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Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) plays an indispensable role
in analyzing protein covalent structures. The reliable identification of amino acid residues and modifi-
cations relies on the mass accuracy, which is highly dependent on calibration. However, the accuracy
provided by the currently available calibrants still needs further improvement in terms of compatibility
with multiple tandem MS modes or ion polarity modes, calibratable range, and minimizing suppression
of and interference with analyte signals. Here aiming at developing a versatile calibrant to solve these
problem, we designed a synthetic peptide format of calibrant Ry(GDP,), (referred to as “Gly-Asp-Pro,
GDP”) according to the chemical natures of amino acids and polypeptide fragmentation rules in tandem
MS. With four types of amino acid residues selected and arranged through rational designs, a GDP pep-
tide produces highly regulated fragments that give rise to evenly spaced signals in each tandem MS mode
and is compatible with both positive and negative ion modes. In internal calibration, its regulated frag-
mentation pattern minimizes interference with analyte signals, and using a single peptide as the input
minimizes suppression of the analyte signals. As demonstrated by analyses of proteins including mono-
clonal antibody and AB-42, these features allowed significant increase of the mass accuracy and precision,
which improved sequence coverage and sequence resolution in sequence analyses (including de novo se-
quencing). This rational design strategy may also inspire further development of synthetic calibrants that

benefit structural analysis of biomolecules.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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Analyses of the covalent structures, including protein sequence by comparing the masses of certain segments with the theoretical

and post-translational modification (PTM) are essential for not only
structural and functional studies of proteins, but also monitoring
the quality attributes of biologics such as sequence variants and
PTM profiles. As a technique that can directly measure the mass
or mass changes of biomolecules or their fragments, mass spec-
trometry (MS) has become an indispensable tool for analyzing co-
valent structure of proteins [1]. For the task of protein sequenc-
ing, it has complemented and largely replaced Edman degradation
due to the higher sequence coverage, sensitivity, resolution and
throughput [2], even in the presence of excess background pro-
teins [3]. MS-based approaches also enable direct analyses of both
sequence variants and PTM, which cannot be decoded by nucleic
acid sequencing [4,5], and allow confirmation of protein sequence
to be consistent with the presumed ones (e.g., the cDNA sequence)
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masses using more simple and less time-consuming approaches,
such as intact mass measurements and peptide mapping [1].
Identification of amino acid residues and their PTM’s at spe-
cific sites by mass spectrometry relies on accurate mass determi-
nation of fragments released from the intact proteins. Fragmenta-
tion can be performed in solution through enzymatic digestion (i.e.,
the bottom-up approach), or in the gas phase at the tandem MS
stage using proper ion activation/dissociation techniques (i.e., the
top-down approach). Additional gas-phase fragmentation of these
polypeptide fragments is needed when their sequences or PTM’s
need to be characterized with higher sequence resolution, ideally
at the single-residue level. The sequence coverage is highly depen-
dent on the nature of the ionization and fragmentation methods
[6,7], and can be improved by combining the complementary se-
quence information derived from multiple fragmentation strategies
[8,9]. Electrospray ionization (ESI) and matrix-assisted laser des-
orption/ionization (MALDI) are both capable of ionizing intact pro-
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teins or peptides. In contrast to ESI, MALDI predominantly gener-
ates singly charged ions of intact species upon initial ionization
and singly charged fragment ions in tandem MS, whose m/z val-
ues are numerically equal to their masses. This feature greatly re-
duces the complexity of the tandem mass spectra, minimizes sig-
nal overlapping, and provides a straightforward means to inter-
pret data. MALDI is compatible with both TOF/TOF, a tandem MS
mode utilizing collision-induced dissociation (CID), and in-source
decay (ISD), a type of radical-induced fragmentation that takes
place in the MALDI plume during the desorption/ionization and
cleaves nearly every N-aC bond (except that in Pro; a/x ions may
also be produced under oxidative conditions [10]) at the terminal
segments of proteins [11-15], allowing nearly single-residue res-
olution to be achieved [16] even for disulfide-containing proteins
[17]. Both TOF/TOF and ISD have been demonstrated as power-
ful tools for top-down analysis of proteins, including antibodies
and disulfide-linked proteins [8,15,18-20]. TOF/TOF of ISD-derived
fragment ions enables analysis of protein termini in a pseudo-
MS? manner [16,21], yielding nearly complete sequence coverage
of small proteins [22].

