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ABSTRACT: The sequencing of peptides via N-terminal amino
acid removal is a classic reaction termed Edman degradation. This
method involves repeated treatment of the N-terminal amino group

Base induced N-terminal peptide sequencing
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sequencing technologies, we developed a base-induced N-terminal
degradation method. Several N-terminal derivatization reagents
carrying supernucleophiles were tested. After rounds of iterative
designs, compound DR3, with a N-hydroxysuccinimide as a leaving
group and hydrazinecarboxamide as the supernucleophile, demon-
strated the highest yield for the peptide derivatization step and the 834 protein

most efficient elimination of the N-terminal amino acid in just 1% of

a hydroxide salt. The method successfully removed all 20 amino acids at the N-terminus in high yield. The technique demonstrates
compatibility with oligonucleic acids, which differs from Edman degradation due to their inherent sensitivity to acidic environments.
To demonstrate the practical application of our approach, we sequenced amino acids sequentially from a peptide, effectively
determining the sequence of an unknown peptide. Notably, our methodology was successfully applied to mixtures of peptides
derived from protein samples, where a significant fraction of the peptides derivatized with DR3 underwent elimination of their N-
terminal amino acid upon addition of base. Overall, although our method does not outperform Edman degradation in efficiency, it
serves as a valuable alternative in cases where base-induced cleavage is advantageous, particularly for preserving acid-sensitive
functionalities.
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1. INTRODUCTION

Peptide sequencing is an essential step for protein primary

New protein sequencing technologies, inspired by the success
of DNA sequencing, have emerged over the last five years. The

structure determmatlon, leading to a better understandmg of
their function,” aiding 1n developing new drugs, and
advancing biotechnology™® and synthetic biology.”® The
demand for innovative sequencmg methods is on the rise,
such as nanopore methods,”'” fluorosequencing,'' and dye-
labeled N- terminal amino acid recognizers.'”

However, the only well-established method for sequencing
proteins and peptides through sequential amino acid degrada-
tion was pioneered by Pehr Edman in 1950, representing a
groundbreaking chemical method'*' that has not been altered
significantly over the last 75 years. The method uses phenyl
isothiocyanate (PITC) to functionalize the N-terminus of a
peptide under mild basic conditions, forming a thiourea.
Subsequently, this adduct is treated with anhydrous TFA at 50
°C to cleave off a cyclic phenylthiohydantoin, revealing a new N-
terminus on the peptide (Figure 1). Edman degradation has long
been the gold standard i in Proteomlcs for peptide sequencing via
chain-end degradation.'
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primary aim of these technologies is to identify and quantify
protein counts in complex mixtures at or near single-molecule
sensitivity.' "'’ 7*° These advancements include optical fluo-
rescence methods, translation of peptide information into
DNA,*"** and nanopore-derived techniques.”*~>

We have developed a single-molecule sequencing technique
called fluorosequencing, where peptides are selectively labeled
on amino acids with fluorophores, placed in a TIRF microscope,
and sequenced using Edman degradation while tracking the

fluorescence change.'' We observed that TFA degrades many
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Figure 1. Steps in the Edman degradation.
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Figure 2. (a) Hydrolysis of amide bonds under basic conditions. (b) Tertiary amide bond hydrolysis. (c) Cyclic transamidation of peptides at a neutral
pH. (d) Asparaginyl linkages used for peptide cleavage with hydrazine. (e) Hamada’s base catalyzed chain-end degradation.

fluorophores, such as BODIPY- and cyanine-based structures, methods that use N-terminal recognition units, such as binders
whereas many of these are stable in base. This issue is not unique or antibodies for imaging, also rely on Edman degradation.”
to fluorosequencing. Single-molecule protein sequencing Thus, overcoming the Edman degradation acid-requirement
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constraint could also facilitate these approaches to sequencing
proteins, providing chemists with an alternative approach to
chain-end degradative sequencing.

Additionally, maintaining DNA integrity is important during
the barcoding of a peptide sequence. Pawlosky uses Edman
degradation in DNA barcoding to repeatedly capture and
encode newly exposed amino acid positions and identities.”!
During this work, the investigators noted that TFA depurinates
DNA in their barcode-cyclic sequencing (BCS) machinery.

