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Native chemical ligation (NCL) ligates two unprotected peptides in o
an aqueous buffer. One of the fragments features a C-terminal a-thioester S,SeR NW
@

functional group, and the second bears an N-terminal cysteine. The reaction

1
mechanism depicts two steps: an intermolecular thiol—thioester exchange resulting Native ' o o
in a transient thioester, followed by an intramolecular S-to-N acyl shift to yield the Chemical ! Fepiids s
final native peptide bond. Although this mechanism is well established, the direct Ligation NH,
observation of the transient thioester has been elusive because the fast v . A/k
intramolecular rearrangement prevents its accumulation. Here, the use of a- 0 p— 2
selenoester peptides allows a faster first reaction and an early buildup of the N o

intermediate, enabling its quantification and the kinetic monitoring of the first and

second steps. The results show a correlation between the steric hindrance in the a-thioester residue and the rearrangement rate. In
bulky residues, the S-to-N acyl shift has a significant contribution to the overall reaction rate. This is particularly notable for valine
and likely for other similar -branched amino acids.
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Scheme 1. Mechanism of the NCL
NCL forms naturally occurring peptide bonds via the

coo
. . . H O
condensation of unprotected peptides."” It is a paramount 3N\/\r/\r/NJLSAR
= 1
reaction in synthetic protein chemistry and has allowed the OH SH R
preparation of hundreds of proteins.”* The mechanism involves “ 0
a two-step bimolecular reaction (Scheme 1): first (step 1), a R
reversible intermolecular transthioesterification between a O SH NHy
peptide containing a C-terminal alkyl or phenyl a-thioester HN N\/L Coo
(A, donor peptide), and the thiolate moiety of a second fragment OH SH R CONH,
. . . . . Peptide a-thioester (A) Cys-peptide (B)
bearing an N-terminal cysteine (B, acceptor peptide). This
condensation yields a transient thioester (AB). Following the Intermolecular
. . step 1 1 thiol-thioester

acyl-donor capture, the second step comprises an intramolecular exchange
nucleophilic attack of the a-amine to the thioester and cod CONH,
concurrent displacement of the thiol to give the final amide HN \C)L MCOS
bond (P, product).l’z’s’6 The S-to-N acyl rearrangement is the OH SH R SH NH;
driving force pushing the equilibrium toward the product (step Thioester intermediate (AB)
2) . ) . . . step 2 l Intramolecular

NCL is typically carried out under mild aqueous conditions, §~N acyl shift
i, pH = 7.0 and room temperature. At neutral pH, the N- ass s SH

. . . g Lo s

terminal thiolate Possesse.s a higher nucleoBhlhqty, and .the MN \)L Wcog
attack to the a-thioester is faster, although its concentration OH SH R CONH,
compared to other functional groups (hydroxyls, imidazoles, Ligation product (P)

carboxylates, and protonated amines) is lower. Moreover, the
addition of different chaotropic and denaturing agents
(guanidine hydrochloride = Gdm.HC], urea) to the ligation
buffer enhances peptide solubility and improves the ligation
kinetics. The ligation rate strongly depends on the nature of the
thiol-leaving group, and the C-terminal residue of the a-
thioester fragment: phenyl a-thioesters are more reactive than
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alkyl, and bulky residues slow down the ligation rate, very
noticeable in the case of Val and Ile.” The A peptide also
undergoes the attack of other thiolates present either in A, B, and
P, resulting in cyclic or branched thioesters.

These are less reactive, but the addition of exogenous thiols
(commonly phenyl thiols with a pK, ~ 6.5—7.0) reverses these
unproductive peptides by forming highly activated phenyl a-
thioesters. Therefore, in the traditional NCL approach, C-
terminal alkyl a-thioester peptides and Cys-peptides B are
incubated in the presence of phenyl thiols (100 - 200 mM).
These phenyl thiols catalyze the thiol-thioester exchange and
increase the ligation rate.”””

The original NCL concept has been extensively studied, and
alternative methods to Boc-chemistry for a-thioester synthesis
plus other ligation sites distinct from N-terminal Cys have been
established. These developments were encouraged by the
prominent use of Fmoc-SPPS and the challenging preparation
of a-thioester peptides. The discovery of thioester surrogates
enables peptide thioesterification by exchange with thiols and, in
some of these approaches, concomitant NCL.>'® On the other
side, the scarcity of Cys residues in proteins (1.5%) prompted
the search of other ligation sites, with Ala and Gly-derived N-
auxiliaries attracting most of the attention due to their high
abundance in proteins (Ala 8.7%, Gly 6.8%): Ala can be replaced
by Cys'' or selenocysteine' " and reduced to Ala after ligation
using chemoselective methods.'"”'*"* Similarly, Gly N-auxil-
iaries rely on thiol (or selenol) scaffolds attached to the a-amino
group of Gly. Upon transthioesterification with A, they undergo
S- or 6-membered ring transition state rearrangement in an
NCL-type reaction.'®”"" The final detachment of the N-
auxiliary yields the native peptide backbone. Other approaches
require the stereospecific installation of sulfhydryl (or selenol)
groups on the f3- or y- positions of a particular amino acid.”**'
However, these strategies are not highly extended due to the
complex synthesis of the building blocks.