No matter whether the residues/PTM'’s are identified by peak
list mapping or de novo sequencing, mass accuracy is pivotal to
reliable identification. Due to the intrinsically small mass differ-
ences between certain amino acid residues, their combinations or
their modified formats, a slight mass error caused by subopti-
mal calibration of mass spectrometers can result in ambiguous or
misleading results. Although a number of standard proteins, pep-
tides, ion clusters [23,24], synthetic polymers [25,26] and biopoly-
mers [27,28] have been utilized for calibrating the MALDI-MS-
based mass measurements, some of their limitations, including dif-
ferential degradation between components of a calibrant mixture
and limited compatibility with commonly used matrices [23] or in-
ternal calibration, should be addressed. Internal calibration circum-
vents the mass inaccuracy problem in external calibration caused
by the inconsistency in surface and crystal conditions between
sample points of the analytes and calibrants [29], but it suffers
from interference and suppression of analyte signals by the cali-
brant ions. Performing internal calibration using evenly spaced sig-
nals of from synthetic calibrants [25,26] provides a solution. For
TOF/TOF, evenly spaced signals can be generated by fragmenting
molecules containing repeating unit, such as oligosaccharides [30],
polyalanine peptides [31] and proteins containing regularly posi-
tioned Asp residues [32]. However, regulated fragmentation in ISD
still needs further development. TOF/TOF usually requires multi-
ple sets of calibration to cover a broad mass range, and calibration
at high mass range (>3000 Da) or in the negative mode is rela-
tively difficult because of the lack of appropriate calibrants [31,32].
In addition, the versatility of existing calibrants in different po-
larity modes or fragmentation modes, and their applicability to a
larger variety of analyte systems are still limited. Here we design
a synthetic peptide-based calibrant to enable versatile MALDI-MS
calibration for ISD, TOF/TOF and pseudo-MS?3, in both positive and
negative modes, either externally or internally.

In order to minimize the interference and suppression of the
analyte signals, this calibrant is designed as a single peptide entity,
which efficiently provides a set of highly regulated calibrant sig-
nals with even spacing across a defined mass range upon fragmen-
tation. Taking account of the fact that ISD and TOF/TOF predomi-
nantly produces c/z type ions and b/y type ions respectively [13,15]
and the dependence of cleavage preference on amino acid se-
quence [33,34], we introduced four types of amino acid residues in
the sequences of the calibrants. Type I residues were selected from
the residue combinations favoring N-«C cleavage in ISD, such as
Xxx1-XxX;Pro, Xxx-Asp, Xxx-Asn and Gly-Xxx (XxX = any amino
acid except Pro) [33]. Type II residues were selected based on
the so-called aspartic acid effect in MALDI-TOF/TOF, i.e. preferen-
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tial cleavages at the C-terminal side of acidic residues Asp and Glu
[20,35]. Type III residues are those inert to fragmentation. They
were introduced as spacers to regulate the spacing between the
calibrant ion signals in spectra. Since the cyclic side chain of Pro
covalently links the dissociation products of N-aC cleavage be-
tween any preceding residue and Pro in ISD, and the C’-N cleavage
at a Pro is not favored in TOF/TOF, a defined number of repeating
Pro residues can serve as the Type III residues. Basic residues (Type
IV) were placed at the N-terminus as the protonation sites [36] to
ensure efficient ionization of the intact peptide in the positive ion
mode and preferential charging of the N-terminal fragments. Acidic
residues should be used as Type IV residues for the negative ion
mode. Based on the above considerations, we selected a combo of
amino acid sequence -Gly-Asp-Pro,- (-GDPy,-) as the repeating unit
in the frame of the peptide calibrant, and used Ry[GDP; ] (referred
to as “GDP”) as the sequence template for the prototype synthetic
peptide calibrant. The expected fragmentation sites are between
Gly-Asp in ISD and between Asp-Pro in TOF/TOF (Fig. 1A). The ex-
pected spacing between every two adjacent signal peaks corre-
sponding to the calibrant fragment ions is defined by the exact
mass of each repeating unit [GDPy,], which is 172.14 + 9712 x n Da
(Fig. 1B). The evenly spaced signals of GDP fragments contrast with
the signals given rise by conventional calibrants consisting of nat-
ural molecules. The spacing can be adjusted by changing the num-
ber of Pro residues in the repeating unit (n), and the mass range
covered by these fragment peaks can be adjusted by changing the
number of repeating units (m) on demand.