Analogously, another study reporting DNA barcoding with
Edman chemistry comes from Soh.”” These authors also noted
that conventional Edman conditions cause DNA damage and
attempted to replace TFA with BF;.Et,0. However, depurina-
tion persisted, leading them to analyze the depurination
products and adopt chemically modified oligonucleotides
resistant to degradation.

Overcoming Edman degradation constraints could enable
new approaches to sequencing proteins and provide chemists
with an interesting opportunity to apply the field’s advance-
ments in addressing a major application.

To achieve our objective of an alternative non-acid-catalyzed
peptide-end degradative reaction, we took inspiration from three
prior themes of work.

1.1. Base-Assisted Amide Bond Hydrolysis. The
literature on nonenzymatic methods for amide bond hydrolysis
indicates that the mechanism involves nucleophilic attack by
hydroxide on the carbonyl carbon, forming a tetrahedral
intermediate (Figure 2a). Then, elimination of the leaving
group occurs as an amide anion that is protonated instantly or
concerted with departure.”*~*® An alternative mechanism has
been observed for tertiary amides: these amides undergo
cleavage at ambient temperature, as illustrated in Figure 2b.
The mechanism again involves a hydroxide ion attacking the
carbonyl carbon, but subsequently, deprotonation of the added
hydroxide ion forms a dianionic intermediate.””*® This
intermediate facilitates the elimination of the amide anion
leaving group, likely occurring simultaneously with protonation.
It is unclear whether the mechanism found for tertiary amides
also occurs for other amides or if there is a mix of mechanisms.
Either way, the possibility of deprotonation of the tetrahedral
intermediate to generate a dianion was a critical feature that we
incorporated into our approach to base-induced N-terminal
degradation, as described below.

1.2. Internal Cyclization and Aminolysis. As further
background to inform our approach, we examined various
cyclizations that cleave peptides. For example, at high temper-
ature (130 °C) and neutral pH, a pathway called internal
aminolysis or “backbiting” occurs. Here, intramolecular
cyclization between the N-terminal amino acid and the adjacent
amide results in the formation of a diketopiperazine and the
release of the truncated peptide (Figure 2c).”" Further, when
proteins and peptides are heated at 100 °C for 10 h, in the
presence of anhydrous hydrazine, cleavage of all peptide bonds
occurs.”” > However, at lower temperatures (20 °C), hydrazine
selectively cleaves the asparaginyl linkages in peptides (Figure
2d).>> The asparagine amino acid side chain undergoes
hydrazinolysis to form f-hydrazidyl aspartic acid, wherein the
terminal NH, group of hydrazine cyclizes on the neighboring
amide. This intramolecular cyclization forms a six-membered
ring product, accompanied by the liberation of the amino acid or
peptide fragment. Similarly, it has been found that hydroxyl-
amine can be used as a nucleophile to cleave asparagingfl-glycyl
peptide bonds via an intramolecular cyclization.”® These

intramolecular cyclizations using hydrazine and hydroxylamine
are features that we also incorporated into our approach.

1.3. Hamada'’s Base Catalyzed Chain-End Degradation
Method. In 2016, Hamada introduced a chain-end degradation
method using N,N’-bis(tert-butoxycarbonyl)-1H-pyrazole-1-
carboxamidine for peptide functionalization and 2% NaOH
for cleaving the terminal amino acid (Figure 2e).”” However, a
direct extension of their method was not found to be feasible for
our objectives because the method still requires TFA for
removing the Boc group during the functionalization step.
Furthermore, this approach also requires protecting each amino
acid side chain during peptide functionalization, and when
coupled with the extended 24 h reaction time, significantly limits
its practicality and applicability in proteomics. Nevertheless, we
took inspiration from their use of the guanidino group as a
nucleophile, which targets the carbonyl group, leading to the
cyclization of the N-terminal amino acid.

