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ABSTRACT: The formation of succinimide in proteins has attracted considerable
attention in protein aging and biopharmaceutical research. The succinimide
formation occurs spontaneously in proteins and is prone to hydrolysis to yield
aspartate and isoaspartate, resulting in altered protein functions. Herein, we
demonstrated that the coupling reagent 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMTMM) can mediate intramolecular cyclization
of aspartic acid to form succinimide efficiently in the LL37-derived short
antimicrobial peptide KR12. The formation of succinimide in KR12 was confirmed
by liquid chromatography tandem mass spectrometry and nuclear magnetic
resonance. Moreover, the succinimide-containing KR12 displayed decreased
antimicrobial activity, helicity, and serum stability in comparison with unmodified KR12. The succinimide formation usually
changes the protein structure and function, and only in rare cases, it can help to maintain the protein stability. In addition to
succinimide, DMTMM can also mediate intraresidue cyclization of N-terminal glutamate to form pyroglutamate. Our work thus
provides a convenient and efficient method for preparation of succinimide/pyroglutamate-containing peptides, which can be used for
studying their impact on peptide/protein function.

■ INTRODUCTION
In recent years, an increasing number of protein and peptide
biopharmaceuticals have been developed for the treatment of
many human diseases, such as cancer and infection.1 Since the
structure and function of peptides/proteins rely on their
intrinsic feature of sequence, chemical modification is a
powerful tool for alteration of peptides/proteins to improve
their therapeutic efficacy.2 However, when chemical mod-
ifications occur during storage and usage, they may cause
degradation of peptides/proteins or reduction of their
pharmaceutical activities.3

The formation of succinimide (Suc), one of the common
chemical modifications of proteins, occurs spontaneously both
in vivo and in vitro and may have significant effects on the
biological activities of proteins.4−7 The reactions involve a
nucleophilic attack of the nitrogen atom of the following amide
bond on the side chain carbonyl carbon of asparagine/
aspartate (Asn/Asp), resulting in the loss of an/a ammonia/
water molecule and subsequently the formation of Suc, which
is prone to hydrolysis to Asp and isoAsp (Figure 1A).4 In
addition, D-Asp and D-isoAsp residues can be formed via
racemization of the Suc intermediate. When the chemical
modifications occur in proteins, they usually cause structural
and functional alteration such as age-related protein damage in
human lens and brain.8,9 Furthermore, studies on therapeutic
proteins, especially recombinant monoclonal antibodies
(mAbs), have found that under mildly acidic conditions, the
Suc formation is faster than its hydrolysis, resulting in
accumulation of Suc.10 Conversely, under neutral to basic

conditions, hydrolysis of Suc occurs more rapidly than its
formation, resulting in accumulation of Asp/isoAsp. The
formation of Suc in mAbs has been shown to reduce its
binding affinity.7,11 Nevertheless, Kumar et al. showed that the
formation of Suc helps maintain the structural stability of
Methanocaldococcus jannaschii glutaminase.12 Interestingly, the
Suc formation is a critical step during protein splicing.13 For
biological studies and drug development, it is vital to identify
the Suc formation sites and to understand the effects of Suc on
peptides/proteins. However, methods for the preparation of
Suc-containing peptides/proteins used in research are still
limited. Since the reactions of deamidation/dehydration of
Asn/Asp are non-enzymatic, they will not occur without
catalyst under the physiological condition because of high
energy barriers.14,15 For this reason, the approaches for
generating Suc-containing peptides/proteins usually require
heat stress (≥37 °C), mildly acidic conditions (pH 4 or 5.5),
and long incubation time such as a few days to months.16−21

Moreover, the following amino acid residue in the protein
sequence should be less sterically hindered such as glycine
(Gly) or serine (Ser).
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Antimicrobial peptides (AMPs) are regarded as promising
candidates to overcome antibiotic resistance in bacteria.22

