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Abstract

Native chemical ligation (NCL) at proline has been limited by cost and synthetic access.
In addition, prior examples of NCL using mercaptoproline have exhibited stalling of the reaction
after thioester exchange, due to inefficient S—N acyl transfer. Herein, we develop methods,
using inexpensive Boc-4R-hydroxyproline, for the solid-phase synthesis of peptides containing
N-terminal 4R-mercaptoproline and 4R-selenoproline. The synthesis proceeds via proline editing
on the N-terminus of fully synthesized peptides on the solid phase, converting an N-terminal
Boc-4R-hydroxyproline to the 4S-bromoproline, followed by S\2 reaction with potassium
thioacetate or selenobenzoic acid. After cleavage from the resin and deprotection, peptides with
functionalized N-terminal proline amino acids were obtained. NCL reactions with
mercaptoproline proceeded slowly under standard NCL conditions, with the S-acyl
transthioesterification intermediate observed as a major species. Computational investigations
indicated that the bicyclic intermediates and transition states for S—N acyl transfer are
sufficiently low in energy (10-15 kcal mol™' above starting material) that ring strain cannot
explain slow S—N acyl transfer. Instead, the bicyclic zwitterionic tetrahedral intermediate has a
low barrier for reversion to the S-acyl intermediate, causing reversion to the thioester (reverse
reaction) to occur preferentially over elimination to generate the amide (forward reaction). We
hypothesized that a buffer capable of general acid and/or general base catalysis could promote
S—N acyl transfer, and thus achieve greater efficiency in proline NCL. In the presence of 2 M
imidazole at pH 6.8, NCL with mercaptoproline proceeded efficiently to generate the peptide
with a native amide bond. NCL with selenoproline also proceeded efficiently to generate the
desired products when a thiophenol thioester was employed as a ligation partner. After
desulfurization or deselenization, the products obtained were identical to those synthesized
directly, confirming that the solid-phase proline editing reactions proceeded stereospecifically

and without epimerization.



Introduction

Native chemical ligation (NCL) and its variant expressed protein ligation (EPL) allow the
synthesis of large, complex proteins with non-native and non-encodable functionalities that are
incorporated via synthetically prepared segments."” NCL was originally described, and is still
most widely utilized,® via peptides and proteins with an N-terminal cysteine, which forms an
amide bond upon reaction with peptides and proteins with C-terminal thioesters, via thioester
exchange (transthioesterification) followed by S—N acyl transfer (Figure 1). The scope of NCL
with other N-terminal residues has been substantially expanded via the incorporation of thiols
and selenols at other native amino acids (as amino acid surrogates), followed by desulfurization
or deselenization.”"

Proline is a critical residue in turn and loop regions of proteins, as well as within
intrinsically disordered proteins (IDPs) including proline-rich domains of proteins.'”*' Proline
thus represents an attractive amino acid for NCL, as many of the ligation sites will be solvent-
exposed even after protein folding. NCL using 4R-mercaptoproline and 4R-selenoproline (Figure
1b) as a proline surrogate has been described in work by Danishefsky, Otaka, Payne, and
others.”>* Alternatively, a C-terminal proline thioester could be applied for NCL at junctions
with proline. However, proline C-terminal thioesters typically exhibit low reactivity due to the
thioester being the electron acceptor of an n—m* interaction with the pre-prolyl carbonyl, which
slows the rate of thioester exchange.””® This limitation can be overcome using the proline
surrogate 4S-mercaptoproline at the C-terminal thioester, in which the 4S-thiolate internally
activates the proline carbonyl thioester to generate a bicyclic intermediate that accelerates
thioester exchange with the coupling thiol partner.”*”* However, the cost of 4S-mercaptoproline

($400/g as Fmoc-4S-mcp(Trt)-OH, $245/mmol) has, to date, limited its applications.



For NCL with an N-terminal mercaptoproline, the 4R stereochemistry at proline is
required for proline NCL to proceed, due to a lack of functional group proximity that prevents
S—N acyl transfer with 4S-mercaptoproline.”**> 4R-Mercaptoproline has been applied in NCL
reactions to synthesize cyclic peptides; a polyglycosylated 88-amino acid fragment of
erythropoietin; and O-GlcNAcylated heat shock proteins, in work that demonstrated that O-
GlcNAcylation inhibits amyloidosis of AR and a-synuclein.”** Mercaptoproline stereoisomers
have also been incorporated in conformationally constrained cyclic peptides that function as
protein inhibitors or as a-helical capping motifs, as well as in other applications in medicinal
chemistry, polymers, and materials science.”*

However, two key factors have limited the application of NCL at proline. First, while
Fmoc-4R-mercaptoproline (ProSH, Mcp) is commercially available with trityl protection on the
thiol, the cost of this amino acid is high ($400/g, $245/mmol), limiting its use, especially in
exploratory applications to identify appropriate junctions for NCL in chemical protein synthesis.
Alternatively, selenoproline has potentially significant advantages in NCL, including the
possibility of deselenization in the presence of other sulfur-containing amino acids and its
application in syntheses involving multiple NCL reactions. The combination of 4R-selenoproline
with selenoesters allows exquisite specificity and increases in rates of NCL reactions, via
diselenide-selenoester ligation.” However, there is no commercially available source of a 4R-
selenoproline. The syntheses of suitably chalcogen-protected Boc-4R-mercaptopoline or Boc-4R-
selenoproline (Figure 2) require 7 steps in 25% overall yield; or 4 or 5 steps, in 56% overall yield
(as the diprolyl diselenide, which reduces the yield in subsequent amide coupling reactions) or in
26% overall yield (as the PMB-protected selenoether), respectively, each from inexpensive Boc-

4R-hydroxyproline (Boc-Hyp-OH) or 4R-hydroxyproline (Hyp-OH).>****# The requirement



of solution-phase synthesis of the amino acid, the length of the synthetic sequences, and the
number of purification steps have resulted in these amino acids having been only rarely applied
in published examples of NCL.

Applications of NCL at mercaptoproline have been further hindered by a problem that
limits reaction scope: inefficient S—N acyl transfer. In Danishefsky's initial report, the authors
described the presence of significant amounts of the S-acyl intermediate after
transthioesterification.”> This thioester intermediate, because it lacks the key new amide bond, is
subject to reversion to the mercaptoproline starting material via reaction with thiols in solution.
NCL using mercaptoproline was also limited to reaction at thioesters with less sterically
congested amino acids: Otaka reported slow NCL reactions even at Ala thioesters, and
Danishefsky indicated very low yields (< 15%) at Val thioesters, due to the accumulation of the
S-acyl intermediates (the species immediately prior to S—N acyl transfer).”>* Given that typical
NCL reactions are conducted with an excess concentration of thiol additives, in order to maintain
the reactive thiol in the reduced state and to promote transthioesterification, the slow conversion
of the thioester into the amide bond (S—N acyl transfer) might substantially limit the use of
mercaptoproline in NCL. Herein, we seek to examine methods to increase the efficiency of S—=N
acyl transfer at mercaptoproline based on mechanistic insights.

