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ABSTRACT: The scope of proteins accessible to total chemical Traceless Click-Assisted NCL (CAN)
synthesis via native chemical ligation (NCL) is often limited by

slow ligation kinetics. Here we describe Click-Assisted NCL 7

n
Nl One-pot:

(CAN), in which peptides are incorporated with traceless “helping One-pe

hand” lysine linkers that enable addition of dibenzocyclooctyne & 2) Desulfurization o8 Mo
(DBCO) and azide handles. The resulting strain-promoted Proximity-induced 3) Linker Cleavage %

alkyne—azide cycloaddition (SPAAC) increases their effective rate enhancement > o 1]° J\rr“
concentration to greatly accelerate ligations. We demonstrate that = o £

Ry
copper(I) protects DBCO from acid-mediated rearrangement °
during acidic peptide cleavage, enabling direct production of
DBCO synthetic peptides. Excitingly, triazole-linked model peptides ligated rapidly and accumulated little side product due to the
fast reaction time. Using the E. coli ribosomal subunit L32 as a model protein, we further demonstrate that SPAAC, ligation,
desulfurization, and linker cleavage steps can be performed in one pot. CAN is a useful method for overcoming challenging ligations
involving sterically hindered junctions. Additionally, CAN is anticipated to be an important stepping stone toward a multisegment,
one-pot, templated ligation system.

B INTRODUCTION overcome the inherent issue of requiring high concentrations.
Additionally, the availability of suitable Cys or Ala ligation
junctions is limited for many synthesis projects, forcing the
selection of suboptimal segments for NCL.'"*® Although
alternative thiol-containing amino acids, such as penicillamine
(thiol derivative of Val), can be used as junctions to increase
access to alternative li7gation strategies, these often suffer from
slow ligation rates.”’ >’ In cases where limited suitable
junctions exist, the use of sterically hindered thioesters may
be required (e.g, Thr, Ile, and Val).*’~*" Even under ideal
NCL conditions, such thioesters suffer from long reaction
times that often result in loss of peptide because of competing
side reactions, creating complex HPLC purifications that
further lower yields. Tge NCL rate is also dependent on the
; . . 12 . , e of thioester used.” Most commonly, 4-mercaptophenyl-
fOAI [RIITor-image drug13illls‘;c0\{ery, . ﬁlnctlor?al native an‘d et\};};tic acid (MPAA) is used for NCL }Ziue to itsp fagoraljle
TIITOTIMAGE ENZymes, mirror-image proteins for racemic transthioesterification kinetics.*> However, MPAA has several

20723 . S
crystall(?graphy, . a}nd 1;{925‘“5 containing complex post- disadvantages including strong near-UV absorbance, incom-
translational modifications.

However, NCL has several challenges that limi its scope in patibility with one-pot desulfurization, and potential coelution
)

ith products in RP-HPLC.**™*" Several alternati b
chemical protein synthesis (CPS).”** First, NCL requires high Wi products In cveral afternatives can be

peptide concentrations, typically >1 mM, at neutral pH for
efficient ligation. Unfortunately, peptide segments are often
too insoluble to reach these ideal concentrations, even in
denaturing conditions.”” While many groups have developed
strategies to increase peptide solubility (e.g, incorporating
temporary solubilizing tags*~>* and using buffers containing
hexafluoro-2-propanol®>** or ionic liquids™), these do not

The combination of solid-phase peptide synthesis (SPPS)’
with chemoselective ligation reactions enables the chemical
synthesis of uniquely modified proteins. Of the chemoselective
ligation strategies available, the Kent group’s native chemical
ligation (NCL) has proven to be highly robust and is widely
used in the chemical synthesis of proteins.””> With NCL,
peptide segments bearing an N-terminal Cys and C-terminal
thioester are chemoselectively ligated to generate synthetic
proteins. NCL has been extended beyond Cys junctions via
free-radical desulfurization, a robust technique that allows the
more common Ala, as well as other amino acids amenable to
thiol surrogates, to be used as ligation junctions.4’5 NCL has
produced many useful synthetic proteins,”” including targets
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Figure 1. Overview of templated peptide ligation strategies. (A) Peptides functionalized with bioorthogonal groups are linked together, increasing
the effective concentration of two functional groups (FG' and FG*). While this strategy increases reaction efficiency, the bioorthogonal groups
remain bound to the ligated peptide, leaving “scars” that are unacceptable for most CPS applications. (B) With Click-Assisted NCL (CAN),
peptides functionalized with traceless Lys linkers (Ddap) and either DBCO or azide are first linked via SPAAC. These templated peptides then
undergo a proximity-enhanced NCL, desulfurization (if desired), and gentle hydroxylamine treatment to cleave the Ddap linker and tracelessly
afford native peptide. Importantly, all steps can be performed in one pot.

used in place of MPAA (e.g, trifluoroethanethiol,” methyl
thio§lycolate (MTG)," imidazole,” and 3-mercaptopropionic
acid”’), though at the cost of slower NCL kinetics.

Templated ligation strategies can overcome these major
barriers by increasing the proximity of the reactive partners, the
C-terminal thioester and the N-terminal thiol, thereby
increasing their effective concentration (Figure 1A). Tem-
plated ligations occur in an intramolecular fashion, converting
reaction kinetics from second to first order. An early example
of such a proximity-driven reaction was demonstrated with
Kemp’s thiol capture.***’ Effectively, templated ligations are
macrocyclization reactions, a strategy commonly used in the
synthesis of cyclic natural products and other compounds.”*~>*
Importantly, application of this strategy can improve the
efficiency of slow thioesters and enable ligations at dramatically
lower peptide concentrations, especially helpful for poorly
soluble peptides.