The performance of GDP calibrant was demonstrated using a
representative entity RR[GDP4]g (GDP4). The theoretical masses
of expected fragments from GDP4 in ISD and TOF/TOF are listed
in Table S1 (Supporting information). To verify the sequence ac-
curacy and fragmentation preference, we conducted ultra-high-
resolution MS and electron-transfer dissociation (ETD)- and higher-
energy collision dissociation (HCD)-based MS/MS analysis of GDP4
ions generated by ESI. Both the measured mass and isotopic dis-
tribution pattern of intact GDP4 agree with the theoretical ones
(Fig. 1C). The fragmentation pattern was in line with expectation
as well. The predominant ETD fragments were products of N-aC-
bond cleavages between Gly and Asp in the repeating units, i.e., c
and z type fragment ions cgy,3 and zg, 5 (c'/z’ and c’[z" ions are
both referred to as c/z type ions in this work for simplicity. See
Supporting information for nomenclature and annotation details),
where k is the number of the repeating units (ranging from 0 to 7
in GDP4) (Fig. 1D). Due to the similarity in cleavage preference be-
tween ETD and ISD, these fragments are expected to be detected in
MALDI-ISD in format of singly charged ions. To mimic the TOF/TOF
fragmentation in MALDI-MS, we performed HCD of [GPD4|* that
was reduced from [GPD4]°* using PTCR (Fig. 1E). C’'-N bonds be-
tween Asp and Pro in each repeating unit of GDP4 were exten-
sively cleaved and equally spaced signals representing bgy,4 ions
were observed (Fig. 1E). This preferential cleavage agrees with the
reported Asp effect [15]. Only a few low abundant C-terminal frag-
ments in format of yg,-H,0 ions were detected. The preferential
production of N-terminal fragments (b ions) verifies that the basic
N-terminus of GDP4 serves as the charge carrier for both precur-
sor and fragment ions as designed. When calibrant signals should
be shifted to avoid signal interference in internal calibration, or a
different mass range is needed, a RR[GDP, ], peptide with differ-
ent n or m values can be used. For example, RR[GDP3]; (GDP3)
provides a narrower mass range and narrower signal spacing than
GDP4 (see Table S2 in Supporting information for the theoretical
masses of its fragments and Fig. S1 in Supporting information for
its characterization).

In MALDI-ISD of GDP4 in the positive ion mode, Cg 3
(k = 1~7) ions were produced and gave rise to equally spaced sig-
nals with adequate S/N (Fig. 2A). The spacing between adjacent c
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Fig. 1. (A) Schematics of sequence, structure and functional sites of the synthetic peptide GDP. (B) Desired signal pattern of fragment ions of a GDP4 peptide (red), overlaid
with the observed signals of Peptide Standard II (black). (C) Comparison of detected (top) and simulated (bottom) isotopic profiles of [GDP4]6+. (D) Deconvoluted tandem
mass spectrum showing ETD fragments of [GDP4]5+. (E) Tandem mass spectrum showing HCD fragments of [GDP4]*, which was produced through PTCR (inset). y* in the
labels represents y-H,0 ions. The GDP4 sequence are labeled with fragmentation sites detected in ETD and HCD, respectively.
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Fig. 2. (A) MALDI-ISD mass spectra of GDP4 acquired in the positive (up) and neg-
ative (bottom) ion modes using 1,5-DAN as the matrix. (B) MALDI-TOF/TOF spectra
of GDP4 acquired in the positive (up) and negative (bottom) ion modes using sDHB,
1,5-DAN and CCA as matrices. y* denotes the y-H,0 ions.