We also seek to explore strategies for the more practical synthesis of peptides with N-
terminal mercaptoproline and N-terminal selenoproline. We previously developed a method,
termed proline editing, for the practical synthesis of peptides with chemically diverse 4-
substituted prolines.”*’ Proline editing, as originally described, proceeds via the incorporation of
inexpensive Fmoc-4R-hydroxyproline (Fmoc-Hyp-OH) into internal positions in peptides on

solid phase, in situ protection of the hydroxyl group (as an orthogonally removable trityl or silyl



ether, Alloc carbonate, or nitrobenzoate ester) after amide coupling, and completion of the
synthesis of the peptide. After synthesis of the full peptide, the Hyp hydroxyl is selectively
deprotected, while the rest of the peptide on solid phase remains protected. The hydroxyl can
then be converted via stereospecific reactions on the solid phase into a variety of 4R- or 4S-
substituted prolines. After synthesis to generate the modified proline, standard peptide cleavage
and deprotection yield the product peptide, with no solution-phase purification and only a single
HPLC purification, as is required for all peptides prepared by solid-phase peptide synthesis. This
practical method was applied to convert a single protected peptide on solid phase into 122
peptides with different combinations of substitution and stereochemistry on the proline.*’

In our work on proline editing, we synthesized peptides that had proline 4R-substitution
with sulfur and selenium.”” These reactions proceeded via a Mitsunobu reaction on the 4R-
hydroxyproline with nitrobenzoic acid to generate the 4S-nitrobenzoate, deprotection of the
nitrobenzoate with NaN; to generate the 4S-hydroxyproline, and then a second Mitsunobu
reaction using a sulfur or selenium nucleophile, which regenerates the 4R-stereochemisty. This
sequence on the solid phase proceeds efficiently because no purification steps are involved,
allowing reactions to be conducted with excess reagents and removal of reagents by filtration at
the end of each step. However, we also demonstrated the solid-phase Appel reaction on these
peptides, generating the 4S-bromoproline, which is positioned for direct modification with
inversion to the 4R derivative via an Sy2 reaction, avoiding the nitrobenzoate deprotection step.”’
A strategy for the synthesis of peptides with N-terminal 4R-mercaptoproline or 4R-selenoproline

will be examined using this approach.

Results and Discussion



Synthesis of peptides with N-terminal 4R-mercaptoproline and 4R-selenoproline. We
envisioned that peptides with an N-terminal mercaptoproline or N-terminal selenoproline could
be synthesized via solid-phase modification of an N-terminal 4R-hydroxyproline (Figure 3). To
test this possibility, the standard NCL model peptide XRAFS-NH, was synthesized by solid-
phase peptide synthesis. Here, inexpensive Boc-Hyp-OH ($0.60/g, $0.14/mmol) was used as the
N-terminal amino acid (X) in Fmoc solid-phase peptide synthesis, since the Boc group would be
removed during standard TFA cleavage of peptides from resin and deprotection, generating an
N-terminal aminothiol (free N-terminus and side-chain thiol) appropriate for NCL. The 4R-
hydroxyproline was converted with inversion of stereochemistry to the 4S-bromoproline via a
solid-phase Appel reaction (Figure 3b).*” This product was then converted to the protected 4R-
mercaptoproline via S\2 reaction with potassium thioacetate (KSAc) in the presence of 18-
crown-6. Reaction with KSAc proceeded more efficiently than using sodium hydrosulfide in the
presence of 15-crown-5, which generated significant quantities of the dehydroproline elimination
side product (Figure S10). Thioester deprotection was conducted on the solid phase, in order to
prevent proline N-acylation via S—N acyl transfer from the thioacetate upon peptide
cleavage/deprotection. Finally, standard TFA cleavage/deprotection yielded the peptide with an
N-terminal 4R-mercaptoproline.

The peptide with an N-terminal 4R-selenoproline was synthesized similarly (Figure 3cd).
The 4S-bromoproline on solid phase was subjected to Sy2 reaction with selenobenzoic acid.**™*
Hydrolysis of the selenoester was conducted with LiOH in the presence of benzyl mercaptan

(BnSH), which generated, after standard TFA cleavage and deprotection, the peptide with

proline 4R-substituted with selenium, as the mixed selenosulfide. The peptide synthesis



proceeded with high overall conversion to generate this peptide, which was isolated in higher
yield as the selenosulfide than as a diselenide.

Initial attempts at NCL reactions with 4R-mercaptoproline. The peptide with an N-
terminal 4R-mercaptoproline was subjected to native chemical ligation conditions with the model
peptides Ac-LYRAA-SBn and Ac-LYRAA-SPh (Figure 4 and Supporting Information). As had

been observed previously in NCL reactions with mercaptoproline,”**

the reactions proceeded
sluggishly, generating the transthioesterification intermediate in significant quantities, with little
or no product observed that had undergone S—N acyl transfer to generate the stable amide bond.
Importantly, this intermediate thioester is subject to rapid thioester exchange in the presence of
thiols in solution. The thioester (isomeric and identical in mass to the desired product with an
amide at proline) can be isolated and identified as containing a thioester, and not a new amide
bond, via its reaction with external thiols (e.g. added benzylmercaptan or thiophenol), which
regenerates the two component starting material peptide fragments.

Computational analysis of plausible mechanisms of NCL with 4R-mercaptoproline. We
hypothesized that the slow S—N acyl transfer could potentially be due to strain in the bicyclic
zwitterionic tetrahedral intermediate that results from intramolecular nucleophilic attack of the
proline nitrogen on the thioester. To assess this possibility, we conducted DFT calculations on
these structures (Figure 5). Inconsistent with this hypothesis, we found that the bicyclic
zwitterionic tetrahedral intermediate was (depending on computational methods used) only 4-11
kcal mol™ higher in energy than the S-acyl starting material, indicating that the ring strain in the
bicyclic tetrahedral intermediate was relatively modest. In order to better understand the

mechanism of S—N acyl transfer, we therefore conducted calculations on the various

intermediates in the full pathway from S-acyl proline to the product with an amide bond, with the



aim of devising a strategy for overcoming the stalling at the S-acyl intermediate observed
experimentally (both herein and previously). We also calculated transition state structures and
energies for key steps in the pathway.

