NPs and
proteins can aid in the creation of nanoparticle-protein supramolecular complexes with
unique properties.*® A range of supramolecular interactions®2 (ionic, hydrophobic, van

der Waals, hydrogen, and coordination bonding) are involved and can be manipulated

to generate these structures.10:11.12 Finely tuneable nanoparticle size affords even further
control over binding or functional attributes.1314.15 The resulting supramolecular complexes
can act as robust bioconjugate systems and have been applied for a range of applications,
from modulation of enzyme activity6-1° and biological sensing,20-2! to imaging?2-23.24 and
therapeutic delivery.25-30

Generation of high-affinity discrete NP protein complexes for use at physiological
conditions remains challenging.31:32 Charged cationic gold NPs (AuNPs) can efficiently
interact with negatively charged GFP (pl=5.9) in solutions of low ionic strength (pH 7.4)

to form discrete nanoscale complexes. These complexes have been effectively utilized as
molecular agents for the detection of metastatic mammalian cells as well as disease-relevant
levels of biomarker proteins /n vitro.333* However while these complexes form readily
under low ionic strength conditions, they were disrupted at physiologically relevant ionic
strengths, limiting practicality in biological applications.3®

In Nature, proteins with highly charged surface domains are often strongly associated

with other proteins with complementary surface charge in the cellular cytoplasm and/or

in cellular compartments.36:37 Examples of these interactions include DNA duplexes,38
leucine zippers,3 and some specific protein-protein adducts such as cytochrome ¢ (highly
positive) and prothymosin-a (highly negative).4041 Complementary surface charges on the
binding partners are responsible for high stability of these complexes under conditions of
physiologically relevant ionic strength. We hypothesized that the highly charged interfaces
observed in these biological systems could be employed to generate high affinity NP-
protein interactions. We report here the use of this strategy to achieve remarkably high-
affinity interactions between supercharged GFP#243 (high surface charge), and engineered
AuNPs (Fig. 1). This interaction provides nanomolar NP-protein binding affinity even at
physiologically relevant ionic strengths (100-200 mM), in strong contrast with that observed
with wild-type GFP (wiGFP). Computational studies suggest that these strong interactions
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arise from a synergistic combination of electrostatic and hydrophobic interactions enabled
by the NP-protein interface. This new supramolecular motif provides a promising scaffold
for the creation of new bioconjugate platforms for sensing, delivery, and other applications.

Results and Discussion

Multivalency is a key tool for achieving strong binding affinity.44:4546 Multivalent
nanoparticle hosts were generated by functionalizing the monolayer of AuNPs (2 nm core
diameter) with a cationic arginine-based ligand (Arg-NPs). We chose highly negatively
charged GFP (-30GFP) as our model protein to interact with Arg-NPs. This ~30GFP4243 js
a variant of GFP in which 15 surface-exposed residues were mutated to negatively charged
amino acids (Asp/Glu) (protein sequences are available in Supporting Information). We
hypothesized that the Arg-NP would interact strongly with —30GFP through electrostatic
and hydrogen bonding interactions.4’

We first carried out dynamic light scattering (DLS) characterization to validate discrete
NP-protein assembly formation. DLS analyses of particles alone demonstrated a slight
reduction in hydrodynamic radius for Arg-NPs in solutions near physiological ionic strength
(100 mM NacCl, Fig. S1). To further support these data, we performed a series of 100

ns molecular dynamics (MD) simulations of a single nanoparticle in aqueous environment
with counterions at increasing ionic strengths. We observed that increasing solution ionic
strength (from 0 mM) led to a reduction in the overall radius of the monolayer for both
nanoparticles (Fig. S2). This is suggestive of monolayer compaction and is consistent with
observations detailed in our previous reports.*8 Discrete assemblies with diameters ranging
50-70 nm were observed by DLS for —30GFP: Arg-NP mixtures (Fig. S3). Increasing
Arg-NP concentration above a 1:4 protein: NP molar ratio produced a mixture of discrete
assemblies and free particles (Fig. S4), indicating that at this ratio all proteins were bound.
Similar results were obtained for complexation in low salt phosphate buffer (5mM PB) as for
physiologically relevant salt concentrations (200 mM NacCl)

