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Abstract 

Macrocycles and cyclic peptides are increasingly attractive therapeutic modalities as they often have 

improved affinity, are able to bind to extended protein interfaces and otherwise have favorable 

properties. Macrocyclization of a known binder molecule has the potential to stabilize its bioactive 

conformation, improve its metabolic stability, cell permeability and in certain cases oral 

bioavailability. Herein, we present an in silico approach that automatically generates, evaluates and 

proposes cyclizations utilizing a library of well-established chemical reactions and reagents. Using the 

three-dimensional (3D) conformation of the linear molecule in complex with a target protein as 

starting point, this approach identifies attachment points, generates linkers, evaluates the 

conformational landscape of suitable linkers and their geometric compatibility and ranks the resulting 

molecules with respect to their predicted conformational stability and interactions with the target 

protein. As we show here with several prospective and retrospective case studies, this procedure can 

be applied for the macrocyclization of small molecules and peptides and even PROTACs and proteins. 

The presented approach is an important step towards the enhanced utilization of macrocycles and 

cyclic peptides as attractive therapeutic modalities. 

(Abstract graphic)  
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Introduction 

During the past decade, macrocycles, defined as cyclic small molecules or peptides typically with a 

molecular weight of 500  to 2000 Da, have gained significant interest as therapeutic agents, due to the 

introduction of new approaches for their synthesis and screening.1–3 Moreover, there is an unmet need 

for therapeutic agents that will be able to target a not yet well addressed type of disease-relevant 

surfaces and interfaces that include, among others, extra- and intracellular protein‐protein interactions 

(PPIs) with large and shallow (featureless) binding sites typically less amenable to small-molecule 

drugs.4 Because of their size and complexity, macrocycles have demonstrated that they can bind with 

antibody-like affinity and specificity and successfully target PPIs.5–18 Hence, macrocyclic molecules 

fill an important gap in the world of drugs between small molecules and larger biologics.19,20 

Significant progress has been made for peptides in terms of synthesis, formulation and delivery,21 

but their therapeutic value is partially limited due to their short in vivo half-life and lack of oral 

bioavailability. Moreover, while in solution, peptides span a large conformational space that increases 

the entropic cost of binding. Cyclization is one of the ways to limit this entropic cost of binding and 

thus improve its potency. Importantly, it has been shown that constraining a peptide via cyclization 

can also result in improved selectivity.22–24 Furthermore, cyclization is known to enhance the folding 

of peptides into conformations that might allow the formation of intramolecular hydrogen bonds, 

which in turn could improve passive permeability by reducing polar surface area. In addition, 

cyclization generally reduces degradation in the gut, blood, and tissues by shielding residues from 

metabolic proteases. Finally, covalent cyclization often enhances stability against thermal and 

chemical stress (e.g., caused by elevated temperature or presence of denaturants), which is often an 

important goal in engineering studies for peptides or proteins/enzymes for biotherapeutic or 

biotechnological applications.25  

Medicinal chemistry allows further optimization of cyclic peptides towards drug-likeness and 

enables the access to the world of non-peptidic macrocycles in drug discovery. Thereby, despite 

violating some or all of the “Rule of Five” (Ro5) parameters, some naturally occurring, as well as 

synthetic, peptidic and non-peptidic macrocycles have demonstrated the ability for cell permeability 
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and oral bioavailability.26–34 Indeed, a number of macrocycles with a molecular weight (MW) ranging 

from 500 to 1500 Da have become successful drugs, with multiple examples that can be administered 

orally.7,35–37 

Meanwhile, a variety of chemical approaches for the cyclization of peptides and small molecules 

have been described in literature (see reviews 3,6,29,38–43). One of the most popular strategies for 

cyclization is lactamization. The first studies on intramolecular amide-bond formation via side-chain 

stapling were reported by Felix et al. for helix stabilization between i, i+4 spaced amino acids.44 Since 

then, this approach has been further elaborated by many others, exploring linkages with different chain 

lengths and positioning, as described in detail in a number of reviews39,45 and references therein. The 

formation of carbon-carbon bonds may be facilitated using a ring-closing metathesis (RCM) 

reaction.46–48 This approach has been successfully applied to several peptides binding to different 

biological targets.49–55 Another strategy is the Cu(I)-catalyzed azide–alkyne cycloaddition56,57 as a 

prototype of the popular “Click reaction”,58 which has been reported by Chorev et al. for an analogue 

of the parathyroid hormone-related peptide 59,60  and by Wang et al. for B-cell CLL/lymphoma 9 

(BCL9) α-helical peptides.61 An alternative approach, photoinduced 1,3-dipolar cycloaddition, the 

UV-induced reaction between tetrazoles and alkenes, has been applied by Madden et al. to staple dual 

peptide inhibitors of the p53-Mdm2/Mdmx interactions.62 Staples may also be introduced with 

thioethers by linking of two cysteines via thiol-ene/-yne reactions63–66, or cysteine arylation and 

alkylation.67–73 Cysteine alkylation with reagents, containing three thiol‐reactive groups, can also be 

used for synthesis of bicyclic structures, when the precursor peptide carries three cysteines.74,75 These 

approaches have been used together with combinatorial chemistry or phage display to screen 

structurally diverse monocyclic76–78 or bicyclic peptides.79–81 Recently, it was demonstrated that this 

chemistry can also be applied to the in situ cyclization of proteins.82–84 For two proteins, 

Staphylococcus aureus sortase A (SrtA) and the KIX domain from the human CREB binding protein, 

cysteine residues were introduced in three surface-exposed positions and incubated with a 

triselectrophilic crosslinker to generate bicyclic enzymes with high tolerance towards thermal and 

chemical stress.84  
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Given the three-dimensional (3D) structure of a linear peptidic or non-peptidic molecule as starting 

point, the first goal of cyclization is to maintain the conformation of the bioactive region that is relevant 

for biological recognition and affinity, and introduce linkers where interactions are either not affected 

or even further improved. Several studies investigated the optimal positioning and linker lengths for 

the stabilization of α-helical structures.46,59,61,68,85–91 However, peptide-protein recognition is 

frequently mediated via non-helical structures, such as loops, turns or β-sheets92 and might therefore 

require specific optimization of the linker and its positioning in the linear molecule for conformational 

stabilization. Considering each residue in a peptide as potential cyclization site and taking into account 

the diversity of chemical strategies for cyclization might lead to a vast number of molecules that could 

be synthesized. Implementation of reliable in silico approaches for an accurate design are therefore 

needed to guide experimental efforts towards the most promising compounds.82,93–96 To perform 

rational design, a reliable description of macrocycles’ conformational landscape is essential. 