These calculations (Figure 5) confirmed that the overall energetics of S—N acyl transfer
(downhill by 16-17 kcal mol™") were highly favorable. In addition, the inherent activation
barriers for these reactions (7—17 kcal mol™ above the starting material, which all correspond to
first-order reaction half-lives of under a second at room temperature) suggest that the S-acyl
intermediate should readily react to generate the more stable amide product. Why is this result
not observed experimentally?

The initially generated zwitterionic tetrahedral intermediate could take three distinct
pathways for elimination of the thiolate to generate an amide bond (Figure 5): via an anionic
tetrahedral intermediate (anionic pathway), directly via the zwitterionic tetrahedral intermediate
(zwitterionic pathway), or via a neutral tetrahedral intermediate (neutral pathway). Each pathway
was considered individually.

In the anionic pathway, deprotonation of the proline nitrogen of the zwitterionic
tetrahedral intermediate would generate an anionic tetrahedral intermediate (anionic on O,
neutral on N) that upon elimination would yield a neutral amide. The anionic tetrahedral
intermediate would be modestly uphill in energy from the zwitterionic tetrahedral intermediate,
requiring a proton transfer to generate a higher energy intermediate (based on typical ammonium
pK, values). We were unable to identify an energy-minimum structure for this putative anionic
tetrahedral intermediate: in all attempts, the molecule spontaneously eliminated the thiolate to

generate the amide bond, with no discernable activation barrier. Thus, we conclude that if



deprotonation of the proline nitrogen occurs from the zwitterion, the amide product will be
obtained via a highly favorable elimination reaction.

The zwitterionic tetrahedral intermediate can eliminate directly to generate an amide that
is protonated on the nitrogen. While that species, if generated, would be expected to be rapidly
deprotonated, the initial cationic elimination product was found to be uphill energetically from
the zwitterionic tetrahedral intermediate. In addition, the transition state for this reaction was
calculated to be significantly higher in energy than that for reversion of the zwitterionic
tetrahedral intermediate back to the S-acyl starting material.

Finally, the neutral tetrahedral intermediate (neutral on both O and N) was considered.
This intermediate would result from proton transfers on the zwitterion to the O and from the N.
While the neutral tetrahedral intermediate is more stable than the zwitterionic tetrahedral
intermediate, it is less stable than the cationic tetrahedral intermediate at pH 7, based on the
expected pK, values of the alcohol and the ammonium. The cationic tetrahedral intermediate is
also modestly more stable than the S-acyl starting material. However, elimination from the
cationic tetrahedral intermediate is energetically implausible, as it would result in an amide that
is cationic on both the nitrogen and the oxygen, which would be extremely unfavorable. In
contrast, elimination from the neutral tetrahedral intermediate would generate an amide that is
only protonated (cationic) on the carbonyl oxygen, which would convert to the final neutral
amide rapidly via proton transfer. This elimination reaction is modestly uphill (+2 kcal mol™
from the neutral tetrahedral intermediate, +7 kcal mol”' from the cationic tetrahedral
intermediate) prior to the proton transfer to generate the neutral amide.

Each of the three plausible elimination pathways had a calculated activation barrier that

was 15-16 kcal mol™ greater than the energy of the S-acyl starting material, which indicates that
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these reactions could occur rapidly at room temperature. These computational results thus
suggest that the S-acyl intermediate inherently should not significantly accumulate, in contrast to
experimental observations. So why, experimentally, was more S-acyl intermediate observed than
the lower-energy amide (N-acyl) final product?

The S—N acyl transfer is thermodynamically favorable, and can proceed with individual
barriers that should allow rapid reaction at room temperature. However, the calculations
suggested that the inherent kinetic problem in this reaction is the instability of the zwitterionic
tetrahedral intermediate: the reaction generating the zwitterion exhibits a very late transition
state, with a very small barrier of 1-3 kcal mol™ to revert from the zwitterion back to the S-acyl
starting material, with the exact barrier dependent on the computational methods employed. This
barrier is similar to or smaller than barriers for proton transfer, and is significantly less than the
barrier for elimination via any of the three plausible pathways. In addition, the reversion reaction
is unimolecular, while any proton transfer is bimolecular. Thus, the calculations suggest that the
key kinetic problem of S—N acyl transfer is the instability of the zwitterionic tetrahedral
intermediate, and its strong kinetic propensity to revert back to the S-acyl starting material due to
the very small barriers for that reversion reaction. This propensity for reversion would be
expected to be even greater with a more sterically demanding amino acid (e.g. Val) at the
thioester, which would be expected to have a higher energy of the zwitterionic tetrahedral
intermediate, and thus (by the Hammond postulate) have an even later transition state (i.e. an
even smaller barrier to reversion). These predictions are consistent with prior experimental data
indicating very low yields of mercaptoproline NCL at Val thioesters, and slow reactions even at

Ala thioesters.?**
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Based on these computational insights, we hypothesized that S—N acyl transfer might be
accelerated via general base and/or general acid catalysis. In a plausible general acid catalysis
mechanism (e.g. with imidazoleH"), the nucleophilic attack of the proline nitrogen would occur
concomitantly with proton transfer to the S-acyl carbonyl, and therefore generate the cationic
tetrahedral intermediate directly, bypassing the metastable zwitterionic tetrahedral intermediate.
In a plausible general base catalysis mechanism (e.g. with imidazole), the nucleophilic proline
nitrogen could be deprotonated simultaneously with nucleophilic attack on the carbonyl, thus
generating the anionic tetrahedral intermediate that spontaneously eliminates. Alternatively,
general base catalysis could reduce the barrier for elimination from either the neutral tetrahedral
intermediate or the zwitterionic tetrahedral intermediate, via oxygen or nitrogen deprotonation,
respectively, that is simultaneous with elimination, generating the neutral amide directly in a
highly thermodynamically favorable downhill reaction, and avoiding higher energy cationic
amide intermediates. In addition, mechanisms that combine general acid and general base
catalysis could be envisioned.

Finally, a general acid or general base catalyst could function solely to accelerate proton
transfer(s) from the zwitterionic tetrahedral intermediate, as was proposed by Barnett and Jencks
in the analogous reaction of S—N acyl transfer of S-acetylmercaptoethylamine.”” In that
reaction, the zwitterionic tetrahedral intermediate was metastable and prone to reversion to the
neutral (S-acetyl and neutral amine, AcS—CH,—~CH,—NH,) starting material. Proton transfers from
the zwitterionic tetrahedral intermediate to the neutral tetrahedral intermediate were proposed to
be the rate-limiting step, with rate acceleration promoted by general acid catalysis (or, for HCO;~
, a proposed dual general acid-general base catalysis that results in both proton transfers

occurring in a single step). Notably, Seitz and coworkers recently developed auxiliaries for NCL
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reactions in which a pyridyl base on the auxiliary accelerated S—N acyl transfer, consistent with
proton transfer from the zwitterionic tetrahedral intermediate also being the rate-determining step
in amide bond formation in that reaction.”

