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ABSTRACT: There is considerable interest in the development of libraries of scaffold-diverse macrocycles as a source of ligands 
for difficult targets, such as protein-protein interaction surfaces. A classic problem in the synthesis of high-quality macrocyclic li-
braries is that some linear precursors will cyclize efficiently while some will not, depending on their conformational preferences. We 
report here a powerful quality control method that can be employed to readily distinguish between scaffolds that do and do not cyclize 
efficiently during solid-phase synthesis of thioether macrocycles without the need for tedious liquid chromatography/mass spectrom-
etry analysis. We demonstrate that this assay can be employed to identify largely linear “impurities” in a DNA-encoded library of 
macrocycles. We also use the method to establish a useful quality control protocol for re-synthesis of putative macrocyclic screening 
hits.

INTRODUCTION 
Libraries of macrocycles are of interest as a potential source 

of high affinity ligands for difficult to target proteins1-4  In-
deed, powerful methods for the creation of huge peptide li-
braries such as ribosome display and phage display have been 
adapted to make macrocyclic peptides,5-7 which have proven 
to be a rich source of protein ligands. However, most (though 
not all8, 9) macrocyclic peptides are not cell permeable, which 
limits their applicability to extracellular targets. Therefore, 
there has been considerable interest in the development of 
synthetic libraries of non-peptidic macrocycles with the ap-
propriate physicochemical properties to passively cross mem-
branes.10-12 DNA-encoded libraries (DELs) of non-peptidic 
macrocycles13 are of particular interest, since this technology 
allows the synthesis of libraries as large or larger than those 
created by phage display. This area was pioneered by Liu and 
co-workers. They employed DNA-templated chemistry14 and 
a ring-closing Wittig olefination to create libraries of up to 
256,000 macrocycles from which ligands for several protein 
targets have been mined.15, 16 More recently, Gillingham and 
co-workers created a library of DNA-encoded macrocycles 
that involved seven sequential steps, including macrocycliza-
tion through amide bond formation.  

     An important feature of both of these libraries is that 
they are scaffold-diverse, which is likely to be important in 
order to provide a general source of ligands for a variety of 
different protein targets.17 However, scaffold diversity brings 
along with it the problem of disparate efficiencies of macro-
cyclization of the various molecules in the library, since 

efficient ring closure depends on the linear precursor access-
ing a conformation that brings the two end into close proxim-
ity. The same issue has also been encountered with some long 
peptides that adopt a fold that hinders the close approach of 
the N- and C-termini.18 While variable yields are tolerable in 
parallel synthesis strategies where reaction products can be 
purified19-21, this is not the case for libraries created by split 
and pool chemistry,22, 23 which produces in an intractable mix-
ture of molecules. Indeed, to the best of our knowledge, it is 
not known what percentage of the molecules in existing mac-
rocyclic DELs are linear “impurities”. 

We recently developed methodology to create DELs of 
scaffold-diverse macrocyclic PICCOs24 (peptoid-inspired 
conformationally constrained oligomers) by solid-phase split 
and pool synthesis.25 PICCOs are made using peptoid-like 
chemistry26 in which amines are stitched together with car-
boxylic acid-containing building blocks that also have a good 
leaving group elsewhere in the molecule (Scheme 1). Because 
the carboxylate building blocks employed in the library syn-
thesis have structural features that provide considerable con-
formational constraint, we anticipated that the aforementioned 
issue of variable cyclization yields would be significant in the 
construction of macrocyclic PICCO libraries.  

To address this question, we report here a simple but pow-
erful assay for assessment of the efficiency of on-resin cy-
clization capable of monitoring this process on millions of in-
dividual beads. The strategy is shown schematically in 
Scheme 1 for macrocycles closed via a thioether bond for-
mation. We show here that this method is useful for 



 

monitoring the progression of an on-resin cyclization reaction 
at the level of a single compound or a library without the re-
quirement for tedious analysis of reaction products by liquid 
chromatography/mass spectrometry (LC/MS) after release 
from the bead. 