Unfortunately, the rugged conformational landscape limits the effectiveness of standard approaches 

for small molecules to reliably predict macrocycle conformations.10,97,98 Consequently, significant 

work has been put into enhanced sampling algorithms towards macrocycle conformation prediction.97–

109 Additional work has been put into docking or otherwise calculating macrocycle binding free 

energies.110–116 More recently, a structure-based design of peptide macrocycles targeting the 

interaction site of human adaptor protein 14-3-3 using Free Energy Perturbation (FEP) calculations 

was proposed.117 In this study, the authors used a small library of truncated derivatives with altered 

substitution pattern based on a previously reported macrocyclic ligand as starting point and performed 

FEP combined with replica exchange with solute tempering (REST) molecular dynamics (MD) 

simulations. Interestingly, the ΔpKd-values calculated through FEP broadly agree with the 

experimental trends, while the REST MD simulations provided insights into the origins of affinity 

differences. Despite the above-mentioned efforts, to the best of our knowledge, there is no 

computational method available that combines automatic enumeration, evaluation and ranking of the 

macrocyclizations based on a list of chemical linkers and the 3D structure of a linear reference.  
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The aim of the present study is the implementation of an approach, which, based on a given ligand 

structure (ideally in complex with a receptor), will provide in silico designed macrocyclic small 

molecules, peptides or proteins targeting a receptor-ligand or protein-protein interface (antagonists or 

agonists). The presented approach automatically generates proposals for synthesis by enumerating and 

screening cyclizations. The screening is based on geometric constraints, conformational rigidity and 

optionally the predicted interactions of the macrocycles to a target protein. The enumeration uses 

linkers or breeding structures for cyclization that can be synthesized with well-established chemical 

reactions utilizing (commercially) available chemical reagents. This list of chemical linkers can be 

modified by the user to consider specific cyclization chemistries and reagents.   
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Results and Discussion 

Here, we present an overview of the general workflow for the recognition and evaluation of sites for 

macrocyclization, the identification of compatible chemical linkers and their conformational and 

enthalpic scoring. To demonstrate the scope of this approach, prospective and retrospective 

applications for peptides, small molecules and proteins will be shown.  

General workflow 

Our strategy involves several integrated steps summarized in Figure 1. For technical details, see 

Experimental section. Briefly, we start with the 3D structure of the linear ligand in complex with the 

target protein and the premise that this system could benefit from structural stabilization by 

macrocyclization. Further, expertise in the system and synthetic capabilities may suggest a set of 

cyclization linkers or breeding groups to construct the linkers and attachment points (“limbs”). With 

these as inputs along with the complexed linear ligand structure, the approach will generate a full 

conformational ensemble of linkers, permute pairs of attachment points within the rigid ligand and 

then geometrically filter limb-pair-linker combinations to eliminate highly strained or otherwise 

unfavorable ones. The output are 3D structures of complexed cyclized ligands. Additional scoring can 

reduce the number of synthesis proposals. Since the goal of cyclization is often stabilization of the 

bioactive conformation, here we run conformational sampling and rank the cyclized ligands according 

to their calculated conformational propensity. Conformational scoring for small molecules and small 

peptides is performed using Prime Macrocycle Conformational Sampling (Prime-MCS) 106,107 and for 

larger peptides and proteins with MD simulations. An “enthalpic” scoring of the protein-ligand 

complex can be done using either the empirical scoring function GlideScore118,119 or the molecular 

mechanics-generalized Born surface area (MM/GBSA) method.120,121 Rigorous free energy 

calculations, encapsulating both entropic and enthalpic components, may also be applied in many of 

these cases.116,122. Here, indeed for high speed enthalpic screening, we applied GlideScore for small 

molecule cyclizations and MM/GBSA otherwise. 

Identification of attachment points for cyclization 
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For the identification of attachment points (see Figure 1a), our approach differentiates between the 

application for peptides/proteins and small molecules. (i) For peptides, the default attachment 

“vectors” for the introduction of cyclizations are typically the Cα-Cβ bonds within the peptide 

sequence. Hence, this approach allows to consider any (commercially or internally) available α-amino 

acid with sidechain groups suitably reactive for cyclisation and the resulting design proposals can be 

synthesized by classical stepwise (solid-phase) peptide synthesis with a subsequent cyclization step. 

As an additional option, it is possible to consider the Cα-Hα vector to introduce D-amino acids for 

cyclization and conformational stabilization. (ii) For small molecules, on the other hand, the 

positioning of the attachment points for cyclization generally depends on the specific synthetic route 

of the target molecule. Therefore, our approach allows to define the most suited attachment vectors by 

specifying atomic numbers or a user-defined substructure (defined as SMARTS123) within the starting 

molecule. With this procedure, it is also possible to introduce “non-standard” cyclizations into a 

peptide, such as sidechain-to-tail, head-to-sidechain, head-to-tail or other cyclizations.   

(Figure 1) 

Chemical linkers for cyclization 

There are two options to obtain chemical linkers for cyclization (see Figure 1b). They can be either 

(i) provided as explicit list derived from reagents that allow cyclization along a known chemical route 

or (ii) grown automatically by fusing a set of small spacer fragments. Table 1 provides a list of example 

linkers which are particularly suited for the sidechain cyclization of peptides. These linkers are derived 

from common modified amino acids that allow for cyclization via lactamization, click chemistry, ring-

closing metathesis or cysteine alkylation. With respect to our in silico method, these linkers are 

attached to the Cα-Cβ or Cα-Hα vectors of the peptide to design cyclizations via L- or D-amino acids. 

This list can be easily reduced or extended, for example based on other cyclization chemistry and/or 

the availability of corresponding reagents, to assure the cyclization proposals can be straightforwardly 

synthesized. Providing an explicit list of linkers might also be used in a small molecule scenario where 

the synthetic route is already planned to identify the most promising linkers from a list of available 

chemical reagents.  
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Alternatively, rather than specifying predefined cyclization linkers, the linkers can be constructed 

in silico from a small set of “breeding fragments” (see Table 2 for example fragments), combined and 

enumerated to fit within the geometrical constraints of the ligand-receptor complex. As a result, the 

algorithm will suggest a diverse set of linker chains that not only span the limb-limb distance, but also 

are synthetically tractable per the breeding fragment library. While the default spacers shown in Table 

2 are amide, PEG, or alkyl moieties, this list of fragments can be expanded, for example to include 

aromatic rings, heterocycles or other reactive groups.   