These nonenzymatic degradation methods typically require
high temperatures (130 °C) and extended reaction times (often
several hours or more) and often result in random peptide
degradation. These limitations underscore the need for
developing a milder, more controlled, and eflicient base-induced
sequencing method. Thus, with the lessons from the examples in
Figure 2, our primary objective was to develop a non-acid/base-
induced degradation method that operates at lower temper-
atures, requires shorter reaction times, and provides precise N-
terminal peptide cleavage.

As reported below, to achieve our objective, we iteratively
improved the performance of degradation reagents (DRs) by
varying leaving groups and nucleophiles until we successfully
generated a method to remove each of the 20 N-terminal amino
acids in high yield. Using a series of methyl substitutions and
deuterium scrambling experiments, we probed the mechanisms
of degradation.

Our method effectively enables the stepwise cleavage of
amino acids from peptides, providing a valuable tool for peptide
sequencing. We also confirmed that oligonucleotides were stable
under the sequencing conditions, and we successfully applied
the method to peptide mixtures derived from the protein bovine
serum albumin. This represents the first entirely base-induced
N-terminal degradation method, thereby complementing the
nearly 75-year-old Edman degradation method.

1.4. Reagent Design Criteria. The DRs we designed are
urethane-based with two key components: a leaving group for
selective N-terminal derivatization and a good nucleophile to
facilitate cyclization (Figure 3). The leaving group is required to

Leaving

gro ai”é’

Urethane

Figure 3. Design of degradation reagents (DRs).

selectively react with the N-terminus, such that all the reactive
side chains do not necessarily need to be protected.
Alternatively, if it is also reactive at the e-amine of lysine, no
cleavage would occur (as with PITC in the Edman degradation).
Regarding the nucleophile, we used the class of hydroxylamines
or hydrazines as supernucleophiles due to the alpha effect,’
which, as described above, gives either random or asparaginyl-
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mechanism for base-induced peptide sequencing using DR2.

specific peptide cleavage. Subsequent to derivatization,
nucleophilic cyclization of the supernucleophile would form a
six-membered ring, as seen in the diketopiperazines or
asparaginyl-amino acid hterature precedents (Figure 2¢,d),
favorable by Baldwin’s rules,” consequently releasing the
peptide fragment revealing a new N-terminus.

This strategy aims to overcome the limitations of traditional
base-induced and supernucleophilic degradation methods by
controlling the site of derivatization and facilitating neighboring
amide degradation.

2. RESULTS AND DISCUSSION

Using these design criteria, we began our search for base-
induced N-terminal cleavage by comparing two degradation
reagents, DR1 and DR2, both featuring a 4-nitrophenyl leaving
group, and 1-hydroxy urea or hydrazinecarboxamide as the
nucleophiles, respectively (Figure 4a). To protect the
nucleophilic end of the reagent from reacting with others of
the same molecule, the —OH and —NH, groups in DR1 and
DR2 were protected with tert-butyldimethylsilyl(+-BDMS) and
fluorenylmethoxycarbonyl (Fmoc), respectively. We envisioned
that DR1 or DR2 would react at the N-terminus of a peptide by
nucleophilic attack and the loss of 4-nitrophenoxide. In the case
of DR1, deprotection by tetrabutyl ammonium fluoride (TBAF)
would generate a 1-hydroxy urea (an oxime analogue). Because
the pK, of the —OH group of a hydroxylamine is lower than that
of water,”’ deprotonation in the presence of hydroxide would
generate an aminoalkoxide anion. This anion could cyclize at the
adjacent amide of the peptide (Figure 4b), analogous to the
cleavage discussed above for asparaginyl-glycine. This reaction
generates a six-membered ring and eliminates the N-terminal
amino acid. Similarly, in the case of DR2, derivatization and
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subsequent deprotection would generate a hydrazinecarbox-
amide with a terminal —NH, nucleophile to attack the adjacent
amide (Figure 4c), just as in the precedent of Figure 2d.
However, unlike DRI, this nucleophile can add without
deprotonation. Importantly, in the presence of a base, we
hypothesized it could lead to the formation of a dianionic
tetrahedral intermediate (Figure 4c), analogous to the
mechanism depicted in Figure 2b. If so, this intermediate
would facilitate cleavage of the amide bond, resulting in
degradation of the peptide.

