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ABSTRACT: To address the challenges of short half-life, immunoge-
nicity, and nonspecific distribution, chemical modifications of peptide
and protein-based drugs have emerged as a versatile strategy for
improving their therapeutic efficacy. One such modification involves the
derivatization of peptides and proteins with fatty acids, which can
protract their half-life, modify their biodistribution, and potentially
enable targeted delivery to specific tissues or disease sites of interest.
However, the present strategies for the synthesis of such synthetically
modified biologics require numerous rounds of experimental testing and
often yield unstable, inactive, or heterogeneous products. To address the
inefficiencies in designing modified biologics, we developed a hybrid
computational workflow that integrates RosettaMatch from the Rosetta
suite of protein modeling tools with molecular dynamics (MD) simulations. This approach not only reduces the number of amino
acid positions that need to be experimentally tested by targeting only the most promising candidates for modification but also
expedites the design of chemically modified biologics with the desired properties, ensuring a rapid and cost-effective development
cycle. Although we demonstrate the utility of our method on a peptide therapeutic, GLP-1, with different fatty acid derivatizations,
this straightforward approach has the potential to streamline the design process of a diverse range of chemically modified
therapeutics, enabling tailored enhancements to their pharmacokinetic properties.

■ INTRODUCTION
Peptide and protein drugs have proven successful in the
treatment of a wide range of medical conditions.1 Whereas
some classes of therapeutic proteins, including antibodies, have
long inherent half-lives through their constant region, many
native molecules such as peptide hormones are often
susceptible to enzymatic degradation, renal clearance, and
rapid receptor-mediated clearance, which lead to a short
plasma elimination half-life.2 Therefore, considerable research
effort has gone into the development of a diverse range of
principles and technologies for prolonging the half-life of
peptides and proteins including N/O-linked glycosylation,
PEGylation, Fc-fusion, albumin-fusion, and reversible albumin
binding techniques.2−4 In particular, fatty acid derivatization
technology has proven extremely useful in many cases,
influencing both the rate of absorption after subcutaneous
administration and the rate of elimination by various clearance
pathways.5−9

Fatty acid derivatization (known as protraction) entails the
chemical coupling of a fatty acid side chain onto a peptide or a
protein to confer reversible binding to human serum albumin
(HSA), which is a multifunctional and abundant protein that
plays a key role in transporting endogenous fatty acids and
other substances as well as small-molecule drug compounds.10

Early in the development of “protracted” biologics, it became
apparent that more than just albumin binding was at play and

that fatty acid derivatization could offer several mechanistic
opportunities for tailoring both the pharmacokinetic half-life
and distribution parameters to specific needs for a given
peptide drug.10 Half-life extension is a critical aspect of
developing effective therapeutic agents, particularly in the
context of biologics. Numerous studies have identified specific
derivatives and dimers that exhibit strong HSA-binding affinity
and can effectively extend half-life.3,11,12

Despite the promise of therapeutic biologics, their
optimization remains a significant challenge.2,13,14 Traditional
development is a manual, iterative process, requiring extensive
experimental testing that often yields unstable, inactive, or
heterogeneous products.14−18 Our computational solution
addresses this bottleneck by rapidly identifying optimal
chemical modification sites, aiming to streamline the develop-
ment process and reduce reliance on costly and time-
consuming experimental iterations that not only slow the
development cycle but also increase the cost and labor
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involved. Our innovative computational solution has the
potential to advance this paradigm by augmenting and
automating the selection process. By rapidly identifying
optimal chemical modification sites, our method reduces the
need for experimental testing and accelerates the development
of stable and effective biologic therapeutics. Our workflow
does not in any way seek to replace experimental protraction
assays with an in silico decision. Rather, we generate a set of
hypotheses about protraction sites and supplement them as an
estimation of the structural and energetic effects of placing a
protractor at these sites, which can narrow the search space of
protraction experiments.