 

Table 1. Exemplary chemical linkers for peptide cyclization. Two-armed linkers for the generation 

of monocycles based on common chemical reagents applying cysteine alkylation, lactamization, ring-

closing metathesis or click chemistry. This list can be modified by the user based on specific reagents 

and chemical cyclization routes. 

No chemistry structure 

1a 

cysteine 

alkylation 
 

1b 

cysteine 

alkylation 

 

1c 

cysteine 

alkylation 

 

1d 

cysteine 

alkylation 
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1e 

cysteine 

alkylation 

 

1f lactamization 

 

1g lactamization 

 

1h lactamization 

 

1i lactamization 

 

1j RCMa 

 

1k RCM 
 

1l RCM 
 

1m 

Click 

chemistry  

1n 

Click 

chemistry  

1o 

Click 

chemistry  

aRing-closing Metathesis (RCM) 

 

Table 2. Example breeding fragments for the in silico construction and growing of linkers for small 

molecule cyclization. This list can be modified by the user.  
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No name structure 

2a PEG 
 

2b amide 

 

2c alkyl 
 

 

 

Generation of bicyclic structures. As mentioned above, it is often advantageous to transform linear 

peptides or proteins to bicyclic structures, for example via cysteine alkylation using symmetric 

cyclisation reagents that contain three thiol‐reactive groups (see Table 3).74,75,79–81 With our approach, 

it is possible to generate such bicyclic structures in a stepwise fashion as illustrated in Figure 2. First, 

the tri-symmetrical linker is converted to a two-armed linker with the third limb considered as “non-

reactive”. With this two-armed linker, all geometrically reasonable (mono-)cyclized structures are 

generated as outlined above. In the next step, these cyclized structures are used as the starting points 

for a second cyclization routine with an appropriate linker, where the previously non-reactive limb is 

now considered as first attachment point and each Cα atom of the peptide backbone as second 

attachment point. 

(Figure 2) 

Table 3. Example of three-armed linkers for the generation of bicyclic structures based on common 

chemical reagents applying cysteine alkylation. This list can be modified by the user. 

No chemistry structure 

3a 

cysteine 

alkylation 
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3b 

cysteine 

alkylation 

 

3c 

cysteine 

alkylation 
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Application examples 

Peptide example 1: cyclization of dual glucagon-like peptide 1 (GLP-1)/glucagon receptor 

agonists. We previously described the discovery of dual agonists, which were identified by rational 

design.124,125 Structural elements of glucagon were engineered into the selective GLP-1 receptor 

agonist exendin-4, resulting in hybrid peptides with potent dual GLP-1/glucagon receptor activity.124
  

Figure 3a shows the predicted binding mode of the dual agonist 4a in the full-length structure of the 

GLP-1 receptor. In the first step, we automatically generated cyclization proposals with all chemical 

linkers shown in Table 1, allowing all residues to be considered as cyclization site. As a result, >2000 

linkages were proposed by the cyclization algorithm. Figure 3b illustrates that the algorithm 

automatically excludes all residues of the linear peptide from cyclization that establish contacts with 

the GLP-1 receptor, for example in the N-terminal peptide tail where several residues are known to 

establish interactions that are important for agonistic activity. To reduce the number of synthesis 

proposals, we next (i) focused on the list of linkers to 1b, 1f and 1k (see Table 1) for cyclization via 

cysteine alkylation, lactamization or ring-closing metathesis and, (ii) based on SAR knowledge, 

specified residues 10, 12, 14, 16, 18, 20, 21, 28, 33, 35 and 39 as possible attachment sites for 

cyclization. With these parameters, 29 cyclization proposals were obtained (see Figure 3c). These 

proposals were subjected to molecular mechanical minimization and MM/GBSA binding energy 

calculations with the Prime software (see minimized poses in Figure 3d).126 Using the linear peptides 

4a or 4g, which carry a D-serine (dSer) residue in position 2 for stabilization against DPP IV-mediated 

cleavage, as structural references, we synthesized ten stapled peptides. Their potency was tested on 

the GLP-1 and glucagon receptors in a cAMP assay in receptor overexpressing HEK-293 cells (see 

computed scores and experimental potency data in Table 4). 

(Figure 3) 

Several i, i+4 staples were identified along the peptide helix, as in peptides 4b-d and 4h-i. Such 

staples, obtained by lactamization or RCM, have been described for other GLP-1 receptor agonists 

before127–130 and resulted in improved potency versus the linear reference, presumably by 

conformational stabilization and/or establishment of additional interactions with the GLP-1 receptor. 
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Interestingly the potency improvement is not always proportional at the glucagon receptor, presumably 

due to geometric differences in the receptor structures. These results demonstrate that in addition to 

potency optimization, cyclization can also be useful to modulate receptor selectivity. In addition to the 

classical i, i+4 staples, our algorithm proposed cyclizations within the non-helical peptide region 

(residues 28-39) that have not been described before:  Cyclization via lactamization from position 28 

to 33 (peptides 4j and 4k) or cysteine alkylation via a meta-xylyl linker (peptide 4e) maintained or 

even improved activity at both, the GLP-1 and glucagon receptor.  

Based on these findings, we also applied our algorithm for the identification of bicyclic structures (see 

above) using the three-armed linker 3a as analog of the two-armed linker 1b. Due to the geometric 

constraints of the peptide’s 3D structure, only one proposal was obtained (peptide 4f), which was 

synthesized using 1,3,5-tris(bromomethyl)benzene (TBMB) as cysteine cross-linker, with Cys 

residues introduced into positions 21, 28 and 35. EC50 determination revealed, however, a significant 

drop in potency (> factor 10 at both receptors), which might be attributed to the low conformational 

score that was obtained from a 100ns MD simulation (see Table 4b). Obviously, the bicycle forces the 

peptide backbone too far away from the bioactive conformation.   