DR1 was synthesized by the reaction of 4-nitrophenyl
chloroformate and O-(tert-butyldimethylsilyl) hydroxylamine
(Figures S64—S66), consisting of a 4-nitrophenyl group as a
leaving group and 1-hydroxy urea as a nucleophile, which is
protected by +-BDMS. We chose YGFWVY (1) as a model
peptide, possessing a tyrosine at the N-terminus, thereby
allowing us to track the cyclized product cleaved from the
peptide in an LC trace. For this derivatization reaction, DR1 was
added to a solution of peptide 1 in DMF, and the reaction was
stirred for 2 h at ambient temperature. Subsequently, TBAF was
introduced, and the mixture was stirred for an additional 2 h for
deprotection (Figure S). The reaction progress was monitored
using LC-MS, and the derivatized peptide 2 was purified via
preparative reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC). For the sequencing step, initial attempts
involved tris buffer with a pH of 9.5 and temperatures ranging
from 37 to 60 °C for S h and 0.4 mM of the derivatized peptide.
This resulted in conversion to the truncated peptide 3 of only
~10%, with more than 90% of the derivatized peptide 2
remaining unreacted. Further, to improve the yield, we
employed Cs,CO; and DBU as bases, but this did not improve
conversion yields, suggesting the need for a stronger base to

https://doi.org/10.1021/jacs.5c03385
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Figure S. Base-induced sequencing of the N-terminal amino acid in
peptide 1 using DRI.

cyclize onto the N-terminal amino acid. Subsequently, 1%
NaOH at 37 °C was employed for the sequencing step, achieving
60% conversion of the derivatized peptide into truncated
peptide 3. Further, upon using 1% Ba(OH),, the conversion
improved to 70% (Figure S). Additionally, we identified a peak
corresponding to the cyclized form of the amino acid (tyrosine)
cleaved from the peptide (4) (Figures S1 and S2).

To investigate the reaction mechanism, we designed a
modified reagent, DR1’, in which the hydroxyl group was
blocked with a methyl group (Supplementary Figures 67 and
68). Peptide 1 was derivatized with DR1’ and subjected to a
sequencing reaction using 1% Ba(OH), under the optimized
conditions. As anticipated, the reaction did not proceed,
supporting our hypothesis that the reaction requires nucleo-
philic attack of the oximate anion at the carbonyl carbon
(Figures S3 and S4). This also indicated that deprotonation of
the a-NH group in DR1’ does not lead to cyclization and
formation of a S-membered ring, a topic we return to below.

To further improve the yield and better understand the nature
of the side product in the reaction, we explored other amino
acids at the N-terminus and discovered after derivatization and
base treatment that we consistently observed a side product that
accounted for the majority of the remaining mass, with a 15-unit
mass difference from the derivatized peptide. This prompted us
to characterize the side product. In order to do so, we
synthesized the dipeptide WY, derivatized it with DR1, and
then treated it with 1% Ba(OH),. Subsequently, we isolated the
side product and characterized it using HRMS (Figures SS—S7).
The results revealed the formation of a carbamate anion at the
N-terminus, likely due to hydrolysis of the urethane under basic
conditions with the departure of hydroxylamine. Given this side
product, we shifted our focus to investigate another reagent,
DR2, which possesses a hydrazine nucleophile.

DR2 was synthesized through a reaction between 4-
nitrophenyl chloroformate and 9-fluorenylmethyl carbazate
(Figures S69 and S70). In this case, the NH, group is protected
with fluorenylmethoxycarbonyl (Fmoc).