Several templated ligation strategies currently exist, but
specific caveats limit the general utility of each strategy for
CPS. Protein-templated ligations were the first demonstration
of templated NCL, as peptides containing specific secondary
structures were brought into close proximity via their
noncovalent interactions.”*"®" While protein-templated liga-
tion works well in a variety of contexts (e.g., self-replicating
peptides, conformationally assisted protein ligations, and
protein labeling), the method is infeasible for most CPS
applications, as peptides do not usually self-associate, and

2234

denaturants are typically required for peptide segment
solubilization. Nucleic acids and peptide nucleic acids
(PNAs) have also been used to template ligations, as peptides
conjugated with DNA or PNA can be brou§ht into proximity
via specific base-pairing interactions.”””®” Nucleic acid-
templated ligations complete quickly with only nM-pM
template, but DNA/PNA linkers cannot be removed from
ligated product. In addition, this method has only been used in
nondenaturing buffers, predominantly with short peptide
sequences (<20 residues). Recently, several traceless templated
ligation strategies have been developed. The first reported
method uses peptides functionalized with UV-cleavable linkers
attached to nucleic acid handles to enable templated ligation at
low peptide concentrations. The Diederichsen group initially
developed this strategy by incorporating PNA into the
linkers,”® and the Okamoto group later created a similar
approach by using DNA in their linkers.”” This traceless
nucleic acid-templated ligation is not yet robust enough for
routine CPS applications, however, as the required UV
irradiation and cog)per—catalyzed click reactions may cause
oxidative damage.”’~’> The Bode group has also designed a
traceless templated ligation using streptavidin-binding linkers,
which cleave upon amide bond formation.”” However,
complex linker synthesis is currently needed, and the
methodology has not yet been demonstrated on peptides.
New Strategy for Traceless Templated Ligations. We
propose that the following fundamental elements are required

https://doi.org/10.1021/acs.bioconjchem.1c00403
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for a traceless templated ligation strategy to be broadly
applicable in CPS:

(1) Simple and robust bioorthogonal linker synthesis;

(2) Bioorthogonal chemistry can be performed in typical
peptide-solubilizing denaturants (e.g, 6 M guanidine);

(3) Bioorthogonal linkers are stable to commonly encoun-
tered CPS conditions (e.g, resin cleavage, ligation, and
desulfurization);

(4) Removal of bioorthogonal linkers is chemoselective,
traceless, and efficient; and

(5) Flexible positioning of bioorthogonal linkers within
peptide sequences (e.g, placement not restricted to
termini or infrequent amino acids).

Here, we describe Click-Assisted NCL (CAN), which meets
all these criteria by combining a traceless “helping hand” Lys
linker (Ddap)”* with the bioorthogonal strained-click pair
dibenzocyclooctyne (DBCO) and azide (Figure 1B). In the
CAN strategy, peptide segments are first coupled with a Ddap
linker on a Lys side chain on-resin during SPPS before
functionalization with either DBCO or azide. After resin
cleavage and HPLC purification, the DBCO/azide-bearing
peptides are combined for strain-promoted alkyne—azide
cycloaddition (SPAAC). The resultant triazole linkage
effectively templates the C-terminal thioester and N-terminal
thiol for ligation, allowing NCL to proceed with high
efficiency. After ligation, mild hydroxylamine treatment
chemoselectively removes the templating linkers,”* affording
the native ligated peptide. Using model peptides, we show that
the CAN strategy is compatible with all canonical amino acids.
CAN greatly accelerates ligation in the context of sterically
hindered thioesters. Furthermore, these demonstrations use
methyl thioglycolate (MTG) as a slower, relative to MPAA,
but desulfurization-compatible thiol additive for NCL.*
Finally, we illustrate the utility of CAN for CPS by performing
a strain-promoted click reaction, NCL, desulfurization, and
linker cleavage to produce the E. coli 50S ribosomal subunit
L32 in one pot.

B RESULTS AND DISCUSSION

Synthesis of DBCO Peptides via Fmoc-SPPS. In order
for CAN to be a robust CPS technique, peptides need to be
templated together through a bioorthogonal reaction that will
not cause side reactions during conjugation. For this purpose,
we chose SPAAC™’® over copper-catalyzed azide—alkyne
cycloaddition (CuAAC)”””® because SPAAC avoids potential
copper-catalyzed oxidation during the click reaction.”"””
Additionally, we wanted to perform one-pot templating with
NCL and anticipated that the presence of CHAAC compounds
within NCL conditions may cause side-product formation
(e.g., during in situ thioester formation).””

The first obstacle to developing CAN was generating a
robust, SPPS-compatible method for installing azide and
DBCO cycloaddition partners. While azide-containing pep-
tides can routinely be synthesized via SPPS,*” DBCO peptides
have only been synthesized using postcleavage couplings, such
as thiol-maleimide® ™ or amine-NHS ester.** These post-
cleavage workarounds are necessary because DBCO undergoes
an inactivating rearrangement under the strongly acidic
conditions, 95% trifluoroacetic acid (TFA), used for peptide
deprotection and cleavage from the resin.*>*»*>* This
rearrangement has been demonstrated in DBCO and related
biarylazacyclooctynones and is thought to result from an acid-
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catalyzed 5-endo-dig cycloisomerization.*>®” Longer peptides

are unlikely to have a single primary amine or thiol for
postcleavage couplings, so DBCO needs to be incorporated
during Fmoc-SPPS. While DBCO can withstand lower TFA
concentrations (<30%),*>***” most commonly used protect-
ing groups and resins require higher TFA for efficient removal.