Mechanistically, the analysis of the reaction pathway assumes
an equilibrium shifted toward the a-thioester AB and a
spontaneous intramolecular rearrangement.”>**’ Indeed, AB
has only been observed under nondenaturing and template NCL
conditions, reinforcing the hypothesis of the thiol-thioester
exchange as the rate-limiting step.22 Therefore, a second-order
reaction (A + B — P) represents the two-step mechanism. The
equation usually includes the previous rate-limiting phenyl thiol-
alkyl thioester exchange, as well. This simplification has derived
into a wide knowledge of the transthioesterification phase,
enabling the design of better thiol catalysts, but also precluding
studies about the intramolecular S-to-N acyl shift and its
contribution to the reaction rate. Moreover, this lack of
experimental data has restricted our understanding of the
stereoelectronic effects controlling the slow kinetics observed
for Val, Ile, and Pro. Recently, C-terminal a-selenoesters (Ag,)
have imprinted a new vision of NCL thanks to rate enhance-
ments of 10-fold over the analogous phenyl a-thioester
NCL.>*** For instance, the reaction time in Pro is reduced
from > 1 day to around 2 h.” This rate increment results from an
acceleration of the first step because AB stays unchanged
independently of the initial peptide donor.

In this work, we have used preformed phenyl a-selenoesters to
characterize the S-acyl intermediate and determine the kinetics
of both steps. The ligations were carried out using model Ag,
sequences (LYRAXaa-COSePh, Xaa = Ala, Val, and Pro), and B
peptides: CTAFS, (hCys)TAFS (hCys = homocysteine),
(MeCys)TAFS (MeCys = N-methylcysteine). These proto-
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typical peptides are readily synthesized and the ligations are
monitored by LC-MS.”~” The Ag, C-terminal residues intend to
represent the range of kinetics of the twenty proteogenic amino
acids, mainly accounting for the reactivity due to stereo-
electronic effects. The B N-terminal amino acids MeCys and
hCys mimic systems undergoing rearrangement through 5 and
6-membered ring transition states including N-auxiliaries. We
have also compared the reactivity of phenyl a-selenoesters and
phenyl a-thioesters using the peptide LYRAV-COS(4-MBA)
(4-MBA = 4-mercaptobenzoic acid). As expected, phenyl a-
selenoesters react faster, although a strict comparison would
require a thiol-leaving group with a similar pK, to PhSeH.

In our previous communication, we identified a compound
during the first seconds of the NCL between LYRAF-COSePh
and CTAFS. This peptide evolved to the ligated product
(LYRAFCTAFS) and had the same m/z.>> We anticipated the
configuration of this compound as the searched peptide AB.
Therefore, we continued our investigations to elucidate its
structure and reactivity in the context of a broader project
launched to calculate the rate constants of different phenyl a-
thioester and phenyl a-selenoester peptides. Thus, LYRAV-
COSePh was selected anticipating a kinetic profile between Pro
and Ala. Liquid chromatography analysis afforded the
concentration of the different ligation products at the selected
times using Tyr (2.0 mM) as an internal standard reference.
LYRAV-COSePh (1, 1.7 mM) and CTAFS (2, 2.6 mM) were
incubated at pH = 6.9 and 23 °C (Scheme 2), in an aqueous

Scheme 2. NCL between Peptides 1 and 2
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phosphate buffer (5.0 M Gdm, 0.17 M sodium phosphate)
containing diphenyl diselenide (DPDS, SO mM), and the
reducing agent tris(2-carboxyethyl)phosphine (TCEP, 100
mM). Aliquots of the ligation were withdrawn at specific times
and quenched by acidification with the same volume of HCl,,
(0.5 M). The first 10 min of the ligation showed the coincidence
of two products with identical m/z (3 and 4, m/z 1129.7, Figure
1). Following the formation and disappearance of 3, the
expected product (4, 84%) and the branched LYRAVC-
(LYRAV[COS-])TAFS thioester (5, 16%) grew until the
consumption of 1.

Therefore, 3 likely represented the S-acyl thioester
intermediate, as described in the mechanism of NCL. Then,
we scaled up the reaction to characterize 3 by *C NMR (Figure
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Figure 1. (a) Representative HPLC traces at 220 nm of the NCL
between 1 and 2; (b) MALDI-TOF MS of peptides 3, 4, and 5; (c)
experimental data (dots) and their corresponding curve fitting (solid
lines) using the model 1 +2 >3 >4+ 1 > 5.