NP-protein binding affinity as a function of ionic strength

Gold nanoparticles strongly quench nearby fluorophores through efficient energy transfer to
the gold core.#9:50 This fluorescence quenching was used to quantify the binding affinities
of the Arg-NPs host with the GFP guests.®! We titrated —30GFP with Arg-NPs in 5 mM PB
(pH 7.4) solutions at a wide range of ionic strengths (NaCl, 0, 50, 100, 150, and 200 mM).
Fluorescence intensity of the protein was gradually quenched with increasing concentration
of Arg-NPs (Fig. 2 and Fig. S5). The complex binding constants (Kj) and association
stoichiometries (n) were obtained through nonlinear least-squares curve-fitting analysis.>2

Binding affinity between —30GFP and Arg-NPs remained relatively high across all ionic
strengths examined (Fig. 2 and Table S1). Affinity between Arg-NPs and —30GFP was
enhanced ~4 fold with an increase in ionic strength from 0 to 50 mM NaCl. With a further
increase in salt concentration, K, decreased but remained at least 2-fold higher than was
observed in 5 mM PB, up to 125 mM NaCl. This result contrasts with previous studies
where electrostatic interactions between nanoparticles and proteins were fully disrupted at
10-50 mM salt concentrations.3® At higher temperatures (above 28°C) interaction strength
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decreased with increasing ionic strength, as would be expected from progressive charge
screening, however relatively high affinity (K}, = 1.686 + 0.005 x10° M~1) was still observed
at 37°C under physiologically relevant ionic strength conditions (Table S1).

Generality of the NP-supercharged protein co-engineering strategy was demonstrated by
utilizing a positively charged GFP mutant (+36GFP) and carboxylate-terminated AuNPs
(COOH-NPs). The +36GFP was constructed by Liu et a/. by mutating 29 residues of
WIGFP into positively charged amino acid residues (Lys/Arg).42 The interaction between
+36GFP and COOH-NPs produced discrete assemblies as demonstrated by DLS (Fig. S3).
Fluorescence titrations (Fig. 3, Table S2) showed that +36GFP and COOH-NPs interacted
with nanomolar affinity at all ionic strengths and temperatures studied. Interestingly, at
low/ambient temperatures (22-28°C), Ky, values showed non-monotonic behaviour with
increasing ionic strength, as was observed with —30GFP: Arg-NP complexes. Depicted in
Fig. 3, an initial increase in the ionic strength (up to 100 mM NacCl) enhanced Ky, by ~7
fold, while further increasing ionic strength reduced binding affinity. Complexes between
+36GFP: COOH-NP exhibited a Ky, ~5 fold lower than that of ~30GFP: ArgNPs complexes.
This interaction still proved much stronger than that of w/GFP (native GFP, —7GFP) and
Arg-NPs (Fig. S6, Fig. S7).

Binding was also examined between COOH-NPs and an engineered GFP variant with less
positive charge (+15GFP). These partners did form discrete complexes, but Ky, values were
in the range of ~10” M1, almost 100-fold lower than that of +36GFP: COOH-NPs (Table
S3, Fig. S8). These results collectively suggest that stability of GFP: NP assemblies is
strongly reliant on the charge density of each component of the complex.

Computational studies of the interactions between GFP and AuNPs

We next utilized computational methods to probe the origins of the high affinity interactions
observed between NPs and supercharged proteins. A series of representative Brownian
Dynamics (BD) simulations were performed under varied ionic strength with supercharged
proteins and wiGFP.53-54 These simulations modelled the interaction between a single AUNP
and a single GFP protein, with the aim of better understanding the interfacial recognition
between the two binding partners.55-56

We first focused on the binding of a single Arg-NP (represented as Auq44[Lgg] 6°
[L=S(CH5)9(OC,H,4)4Arg]) to a single GFP protein variant, either wiGFP (-7GFP) or
—30GFP. The initial structures of the single GFP proteins and Arg-NP were relaxed with
200 ns of fully atomistic molecular dynamics simulations with GROMACS2020.57 Rigid-
body docking (coded in SDA 7.2)%8:59 was applied to identify the possible adsorption
orientations of protein on the Arg-NP surface and corresponding driving forces. Trajectories
(5,000) were generated at each solution ionic strength (10, 50, 100, and 200 mM NaCl).
Reduced charges were included in the docking to account for the number of CI~ counterions
found within Arg-NP monolayer after 200 ns of MD simulation at each ionic strength

(Fig. S9). The reduced charges reflected the partially screened total charge of the Arg-NP
monolayer due to counterions at different ionic strengths, which further affects the overall
charge experienced by the GFP proteins during binding. The adsorption free energies
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and trajectories of protein-AuNP complexes were clustered to identify different protein
orientations.