Most of the well-known AMPs share common characteristics
including a net positive charge and amphiphilicity and adopt
an α-helical structure when in contact with biological
membranes.23 AMPs possess the activity to lysis cells by
binding to bacterial membrane components and leading to
pore formation, resulting in disruption of the membrane. LL37
belongs to the human cathelicidin family and has been isolated
from degranulated neutrophils.24 It shows broad-spectrum
antimicrobial activity against Gram-positive and Gram-negative
bacteria, fungi, and viruses, and it also exhibits cytotoxicity
toward mammalian cells.25 However, the length of LL37 is
relatively long and thus it is unaffordable for large-scale
production of the peptide. KR12 (residues 18−29 of LL37:
KRIVQRIKDFLR), the smallest LL37 derivative that still
possesses the antimicrobial activity, serves as a useful template
for development of peptide drugs.26

The coupling reagent 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMTMM) has been used for
condensation of carboxylic acids with amines.27 Herein, we
found that DMTMM can mediate amide bond formation
between Cγ of Asp and the amine group of backbone, resulting
in the formation of Suc in the peptide KR12, even though the
amino acid following Asp is phenylalanine (Phe) rather than
Gly or Ser. The reaction can be completed within a few hours.
The Suc residue was identified by liquid chromatography
tandem mass spectrometry (LC−MS/MS) and nuclear
magnetic resonance (NMR). The influence of Suc on KR12
was then evaluated by comparing its antimicrobial activity,
cytotoxicity, conformational changes, and serum stability with
unmodified KR12. Our studies showed that the presence of
Suc in KR12 significantly reduced its antimicrobial activity,
helical propensity, and serum stability, whereas the substitution
of Asp with glutamate (Glu), which contains similar negative
charge, could increase its helical propensity and improve

antimicrobial activity. Furthermore, DMTMM can also be used
for intraresidue cyclization of N-terminal Glu, resulting in the
formation of pyroglutamate (pGlu). The formation of pGlu in
proteins, similar to Suc, has been extensively studied since they
are closely associated with human disease, especially the
neuropathology of Alzheimer’s disease.28 Although N-terminal
pGlu is a common modification of mAbs, no evidence has
shown that the pGlu formation in mAbs affects its therapeutic
potency.3,29

■ RESULTS AND DISCUSSION
Conjugation of Man to KR12. Certain proteins that have

the membrane-binding capability are able to disrupt cell
membranes after conjugation of 4-aminophenyl-α-D-manno-
pyranoside (Man; Figure S1), a mannose analog, to their
carboxyl groups.30,31 Since KR12 already possesses antimicro-
bial activity, Man-conjugated KR12 may enhance its
membrane-damaging activity, which usually positively corre-
lates with its antimicrobial activity.32 To generate Man-
conjugated KR12 (Man-KR12), the coupling reagent
DMTMM was used for conjugation of Man to the synthetic
KR12 peptide under a neutral condition such as PBS (pH 7.4)
or HEPES buffer (pH 7.5). There was only one carboxyl
group, the side chain of Asp9, in the synthetic KR12 peptide
because its C-terminal carboxyl group has been converted to
amide. The mechanism involved the activation of the carboxyl
group of Asp9 in KR12 by DMTMM followed by the
nucleophilic attack of the amino group of Man, resulting in an
amide linkage between the side chain of Asp9 and Man (Figure
S1). The product after the reaction was analyzed by reversed-
phase high-performance liquid chromatography (RP-HPLC)
and matrix-assisted laser desorption/ionization time-of-flight/
time-of-flight mass spectrometry (MALDI-TOF/TOF-MS)
(Figure 1B and Figure S2). The expected molecular weight
(MW) of Man-KR12 was calculated by adding the individual
MW of KR12 and Man and subtracting 18 Da. The major peak