2): 1* (6.50 mg, 5.80 X 107> mmol, *C-labeled at the Val
carbonyl) and $ equivalents of 2 (18.9 mg, 2.96 X 10> mmol)
were mixed in an aqueous phosphate buffer (pH = 7.0, 2.5 mL).
The use of an excess of 2 boosted the initial intermolecular
reaction and also minimized the formation of branched
thioesters. The reaction was quenched after 45 s with an equal
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3* « =130 4
201.8 CHyCN
3*
. - ol WL
173.7
*
L LA ) ‘,',L_,,, | 4
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Figure 2. (a) Chemical structures of peptides 3* and 4*; (b) *C NMR
(126 MHz) spectra of 3* and 4* in a mixture of CH;CN (not
deuterated):D,0 (10:90) containing [DCI] = 5.0 mM.
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volume of HCl,y), yielding a mixture of 3*:4* (1.2:1 by HPLC)
plus unreacted 1* (Figure S24). 3* (2.20 mg, 24%) was
recovered following HPLC purification and lyophilization.
Peptide 3% was stable at pH < 2 but rearranged to 4* upon
increasing the pH. Importantly, BC NMR of 3% in acidic
deuterated water showed a signal at 201.8 ppm characteristic of a
thioester group (Figure 2). Conversely, in the peptide 4* the
signal appears at 173.7 ppm, distinctive of an amide bond. In
conclusion, we confirmed the structure of peptide 3% as the S-
acyl a-thioester intermediate described in the mechanism of
NCL. Further experiments in the presence of H,NOH (5 M, pH
= 6.0) partially trapped 3%, resulting in the formation of the
LYRAV*-CONHOH peptide (Figures S28 and S29).

The mechanism of NCL (Scheme 1) hypothesizes an
equilibrium between AB and the a-thioester species A.
Nevertheless, phenylselenol or common phenyl thiols (4-
MPOH = 4-mercaptophenol, 4-MPAA = 4-mercaptophenyl
acetic acid) used in NCL do not shift the equilibrium toward the
a-thioester form because k; >> k_,. Thus, the kinetic analysis is
simplified and the system is analyzed as consecutive steps of
irreversible reactions:

A+ B — AB (k) (1)
AB — P (k,) (2)
P + A — PA (k;) (3)

Where equation 3 represents the reaction for the formation of
the branched product (PA). Assuming these postulates, full
reaction profiles of AB, P, and PA (3, 4, and §, respectively in
Figure 1) were examined to calculate the corresponding kinetic
constants (k;, k,, and k;) using simulations of elementary
unimolecular and bimolecular reaction steps (Figure 1c).”® The
results, obtained from triplicate experiments, were (Table 1,
entry 1): k; = (3.2 + 0.1) M™'s™", k, = (0.0160 + 0.0009) s™*
(i, = 43 s), ky = (L9 + 0.1) M~'s™". We measured
independently the rates for transformations: 3 = 4 and 1 + 4
— §, obtaining values of k, and k; similar to the numbers
calculated with the three-step state model (Table 1, entries 2 and
3). Moreover, NCL between 1 (1.4 — 1.7 mM) and 2 (8.3 mM)
carried out in the same ligation buffer (5.0 M Gdm, 0.17 M
sodium phosphate, S0 mM TCEP, pH = 6.9 — 7.0), but devoid
of phenylselenol (originated from the in situ reduction of
DPDS) provided equivalent rate constants: k; = (3.7 + 0.2)
M~'s7!, k, = (0.0132 + 0.0003) s~', indicating the nonexistence
of catalytic effect on the kinetics of these preformed phenyl a-
selenoesters (Figures $36, S37, and S38 and Table S3).

The kinetic model predicts very accurately the distributions of
the different products: 3 reaches its maximum concentration
around 75 s (0.38 mM) in a ratio 3:4 of 1.2:1. But while the [3]
just hit its peak, the [4] experiences a fast growth until the first ~
S min (83% of the total product). Interestingly, k; is in the same
order of magnitude as k; (only 0.6-fold smaller), thus explaining
the fast generation of 5. The model foresees the use of a 5-fold
excess of 2 to decrease the ratio of the branched product § to less
than 3%, as experimentall;r observed (Figures $36, S37, and S38)
and previously reported.” When the system was adjusted to a
model: A + B — P + A — PA, the obtained k (k;,) = (2.0 +
0.1) M~'s™! was smaller than k, and did not describe well the
system: it overestimated during the first 4 min 30 s the amount
of product because presumed its appearance from the onset of
the ligation, obviating the generation of AB (Figure S35).
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Table 1. Kinetic Constant Parameters for the NCL with Model Peptides”

Entry  Donor (A/Ag.) Acceptor (B, AB, P) k, (M1s7h) k, ratio
1° 1 2 32+0.1 1
2 3
3¢ 1 4
47 1 7 0.45 + 0.02 0.14
59 1 11 5.5+04 1.7
6° 6 2 0.23 + 0.01 0.072
7¢ 6 4
8 14 2 26 +2 8.1
9 18 2 0.72 + 0.03 0.23

k'z (5_1) ty (AB' S)b k3 (M_l S_l) k—3 (M_l 5_1)
0.0160 + 0.0009 43 19+ 0.1 n.d.
0.018 + 0.001 39
21+02 n.d.
0.0016 + 0.0002 433 n.d. n.d.
0.0012 + 0.0002 577 n.d. n.d.
0.019 + 0.004 36 0.11 + 0.02 0.0010 + 0.0003
0.13 + 0.04 0.0011 + 0.0005
0.22 +0.01 3 n.d. n.d
0.031 + 0.001 22 n.d. n.d.