Optimized NCL reactions with 4R-mercaptoproline. Therefore, we examined the
possibility that general acid and/or general base catalysis could promote S—N acyl transfer, by
re-examining the NCL reaction as a function of buffer identity and buffer concentration. We
examined 0.2 M and/or 2 M concentrations of NaOAc/AcOH, Na,HPO,NaH,PO,,
imidazole/imidazoleH*, and NaCO;H/Na,CO, buffers (Figures S63—-S79). The most efficient
reaction conditions were in the presence of 2 M imidazole/imidazoleH" at pH 6.8 (i.e. near the
pK, of imidazolium) (Figure 6a-c), which resulted in the generation of the amide NCL product
with high conversion within a reasonable timeframe, with little accumulation of the S-acyl
intermediate. The lowest conversion to amide product was observed with the acetate buffer,
while the bicarbonate buffer exhibited modest conversion and more significant levels of thioester
hydrolysis. The observation of the conversion to amide depending on both the concentration of
the buffer and the identity of the buffer is consistent with a role for general acid and/or general
base catalysis in achieving high conversion to the amide product.

While imidazole at high concentrations (= 2.5 M) can accelerate cysteine NCL via the
formation of an N-acyl imidazole intermediate that is more reactive to thiolates than a

thioester,”””

this mechanism would be expected to increase the rate of formation of the
transthioesterification intermediate, but have no impact on the rate of S—AN acyl transfer. Indeed,

imidazole could potentially directly react with the transthioesterification intermediate (reverse

reaction), leading to an acyl imidazole intermediate that would not be able to undergo
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intramolecular S—N acyl transfer, resulting in slower S—N acyl transfer, which is inconsistent
with the experimental results.

Using this optimized approach, we also observed efficient NCL at Val thioesters (Figure
6d-g and Figure S49). At 4 h, both S-acyl (thioester) and N-acyl (amide) products were present,
along with unreacted starting material. At 24 h, high conversion was observed from the peptide
containing mercaptoproline into the N-acyl amide product, with little observed S-acyl thioester
intermediate. These results are in contrast to the very low yields of amide product observed by
Danishefsky using standard NCL conditions.* NCL reactions with 2 M imidazole were also
compatible with 6 M guanidinesHCI, which is commonly used for NCL reactions in order to
solubilize protein fragments and assure accessibility of their thioester and aminothiol functional
groups (Figures S77-S78). Combined with the computational results, these data suggest that the
propensity of the zwitterionic tetrahedral intermediate to revert to the S-acyl starting material is
the key limiting step in S—N acyl transfer for proline NCL. These computational insights and
experimental results should be transferable to other applications of NCL at proline, broadening
its use in chemical protein synthesis and protein semi-synthesis.

We sought to assess the generality of this approach for the synthesis of longer peptides
with 4R-mercaptoproline and their application to NCL. Hyperphosphorylation in the tau proline-
rich domain is associated with structural changes in peptides and proteins and with increased tau
aggregation and neurodegeneration in Alzheimer's disease and in animal models thereof.** In
contrast, O-GlcNAcylation of tau is associated with protection against aggregation.’** Thus, the
tau proline-rich domain makes it an attractive target for NCL reactions to understand the code of
effects of tau post-translational modifications on structure and function.”””" The proline rich-

domain of tau lacks a cysteine residue, and has only one alanine residue, near its C-terminus, and
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thus lacks ideal sites for NCL with Cys. Proline residues represent the most attractive sites for
NCL reactions here. Toward the goal of understanding the PTM code in the tau proline-rich
domain, we synthesized two fragments of the tau proline-rich domain, tau,,s,,,—SBn and tau,,;
,35- The N-terminal residue Pro,,, residue of tau,,;,;; was incorporated as Boc-Hyp. This peptide
was subjected to solid-phase Appel reaction, and that product was subjected to solid-phase S\2
reaction with KSAc in the presence of 18-crown-6 (Figures S85-S87). HPLC analysis indicated
that both of these reactions proceeded with high conversion to product. The product peptide with
an N-terminal 4R-mercaptoproline was then subjected to the optimized NCL reaction conditions
with tau,ys ,,,~SBn, generating the product in good conversion in 3 hours (Figure 7).7*"" These
results confirm that the solid-phase proline editing protocol is compatible with larger peptides,
and that the optimized mercaptoproline NCL reaction conditions with 2 M imidazole are
applicable to the synthesis of larger peptides.

Computational and experimental analysis of NCL reactions with 4R-selenoproline We
also investigated the pathways for NCL of selenoproline, using similar computational approaches
(Figure 8). Here, we found that the zwitterionic tetrahedral intermediate was substantially more
stable than that of mercaptoproline, presumably due to the longer C—Se bonds (compared to C—S
bonds) reducing ring strain in the bicyclic tetrahedral intermediate. In this case, the barrier for
formation of the zwitterionic tetrahedral intermediate was found to be quite modest, suggesting
the Se—N acyl transfer should occur more readily than that for S—N acyl transfer. While the
barrier for reversion was also small for the selenopeptide zwitterionic tetrahedral intermediate,
the overall energetics via the reaction intermediates were also substantially more favorable,
consistent with Payne's success in selenoproline NCL in divergent applications, including the

synthesis of Pro-Pro junctions using selenoester-diselenide ligation.”
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The primary challenges of selenoproline NCL using standard conditions with thioesters
or added thiols are (1) the greater stability of thioesters compared to selenoesters, which reduces
the rate of formation of and the stability of selenoesters prepared via thioesters; and (2) the
significantly greater sensitivity of selenols to oxidation compared to thiols. Thus, standard

approaches of NCL using excess thiol additives™”

, In conditions where reduction of diselenide
is particularly important, present a potentially significant kinetic liability for selenoproline NCL,
via the promotion of more stable thioesters over less stable selenoesters. Indeed, we observed
low rates of NCL product formation in reactions using high concentrations of MPAA or other
thiols that are commonly added in order to keep the selenol in the reduced state (Figure S20).""®
We identified optimized conditions (Figure 9) for selenoproline NCL (1) using TCEP in the
presence of ascorbate in order to reduce diselenides to selenols (with ascorbate present to prevent
deselenization)®; (2) avoiding added thiols; and (3) using thiophenol-derived thioesters, in place
of typical benzyl thioesters, which are more stable than the thiophenolates and thus result in less
efficient conversion of thioesters into selenoesters.””® The reactions were also conducted at pH
6.5, in order to slow hydrolysis of the phenyl thioester while maintaining the selenoate in an
anionic form (to promote selenoester formation) and maintaining a sufficient fraction of the
proline amine in the neutral form (to promote Se—N acyl transfer).*'** Using these optimized
conditions, selenoproline NCL proceeded efficiently and in high yield, generating a mixture of
selenol and diselenide products.