In this paper, we demonstrate our structure-based computa-
tional scanning protocol on a candidate therapeutic, glucagon-
like-peptide-1 (GLP-1). The quantitative effect of different
fatty acid chemistries and their acylation locations on GLP-1
on peptide half-life has been studied in detail previously.9,15,19

Here, we use a C-18 diacid linked to GLP-1 with a γGlu-
2xOEG linker that provides a demonstrably superior half-life
extension over other fatty-acid-based modifications.15,19 We
refer to the fatty acid and linker combination as the
“protractor” for the remainder of this paper. Fatty acid
modification of therapeutic peptides, such as GLP-1, can
significantly enhance their pharmacokinetic properties. How-
ever, identifying optimal sites for attaching these modifications
(which we term “protractors”) remains a challenge. In this
study, we present a computational protocol that combines
RosettaMatch16,17 for initial structural screening with molec-
ular dynamics (MD) simulations to assess the dynamic
behavior and interactions of protracted GLP-1 systems. This
approach enables the rapid identification of optimal protractor
combinations, offering the potential to substantially advance
the design of fatty-acid-modified biologics for enhanced
therapeutic efficacy.

■ METHODS
Protractor Conformer Generation. As demonstrated in

Figure 1, our proposed workflow requires only a SMILES

string for the protractor molecule and an input structure of the
b i o l o g i c mo l e c u l e o f i n t e r e s t . We u s ed t h e
Chem.CanonSmiles() method in RDKit to canonicalize the
SMILES string and used the Experimental-Torsion-(basic)
Knowledge Distance Geometry (ETKDG) approach from
RDKi20,21 and enforced chirality to generate an initial
ensemble of conformers that were further pruned to remove
members within 1 Å heavy atom RMSD of each other. The
details are provided in Appendix 1 in the Supporting
Information. Initially, 100 conformations for the γGlu-
2xOEG-C18-diacid protractor were generated from the
following SMILES string:

O�CCOCCOCCNC(�O)COCCOCCNC(�
O)CC[C@@H(NC(�O)CCCCCCCCCCCCCCCCC(�
O)[O−])C(�O)[O−]
Preparation of the GLP-1/GLP-1R Complex and

Energy Minimization. For the benchmark system in this
paper, GLP-1:7−36 in complex with full length GLP-1-
receptor (GLP-1R) (residues 29−423) was taken from the
2.10 Å cryo-EM structure 6X18.22 Unresolved loop regions of
the GLP-1R structure (PDB: 6X18) were added using the
looping model protocols in Rosetta.23−27 Specifically, this
experimental structure was missing loops, and we chose to use
the remodel executable to model potential conformations.
Remodel allows us to place missing atoms and utilize cyclic
coordinate descent (CCD) for building the missing loops. We
generated a blueprint file by running the getBluePrintFrom-
Coords.pl script (in Rosetta/demos/public/design_w_flex_-
loops_using_RosettaRemodel/scripts), and that was modified
to contain the missing residues. In addition, we added a fast
relaxation step to the refinement stage in the flags (see code in
GitHub).
RosettaMatch Protocol for Sampling Sterically Fea-

sible Protraction Sites. RosettaMatch16,21 was employed to
identify sterically feasible conformations and acylation sites for
the γGlu-2xOEG-C18-diacid protractor within the GLP-1
peptide scaffold, ensuring compatibility with the desired
binding interface geometry. To achieve this, a parameter file

Figure 1. Protractor scan workflow demonstrated on the GLP1-GLP1R system with a fatty-diacid-based protractor. (A) Input the GLP-1/GLP-1R
co-complex structure, and process the extended protractor conformations (generated from SMILES strings) first through (B) high-throughput
sampling using RosettaMatch and then through (C) a low-throughput MD simulation stage to enumerate sterically feasible protractor
conformations at allowed residues on GLP-1. (D) Structural parameters and interaction energies calculated from the MD simulation help to filter
choices for protraction sites which can (E) ultimately guide the experiment.
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for the protractor was generated using the molfile_to_par-
ams.py script, assigning an overall charge of −2. A position file
was then generated to define the residues on the GLP-1
peptide to be sampled. Because of the relatively small size of
the peptide, all positions were screened to comprehensively
identify potential protraction sites.

The geometry of the chemical bond linking the fatty acid
protractor to the amino acid side chain (lysine in this case) was
specified using six degrees of freedom (one bond distance, two
angles, three dihedrals), defining the amide bond linkage.
RosettaMatch hits, representing potential protractor attach-
ment points, were grouped into bins based on a 3 Å RMSD
similarity criterion.