Figure 1. Mannosylation and intramolecular cyclization of KR12. (A) Mechanism of Suc formation and hydrolysis. (B) RP-HPLC profile of Man-
KR12 and KR12C. (C) Antimicrobial activity of KR12 and Man-KR12 against E. coli. The data represent mean ± standard deviation (SD) from
three independent experiments.
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present in HPLC after the DMTMM-coupled reaction
corresponded to Man-KR12 (the observed [M + H]+ =
1824.0; Table 1) The product Man-KR12 was collected and

subjected to antimicrobial assay. The minimum inhibitory
concentration (MIC) of KR12 against Gram-negative Escher-
ichia coli (E. coli) was 40 μM. Man-KR12 displayed lower
activity than KR12 (Figure 1C), indicating that conjugation of
Man to KR12 reduced its antimicrobial activity.
DMTMM-Mediated Succinimide Formation. Interest-

ingly, there was a minor peak present in RP-HPLC after the
reaction, and the product (the observed [M + H]+ = 1553.0;
Table 1) had a mass loss of 18 Da compared to KR12 (the
observed [M + H]+ = 1571.0; Table 1). The product can be
generated and purified by simply mixing KR12 and DMTMM
in the reaction. The resulting sample was evaluated and
purified by RP-HPLC before subjecting to LC−MS/MS
analysis. Two fragmentation methods, higher-energy collisional
dissociation (HCD) and electron transfer dissociation (ETD),
were used to validate the site of modification. The HCD-MS/
MS data showed that the b1 to b8 and y1 to y2 ions from all
the MS2 mass spectra were identical to the unmodified peptide
of KR12, whereas the y3 to y9 showed a loss of 18 Da (Figure
2A). Moreover, the ETD-MS/MS result showed a loss of 18
Da in c9 and (z + 1)4 ions, indicating the loss of a water
molecule from Asp9 (Figure 2B). These data localize the
modification to the position Asp9, and the most likely
modification is intraresidue cyclization/dehydration leading
to the formation of a five-membered ring structure called
succinimide at the position.
We then performed NMR analysis to validate the Suc

formation. The 1H resonance assignments of KR12 and
KR12C at 278 K were accomplished by analyzing the two-
dimensional (2D) TOCSY, NOESY, and DQF-COSY using
the standard assignment procedure.33 We identified the spin
systems of residues from TOCSY and DQF-COSY and did the
sequential assignment in the NOESY. The sequential
connectivities between HN and Hα resonances were clearly
identified by overlapping the TOCSY (blue peaks) and
NOESY (red peaks) spectra of both KR12 and KR12C, as
shown in Figure 3A,B, respectively. In KR12, the NOE
connections from Arg2 to Arg12 were clearly assigned (Figure
3A). However, the NOE sequential connectivity of KR12C was
lost at Phe10 because the HN resonance of Phe10 was missing
(Figure 3B). Figure 4A shows the fingerprint region (HN-to-
aliphatic protons) of TOCSY of KR12 (blue peaks) and
KR12C (red peaks). The signals from Ile3 to Ile7 in both
KR12 and KR12C overlapped well with each other and are
indicated with black lines and labels. However, the HN signals
from Lys8 to Arg12 were different between KR12 and KR12C
and the most different signals were identified in Asp9 and

Phe10. For Phe10, the HN signal disappeared in KR12C and
the Hα and Hβ resonances identified in KR12C were
remarkably different from those in KR12 (Figure 4B). For
Asp9, all proton resonances in KR12 shifted significantly in
KR12C, especially the HN and Hβ resonances shifted to 8.929,
3.115, and 2.619 ppm in KR12C. Based on the NMR results
that HN of Phe10 vanished and other proton resonances in
Asp9 and Phe10 showed significant chemical shift perturba-
tions, we propose that in KR12C, the backbone nitrogen of
Phe10 forms a covalent bond to the Cγ of Asp9 under loss of a
water molecule to form Suc. The modification removes the
amide proton of Phe10 but does not change the spin systems
of Hα and Hβ protons in Asp9 and Phe10. Also, in a previous
NMR study on Suc, the chemical shift values of HN and Hβ
resonances of Suc at 298 K are 8.43, 3.25, and 2.85 ppm,16

which are close to the values identified in KR12C at 278 K. To
confirm the formation of Suc, we then analyzed all the peaks in
the NOE spectra of KR12 and KR12C. Additional NOE peaks
between Hα of Phe10 and Hβ of Suc were identified only in
KR12C (Figure 4C). We calculated the NMR structures of
KR12C based on all the NOE restraints and selected the final
five structures based on the total energy. Structural super-
imposition of five structures on Suc9 showed that the average
distance between Hα of Phe10 and Hβ of Suc9 was 4.6 Å in
KR12C due to the formation of Suc (Figure 4D). NOE
analysis and structure calculation confirmed the formation of
Suc in KR12C.

