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C-terminal peptide extension via gas-phase ion/ion reactions
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Abstract

The formation of peptide bonds is of great importance from both a biological standpoint and in
routine organic synthesis. Recent work from our group demonstrated the synthesis of peptides in
the gas-phase via ion/ion reactions with sulfo-NHS reagents, which resulted in conjugation of
individual amino acids or small peptides to the N-terminus of an existing ‘anchor’ peptide. Here,
we demonstrate a complementary approach resulting in the C-terminal extension of peptides.
Individual amino acids or short peptides can be prepared as reagents by incorporating gas phase-
labile protecting groups to the reactive C-terminus and then converting the N-terminal amino
groups to the active ketenimine reagent. Gas-phase ion/ion reactions between the anionic reagents
and doubly protonated “anchor” peptide cations results in extension of the “anchor” peptide with
new amide bond formation at the C-terminus. We have demonstrated that ion/ion reactions can be
used as a fast, controlled, and efficient means for C-terminal peptide extension in the gas phase.
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INTRODUCTION

Peptide bonds play a central role in protein chemistry by providing the link between amino
acids in peptides and proteins. As synthetic peptides today are widely used in biological
research as well as product and drug development, the generation of peptide bonds is of
great interest for synthesis as well. Solid phase peptide synthesis (SPPS), first described in
1963,1 is the widely used peptide synthesis strategy in most labs now. Although SPPS has
extraordinary advantages like suitability for combinatorial approaches? and the ability to
synthesize a range of peptide sizes and sequences,3* issues related to the time required to
carry out reactions, solubility of reagents, and use of cumbersome amount of reagents and
solvents remain unsolved. > 6

The ability to generate covalent bonds within a mass spectrometer opens up many new
possibilities for targeted gas-phase synthesis. Amide bond formation has been reported using
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various strategies including photoexcitation reactions of proton-bond dimers,”: 8 ion/
molecule reactions, 9 1911 and controlled ion/ion reactions using N-
hydroxysulfosuccinimide (sulfo-NHS) esters,12: 13. 14 carbodiimide reagents!® or
Woodward’s reagent K (wrk).18 Gas-phase peptide extension at the N-terminus of “anchor”
peptides has been reported!” using sulfo-NHS esters with reaction efficiencies greater than
30%. McGee and McLuckey generated reagents by activating carboxyl groups in amino
acids or peptides with sulfo-NHS esters and protecting reactive amine functionalities. These
sulfo-NHS reagents were then covalently attached to the N-terminus of anchor peptides via
gas-phase ion/ion reactions.

While most chemical peptide synthesis procedures start at the C-terminus and proceed to the
N-terminus, in-cell protein biosynthesis starts at the N-terminus. Here, a reagent capable of
covalently attaching to the C-terminus of an anchor peptide is generated in the gas-phase.
The amino group of an amino ester (i.e., a tert-butyl (tBu) ester) is “activated’ by converting
it to a ketenimine (ki, -C=C=N-) in the mass spectrometer. Ketenimines are reactive
intermediates8 with an electron-deficient central carbon that can react with various
nucleophiles including carboxylic acids, 1° amines, 2921 hydroxyls,22 and thiols.23
Woodward’s reagent K (N-ethyl-3-phenylisoxazolium-3'-sulfonate, wrk)2425, a ketenimine-
based reagent, has been used for the activation of carboxylic acids of peptides and proteins
in solution, 19 although reactions with cysteine, histidine, and lysine side-chains have also
been reported.26:27 The reaction mechanism involves the irreversible conversion of the
isoxazolium group of wrk to a highly reactive N-ethyl ketenimine (ki-Et), followed by
nucleophilic attack by a nucleophile.1® Here we use an exchange reaction to switch the N-
ethyl groups on wrk to amino acid residues. The reagent synthesis is demonstrated using a
variety of amino acids and is extended to small peptides like dialanine, which are then
covalently added to the C-terminus of an anchor peptide.

The synthesis and characterization steps employed here are nearly instantaneous and this
method does not require the use of deprotecting agents, cleaving agents, or solvents,
rendering it a rapid and efficient method compared to SPPS. This strategy leads to small
amounts of peptides in the gas phase, which can potentially be collected by soft-landing
techniques or further interrogated within the mass spectrometer.28:29 This approach expands
gas-phase extension of polypeptide ions to include amino acid or polypeptide addition to the
C-terminus of an anchor peptide, which complements the previously described approach for
addition of amino acids to the N-terminus of an anchor peptide via sulfo-NHS chemistry.