ion signals is 561 Da, agreeing with the mass of the repeating unit
[GDPPPP]. Due to the lack of protonation site at the C-terminus of
the singly charged precursor GDP4 ion, z ions were not observed.
In the negative mode, zg; 5 ions were detected in addition to the
Cek43 ion series (Fig. 2A), because either the C-terminal carboxylic
acid group or a Glu residue can serve as the negative charge carrier
through deprotonation. Such highly regulated fragmentation pat-
terns, which are independent of laser energy (Fig. S2 in Supporting
information), promise minimal interference with analyte signals in
internal calibration. In MALDI TOF/TOF, precursor ions from differ-
ent matrices are excited to different electronic states, leading to
matrix-dependent selective fragmentations (MDSF) [37,38], which
was attributed to matrix-dependent redistribution of either ex-
cited electrons or internal energy in the analyte molecules during
the MALDI process. To assess the versatility of GDP, we compared
its TOF/TOF fragments in measurements using three matrices, i.e.,
super-2,5-dihydroxybenzoic acid (sDHB), 1,5-diaminonaphthalene
(1,5-DAN) and «-cyano-4-hydroxycinnamic acid (CCA). In the pos-
itive mode, all expected b ions resulting from Asp-Pro cleavages,
i.e., bgxra (kK = 0~7) covering a m/z range up to 4407 were de-
tected at high abundances with all three matrices, while the aver-
age fragment size decreases in an order from sDHB to CCA (Fig. 2B,
up). The signal spacing was 561 Da as well. Only a subset of yg 4
and yg,-H,0 ion at modest abundances were detected. A few low-
abundant cgy, ions resulting from Pro-Gly cleavage were observed
with sDHB. Likewise, GDP3 produced bsy,4 (k = 0~6) ions in
MALDI-TOF/TOF, which feature a shorter signal spacing (463 Da)
and a narrower m/z range (485-3264) (Fig. S3 in Supporting infor-
mation). GDP3 also exhibited a similar MDSF trend to GDP4 (Fig.
S3). In contrast to the signal patterns of natural calibrant mixtures
that are difficult to regulate, the monomodal-like intensity distri-
bution GDP fragment series allows more straightforward weight
evaluation for individual calibrant signals and selection of more re-
liable data points.

The negative mode of MALDI-TOF/TOF is particularly useful for
characterization of biomolecules such as neutral glycans [39,40],
glycans of glycoproteins [41,42], glycopeptides [43] and acidic pep-
tides [44]. However, calibration in the negative mode over a high
mass range (>3000 Da) is more difficult than that in the positive
mode [45] due to the lack of proper standards [31]. GDP produces
abundant negatively charged fragments (bgj,4 ions from GDP4, or
bsy4 from GDP3), allowing convenient negative mode calibration
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Fig. 3. MALDI-ISD analysis of intact NISTmAb in the presence of GPD4. (A) Mass profiles of c15 ion of NISTmADb heavy chain acquired in four repeated measurements
without (top) and with (bottom) internal calibration following a standard external calibration procedure. (B) Average mass errors of identified c-ions of NISTmAb heavy
chain calculated before (blue) and after (red) internal calibration. The error bar represents standard deviation of four measurements. (C) Identification of fragment ions
from intact NISTmAbD. The internal calibrant ion signals from GDP4 are labeled with cg;,3 in blue. The red-colored portion of cartoon in the inset indicates the sequence
coverage. (D) De novo sequencing of the N-terminus of NISTmAb heavy chain through ISD of intact mAb with internal calibration and external internal calibrations at
different error tolerance settings. Plotted below the sequencing results are mass errors (closed circles), their mean values (open circles) and standard deviations (colored

boxes) corresponding to individual residues.