Again, we conducted our first studies of DR2 using YGFWVY
(1) in DMF in the presence of DIPEA as the base at room

temperature, followed by piperidine addition for Fmoc removal.
The reaction took 18 h, which is considerably longer compared
to DR1, but our primary interest lay in evaluating the conversion
rate during the base-induced cleavage step. Initially, we
conducted the sequencing reaction in an aqueous environment
devoid of any base, which resulted in a 10% degradation of the
peptide after 4 h (Figure S8). Subsequently, we increased the pH
to 9 and monitored the sequencing yield. At this point, 30%
cleavage had occurred, while 70% of the derivatized peptide
remained unreacted. However, by employing a 1% Ba(OH),
solution at 37 °C, we observed a 93% elimination of degraded
peptide 3 after S h (Figures S9 and S10). Additionally, we
identified a peak corresponding to the cyclized form of the
amino acid (tyrosine) cleaved from the peptide (6). The
cyclized product 6 was isolated using HPLC and characterized
by HRMS (Figure S11). From these findings, we concluded that
the nucleophile was reactive enough for cyclization and that the
initial adduct does not lead to any significant side products in the
presence of the base. However, the prolonged derivatization
time was a limitation, which prompted us to consider changing
the leaving group of DR2 to enhance the reactivity of the
derivatization step. Thus, we replaced 4-nitrophenolate with N-
hydroxysuccinimide, generating DR3.

DR3 was synthesized by allowing N,N’-disuccinimidyl
carbonate to react with 9-fluorenylmethyl carbazate (Figures
§71—S73). To assess DR3 reactivity in the derivatization step,
we performed the same procedure with the YGFWVY peptide 1,
consisting of DMF with DIPEA as the base at room temperature,
giving a 92% isolated yield of the derivatized peptide in just 1 h.
After confirmation of the derivatization reaction by LC-MS,
piperidine was added to deprotect the Fmoc group (Figure 6).

o 1)& NHNHFmoc
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\©\ \© 2) 20%Plpendlne in
OH

< NH 60 °C

1% Ba(OH
H,NHN N\)LN/\]/N\)J\ \)J\ a(0H),

BacMaclia "

OH
NH

ol H ¢ i
YI\Q R HN/\[I/N\)J\N N A oH
HN 2 z H = H

N0 OH 2 = °

H

6

3

Figure 6. Base-induced sequencing of the N-terminal amino acid in
peptide 1 using DR3.

The desired derivatized peptide was isolated from the reaction
mixture by simply adding ether for precipitation, which
eliminates the need for HPLC purification and enhances the
efficiency of the approach. Although DR2 and DR3 are two
distinct reagents, the derivatized peptides exhibit identical
molecular structures and formulas; therefore, consistent results
were obtained during the sequencing reaction conducted in the
presence of 1% Ba(OH), at 37 °C for S h. From these
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Figure 7. (a) Two possible heterocyclic products with DR3. (b) Only one possible heterocyclic product with DR3'.

experiments, we concluded that DR3 is an optimal reagent for
analyzing all 20 amino acids at the N-terminus.

NHOCH,

0

m

Next, to increase the efficiency of the sequencing step, we aimed
to reduce the sequencing time by increasing the temperature.
We performed the sequencing step on the derivatized peptide
synthesized by using DR3 at an elevated temperature of 60 °C
(Figure 6). This adjustment reduced the time to achieve >92%
conversion to degraded peptide 3 to only 2 h (Figure S12). We
observed two or more peaks in the LC trace of the sequencing
step with identical mass, all correspondl éto degraded peptides.
These peaks are due to epimerization*"** caused by the higher
temperature and the alkaline pH of the solution during
sequencing of reaction. When monitoring the efficiency of the
repeated base-induced chain-end cleavage (see below), we find
no dropoff of efficiency of the process, indicating that the
diastereomers generated have little effect on the derivatization or
cyclization steps, likely due to their distance from the centers of
reactivity.

Given that either the —NH— or —NH, group of the
derivatized peptides could cyclize on the adjacent amide, we
sought to investigate whether a 5-membered or 6-membered
heterocyclic product was formed, respectively (6 or 7, Figure
7a). To this end, we synthesized DR3’, a methylated reagent
derivative of DR3, in which the NH group was blocked, reducing
its nucleophilicity and eliminating the ability for deprotonation
before or after the formation of the tetrahedral intermediate
(Figures S74—S76). Thus, we carried out the derivatization
reaction of the model peptide with DR3’. However, we observed
a low vyield of derivatized peptide 8, likely due to steric
hindrance. Irrespective of this, our mechanistic question
concerned the cleavage reaction; hence, we moved forward by
purifying 8 using RP-HPLC.

