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Abstract

Thioamides have structural and chemical similarity to peptide bonds, and therefore
offer valuable insights when probing peptide backbone interactions, including hydrogen
bonding, stereoelectronic, and hydrophobicity effects. There is a perception that meth-
ods to install thioamides within peptides are sufficient, yet anecdotal reports indicate
that many labs have sought to employ thioamides in a variety of studies but the results
of many synthetic campaigns do not yield the intended products, leading researchers to
abandon such projects and any information these structural probes would provide. We
catalogue and provide evidence for the major pitfalls associated with current methods
to synthesize thioamide-containing peptides during each stage of solid-phase peptide
synthesis (SPPS), including (A) thioamide coupling, (B) peptide elongation, and (C)
peptide cleavage from resin. We then demonstrate the utility of thioimidate protecting
groups as a means to side-step each of these problematic synthetic difficulties. Our
approach is generally applicable to all peptides and ultimately permits access to an
important benchmark a-helical peptide that had previously eluded synthesis and iso-

lation. With the process of thionopeptide synthesis demystified, a broader range of
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researchers should find it easier to employ thioamides in the study of peptide-based

biomolecules.

Introduction

The prevalence of post-translational modification in natural protein synthesis suggests that
expanding beyond the suite of functional groups found in the 20 canonical amino acids
can impart specialized utility to peptide-based biomolecules. In particular, recently identi-
fied biosynthetic pathways that install thioamides in place of traditional oxoamides along
the main-chain of peptides suggest an evolutionary benefit to the specific properties of
thioamides.®

Thioamides have become intriguing probes of hydrogen-bonding, 2 hydrophobicity, 314

and stereoelectronic effects!® 20

along the peptide backbone. Thioamides can also serve
as quenchers of fluorescent dyes in experiments designed to study peptide conformation
and proteolysis.?'2? Additionally, they can serve as reactive sites for further chemistry in
peptide-based substrates.33% Such examples create a perception that current methods to
incorporate thioamides into peptides are sufficient. However, anecdotal reports indicate that
many labs have sought to employ thioamides in a variety of peptide studies, but the results of
many synthetic campaigns do not yield the intended peptide products, leading researchers to
ultimately abandon such projects and any information these structural probes would provide
regarding structure and function.

The stability of thioamides during the process of solid-phase peptide synthesis (SPPS)
and subsequent cleavage from the solid-support is both sequence and position dependent.?6
A literature survey of previously synthesized thionopeptides illuminates the limitations and
concerns described above (Figure 1). Examining the two residues (n and n+1) between

which thioamides have been inserted reveals that only a few residues have been extensively

investigated (Figure 1A). For example, valine frequently brackets the thioamide linkage,
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regardless of whether the natural sequence contains valine at the specified position or not.3¢

This observation suggests that the large, S-branched side chain of valine may confer beneficial
effects to minimize troublesome side reactivity associated with thionopeptides during SPPS.
Alternatively, the majority of reported thionopeptide sequences incorporate the thioamide
close to the N-terminus (Figure 1B), near the end of the synthetic procedure where exposure

to SPPS reagents is minimized.
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Figure 1: Data extracted from published thionopeptide sequences (as of Sep 2023): (A)
A heat map showing the frequency of occurrence of a thioamide between two amino acids
within the sequence. (B) Location of the thioamide along the backbone indicating most
thioamides are placed very close to the N-terminus, near the end of the peptide synthesis
campaign. (Data, sequence analysis, and references can be found in the SI).

Collectively, the literature surveys (Figure 1) indicated that thioamides are not a 'plug-
and-play’ peptide modification. This limitation restricts the sequence space for which thioamides
can be used to probe structure and function. Thus, new and/or general synthetic strategies
to arrive at thionopeptides are necessary to make thioamide modifications more accessible
to the wider community of peptide scientists who may not be experts in the idiosyncrasies
of thionopeptides.