(Fig. 2B, bottom and Fig. S4 in Supporting information). Compared
with the fragmentation pattern in the positive mode, ygi 4/Vek-
H,0 ions (from GDP4) and ys;,3/ys,-H20 ions (from GDP3) were
detected at significantly higher abundances in the negative mode,
because the acidic Asp can serve as an efficient charge carrier for
these C-terminal fragments through deprotonation. The intensities
of y ions even exceeded those of b ions when CCA was used as
the matrix. The dependence of detected sizes of fragment ions on
the matrices observed in the negative mode is similar to that in
the positive mode, i.e., sSDHB and CCA favor detection of larger and
smaller fragment ions, respectively.

We evaluated the performance of GDP in internal calibration
in ISD of intact NISTmAb. ISD led to extensive N-terminal frag-
ments from the heavy chain of NISTmAb (Fig. S5A in Supporting
information). Most of these fragments belong to the c ion series,
exhibiting a monotonically increasing trend of the mass errors vs.
measured masses following a standard external calibration proce-
dure using commercial calibrants (Fig. S5B in Supporting informa-

tion). Those fragments corresponding to the outliers of this trend
were misidentified as a, y and z type ions using the vendor’s de-
fault identification algorithm. Due to the relatively broader range
of c ion mass errors (>0.5 Da), the error tolerance range had to be
set at wider than £0.5 Da in this case, which did not rule out the
misidentifications (Fig. S5B). Narrowing down the tolerance range
was not beneficial because it also filtered out correct identifica-
tions. This effect is particularly detrimental for analyzing proteins
with unknown sequence or modifications, or those whose ISD ef-
ficiency is not adequate to produce a fragment ladder as the error
distribution reference. The measured masses from repeated mea-
surements of the same sample exhibited high deviations (Figs. 3A
and B and Fig. S6 in Supporting information), which were likely
due to the heterogeneity and inconsistent surfaces of the matrix-
analyte crystals formed on the target plate [29,46].

In contrast, internal calibration using cg,3 ions resulting from
GDP4, which was co-crystalized with the analytes and ionized un-
der identical conditions, greatly improved both the accuracy and
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Fig. 4. (A) Pseudo-MS® spectra of GDP4 showing TOF/TOF fragments of cg,3 (k = 1~7) ions produced by ISD. The red dash lines indicate the m/z of the precursor ions,
which were excluded in the acquisition range of TOF/TOF spectra. (B) Mass profiles of mass-selected AB—42 acquired in TOF/TOF mode without fragmentation, based on a
single-set calibration using angiotensin II (gray) and insulin b chain (purple), and multi-set calibrations using peptide calibrant standard II (blue) and GDP4 (red), respectively.
(C) TOF/TOF spectrum of AB—42 based on multi-set calibration using GDP4 and the sequence coverage. The inset shows the comparison of mass errors of detected TOF/TOF

fragments based on calibrations using TOF/TOF standard kit and GDP4, respectively. The

error bar indicates standard deviation of three measurements. (D) A representative

pseudo-MS? spectra of the intact NISTmAb, which revealed the sequence of a C-terminal segment of NISTmAb heavy chain (colored in red in the cartoon in the inset). The
numbering of the secondary b ions in the labels are based on the length of their precursor segment produced by ISD.