Antimicrobial Activity and Helicity of KR12C. It has
been known that the net positive charge is important for the
antimicrobial activity of AMPs. The cationic AMPs interact
with negatively charged bacterial cell membranes by electro-
static interactions followed by disruption of the bacterial
membranes.34 Gunasekera et al. found that the substitution of
Asp9 in KR12 to Ala or Lys results in increased antimicrobial
activity.35 We thus performed antimicrobial activity assay to
determine whether the modification of Asp9 to Suc improves
antimicrobial activity due to a decrease in cationicity. However,
KR12C showed decreased activity against E. coli in comparison
with KR12 (Figure 5A). Interestingly, replacement of Asp9 to
Glu in KR12, in which the charge remained unchanged,
displayed a 2-fold decrease in MIC value compared to KR12,
indicating that the substitution improved antimicrobial activity
(Figure 5B). Besides the net charge, the ability to form a
helical structure with distinct hydrophobic and hydrophilic
surfaces is important for the activity of AMPs.23 To explore the
conformational behavior of KR12, KR12C, and KR12E, we
performed CD experiments to observe their secondary
structure after adding 2,2,2-trifluoroethanol (TFE). KR12
and KR12E formed α-helical structures after addition of TFE
as indicated by negative maxima at around 208 and 222 nm
and a positive maximum at around 195 nm.36 Obviously, the
helical content of KR12E was higher than that of KR12 in the
presence of the same concentration of TFE (Figure 5C). In
contrast, the helical content of KR12C was significantly lower
than that of KR12 in 50% TFE (Figure 5D). The succinimide
formation may disrupt the hydrogen bond formation between
the CO group and the NH group, which is required for the
helical conformation. Taken together, the results indicate that
the formation of Suc in KR12 cause a decrease in α-helical
propensity, which correlates well with decreased antimicrobial
activity.

Cytotoxicity and Serum Stability of KR12C. Certain
AMPs exhibit selective cytotoxicity toward mammalian

Table 1. Calculated and Observed Monoisotopic Masses for
KR12, Man-KR12, and KR12C
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cells.37−39 Cancer cells are more susceptible to cationic AMP
targeting due to more negatively charged membranes of cancer
cells than normal cells.40 Previous studies have shown that
LL37 exhibits cytotoxicity against the human colon cancer cell

line HCT116 and the adult T leukemia cell Jurkat.41,42 We
tested the cytotoxic activity of the peptides against these two
cell lines. Consistent with previous reports, LL37 significantly
reduced the viability of two cell lines, while none of KR12 and

Figure 2. MS/MS spectra of KR12C by (A) HCD and (B) ETD fragmentation. Su denotes succinimide. The asterisk (*) indicates the loss of
ammonia.
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KR12C exhibited cytotoxic activities on two cell lines even at a
concentration up to 80 μM (Figure 6A,B). The observation
agrees with previous studies showing the selective toxicity of
KR12 toward bacteria but not human cells.26,43 The loss of
cytotoxicity is mainly caused by the reduction in surface
hydrophobicity, resulting in reduced membrane binding
affinity of the peptide.37 Since KR12C is less hydrophobic
than KR12 as indicated by the retention times on RP-HPLC
(Figure 1B), its membrane binding affinity may be lower than
KR12. In addition, the difference of cytotoxic activity may be
partly explained by the instability of KR12 and KR12C in the
serum in comparison with LL37 (Figure 6C). After 15 min of
incubation in 25% of serum, only ∼25% of KR12 could be
detected, while the level of LL37 was comparable to the 0 min
control. The result of instability of KR12 in serum is consistent
with a previous report.35 In addition, the stability of KR12C
was lower than that of KR12, as only ∼5% of KR12C could be
detected under the same condition. Taken together, the results
indicate that neither of KR12 and KR12C exerts cytotoxic
effects toward cancer cells and the loss of activity as compared
to LL37 may be related to the reduction in surface
hydrophobicity and the instability in serum.