Previously, we developed a strategy to circumvent the instability of thioamides dur-
ing the Fmoc deprotection stage of SPPS (Scheme 1), enabling wider implementation of
thioamides in more diverse sequence space.®”3® The weaker C=S bond means that the a-

CH of the residue bearing the thioamide is more acidic relative to the traditional oxoamide
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(due to the lower energy m*c_g orbital).3” This increased acidity leads to deprotonation of
the chiral a-CH position and subsequent loss of stereochemical integrity under the basic
conditions of peptide elongation. The problem is particularly acute during treatment with

the stronger piperidine base necessary to remove the Fmoc protecting group from the N-

37—

terminus in preparation for coupling of the next amino acid in the sequence.3"*° Previous

strategies to address these issues centered around lower concentrations of base and abbrevi-
ated deprotection times. >4 The drawback of such approaches is the risk of incomplete Fmoc
deprotection, leading to amino acid deletions upon subsequent coupling cycles. For these

reasons, we developed an alternative strategy that sought to directly address the acidity of

the a-position. 3738
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Scheme 1: Reversible Protection of Thioamide Residue Stereochemistry with Thioimidate3”

Based on frontier orbital analysis, we identified the likely mechanism of epimerization
of the thioamide and introduced the thioimidate as a potent and reversible strategy to
protect the a-CH stereochemistry by raising the pK, of the a proton.?”3® This approach
was easily implemented within the standard SPPS work flow to encourage use in other labs
as it is analogous to the protection of the functional groups of amino-acid side chains. As an
example, the thioimidate protection-deprotection strategy in Scheme 1 was used to synthesize
the stereochemically pure peptide AAKAFSAKFG, where significant epimerization (22%)
was observed if the thioamide was left unprotected.

In addition to issues with the loss of stereochemical integrity during peptide elongation

described above, thioamides pose problems during other stages of SPPS. This study identi-

4
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Scheme 2: Overview of thioamide problems at each stage of SPPS

fies the potential issues of thioamides at each stage of SPPS: (A) thioamide coupling, (B)
peptide elongation, (C) peptide cleavage from resin (Scheme 2), and outlines strategies to
circumvent deleterious side reactivity. Ultimately, this study demonstrates best practices
for implementing thioimidates as reversible protecting groups to permit thioamides to be
installed into peptides that have eluded synthesis. We show how thioimidates are a general
strategy to assist fragile thioamides through the demanding conditions of peptide synthesis

and provide general access to these important peptide bond isosteres.

Results and Discussion

A. Coupling of thioamide residue to solid support.

The installation of thioamides into peptides during SPPS is most typically achieved using
activated thioacylation reagents derived from commercially-available Fmoc amino acids. 4144

The 4-nitrobenzotriazole reagents (1) were originally developed by Rapaport and cowork-
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ers,? and later refined by Chatterjee and coworkers. “¢ While These reagents allow thioamides
to be added to the growing N-terminus of the resin-bound peptide, they are not without
problems. The reagent is generated through an oxidation and used without purification in
the coupling. The thioamide coupling step is not always quantitative, requiring Ac,O cap-
ping in all cases to truncate unreacted chains. Additionally, inclusion of significant quantities
of oxoamide can occur at these sites despite pure thioacyl reagent.!*3° Thus, a more robust
reagent that can be activated with conventional coupling agents (i.e. HATU, DIC, etc.)
would improve the fidelity of thioamide insertion during SPPS.

3738 outlined a pro-

Our initial report of thioimidate protection of thioamides in peptides
cedure by which the thioamide was introduced into the peptide on solid phase using thioacyl
reagents such as 1. A lengthy alkylation step to convert the thioamide into the thioimi-
date then followed (protection reaction described in Scheme 1 and Scheme 3b bottom). A
beneficial and more efficient alternative would be to couple the thioimidate into the peptide
directly, ideally without introducing more steps or special considerations compared to exist-
ing methods. We settled on the synthesis and coupling of thioimidate dipeptides (Scheme
3a) with several notable features: (1) Synthesis and coupling of the dipeptide to resin re-
quires the same number of steps (Scheme 3b top) to reach the final on-resin thioimidate as
the thioacyl route (Scheme 3b bottom).*” The operational efficiency of the process, however,
is higher because a slow on-resin alkylation step is replaced with a faster and more easily
monitored solution alkylation (3—4, Scheme 3a). (2) Coupling of the dipeptides to resin
can be achieved with standard coupling reagents (such as HATU in this case). (3) dipep-
tide couplings can often lead to epimerization of the coupled residue because of a 5-exo-trig
cyclization of the adjacent amide onto the activated C-terminus (7—8, Scheme 3c).*® The
resulting oxazolone is also an electrophilic acylating agent and can still react with the resin-
bound peptide, incorpating as a stereochemical defect. The enhanced nucleophilicity of a