“1: LYRAV-COSePh, 2: CTAFS, 3: LYRAV([COS-])CTAFS, 4: LYRAVCTAFS, 6: LYRAV-COS(4-MBA), 7: (hCys)TAFS, 11: (MeCys)TAFS,

14: LYRAA COSePh, 18: LYRAP-COSePh. Buffer composition: [de]
23 °C. %t,), = In(2) /k,. <[DPDS] = 50 mM, [TCEP] = 100 mM.
mM, [TCEP] = 50 mM. /[TCEP] = 50 mM.

9[DPDS] = 20 mM, [TCEP] = 50 mM, [ascorbate]

5.0 M, [sodium phosphate] = 0.17 M, [Tyr] = 2.0 mM, pH = 6.9—7.0,

=02 M. “[4-MBA] = 100

a)
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Figure 3. (a) NCL between peptides 6 and 2; (b) experimental data (dots) and their corresponding curve fitting (solid lines) using the model 6 + 2 —

354+6=5+4MBA

Although from these experiments the rate-limiting step could
not be determined due to the different order of the kinetic
constants, the half-life of 3 (43 s) and the first half-life of 1 (96 s)
point out that the transthioesterification has the slowest rate,
also visible observing the disappearance curves of 1 and 3
(Figure 1c). Simulations using the computed constants, a [1], =
1.7 mM, and a [2], = 3.7 mM show an overlapping in the
disappearance curves of 1 and 3 after the first 4 min 30 s of
reaction, indicating a balance in the rate of both steps (Figure
S34). Concentrations of 2 > 3.7 mM promote a faster first step
resulting in a larger accumulation of 3, as is observed when the

[2], is S-fold over the [1], (Figure S37).

The next question was to figure out if AB could be detected
using a-thioesters. Therefore, we prepared a phenyl a-thioester
peptide with a good leaving group to increase the rate of the
transthioesterification step: LYRAV-COS(4-MBA) (6, 4-MBA
= 4-mercaptobenzoic acid with a pK, of 4-MBA = 5.5).”” Using
typical NCL conditions for phenyl thiol ligations ([4-MBA] =
100 mM, [TCEP] = 50 mM, pH = 7.0, 23 °C), a [6], = 1.8 mM,
and a [2], = 3.3 mM (Figure S44 and $45), it was possible to
detect 3 although its maximum concentration (0.054 mM at 150
s) only represented a 3% of the final product 4, 10-fold lower
compared to the a-selenoester ligation.

Increasing 2-fold the number of equivalents of 2 ([6], = 1.5
mM, [2], = 5.2 mM), 3 doubled its highest concentration at 180
s (Figure 3). This implied a low accumulation of 3. Applying the
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same kinetic model as in the ligation with 1, but this time
considering the equilibrium: P+ A=PA+4-MBA (4 +6 =5 +
4-MBA), it was obtained a k; = (0.23 & 0.01) M~ 's™! that is 14-
fold smaller than the corresponding k, for the a-selenoester
ligation (Table 1, entry 6). The disappearance curves of 6 and 3
reflect a slower first phase. To make the first reaction faster, the
concentration of 2 needs to be at least 28-fold higher when the
[6], = 1.5 mM (Figure S46).

The NCL with 6 revealed the equilibrium between 4, §, 6, and
4-MBA. During the ligation with the phenyl a-selenoester, the
formation of § was irreversible due to the slow rate of
phenylselenol-(a-thioester) exchange. The corresponding rate
constants and the initial concentration of reactants determined
the final distribution of products at the end of the reaction.
However, 4-MBA promoted the transthioesterification of the 4-
MBA thioester, pushing the equilibrium to the amide product 4
until the termination of the cycle, giving a final ratio of 99:1
(4:5) after 6 h. The slow disappearance of the branched peptide
suggested 5 as the main species in the equilibrium.
Corroborating this hypothesis, when 4 (1.3 mM) and 6 (4.4
mM) were incubated in the presence of 4-MBA (100 mM), the
system reached the equilibrium after 150 min giving a ratio 5:4
of 8:2 (Figure 4). The calculated constants were (Table 1, entry
7): ky = (0.13 + 0.04) M~'s™, k_3 = (0.0011 + 0.0005) M~'s™,
Kq=123 £20 (Table S7). Therefore, the forward reaction is
faster than the reverse, determining the slow growth of 4 after
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Figure 4. (a) Transthioesterification equilibrium between peptides 4, 5,
and 6; (b) experimental data (dots) and their corresponding curve
fitting (solid lines) using the model 4 + 6 = 5 + 4-MBA.

the first ~ S0 min, where the highest [S] was achieved (Figure
3b).