DMTMM-Mediated Pyroglutamate Formation. Besides
Asp/Asn, intraresidue cyclization can take place at Glu/Gln
residues, especially for N-terminal Glu/Gln, which results in
the formation of pyroglutamate (pGlu).44 The formation of

Figure 3. NOE sequential assignment of KR12 and KR12C. Shown
are the HN-Hα regions of TOCSY (blue) and NOESY (red) spectra
for (A) KR12 and (B) KR12C at 5 °C. Residues are labeled at the
positions of the intraresidual HN-Hα peaks, and the inter-residual
HN-Hα NOE connectivities are linked by dashed lines.

Figure 4. NMR results confirm the formation of Suc. (A) Fingerprint region (HN-to-aliphatic protons) on the TOCSY spectra of KR12 (blue
peaks) and KR12C (red peaks). The residues from Ile3 to Ile7 show very similar peaks in both KR12 and KR12C and are indicated with black lines
and labels. The TOCSY signals of Lys1 in both peptides and Phe10 in KR12C are shown in (B) owing to the lack of HN resonances. (C) Selected
region of the NOESY spectra of KR12C showing clearly the NOE between Hα of Phe10 and Hβ of Suc9 (labeled and colored in red). (D) Final
five KR12C structures calculated based on all the identified NOE peaks show that due to the formation of Suc, the distance between Hα of Phe10
and Hβ of Suc9 is around 4.6 Å.
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pGlu is not only a spontaneous reaction, but it can also be
catalyzed by glutaminyl cyclases.45 Here, we tested whether
DMTMM can mediate the formation of pGlu from N-terminal
Glu/Gln by using the fluorescence probes, H-X-β-naphthyl-
amine (X = Asp, Asn, Glu, and Gln; NA, naphthylamine). The
fluorescence of β-naphthylamine can be enhanced when pGlu
is formed and removed by pyroglutamyl aminopeptidase I.46

After the reaction, the result showed that DMTMM was only
able to mediate the formation of pGlu from Glu but not Gln
(Figure 7A). The groups with the fluorescence probes, H-Asp/
Asn-β-NA, served as negative controls. The pGlu-containing
probe formed after the reaction can be clearly distinguished

from the Glu-containing probe on the chromatogram (Figure
7B). The minor peak that occurred at a retention time of
∼16.5 min represented H-pGlu-β-NA containing the triazine
part of DMTMM (∼139 Da) based on mass spectrometry
analysis (Figure 7B and Figure S3). This may be due to an
excess of DMTMM used in the reactions, which reacts with the
amine groups, though the tendency for DMTMM to react with
the amine groups is much lower than that with the carboxy
groups. The reactions became predominant when there were
no carboxy groups such as H-Asn/Gln-β-NA (Figure 7C,F and
Figure S4). For the reaction with H-Asp-β-NA, the peak that
occurred at a retention time of ∼16.9 min represented the

Figure 5. Relationships of antimicrobial activity and peptide helicity. Antimicrobial activity of (A) KR12C and (B) KR12E against E. coli. The data
represent mean ± SD from three independent experiments. (C) CD spectra of KR12 (solid lines) and KR12E (dotted lines) using different
concentrations of TFE. (D) CD spectra of KR12 (solid lines) and KR12C (dotted lines) in the absence or presence of 50% TFE. The spectra are
expressed in absolute values of ellipticity in millidegrees (mdeg).

Figure 6. Cytotoxicity and serum stability of the peptides. Cytotoxicity of the peptides against (A) HCT116 and (B) Jurkat cells. (C) Peptides were
incubated with 25% human serum for several time points at 37 °C. All data represent mean ± SD from three independent experiments.
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cyclized form with the triazine part of DMTMM (Figure 7D
and Figure S4). Taken together, it is evident from the results
that DMTMM can also be used for cyclization of N-terminal
Glu to form pGlu.