Mercaptoproline and selenoproline within peptides are directly useful in the synthesis of
peptides with constrained cyclic structures, via amide cyclization, via disulfides or diselenides,
or via alkylation of these products, for either modification or cyclization.””* Because of the

structural utility of these amino acids, we used DFT calculations to examine their conformational
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preferences, in both the neutral (thiol or selenol) and anionic (thiolate or selenoate) ionization
states (Figures 10 and 11). Previous work has demonstrated that thiols and selenols exhibit only a
modest stereoelectronic effect in 4-substituted prolines, with the steric effect of the larger
chalcogens counterbalancing their weaker stereoelectronic preference.”*’ Using models of Ac-
4R-mercaptoproline-NHMe and Ac-4R-selenoproline-NHMe, we observed that these amino
acids exhibit only a slight preference for the proline exo ring pucker, in contrast to the strong exo
ring pucker preference of 4R-hydroxyproline or 4R-fluoroproline,”* consistent with prior
experimental and computational results indicating minimal exo/endo preference for 4R-
mercaptoproline.*’ The structures with sulfur or selenium and an exo ring pucker also exhibited
more extended values of ¢and weaker intercarbonyl n—m* interactions than those in
hydroxyprolines. In the anionic ionization states, the steric preferences for an endo ring pucker
modestly predominated for both mercaptoproline and selenoproline, although in both ionization
states there was relatively little exo/endo preference. The selenoproline also exhibited an only
modest frans/cis amide preference in these calculations. These results suggest that
mercaptoproline and selenoproline should both be applicable in diverse structural contexts in
peptides and proteins due to their modest conformational preferences.

Determination that synthesis and NCL of peptides with 4R-mercaptoproline and 4R-
selenoproline proceeded stereospecifically. Finally, in order to confirm that the syntheses of
these amino acids on solid phase proceeded stereospecifically, and without epimerization at
proline Ha, the products of NCL reactions with model peptides were subjected to desulfurization
or deselenization using standard conditions, in order to generate peptides with native proline
residues at the amide bond junction. The desulfurization and deselenization products were then

compared, by HPLC co-injection (Figure 12) and by comparison of the NMR spectra (Figure 13;
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superposition of TOCSY spectra: Figures S35-S38, S45-S48), with the equivalent peptide
synthesized directly by solid-phase peptide synthesis. These data indicate that the peptide
products obtained via NCL plus desulfurization/deselenization to generate proline or via direct
synthesis with proline were identical. These results suggest that the N-terminal proline editing
approach is a practical, alternative approach to the synthesis of peptides with N-terminal 4R-

mercaptoproline or 4R-selenoproline for application in proline NCL.

Conclusion

The results herein substantially expand the scope and potential applications of proline
NCL. First, we developed practical methods for the solid-phase synthesis of peptides with an N-
terminal 4R-mercaptoproline or 4R-selenoproline. These peptides were synthesized using
inexpensive Boc-4R-hydroxyproline-OH as a starting material, with all reactions conducted via
solid-phase modification chemistry (N-terminal proline editing), eliminating the need for
purification and isolation of the intermediates in the synthesis of these amino acids. The only
purification step required in this method is standard purification of the final peptide. Similar
methods should be applicable to synthesize peptides with C-terminal 4S-mercaptoproline, which

greatly accelerates NCL at proline thioesters,”**

as well as peptides with internal 4R- and 4S-
mercaptoproline and selenoproline. These approaches should broaden the scope of applications
of these amino acids, and in particular should encourage exploratory applications of proline
NCL.

In addition, we conducted detailed computational analysis of plausible mechanistic

pathways in NCL with 4R-mercaptoproline, in order to determine the basis for slow S—N acyl

transfer observed previously and herein. We identified that the primary limitation of the S—=N
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acyl transfer reaction is not the inherent barriers for the reaction, nor the energies of the
intermediates, but is instead the kinetic instability of the initially generated zwitterionic
tetrahedral intermediate, which is highly prone to reversion to the S-acyl intermediate that is
experimentally observed as a major product of the NCL reaction. Based on the computational
analysis of mechanistic pathways, we identified that a high concentration of a buffer
(imidazoleH"/imidazole) capable of functioning as a general acid and/or a general base catalyst
greatly accelerates S—N acyl transfer, generating the final NCL product with an amide bond in
high chemical yield, with no S-acyl intermediate observed at the end of the reaction. These
results, by identifying the key limiting step in achieving high yield, greatly expand the scope of
NCL using 4R-mercaptoproline, including reactions at more sterically hindered thioesters, and
should be broadly applicable in improving yields in complex applications of NCL and EPL using

mercaptoproline.

Experimental

Peptide synthesis. Peptides were synthesized by standard Fmoc solid-phase peptide
synthesis. All peptides were synthesized on Rink amide resin, except for peptides containing a C-
terminal hydrazide. These peptides, precursors to peptides with C-terminal thioesters, were
synthesized on 2-chlorotrityl chloride resin that was treated with 5% hydrazine in DMF for 45
minutes twice prior to peptide synthesis. Peptides containing C-terminal hydrazides were
acetylated at the N-terminus. All peptides were subjected to cleavage from the resin,
deprotection, and purification by standard methods.

The purified peptides containing C-terminal hydrazides were subjected to oxidation of

the hydrazide in solution phase using 0.45 mM NaNO, in 100 mM phosphate buffer pH 3 at 0 °C
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for 15 minutes, after which excess benzyl mercaptan or thiophenol was added (depending on the
identity of the desired thioester).*” The pH of the solution was then increased to 6.5-7.0, and the
peptides were allowed to react for 3 hours before purification.

Modification of N-terminal proline residues in peptides was conducted on solid phase,
with Boc-4R-hydroxyproline (Hyp) as the N-terminal residue. For synthesis of both 4R-
mercaptoproline and 4R-selenoproline, the N-terminal Boc-Hyp (10 mg of resin, 27 pumol of
peptide on resin) was first converted to the 4S-bromoproline via an Appel reaction on solid
phase, conducted as a reaction with 1 mmol carbon tetrabromide (CBr,), 1 mmol
triphenylphosphine (Ph,;P), and (optionally) 1 mmol DIAD in 2 mL THF for 24 hours, with the
reaction allowed to proceed twice, replenishing reagents between reactions. CBr, and Ph;P were
dried by vacuum for at least 12 hours immediately prior to the reactions. In model peptides, the
Appel reaction proceeded in similar yields with or without DIAD (Figure S7-S8). In larger
peptides, higher yields were observed conducting the reaction without DIAD (Figure S78, S85).