In summary, this prospective case study illustrates that our approach identifies classical motifs for the 

stabilization of α-helices, but in addition is able to identify favorable cyclizations within non-canonical 

peptide regions based on the 3D-structure of the reference peptide. These results also demonstrate that 

the generation of bicyclic structures is technically feasible and that the conformational and enthalpic 

scores are meaningful measures to prioritize molecules for chemical synthesis. 

 

Table 4. Sequences, computed properties and EC50 Values (plus SEM Values; n=2; measured in pM 

in a cAMP Assay in overexpressing HEK-293 Cell Lines) of stapled peptidic dual GLP-1/glucagon 

agonists and their linear references. IUPAC names of all molecules are provided in Table S2. 

a) 

No Sequence 

4a HSQGTFTSDLSKQMDSRRAQDFIEWLKNGGPSSGAPPPS-NH2 
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b) 

No Sequence modification vs 4a computed properties EC50 [pM] (±SEM, n=2) 

conformational 

scorea 

enthalpic 

scoreb 

GLP-1R GCGR 

4a  1.69 -193.1 18.3±1.0 28.6±1.2 

4b (K10,E14)-lactam 1.44 -187.4 47.5±3.6 119±5.0 

4c (Palc10,Pal14)-RCM 1.62 -192.9 7.4±0.5 2.3±0.1 

4d (Pal14,Pal18)-RCM 1.66 -186.5 0.4±0.0 369±20.5 

4e (C21,C35,mXyld)-Cys-alk 1.51 -207.3 24.9±1.2 12.9±0.9 

4f (C21,C28,C35,Mese)-Cys-alk 2.71 -217.9 194±14.5 578±32.0 

4g dSer2 1.69 -217.6 75.4±3.7 122±5.5 

4h dSer2;(Pal14,Pal18)-RCM 1.66 -210.6 1.2±0.1 8430±610 

4i dSer2;(K16,E20)-lactam 1.35 -219.0 6.4±0.2 7.8±0.5 

4j dSer2;(E28,K33)-lactam 1.48 -218.4 14.7±0.8 54.2±2.8 

4k dSer2;(K28,E33)-lactam 1.40 -247.9 8.13±0.3 59.6±3.9 

athe conformational score was calculated as RMSD over the Cα residues (see Supplemental 

Information for details) 
bthe enthalpic score was obtained from Prime MM/GBSA 
cPal = 4-pentenyl-alanine 
dmXyl = meta-xylyl 
eMes = mesitylene 

 

Peptide example 2: hydrocarbon-stapled peptides targeting β-catenin. One example of helix 

stabilization using ring-closing metathesis was done in Verdine’s group by stapling a helical peptide 

targeting -catenin by introduction of two α-methyl,α-alkenyl amino acids (4-pentenyl-alanine or 7-

octenyl-alanine).131 Here, two types of staplings of different linker lengths were attempted, i,i+7 

staples with D-,L- attachments and i,i+4 staples with L-,L- attachments. In that study, three staple 

configurations were designed and tested (see Table 5). Of them, one stapling improved affinity to -

catenin. We applied our method to see whether this result could be reproduced in an automated, 

computational fashion. The peptidic precursor structure 5 was taken from pdb code 1qz7 (Figure 4a). 
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The linkers 1k and 1l (Table 1) were, according to the staples used by Grossman et al., set as 

cyclization options, allowing the consideration of D- and L- attachment at each peptide position. The 

algorithm produced 64 cyclizations (Figure 4b) including the three (5b-d) which were synthesized and 

tested in the original paper. To accurately mimic the synthetic precursors, these three variants were 

post-processed by adding an α-methyl to the Cα atoms. Subsequently, these postprocessed molecules 

were scored by (i) conformational stability calculations of the bioactive substructure based on 100 ns 

unrestrained MD simulations in explicit water in absence of the receptor and (ii) molecular mechanical 

minimization and MM/GBSA binding energy calculations with the Prime software (see minimized 

poses in Figure 4c). Table 5 shows the results of the scoring alongside experimental affinities, where 

measured. From the peptides synthesized in the paper, 5d is correctly predicted as the most potent 

according to its predicted enthalpic score. For 5b and 5c, the enthalpic score is similar to the linear 

peptide, which is in line with the experimentally determined Kd values (see Table 5). 

(Figure 4) 

Table 5. Cyclized peptide inhibitors of β-catenin with predicted conformational and enthalpic scores 

and reported affinities.131 The method predicts several staplings to be significantly more stable than 

those tested in the original manuscript.  

a) 

No Sequence 

5a ENPESILDEHVQRVM-NH2 

b) 

No Sequence 

modification vs 

5a 

computed properties Kd (mM)131 

conformational 

scorea 

enthalpic 

scoreb 

5a  1.4 -50.8 ~5 

5b (dOalc5,Pal12)-

RCM 

0.74 -45.7 ~3 

5c (Pald9,Pal13)-

RCM 

0.8 -52.3 ~4 

5d (Pal5,Pal9)-

RCM 

0.71 -66.9 0.060 ± 0.002 
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athe conformational score was calculated as RMSD over the Cα residues of the bioactive region 

(residues 469-480). See Supplemental Information for details.  
bthe enthalpic score was obtained from Prime MM/GBSA. 
cdOal = D-7-octenyl-alanine 
dPal = 4-pentenyl-alanine 

 

 

Small molecule example 1: Macrocyclic Inhibitors of Activated Thrombin Activatable 

Fibrinolysis Inhibitor (TAFIa) from Natural Product Anabaenopeptin. We previously described 

the identification of anabaenopeptins, cyclic peptides produced by cyanobacteria, as potent inhibitors 

of TAFIa.132 Starting from the x-ray co-crystal structure of anabaenopeptin C bound to the surrogate 

protease carboxypeptidase B (pdb code 5lrj; see Figure 5a), drug design efforts led to simplified non-

cyclic small molecules with increased ligand efficiency.133 In addition, we started a structure-based 

rational approach towards macrocycles to reduce the size and polar peptidic character of the peptidic 

ring. Starting from the bioactive conformation of anabaenopeptin C (pdb code 5lrj), we generated a 

precursor structure with the attachment points for cyclization at the exit vectors of the macrocyclic 

ring (see Figure 5b and Table 6). To identify suited linkers for cyclization, a set of five “breeding 

fragments” (see Figure 5c) was provided. Combinatorial enumeration of these fragments would result 

in >300,000 different linker chains. By automatic consideration of geometrical constraints imposed 

by the linker attachment vectors and the protein environment, this number was reduced to 68 and 

further filtered out for unwanted structural motifs, resulting in 45 cyclization proposals. These were 

docked into the protease binding pocket, ranked according to their enthalpic scores (GlideScore, see 