■ CONCLUSIONS

Chemical modification of peptides/proteins has emerged as a
powerful approach to improve the efficacy of biopharmaceut-
icals, whereas attention must be paid when the undesired
modifications take place during storage and usage. In this
study, we demonstrated that DMTMM can be used for
intramolecular cyclization of acidic residues, Asp and Glu,
resulting in the formation of Suc and pGlu, respectively. The
formation of Suc in KR12 affected its helix-forming capability,
which correlated with decreased antimicrobial activity. The
modification is a common occurrence during the storage of
biopharmaceuticals, leading to the product heterogeneity. It
often induces structural changes and may have detrimental
effects on the therapeutic efficacy and safety of a drug product.
Thus, characterization of Suc in mABs in terms of its
localization and function is important during pharmaceutical
development. Our work provides a convenient and efficient
method to produce Suc- or pGlu-containing peptides/proteins,
which are useful tools for identification of the modifications
and for studying their effects on peptide/protein function.

Moreover, the method can be applied in designing
biopharmaceuticals depending on the mechanism of action.

■ EXPERIMENTAL PROCEDURES

Peptides. The peptide KR12 (KRIVQRIKDFLR-NH2),
K R 1 2 E ( KR I VQR I K E F L R -NH 2 ) , a n d L L 3 7
(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES)
were synthesized by the peptide synthesis facility in the
Institute of Biological Chemistry, Academia Sinica. The purity
of the peptides was determined to be ≥95% based on RP-
HPLC and MALDI-TOF/TOF-MS.

DMTMM Reactions. For preparation of Man-KR12, KR12
(5 mg, 3.2 μmol) was mixed with 4-aminophenyl α-D-
manopyranoside (8.7 mg, 0.032 mmol) and then DMTMM
(17.7 mg, 0.064 mmol) was added to the mixture in PBS (pH
7.4) in a final volume of 1.5 mL. For preparation of KR12C,
KR12 (12 mg, 7.6 μmol) was mixed with DMTMM (42.48
mg, 0.15 mmol) in PBS (pH 7.4) in a final volume of 1.8 mL.
The reaction mixtures were incubated with shaking at 250 rpm
at 37 °C for 3 h. After the reaction, the samples were added to
Pierce peptide desalting spin columns (Thermo Fisher
Scientific, 89851) and were eluted according to the
manufacturer’s instruction. The eluates were analyzed by RP-
HPLC and MALDI-TOF/TOF-MS. The fractions containing
the pure peptide were collected and then freeze-dried.

Figure 7. DMTMM-mediated pGlu formation. (A) Related fold changes of the fluorescence intensity produced by different substrates. RP-HPLC
analysis of the mixtures obtained after the DMTMM reactions containing (B) H-Glu-β-NA, (C) H-Gln-β-NA, (D) H-Asp-β-NA, and (F) H-Asn-β-
NA. CT denotes the control reaction that contains only the indicated fluorescence probe.
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For cyclization of H-X-β-NA (X = Asp, Asn, Glu, and Gln;
NA, naphthylamine; BACHEM, 4002834, 4007065, 4001467,
and 4001674), X-β-NA (0.5 mM) was mixed with DMTMM
(50 mM) in 100 μL of 50 mM HEPES-NaOH (pH 7.5). The
reaction mixtures were incubated with shaking at 250 rpm at
37 °C for 3 h. After the reaction, the samples were added 1 μL
of 10% trifluoroacetic acid (TFA) and evaluated by RP-HPLC.
RP-HPLC Analysis and Purification. After the reactions,

the peptides were analyzed and purified by RP-HPLC on a
C18 column (XBridge Peptide BEH C18 Column 300 Å, 5
μm, 4.6 mm × 100 mm) using a Waters module W2690/5 and
a PDA detector W2998 at a flow rate of 1.0 mL/min with
detection at 214 or 320 nm. The mobile phase included water
with 0.1% TFA for solvent A and acetonitrile (ACN) with
0.1% TFA for solvent B. Peaks were collected and identified by
mass spectrometry.
Antimicrobial Activity Assay. E. coli (ATCC 25922)

were grown in Mueller-Hinton broth at 37 °C until OD600
reached 0.3 with a density of approximately 1×108 CFU/mL.
The peptides were serially two-fold diluted in water with a
starting concentration of 400 μM or 1600 μM to 3.125 μM as
indicated. A total of 10 μL of diluted peptides was added to 90
μL of the 104-fold diluted bacterial cultures in 96-well plates
(Corning, CLS-3879). After incubation with shaking at 180
rpm at 37 °C for 15 h, bacterial growth was assessed by
measuring the absorbance at 620 nm in a BioTek Synergy H1
microplate reader. MIC is determined as the lowest peptide
concentration at which the peptide completely inhibits the
growth of the bacteria.
Liquid Chromatography Tandem Mass Spectrometry