EXPERIMENTAL

Materials

Methanol and glacial acetic acid were purchased from Mallinckrodt (Phillipsburg, NJ). The
peptides ARAAARA and AKAAAKA were custom synthesized by NeoBioLab
(Cambridge, MA). The peptide KGAILDGAILR was custom synthesized by Synpep
(Dublin, CA). Woodward’s reagent K, trimethylamine, acetonitrile, Angiotensin 11
(sequence: DRVYIHPF), L-Valine methyl ester hydrochloride (V-OMe), and L-Asparagine
tert-butyl ester (N-OtBu) were obtained from Sigma-Aldrich (St. Louis, MO). The reagent
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), glycine tert-butyl ester
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hydrochloride (G-OtBu), L-alanine tert-butyl ester hydrochloride (A-OtBu), L-valine tert-
butyl ester hydrochloride (V-OtBu), L-proline tert-butyl ester (P-OtBu), L-tyrosine tert butyl
ester (Y-OtBu), O-tert-butyl L-glutamic acid tert-butyl ester hydrochloride (E(OtBu)-OtBu),
and L-lysine(boc) tert-butyl ester hydrochloride (K(boc)-OtBu) were purchased from
Thermo Fisher Scientific (Rockford, IL). Dialanine tert-butyl ester hydrochloride (AA-
OtBu) was obtained from Bachem Americas (Torrance, CA). All materials were used
without further purification. All peptide solutions for positive electrospray were prepared in
49.5/49.5/1 (viviv) methanol/water/acetic acid (~10 uM).

Ketenimine (ki) reagent preparation

Wrk, tBu protected amino acids (X-OtBu) and small peptides (XX-OtBu) were dissolved in
acetonitrile with a final concentration of ~2 mM. 20 uL of the wrk solution and 40 uL of
amino acids or small peptides solution were combined. To this, ~2 pL of trimethylamine
was added to adjust the pH value to ~7-8. This first allows for the transfer of wrk to the
reactive ketenimine, and later enables the reaction between the ketenimine and the amino
groups to form the amidine [(ki-Et)+(X-OtBu)].

The ki reagents were generated via a solution-phase nucleophilic addition reaction followed
by a gas-phase elimination reaction. In the absence of carboxylic acids, N-alkyl ki reacts
with primary amines in solution to form an amidine, 2921 which tautomerizes and fragments
to a new ketenimine reagent when subjected to collisional activation in the gas-phase. The
net result is an amine exchange, therefore a series of amidation reagents can be generated
via the modification of wrk. Amino acids with protected carboxylic acids can be coupled to
a ki reagent via this method. In this work, the tert-butyl (tBu) group is used to protect the
acidic end of amino acids.!’

The reaction mechanism for the overall process for reagent ion generation is shown in
Scheme 1, which includes the irreversible conversion of the wrk 1 to a reactive N-ethyl keto-
ketenimine (ki-Et) 2 by proton abstraction from the 3 position of the isoxazole.1® This
intermediate then reacts with a primary amine of an amino acid to create an amidine, 3, 2021
which can tautomerize to amidine 4. The C-N bonds of the two amidines 3 and 4 are easily
cleavable upon collisional activation in gas phase, which either gives rises to the N-amino
acid keto-ketenimine (ki-X-OPG) 5 with the loss of an ethylamine, or regenerates the ki-Et 2
by loss of the NH»-X-OPG.