Afterward, we conducted the sequencing reaction in the
presence of 1% Ba(OH), for 4 h. The formation of the degraded
peptide 3, along with the generation of heterocycle 9, was
observed in good yield (Figure 7b) (Figures S13 and S14),
supporting our hypothesis of six-membered ring formation and
that the terminal —NH, of DR3 performs the nucleophilic

IZ ZI

NO,

DRT

attack. Given that the terminal —NH, of the hydrazine
carboxamide group is the nucleophile, it was reasonable to ask
if a base was even required in the degradation step. After all, this
—NH, is not likely to be protonated to any significant extent at
neutral pH, given that its pK, of its conjugate acid is likely similar
to that of a hydrazide, i.e., around 5.* Thus, it could cyclize
without the assistance of NaOH or Ba(OH),. However, when
we performed the sequencing reaction in an aqueous environ-
ment without base, it led to only 10% degradation of the peptide
after 4 h, whereas with base in 2 h, conversion was above 90%.
Additionally, there was still a lingering question of whether the
tetrahedral intermediate, once formed, undergoes deprotona-
tion as has been reported in amide hydrolysis reactions (Figure
4c).

To explore this question and to determine if the terminal
—NH, group can be deprotonated and thereby generate a better
nucleophile, we recorded the 'H NMR spectra in acetonitrile
(where no deuterium exchange can occur) of 4-phenyl-
semicarbazide (PSC) as a model of the derivatized peptides.
Then, to induce base-catalyzed deuterium exchange, we added
NaOD (40 wt % in D,0) to generate a 2% solution. The signals
of NH, and NHj, as well as the terminal —NH, group are due to
deuteration over a few minutes, indicating their facile
deprotonation. To further confirm that this deuterium exchange
depends upon base concentration, we increased it to 10%
NaOD. Indeed, the intensity of the signals diminished faster
(Figure S15). This deuterium scrambling experiment revealed
that terminal NH, can be deprotonated by NaOH. However, as
discussed above, the cleavage reaction of the DR3-derivatized
peptide can proceed without the addition of base, indicating that
direct nucleophilic attack by the terminal —NH, group can
initiate degradation, albeit at a far lower level of efficiency. This
coupled with the fact that hydrazine can cleave peptides at
asparagine linkages at neutral pH (Figure 2d) leads us to believe
that one role of the base is to deprotonate the tetrahedral
intermediate (eq 1), thereby facilitating leaving group departure.
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In further support, we note that when using DR1, the cleavage
reaction also proceeds at lower efficiency, potentially because a
dianionic tetrahedral intermediate is not possible (albeit this is
complicated by the fact that a side product also lowers the
efficiency). Thus, while the base is needed to improve efficiency,
we are not entirely confident of the role it plays. We find that it
can deprotonate the terminal —NH, group to create a
significantly better nucleophile, yet this is not necessary in our
studies or in literature examples. Additionally, our results show
that deprotonating the tetrahedral intermediate is also not
necessarily required. But, when using DR3, both deprotonating
the terminal —NH, and the tetrahedral intermediate are
possible, and this derivative gives us the highest efficiency
cleavage.

To explore the broad applicability of using DR3 to remove N-
terminal amino acids, we tested all 20 amino acids. For example,
tryptophan is at the N-terminus (Table 1, entry 1).

NN
Ha Hp
PSC

Table 1. Sequencing of Peptides Having Different N-
Terminal Amino Acids

Time for
Peptides with different N- sequencing % Conversion of
Entry terminal amino acids step degraded peptide
1 WYFWVY 4h 82
2 HYFWVY 2h 92
3 PYFWVY 4h 87
4 FYFWVY 4h 92
S GYFWVY 4h 85
6 AYFWVY 2h 91
7 VYFWVY 4h 93
8 LYFWVY 4h 87
9 IYFWVY 4h 85
10 SYFWVY 2h 92
11 TYFWVY 2h 920
12 RYFWVY 2h 93
13 MYFWVY 4h 87
14 DYFWVY 2h 91
15 NYFWVY 4h 70
16 KYFWVY 2h 922
17 C*YFWVY 4h 60
18 EYFWVY 2h 920
19 QYFWVY 2h 93

% conversion calculated using LC-MS traces, with toluic acid used as
internal standard. * cysteine (C) was modified with iodoacetamide.