The branching constant k; is only 0.6-fold smaller than k|,
meaning a direct competition for the acyl-4-MBA donor. Other
combinations of acyl donors and thiols, such as those derived
from 4-MPAA and 4-MPOH, should have lower k; and larger
k_; due to their higher pK, (pK, 4-MBA = S.5 versus pK, 4-
MPAA = 6.6).” As a consequence, they will be poorer leaving
groups than 4-MBA but better nucleophiles, and the overall
observed rates for the catalysis with a-alkyl thioesters will be
faster.

In NCL the low abundance of Cys represents a problem in
protein synthesis when the residue is not properly positioned.
Hence, the search for other ligation sites becomes necessary and
N-auxiliaries represent an alternative. Thus, it would be useful to
compare the rearrangement rates of 5 and 6-membered rings
including hCys, and N-alkylated Cys (MeCys and MehCys,

MehCys = N-methylhomocysteine, Figure 5). To figure out this,
we prepared the peptides (hCys)TAFS (7), (MeCys)TAFS
(11), and (MehCys)TAFS. hCys is a precursor for Met
junctions,”*” while MeCys and MehCys depict simplified
models of N-auxiliaries rearranging through $ and 6-transition
state membered rings.

NCL between 1 (1.3 mM) and 7 (5.1 mM) showed a decrease
in the rate of both steps, resulting in a longer disappearance time
of the intermediate thioester 8 to yield the product 9 (91%) and
the branched thioester 10 (2%) (Figures Sa,b). The calculated
constants were (Table 1, entry 4): k; = (0.45 + 0.02) M~'s™' and
k, = (0.0016 + 0.0002) s~" (t,, = 433 s), 7 and 10-fold smaller
than the respective values obtained with 2. The decrease in k; is
likely due to the low population of the thiolate species present in
the solution: at pH 7.0 the concentration of available thiolate is
less than 0.5% (estimating a pK, ~ 9.5 from the different values
reported), 75-fold lower than the cysteine thiolate (pK, ~ 7.5).>
The lower k, reflects a combination of stereoelectronic effects: a
larger ring size in the transition state (6 versus 5), as well as the
higher pK, of the y-thiol converts the thiolate into a poorer
leaving group.

The NCL between 1 (1.4 mM) and 11 (5.2 mM) displayed a
different kinetic profile from those of 2 and 7 (Figures Sa,c).
First, a large initial buildup of the intermediate (12, 86% of the
total product), and then its slow disappearance to give the final
peptide 13. The high concentration of 12 controls the reaction
rate, and determines the second step as the rate-limiting as
similarly observed with other N-auxiliaries."®'® Rate constant
calculations resulted in (Table 1, entry 5): k; = (5.5 + 0.4)
M™'s™ and k, = (0.0012 + 0.0002) s (¢, = 577 s). That
represents a 1.7-fold faster first step, but a 13-fold slower second
reaction. The difference in k; compared to the NCL with 2 could
be derived from subtle changes in the pK, of the thiol. However,
the steric hindrance of the methyl group rules the rearrangement
rate by reducing 1 order of magnitude the k, constant. This effect
is even more noticeable in the ligation with (MehCys)TAFS:
after 95 h of reaction, 31% of the unrearranged product was still
present (Figure S57).

Next, we focused our study on the ligation with other
representative C-terminal residues such as Ala and Pro (Scheme
3). Ala is a-substituted, and less hindered than Val. Previous
results have shown a kinetics similar to Gly and His, but slightly
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Figure S. (a) NCL between peptides 1 and 7, 1 and 11; experimental data (dots) and their corresponding curve fitting (solid lines) using the model 1 +

7—->8—->9+1—-10(b)and 1+ 11 - 12 - 13 (c).
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Scheme 3. NCL between Peptides 2 and 14 or 18
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18, 19, 20, 21 R = -(CH,);- (Pro)
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faster compared to Leu and Tyr.”” NCL between LYRAA-
COSePh (14, 0.80—1.2 mM) and 2 (2.6—2.8 mM) led to a
completion of the reaction in 2 min (Figures $59, S61, and S62).
Although under these conditions it was very challenging to
observe AB (15) due to the fast reaction time and low
accumulation, we could measure a k; (k;,) = (26 £ 6) M™'s™!
(Table S10). The use of a larger excess of 2 (8.3 mM) and a
[14]o = 0.90 — 1.3 mM, allowed the visualization of 15 and
measurement of both k; = (26 = 2) M™'s™ and k, = (0.22 +
0.01) s (t,,=3s) (Table 1, entry 8 and Figures S63, S65, and
S66). Other a-substituted amino acids should have rate constant
values between those of Ala and Val, or slightly faster for residues
where the electron-withdrawing character is higher, like His.
Interestingly, the ligation between 14 and (MehCys) TAFS led
to the complete rearranged amide product (k, ~ 0.0003 s, t, ,
~ 39 min) confirming the major influence of the steric effects in
the S-to-N acyl shift (Figures S67 and S69).