Product ion spectra of the [(Et-ki)+(X-OtBu)-H]~ complexes for X=leucine (Figure S1) and
tyrosine (Figure S2) are provided as Supplementary Information. In each case, a peak
corresponding to the mass-to-charge ratio of 3 (or 4), (i.e., the isomeric forms of [(Et-ki)+
(X-OtBu)-H]™ shown in Scheme 1) can be seen in the mass spectrum when a solution of wrk
and X-OtBu is sprayed via nESI. Upon activation, a loss of ethylamine is produced,
resulting in the formation of 5. The new reagents ki-X-OtBu were generated with different
efficiencies when varying the amino acid X. The loss of the tBu protecting group as neutral
2-methylpropene (56 Da) and the following CO, loss!’ from the deprotected carboxyl end
are also observed. For all the amino acids examined here, the yields of the desired ki-X-
OtBu were relatively low due to the presence of multiple dissociation pathways of [(Et-ki)+
(X-OtBu)-H]~. The secondary amine of proline tert-butyl ester can also react with ki-Et to
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form 3, however a secondary amine is not capable of forming a C=N double bond, thus the
tautomeric form 4 does not exist for [(ki-Et)+(P-OtBu)-H]~ and an ethylamine loss is not
observed (Figure S2). Hence, a reagent for the addition of proline to the C-terminus cannot
be generated via the approach described here.

Solution-phase peptide C-terminal extension

The peptide ARAAARA was dissolved in H,O (1 mg/mL). The C-terminal carboxylic acid
group was activated using an equimolar amount of EDC in a mixture of DMF and H,0. To
this, an equal volume of X-OtBu in ACN solution (~5 mM) was added, which resulted in the
formation ARAAARAX-OtBu. The reaction mixture was then lyophilized and reconstituted
in water. The protonated species, [ARAAARAX-OtBu+H]*, was isolated and subjected to
collisional induced dissociation (CID) in a mass spectrometer to generate [ARAAARAX
+H]*.

Mass Spectrometry

All experiments were performed using a triple quadrupole/linear ion trap (LIT) mass
spectrometer3? (QTRAP 4000, AB Sciex, Concord, ON, Canada), previously modified for
ion/ion reactions3! with an alternately pulsed nano-electrospray (nESI) ionization source32.
The deprotonated (ki-Et)+(X-OtBu) anions were first isolated in the Q1-mass filter and then
subjected to fragmentation via beam-type CID from Q1 to the g2 cell. The fragments were
then transferred back to Q1 where the ki-X-OtBu reagent anions were isolated prior to their
second injection into the g2 reaction cell. The doubly protonated peptide cations were
subsequently isolated in the Q1-mass filter and then injected into g2 that has been modified
for mutual storage of ions of opposite polarity.3! After a defined mutual storage reaction
time of 100-1000 milliseconds, the product ions were then transferred to Q3 where the
electrostatic complexes were mass-selected. A low amplitude ion-trap CID was used to
collisionally activate the complex products for 50-2000 ms, which first cleaves the labile
protecting group(s) and later induces peptide bond formation. Additional isolations followed
by ion-trap CID were performed for all subsequent fragmentation steps. The product ions
were then mass analyzed by mass-selective axial ejection.33

RESULTS AND DISCUSSION

Peptide extension using ki reagents

These new ki reagents enable the formation of amide bonds between an amino group of C-
terminally protected amino acids and the C-terminus of an anchor peptide via gas-phase
ion/ion reactions in a mass spectrometer. The mechanism for peptide bond formation is
shown in Scheme 2. The reagent anion [Ki-(X-OPG)-H], 5, forms an electrostatic complex
with a doubly protonated anchor peptide, in which the C-terminal carboxylic acid group
adds to the C=N bond of the ki reagent, creating an enol ester 6 which rearranges to an imide
7. An activation step results in the loss of the protecting group, regenerating the initial
functional group(s). Upon a second step of CID, one of the amide bonds of the imide 7 can
be cleaved. Cleavage at the reagent side gives rise to the signature loss of a ketene 8 (kt, 226
Da) and the extended product 9. Cleavage at the peptide side results in a loss of a diketo
derivative and the formation of [peptide-H,0+H]*. 16
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Peptide extension is demonstrated here by adding leucine, L, to the anchor peptide
ARAAARA. The spectrum produced via the ion/ion reaction between [ARAAARA+2H]%*
and N-leucine ketenimine anion [(ki-L-OtBu) —H]" is shown in Figure 1a, in which the
long-lived electrostatic complex 5, [ARAAARA+ (ki-L-OtBu) +H]", is observed. Here the
sulfonate group on the ki reagent is essential for the electrostatic complex formation
between the protonated arginine residue of the anchor peptide and the negatively-charged
sulfonate group. Subsequent CID of the complex (Figure 1b) gives rise to multiple
dissociation pathways. The first pathway is proton transfer from the peptide to the reagent,
resulting in loss of the neutral ki-L-OtBu reagent and generating the [ARAAARA+H]*
species. The second pathway is the loss of L-OtBu from the reagent and the formation of the
[ARAAARA+ki+H]* species, which is thought to result from a side reaction with the N-
terminus (Scheme S1). The N-terminal amino group is able to initiate a nucleophilic attack
to the ki, resulting in a ring structure formation where the ki is linking the C-terminus and
the N-terminus of ARAAARA. The third pathway, which is the main process, proceeds
through loss of the protecting tBu group as a neutral 2-methylpropene from the complex,
regarded as a deprotection process. There is a sequential ketene (kt) loss from the tBu loss
(denoted as —tBu-kt in the Figure 1b), indicating the formation of an amide bond. A peak
corresponding to a signature loss of ketene (amide bond formation) without the loss of the
protecting group, resulting in the formation of [ARAAARAL-OtBu+H]* (denoted as —kt in
Figure 1b), is also observed. The order in which deprotection and covalent reaction occur is
unclear, both processes could also happen simultaneously. Amide bond formation involves
multiple rearrangement and tautormerization steps, such that the deprotection can possibly
happen at any point. Additional fragmentation of the anchor peptide is also observed as
indicated by the presence of the bs and bg ions of ARAAARA. Further CID on the tBu loss
(Figure 1c) almost exclusively produces a signature loss of ketene, resulting in the extended
product [ARAAARAL+H]*. A more detailed mechanism of reaction between ki reagents
and carboxylic acids can be found in our previous work using wrk. 16