We observed a peak in the LC-MS spectra corresponding to
the cyclized amino acid adduct, which was subsequently isolated
and characterized by HRMS (Figures S16—S18). With lysine at
the N-terminus, we observed disubstitution in the derivatization
step.

Nevertheless, it successfully underwent cleavage under the
optimized conditions (Table 1, entry 16) (Figures S47 and S48).
However, the derivatization step for cysteine had a relatively
poor conversion due to the reactivity of the thiol group with
DR3. To address this, we capped the thiol with iodoacetamide, a
commonly practiced reaction in protein sciences. We then
performed sequencing and observed only 60% conversion rate

but with an uncharacterized side product. Unfortunately, we
were unable to fully identify the side product at this stage (Table
1, entry 17, Figures S49 and S50). Further, previous literature
has reported that both glutamic acid and glutamine convert into
pyroglutamic acid under basic conditions.** In our case, during
the derivatization step, we observed more than 50% formation of
pyroglutamic acid when we have glutamic acid at the N-
terminus, while lowering the equivalents of DIPEA and
decreasing the temperature from 25 to 0 °C improved the
yield of the derivatized peptide to 60%. Consequently, we
purified this derivatized peptide and subjected it to the
sequencing conditions, resulting in successful elimination of
the N-terminal Glu and generation of the degraded peptide
(Table 1, entry 18, Figures S51 and S52). However, in the case
of glutamine, only ~5% pyroglutamic acid formation was
observed during the derivatization reaction using modified
conditions, while the desired derivatized peptide gave 93%
degradation (Table 1, entry 19). These exact same issues are
encountered with cysteine®® and glutamic acid*® at the N-
terminus when using Edman degradation because of the basic
conditions in the functionalization step. For other N-terminal
amino acids, there was varying reactivity, but we did not observe
any significant side products. For consistency, we capped the
sequencing reaction at 4 h, although, in most cases, the N-
terminal amino acid was cleaved off within 2 h. However, for
tryptophan, glycine, leucine, isoleucine, and asparagine, we
observed unreacted DR3-derivatized peptides even after 4 h,
which contributed to conversions of less than 90%. Overall, all
amino acids at the N-terminus worked well, resulting in good
conversions for elimination of the degraded peptide (Table 1
and Figures S16—S54). Based on these results, we conclude that
DR3 effectively derivatizes each of the 20 amino acids when
placed on the N-terminus, as well as successfully removes all 20
amino acids with a high yield in base (Figure 8). Furthermore,
the detection of cyclic amino acids cleaved from peptides in LC-
MS spectra, supported by mechanistic studies, substantiated the
elements required from our original design criteria.

After examining each of the amino acids at the N-terminus, we
were interested in exploring the application of the method for
sequencing a series of amino acids sequentially. We performed
this test in the same manner as the original report by Edman,
isolating the products from each cleavage and resubjecting the
truncated peptides to the derivatization and cleavage conditions.
To ensure an adequate quantity of material for subsequent steps,
we scaled up the derivatization step using peptide 1 (YGFWVY,
0.02 mmol), successfully obtaining a 90% yield of the desired
product. In the sequencing step, the reaction was initially
performed on a 0.4 mM scale using 100 L of 1% Ba(OH),.
However, in the present case, we began with 0.01 mmol of the
DR3-derivatized peptide. As the reaction scale increased,
additional solvent was required to fully dissolve this peptide.
Consequently, the volume of 1% Ba(OH), was increased to S00
4L to maintain the solution’s pH. After cleavage, we neutralized
the reaction mixture with 1% formic acid and purified the
truncated peptide via RP-HPLC to eliminate salts and other
impurities before proceeding to the next cycle of derivatization
and cleavage (Figures SS55- S60). We demonstrated the
sequential elimination of three amino acids, with potential for
further extension as required (Figure 9).