We set out to investigate the stability of DBCO in standard
TFA cleavage conditions using the model peptides H—
C(StBu)GK(DBCO)ENTWY-R (R = NH, 1a, OH 1b, or
NHNH, 1c¢; see Table S1 of the Supporting Information, SI,
for all peptide sequences) and Ac-RRRYSTEVEK(DBCO)NV-
NHNH, 2a (DBCO coupled to Lys side chains and Cys
protected with StBu to prevent potential thiol—yne reac-
tions).”” Our initial attempts to synthesize DBCO-containing
model peptides via Fmoc-SPPS and a standard TFA peptide
cleavage cocktail failed due to S-endo-dig cycloisomerization
and associated side products (Figures S1—S4).

The Hosoya group previously reported that a copper(I) salt,
tetrakis(acetonitrile)copper(I) tetrafluoroborate or
(MeCN),CuBF,, could reversibly protect cyclooctynes from
reacting with azides.”"”” This strategy builds on the finding
that various metals can form complexes with cycloalkyne
rings,”” which led us to examine copper as an additive to
prevent the acid-mediated S-endo-dig cycloisomerization of
DBCO. Guided by this methodology, initial attempts at
protecting peptides la and 2a were performed by treating
peptide resins with ~3 equiv (MeCN),CuBF, in dimethylfor-
mamide (DMF) for 1 h. The resin was then washed with DMF
and dichloromethane (DCM) before cleavage in the standard
cocktail at rt for 3 h. Standard ether precipitation and air
drying produced the crude DBCO peptides. As envisioned, a
transient DBCO-Cu complex was protected from acid-
promoted ring rearrangement, and the resultant DBCO
peptide product la was able to react fully with excess 6-
azidohexanoic acid (Figure SS). However, we discovered that
(MeCN),CuBF, caused premature cleavage of peptides
assembled on 2-chlorotrityl chloride resin. Additionally, the
Cu(I) salt-DMF mixture reacted with the C-terminal
hydrazide-containing peptide 2a to form undesired side
products (Figure S6).

To address these issues, we next tested the direct addition of
~1.5 equiv (MeCN),CuBF, to the peptide resin as a dry
powder, immediately followed by addition of the TFA cleavage
cocktail for 3 h at rt (Figure 2). Again, standard ether
precipitation and air drying afforded the crude DBCO peptide
1a. Incubation of 1a with 6-azidohexanoic acid demonstrated a
successful SPAAC (Figures 2 and S7; see Table S2 for symbols
used to denote common modifications such as triazole). This
simplified protection method was also successful in producing
peptide 1b with reactive DBCO (Figure S8). However, side
reactions occurred when attempting to react crude, hydrazide-
containing 2a or lc with 6-azidohexanoic acid. Copper test
strips indicated that Cu was only partially removed during
ether precipitation and was likely causing the undesired side
reactions during SPAAC. Gratifyingly, HPLC purification
removed the remaining Cu, as pure lc did not contain Cu
(copper test strips), and the peptide successfully coupled with
6-azidohexanoic acid to afford the triazole with minimal side
products (Figures S9 and S10). Inductively coupled plasma
mass spectrometry (ICP-MS) confirmed removal of Cu, as
several HPLC-purified DBCO peptides contained the same
background Cu levels as peptides that were never exposed to
the Cu(I) salt (Table S3).
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Figure 2. Protection of DBCO peptide la from acid-mediated
degradation using (MeCN),CuBF, in standard peptide cleavage
conditions. This protection strategy generated a relatively clean crude
peptide (dashed line in LC/MS chromatogram) corresponding to the
expected mass of 1a (observed mass: 1401.9 Da, calculated average
mass: 1402.6 Da, Figure S7). This crude peptide successfully
underwent SPAAC when incubated with excess 6-azidohexanoic
acid, as the expected triazole formed (solid line in LC/MS
chromatogram, 1a!; observed mass: 1559.9 Da, calculated average
mass: 1559.8 Da). LC/MS method C was used.

Robustness of the DBCO Protection Method. Con-
cerned with the potential of Cu(I) salts to oxidize certain
amino acids, particularly Met and His,”' we examined the
compatibility of the DBCO protection strategy using the more
diverse model peptide H—C(StBu)DEAFGHIK(DBCO)-
LMNPQRSTVWYK-NH, 3a (and without DBCO, 3b),
which contains every canonical amino acid. When 3b was
cleaved in the presence or absence of ~3 equiv
(MeCN),CuBF,, the analytical HPLC and LC/MS chromato-
grams were similar (Figures 3A, S11, and S12). However, the
presumed oxidation side-product (+16 Da) increased from 6%
to 12.5% in Cu(I)-treated 3b (Figure 3A). Using trypsin
digestion and high-resolution LC-MS/MS on 3b = Cu(I)
during cleavage, Met was identified as the oxidation-prone
residue (Figure 3B). Furthermore, when the Cu(I) salt was
used in the cleavage of model peptides H—C(StBu)-
GKENTWYX—NH, 4a (X = H) and 4b (X = M), oxidation
was only observed in the Met-containing peptide 4b (Figures
S13 and S14). While increased Met oxidation is a potential
concern for the DBCO protection method, all other canonical
amino acids are fully compatible. In addition, Met is one of the
least abundant amino acids and can typically be substituted
with an isosteric norleucine (Nle) residue without affecting
protein activity and folding."””*” In cases where Met is
required, any oxidized Met peptide can also be removed via
standard HPLC purification.