thioamide would exacerbate this side reaction even more. The sulfur atom of the thioimidate

in 9, however, is not nucleophilic and therefore this side reactivity is blocked.
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(a) Four-step synthesis of thioimidate dipeptides for coupling
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Scheme 3: Direct coupling of thioimidates into peptides

Using this dipeptide-based approach, we were able to incorporate protected thioamides
directly on to resin (Table 1). Synthesis of the thioimidate dipeptide followed standard pro-
cedures (an example dipeptide synthesis is shown in Scheme 3a).%>¢ The allylic group was
selected for C-terminal protection in the dipeptide because of the commercial availability
of allyl ester amino acids, the orthogonality with which it can be deprotected using palla-
dium catalysis, and the compatibility of those conditions with SPPS. This last point further
improved on the efficiency of our strategy, as we found it most convenient to subject dipep-
tides (4) to de-allylation reagents, followed by direct addition of coupling reagent (HATU),
and finally applying that mixture to resin for coupling and incorporation of the dipeptide

(reaction in Table 1).
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Table 1: Direct coupling of thioimidate dipeptides
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Yield determined by coupling 1-pyrenebutyric acid onto the N-terminus after dipeptide
coupling and Fmoc removal. Peptides were then cleaved and analyzed by LCMS
monitoring at 330 nm. Resin was 2-chlorotrityl Tentagel. Cleavage with 2% TFA in DCM.

Each dipeptide in Table 1 was coupled to the test sequence as described above and then
cleaved for analysis. In general we observed excellent yields of coupled thioimidate with min-
imal observed oxoamide impurity (based on LCMS analysis of crude cleavage mixtures. See
SI for further details). Unsurprisingly, the Pd-catalyzed de-allylation conditions were toler-
ant of a range of side-chain functional groups in the dipeptides investigated. Thus, because
the progress of dipeptide construction and thioimidate protection can be readily monitored
and characterized during small-molecule synthesis, this new method of directly coupling

protected thioamides is both more efficient and highly preferable to existing methods.
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B. Formation of thioimidate on-resin after thioamide installation

and prior to elongation

The dipeptide-coupling approach to install preformed thioimidate linkages into peptides
(discussed above in section A.) provides protected thioamides without any subsequent steps
needed before continuing conventional elongation of the peptide through SPPS. The draw-
back of this dipeptide approach, however, is that it decreases the sequence flexibility and
diversity that is possible through coupling of a single thioacyl amino acid. For this reason,
methods to efficiently convert thioamides into thioimidates on-resin are still valuable, yet a
systematic investigation of the reaction conditions and potential pitfalls for this transforma-
tion has not been reported.

We therefore sought to probe the model reaction described in Table 2 to identify condi-
tions to increase the efficiency with which thioamides within peptides could be alkylated to
produce thioimidates. What was immediately clear, and not shown in Table 2, was that N, N-
diisopropylethylamine (DIEA) was the most effective base for the transformation compared
with weaker bases such as triethylamine and N-methylmorpholine (see SI for details). This
result is unsurprising given DIEA is one of the strongest organic bases for SPPS that does
not elicit deprotection of the N-terminal Fmoc protecting group. Accordingly, subsequent
investigation was only carried out with DIEA.