Scheme 1. Schematic representation of the fluorescence-based 
assay for monitoring the efficiency on on-resin macrocyclization 
via thioether formation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

__________________________________________ 

RESULTS & DISCUSSION 
Establishment of an assay for measuring the ratio of lin-
ear/cyclic compounds on-resin. We have created one bead 
one compound (OBOC) DELs of macrocyclic thioethers 
(Koesema, et al., submitted). The cyclization reaction in-
volves deprotection of the invariant cysteine followed by in-
cubation in the presence of a mild base, resulting in nucleo-
philic displacement of the chloride by the thiol (Scheme 1).  
After staining with a thiol-reactive green dye, beads display-
ing mostly macrocyclic molecules would have little green 
color, while those with significant amounts of uncyclized ma-
terial would fluoresce brightly at this wavelength. To account 
for the fact that not all beads display the same amount of 

compound, we also envisioned attaching a red dye to a con-
served alkyne in the linker as a normalization (Scheme 1). 
Since the libraries are constructed on 10 µm TentaGel beads, 
which are about the size of a red blood cell, we imagined that 
passage of the beads through a flow cytometer would provide 
a high-throughput method for the determination of the fraction 
of linear molecules on large numbers of beads. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   

Figure 1. Structures of control compounds and FACS analysis of 
beads displaying these molecules stained with the dyes shown. 

______________________________________ 

     To establish appropriate conditions for this assay, the 
control compounds shown in Figure 1 were synthesized on 10 
µm TentaGel beads. All contain an alkyne unit in the linker. 
Compound 1 has no sulfur atom, while compound 2 contains 
a cysteine and compound 3 contains a methionine. 2 and 3 
serve as models for uncyclized and cyclized library members, 
respectively. We experimented with a variety of thiol-reactive 
and azide-containing dyes and found that most of them pro-
duced an unacceptable level of background staining, even on 
beads that displayed compound 1 and in the absence of a cop-
per catalyst for Click chemistry. We eventually found that this 
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undesirable absorption of dye by the TentaGel beads could be 
circumvented by using either a “turn on” fluorescent probe or 
highly hydrophilic dyes, which are far less prone to be trapped 
by the TentaGel resin. For thiol labeling, we turned to mono-
Bromobimane (mBBr) (Figure 1), a green dye whose fluores-
cence increases dramatically when the bromide is displaced 
by a thiol. For conjugation to the conserved alkyne, allowing 
normalization of the density of reactive sites on the bead, we 
settled on azido-Cy5-(SO3)3-2 (Figure 1). Different dye con-
centrations and reaction times were assessed to determine em-
pirically the appropriate amount of staining to be in the linear 
range of the FACS instrument (SI, Section 2D). Under these 
conditions, beads displaying compounds 1 or 3 acquired little 
or no green fluorescence when treated with mBBr, whereas 
most of the beads displaying cysteine-containing compound 2 
became intensely fluorescent (Figure 1B). Beads subjected to 
the Click reaction with azido-Cy5-(SO3)3-2 fluoresced in-
tensely in the red channel. Only a modest level of variability 
in the degree of staining of the 10 µm TentaGel beads with 
azido-Cy5-(SO3)3-2 was observed, presumably reflecting a 
relatively homogenous population of beads with respect to the 
number of reactive sites. This is in contrast to larger TentaGel 
beads, in which this value can vary by over 20-fold from bead 
to bead.27 Therefore, some of the experiments below em-
ployed this normalization dye, while some did not.  