(LC−MS/MS) Analysis. NanoLC−nanoESI-MS/MS analysis
was performed on a nanoAcquity system (Waters, Milford,
MA) connected to the Orbitrap hybrid series mass
spectrometer (Thermo Electron, Bremen, Germany) equipped
with a PicoView nanospray interface (New Objective, Woburn,
MA). Peptide mixtures were loaded onto a 75 μm-ID, 25 cm-
length C18 BEH column (Waters, Milford, MA) packed with
1.7 μm particles with a pore with of 130 Å and were separated
using a segmented gradient in 30 min from 5% to 35% solvent
B (acetonitrile with 0.1% formic acid) at a flow rate of 300 nL/
min and a column temperature of 35 °C. Solvent A was 0.1%
formic acid in water. The mass spectrometer was operated in
data-dependent mode. ETD fragmentation was performed on
an Orbitrap Elite hybrid mass spectrometer; survey full scan
MS spectra were acquired in the orbitrap (m/z 300−1600)
with the resolution set to 60 K at m/z 400 and automatic gain
control (AGC) target at 106. The 15 most intense ions were
sequentially isolated for MS/MS fragmentation and detection
in the orbitrap. For MS/MS, we used a resolution of 15,000, an
isolation window of 2 m/z, and a target value of 50,000 ions,
with maximum accumulation times of 200 ms. The
fluoranthene reaction time was set to 100 ms. Ions with a
single and unrecognized charge state were also excluded.
StepHCD fragmentation was performed on an LTQ Orbitrap
Velos hybrid mass spectrometer; survey full scan MS spectra
were acquired in the orbitrap (m/z 300−2000) with the
resolution set to 60 K at m/z 400 and automatic gain control
(AGC) target at 106. The 10 most intense ions were
sequentially isolated for MS/MS fragmentation and detection
in the orbitrap. For MS/MS, we used a resolution of 7500, an
isolation window of 2 m/z, and a target value of 50,000 ions,
with maximum accumulation times of 250 ms. Fragmentation
was performed with normalized collision energies of 65%, 70%,

and 75% with an activation time of 0.1 ms. Ions with a single
and unrecognized charge state were also excluded.
The MS and MS/MS raw data were converted to Mascot

Generic Files (MGF) using Proteome Discoverer (v2.4.0.305;
Thermo Scientific) and searched against customized database
containing a single peptide sequence with the Mascot Daemon
server (v.2.7.0; Matrix Science). Search criteria used were
NoCleave digestion, with variable modifications set as
amidated (C-term), dehydrated (D), a mass accuracy of 10
ppm for the parent ion, and 0.02 Da for the fragment ions.

NMR Spectroscopy. All NMR experiments were acquired
on a Bruker AVANCE III HD 600 MHz spectrometer with a
BBFO 5 mm probe head. Samples were dissolved in 0.25 mL
of H2O/D2O (9:1) to a concentration of 0.2 mM and placed in
BMS005B SHIGEMI tubes. 2D TOCSY, NOESY, and DQF-
COSY spectra were collected into 2048 points in t2 dimension
and 256 points in t1 dimension with a relaxation delay of 2 s at
278 K. The TOCSY spectra were recorded using the DIPSI2
pulse sequence with mixing times of 75 ms, and 400 ms mixing
times were used for NOESY spectra. All NMR spectra were
processed and analyzed using Topspin 3.6 (Buker Biospin),
referenced to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS).
Complete 1H resonance assignments of KR12 and KR12C are
listed in Tables S1 and S2, respectively.
NMR structures were calculated from mainly NOE restraints

using the program XPLOR-NIH 3.0.47 Simulated annealing
was performed using 6000 steps at 1000 K and 20,000 steps by
gradually cooling the temperature to 100 K. Also, the
structures were energy-minimized using 500 steps of Powell
energy minimization. The final 50 contained no NOE distance
constraint violations greater than 0.3 Å. From these, a family of
five was chosen based on their total energy.