We next investigated the ideal concentration of the
(MeCN),CuBF, additive. Considering the objective of these
experiments was to determine the amount of active DBCO
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following cleavage across a range of (MeCN),CuBF,
equivalents, the analysis was simplified by synthesizing 3a
with a Met-to-Nle substitution to give oxidation-resistant 3¢
(Figure 3C). 3c was incubated with varying amounts of
(MeCN),CuBF, through standard cleavage conditions for 3 h
before ether precipitation and air drying. Note that the
(MeCN),CuBF, equivalents are relative to the theoretical
yield of 3¢ (as described in the SI methods). Crude 3c was
then dissolved in HPLC buffer (0.1% TFA, 18% MeCN) and
coupled with excess 6-azidohexanoic acid for 1 h at 37 °C to
determine the amount of reactive DBCO present (Figures 3C
and S15—S17). DBCO protection increased until S equiv
(MeCN),CuBF,. Surprisingly, 50 equiv increased the amount
of DBCO that failed to click with azide. This loss of reactivity
may be attributed to excessive Cu(I) salts that are incompletely
removed following ether precipitation, which could form a
complex with the DBCO peptide, thus precluding efficient
cycloaddition reactivity (Figure S17). On the basis of these
optimizations, the use of S equiv of (MeCN),CuBF, was
determined to be ideal for preventing the rearrangement of
DBCO-containing peptides through standard cleavage con-
ditions.

Click-Assisted NCL with Model Peptides. With a
DBCO protection strategy in hand, we next investigated
Click-Assisted NCL (CAN). We substituted the commonly
used 4-mercaptophenylacetic acid (MPAA) thiol for methyl
thioglycolate (MTG) during NCL, as MTG elutes in the void
during RP-HPLC, avoiding coelution with peptide. Addition-
ally, MTG is compatible with one-pot desulfurizations.*
Although MTG has ~2-fold slower ligation kinetics compared
to MPAA,"™ we hypothesized that the effective concentration
enhancement of the CAN strategy would render the choice of
thiol additive less impactful. The nontemplated control
peptides STEVE (5a) and KENT (6a) were synthesized
without SPAAC linkers to determine their in-solution NCL
rate under conditions representative of poorly soluble peptides
(0.4 mM Sa and 0.5 mM 6a; Figure 4A). Sa was also designed
with a C-terminal Val thioester, among the slowest in NCL due
to steric hindrance.””*' After 48 h, the ligation reaction was
incomplete with several side products and only 29% of the
total peak area corresponding to ligated product 7 (Figures 4B
and S18—S21).

As a proof-of-concept for CAN, we then synthesized model
peptides 5b and 6b, each functionalized with the traceless Lys
linker Ddap,”* a single Lys (to enhance solubility), and azide
or DBCO as shown in Figure 1B. Approximately equal
amounts of purified Sb and 6b were dissolved together in 6 M
GnHCl at pH 3 to undergo SPAAC (Figures S and $22—S25).
Importantly, to the best of our knowledge, this is the first
demonstration of SPAAC in denaturing conditions using
guanidine. HPLC analysis revealed the presence of two triazole
cycloadduct peptides (both referred to as 8). The two
distinguishable isobaric peaks are attributed to the two
anticipated triazole regioisomers (Figures S and $24). Notably,
the SPAAC reaction still finished within 2 h when the Sb and
6b concentrations were reduced by ~4-fold (matching the
concentrations used in the nontemplated NCL reaction: 0.4
mM 5b and 0.5 mM 6b, which mimic poorly soluble peptide
concentrations, Figures $24 and S$25). Using comparable
conditions to the nontemplated NCL, the C-terminal
hydrazide was converted to an MTG thioester in situ prior
to performing CAN (0.5 mM 8, Figure S). Excitingly, the
ligation to form 9 was complete at 4 h (Figures S, 26, and
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Figure 3. Assessment of the (MeCN),CuBF, DBCO protection strategy’s robustness. Peptide 3b (all canonical residues represented) was used to
determine the strategy’s oxidation potential, and peptide 3c (Met-to-Nle variant of 3a) was used to establish effective amounts of Cu(I) salt to use
for DBCO protection. (A) Overlaid LC/MS chromatogram showing 3b cleaved with (solid line) or without (dashed line) ~ 3 equiv
(MeCN),CuBF,. Integration of the labeled peak areas suggested oxidation (3b%) increased from 6% to 12.5% with Cu(I) salt addition to the
standard cleavage cocktail. LC—MS method C was used, and the individual chromatograms are shown in Figure S11. (B) Trypsin digestion and
LC-MS/MS analysis of 3b revealed Met as the oxidation-susceptible residue. The 3b sequence is color-coded by trypsin-digested fragments and
matches the appropriate ion signal identified through MS/MS analysis. LM(Ox)NPQR (far left peak, purple) indicates peptide containing oxidized
Met. (C) Cleavage of 3¢ with different equiv of (MeCN),CuBF, indicated that S equiv provides the most effective DBCO protection (green). After
performing SPAAC on crude 3c, A, peak areas of reacted (3c!) and unreacted peptide were integrated to calculate % reactive DBCO.
*#*Indicates higher equiv of (MeCN),CuBF, that were found to complex with the DBCO peptide, preventing reaction with azide after cleavage.
Although the % reactive DBCO is lower, this decrease is not due to 5-endo-dig-cycloisomerization. Representative LC-MS chromatograms of crude
3c (before and after SPAAC) are shown in Figures S15—S17.
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Figure 4. Nontemplated native chemical ligation between purified Sa and 6a. (A) Simplified schematic of the ligation. Note that MTG was allowed
to form the thioester for 10 min prior to TCEP addition, as shown in the more detailed scheme (Scheme S1). (B) HPLC chromatogram of the
ligation end point (48 h). 6a& refers to StBu-deprotected 6a, and SaA refers to Sa containing a C-terminal MTG thioester. After 48 h (from MTG
addition), the reaction was incomplete, and numerous side products were observed. Analytical method B was used. HPLC and LC/MS
chromatograms of more time points for this ligation are shown in Figures S20 and S21.

