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The biologic activity induced by ligand binding to orthosteric or allosteric sites on a GPCRs is mediated by stabilization
of specific receptor conformations [1]. A basic unsolved issue in GPCRs activation/signaling is the role of receptor

Functional characterization of NDPs
of specific receptor conformations [1]. A basic unsolved issue in GPCRs activation/signaling is the role of receptor
structural conformations in G protein/effector protein selection. Among possible approaches to obtain detailed
description of GPCRs activation dynamics are molecular simulations and recently described nanobody-derived
intrabodies [2]. Monomeric single-domain antibody (nanobody) from the Camelid family was found to allosterically bind
to and stabilizes distinct conformational states of the β2AR [3].
By using informational spectrum method (ISM) [4], a virtual spectroscopy method for investigation of the protein-
protein interactions, we have designed peptides mimetics of the nanobody related to the β2AR (nanobody derived
peptides, NDPs). Interaction between NDPs and the ligand-bound β2AR active conformation have been studied by
molecular dynamics simulations. The binding free energy of NDP - β2AR complex was estimated using metadynamics
approach. The ability of selected NPDs to interfere with ligand-promoted β2AR coupling with its cognate protein partners
have been after monitored by intracellular signaling pathways activation and bioluminescence resonance energy transfer
(BRET) based β-arrestin 2 recruitment assay [5].

Fig 1. A) IS of the Nb71 B) IS of the NDP P3

Selected NPD was tested in the in vitro cell system using human embryonic kidney cells (HEK-293). First, NDP complementary DNA in the
vector pcDNA3.1(+)/myc-His was generated and its ability to bind to the 2AR and interfere with its fuction with regard to -arrestin 2-
dependent mechanisms was tested by previously developed BRET -arrestin 2 recruitment assay(3) using the TriStar LB 941 microplate reader
(Berthold Technologies, Bad Wildbad, Germany). The 515/410 ratios was calculated and the obtained BRET signal expressed in a miliBRET
units (mBU); BRET ratio x 1000

Microscale thermophoresis (MST)

HEK-293 cells in a 75 cm2 flask were transiently co-transfected with constructs encoding β2AR/GFP2 (5.0 μg) and cell lysate was prepared
after 48h as follows. 75 cm2 flasks were transferred on ice and cells were washed once with ice-cold DPBS. 750 µL of NP40 lysis buffer was
then added per 75 cm2 flasks incubated on ice for 5 min. Cells scraped from 75 cm2 tissue culture flasks using cell scrapers (Falcon) and
detached cells were left on ice for additional 20 min. Cell lysate was transferred to cold 1.5 tube and clarified by centrifugation (15300 rpm, 30
min 4 °C). 700 µl of cleared lysate was transferred into a new cold 1.5 ml tube and expression level of β2AR/GFP2 verified by total
fluorescence measurements. 10 µL of cell lysate was used as target, while non-fluorescent ligands isoproterenol and P3 were titrated in a 1:1
dilution series in MST buffer containing 0.05% Tween 20. 10 μl of the serial dilution of the ligand were mixed with 10 μl of the cell lysate.
After a short incubation the samples at room temperature, samples were centrifuged and loaded into Monolith™ NT.115 MST Premium
Capillaries (NanoTemper Technologies) and measured using a Monolith NT.115pico and MO.Control software at room temperature (25 °C)

1. In silico identification of NDPs toward efficient modulators of the β2AR and estimation of binding free energy of NDP 
- β2AR complex
2 . Functional characterization of NDP by monitoring ligand-promoted β2AR coupling with its cognate effector molecules

Nanobody 71 (Nb71), monomeric single-chain antibody (nanobody) from the Camelid family related to the 2AR was modified into NDP P3
by ISM, a virtual spectroscopy method for investigation of protein-protein interactions. The IS of Nb71 is presented on Fig 1a. It contains

Informational spectrum method (ISM)