With the base additive established, we next investigated the rate of thioimidate forma-
tion with several alkylating reagents. We identified Mel and the 4-azidobenzyl bromide as
providing the most efficient thioimidate formation after 6 h (Table 2, entries 1 & 4). The
increased efficiency of 4-azidobenzyl bromide (entry 4) relative to benzyl bromide (entry 2) is
not immediately obvious as the electron-donating ability of the azide group is chameleonic,*®
but certainly appears to be beneficial in this context. Gratifyingly, the alkylation with 4-
azidobenzyl bromide was greatly accelerated through an in-situ Finkelstein reaction with
tetrabutylammonium iodide (entry 5).°° Finally, DMF and DCM appeared to be the best

solvents for the reaction (Table 2, entries 4 & 6-10).
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The rapid reactivity of both Mel and 4-azidobenzyl bromide is certainly advantageous
for thionopeptide synthesis, as deprotection conditions to convert the respective thioimidates
back to the thioamide are well established. Restoration of the thioamide from 4-azidobenzyl
thioimidates can be achieved through Sandmeyer reduction using mild reagents such as PPh,
or DTT.?® Methyl thioimidates must be deprotected using H,S, a toxic gas,?” but methyl
thioimidates are also useful as reactive handles for the site-specific insertion of amidines into

peptide backbones.3°

Table 2: Efficiency of thioimidate formation on-resin

R

§0on _opemen 57w
R'-Phe H—AIa—AIa—O ovenion - FPhe N-Ala—Ala<)

entry R-X solvent yield (%)

1 Me-1 DMF 66

2 Bn-Br DMF 24

3 Allyl-Br DMF 16

4 4-N5—BnBr DMF 56

5 4-N3-BnBr* DMF 92

6 4-N3;—BnBr DCM 54

7 4-N5-BnBr  MeCN 46

8 4-N3s—BnBr  acetone 35

9 4-N3-BnBr  MeOH 30

10 4-N3;-BnBr THF 18

¢ Addition of TBAI at 5 mM. Percent yield calculated based on integration of LC peaks
(330 nm, R’ = 1-pyrenebutyric acid) corresponding to 11 and 12 (12/(11+12)). Resin
was 2-chlorotrityl Tentagel. Cleavage with 2% TFA in DCM.

Risk of alkylation of side-chain functional groups

Extended exposure to alkylating reagents introduces the risk of alkylating reactive side-chain
functional groups. For example, the imidazole of histidine is often protected with a Boc or
trityl protecting group, but has been shown previously to alkylate with loss of the protecting
group (Figure 2A).5!

To investigate the potential for undesired alkylation elsewhere in the peptide we syn-

thesized S-tag, derived from RNase A,%%5% with a thioamide between Glug and Argyy.(13,

10
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Figure 2B). Conversion to the thioimidate at this point in the synthesis allowed us to probe
the alkylation potential of three specific amino acids of concern—Arg;o, Hisis, and Metys.
Upon exposure to conditions to convert the thioamide to the thioimidate (13—14), we only
observe alkylation of Hisyy (signified by concomitant loss of the Trt side chain protecting
group as expected®). We did not observe any evidence of alkylation of Arg;y, and Met;s.
The undesired alkylation of Hisys did not affect subsequent elongation of the remaining pep-
tide (14—15). Moreover, the reduction with DTT to liberate the protected thioamide also
returned the unalkylated His in the final cleavage and isolation (15—16). Thus, one must
be cognizant of the potential for His to alkylated during conversion to thioimidate, but the
overall process is invisible upon final work up. Of course, we also point out that any con-
cerns regarding undesired alkylation of natural and unnatural amino acid side chains can be

removed altogether by employing the thioimidate dipeptide strategy described in section A

above.
/=N ‘
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Figure 2: Synthesis of thiono S-Tag, displaying flexibility and functional group tolerance
of thioimidate protection. Side products arising from methionine oxidation, overalkyla-
tion, and Edman-like degradation are all avoided. (i) 500 mM p-azidobenzyl bromide, 50
mM DIEA, 5 mM TBAL (ii) Routine coupling and acetylation (see SI). (iii) 75/20/2.5/2.5
TFA/DCM/TIPSH/m-cresol, 1 h. (iv) 0.1 M DTT, 0.1 M DIEA, DMF, 2 h.
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C. Chain scission during acid-catalyzed cleavage of side-chain pro-

tection and solid-support

The third and final prominent side reaction inherent to thionopeptide synthesis is arguably
the most important and detrimental to productive yields. Strong acids (typically TFA) are
employed to cleave the side-chain protecting groups and liberate the peptide from the resin.
The nucleophilicity of sulfur and the presence of strong acid contrive to produce significant
quantities of undesired chain scission at the thioamide residue (Scheme 2C).365* In some
cases, chain scission is the dominant product®® unless significant tinkering with the cleavage
cocktail is undertaken.®® Indeed, if one is not aware of the potential for such products, one
might analyze their crude cleavage mixture in bewilderment and conclude the entire synthesis
was a failure. This side reactivity arises because of protonation of the amide carbonyl of
the residue adjacent (n+1) to the thioamide residue (17—18, Figure 3). The activated
carbonyl entices the nucleophilic sulfur into rapid 5-exo-trig cyclization, where Edman-like
degradation leads to rapid chain scission and epimerization of the amino acid next to the
thioamide residue.