Figure 5d) and inspected with respect to their synthetic accessibility. Four macrocyclic analogues were 

synthesized. IC50 determination (see Table 6) revealed inhibition in the nanomolar range, which is in 

a similar range compared to other potent small molecule inhibitors of TAFIa that have been reported 

before.133,134  

In conclusion, this prospective study demonstrates how molecules with large peptidic motifs can be 

converted into lead-like small molecules with favorable ligand efficiency by shrinking and 

rescaffolding those regions in the peptidic macrocycle that do not establish key interactions with the 

target protein. 
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(Figure 5) 

Table 6. Macrocyclic derivatives with different linkers and their computed conformational and 

enthalpic scores. 6a-c were synthesized and subjected to IC50 determination. 

anabaenopeptin C
IC50 = 2 nM

 

No linker computed properties IC50 [nM] 

(±SEM, n=2) 

conformational 

scorea 

enthalpic 

scoreb 

 

6a 

 

1.9 -12.4 52±6 

6b 

 

1.5 -12.3 42±3 

6c 

 

1.5 -11.7 22±3 

6d 

 

1.4 -12.2 10±1 

athe conformational score was calculated by Prime-MCS.  
bthe enthalpic score was obtained from GlideScore.  
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Small molecule example 2: Macrocyclic Factor XIa Inhibitors. The discovery of novel 

macrocyclic factor XIa inhibitors based on an acyclic phenyl imidazole lead (Figure 6a) was described 

in 2017 by Corte et al (Bristol-Myers Squibb).135 In this publication, several macrocyclic variants of 

the lead structure have been described that were obtained by structure-based drug design (see selected 

set of analogues in Table 7). We investigated whether these structures could be designed in an 

automated fashion with our approach. For this purpose, we generated a precursor structure for 

cyclization based on the published crystal structure of the acyclic phenyl imidazole lead (pdb code 

4y8x, see Figure 6a and b) and provided the linkers shown in Table 7 as input for in silico cyclization. 

In all cases, linker orientations could be found that agree with the geometric constraints imposed by 

the attachment vectors of the precursor structure (see Figure 6c). For the estimation of conformational 

stability, a conformational sampling was performed using Prime-MCS (see as example the 

conformational ensemble of 7e in Figure 6d). The predicted conformational scores, which were 

calculated by Prime-MCS, are provided in Table 7. Next, the cyclized ligands were docked with Glide 

to predict their protein-bound conformations and estimate their enthalpic scores (GlideScore). 

Notably, the most potent macrocycle 7f (Ki = 0.03 nM), was correctly predicted as (enthalpic) top-

scorer. As shown in Figure 6e, the docking modes of all macrocycles are highly similar to the binding 

orientation of the acyclic lead structure. Figure 6f shows that the predicted binding mode of the 

macrocyclic compound 7e is nearly identical to the x-ray structure of a very close analog (pdb code 

5tku). In summary, this case study illustrates that our macrocyclization approach can (i) find small 

molecule macrocyclizations that maintain and stabilize the bioactive conformation of a noncyclic 

precursor ligand and (ii) identify the most potent analogues by conformational and enthalpic scoring. 

 

Table 7. Macrocyclic derivatives prepared by RCM,135 their computed conformational and enthalpic 

scores and their experimentally measured Kd values.135 The linkers shown in this table have been 

provided as input for the cyclization approach. 
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No linker computed properties FXIa Ki 

[nM]135 conformational 

scorea 

enthalpic 

scoreb 

7a 
 

2.7 -11.4 42 

7b 
 

2.3 -13.7 250 

7c 
 

2.4 -10.4 68 

7d 

 
2.9 -12.1 76 

7e 

 

2.3 -13.7 0.47 

7f 

 

2.6 -14.8 0.03 

athe conformational score was calculated by Prime-MCS.  
bthe enthalpic score was obtained from GlideScore.  

 

(Figure 6) 

 

 

Cyclization of a PROTAC. PROteolysis TArgeting Chimeras (PROTACs) have become an 

appealing technology for modulating a protein of interest by degradation.136 PROTACs are 

bifunctional molecules where one ligand binds a protein of interest and the other one an ubiquitin 

ligase (E3). Both ligands are connected with an optimal linker. Degradation is initiated when 

PROTACs bind the protein of interest and E3 to form a ternary complex. Recently, Testa et al. 

demonstrated that macrocyclization can also be introduced into PROTACs.137 A crystal structure of 

PROTAC MZ1 (8a) in complex with the E3 ligase VHL and its target, the second bromodomain (BD2) 

of the bromodomain and extra-terminal motif (BET) protein (see Figure 7a), was used as starting point 

for macrocyclization by introducing a PEG linker at attachment sites that are pointing away from both 
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proteins (Figure 7b).  Despite a loss of binding affinity for BET family member bromodomain-

containing protein 4 (Brd4), the macro-PROTAC 8b, comprising three PEG units, exhibited cellular 

activity comparable to the linear PROTAC 8a. Here, we investigated whether this cyclization can be 

reproduced with our automated approach, using the precursor structure shown in Figure 7b as starting 

point. For the in silico construction and growing of linkers, the PEG fragment 2a (Table 2) was 

provided as breeding fragment. This fragment was combined and enumerated to fit within the 

geometrical constraints of the ligand-protein binding sites. Six linkers comprising 3 to 8 PEG units 

were identified, including the 3-PEG linker, which was synthesized (8b) and successfully tested by 

Testa et al. All macrocyclic PROTAC proposals were subjected to MM/GBSA binding energy 

calculations with the Prime software (see minimized poses in Figure 7c). Comparison of 8b with the 

x-ray structure (pdb code 6sis) reveals that that the experimental binding pose could be well 

reproduced (see Figure 7d). 

Due to their high molecular weight, a major optimization parameter of PROTACs is often their 

cellular activity.136,138 This case study demonstrates the applicability of our in silico macrocyclization 

approach for PROTACs and might therefore represent an interesting strategy to enhance their drug 

likeness by improving cell permeability and cellular stability. 