Figure 2. Distance change between carbonyl C atoms of Thr 68 and Ala 271 
during metadynamics simulation

Figure 3. Distance change between centroids of P3 and intracellular loop of 
2AR during metadynamics simulation

Capillaries (NanoTemper Technologies) and measured using a Monolith NT.115pico and MO.Control software at room temperature (25 °C)
(LED/excitation power setting 95%, MST power setting low). Data was analyzed using MO. Affinity Analysis software (version v2.2.4,
NanoTemper Technologies) at the standard MST-on time of 5 s and presented as fraction bound. To calculate fraction bound, the change in
normalized fluorescence (ΔFnorm) value of each point was divided by the amplitude of the fitted curve, resulting in values from 0 to 1. This
approach is independent of both the Fnorm starting level and the amplitude of the binding curve, and thus allows for comparing Kds of
interactions with different amplitudes.

by ISM, a virtual spectroscopy method for investigation of protein-protein interactions. The IS of Nb71 is presented on Fig 1a. It contains
characteristic peaks at the frequency F(0.216). NDP P3, functionally related to Nb71, was selected to have a sequence of amino acids arranged
by ISM with reference to the informational properties of Nb 71 (The IS of of NDP P3 is presented on Fig 1 b) . Selected NDP P3 is shorter than
Nb71, with dominant peak at the frequency F(0.216). P3 is 17 amino acids long and include CDR3.

Crystal structure of active state 2AR (3P0G) in complex with docked P3 was used in explicit membrane molecular dynamics simulation in
order to get insight into active conformation stability and interactions with P3.

During MD simulation, distance between intracellular regions of TM2 (Thr 68) and TM6 (Ala 271) was measured, as a reference for TM6
displacement (Fig. 2). The MD simulation has shown so far distance retaining, with average value of 17.1 Å, with referent values for active
form 18.1 Å for active state (PDBID 3P0G) and 10.8 Å for inactive state (PDBID 2RH1). The stabilized conformation of 2AR-P3 complex
from MD simulation is presented in Fig. 4, left.

During 15ns metadynamics simulation, a distance between centroid of P3 and intracellular loop of 2AR was monitored (Fig 3), as well as
change in PMF (Fig 5). NDP completed one hysteresis and formed same interactions as in crystal structure Nb80 in 3P0G (Fig. 4, right) From
PMF graph we estimated binding free energy value of 2AR-P3 complex ΔG = -7.51 kcal/mol, or Kd = 3.086 μM

Experimental results

The ISM algorithm has two major steps. The first involves the transformation of the amino acid sequence into a numerical
sequence. Each amino acid is represented by the value of the electron-ion interaction potential (EIIP), corresponding to the
average energy states of all valence electrons in a particular amino acid. In the second step the obtained numerical
sequence is transformed to Informational Spectrum by Fourier transformation. The results are series of frequencies and
their amplitudes. Every frequency in ISM corresponds to specific information encoded by amino acid sequence. Third step
is cross spectral analysis (CIS) of a group of proteins. CIS enables to distinguish information common for a group of
sequences. The most prominent peak in this function denotes the common frequency component(s) of the analyzed
proteins. Proteins sharing common dominant frequency participate in mutual interaction. Peak frequencies in CIS are
common frequency components for the analyzed sequences. A measure of similarity for each peak is the signal-to-noise
ratio (S/N), representing the ratio between the signal intensity at one particular IS frequency and the main value of the
whole spectrum.

Molecular docking

The peptide-protein docking was carried using online CABS-dock server. From the given protein receptor 3D structure,
binding site and a peptide sequence, CABS dock performs docking search for the binding site allowing for full flexibility

Figure 4. Conformation of NDP after 10ns MD simulation in intracellular region of 2AR (left) and after first hysteresis during metadynamics simulation (right)

Experimental results

Preliminary experiments with the selected NPD i.e. P3 that displayed moderate effect on agonist-induced -arrestin 2 recruitment to the 2AR.
HEK-293 cells were transiently transfected with 2AR together with empty pcDNA3 vector, GFP2/-arr2 R393E,R395E or GFP2/-arr2
R393E, R395E and P3. Cells were treated with increasing concentrations of isoproterenol and BRET2 measured. Data shown are the mean +
S.E.M. of duplicate observations from three independent experiments (Figure 6).