We wondered if secondary thioamides might be more resistant to this reactivity, as protec-
tion of backbone amide nitrogen atoms with removable groups such as Hmb (N-(2-hydroxy-
4-methoxybenzyl) is common to prevent aspartimide formation and reduce aggregation of
peptides.? Unfortunately, secondary amides were similarly prone to 5-exo-trig reactivity
(19—20, Figure 3).

Intriguingly, acid-promoted cyclization was not observed when the adjacent, n+1 residue
to the thioamide was a $-amino acid (21, Figure 3). This result suggests that S-thionopeptides
may experience fewer synthetic hurdles than their a-thionopeptide cousins. Indeed, S-chiral
amino acids would seemingly not require thioimidate protection to preserve stereochemistry
during elongation. Consequently, S-thionopeptides appear be a productive and untapped
area of exploration.

Ultimately, a-thionopeptide synthesis requires evaluation of both deprotection times and

12
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Figure 3: Stability tests of thioamide model dipeptides in the presence of TFA as solvent.
Reactions were performed at room temperature and monitored by reverse-phase UPLC-MS.
All starting materials and products were confirmed by detection of the molecular ion.

percentage of TFA in the cleavage cocktail, on case-by-case basis, to optimize for both the ex-
tent of side-chain deprotection and yield of the final, intact thionopeptide.3¢>* Nevertheless,
there are simply sequences that cannot by isolated due to this detrimental side reactivity.
Thus, a lack of generality significantly raises the barrier to entry for labs that seek to employ
these important probes to address questions regarding protein conformation, interaction, and
reactivity.

To address these drawbacks, we hypothesized that the reversible protection of a thioamide
as a thioimidate might also hold the potential to circumvent the debilitating 5-exo-trig

cyclization behavior of the thioamide. By converting the thioamide into a thioimidate,
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the nucleophilicity of the sulfur atom is attenuated, and, moreover, the =N- site of the
thioimidate is highly basic5” leading to protonation under the acidic conditions of cleavage,
preventing any nucleophilic behavior. Indeed, model dipetide 22 displayed excellent stability
upon exposure to TFA (Figure 4, where the minor peak arises due to isomerism about

the C=N bond?®), and provided an approach to further protect thioamides during peptide

cleavage.
J b
o3 ' Ho§ TFA )
Fmoc/N\;)\\N N — FmOC/N\:/IkN S ™ reaction
= O z O

22 N j\/\
22
0h
24\/\ 6h

| L | L | L | T TT | L | L |
0 1 2 3 4 5 6
retention time (min)

Figure 4: Stability tests of thioimidate model dipeptide 22 in the presence of TFA as solvent.
Reactions were performed at room temperature and monitored by reverse-phase UPLC-MS.
All starting materials and products were confirmed by detection of the molecular ion. The
presence of two peaks for 22 is due to isomerism about the C=N bond as shown above.

While thioimidates appear to be a promising and unprecedented avenue to protect
thioamides during acidic cleavage from resin, the approach is not without concern. Chiefly,
in the context of solid-phase chemistry, thioimidates can hydrolyze to thioesters (12—24,
another type of chain scission) if sufficient water is present in the cleavage cocktail (Ta-
ble 3).%%5 Hydrolysis of the thioimidate is dependent on the strength of the acid used for
cleavage. Thus, weaker cleavage cocktails that only effect cleavage from acid sensitive resin
(i.e. 2-chlorotrityl) without affecting side-chain protecting groups lead to very little thioester
hydrolysis side product (entry 1). The stronger acid TFA is itself hygroscopic and extremely
cumbersome to render anhydrous in laboratory settings. It is not surprising, therefore, that
treatment with 'neat’” TFA leads to more thioester but still provides serviceable yields of
the liberated thioimidate peptide 23 (entry 2). Ultimately, we found TFA/DCM (75:25)