Pro is one of the most intriguing amino acids. NCL at the C-
terminal Pro-a-thioester gives the slowest reaction rate.
Experimental and theoretical studies suggest an n — z*
interaction between the carbonyl orbitals of Pro and the
adjacent residue as the main factor of the decreased electro-
philicity.’>*" The ligations between LYRAP-COSePh (18) and
2 gave a k; = (0.72 + 0.03) M~ 's™' and a k, = (0.031 + 0.001)
s™' (t;, = 22's), (Table 1, entry 9 and Figures S70, S72, and
S73). As expected, the intermolecular reaction is slower, and
likely rate-limiting. Ata [18], = 1.5 mM, it would be necessary a
16-fold excess to invert and make the first step faster. The 7-fold
lower k, compared to Ala points to the constraint imposed by
the Pro side chain ring in the transition state. However, the
electronic parameters affect less the rearrangement because this
value is almost 2-fold higher than in Val (compare the k, for Val
= 3.2 versus Pro = 0.72).

To test the n — 7* hypothesis we prepared a peptide with a
more electrophilic carbonyl at Pro and a thiol-leaving group
poorer than phenylselenol: LYRAP(4,4-difluoro)-COS(4-
MPOH).”®> The ligation of this peptide with 2 achieved
completion around 4 h (Figure S75). These experiments
confirm the main contribution of electronic factors to the
decreased reactivity of Pro.

Several implications of the NCL mechanism can be inferred:

1. Under standard NCL conditions, the thiol-thioester
exchange is the rate-limiting step (Scheme 1, step 1).
Considering that phenyl a-thioesters have, at least,
second-order rate constants 1 order of magnitude lower
than phenyl a-selenoesters, then the accumulation of the
intermediate «a-thioester AB is very small (almost
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untraceable by analytical HPLC). In this situation, AB
can be ignored and the model is simplified as a one-step
bimolecular reaction: A + B — P.

. The steric impediment of the C-terminal residue and the
N-terminal auxiliaries in A and B peptides, respectively,
governs the rearrangement rate.

. Phenyl a-selenoesters react faster than phenyl a-
thioesters. However, the difference in pK, for phenyl-
selenol and 4-MBA (~4.6 versus 5.5, respectively) cannot
draw definitive conclusions. It is necessary to contrast the
reactivity with phenyl a-thioesters having a thiol-leaving
group with similar pK,, such as 4-nitrothiophenol or 5-
thio-2-nitrobenzoic acid.

. The use of highly activated phenyl a-selenoesters has
important advantages over thioesters. Mainly, faster rates
resulting from a larger k; permit the use of lower
concentrations of reactants, particularly useful in the case
of aggregating peptides or NCL with large protein
segments. Nevertheless, it always becomes indispensable
to use more than 2 equivalents of peptide B because of the
competing reactions, principally branched peptides and
hydrolysis. Alternatively, NCL at acidic pH ~ 5 using N-
terminal selenocysteine is likely a more appealing
strategy.24

. The k; values reported here reflect the initial total
concentration of the B peptide, but not the thiolate-
reacting peptide. Those rate constants are higher,
particularly in the case of hCys thiolate.*

. Lastly, the pH and other reaction conditions can affect the
rates of both steps. For instance, if NCL is carried out
under folding conditions,” in templated ligations,”” or in
expressed protein ligation.”* In these scenarios, conforma-
tional constraints could be involved.

In summary, the elusive transient thioester of the NCL was
observed and characterized under standard ligation conditions.
The key element of this finding was the fast acceleration of the
intermolecular thiol-selenoester exchange allowing the accumu-
lation of the intermediate. The S-to-N acyl shift rate strongly
depends on the nature of the intermediate a-thioester residue,
resulting in a difference of 1 order of magnitude between Ala and
Val. Its contribution to the reaction rate is important in Val, and
likely in other residues bearing bulky side chains.

Future work with phenyl a-selenoester peptides will
investigate what step is rate-limiting, and if the thiol-(a-
selenoester) exchange (step 1) proceeds via a tetrahedral
intermediate or a concerted asynchronous mechanism. Regard-
ing these questions, DFT calculations of the free energies of
activation using simple NCL models (formyl-Gly-SPh + Cys)
point out a difference of only 1.1 kcalmol™ between the
transition state of step 1 (higher energy) and the highest energy
transition state of step 2.>> In addition, this study shows that a
one-step direct attack of the Cys thiolate and displacement of
thiophenol via an asymmetric reaction coordinate profile is
energetically more preferred than a proposed addition—
elimination mechanism. Because phenyl a-selenoesters are
energetically richer than phenyl a-thioesters, both a change in
the rate-determining step and step 1 via a Sy2 pathway are
conceivable.
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Peptide synthesis (Rink-Amide Aminomethyl resin, 0.2 mmol scale)
was carried out using standard Fmoc-SPPS protocols. Coupling: Fmoc-
aa (1.0 mmol) preactivated for 3 min with 1-fert-Butyl-3-ethyl-
carbodiimide (T-BEC, 1.0 mmol) and $-(hydroxyimino)-1,3-dime-
thylpyrimidine-4,4,6(1H,3H,5H)-trione (Oxy-B, 1.0 mmol). Following
the addition of the mixture to the peptidyl-resin, DIEA (0.5 mmol) was
added. The coupling time was 45 min. Fmoc removal: 20% piperidine/
DMEF (2 X 1 min, 1 X $ min). Cleavage: TFA:H,O:TIS (95:2.5:2.5, 10
mL/1 g peptidyl-resin, 90 min). Workup: the TFA was removed to a
minimal volume by evaporation under a N, stream. Cold Et,O was
added, and the resulting precipitate was centrifuged. The supernatant
was discarded, and the pellet dried under a N, stream. Next, the solid
was dissolved in H,O/ACN (1:1) and freeze-dried. The crude peptides
were purified by semipreparative HPLC (Waters). The pure fractions
were pooled together, and freeze-dried. Peptide purity was analyzed by
analytical HPLC (Agilent 1100 series) using a C18 reverse-phase
column hyphenated to a photodiode array detector. Runs were
simultaneously monitored at 220 and 280 nm. Mass analysis was
performed on a MALDI-TOF (Bruker Daltonics).