Within peptides, N-terminal 4R-mercaptoproline was synthesized from 4S-bromoproline
on solid phase by allowing the peptide on resin (10 mg of resin, 27 pmol) to react with potassium
thioacetate (0.1 mmol) and 18-crown-6 (0.1 mmol) in anhydrous DMF. The peptide was then
subjected to thiolysis on solid phase using 2-aminoethanethiol (0.3 mmol), thiophenol (0.3
mmol), and sodium borohydride (0.3 mmol) in 3 mL MeOH for 90 minutes, with the thiolysis
reaction conducted twice, replenishing reagents between reactions.

Within peptides, N-terminal 4R-selenoproline was synthesized from 4S-bromoproline on
solid phase by first synthesizing selenobenzoic acid in situ, by allowing Woollins’ reagent (0.82
mmol) to react with benzoic acid (2.45 mmol) in 1 mL toluene at reflux for 2 hours under N,

gas.”* The solution was then allowed to cool to 50 °C, the resin containing the peptide with N-
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terminal Boc-4S-bromoproline (100 mg of resin, 270 pmol), DIPEA (500 pL, 2.85 mmol), and 1
mL anhydrous DMF were added, and the reaction was allowed to proceed for 6 hours. The N-
terminal 4R-selenoproline was then protected as the benzyl selenosulfide by allowing the peptide
on resin to react with benzyl mercaptan (170 wmol) and lithium hydroxide (5.85 mmol) in 3 mL
anhydrous THF for 3 hours.

Details of synthetic procedures, purification, and characterization for all peptides are in
the Supporting Information.

Computational chemistry. Calculations were conducted with Gaussian 09.* Geometry
optimization was conducted using initial structures developed previously®’ that were modified in
silico. Geometry optimization was conducted iteratively, with final geometry optimization
conducted using the M06-2X DFT functional and the Def2TZVP basis set in implicit water
(IEFPCM method).*** For 4R-mercaptoproline (Ac-ProSH-NHMe) and 4R-selenoproline (Ac-
ProSeH-NHMe), geometry optimization was conducted as a function of proline amide rotamer
(trans versus cis), proline ring pucker (exo versus endo), region of the Ramachandran plot (PPII
versus or/d), and side chain ionization state (neutral thiol/selenol versus thiolate/selenoate). The
energies of each combination of conformation and ionization state were determined using the
MP2 method and the Def2TZVP basis set in implicit water IEFPCM method).”

In order to understand the mechanisms of S—N acyl transfer and Se—N acyl transfer, a
series of structures derived from H-ProSAc-NHMe and H-ProSeAc-NHMe was developed via
iterative geometry optimization calculations, with final geometry optimization via the M06-2X
method and the Def2TZVP basis set in implicit water (IEFPCM). For mercaptoproline, structures
were developed both with (R) stereochemistry at the carbonyl-derived carbon of the tetrahedral

intermediate (which results in a frans amide bond after elimination), and with (S)
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stereochemistry at the carbonyl-derived carbon of the tetrahedral intermediate (which results in a
cis amide bond after elimination), in order to examine the pathways from stereoisomeric
intermediates resulting from attack of the proline nitrogen lone pair on both the re and si faces of
the thioacetate carbonyl. Transition states were identified using initial scans of C-N and/or C-S
bond length in addition to the carbonyl or elimination from the tetrahedral intermediates, in order
to locate structures near the transition state (structures with energy local maxima and minimal
errors). These initial geometries were then subjected to transition state optimization within
Gaussian09.

All final local energy minimum structures generated using the M06-2X method and the
Def2TZVP basis set were analyzed by frequency calculations, using the same combination of
method, basis set, and solvent used in the original geometry optimization calculations. All local
energy minima exhibited no negative (imaginary) frequencies unless otherwise indicated. In all
cases, the analysis of the one imaginary frequency in transition states was consistent with these
structures being transition states of the relevant reaction.

In order to more thoroughly investigate all intermediates and all key transition states in
the pathways, the mercaptoproline structures were then selectively subjected to further geometry
optimization calculations using different combinations of DFT functionals (M06-2X, M11, and
wB97-xD), basis sets (Def2TZVP and 6-311++G(d,p)), and water solvation models (IEFPCM
and SMD).””* In addition, geometry optimization calculations were conducted on energy
minima with the MP2 method and the Def2TZVP basis set and either the IEFPCM or SMD
solvation model. Further details and analysis are in the Supporting Information.

Optimized NCL reactions. Peptides containing N-terminal 4R-mercaptoproline (1.5-2.0

mM) and peptides containing a C-terminal thioester (1.5-2.0 mM) were allowed to incubate at
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23 °C in 30 pL of a solution containing 2 M imidazole and 20 mM TCEP at pH 6.8, which had
been degassed by the freeze-pump-thaw method immediately prior to use. The headspace of the
tube was replaced with N, gas, and the tube was sealed with PTFE tape. Aliquots of the solution
were removed and monitored via HPLC in order to monitor reaction progress. Details are in the
Supporting Information.

Desulfurization and deselenization. Desulfurization was conducted by allowing the
purified ligation product peptide containing mercaptoproline to react with sodium borohydride
(1.3 M) and nickel(II) chloride hexahydrate (9 mM) in 20 pL. of 100 mM phosphate buffer pH
7.2 for 20 minutes at O °C in a microcentrifuge tube. The solution was allowed to vent by
piercing a needle through the top of the tube. The reaction was quenched by adding 500 pL of
100 mM phosphate buffer pH 7.2 containing EDTA (10 mM final concentration) and allowing
the resultant solution to incubate for 30 minutes at 37 °C, followed by peptide purification and
analysis.

Deselenization was conducted by allowing the purified selenoproline ligation product
peptide to dissolve in 100 mM phosphate buffer pH 5 containing 250 mM TCEP, which was
degassed by the freeze-pump-thaw method immediately prior to use. The headspace of the
microcentrifuge tube containing the reaction was replaced with N, gas, the tube was sealed with
PTFE tape, and the solution was allowed to incubate at 37 °C for 12 hours, followed by peptide

purification and analysis.