To select the most productive attachment points, hits were
subjected to energy minimization and side-chain repacking
using the ref2015_cst scoring function in Rosetta.28 Mini-
mization consisted of 1000 iterations, with side-chain
repacking limited to residues within a 10 Å radius of the
GLP-1/GLP-1R binding site. The resulting relaxed conforma-
tions were further filtered based on the peptide-receptor
interface energy (IFE) and RosettaMatch’s constraint score,
selecting candidates within the top 25th percentile of both
features (IFE < −183.086 Rosetta energy units (REU) and
constraint score < 4.719) to form the final ensemble of valid
protractor conformations. The minimization and repacking
were conducted using RosettaScripts,29 as shown within
run_matcher.py.
MD Simulation Setup for Protracted GLP-1/GLP-1R

Systems. For each identified protraction site on GLP-1, a
random subset of up to 10 protractor conformations, selected
from the previously filtered RosettaMatch results, was used to
initiate individual molecular dynamics (MD) simulations.
Further, because the MD stage serves to reassess hypotheses
generated previously with RosettaMatch, we used a more
biological representation of the system, which includes a lipid
bilayer separating the extracellular and transmembrane
domains of GLP-1R.

Protracted co-complexes from the RosettaMatch stage were
aligned (using PyMol 2.2.530) to a pre-equilibrated GLP-1/
GLP-1R complex inserted into a DPPC lipid-bilayer sourced
from MemProtMD.31 The alignment ensured the correct
orientation of the protein complex with respect to the lipid
membrane. We used the AmberFF0332,33 and CHARMM3634

force field for protein and lipid, respectively. Atomic charges of
protracted lysine residue were computed using the RESP-A1
(HF/6-31G*) charge model and the GAMESS-US35 quantum
mechanics program given in the Q4MD Force Field Tools
Web server.36−38 The output AMBERFF03 parameters were
converted to GROMACS readable.itp files using the Parmed
package.39 The system was solvated using TIP3P40,41 water
molecules, and a buffer of 150 mM NaCl ions was added to
neutralize the system.

MD simulations were performed using GROMACS
2021.4.42−44 The simulations began with energy minimization
using the steepest descent algorithm until the maximum force
was smaller than 700.0 kJ mol−1 nm−1. This was followed by a
3.25 ns equilibration period, performed in three distinct steps,
maintaining the system’s temperature at 310.15 K using
velocity-rescale temperature coupling with a time constant of
1.0 ps. During this phase, positional restraints were placed on
the protein complex and lipid phosphorus atoms and were
successively reduced to ensure physiological conditions for the
proteins and prevent phase transitions for the DPPC lipids.
Specifically, even though the phase transition temperature for
DPPC lipids is around 315 K,45,46 equilibrium simulations at
310.15 K for ∼100 ns ensured that they remained in a liquid-
disordered state. Subsequently, the system underwent 15 ns of
NPT equilibration at a temperature of 310.15 K and a pressure
of 1 atm, employing Berendsen semi-isotropic pressure
coupling,47 with a time-constant of 5.0 ps and compressibility
value of 4.5 × 10−5 bar−1. During this period, positional
restraints on the protein complex, lipid phosphorus atoms, and
protein side chains were gradually removed. In the final
production phase that ran for 100 ns, all positional restraints
were lifted, and Parrinello−Rahman semi-isotropic pressure

Figure 2. High-throughput scan of protraction sites on GLP-1(7−36) (in complex with GLP-1R) using the RosettaMatch protocol. (A) Clustering
of the landscape of match constraint score (“cst_score”) and GLP-1/GLP-1R interface energy (“IFE”) into a binary decision variable where 1
(blue) corresponds to linker conformers that have both low interface energy and low match constraint score and can be selected for acylation,
whereas 0 (green) corresponds to all other rejected conformers. (B) Some representative acylation residues taken from the viable region in (A) are
mapped to the energy minimized GLP-1/GLP-1R co-complex. (C) Sample protractor conformations at residues that cover the length of the GLP-1
fragment: Y19, K26, V33, and R36. Protractor conformations are energy minimized random samples from an RMSD-based clustering of solutions
returned by the RosettaMatch protocol for a given residue, and the conformation in dark blue represents the cluster center.
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coupling48 with a time constant of 5.0 ps was used. All
simulations adopted a 0.002 ps time step, and statistics were
collected from the last 80 ns of each production run trajectory.
We verified that the lipid bilayer remained in a liquid-disorder
phase by calculating time-resolved profiles of the bilayer
thickness of the lipid bilayer (Figure S1 in the Supporting
Information).