to provide the highest percentage of 23 while still being acidic enough to cleave side-chain
14
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protecting groups (entry 3). The addition of water to this cleavage mixture (entry 4) lead to
significantly more thioester as anticipated. Entry 4 is an important result as water is often
included in cleavage cocktails for the scavenging of reactive cations produced during depro-
tection and cleavage. While water is a benign additive during standard peptide cleavage,
researchers must be cognizant of its side effects when utilizing thioimidates for thioamide
protection.

Table 3: Stability of thioimidate to acidic cleavage cocktails

R cleavage _R thioester R
7 23 cocktail S 24 25 S

_gsooKtal, .
R'—Phe)\\N~A|a—A|aO R'-Phe” “N-Ala—Ala R’*Phe/&o

yield yield

entry cocktail R 24 (%) 25 (%)
1 HFIP/DCM Me 93 7
(1:1) Bn 98 2
2 TFA Me 79 21
Bn 75 25
3 TFA/DCM Me 81 19
(75:25) Bn 94 6
4-N3-Bn 96 4
4 TFA/DCM/H,0 Me 72 28
(75:20:5) Bn 64 36
4-N3-Bn 55 45

Percent yield calculated based integration of LC peaks (330 nm, R’ = 1-pyrenebutyric
acid). Resin was 2-chlorotrityl Tentagel.

New sequence space for thioamides

The previous sections document major pitfalls of thioamides during SPPS. We then described
approaches for how thioimidate protection of thioamides can be implemented and exploited
as a comprehensive strategy to assist reactive thioamides through the critical stages of SPPS.
Armed with these improved methods to install and preserve thioamides during SPPS, we

sought to boldly go where no thioamide has gone before.
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Kiefhaber and coworkers investigated the placement of thioamides along a model a-
helix (Table 4) with the intent of interrogating the impact that thioamide isosteres might
have on helicity.® Briefly, within the linear hydrogen-bonding context of the a-helix (atoms
in the C=S---H-N interaction are roughly linear), thioamides are weaker hydrogen-bond
acceptors and stronger hydrogen-bond donors than oxoamides.? Thus, it is not surprising
that when placed within the final turn of the N-terminus, where backbone amides largely
only accept hydrogen bonds,5! that thioamides destabilize the helical fold (nO versus nS).
Similarly, thioamides placed in the center of the peptide can destabilize the helical fold
through a combination of poor hydrogen bond accepting and the longer C=S bond (mO

1062 Tnterestingly, the extent of

versus mS), unless the thioamide can be sterically tolerated.
destabilization induced by the thioamide at both of these positions in the helix is greater
(although within the margin of error of the measurement) than a glycine substitution, a
known helix breaker (based on a lower [O]y, value, nG and mG).%

The most tempting place for a thioamide within an a-helix, therefore, is the last three
residues of the C-terminus, where those three residues have the potential to only donate
stronger hydrogen bonds and their poor hydrogen-bond accepting ability is not critical to
the helical fold. While Kiefhaber and coworkers were able to study the effects of thioamides
at the N-terminus and center of the peptide (Table 4, nS and mS), the C-terminal thioamide
was noticeably absent leaving the set incomplete and the hypothesis untested! Indeed,
our attempts to synthesize the C-terminal variant were completely unsuccessful because of
the troublesome side reactivity of thioamides documented above. These results are further
supported by the lack of C-terminal thioamides that have been reported in longer peptide
sequences (Figure 1B).