The overall efficiency, defined as the percentage of initial ARAAARA reactant ions that are
converted to product ARAAARAL is determined through the combined efficiencies of three
steps, (1) complex formation upon ion/ion reaction, (2) deprotection from activation of the
electrostatic complex (MS?) and (3) amide bond formation from activation of the
deprotected species (MS3) as shown in Figure 1 a, b and c, respectively. The reaction time in
step (1), the amplitude and time of CID in step (2) and (3) were optimized to obtain highest
yields of the desired products. (In any case, the efficiencies were not particularly sensitive to
CID amplitude or time). The efficiencies (calculated as the peak area of the desired species
over the sum of all peak areas) are 56%, 32% and 72%, respectively, giving an overall
efficiency of 13%.

Further isolation and CID was performed to confirm the sequence of the extended peptide
noted in Figure 1c. To validate the identity of the extended peptide, its fragmentation
spectrum was compared with that of a peptide of the same sequence prepared by solution-
phase peptide synthesis using ARAAARA and L-OtBu. Figure 2 compares the dissociation
behavior of [ARAAARAL+H]* generated in the gas phase (Figure 2a) to the fragmentation
of the solution-phase analog (Figure 2b). The two spectra are essentially identical. The 42
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Da losses are NH=C=NH losses originating from the deguanidination of the arginine side
chain.34

The universality of this peptide extension method is investigated by varying ki-amino acid
reagents, protecting groups3® and the sequence of the anchor peptide. Another example
using ki-G-OtBu is shown in Figures S3 and S4. To prepare the ki reagents, side-chain
reactive functionalities of amino acids, like amino, carboxyl groups, needed to be protected.
Carboxylic acid side-chains can be protected with the tBu group, allowing acidic residues to
be conjugated to the anchor peptide after the loss of two tBu protecting groups (Figure 3). A
partially deprotected (loss of a tBu group) and a fully deprotected (loss of two tBu groups)
peak can be seen in the CID spectrum of the complex (Figure 3b). Multiple CID steps can be
used to produce the second tBu loss from the partially deprotected species (Figure 3c).
Combining the two fully deprotected peaks in Figure 3b and 3c by activating the partially
deprotected peak without prior isolation the produces a deprotection step with an efficiency
of 27%. This roughly matches the efficiency in the single deprotection scenario (Figure 1).