§27). The relative peak area of 9 from this CAN reaction was with 8 was then repeated for a more precise kinetic analysis
much higher (85%) than the nontemplated control NCL with (Figures 6 and S30—S32).

significantly diminished side products (Figure 5). We then To investigate the impact of linker length on the CAN
cleaved the Ddap linkers of 9 in one pot via the addition of reaction rate, peptides Sc and 6¢ were each functionalized with

hydroxylamine to ~1 M at pH 6.75 for 2 h (Figures S and Ddap, a single Lys, and a PEGg linker before addition of their
$28). The native, ligated product without Ddap linkers was respective SPAAC partners. The PEGg spacers double the
easily purified by HPLC to afford 7 (Figures S and S29). CAN theoretical fully extended distance between the triazole-linked
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Figure 6. Comparison of nontemplated NCL and CAN reaction rates.
NCL or CAN was performed using the STEVE and KENT model
peptides (Sa, 6a, 8, and 10). The relative integrated peak areas of
ligated products are shown at various time points relative to TCEP
addition (1, 20, 50, 110, 230, 350, 470, 1430, and 2870 min). CAN
ligations were fit to first-order rate constants. Importantly, the 8 CAN
is complete after 4 h at both peptide concentrations. Each data point
represents the average of two independent experiments, with the error
bars corresponding to standard deviation.
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Figure 5. One-pot SPAAC, CAN, and linker cleavage. Sb and 6b were
first templated together via SPAAC to produce triazole-linked 8. CAN
was then performed on 8 to efficiently generate 9 after only 4 h.
Linker cleavage of 9 resulted in native 7, which was easily HPLC
purified. The HPLC chromatograms show, in descending order, 0 and
2 h SPAAC, 4 h CAN (after MTG addition), 2 h linker cleavage, and
purified 7 (each y-axis is normalized A, ). The double peaks observed
after SPAAC and CAN are expected, as the triazole forms two
regioisomers. * indicates the four cleaved Ddap linker peaks (triazole
regioisomer and a second nucleophilic addition via hydroxylamine on
the dimedone ring). Note that unreacted STEVE and KENT peptides
observed after linker cleavage do not bind to the column with the
HPLC gradient used here (Figure S28 shows these unreacted
peptides). The mass spectrum of purified 7 shows the correct full-
length STEVEKENT peptide was generated (observed mass: 2559.8
Da, calculated average mass: 2559.9 Da). A detailed one-pot reaction
schematic is shown in Scheme S2. Analytical method C and LC/MS
method C were used. HPLC and LC/MS chromatograms of time
points are shown in Figures $24—S829.

peptides. Using the same conditions as with Sb and 6b, the
PEGg peptides first underwent SPAAC to give triazole-linked
10 (2.5 mM Sc and 2.6 mM 6c at 37 °C for 2 h, Figures S33—
S36) before performing CAN at 0.5 mM to yield ligated
product 11 (Figure S37—S38). CAN with PEGg spacers was
~3-fold slower than non-PEGylated CAN (Figure 6).

One of the more attractive uses of CAN, and templated
ligations in general, is the ability to perform ligations at lower
peptide concentrations (i.e., the triazole-linkage converts NCL
to an intramolecular reaction). To validate this property, we
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repeated CAN with 8 and 10 (£PEGg) at a 10-fold lower
concentration (0.05 mM). The MTG and TCEP concen-
trations were also both reduced to 10 mM, as 100 mM MTG
and 100 mM TCEP caused undesired N-terminal Cys peptide
capping (Figure $39—S42), and 10 mM MTG with 100 mM
TCEP caused desulfurization. Using these optimized con-
ditions, CAN kinetics were similar for both the 0.05 and 0.5
mM reactions (Figures 6, $43, and $46).

To directly compare the nontemplated NCL and CAN
reaction kinetics, we estimated the initial reaction rates (Table
S4). At 0.5 mM, CAN without the PEGg spacers was ~30-fold
faster than the control NCL, while the PEGg CAN was ~11-
fold faster. The 0.05 mM CAN initial rates are slightly slower
than the 0.5 mM reactions due to StBu removal occurring
more slowly from the lower TCEP concentrations used.
Importantly, the CAN rates should follow a first-order rate law,
whereas the control nontemplated NCL follows a second-order
rate law. Therefore, a 10-fold reduction in concentration of
both peptides would slow the solution NCL reaction 100-fold,
whereas a reduction in triazole-linked peptide concentration
does not significantly alter ligation rate.