Aiming to reduce the amount of base used in the above
experiment, we devised a strategy of parallel reactions while
maintaining the same reaction scale (Page no S11). This ability
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Figure 8. Schematic of base-induced peptide sequencing using DR3 for peptides with all 20 different amino acids at their N-termini.

Next Cycles First Cycle un-B o ARG with an average of 84% of the peptides successfully derivatized

o, with DR3, and individual reaction efficiencies ranging from 42%

T l g — to as high as 98%, depending on the N-terminal amino acid

Wy (Y H (Figure S61). When we subsequently treated the derivatized

OY U O peptide mixture with 1% Ba(OH), and heated it for 4 h (Figure

1% Ba(OH),, 60°CT NHNH, &1% Ba(OH),, 60°C 10), we found that 52% of the derivatized peptides were N-
N Second Cycle terminally cleaved (Supplementary Section 2.11 details the

© vy "GN °w LAN analysis process utilized for the data presented on the complex
NHNH, ) %o o l hwere mixture of BSA peptides and provides a link to the raw MS data

T o N:::.:ou) wco. N ° set). We suspect that the lower observation of N-terminal

Third cycle HaN—FIW Y (¥) ~—— R /67 4 cleavage in this complex mixture is primarily due to low peptide
NHNH, recovery during the desalting and chromatography processes

required for mass spectrometry analysis. This is supported by the
fact that we did not observe any remaining derivatized peptides
and that there were significantly fewer overall ionizable peptide
signals.

To assess the compatibility of chemistry with DNA, such as

Figure 9. Sequential removal of three amino acids of peptide 1 in
solution using DR3.

enables the successful identification of amino acid sequences in

unknown peptides. that attached to barcode peptides, we investigated the stability of
To evaluate the versatility and robustness of our method single-stranded DNA (ssDNA) in our sequencing protocol. A
across a broad spectrum of peptide sequences, we also tested it 0.1 mM solution of a 15-mer ssDNA was subjected to 1%
on a complex peptide mixture with diverse N-terminal residues. Ba(OH), at 60 °C for 1—4 h. Analysis via denaturing TBE-urea
Specifically, we selected a predigested bovine serum albumin gel electrophoresis showed no significant degradation products
(BSA) sample, which consists of more than 50 unique peptides, (Supplementary Figure 62). Additionally, MALDI-MS demon-
providing an ideal model for assessing the method’s applicability strated that the 15-mer ssDNA substrate experienced only minor
in proteomics workflows. We employed DR3 for peptide depurination, primarily at the 5’ adenosine base, with no
derivatization and analyzed the products by tandem mass substantial degradation observed (Supplementary Figure 63).
spectrometry (MS/MS). The results were highly promising, These findings confirm the robustness of our sequencing
13980 https://doi.org/10.1021/jacs.5c03385
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Figure 10. Schematic representation of derivatization followed by the sequencing process for peptide mixtures derived from digested BSA peptides.

method with DNA substrates, underscoring its potential for
applications involving conjugated peptide-DNA in barcoding.

3. CONCLUSION

The derivatization of N-terminal amino acids of a peptide using
DR3 followed by the addition of a base provides a
complementary method to the Edman degradation. We
investigated the reaction mechanism using methyl substitution
and isotope scrambling. Further, the six-membered ring cyclized
adduct of the amino acids cleaved from the peptide was
characterized. We also achieved the sequencing of three amino
acids, one by one, with minimal loss in yield demonstrating the
effective identification of the sequence of an unknown peptide.
Additionally, we explored the stability of oligonucleotides under
the sequencing conditions. Our methodology was successfully
extended to peptide mixtures derived from protein samples,
where all peptides were derivatized with DR3 and underwent
parallel elimination of their N-terminal amino acids upon base
addition. Currently, we are focusing on base-induced N-terminal
degradation on solid supports, such as glass slides or beads, to
eliminate the need for purification after each sequencing step,
thereby improving the method to rival the highest yields of
Edman sequencing. Overall, this study highlights how
mechanistic physical organic chemistry can be used to devise
new methods that can be applied to proteomics.
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