A similar strategy is applied for basic amino acids. The protecting group
tertbutyloxycarbonyl (boc) is used to protect the side-chain amine of lysine (Figure 4) and
both boc and tBu groups can be cleaved upon MS/MS. 17 Two partially deprotected peaks
(loss of a tBu group or loss of a boc group) and a fully deprotected peak (loss of both tBu
and boc groups) can be observed in the CID spectrum of the electrostatic complex (Figure
4b). Further activation of the partially deprotected species results in sequential loss of the
remaining protecting group (Figure 4c and d). The combined deprotection efficiency is 32%.
(We note that peptide methyl esters can also be formed using this strategy when methyl
esters are used as protecting groups for carboxylic acids. In this case there is no deprotection
step since methyl esters are stable under CID conditions, and the newly formed peptide is a
C-terminal methyl ester analogue (Figure S5).) Besides single amino acids, a dipeptide AA
can also be conjugated to the C-terminus of ARAAARA via this method (Figure S6).

The anchor peptide is required to contain at least one basic residue (arginine or lysine) in
order to be doubly or multiply protonated. An experiment using a lysine-containing anchor
peptide, AKAAAKA, is shown in Figure S7 where a lower efficiency is observed. The
proton transfer pathway is more competitive in all three steps for this anchor peptide due to
the lower proton affinity of lysine residue than arginine residues.

A list of reagents investigated is provided in Table 1. Aliphatic (G, A, V, L), basic (K),
acidic (E) amino acids as well as ones with a hydroxyl side-chain (YY) and an amide side-
chain (N) are used to represent different amino acid classes. It can be anticipated that all
amino acids, with the exception of proline (P), can be added to the C-terminus of an anchor
peptide as long as proper protecting group(s) is used. For example, the sulfhydryl group of
cysteine (C) can be protected with acetamidomethyl (acm); the imidazole group of histidine
(H) can be protected with boc.17: 35 The reagent precursors shown in Table 1 are picked
based on their commercial availability. The overall efficiencies were calculated by
multiplication of efficiencies of the three steps listed in Table 1 proceeding from the
reactants to the final products. The efficiencies of the complex formation varies from 52%
percent to 78%, in which the general trend is that more abundant complex can be formed
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when the reagent ion is larger.36 The yields of the deprotection step are 24~32% for single
amino acids and 9% for dialanine. The yields of the amide bond formation are around
60-70% for aliphatic amino acids, and decrease with amino acids containing a side-chain
functional group. An ammonia loss from the side-chain of asparagine dominates the CID
spectra (Figure S8(c)), which lowers the efficiency greatly for this reagent. With the
exception of asparagine, the overall yields of single amino acid are around 8-13%. The
increased structural complexity of the dipeptide AA-OtBu over a single amino acid may
contribute to the lower efficiency for peptide conjugation.

Side-chain extension

When an aspartic acid or glutamic acid residue is present on the anchor peptide, the
extension reaction can happen at the side-chain carboxylic acid as well as the C-terminus,
resulting in the formation of a mixture of linear and branched extended products. This is
demonstrated in Figure 5. MS/MS was performed on the peptide [DRVYIHPFY+H]*
generated via gas-phase peptide extension on doubly protonated DRVYIHPF (Figure 5a).
The main fragment is the yg ion originating from the aspartic acid effect,3” which is
consistent with the C-terminal extended sequence. However, the presence of b- and y- ions
labeled with a solid diamond suggests modification at the aspartic acid side chain as a minor
reaction channel. It is likely that the mixture of isomers consists of mainly DRVYIHPFY
with only a small amount (<10%) of the product with the Y added to the D residue. For the
branched peptide, fragments coming from the aspartic acid effect are largely suppressed due
to the modification on the acidic side chain. The same phenomenon is also observed on
reactant peptide KGAILDGAILR (Figure 5b). A similar side-chain reaction is also observed
in the gas-phase N-terminal peptide extension method,1” in which less than 10% of the
products were modified at the side-chain amino group of a lysine residue.

CONCLUSIONS

A novel method for the rapid formation of amide bonds in peptides within the mass
spectrometer is described. The present approach complements a previously described
approach that formed amide bonds at the N-terminus of an anchor peptide in that it generates
amide linkages at the C-terminus of an anchor peptide. Amino acids with a variety of side-
chains have been demonstrated to form peptide bonds to the C-terminal carboxy! group of
anchor peptides. When the C-terminus and nucleophilic side chains of the reagent ions are
protected with gas phase-labile protecting groups (boc, tBu, etc.), all amino acids can, in
principle, can be added to the C-terminus of anchor peptides, provided the anchor peptide
has more than one basic site to be doubly or multiply protonated. Proline, which is an imino
acid, cannot be conjugated to the C-terminus of an anchor peptide with this approach. Wrk
provides the functional ketenimine group for activation of the amino group of amino acids,
and a charge-bearing sulfonate group for complex formation in ion/ion reactions. This
method does not use significant amount of solvents and deprotecting agents that are required
in most current peptide synthesis methods. An overall reaction yield of ~10% can be
achieved for adding an amino acid (except asparagine) to the anchor peptide ARAAARA.
Branched peptides can be formed in this approach when a carboxylic acid group exists in the
side chain of the anchor peptides.
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Figure 1.