Synthesis of the phenyl a-thioester and phenyl a-selenoester sequences
was carried out using LYRAXaa-CODbz (Dbz = o-aminoanilide)
peptides prepared following reported procedures.* Briefly, in a plastic
tube (15 mL), the crude LYRAXaa-CODbz peptide (100 mg) was
dissolved in DMF (1.8 mL) and AcOH (0.2 mL). The mixture was
cooled in an ice bath for 5 min. Then, ‘BuONO (0.2 mL) was added,
and the resulting mixture was kept in the ice with periodic shaking.
Complete Dbz to benzotriazole oxidation was achieved in 30 min. Next,
cold Et,0 (12 mL) was added, and the mixture spun out. The
supernatant was discarded and the pellet was dried under a N, stream.

For Phenyl a-Selenoesterification. DPDS (100 mg, 0.320
mmol) and TCEP.HCI (168 mg, 0.586 mmol) were dissolved in
degassed phosphate buffer (6 M Gdm, 0.2 M sodium phosphate, 3.0
mL, pH of the mixture adjusted to 7.5) under sonication. Then, the pH
was fitted to 7.0 using HCl,q (1 M), and the resulting solution was
added to the peptide pellet éthe final pH of the reaction was 6.6). The
mixture was stirred at 23 °C until complete exchange (S min for Ala, 45
min for Val and Pro). The crude reaction mixture was directly purified
by semipreparative HPLC. The pure fractions were combined and
lyophilized. Yields: 25 — 45%.

For Phenyl a-Thioesterification. 4-MBA (30.8 mg, 0.20 mmol)
or 4-MPOH (25.2 mg, 0.20 mmol), and TCEP.HCI (22.9 mg, 0.0810
mmol) were dissolved in degassed phosphate buffer (6 M Gdm, 0.2 M
sodium phosphate, 2.0 mL, pH = 6.6). This solution was added to the
peptide pellet, and the mixture was stirred at 23 °C for 30 min. Next, the
solution was acidified with HCl,) (1 M) until pH = 2.0, and the 4-
MBA or 4-MPOH were removed through Et,O extraction (2 X S mL).
The resulting aqueous solution containing the peptide was purified by
semipreparative HPLC. The pure fractions were combined and
lyophilized. Yields: 40 — 60%.

"H NMR experiments were registered in a Bruker Ascend (9.4 T, 400
MHz for 'H) equipped with a room temperature iProbe. For the
determination of the net peptide content, known amounts of sodium
acetate (Fluka 98.5%, internal standard reference) and peptide were
dissolved in D,0 (0.7 mL).** DCI (1 mM) was added for thioester and
selenoester peptides. The experiments were recorded usinga d; =305,
and a spectral window = 15-(—5) ppm. Sixteen scans were accumulated
for a total acquisition time of 12.5 min. Analysis of the spectra was
performed with Bruker TopSpin 4.4.0. The integrated areas of the
different peptide 'H nuclei and acetate were used to calculate the net
peptide content: 1 (68.0%), 2 (82.5%), 4* (73.0%, the same percentage

was used for 4, 3, and 3*), 6 (71.5%), 7 (81.0%), 11 (80.0%), 14
(52.0%), 18 (68.6%).

BC NMR of peptides 3* and 4* was registered on a Bruker
AVANCEIIHD (11.7 T, 126 MHz for '*C) equipped with a TCI
Cryoprobe. Peptides (2.20 mg) were dissolved in D,0/CH;CN (9:1,
0.6 mL) containing DCI (5.0 mM). The experiments were recorded at
298 K using a d, = 2 s, and a spectral window = 230-(—20) ppm. 8783
scans were accumulated for a total acquisition time of 16 h.

For kinetic experiments, peptide samples were weighed in a Mettler
Toledo XPR2U microbalance (accuracy of + 0.001 mg). All the other
reagents were weighed in a Sartorius CP225D balance (accuracy of +
0.01 mg). pH measurements were performed using a sensiON pH31
(accuracy + 0.01) equipped with a Hach 52 09 probe, and a Crison
(model 506, accuracy + 0.01) with a Hach 52 08 probe. Both probes
were used to double-check the pH of the ligations.