We derived several structural parameters and interaction
energies from MD simulations. These include the protractor’s
radius of gyration (Rg), the protractor’s end-to-end distance
(Ree), and root-mean-square deviation (RMSD) of the
protracted peptide in comparison to its unprotracted state
(rmsdp), along with the number of contacts (Cαβ). Addition-
ally, we computed the electrostatic interaction energy (Uαβ

Coul)
and the van der Waals interaction energy (Uαβ

LJ ) for the
protractor−receptor (αβ = pr), protractor−peptide (αβ = pp),
and protractor−membrane (αβ = pm) using the “gmx energy”
command. The index groups used in “gmx energy” for the
receptor, membrane, and protractor residue were created using
“gmx make_ndx”.

For each protraction site, up to 10 independent trajectories
were simulated, each initiated from a different RosettaMatch-
derived protractor conformation. These trajectories were

divided into four contiguous blocks, and the aforementioned
properties were averaged to enhance the statistical accuracy
and reduce the noise. Subsequently, the structural parameters
and interaction energies were transformed to a (0,1) domain
using a sigmoid function whose slope was estimated from the
data. Thus, for a property x, with minimum, maximum, and
average values across all MD simulations for different acylation
residues given by xmin, xmax, and x0, the corresponding
transformed value is given by = + [ ]y

k x x
1

1 exp ( )0
. The slope

k was calculated as = i
k
jjj y

{
zzzk log

x x

y

y
1 1

1max min

max

min
, where we set

the numerical minimum and maximum values of the
transformed property as ymin = 0.001 and ymax = 0.999,
respectively.

■ RESULTS AND DISCUSSION
Analysis and Selection of Protractor Conformations.

To identify optimal protractor conformations from the
RosettaMatch output, a rigorous filtering strategy was
implemented. Figure 2A illustrates the distribution of feasible
GLP-1/GLP-1R complex conformations returned by Rosetta-
Match plotted according to their interface energy (IFE) and

Figure 3. Comparative analysis of protraction site efficacy through structural and energetic parameters. (A) Snapshots from MD simulations of the
protracted GLP-1(7−36)/GLP-1R complex. The lipid bilayer and solvent were removed to enhance the clarity. GLP-1R, GLP-1, and protractor
side chain are shown in gray, salmon, and blue, respectively. The reference conformation of the GLP-1 peptide from RosettaMatch is shown in
cyan. (B) Radar plots for structural parameters and interaction energies calculated from the MD simulations. Results are presented for a γGlu-
2xOEG-C18-diacid protractor acylated at residues Y19, K26, V33, and R36 (mutating to K when required) and initial conformations for Y19 and
V33 protracted peptide shown in green. Each property in panel B is dimensionless and has been normalized to (0,1) using a sigmoid
transformation, and lower values of each property are desirable. Properties included are the inverse of protractor radius of gyration (Rg

−1), inverse
of protractor end-to-end distance (Ree

−1), RMSD of protracted peptide relative to unprotracted state (rmsdp), number of contacts (Cαβ),
electrostatic interaction energy (Uαβ

Coul) and van-der Waals interaction energy (Uαβ
LJ ) between protractor−receptor (αβ = pr), protractor−peptide

(αβ = pp), and protractor−membrane (αβ = pm), respectively. (C) Area under the radar plot calculated for all acylation residues enumerated by
RosettaMatch. (D) RMS fluctuations of GLP-1 residues, measured relative to unprotracted GLP-1, for the four acylated residues.
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constraint score (cst_score). The IFE, representing the
cumulative Rosetta energy score at the GLP-1/GLP-1R
interface, serves as a proxy for energetic favorability. The
cst_score, derived from the EnzScore filter,16 quantifies the
geometric compatibility of the protractor attachment in terms
of the degrees of freedom around the amide bond.

Optimal solutions, as exemplified in Table S1, are
characterized by low values for both scores, indicating both
steric compatibility and minimal disruption of the GLP-1/
GLP-1R interface. To identify these optimal solutions, a
threshold was applied, selecting the top 25th percentile of
conformations in the lower left quadrant of Figure 2A.
Notably, the choice of the 25th percentile threshold is user-
defined and can be adjusted based on the desired number of
solutions.

Within this optimal ensemble, multiple protractor con-
formations may correspond to the same acylation residue on
GLP-1. Therefore, the “protractibility” of a residue was
qualitatively defined as the presence of at least one optimal
protractor conformation (blue shaded area in Figure 2A).
Although this measure is approximate, it serves as a valuable
tool for narrowing down the potential protraction sites in
larger biologics like mini-proteins or antibodies, where the
sheer number of possibilities can be overwhelming.