Product ion spectra derived from (a) the ion/ion reaction between [ARAAARA+2H]?* and
[(ki-L-OtBu)-H]~, (b) CID of [ARAAARA+ (ki-L-OtBu) +H]* complex and (c) CID of the
tert-butyl loss from [ARAAARA+ (ki-L-OtBu) +H]* complex. (Lightning bolt denotes ions
subjected to collisional activation. Asterisks (*) denote ammonia loss whereas circles (°)

denote water losses.)
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Figure 2.
Product ion spectra derived from CID of (a) [ARAAARAL+H]* generated via gas phase

ion/ion reaction and (b) [ARAAARAL + H]* from solution phase synthesis. (Lightning bolt
denotes ions subjected to collisional activation. Asterisks (*) denote ammonia losses
whereas circles (°) denote water losses)
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Figure 3.

Product ion spectra derived from (a) ion/ion reaction between [ARAAARA+2H]2* and [(ki-
E(OtBu)-OtBu)-H]~, (b) CID of [ARAAARA+ (ki-E(OtBu)-OtBu) +H]* complex, (c) CID
of the tert-butyl loss from complex, (d) CID of the second tert-butyl loss from complex
(Lightning bolt denotes ions subjected to collisional activation. Circles (°) denote water

losses.)
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Product ion spectra derived from (a) ion/ion reaction between [ARAAARA+2H]2* and [(ki-
K(boc)-OtBu)-H]~, (b) CID of [ARAAARA+ (ki-K(boc)-OtBu) +H]* complex, (c) CID of
the tert-butyl loss from complex, (d) CID of the Boc loss from complex and (e) CID of the
Boc+tBu loss from complex and (Lightning bolt denotes ions subjected to collisional
activation. Asterisks (*) denote ammonia loss whereas circles (°) denote water losses.)
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Product ion spectra derived from CID of (a) [DRVYIHPFY+H]" generated via gas phase
ion/ion reaction between [DRVY IHPF+2H]?* and [(ki-Y-OtBu)-H]-; (b)
[KGAILDGAILRY+H]* generated via gas phase ion/ion reaction between
[KGAILDGAILR+2H]?* and [(ki-Y-OtBu)-H]~ (Lightning bolt denotes ions subjected to
collisional activation. Asterisks (*) denote ammonia losses whereas circles (°) denote water
losses. The red labels with a solid diamond represent fragments corresponding to a
modification on an aspartic acid side chain).
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Scheme 1.
Formation of a new ki-based reagent via reaction between wrk and amino acids followed by

gas-phase activation. PG is the protecting group (blue) while X represents an amino acid.
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Scheme 2.
Formation of the extended peptide via ion/ion reaction between an anchor peptide and

ketenimine reagent [(ki-X-OPG)-H]~, where PG is the protecting group (shown in blue).
The anchor peptide is shown in green while the amino acid is shown in red.
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Efficiencies of reagent amino acids or peptides added and the reagents for successful coupling (efficiency
calculated using anchor peptide ARAAARA)

Reagent Activated Stepwise efficiencies/ % Overall
precursor precursor efficiency/
Complex  Deprotection Amide bond %
formation formation
Glycine ki-G-OtBu 52 27 63 9
Alanine ki-A-OtBu 54 29 62 10
Valine ki-V-OtBu 54 24 58 8
Leucine ki-L-OtBu 56 32 72 13
Tyrosine ki-Y-OtBu 76 25 66 13
Asparagine ki-N-OtBu 60 26 24 4
Lysine ki-K (boc)-OtBu 73 30% 42 10
Glutamic acid  ki-E(OtBu)-OtBu 65 o7t 43 8
Dialanine ki-AA-OtBu 78 9 6 4

¢Combined efficiency of multiple CID steps for two protecting groups.
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