Circular Dichroism (CD). CD spectra were measured at 25
°C on a J-815 Spectrometer (JASCO) using a 1 mm path
length quartz cell. A 100 or 20 μM peptide was prepared in 10
mM sodium phosphate buffer and in the absence or presence
of indicated concentration of TFE. The spectra were recorded
between 190 and 260 nm wavelength with a data pitch of 0.5
nm and bandwidth of 1 nm and with four accumulations at a
scanning speed of 50 nm/min.

Viability Assay for Mammalian Cells. HCT116 cells
(ATCC, CCL-247) were maintained in McCoy’s 5A modified
medium (Gibco, 16600082) with 10% heat-inactivated fetal
bovine serum (HI-FBS; Gibco, A3840102). Jurkat cells
(ATCC, TIB-152) were maintained in RPMI-1640 medium
(Gibco, A10491) with 10% HI-FBS. All cells were cultured
under 5% CO2 at 37 °C. Cells were seeded in 96-well plates at
a density of 5000 cells/well in 100 μL of medium. After 24 h of
incubation, cells were treated with serially two-fold diluted
peptides with a starting concentration of 80 μM and incubated
for another 48 h. CellTiter-Glo Luminescent Cell Viability
Assay (Promega, G7570) was used to determine the cell
viability based on the manufacturer’s instruction.

Peptide Stability in Human Serum. RP-HPLC was used
to determine the stability of the peptides in human serum.48

Human serum (Sigma-Aldrich, H4522) was centrifuged at
13000 rpm for 10 min to remove lipids before use. The
peptides were mixed with a solution of 25% human serum in
PBS to get a final concentration of 50 μM in a 30 μL reaction
volume. The peptides with serum were incubated at 37 °C
with shaking at 250 rpm, and the reaction was stopped at the
desired time point by adding 60 μL of ACN with 2% TFA and
incubated on ice for 10 min to precipitate serum proteins. The
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samples then were centrifuged at 13000 rpm for 20 min at 4
°C. A total of 60 μL of the supernatant was taken and added to
120 μL of 0.1% TFA. The samples were analyzed by RP-
HPLC, and the amounts of the peptides remaining were
quantified by their peak areas. The percentage was calculated
by comparing the peak area of the peptide remaining at each
time point to time zero. The data were obtained from three
independent experiments.
Pyroglutamate Detection. To detect the formation of

pyroglutamate after the DMTMM reactions, 20 μL of the
reaction mixtures containing the substrates H-X-β-NA was
added into 60 μL of 50 mM HEPES-NaOH (pH 7.5) and 20
μL of human pyroglutamyl aminopeptidase I (1.6 mg/mL) was
added in a 96-well plate. Fluorescence at excitation 320 nm
and emission 410 nm was measured at 25 °C using a BioTek
Synergy H4 Hybrid Microplate Reader. The relative fold
changes were calculated by dividing the values from the
experimental groups (H-X-β-NA + DMTMM) by the values
from the control groups (H-X-β-NA only).
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morpholinium chloride
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Suc succinimide
mAbs recombinant monoclonal antibodies
LC−MS/MS liquid chromatography tandem mass spec-
trometry
NMR nuclear magnetic resonance
Man 4-aminophenyl-α-D-mannopyranoside
RP-HPLC reversed-phase high-performance liquid chroma-
tography
MALDI-TOF/TOF-MS matrix-assisted laser desorption/
ionization time-of-flight/time-of-flight mass spectrometry
MW molecular weight
MIC minimum inhibitory concentration
HCD higher-energy collisional dissociation
ETD electron transfer dissociation
TFE 2,2,2-trifluoroethanol
NA naphthylamine
TFA trifluoroacetic acid
CD circular dichroism
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