Docking studies revealed different orientations of WiGFP: Auj44[Lgo]8° and —30GFP:
Au144[Lgo] 780 complexes at different ionic strengths. For each ionic strength condition, the
most populated complex as ranked by size was selected as shown in Fig. 4. The amino acid
residues most frequently involved in interaction are displayed. Significantly, it was observed
that recognition between these two binding partners could occur through several different
specific interactions. This result supports previous findings that a single AuUNP can bind as
many as 3 protein partners to form a hierarchical superstructure.48

Motivated by these results we sought to examine the fundamental forces driving particle-
protein interaction. The interaction between protein and AuNPs can be described by three
terms: 1. electrostatic interaction energy (U gp), dominated by contribution from charged
amino acid side chains; 2: electrostatic desolvation energy of the protein: NP complex

(Ugs®) and 3: non-polar interactions (Ugs"). As shown in Table 1, at 10 mM NaCl the total
interaction energy (U ggpy) of —30GFP: Arg-NP was approximately two-fold higher than

that of WiGFP: Arg-NP. With increasing ionic strength, total interaction energy of —~30GFP:
Arg-NP remained consistently ~1.5 fold higher than that of the w/GFP: Arg-NP interaction.
At lower salt concentrations (10, 50 mM) binding was driven mainly by electrostatics

(Ugp), with a smaller contribution from non-polar (hydrophobic) desolvation energy (Ugs"),
(Table 1, Fig. 4). With increased ionic strength (100 mM), electrostatic interaction slightly
decreased, presumably due to charge screening by ions in solution. Interestingly, even

under higher ionic strength conditions non-polar (hydrophobic) desolvation energy remained
large and negative. The combination of the electrostatic interaction energy and non-polar
(hydrophobic) desolvation energy kept the total interaction energy of —30GFP: Arg-NP high,
ensuring stability of the protein: AUNP complex.

Related studies examined the docking of +36GFP with COOH-NPs (COOH-NPs were
represented as Auaa[Lgo] 60 [L=S(CH,)g(OCoH4)4COO™]). As was observed in the
—-30GFP: ArgNP docking studies, total electrostatic interaction energy decreased with
increasing salt concentration, but remained at least ~3-fold higher than wiGFP, even at

200 mM (Fig. S10 and Table S4). Interestingly, non-polar (hydrophobic) desolvation energy
marginally increased with increasing ionic strength, slightly contributing to the interaction
energy between the two components.

Docking results for wiGFP: Arg-NP binding predicted a total interaction energy ~2-fold
lower than that of the ~30GFP: Arg-NP interaction, with a substantial weakening at 200
mM. This significant reduction in the total interaction energy of wiGFP: Arg-NP interaction
was reflected in the lower binding affinity of wiGFP: Arg-NP cluster at higher ionic
strengths. These studies collectively demonstrate increased electrostatic affinity between
AUNPs and complementarily charged GFP variants as compared to wiGFP, demonstrating
their utility as a robust dual-component system.
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3. Conclusions

In summary, we have demonstrated the ability of engineered proteins with high surface
charge to form robust supramolecular assemblies with complementarily charged AuNPs.
These discrete nanoscale particle-protein complexes were robust even at physiologically
relevant ionic strength conditions that totally disrupt normal electrostatic NP-protein
interactions. Computational docking studies further elucidated the electrostatic and
hydrophobic forces responsible for interfacial recognition between binding partners. Taken
together, these studies provide key insight into supramolecular binding and complexation
between engineered proteins and complementarily charged nanoparticles. This strategy is
highly generalizable and has potential for development of novel nanomaterials invaluable to
biomedical and sensing applications.