Dose–response curves and derived Kd of isoproterenol and P3 for interaction with β2AR based on the measured MST data are shown in Fig. 7.
Isoproterenol-activated β2AR displayed almost 10-fold higher affinity for P3 than to unstimulated β2AR (Fig. 7).

binding site and a peptide sequence, CABS dock performs docking search for the binding site allowing for full flexibility
of the peptide and small fluctuations of the receptor backbone. The output of the simulation are three-dimensional
coordinates of protein – ligand complex, accompanied with full docking process trajectories and CABS force field docking
scores, including energies of receptor, ligand and their interaction energies. The best solutions, including peptide in the
intracellular space and lowest CABS dock energy were selected for further molecular dynamics simulations.

Molecular dynamics simulations

Prepared complexes of 2AR with agonist and nanobody were subjected to explicit membrane molecular dynamics
simulations, in order to get insight into intermolecular interactions with new nanobody. From trajectory analysis ware
obtained data of the 2AR – nanobody complex stability and conformation change of 2AR itself. It is important for 2AR
to maintain stable active conformation, as well as ligand agonist interactions in binding pocket, to prove the efficiency of
nanobody. 2AR – NDP complex was inserted into POPC bilayer with dimensions 70 x 70 Å, solvated and neutralized at
physiological pH and 0.15M NaCl. System was minimized, equilibrated under NVE conditions for 250 ps and subjected to
production as NPT ensemble for 20ns at 300K and 1 bar. CHARMM 27 forcefield was used. Simulations were carried in
NAMD.

Metadynamics simulations

Figure 5. Evolution of potential mean force during metadynamics simulaton of initially docked peptide conformation

Metadynamics simulations

Metadynamics is a powerful method for free energy calculations. Before metadynamics simulation, one must determine
collective variables that will be varied during simulation and in regard to will be calculated Potential Mean Force (PMF).
We chose one variable, the distance between centroids of protein aminoacid (AA) and peptide residues. Their atoms
belong to backbone C atoms od binding AA residues in intracellular loops of receptor and all residues in the peptide. The
lower boundary (minimal distance value) was set to the initial value of distance between centroids of receptor - ligand
atom groups, obtained from the coordinates of docked structure, optimized by molecular dynamics production. The upper
boundary (maximal value) was set to the distance value where peptide is enough far from the receptor, in the water layer,
close to the side of PBC cell. In this way, we assure that no intermolecular interactions between protein and peptide are
present along all three coordinate axis. During our metadynamics simulation, the peptide is initially pushed towards
intracellular water layer, and then again pulled back to receptor binding site. Making this hysteresis, we completely scan
its conformational space. The resulting change in free energy between initial and equilibrated state of peptide in water
layer is binding free energy of complex. Collective variable trajectory frequency (frequency of generating free energy
files) was set to 10000 ps. Lower Wall Constant (lowest value of applied force, units in kcal/(mol*A)) was set to 50, upper
Wall Constant (highest value of applied force) 80.0, and width (the force resolution) to 0.1. Hill Weight (amount of PMF
energy that is gradually added to system during simulation) was set to 0.1 kcal/mol and new Hill Frequency to 50 ps. All
free energy files generated during simulation were collected. Total metadynamics simulation time was 15ns, and

Preliminary β-arrestin 2 recruitment results suggest possibility for further modification and optimization of NDPs toward efficient
modulators of the β2AR, based on a good agreement between theoretical calulations and experimental measurements.
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