(Figure 7) 

Protein example: generation of bicyclic structures of the KIX domain from the human CREB 

binding protein for thermal stabilization.  The KIX domain (kinase-inducible domain (KID) 

interaction domain) is an adaptor domain of transcriptional co-activator CREB (cAMP response 

element-binding) protein with two different protein binding partners and is composed of a central three 

α-helix bundle (α1, α2, α3). The junction between this bundle and the C-terminal 310 helix (G1) is 

crucial for structural integrity (Figure 8a).139 Recently, Pelay-Gimeno at al. presented an in situ protein 

stabilization procedure (INCYPRO) that involves the introduction of three surface-exposed cysteine 

residues placed at different secondary structure elements while still being in spatial proximity.84  The 

recombinantly produced construct with cysteine residues in three different positions is then reacted 

with a triselectrophile for covalent cyclization. With this approach, a bicyclic variant of the KIX 
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domain was designed that was cyclized via positions 594, 599 and 646 and exhibited strongly 

increased thermal stability while still showing functional binding activity.  

In this case study, we investigated whether our in silico cyclization approach is able to automatically 

generate this bicyclic construct. In analogy to the procedure described by Pelay-Gimeno et al., residues 

around the C-terminal G1 helix were selected as attachment sites for the generation of trivalently-

linked structures (see Figure 8a) using linker 3c (Table 3). Applying our procedure for the automatic 

generation of bicyclic structures (see above), 122 proposals were obtained including the construct 

designed by Pelay-Gimeno et al.  Both, the cyclized construct and the natural protein were subjected 

to a 100 ns unrestrained MD simulation at elevated temperature (340 K) in explicit water in order to 

rationalize the experimentally observed improvement of the cyclized variant in thermal stability. 

Whereas the conformational fluctuation in the lower unconstrained region of the helix bundle is similar 

between the cyclized and non-cyclized variant (see Figures 8c and d), the region where helix G1 is 

covalently linked to α1 and α2 is – in agreement with the improved thermal stability data reported by 

Pelay-Gimeno et al. - conformationally more stable (RMSDCα 1.04 Å vs 1.72 Å).  

This case demonstrates the applicability of in silico cyclization as suitable method for the 

engineering of proteins for increased tolerance towards thermal and chemical denaturation.84 

(Figure 8)  
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Summary and Conclusion 

Peptidic and non-peptidic macrocycles represent an underexplored class of drugs with properties 

that could address current deficiencies of peptide and small-molecule drugs.96 Therefore, cyclization 

of molecules from small molecules to peptides and proteins is an important approach in 

pharmaceutical design. Here, we’ve designed, implemented, and applied a computational algorithm to 

automatically generate cyclized molecules and screen them using conformational and enthalpic 

scoring. This approach can be applied to different modalities and consider peptidic and non-peptidic 

structural motifs. Through numerous case studies on both retrospective and prospective data, we’ve 

shown that the method is able to generate numerous reasonable cyclizations including ones generated 

from simple breeding units. The method incorporates user-dictated synthetic capabilities and 

constraints to ensure feasible proposals. Coupled with conformational and enthalpic scoring, the 

method can suggest cyclizations with favorable binding properties as well. This cyclization and 

scoring strategy is meanwhile routinely used in early discovery projects at Sanofi. Potential future 

advances in predicting permeability140 and pharmacokinetic properties of macrocycles will further 

strengthen the applicability of the presented method for the multi-parameter optimization of 

macrocycles. Taken together this approach marks a large step forward in accelerated pharmaceutical 

design via efficient molecular cyclization.  
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Experimental section 

Algorithmic details of the cyclizer 

The cyclization method proceeds from a complexed ligand to a series of cyclized ligands which have 

been geometrically screened. There are two “modes” for the workflow: “small molecule” and 

“peptide”. Though there are many similarities, some key differences made splitting of the two modes 

more efficient. Either mode will attempt to construct geometrically stable and chemically reasonable 

linkers to span the cyclization length in a manner that does not negatively affect the complex structure 

(e.g. by introducing strain, clashes, or breaking good interactions). For small molecules, there are 

typically fewer potential attachment points, and a series of “spacers” to span the cyclization length, 

which can be pieced together to fill the space. For peptides, the attachment points are fixed but 

numerous (e.g., all sidechains), and the linkers tend to be of fixed length (e.g., known sidechain 

bridges). Figure 9 show a breakdown of the two modes. 

(Figure 9) 

For specific cases, it is possible to “mix” the peptide and small molecule approach. In a small molecule 

scenario, for example, the user can specify an explicit list of linkers (e.g., based on a list of available 

chemical reagents) that will not be enumerated and pieced together, but will be directly mapped onto 

the user-specified attachment points of the ligand. For a peptide, on the other hand, it is possible to 

evaluate other attachment points than the Cα–Cβ or Cα-Hα vector, for example for the introduction of 

head-to-sidechain, sidechain-to-tail, head-to-tail cyclizations or for a rescaffolding of the backbone of 

a peptide within a macrocycle. 

 

Detailed description of the workflow 

Input. The user must specify a complexed structure for cyclization, and it may be required to identify 

the ligand (this is sometimes nontrivial for peptide complexes as peptide ligands are chemically similar 

to proteins). The user must specify a mode, and for the small molecule mode must specify chemical 

linkers using SMILES patterns, or for the peptide mode must specify sidechain bridges either by name 

or by SMILES. All these inputs are sanity checked to confirm no obvious problems. 
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Limb recognition. For peptide cyclizations, typically all sidechain Cα-Cβ and Cα-Hα vectors are 

considered as potential limbs. This can be further controlled by specifying a subregion to target using 

Schrodinger’s Atom Selection Language (ASL). This may especially useful if there is a larger peptide 

system and there is some knowledge of the system that would preclude some regions from cyclization. 

For small molecules, users specify criteria for identifying potential branch points (such as ASL, 

SMARTS, or manually selecting limbs for cyclization).  

Small molecule linker construction. In order to limit the combinatorics of permuting linkers, a 

minimum and maximum linker length is calculated using the recognized limbs. Then linkers are 

enumerated using combinations of the specified spacers that could potentially span the distance within 

the range. These constructed linkers are then filtered using simple chemical rules to avoid unchemical 

linkers (e.g. avoid -OO- or -NN- linkages).  