4. Experimental

Cloning and over-expression of supercharged GFPs and wtGFP

Genetic engineering manipulation and protein expression were performed according to
standard protocols. pET21d-GFP plasmid (Novagen)® containing 6x-His-tag at the N-
terminus was used for W/GFP expression. —30GFP and +36GFP plasmids were gifts

from Prof. David R. Liu, Harvard University, MA, US.4243 To remove 6x-His tag

from +36GFP, thrombin cleavage site was added upstream of +36GFP sequence. Briefly,
+36GFP was used as the template PCR with primers listed below. Subsequently, the PCR
product was digested (using BamHI and HindllI restriction enzymes) and inserted into a
pQES8O vector, downstream of nucleotides for 6X-histidine tag to construct pQE80—-6x-His-
Thombin-36GFP expression vector. Successful cloning was confirmed by DNA sequencing.

Forward primer:

5’- ACGATGGATCCCTTGTACCTCGAGGTTCTGGTGGCGCTAG -3’
Reverse primer:

5- GTGTAAGCTTTTACTTGTAGCGTTCGTC -3’

To produce recombinant proteins, plasmids carrying —30GFP, +15GFP, +36GFP and wiGFP
were transformed into Escherichia coli BL21 (DE3) strain. A transformed colony was
picked up to grow small cultures in 50 mL 2XYT media at 37 °C for overnight. The
following day, 10 mL of grown culture was inoculated into one-liter 2XYT media and
allowed to grow at 37°C until OD reached 0.6. At this point, expression was induced

by adding isopropyl-p-D-thiogalactopyranoside (IPTG, 1 mM final concentration) at 25°C.
After 16 hours of incubation, the cells were harvested, and the pellets were lysed using 1%
Triton-X-100/DNase-1 in PBS containing 2M NaCl. Triton-X-100 treatment was performed
for 30 min followed by DNase-I treatment for 15 min. Lysed cells were then centrifuged

at 14,000 rpm for 30 min. The supernatant was collected. Proteins were purified from the
supernatant using HisPur cobalt columns. The purity of native proteins was determined
using 12% SDS-PAGE gel. For +15GFP and +36GFP protein, 6x-His tags were cleaved
using thrombin agarose beads (Thrombin CleanCleave™ Kit, Sigma-Aldrich) as described in
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the instruction manual. Next, +15GFP/+36GFP were passed through a HisPur cobalt column
to remove the cleaved 6x-His tag. Further, the residual 6x-His tags were removed by a 10
kDa-MWCO (molecular weight cut off) filter.

Synthesis and characterization of nanoparticles

Carboxylate functionalized gold nanoparticles (COOH-NPs) and arginine functionalized
gold nanoparticles (Arg-NPs) were synthesized according to a previous report.%1 Briefly,
Brust-Schiffrin two-phase synthesis was used to synthesize pentane thiol-coated AuNPs with
2-nm core diameter.52:63 The Murray place-exchange method was followed to obtain Arg-
NPs or COOH-AuUNP.54 The monolayer protected nanoparticles were re-dispersed in water.
Excess ligand/pentanethiol was removed by dialysis using a 10,000 MWCO snake-skin
membrane. The final concentration was measured by UV spectroscopy at 502 nm. To assess
particle quality, the nanoparticles were characterized by Zeta potential (surface charge) and
dynamic light scattering (DLS, hydrodynamic diameter), as shown in Fig. S1.

Fluorescence titration

Fluorescence titration experiments between nanoparticles and proteins (supercharged GFPs
and wiGFP) were carried out as previously described.52 Briefly, the change of fluorescence
intensity of supercharged GFPs and wiGFP at 510 nm was measured with an excitation
wavelength of 475 nm at various concentrations of nanoparticles (0-320 nM) and ionic
strength (0—200 mM) on a Molecular Devices SpectraMax M2 microplate reader (at 25—
37°C). Quenching of fluorescence intensity arising from 50-100 nM GFP was observed
with increased nanoparticle concentration. Nonlinear least-squares curve fitting analysis was
carried out to estimate the binding constant (K}) and association stoichiometry (n, [GFP]:
[AuNP]) using a one site binding model. For salt dependent interactions (fluorescence
titrations) between nanoparticles and supercharged GFPs and w/GFP, solutions were
prepared by adding different amounts of NaCl in 5 mM phosphate buffer, pH 7.4. The
titrations were carried out in triplicates and repeated at least twice with different batches of
nanoparticles.