Click-Assisted NCL of the E. coli 50S ribosomal
subunit L32. To demonstrate the general utility of CAN in
CPS, we pursued a representative protein target—the E. coli
50S ribosomal subunit L32 (Figure 7A). L32 is an ideal CAN
choice for several reasons. First, the S56-residue L32 only
contains challenging Ii%ation junctions (e.g, Thr-Ala) with
slow NCL kinetics."”*" Second, L32 lacks any native Cys
residues, so desulfurization must be performed after NCL to
produce native L32, allowing us to test four reactions (SPAAC,
CAN, desulfurization, and Ddap linker cleavage) in a one-pot
fashion (Figure 8). Finally, L32-C (45—57) conveniently bears
a Lys residue near its N-terminus, and L32-N (2—44, removed
initiator Met) contains Lys residues both proximal and distal to
the C-terminal thioester, allowing us to investigate the impact
of Ddap linker placement on CAN reaction rate (Figure 8).
Following the same procedure for the model peptide control
reactions, we first performed a representative control NCL
between peptide 12a (L32-N 2—44; 0.4 mM) and 13a (L32-C
45—57; 0.5 mM) that was nearly complete after 48 h (Figures
7B,C and $47—S50), with 70% of the peak area corresponding
to ligated 14a (Figure 7C). Notably, a significant amount of
12a was lost due to thioester hydrolysis.
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Figure 7. Nontemplated native chemical ligation of E. coli S0S
ribosomal subunit L32 (14a). (A) Sequence of L32 with L32-N (2—
44, red) and L32-C (45—57, blue). The cleaved initiator Met was
excluded. (B) Simplified schematic of the nontemplated NCL
between L32-N (12a) and L32-C (13a). Note that MTG was
allowed to form the thioester for 10 min prior to TCEP addition, as
shown in the more detailed scheme (Scheme S3). (C) HPLC
chromatogram of the ligation end point. The ligation was considered
complete after 48 h (after MTG addition), as nearly all of the reactive
L32-N peptide (12aA) was depleted. However, a significant amount
of L32-N peptide underwent hydrolysis (12a#) instead of ligation.
13a& refers to StBu-deprotected 13a. Analytical method B was used.
HPLC and LC/MS chromatograms of more time points are shown in
Figure S49 and S50.

12b or 12¢ 13b
| One-pot |
1. SPAAC
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4. Linker Cleavage L32 (2-57)
14b

Figure 8. One-pot SPAAC, CAN, desulfurization, and linker cleavage
assembly strategy for L32-far (dotted line) and L32-close (solid line),
showing location of Ddap attachment points at specified Lys residues.

To investigate CAN for L32, L32-N (2—44) was function-
alized with Ddap followed by a single Lys and 6-azidohexanoic
acid at Lys*” (7 residues from the thioester, 12b, L32-close) or
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Lys'? (32 residues from the thioester, 12¢, L32-far) (Figure 8).
Nle was substituted for the sole Met, as cleavage cocktails
containing NH,I additive were found to cause azide
degradation in peptide 2b, and we desired to avoid Met
oxidation during peptide cleavage. L32-C (45—57) was
functionalized at Lys®® with Ddap followed by a single Lys
and DBCO-C6 to give 13b. We first investigated CAN of L32-
close by clicking 12b with 13b in 6 M GnHCI at pH 3 to
produce 15 (Figures 9 and S51—S54), which has a distance of

-
a

L32-close CAN
One-pot

=

6 M GnHCI
pH 3.0, 37°C, ~5 hx

13b
12b

7
[not isolated]
5M GnHCI N N

pH6.75,1t,1.5h
—

~1 M NH,0H l

0.3 mM 15 16
in situ thioester \Q
conversion O
100 MM MTG N%N
100 mM TCEP &
6 M GnHCI - \
pH7.0,1t, 2h k31 o W3\ o
(2N e W&“{ 32.C 46:57) ) on
o
16
80 mM GSH [not isolated] 17
40 mM VA-044
180 mM TCEP
5 M GnHCI
pH6.5,37°C, 16 h L‘
*

0
(La2-N (2-44) ],lDLuJ“\gﬂ{ 32:C @6-57) ) on

14b

N

& H
o

g

<

N

S

g

| Observed Mass:
|

HPLC purification l [
|

Relative Intensity (%)