 
Monitoring macrocyclization on-resin. With these condi-
tions in hand, we asked if this method was suitable for follow-
ing the progress of a macrocyclization reaction of a single 
compound on resin. Compound DDA (Figure 2A), was sub-
jected to standard macrocyclization conditions. Specifically, 
the thiol was exposed by treatment with DTT (100 mM) and 
N-methyl morpholine (100 mM) in DMF for five minutes, 
three times. After buffer exchange (SI, Section 2B) the beads 
were then incubated in a buffered aqueous solution. At various 
times afterward, an aliquot of 10 µm beads was removed from 
the reaction and stained with mBBr for an hour. Following a 
wash, the fluorescence intensity of these beads was analyzed 
using a flow cytometer. As shown in Figure 2B, panel B4, the 
green fluorescence intensity on beads treated with mBBr dye 
two hours after exposure of the thiol was reduced greatly in 
comparison to beads displaying the linear control molecule 2 
(Figure 2B, panel B2), indicating a fast cyclization rate. In-
deed, for this molecule the reaction appeared almost complete 
in two hours. With additional time, the level of staining de-
creased slowly and by 16 hours following thiol exposure, 
about 99% of the beads were 50-fold less fluorescent than the 
control linear model (panels B4-B6). 
    LC/MS analysis of the reaction generally corroborates this 
interpretation of the flow data. Scaffold DDA was synthesized 
on larger 160 µm TentaGel RAM beads with a linker that fa-
cilitates ionization in the mass spectrometer. At various times 
following exposure of the thiol, an aliquot of the beads was 
treated with excess benzyl bromide for two hours to “freeze” 
the cyclization reaction prior to release of the compounds 
from the beads (90% TFA, 2.5% TIPS, 2.5% thioanisole, 
5.0% DCM). The ratio of linear and macrocyclic compounds 
was then assessed by LC/MS. Using this assay, the reaction 
was 24% complete after two hours, 48% complete after eight 
hours and reached 81% conversion after sixteen hours. This is 
slower than the same reaction on the smaller TentaGel resin, 
but this is perhaps not surprising, since it is impossible to 

conduct identical experiments on the two resins. The com-
pounds are attached to the bead by different linkers and there 
is likely a significant difference in the fraction of sites buried 
in the polystyrene core versus the hydrophilic PEGylated 
coating on the surface of the beads.  

To investigate if we are losing signal due to thiol oxidation 
rather than macrocyclization, acetylated scaffold DD-STMP 
was incubated at 37oC for 16 hours in PBST buffer (Figure 
2D) after thiol deprotection. Staining with mBBr dye pro-
duced almost identical fluorescence intensity as linear stand-
ard (Panel B10 vs B2). This demonstrates thiol oxidation does 
not occur to a substantial degree in the time frame of the ex-
periment. Similarly, benzylated product was observed in mass 
analysis from 160 µm beads after treatment with benzyl bro-
mide (SI, Section 4C). We conclude that the dye staining/flow 
cytometry assay is suitable for monitoring the progress of a 
macrocyclization reaction. 

 
Macrocyclization efficiency of different scaffolds. A set of 
64 molecules with the general structure shown in Figure 3A 
were prepared by parallel solid-phase synthesis on both 10 & 
160 µm TentaGel resin in a microtiter plate format. Azido-
Cy5-(SO3)2 was added to the conserved alkyne in the linker 
for 10 µm beads prior to thiol deprotection. The 64 com-
pounds represent different scaffolds, each with a distinct con-
formational preference. Each compound was subjected to the 
cyclization reaction conditions for eight hours, followed by 
staining the 10 µm beads with mBBr to assess the degree of 
cyclization on-resin. At the same time, the analogous 160 µm 
beads were treated identically for eight hours, the compounds 
cleaved from resin and processed for LC/MS analysis (SI, 
Section 9). Fig. 3B shows a summary of the results from the 
fluorescence analysis (for all of the primary data see Supple-
mentary Section 5 & 9). Most of the compounds in this small 
library cyclized efficiently, with at least 95% of the beads be-
ing located in a quadrant of the flow plot indicating a low level 
of staining with mBBr and thus a small amount of linear start-
ing material. The primary data for four of these compounds is 
shown in Figure 3D. In contrast, a few of the compounds 
(highlighted in yellow in Fig. 3B) provided a different result. 
Eight hours after thiol exposure, the level of mBBr staining 
suggested that the beads displayed a substantial amount of lin-
ear material, but less than that displayed by the linear control. 
The most reasonable interpretation of these data is that these 
compounds cyclize more slowly, and only partial conversion 
is realized after eight hours. Indeed, when beads displaying 
four of these compounds were stained 16 hours after thiol ex-
posure, the level of staining had decreased to the level ex-
pected of a high yield macrocyclization reaction (Fig. 3E). 
Again, the LC/MS data from the analogous reactions on the 
160 µm TentaGel RAM beads largely corroborate the inter-
pretation of the flow data, with some variability in rate. Eight 
hours after thiol exposure, the beads were released from the 
resin by treatment with TFA. The majority of the scaffolds 
(50/64) appeared to have completed cyclization (>90%) while 
others progress more slowly (SI, Table T5). 