Supporting Information Available

Details of peptide synthesis, purification, and characterization, NMR spectra comparing

peptides synthesized by NCL to peptides prepared via direct chemical synthesis; additional
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details of calculations, including an analysis of energetics of NCL reactions as a function of DFT
functional, basis set, and solvation model, as well as coordinates of geometry-optimized
structures; and a comparison of NCL reactions as a function of buffer identity and buffer

concentration. This material is available free of charge via the journal web site.
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Figures

thioester exchange S—~ N acyl transfer
a O) S

4R-mercaptoproline 4R-selenoproline

Figure 1. (a) General mechanism of native chemical ligation (NCL) via cysteine. (b) 4R-
Mercaptoproline and 4R-selenoproline can be used in native chemical ligation of peptides. These
proline derivatives can be readily desulfurized or deselenized, respectively, to result in a native
proline within the product peptide. 4S-Substituted proline derivatives do not proceed beyond
thioester exchange due to their preference for the endo ring pucker, which hinders nucleophilic
attack by the amine on the S-acyl carbonyl to effect S—N acyl transfer.
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Figure 2. Solution-phase synthesis of 4-substituted proline derivatives previously described for
use in NCL. (a) The published solution-phase syntheses of Boc-4R-mercaptoproline (25%
overall yield)” and (b) Boc-4R-selenoproline (26% overall yield)”. Both syntheses require
several purification steps to prepare the protected amino acid for solid-phase peptide synthesis.
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Figure 3. Synthesis of 4R-substituted proline derivatives on solid phase starting from Boc-4R-
hydroxyproline (X) on the N-terminus of the model peptide XRAFS-NH,. (a) Reaction scheme
and (b) crude analytical HPLC chromatograms of the starting material and products of each step
of the solid-phase synthesis of 4R-mercaptoproline, with each product shown following cleavage
from resin and deprotection (90% TFA/5% H,0/5% TIS, 4 h). The chromatogram for the 45-
bromoproline intermediate exhibits additional side products due to elimination or substitution
during cleavage from the resin and deprotection, as a result of the relative instability of the alkyl
bromide during these reactions.*” The solid-phase Appel reaction can also be conducted without
DIAD (Figure S8). (c) Reaction scheme and (d) crude analytical HPLC chromatograms of the
products of the solid-phase synthesis of 4R-selenoproline benzyl selenosulfide following
cleavage from resin and deprotection (90% TFA/5% H,0/5% TIS, 4 h). Chromatography for
each peptide was conducted using a linear gradient of 0-30% buffer B (20% H,O, 80% MeCN,
0.05% TFA) in buffer A (98% H,0, 2% MeCN, 0.06% TFA) over 60 minutes on an analytical
C18 column.
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Figure 4. Native chemical ligation (a) scheme and (b-d) crude HPLC chromatograms for the
ligation reaction between the peptides (4R-mercaptoproline)-RAFS and Ac-LYRAA-SBn, with
the reaction products shown after (b) 1 minute, (c) 3 hours, and (d) 6 hours in 100 mM phosphate
buffer pH 7.2. Chromatography was conducted using a linear gradient of 0-60% buffer B in
buffer A over 60 minutes on an analytical C18 column. After 3 hours, the major ligation product
remained stalled as the S-acyl intermediate. The identity of the unrearranged thioester
intermediate was verified by the addition of excess benzyl mercaptan to the isolated peak, which
resulted in reversion to the original component peptides. Similar results were obtained with
phenyl thioesters, and at different values of pH, with the proline S-acyl intermediate predominant
over the desired amide product.
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Figure 5. (a) Computational investigation of the mechanism of S—N acyl transfer for 4R-
mercaptoproline. (b) Energy diagrams of the key intermediates and transition states in the
proposed mechanism. Blue (overall neutral) and magenta (overall —1 or overall +1 charge)
energies are colored corresponding to states whose calculated energies are directly comparable.
For species that have an overall charge, energies are estimated based on expected populations at
pH 7 compared to species that are overall neutral, based on typical pK, values of the relevant
functional groups. Numbers in red indicate transition state energies. The bracketed anionic
tetrahedral intermediate structure is not a stable species computationally, and spontaneously
generates the N-acyl product during geometry optimization, indicating at most a minimal barrier
to elimination upon deprotonation of the zwitterion. S—N acyl transfer can proceed via
nucleophilic attack on either the re or the si face of the carbonyl; thus, either an (R) or (S)
stereoisomer may be present at the carbon derived from the acyl carbonyl. The (R) stereoisomers
shown in tetrahedral intermediates herein exhibit lower energies and result in a ftrans amide bond
upon elimination, while the (S) stereoisomers result in a cis amide bond. The structures for the
(8)-acyl-derived stereoisomeric pathway and a summary of all calculated energies are in Figure
S55 and Table S2. Geometry optimization was conducted using multiple combinations of DFT
functionals, basis sets, and solvation models, in order to obtain the most accurate approximation
of energies of species and energy barriers between intermediates (see Table S3 for a summary).
Geometry-optimized structures and energies shown in this Figure were obtained using the wB97-
xD functional and the 6-311++G(d,p) basis set with the SMD water solvation model.

29



Hs,, 0 Ac—LYRAA

N
WRAFS~NH2 2 M imidazole, pH 6.8 AcLYRAA/(%O'/RAFSNHz

20 mM TCEP, 23 °C
imidazole

b [ PhOH
internal standard

a is© st

)Ok 1 min
o QHJ(RAFSNHZ Ac-LYRAA ilin
N
) \,J
— | S VR
c o 2h
° \ EP—%mwsr\u-az
- \ Ac-LYRAA
o~
Ve
< \ } }'& Ac-LYRAA-OH \
,T T \L\.Jx__ ,‘J e A
|
0.0 10 20 30 40 50 60
t, min
d
HS.. E}40 Ac—LYRAVAS/\© (j)/
FAFS e Simismse 370 re-Lymay. ARSI
imidazole .
e | < o o F 1 min
- \ PhOH Qﬁ’“” S-NH, Az:-wa/L SBn ‘
< |internal standard | L N
< \ ] | “
E \ | \ \
\\J\,\v\N J\;ﬁ U |
£
f \ 4h
| 0,
| S,
2 \ AcLvRaV o ’\
< | “ |
\\ I\ [“\\ Ac-LVR\AV-OH H\ RAFSNH, |
\ |
o WA | U |
g ‘\ S, v 24h
o \‘ N RAFSNH,
s ‘\ | | Ac-LYRAV
< \\ “ h\ F |
‘ | | |
I N W T
0 10 20 30 40 50 60
t, min