L32 (2-57) | [
14 | oo e swo oo

10

[}
o

15
Retention Time (Min)

Figure 9. One-pot SPAAC, CAN, desulfurization, and linker cleavage
of 12b and 13b to generate full-length L32-Nle (14b). 12b and 13b
were first templated together via ~5 h SPAAC to produce triazole-
linked 15. The ¥ in the reaction scheme indicates that additional 12b
was added to the reaction after 4 h, as a significant amount of
unreacted 13b was observed (see Scheme S4). CAN was then
performed on 15 to generate 16 after only 2 h. Desulfurization was
then performed for 16 h to produce 17. A 1.5 h linker cleavage of 17
resulted in 14b, which was easily HPLC purified. The HPLC
chromatograms show, in descending order, 0 h and ~5 h SPAAC, 2 h
CAN (after MTG addition), 16 h desulfurization, 1.5 h linker
cleavage, and purified 14b (each y-axis is normalized A,,). The
double peaks within the SPAAC, CAN, and desulfurization
chromatograms are expected, as the triazole forms two regioisomers.
* indicates cleaved Ddap linker peaks. ** indicates hydrolyzed L32-N
and desulfurized L32-C. The mass spectrum of purified 14b indicates
that the correct full-length L32-Nle was generated (observed mass:
6,297.4 Da, calculated average mass: 6,297.1 Da). Analytical method
C and LC/MS method C were used. HPLC and LC/MS
chromatograms of time points taken for SPAAC, CAN, desulfuriza-
tion, linker cleavage, and purification are shown in Figures S53—S59.
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15 AA between Lys Ddap linkers. CAN was then performed
using the same ligation conditions as the nontemplated L32
ligation (0.3 mM of triazole-linked 15, Figure 9). 15 ligated to
completion within 2 h, much faster than the 48 h needed for
the nontemplated ligation. Furthermore, 88% of the total peak
area corresponded to ligated product 16 (Figures 9, SSS, and
§56). Finally, we performed desulfurization to generate 17 and
Ddap linker cleavage to produce full-length L32 14b in a one-
pot synthesis (Figures 9 and S57—S59).

To determine how placing Ddap linkers further from ligation
junctions affects CAN rate, we investigated CAN of L32-far by
performing SPAAC with 12¢ and 13b in 6 M GnHCI at pH 3
(1.6 mM 12c and 1.7 mM 13b at 37 °C for 4 h, Figures S60—
S62). L32-far CAN was then tested with 0.3 mM of the
triazole-linked 18 (distance of 40 AA between Ddap linkers)
under the same ligation conditions as L32-close. The L32-far
CAN was complete after 6 h to produce peptide 19, compared
to the 48 h nontemplated ligation (Figures 10, S63, and S64).

L32-close CAN
0.3 mM 15
L32-far CAN

k (10%s™)
1043 +£62.8

0.3 mM 18 >

Non-templated NCL

0.4 mM 12a +
0.5 mM 13a

231.0+23.6

% Ligated Product

n.a.

Time (Min)

Figure 10. Comparison of nontemplated NCL and CAN reaction
rates using L32 peptides (12a, 13a, 15, and 18). Relative peak area of
ligated product is shown at various time points (relative to TCEP
addition). CAN ligations were fit to first-order rate constants. For
nontemplated NCL, peak areas of both product (14a) and L32-N
reactant (12aA) were calculated using estimated extinction
coefficients, as described in the SI. Each data point represents the
average of two independent experiments, with error bars showing
standard deviation.

The first order rate constant for L32-close (98-membered
macrocycle) was 4.5-fold faster than for L32-far (173-
membered macrocycle) (Figure 10). This modest reduction
in CAN rate is similar to that observed for PEGg incorporation
into the model peptides (~3-fold slower, Figure 6). These
results suggest that linker length and placement is easily
adaptable for the CAN technique, especially since CAN with
increased distances was still more efficient than nontemplated
NCL.

The synthesis of L32 using CAN highlights some of the key
teatures of this technique. First, implementing CAN does not
add extra intermediate HPLC purifications. Second, the
distance between linker sites on the two peptides is quite
flexible—the L32 ligation was separated by 40 AA yet still
achieved a significant improvement in ligation rate relative to
nontemplated NCL. Finally, CAN dramatically increases the
throughput of in-solution CPS steps, as CAN enabled full-
length, L32 to be easily HPLC purified in ~25 h (including
SPAAC, ligation, desulfurization, and linker removal), whereas
the nontemplated L32 NCL requires 48 h to reach completion
plus a subsequent desulfurization step.
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B CONCLUSIONS

For the first time, DBCO peptides were directly synthesized via
Fmoc-SPPS by using (MeCN),CuBF, to protect DBCO from
acid-mediated rearrangement during standard acid cleavage.
This DBCO protection strategy was shown to be robust, as
DBCO peptides with various C-terminal functional groups
were successfully prepared on different resins. Furthermore, all
canonical amino acids were compatible, although Met is
slightly oxidation-prone. This DBCO protection method
enabled development of Click-Assisted NCL (CAN), which
is a traceless templated ligation strategy that can be used to
dramatically increase NCL efhiciency. Using the STEVE and
KENT model peptides, CAN required only 4 h to completely
ligate a bulky Val thioester junction at 0.05 mM templated
peptide concentration, while the nontemplated NCL was
incomplete after 48 h (0.4 mM Sa with 0.5 mM 6a). CAN also
improved vyield and reduced side products compared to
nontemplated NCL. The utility of CAN in CPS was also
demonstrated through the preparation of the E. coli 50S
ribosomal subunit L32. Compared to nontemplated NCL,
CAN enabled a faster ligation with one-pot SPAAC, ligation,
desulfurization, and linker removal. Finally, the CAN rate was
shown to modestly drop with template distance (i.e., increased
macrocycle size), maintaining significant NCL rate enhance-
ments even with distant attachment points—up to 40 AA
separation demonstrated.