In general, the scaffolds that cyclize more slowly have acid 
B (Fig. 3A) at the terminus. In these reactions the thiol must 
attack a secondary carbon rather than a primary benzylic or 
allylic center, presumably explaining the slower rate of ring 
closure. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2: Monitoring the progress of macrocylization of DDA. (A) Reaction conditions used for the experiment. (B) Flow cytometer 
histograms showing the level of staining of 10 µm TentaGel beads with mBBr at the times indicated (post-deprotection). Panel B1 shows 
beads displaying 3 (the methionine control) and Panel B2 shows beads displaying 2 (the cysteine control; see Fig. 1). Panels B3-10 show 
mBBr staining of beads displaying DDA. (C) Progress of DDA cyclization on 160 µm TentaGel ebads as monitored by LC-mS analysis 
after alkylation of free thiol with benzylbromide and release of the compound from the bead. (D) mBBr staining and FACS analysis of 10 
µm TentaGel beads displaying DD-OAc, a molecule that cannot cyclize. Even 16 hours post-deprotection, the thiol is robustly alkylated, by 
mBBr, showing that oxidation of the sulfur over this time period is not significant. 

 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Analysis of the efficiency of macrocyclization of 64 PICCO scaffolds created by parallel solid-phase synthesis. (A) Structures 
of the building blocks employed (box) and the protocol employed for macrocylization. Diamine K was always employed following acid B, 
while amine L was always used following all of the other acids. This is because acylation of N-alkylated alanines is difficult.28 Cy5-azide 
dye was attached to alkyne handle of the linker, the thiol protection was removed and the beads were stained with mBBr eight hours later. 

 

 



 

Bead fluorescence was then analyzed using a flow cytometer. (B) Summary of ring-closure status of 64 scaffolds from FACS & LCMS 
analysis. Cells in yellow indicate scaffolds that had between 5-40% linear material after 8 hours while red indicates scaffolds that had more 
than 40% linear material present. The rest of the scaffolds did not show any detectable linear material. (C) FACS plots for the control 
molecules 2 and 3 (see Fig. 1). (D) FACS plots for selected scaffolds that showed a high degree of cyclization after eight hours. (E) Selected 
scaffolds that showed incomplete cyclization after eight hours (top row of FACS plots) but completed macrocyclization by 16 hours (bottom 
row of FACS plots).    

_________________________________________________________________________________________________________ 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Staining in the presence of DNA encoding tags to monitor on-resin cyclization. The FACS blots show the level of staining of beads 
eight hours after removal of the thiol protecting group. 

___________________________________________________________________________________ 

 
Effect of DNA encoding tags. We next turned to applying 
this method to monitor the on-resin macrocyclization of 
DNA-encoded compounds. In this platform, less than 1% of 
the molecules on the bead have a DNA encoding tag appended 
to the invariant linker. Nonetheless, we have found that some 
reactions are affected by the presence of the DNA.  

Azido-headpiece DNA was clicked to a modified version of 
compound-1 (SI, Figure S10) and a full length test-DNA en-
coding tag was ligated. After three acylations and aminations 
the linear precursor was subjected to CuAAC reaction to link 
Cy5-azide dye. Encoding DNA tags from these beads could 
not be amplified (data not shown) indicating that a late stage 
CuAAC reaction is not suitable for this assay. Therefore, we 
turned to a strain-promoted Click reaction. For this, 1,3-dia-
zidopropane was clicked to the invariant alkyne during azido-
HDNA addition via CuAAC. A full-length test-DNA tag was 
ligated onto the headpiece and chemistry was carried out to 
construct the linear precursor to cyclization. Resin was sus-
pended in CRB buffer, and a cyclooctene-containing dye 
(Cy5-DBCO; 0.11 mM, DMSO) was added and incubated at 
37oC, 16 hours to label the azide in the linker. We found that 
the conditions for mBBr labeling described above for beads 
lacking DNA resulted in a significantly lower labeling effi-
ciency for encoded beads. Reoptimization showed that a 
higher concentration of dye (9 mM) and a longer reaction time 

(two hours) provided a level of labeling commensurate to 
what had been observed with the beads lacking encoding tags 
and to retain sufficient DNA tags for PCR amplification.  