Gratifyingly, the elusive C-terminal thioamide peptide (¢S) was finally obtained through
application of the synthetic strategies for thioimidate protection described in the previous

sections (Scheme 4, see SI for complete synthetic details). Briefly, the thioimidate was used

to protect the fragile thioamide during both peptide elongation and cleavage from resin
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Table 4: Effect of C-terminal thioamide on helicity: (A) CD spectra and (B) thermal melting
behavior of a C-terminal thioamide in an a-helix

g A B °]
o</ ‘ £ £
< & £ £
£ 5
z - < - = g g
4 ‘r;- ‘ wnnnC < __ py 4 ‘:;: ‘é
N-termal thioamide Middle/internal thioamide C-termal thioamide é EE ]
3 residues residues both 3 residues 25
only accept accept and donate only donate 180 200 220 240 0 20 60 40 80
hydrogen bonds hydrogen bonds hydrogen bonds wavelength (nm) temperature (°C)
(02227
name sequence deg cm? dmol ' helicity (%)
nQO* AC—DF©AAAKAAAAKAAAAK—NH2 -23 900 69 + 5
nS*  AcDFOAAAKAAAAKAAAAK-NH, ~16 000 48 £ 8
nG® Ac-DFOGAAKAAAAKAAAAK-NH, ~17 000 51+ 5
mQ° AC—KAAAAKAA©AAKAAAAK—NH2 —24 200 68 + 5
mS* AC—KAAAAKAA®AAKAAAAK—NH2 -6 900 24 + 8
mG*? AC—KAAAAKAA@GAKAAAAK—NH2 -7 900 26 £ 5
cO AC—KAAAAKAAAAKAAA©AKGY—NH2 -19 700 58 £ 5
cS Ac—KAAAAKAAAAKAAA©AKGY—NH2 -16 800 49 £ 8
cG AC—KAAAAKAAAAKAAA©GKGY—NH2 -10 600 33 £ 5

¢ Previously reported.® ® Far-UV circular dichroism data measured at 5 °C in 100 mM pH
7.0 potassium phosphate buffer.
allowing, for the first time, isolation of the final thionopeptide (Table 4, cS).

With the previously elusive thionopeptide finally realized, we recorded far-UV circular
dichroic (CD) spectra of both the thioamide (cS) and parent oxoamide (cO). Both have
characteristic a-helical features, showing maxima at 190 nm and minima at 208 and 222 nm.
The thionopeptide showed slightly reduced helicity, but similar melting behavior relative to
the oxopeptide (Table 4A and B). The difference in helicity between the C-terminal oxoamide
versus thioamide (cO versus c¢S) was also not as great as the difference for the N-terminal and

middle peptides (Table 4). Perhaps the greatest evidence that thioamides are tolerated at
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elongation
ALAKGY-Q __YSPPS L KAAAAKAAAAKAAA AKGY-Q

R = 4-azidobenzyl
. TFA
cleavage
from reéqin O
DTt KAAAAKAAAAKAAA!AKGY

KAAAAKAAAAKAAA@AKGY -
deprotection

Scheme 4: Thioimidate protection preserves thioamides through elongation and resin cleav-
age

the C-termini of a-helical peptides is comparison to the glycine mutant (cG), which showed
significantly reduced helicity relative to ¢S. This behavior is the opposite for N-terminal
and middle variants in which the thioamide was more destabilizing than the glycine mutant.
These observations confirm our hypothesis that the C-terminus of a-helical structures can

tolerate thioamides probes with minimal perturbation relative to other positions.

Conclusion

Thioamides are the closest congener of oxoamides, making them a logical consideration when
researchers seek to probe interactions along the peptide backbone. Accordingly, thioamides
are valuable tools for studying hydrogen-bonding and hydrophobicity effects, and can serve
as reactive sites for further chemistry. The synthesis of thioamides in peptides, however, is
far from straightforward. This work sought to demystify the solid-phase peptide synthesis
of thionopeptides by first outlining pitfalls that exist at every stage of SPPS ((A) thioamide
coupling, (B) peptide elongation, (C) peptide cleavage from resin). We then demonstrated
how reversible protection of the thioamide as a thioimidate resolved each pitfall, ultimately
resulting in the first isolation of a benchmark a-helical peptide that had eluded synthesis
until now. Thus, thioimidates are a general strategy to realize more productive yields of
thionopeptides without significantly altering the normal SPPS work-flow. Side reactions
related to the higher electrophilicity and acidity of the thioamide accumulate to degrade
the target peptide, but the thioimidate protection strategy circumvents much of this side

reactivity by altering the reactive C=S, a-CH, and NH altogether.
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