Modelling Studies

Rigid-body docking simulations were carried out using Brownian dynamics (BD) techniques
with the ProMetCS continuum solvent model augmented with protein-AuNP interactions
parameters.® The calculations were performed using the SDA version 7.2.2 software,58:59
GFP structure was obtained by starting from NMR structure of the native state (PDB: 1GFL)
and —30GFP and +36GFP were obtained by introducing the mutation along the sequence.
Experimental salt concentrations (10 mM, 50 mM, 100 mM and 200 mM) were included

as a non-specific screening effects on the electrostatic potential of the protein which was
calculated using the APBS program.® For each ionic strength, reduced effective charges

on Arg-NP were used to take into account the presence of 26 or 27 CI™ ions within the
Arg-NP monolayer (i.e. distances less than 2 nm from the Au core center) as resulted from
100 ns atomistic molecular dynamics. All titratable protein side chains were assigned by
their standard protonation state at pH 6.8 with H++.57 5000 BD trajectories were computed,
and the specified numbers of docked complexes were extracted directly from the runs and
clustered with a clustering algorithm. The relative translational diffusion coefficient was
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0.0135 A%/ps and the rotational diffusion coefficient for the protein was 3.92 x 1075 in
radian?/ps. The simulation time step was set to 1.00 ps. Parameters for the calculation of
hydrophobic desolvation energy/forces was set to —0.013 kcal/mole/AZ and that for the
electrostatic desolvation energy/forces was set to 1.67.68

We remark that atomistic parameters for the Arg-NP and COO-NP were not available
within the standard force fields and were developed within the GolP framework®® including
ab initio calculations for RESP charges.’® Each NP was simulated for 200 ns at 300 K

with explicit water and neutralizing counterions. For the 3D structures of the engineered
supercharged and native protein sequences used in the experiments, homology modeling
was performed. The homology models for the —30GFP, +36GFP and w/GFP were obtained
by threading approach with the online software I-TASSER'! and they were refined by 500
ns of standard MD at 300 K in explicit water and ions with GROMACS.>’ From the MD
trajectories the clustering analysis was performed and representative structures for both
proteins and AuNP were extracted and used in the rigid-docking.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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with 150 mM NaCl,
pH7.4

AuNPs
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supercharged GFP Fluorescence quenched
by bound AuNPs

Ligand structures of AUNPs

Fig. 1.
Schematic of the supramolecular interaction between AuNPs and supercharged GFPs.

Fluorescence serves as an effective readout to quantify interaction between fluorescent
proteins and nanoparticles. (a) wiGFP does not interact with AuNPs, and fluorescence
remains ‘on’. (b) Supercharged GFP is bound by AuNPs, and fluorescence is quenched. (c)
Charged nanoparticle ligands enable electrostatic interaction with other charged species.
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Interaction between Arg-NPs and —30GFP. (a) Fluorescence titrations between Arg-NPs and
—-30GFPs (50 nM) in 5 mM PB and in 5 mM PB containing 150 mM NaCl (pH 7.4) at
25°C. Complex binding constant (K}) was determined using a previously reported method.
(b) Responsiveness of the ~30GFP: Arg-NPs interaction towards solution ionic strength at

varied temperature; Fluorescence titrations between Arg-NPs and —30GFP (50 nM) were

performed by parametrically varying temperature (22—-37°C) and salt (NaCl, 0-200 mM) in
5 mM phosphate buffer. Error is shown as standard deviation by population.
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Fig. 3.

In?eraction between COOH-NPs and +36GFP. (a) Fluorescence titrations between COOH-
NPs and +36GFPs (50 nM) in 5 mM phosphate buffer and in 150 mM NaCl containing

5 mM phosphate buffer (pH 7.4) at 25°C. The complex binding constant (Ky) was
determined using previously reported method. (b) Responsiveness of the +36GFP: COOH-
NPs interaction towards solution ionic strength at varied temperature; Fluorescence titrations
between Arg-NPs and +36GFP (50 nM) were performed parametrically varying temperature
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(22-37°C) and salt (NaCl, 0-200 mM) in 5 mM PB. Error is presented as standard deviation
by population.
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Fig. 4.