Limb pair filtering. All combinations of limb pairs are enumerated and filtered hierarchically to 

eliminate unphysical constructions. The pairs are filtered if they either have too few bonds between 

them or too few bonds per distance141 spanned to eliminate inefficient cyclization. Then the linker is 

conformationally sampled. Subsequently, using the conformations, the remaining limbs are filtered 

whether they match the limb distance and orientations seen in the conformational ensemble. 

Attach linker precursors. For small molecules, the entire constructed linker is attached to one of the 

limbs. For peptides, each limb sidechain is mutated to either an L- or D- Alanine (according to the 

specified chirality), then portions of the linker are attached to either sidechain, leaving “dangling” 

sidechains. 

Close linker. The dangling linkers are then closed by slowly bringing the closing bond atoms closer 

to each other and finally forming the bond. This process can be time consuming as the bond closing 

often runs into steric or strain issues. 

Post minimize and filter. Finally, the system is minimized and strain filters are applied to assure no 

highly strained linkers have been built. The cyclized molecules are then output for further analysis. 
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Implementation 

The macrocyclization script has been implemented via command-line in Schrodinger software as of 

release 2020-1. To run use $SCHRODINGER/run -FROM psp macrocyclize -h 

Molecular dynamics simulations 

MD simulations were carried out using an explicit solvent MD package, Desmond program (version 

4.7, Desmond Molecular Dynamics System; D. E. Shaw Research, New York, NY, USA and version 

3.1, Maestro-Desmond Interoperability Tools; Schrödinger) with inbuilt optimized potentials for 

liquid simulation (OPLS 2.1) force field.142–144 The proteins were prepared for simulation by first 

checking their correctness using the Protein Preparation wizard tool and Epik module was used for 

deriving the protonation states of the proteins at neutral pH. The system was prepared by placing the 

proteins in a cubic box with periodic boundary conditions specifying the shape and size of box as 10 

Å × 10 Å × 10 Å distance. Predefined TIP3P water model was used as a solvent and the systems were 

neutralized by adding appropriate number of ions. The solvated systems were relaxed by implementing 

Steepest Descent and the limited-memory Broyden-Fletcher-Goldfarb-Shanno algorithms in a hybrid 

manner. The simulation was performed under NPT ensemble for 100ns implementing the Berendsen 

thermostat and barostat methods. Nose-Hoover thermostat algorithm145,146 was used to maintain a 

constant temperature and MartynaTobias-Klein Barostat algorithm147 was employed for maintaining 

1 atm of pressure throughout the simulation, respectively. The short-range coulombic interactions 

were analyzed using the short-range method with a cut-off value of 9.0 Å. The Particle Mesh Ewald 

(PME) method148 was used for treating the long-range electrostatic interactions. All bonds involving 

hydrogen atoms were constrained using the SHAKE algorithm.149 

Enthalpic scoring 

For small molecules, binding poses of cyclized molecules were predicted with Glide using 

integrating macrocycle ring sampling.111 Enthalpic scoring of the protein-ligand complex was done 

using the empirical scoring function GlideScore118,119. For larger systems, the cyclized molecules were 

minimized in the protein environment and the molecular mechanics-generalized Born surface area 

(MM/GBSA) method120,121 was used as enthalpic score.  
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Conformational scoring 

Conformational scoring was performed using Schrödinger’s macrocycle conformational stability 

script.107 Briefly, the script scores compounds on their propensity to maintain the specified bioactive 

substructure given a sampled ensemble. Here, macrocyclizations of small molecules were scored as 

described in the paper, using Prime-MCS to generate a conformational ensemble, then using the 

stability script to estimate the expected RMSD in the bioactive substructure using Boltzmann 

weighting at 298.13K. For peptide and protein systems, simple NPT MD was run for 100ns. The 

stability script here does not need to Boltzmann weight since the conformers already obey the NPT 

distribution. The bioactive substructure was defined uniquely for each system as is recommended and 

the conformational score is provided as average RMSD over the Cα atoms of the bioactive region.  

Synthesis of Peptides 

Solid phase synthesis was carried out on a typical Rink-resin (e.g. from Agilent Technologies with 

a loading of 0.38 mmol/g, 75-150 µm). The Fmoc-synthesis strategy was applied with HBTU/DIPEA-

activation. The peptide was cleaved from the resin with King’s cocktail.150 For the synthesis of cyclic 

lactam containing peptides, orthogonal protecting groups were used (Allyl/Alloc for the cyclization 

residues). For the synthesis of hydrocarbon stapled peptides via ring closing metathesis (RCM), 

corresponding amino acids with alkene side chains were used. On resin cyclization was achieved by 

treatment of the resin with the Hoveyda-Grubbs Second Generation Catalyst from Aldrich. Finally, 

for the synthesis of cysteine alkylated peptides, cross-linking was achieved by addition of the cross-

linker (1,3-bis(bromomethyl)benzene for 4e and 1,3,5-tris(bromomethyl)benzene for 4f) to the Cys 

deprotected peptides. The crude product was purified via preparative HPLC on a Waters column (e.g. 

XBridge, BEH130, Prep C18, 5 µM) using an acetonitrile/water gradient (both buffers with 0.1% 

TFA). Purity and chemical identity of the product were assessed by UPLC and LC-MS (for details see 

Table S1) and confirmed to have ≥95% purity for all key compounds. 

In vitro cellular assays for GLP-1 and glucagon receptor potency 

Agonism of peptides for the two receptors was determined by functional assays measuring cAMP 

response of HEK-293 cell lines stably expressing human GLP-1 or glucagon receptor. The cells were 
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grown in a T-175 culture flask placed at 37°C to near confluence in medium (DMEM / 10% FBS) and 

collected in 2 ml vials in cell culture medium containing 10% DMSO in concentration of 10-50 million 

cells /ml. Each vial contained 1.8 ml cells. The vials were slowly frozen to −80 °C in isopropanol, and 

then transferred in liquid nitrogen for storage. Prior to their use, frozen cells were thawed quickly at 

37 °C and washed (5 min at 900 rpm) with 20 ml cell buffer (1x HBSS; 20 mM HEPES, plus 0.1% 

HSA). Cells were resuspended in assay buffer (cell buffer plus 2 mM IBMX) and adjusted to a cell 

density of 1 million cells/ml. For measurement of cAMP generation, 5 µl cells (final 5000 cells/well) 

and 5 µl of test compound were added to a 384-well plate, followed by incubation for 30 min at room 

temperature. The cAMP generated was determined using a kit from Cisbio Corp. based on HTRF 

(Homogenous Time Resolved Fluorescence). The cAMP assay was performed according to 

manufacturer’s instructions (Cisbio). After addition of HTRF reagents diluted in lysis buffer (kit 

components), the plates were incubated for 1 h, followed by measurement of the fluorescence ratio at 

665 / 620 nm. In vitro potency of agonists was quantified by determining the concentrations that 

caused 50% activation of the maximal response (EC50). Reported values are mean (±SEM) EC50 (pM) 

from n = 2 values within a single experiment. 