With these conditions set, we assessed the utility of the flu-
orescent method to monitor macrocyclic thioether formation 
on beads with encoding tags. Four compounds (DDD, DDA, 
DDE and EBB) were constructed on both 10 and 160 µm 
TentaGel beads with DNA tags and subjected to the standard 
cyclization conditions (SI, Section 6). The degree of cycliza-
tion was determined using the flow assay (10 µm) and by mass 
analysis after release from the beads (160 µm). In the latter 
case, any free thiol was first quenched by the addition of ex-
cess benzyl bromide (1.0 M for 1hr at 37oC) prior to TFA-
mediated release of the compound from the resin to prevent 
cyclization during the processing and analysis period.  

Two of these molecules, DDD and DDA, were shown to be 
excellent cyclization substrates in the absence of the DNA tag 
(Figure 3B), and we anticipated that compound DDE would 
also likely cyclize well given the presence of the highly reac-
tive bromomethyl benzene at the chain terminus. In contrast, 
we hypothesized that compound EBB might cyclize more 
slowly given the presence of a secondary bromide at the ter-
minus. As shown in Figure 4, flow analysis suggested that 
compounds DDD, DDA and DDE cyclized in almost 

 



 

quantitative yield in 16 hours, whereas the production of the 
thioether from EBB was still in progress, as anticipated. This 
interpretation was corroborated via mass analysis of the 

material synthesized on the 160 µm beads (SI, Section 6A). 
We conclude that this assay is suitable for tracking the cy-
clization of DNA-encoded compounds on-resin.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: High-throughput flow-cytometry based quality control assay for ring closure of DNA encoded OBOC macrocyclic library. After 
linear precursor synthesis, a portion of the DEL was separately stained with Cy5 dye, cyclized and stained again with mBBr dye for analysis. 
(A) On-resin cyclization progress was monitored to ensure majority of the library member cyclized. (B) Beads that have incomplete cycliza-
tion were separated. (C) After deep sequencing, difficult to cyclize scaffolds were arranged by count (up to 5 copies, 74 scaffolds). Each line 
indicates a combination of three acids at position X1-3 for a scaffold along with its molecular ID (left) and the number of times it was present 
in the collected pool (right). (D) Acids A – G and amines were used in position X1-X3 to construct DEL scaffolds. 4% of DEL members 
were capped with acid H & I to keep them as linear controls for FACS analysis. 

 

 



 

Quality control of a DEL of macrocycles.  Finally, we pro-
ceeded to employ the fluorescent labeling/flow cytometry as-
say to analysis of macrocyclization in the context of a DEL 
synthesis. As shown in Figure 5, seven carboxylic acids and 
34 amines (SI, Section 7) were employed to create the DEL 
by split and pool synthesis on 10 µm TentaGel beads. Library 
synthesis began with 25 mg of 10 µm TentaGel beads by at-
taching Azido-headpiece DNA29, 30 (<1%) and 1,3-dia-
zidopropane (>50%) at once via a copper-catalyzed reaction 
to the alkyne part of the linker. After 3 cycles of split & pool 
chemistry and consecutive enzymatic ligations of encoding 
DNA tags, 110,000 diverse linear precursor were prepared. 
About 4% of the library members were capped with acid H, 
and I (Figure 5C & D) at position 3. Since these groups lack a 
leaving group, they cannot cyclize and thus function as inter-
nal linear control molecules in the library. 