Top: Representative structure of the most populated complexes of —30GFP (structure in

red) on cationic gold nanocluster Aug44[Lgo] *®° at different ionic strengths, obtained via
BD simulation. Bottom: Representative structure of the most populated complexes of
WIGFP (structure in yellow) on cationic gold nanocluster Auq44[Lgo] €0 at different ionic

strengths. The relative population of the selected clusters is reported in percentage. Protein

residues contacting the nanoparticle at short distances (less than 3.5 A) are denoted with

different colors based on charge, indicating neutral residues (black), positively charged

residues (blue), and negatively charged residues (red). Protein backbone is shown in cartoon
representation. AUNP and ligand are shown as van der Waals representations.
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Table 1.

Summary of docking results of —30GFP: Arg-NP (al-a4, b1-b4, c1-c5, and d1-d4), and wiGFP: Arg-NP
interaction (el-e4, f1-f4, g1-g3, and h1-h4) at varied ionic strength (IS); these represent the most populated
complexes, which are ranked by size.

Label RelPop @ o URepr (b) Uep © Ufis @ Ugs © spread )
—30GFP : Arg-NPs
IS=10 mM
al 88 -51.564 —39.788 3.205 -14.981 1.148
a2 10 -52.055 -40.060 3.841 -15.836 1.073
a3 1 -51.529 -37.736 3.901 -17.695 1.378
ad 1 -52.264  -35.432 3.158 -19.990 0.330
IS =50 mM
bl 51 -32.727 -20.431 2.811 -15.107 1.033
b2 41 -33.475 -19.764 3.071 -16.782 1.422
b3 6 -32.841 -17.140 2.602 -18.302 1.234
b4 2 —-32.557  -20.107 3.324 -15.775 0.724
1S =100 mM
cl 59 -29.147  -15.138 3.134 -17.143 1.812
c2 33 -27.264 -13.685 2.662 -16.241 5.269
c3 5 -27.321  -15.409 2.808 -14.721 4.390
c4 3 -27.017 -14.768 3.334 -15.582 0.992
IS =200 mM
di 52 -22.327 -9.227 2.936 -15.986 5.144
d2 35 -23.424  -10.045 3.410 -16.790 2.240
d3 8 —21.980 -8.826 2.962 -16.116 3.486
d4 4 —-22.859 -11.282 4.277 -15.854 1.211
d5 1 -22.221 -10.508 3.977 -15.689 0.375
WIGFP : Arg-NPs
IS=10 mM
el 58 -28.596 -16.088 3.297 -15.806 3.604
e2 30 -28.356 -15.471 3.608 -16.492 1.740
e3 8 —-28.347 -16.486 3.992 -15.852 2.180
) 2 —-28.464 -15.924 4.448 -16.988 0.748
e5 2 -28.535 -16.422 3.173 -15.286 1.076
IS =50 mM
fl 58 -22.120 -9.839 2.899 -15.180 4.086
f2 37 —22.223 -9.544 3.544 -16.224 3.426
3 5 -22.277 -9.656 4.138 -16.760 0.844
1S =100 mM
gl 48 -20.132 -7.108 2.695 -15.719 3.845
g2 46 —-19.840 -6.825 3.089 -16.105 3.779
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Label RelPop @ % URepr (b) Ugp © Ugs @ Ugs © spread ®
g3 7 -19.473 -6.643 2.898 -15.727 2.155
1S =200 mM
hl 48 -18.242 -5.691 3.696 -16.247 3.701
h2 45 -16.233 -8.260 3.694 -11.667 7.161
h3 4 -16.462 -4.686 3.608 -15.384 7.861
h4 2 -16.816 -5.327 2.610 -14.099 2174
(a)ReIative population of the cluster
()

U Repr: total interaction energy of the representative of the given cluster, in kT with T= 300K

@),

EP. total electrostatic energy of the representative complex, in kT

(@

U€ s electrostatic desolvation energy of the representative complex, in kT

(e)Uhds: non-polar (hydrophobic) desolvation energy of the representative complex, in KT

@

RMSD of the structures within the cluster with respect to the representative complex.
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