Synthesis of TAFIa inhibitors 

All solvents used were commercially available and were used without further purification. Reactions 

were typically run using anhydrous solvents (unless otherwise noted) under an inert atmosphere of 

argon. Starting materials used were available from commercial sources. 1H NMR spectra were 

recorded in the indicated deuterated solvent at 500 MHz. Purity of all compounds tested in biological 

assays were determined to be of ≥95% purity by LC-MS. Detailed synthesis procedures and analytical 

data are provided in the Supplemental Information.  

In vitro cellular assays for TAFIa inhibition 

The prepared substance was tested for TAFIa inhibition using the Actichrome plasma TAFI Activity 

Kit from American Diagnostica (Pr. No. 874). This entailed adding 28 µl of assay buffer (20 mM 

Hepes, 150 mM NaCl, pH 7.4) and 10 µl of TAFIa (American Diagnostica Pr. No. 874TAFIA; 2.5 

µg/ml) to 2 µl of 2.5 mM DMSO solution of the substance and incubating in a 96 half-well microtiter 
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plate at room temperature for 15 minutes. The enzyme reaction was started by adding 10 µl of TAFIa 

developer (prediluted 1:2 with assay buffer). The time course of the reaction was followed at 420 nm 

in a microtiter plate reader (SpectraMax plus 384; Molecular Devices) for 15 minutes. The IC50 value 

was calculated from the averaged values (duplicate determination) of serial dilutions of the substance 

with the aid of the Softmax Pro software (version 4.8; Molecular Devices). Reported values are mean 

(±SEM) IC50 from n = 2 values within a single experiment. 
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Associated content. 

Supporting information. Analytical data with RP-HPLC retention times and molecular masses of the 

synthesized peptides. IUPAC names of synthesized peptides. Detailed synthesis procedures and 

analytical data for TAFIa inhibitors. Molecular formula strings. 
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Figure 1. Procedure for the automated design of macrocycles. Step 1) The user prepares a linear 

starting molecule. The attachment points may be either identified automatically or specified by the 

user.  Step 2) Generation of chemical linkers. These might either be provided as explicit lists, e.g., 

based on available chemical reagents, or can be grown automatically by combining and enumerating 

small breeding fragments. Step 3) A full conformational ensemble of each linker is generated and (step 

4) mapped with all attachment points to eliminate unfavourable cyclizations applying different 

geometric filter criteria. Step 5) Finally, the cyclized ligands are ranked applying conformational 

and/or enthalpic scoring. 
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Figure 2. Approach for modeling bicyclic peptide structures using a tri-symmetrical linker. In step 1, 

all geometrically reasonable monocyclic structures are generated. In the second cyclization routine 

(step 2), the unlinked (third) attachment point of the linker is evaluated for attachment to the peptide 

backbone for construction of the second cycle.   
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Figure 3. Cyclization of dual agonists of the GLP-1 and glucagon receptor. a) Predicted binding mode 

of the dual agonist 4a at the GLP-1R (pdb code 5vai). b) Automatically generated cyclization proposals 

with all chemical linkers shown in Table 1. c) Cyclization proposals using a focused list of reagents 

and attachment positions. d) Predicted binding modes of synthesized peptides obtained from 

MM/GBSA energy minimization.  
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Figure 4. Stapling of a peptidic inhibitor of β-catenin. a) x-ray structure of the receptor-peptide 

complex (pdb code 1qz7). b) Cyclization proposals that were produced by the algorithm for two 

different linkers without constraints on stereochemistry. c) Predicted binding modes of 5b-d obtained 

from MM/GBSA energy minimization. 
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Figure 5. Macrocylization of a TAFIa inhibitor. a) x-ray structure of anabaenopeptin C in complex 

with the surrogate protease carboxypeptidase B (pdb code 5lrj). b) Anabaenopepin C was modified to 

obtain the starting structure for rescaffolding of the macrocycle. The attachment vectors are indicated 

in magenta. c) Breeding fragments that were combined and enumerated for cyclization. Predicted 

binding modes of d) automatically generated cyclization proposals and e) four cyclization proposals 

that were synthesized and experimentally tested. 
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Figure 6. Macrocylization of a factor XIa inhibitor. a) x-ray structure of acyclic phenyl imidazole lead 

compound (pdb code 4y8x). b) The lead structure was modified to obtain the starting structure for 

cyclization. The attachment vectors are indicated in magenta. c) Cyclized conformations of 7a-f 

obtained after automated attachment of linkers (see Table 7) to the starting structure. d) 

Conformational ensemble obtained from Prime-MCS (shown for 7e). e) Predicted binding modes of 

7a-f obtained from docking with Glide. f) Comparison of predicted binding mode of 7e with the x-ray 

structure of a close analogue (pdb code 5tku). 
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Figure 7. a) x-ray structure of the linear PROTAC MZ1 (8a) in complex with Brd4BD2 and VHL-

EloB-EloC (pdb code 5t35). b) The PROTAC structure was modified to obtain the starting structure 

for cyclization. The attachment vectors are indicated in magenta. c) Cyclized conformations 

comprising PEG units of different length, minimized in the protein environment. d) Comparison of 

predicted binding mode of 8b with the experimental binding mode (pdb 6sis). 
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Figure 8. Generation of bicyclic variants of KIX domain from the human CREB binding protein. a) 

NMR structure of KIX (PDB code 2agh). The junction between the helical bundle (α1, α2, α3) and the 

C-terminal 310 helix (G1), that was subjected to covalent stabilization, is indicated. b) Cyclized 

construct that links residues 594, 599 and 646. Figures c) and d) show the 3D alignment of snapshots 

from 100 ns simulations of the linear and cyclized proteins. 
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Figure 9. Workflow for a) peptides and b) small molecules. 
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Abstract graphic. 

 

 

 