The thiol protecting STMP group was removed and the 
beads were incubated at 37oC for ring closure. A portion of 
the library (about 1/5th) was reacted separately with Cy5-
DBCO dye prior to thiol deprotection and monitored for ring 
closure over time. Aliquots (~10,000 beads) were removed 8, 
12 and 16 hours later, stained with mBBr, and then analyzed 
using a flow cytometer. As shown in Figure 5A, almost all of 
the beads had substantial amounts of thiol remaining after 8 
hours. Four hours later, substantial ring closure was reflected 
by the lower average level of green fluorescence. By 16 hours 
post-deprotection, almost all of the beads evinced a low level 
of fluorescence in the green channel, indicating that macrocy-
clization was complete for the vast majority of compounds in 
the library. A fluorescence based gate was established to col-
lect beads (~6500) that had higher fluorescence intensity than 
DNA-linked control 3 (Figure 5B). The DNA encoding tags 
on these beads were deep sequenced to identify acid building 
blocks contained in these difficult-to-cyclize scaffolds. Fig. 
5C represents these data graphically in order of the number of 
times that combination of main chain building blocks was 
found in the difficult-to-cyclize pool (Figure 5C). Linear con-
trol compounds with acid I at the last position X3 (Figure 5D) 
were recovered with the highest count (18 copies) and mole-
cules with acid H at position X3 were also found, as expected.  

2-chloro- or 2-bromo-propionic acid were, by far, the most 
commonly found residues at position X3 in the molecules that 
were capable of cyclizing but did so slowly. Several combi-
nations of different acids at X1 and X2 were seen linked to the 
halopropionic acids in this pool, including scaffolds that had 
higher levels of incomplete cyclization in previous the LCMS 
analysis (ACB, ADB, CCB, DCB (Fig. 3B))  (Fig. 5C). This 
observation indicates again that halide displacement on a sec-
ondary center is simply slower than from a primary center. 
Having said this, certain combination of acids in position X1 
and X2 in combination with halopropionic acids at position 
X3 appear to hinder cyclization more than others. For exam-
ple, X1 = X2= G, X3= B or F is extremely common (Fig. 5C). 

The scaffolds enriched in the difficult-to-cyclize pool had a 
number of different amine-derived side chains, suggesting 
that the main chain carboxylic acid-derived building blocks 
are the dominant players in determining cyclization effi-
ciency, as one might have expected. 

What is perhaps most striking about these data, however, is 
what is not found commonly in the difficult-to-cyclize pool, 
and that is any scaffold with a unit other than chloro- or bro-
mopropionic acids or the uncyclizable control acids at 

position X3. There are only a few exceptions. This shows 
clearly that most of the diverse scaffolds in the library cyclize 
quite efficiently, showing that high-quality, yet scaffold-di-
verse, macrocyclic PICCO libraries can be constructed. 
 

CONCLUSION 
In summary we have developed a flow cytometer-based as-

say to analyze the on-resin ring-closure process for OBOC 
DNA-encoded thioether macrocycles. We have demonstrated 
this powerful methodology is able to monitor the chemistry 
that occurs on hundreds of thousands or even millions of in-
dividual 10 µm TentaGel beads. This makes it possible to 
quality control even very large DELs of macrocycles, some-
thing that is not currently possible using standard techniques. 
While this study focused on monitoring the efficiency of thi-
oether formation by staining unreacted sulfhydryls with a 
thiol-reactive dye, it should be possible to adapt this approach 
to almost any ring-closing chemistry so long as one of the re-
acting partners is unique in the molecule. It also seems rea-
sonable to suggest that this scheme could be adapted to iden-
tify difficult-to-cyclize molecules in DELs produced by solu-
tion-phase split and pool synthesis, where each molecule is 
affixed to a DNA tag and the compounds are part of an intrac-
table mixture.29 In this case, the entire library could be treated, 
for example, with a thiol-reactive biotinylating agent, for ex-
ample. The biotinylated molecules could be pulled out of so-
lution with immobilized streptavidin and the corresponding 
encoding tags deep sequenced to identify linear scaffolds. 
Therefore, we believe that this basic assay format will be of 
general utility in the quality assessment of macrocyclic DELs.  
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