All reactions were carried out at 23 °C under N, atmosphere. First,
stock solutions of H-Tyr-OH (20.0 mM in H,0) and phosphate buffer
(6 M Gdm.HCl, 0.2 M sodium phosphate, pH = 7.3) were degassed by
passing through a N, stream for 15 min. These stocks were used to
prepare the ligation buffer containing the desired concentrations of
TCEP, DPDS/4-MBA/4-MPOH, and Tyr (2.0 mM). Ascorbic acid
(0.2 M) was added when the desulfurization was observed in
preliminary experiments.”” pH adjustments were performed using
stock solutions of NaOH,q) (10 and 1 M) and HCl(,q) (6 and 1 M).

In a typical experiment, the acceptor peptide B was dissolved in the
ligation buffer (0.60 mL, pH of the mixture 7.0 — 7.10) and then added
to the donor peptide A. The pH of the reaction was measured at the end
of the ligation, resulting always in the range of 6.9 — 7.0. Aliquots of 20
L were withdrawn at the selected times and quenched with a solution
of HCI (0.5 M, 8:2 H,0/CH,CN, 20 uL). The reaction vial was flushed
with N, every time after each aliquot was removed (except for the
ligation with LYRAA-COSePh). The quenched samples were spun out
to discard any precipitate, and the supernatant (S yL) was analyzed by
HPLC the same day. Injections were simultaneously monitored at 220
and 280 nm. Compounds corresponding to the different HPLC peaks
of the ligation were collected and analyzed by MALDI-TOF mass
spectrometry.

AB, P, PA, and Agy (hydrolyzed a-selenoester/thioester peptide, if
any) concentrations were determined experimentally by integrating the
corresponding HPLC peak areas at 280 nm (Tyr absorption) and
referenced to the Tyr area ([Tyr] = 2.0 mM, internal standard).

Area,goumas/p/aon X 2.0 mM

[AB/P/A()H] =
AreaZBOanyr

[PA] = AreaZSOHmPA X 2.0 mM

2 X Area280anyr

Peptide A concentrations were estimated from a mass balance:
[A]o = [P]ﬁnal + [AB]ﬁnal + [AOH]fmal + 2’[P‘A]fmal
[A]t = [A]o - ([P]t + [AB]t + [AOH](» + Z[PA](»)

For the calculation of the kinetic parameters, three independent
replicates for each reaction were carried out. The initial concentrations
of peptides A/Ag, and B varied in each replicate.>® Full reaction profiles
of AB, P, PA, and Agy (only when detected in the ligation) were
analyzed. Model simulations and rate constant calculations were
performed in COPASI (4.37 and 4.42) using equations describing
elementary reaction steps. The theoretical kinetic model included the
following terms (Scheme 4):

e A second-order bimolecular reaction: A/Ag, + B — AB (AB
formation, k;)

e A first-order unimolecular reaction: AB — P (P formation, k,)

® A second-order bimolecular reversible reaction: A/Ag, + P =
PA + RSH/RSeH (A, P, branched thioester PA and
phenylselenol/4-MBA equilibrium, k; and k_;)

https://doi.org/10.1021/jacsau.4c00705
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Scheme 4. Kinetic Model and Rate Equations

Ky K Ky
AAg,+B —+AB— P + AlAs, 5= PA+RXH

I"‘ RXH
Aon X=§, Se
AR~ _ (i AVASIB] + k[ A/ASIIP] ] + Ki{A/As,]) + ks[PAJIRXH]
9B — . K AAIB]
I = K AASIB] - K [AB]
% = ky[AB] + K 5[PA][RXH] - k;[A/As,][P]
PAL - K AVAGIIP] - kPAJIRXH]
d[g?u] = kA/Ag,]

e A pseudo-first-order unimolecular reaction: A/Ag, = Aoy (A/
Ag, hydrolysis, k,, only when observed)

The formation of the branched product PA under phenylselenol
conditions can be treated as irreversible (k3 > k_;). Thus, the term
k_;[PA][RSeH] ~ 0. However, under phenyl thiol conditions, the
backward reaction (k_;) is significant, and the equilibrium is
determined by the ratio of the constants k;/k_;. The hydrolysis term
(k) was included when the hydrolyzed a-selenoester/thioester peptide
was detected to keep the mass balance, and not overestimate k;.

The experimental concentrations of AB, P, PA, Aoy (if any), and
[B], (reactant in excess) were introduced in COPASI. According to the
theoretical kinetic model, the corresponding k; were estimated by
applying a Differential Evolution algorithm.*” The system was iterated
until the k; remained significantly unchanged and the fitted values had a
root-mean-square < 5 X 107%. Each replicate was modeled separately.
The calculated parameters were validated by plotting the experimental
and the fitting data. The calculated k; values are expressed as the average
+ standard deviation. Data obtained from the experiments and the
simulations were plotted using GraphPad Prism 8.
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