Figure 2B highlights a subset of optimal solutions identified
by RosettaMatch for four representative acylation residues:
Y19, K26, V33, and R36. These residues exemplify the diverse
protraction scenarios along the GLP-1:7−36 peptide: Y19 is
proximal to the GLP-1R binding pocket; V33 and R36 are near
the GLP-1R extracellular region, and K26 occupies an
intermediate region.

As shown in Table S1, N-terminal residues7−14 buried within
the GLP-1R binding pocket are unsuitable for protraction, as
evidenced by the absence of valid RosettaMatch solutions.
Similarly, C-terminal residues32−35 are likely incompatible due
to steric clashes with the GLP-1R extracellular domain
(ECD).40 This observation is consistent with literature reports
of undesirably high EC50 values for GLP-1 analogs protracted
at residues 36 and 37,11 suggesting the existence of an optimal
location for protractor placement along the peptide axis.

This notion is further supported by the wide range of
protractor conformations observed when attached to K26,
which are predominantly orthogonal to the peptide axis.
Interestingly, K26 has been reported to yield maximal half-life
extension for the protractor used in this study.9,11 However,
the quantity of optimal RosettaMatch solutions can vary
depending on the diversity of protractor conformations
considered; thus, these results may not definitively determine
the feasibility of protractor attachment at a specific residue.
Molecular Dynamics Simulations of Protracted GLP-1

Systems. To complement the RosettaMatch findings and gain
a deeper insight into the structural dynamics of the protracted
GLP-1 systems, we conducted MD simulations. In Figure 3A,
we show representative snapshots from MD simulations of the
four (Y19, K26, V33, and R36) protracted GLP-1 systems.
Figure 3B shows metrics calculated from the MD simulations
in the form of radar charts. The chosen metrics, including the
radius of gyration (Rg) and end-to-end distance (Ree), are
essential for quantifying the conformation and relative size of
the protractor chain.49,50 Additionally, the backbone RMSD of
protracted GLP-1 relative to the bare peptide provides insight
into how the protractor influences the structural dynamics of
the peptide. We also report energies of the protractor’s

interaction with GLP-1, GLP-1R, and the lipid bilayer as
measured by the number of residue−residue contacts (with a 5
Å CA−CA cutoff), van der Waals, and electrostatic
components of energies. Protraction of biologics with fatty
acids impacts receptor binding through different mechanisms
including reduction of the free concentration of drug available
for receptor binding (e.g., only the unbound drug is recognized
by the receptor) or reduction of receptor affinity (e.g., the
biologic retains some receptor binding even when bound to
albumin).2 An ideal protraction site should provide enhanced
binding with serum albumin while shielding the peptide−
receptor interface from steric interactions with the protractor.
Because albumin is not included in the simulation, high Rg and
Ree and low protractor−membrane interaction signal extended
protractor conformations that may bind more easily with
albumin. Given that albumin is not incorporated in the
simulation, the observed high values of Rg and Ree, coupled
with the low protractor−membrane interaction, suggest
extended protractor conformations. These extended confor-
mations are less likely to interact with the rest of the protein,
thereby reducing potential steric hindrances and unwanted
conformational changes.2,51−53 As a result, these conforma-
tions may facilitate more efficient and specific binding with
albumin once it is introduced into the system. On the other
hand, lower interaction of the protractor with the peptide and
receptor reflects preservation of the peptide−receptor binding
interface. For consistency, we present Rg

−1 and Ree
−1 in Figure 3B

such that for all in silico observables, lower values are better.
We tried different data transforms that could normalize the
data to a (0,1) domain such as a linear scaling using the
maximum range or Z scores. However, we observed that only a
sigmoid type transform (detailed in the Methods section)
prevented artificial inflation of differences in data points that
are very close to each other. Therefore, all properties are
normalized to a fraction between (0,1) using a sigmoid
transformation. Thus, for the radar plots in Figure 3B, a lower
total shaded area is approximately correlated to an optimal
protraction strategy. We calculated the shaded area for radar
plots for all GLP-1 residues deemed feasible by RosettaMatch
(see Figure. S2 in the Supporting Information) and present the
area value as a function of the acylation residue in Figure 3C.
Finally, Figure 3D shows the root-mean-square fluctuation
(RMSF) of individual residues of the four protracted GLP-
1(7−36) fragments relative to the unprotracted peptide.