Figure 6. Native chemical ligation (a) scheme and (b, ¢) crude HPLC chromatograms for the
ligation reaction between the peptides (4R-mercaptoproline)-RAFS and Ac-LYRAA-SBn, with
the reaction analyzed (b) within 1 minute of sample preparation and (c) after 2 hours in the
optimized reaction conditions. Native chemical ligation (d) scheme and (e-g) crude HPLC
chromatograms for the ligation reaction between the peptides (4R-mercaptoproline)-RAFS and
Ac-LYRAV-SBn, with the reaction analyzed (e) within 1 minute of sample preparation, (f) after
4 hours, and (g) after 24 hours in the optimized reaction conditions. At 4 hours, similar quantities
of S-acyl (thioester) intermediate and N-acyl (amide) product are observed, while at 24 hours
there is minimal S-acyl product present. Analysis of additional timepoints between 4 and 24
hours is in the Supporting Information (Figure S49). The longer reaction time for Val thioesters
also resulted in greater hydrolysis of the thioester. Chromatography was conducted using a linear
gradient of 0-60% buffer B in buffer A over 60 minutes on an analytical C18 column.
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Figure 7. Native chemical ligation (a) scheme and (b, ¢) crude HPLC chromatograms for the
ligation reaction between the peptides tau,,; 35 (containing N-terminal 4R-mercaptoproline) and
tau,s.,,,(T212S), with the reaction analyzed (b) within 1 minute of sample preparation and (c)
after 3 hours. Chromatography was conducted using a linear gradient of 0-60% buffer B in buffer
A over 60 minutes on an analytical C18 column. Broadening of the peaks corresponding to the
tau, .55 and tau,qs 55 peptides occurs as a result of these sequences containing multiple proline
residues, with peak broadening and multiple peaks observed due to heterogeneous proline cis-
trans isomerism.”"*7
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Figure 8. Computational investigation of the possible mechanisms of Se—N acyl transfer for 4R-
selenoproline. Blue (overall neutral) and magenta (overall —1 or overall +1 charge) energies are
colored corresponding to states whose calculated energies are directly comparable, with energies
of charged species estimated at pH 7 relative to neutral intermediates, using typical pK, values of
the relevant groups. Numbers in red indicate transition state energies. The bracketed anionic
tetrahedral intermediate structure is not a stable species computationally, and spontaneously
generates the N-acyl product during geometry optimization. Se—N acyl transfer can proceed via
nucleophilic attack on either the re or the si face of the carbonyl; thus, in the tetrahedral
intermediates, either an (R) or (S) stereoisomer may be present at the carbon derived from the
acyl carbonyl. The (R) stereoisomers shown exhibit lower energies and result in a trans amide
bond upon elimination, while the (S) stereoisomers generate a cis amide bond. The structures for
the (§)-acyl-derived stereoisomeric pathway and all calculated energies are in Figure S60 and
Table S4. Geometry optimization calculations were conducted using the M06-2X DFT functional
and Def2TZVP basis set in implicit water (IEFPCM method). Energies of all structures were
determined using the MP2 method and the Def2TZVP basis set in implicit water (IEFPCM
method).
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Figure 9. Native chemical ligation (a) scheme and (b, ¢) crude HPLC chromatograms for the
ligation reaction between the peptides (4R-selenoproline)-RAFS and Ac-LYRAA-SPh, with the
reaction analyzed at (b) initial sample preparation (< 1 min), and (c) after 3 hours.
Chromatography was conducted using a linear gradient of 0-60% buffer B in buffer A over 60
minutes on a C18 analytical column. The peaks at 41 minutes and 49 minutes represent selenol
monomer and diselenide dimer of the ligation product, respectively, as confirmed by mass
spectrometry and co-injection.
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Figure 10. Summary of the conformational preferences of 4R-mercaptoproline as a function of
thiol ionization state, as determined by computational investigations. Conformations with cis-
proline were also examined, and are reported in the Supporting Information (Figure S51). The
thiol (left) form of 4R-mercaptoproline very modestly prefers an exo ring pucker, while the
thiolate (right) slightly prefers an endo ring pucker. Boxes indicate the conformations with the
lowest relative energies for each ionization state. Torsion angles indicated are for ¢ and ),
respectively. Red dashed lines indicate measured intercarbonyl distances (d, O,**C,,,), with
distances substantially below the sum of the van der Waals radii of oxygen and carbon (3.22 A)
indicating an n—7t interaction. Geometry optimization calculations were conducted using the
MO06-2X DFT functional and Def2TZVP basis set in implicit water (IEFPCM method). Energies
(in kcal mol") were determined using the MP2 method and the Def2TZVP basis set in implicit
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Figure 11. Summary of the conformational preferences of 4R-selenoproline as a function of
selenol ionization state, as determined by computational investigations. Conformations with cis-
proline were also examined, and are reported in the Supporting Information (Figure S53). The
selenol (left) form of 4R-selenoproline very modestly prefers an exo ring pucker, while the
selenoate (right) slightly prefers an endo ring pucker. Boxes indicate the conformations with the
lowest relative energies for each ionization state. Torsion angles indicated are for ¢ and v,
respectively. Red dashed lines indicate measured intercarbonyl distances (d, O,**C,,,), with
distances substantially below the sum of the van der Waals radii of oxygen and carbon (3.22 A)
indicating an n—7 interaction. Final geometry optimization calculations were conducted using
the M06-2X DFT functional and Def2TZVP basis set in implicit water IEFPCM method). Final
energies were determined using the MP2 method and the Def2TZVP basis set in implicit water
(IEFPCM method).
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Figure 12. Desulfurization and deselenization of ligation products. HPLC chromatograms of the
product of ligation prior to and following (a) desulfurization, as well as prior to and following (b)
deselenization. For both reactions, the major peaks at 43 minutes were identified as the
dechalcogenated product. A side product of the deselenization reaction was identified as Ac-
LYRAA-Hyp-RAFS-NH, (Figures S25-S26), which results from residual oxygen within the
solution.*” A co-injection of the desulfurized or deselenized peptide with the directly synthesized
peptide Ac-LYRAAPRAFS-NH, (bottom panels) was also conducted to confirm that each
product is identical to the native peptide. Chromatography was conducted on an analytical C18
column using a linear gradient of 0-50% buffer B in buffer A over 60 minutes.
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Figure 13. Amide-aromatic regions of the 'H NMR spectra of the (a) mercaptoproline ligation
product and (b) selenoproline ligation product, in comparison with the desulfurized and
deselenized products, respectively, and the directly synthesized peptide Ac-LYRAAPRAFS-NH,
in 90% H,0/10% D,0O with 5 mM phosphate buffer pH 4, 25 mM NaCl, 0.1 mM TCEP, and 0.1
mM TSP. Additional comparisons, including superpositions of the TOCSY spectra of the
desulfurized or deselenized product and the directly synthesized product, are in the Supporting
Information (Figures S29-S38 and Figures S41-48).
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