This new method to directly synthesize DBCO peptides via
Fmoc-SPPS will be a useful tool for many peptide chemists.
For example, peptide and protein nanoparticle conjugates have
exciting biomedical applications (e.g., drug delivery and in vivo
imaging), but there is a need to develop additional methods
enabling site-specific incorporation of peptides onto nano-
particles.”® DBCO peptides can be easily conjugated to azide-
functionalized nanoparticles,”> and this method will enable
larger and more sequence-diverse DBCO peptides to be
incorporated. Additionally, several methods exist to incorpo-
rate azides into proteins via engineered tRNA synthetases or
Met replacement with azide-containing analogs,”’~'*" enabling
DBCO peptides to tag recombinant azido-proteins for various
applications (e.g., proteome labeling and imaging). Although
cyclooctynes can be genetically encoded into pro-
teins,””'?' 7% these methods are more challenging to
implement compared to azide.”” The finding that
(MeCN),CuBF, prevents acid-catalyzed S-endo-dig cyclo-
isomerization in DBCO, and perhaps other alkyne-derived
isomerization reactions,l% is an important observation. For
example, several groups have reported synthetic limitations
when working with various strained alkynes due to the 5-endo-
dig cycloisomerization,”~* and protecting these strained
alkynes with (MeCN),CuBF, should increase the number of
synthetic strategies available. This (MeCN),CuBF, protection
may also be effective in protecting DBCO peptides after resin
cleavage and ether precipitation, as suggested by the 50 equiv
(MeCN),CuBF, data shown in Figure 3C. The larger quantity
of (MeCN),CuBF, in the cleavage solution appeared to allow
DBCO to remain protected after resin cleavage, as 6-
azidohexanoic acid did not efficiently react with DBCO in
aqueous conditions. Liberation of copper from the DBCO
peptides could be accomplished with aqueous ammonia,
EDTA, or metal scavengers, as reported by the Hosoya

7192 As other metal salts have been demonstrated to

group.
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complex with cycloalkyne rings,””'"” these may also be able to

protect against acid-mediated degradation.

We expect CAN to find use as a tool in CPS for efficiently
ligating peptides suffering from sluggish thioesters and/or poor
solubility. Although DBCO can present SPPS coupling
difficulties and reduce in-solution peptide solubility, these
issues can be circumvented by incorporating short spacers
(e.g, PEG) and solubilizing residues (e.g,, Lys and Arg) onto
the Ddap linker prior to DBCO coupling. If DBCO on a
particular peptide still proves to be problematic, then that
peptide could be coupled with the less sterically demanding
azide moiety instead. Interestingly, since lower-concentration
CAN is expected to maintain its ligation rate, the relative
benefit of CAN over solution NCL increases with lower
triazole-linked peptide concentrations. The current CAN
methodology is expected to be applicable to many CPS
strategies, especially since the reaction rate enhancement is
relatively insensitive to linker attachment points. For example,
there is a 49% likelihood that a Lys is within 20 residues on
both sides of a ligation junction, and this probability increases
to 69% for Lys being within 30 residues (based on the Lys
abundance published on UniProt’s database).'”® The L32-far
CAN suggests that linkers can be placed at least 40 residues
away from each other while still achieving enhanced ligation
rates. While we only used Lys as attachment sites for the click
handles, we expect that other amine-containing amino acids
(e.g., ornithine) or the N-terminal amine could also be used to
attach these handles. We expect that CAN may be particularly
useful for sluggish ligations using unnaturally thiolated amino
acids that enable NCL outside of Cys, such as thiolated
valine.””** CAN should also be compatible with other peptide
linker strategies,’*” due to the simplicity of preparing both
azide and DBCO peptides via SPPS. Notably, the Payne group
recently developed reductive diselenide-selenoester ligation
(rDSL) that can also overcome difficult junctions and poorly
soluble peptides. The rDSL strategy has remarkably fast
kinetics (nM peptides were efficiently ligated) and therefore
does not require templating.'”> However, selenocysteine is
much more expensive relative to cysteine building blocks, and
alternative selenylated amino acids are not yet commercially
available. Both CAN and rDSL have the potential to make
ligations at difficult junctions with hydrophobic peptides more
routine in CPS, and combination of these strategies could
provide an even more broadly useful method.

Future improvements to the CAN methodology have the
potential to dramatically streamline CPS projects. For example,
CAN currently requires relatively high peptide concentrations
to efficiently perform SPAAC (typically >50 uM)''" before
NCL. Although we limited our demonstration to aqueous
conditions with denaturant, it is worth noting that SPAAC is
much more versatile than NCL since SPAAC can be
performed in solvent mixtures more conducive for solubilizing
peptides. For example, MeCN/H,O is compatible with being
directly lyophilized.ul’112 Additionally, solvents containing
hexafluoro-2-propanol or ionic liquids have been shown to
increase hydrophobic peptide solubility for NCL,>*™** and we
expect SPAAC and CAN to be compatible with such solvents.
Furthermore, unlike NCL, SPAAC does not suffer from
competition with thioester hydrolysis. Future iterations of
CAN may employ faster bioorthogonal chemistries for linking
the peptides, as long as the chemistries are SPPS-compatible.
In fact, such bioorthogonal reactions that are also mutually
orthogonal to DBCO and azide SPAAC would potentially
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enable multiple ligations to be performed in one pot via a CAN
strategy. Such a combination would greatly increase yields in
CPS by eliminating the need for intermediate HPLC
purifications after each ligation. Finally, CAN parameters can
be incorporated into an improved version of our “Automated
Ligator” (Aligator) program,'' to predict segments that will
benefit most from CAN.
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