In Figure 3B, protraction at K26 has the smallest footprint
among all others on the radar chart, among the four residues
presented here, whereas protraction at V33 produces the
largest total shaded area, ∼ 46% more than that at K26. The
MD simulation results recapitulate the optimality of K26 as an
attractive candidate for protraction. But more importantly, they
highlight the fact that V33 is problematic because a protractor
placed at this residue interacts undesirably with GLP-1, nearly
“twisting” the peptide axis (Figure 3A, column 3, orange) and
producing a very high backbone RMSD relative to the bare
peptide (Figure 3A, column 3, green) and high protractor−
peptide contacts (Figure 3B), and significantly disrupts the
interface with GLP1R as measured by very high RMSF of ∼4 Å
(Figure 3D). Protraction at R36 avoids interaction of the
protractor with GLP-1 but not with the GLP-1R extracellular
domain (ECD). However, the ECD is distal from both the
GLP-1 binding pocket and the transmembrane regions of
GLP-1R, producing extended protractor conformations with
very low Rg

−1 and Ree
−1 that lead to a lower overall shaded
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surface area in Figure 3B. On the other hand, protraction at
Y19 has a nontrivial effect on the GLP-1 RMSF between
residues 12 and 20 (∼2.5 Å, Figure 3D); i.e., it gets sterically
locked in the N-terminal end of the GLP-1R binding interface
(Figure 3A) and fails to extend into the solution as evidenced
by higher values of normalized Rg

−1 and Ree
−1 (Figure 3B).

N-terminal and C-terminal residues, exemplified by V33,
often appear as promising protraction candidates upon the
initial visual inspection of protein structures, a common
practice in the pharmaceutical industry. However, the true
suitability of these sites can be rigorously assessed only by
considering the full structural model of the complex and the
dynamic flexibility of the protractor chains. Molecular
dynamics (MD) simulations complement RosettaMatch by
revealing potentially unfavorable interactions that may not be
apparent from static structural analysis alone, thereby refining
the selection of protraction sites for subsequent experimental
validation.

■ CONCLUSIONS
In this work, we introduced an in silico pipeline for predicting
sites on drug-like peptide molecules where long-chain
biopolymers may be grafted to provide half-life protraction
by binding to serum albumin as an example. The first stage of
the pipeline used the RosettaMatch algorithm to sample
sterically compatible protractor conformations on different
residues along a biologic molecule, whereas the second stage
employed MD simulations to further understand the
implication of the protractor within a system that closely
mimics physiological conditions. We benchmarked our method
on a candidate system of the GLP-1(7−36) peptide fragment
in complex with full-length GLP-1R and a γGlu-2xOEG-C18-
diacid protractor. The RosettaMatch stage filtered out N-
terminal GLP-1 residues buried deep within the GLP-1R
binding pocket and generated conformational ensembles for
protractors attached to each of the remaining residues. In the
second stage, structural parameters and interaction energies
were calculated from MD simulations done in the presence of a
lipid bilayer separating the extracellular and transmembrane
domains of GLP-1R and simulating the effect of the cell
membrane. The simulations further revealed the inadequacy of
C-terminal GLP-1 residues for protraction due to deleterious
interactions with the peptide and the binding interface.
Eventually, residue K26 demonstrated low peptide, receptor,
and membrane interaction and extended protractor conforma-
tions that may attach more easily with serum-abundant
albumin while preserving the native GLP-1/GLP-1R interface,
which is corroborated by previous protraction studies of GLP-
1 derivatives.15

The success of our workflow is dependent on the quality of
the input structure, and any inaccuracies in protein−protein
interfaces of in silico predicted structures such as from
AlphaFold-multimer54 will be inevitably reflected in protrac-
tion strategies predicted by our method.

Nevertheless, we provide a simple method with the potential
to be fully automated for placement of protractors based on
virtual scanning. Although this study focuses on a single
peptide-receptor system, our computational pipeline is readily
adaptable to other biologic formats of interest, including mini-
proteins, antibodies (for antibody−drug conjugates), and
various protractor and linkage chemistries. For molecules
larger than peptides, the number of potential protraction sites
to test experimentally is also much greater, and even running

only the RosettaMatch stage can provide significant gains in
experimental efficiency by screening the number of testable
sites.
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guidance in the derivation of RESP charges from https://upjv.
q4md-forcefieldtools.org.
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