precision of the measured masses of NISTmADb fragments (Figs. 3A
and B). Due to the concern about the suppression of analyte sig-
nals by the calibrant ions [47], we optimized the mixing ratio of
NISTmAb and GDP. A ratio of 1000:8 (m/m; GDP concentration:
33 ng/ul) ensured adequate calibrant signals while maintaining
the spectra quality of NISTmAb fragments (Fig. S7 in Supporting
information). The decreased range of mass error distribution al-
lowed a lower error tolerance setting (Fig. S5C in Supporting in-
formation). With the tolerance decreased to +0.1 Da, fragments
were unambiguously identified as high-abundant successive c ions
and a few low-abundant z ions (z15, z17, and z18) of the NISTmAb
heavy chain, with no fragment misidentified (Fig. 3C). In a repre-
sentative example shown in Fig. 3A, the mass discrepancy between
measurements based on external and internal calibrations reached
up to 0.5 Da, which made it difficult to distinguish residues whose
mass differences are less than 1 Da, such as Leu/lle vs. Asn, Asn
vs. Asp, and GIn vs. Glu. This example illustrates the necessity of
using internal calibration to minimize both error and deviation of
measured masses.

De novo sequencing requires an even higher mass accuracy be-
cause it relies on matching the measured mass differences be-

tween adjacent fragment ions to theoretical masses of amino acid
residues, instead of aligning detected fragments with a reference
sequence. The mass error in de novo sequencing in this work is
defined as the difference between measured and theoretical mass
values of residues, ie., mass differences between adjacent frag-
ment ions. In sequencing of NISTmAb based on external calibra-
tion alone, ISD allowed identification of ca. 20 residues at the N-
terminus. With the error tolerance set at higher than > 0.036 Da
(e.g., 0.05 Da), assigning either Lys (128.1723) or Gln (128.1292 Da)
to the 16th site resulted in the same scoring and ambiguous re-
sults (Fig. 3D). Decreasing the error tolerance to 0.02 Da helped
to refine the sequencing result, though at the cost of shortening
the segment that can be sequenced. In contrast, internal calibra-
tion using GDP allowed the error tolerance to be set at 0.02 Da and
unambiguous sequencing for an even longer segment than exter-
nal calibration with the 0.05 Da setting. In addition, what was for-
merly misidentified as Q32 (128.1292 Da)/K32 (128.1723 Da) were
identified as the combination of A32 and G33 (128.1292 Da) due
to recognition of the c32 ion signal, in agreement with the theo-
retical sequence. Internal calibration improved mass accuracy and
precision for most residues (Fig. 3D; see Fig. S8 in Supporting infor-
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mation for the spectra), thereby allowing a lower tolerance setting
which benefits the reliability and sequencing depth.

Calibration for MALDI-TOF/TOF differs from that for MS1 or ISD
in two respects. First, the fragment mass accuracy is dependent on
the precursor mass accuracy, especially when the theoretical pre-
cursor mass is unavailable. As exemplified in Fig. S9 (Supporting
information), a 0.3 Da error of precursor mass can result in frag-
ment mass errors at a level of ca. 0.2 Da. Second, because the
calibration coefficient determined using fragments from a certain
precursor is only valid over a relatively narrow range covered by
those fragments, reliable calibration often requires multi-set cali-
brations using multiple precursors to provide coefficients that can
cover a broad mass range. A single GDP peptide entity can provide
such multi-set calibrations in a pseudo-MS? fashion, i.e., producing
a series of ISD-induced c(;+n)r+3 ions of arithmetically increasing
masses, which serve as a series of available calibrant precursors
and each of them can subsequently produce secondary calibrant
ions that cover different mass ranges in TOF/TOF. As illustrated by
Fig. 4A, TOF/TOF of individually mass-selected cgj,3 (k = 1~7) ions
from ISD of GDP4 produced multiple sets of bg;,4 (j = 0~6) frag-
ments. It is difficult for a natural protein or peptide to produce
such fragments, especially those covering high mass ranges, due
to their non-optimized fragmentation efficiency and cleavage site
preference (Fig. S10 in Supporting information). The GDP3 pep-
tide generated similar pseudo-MS3 pattern with a smaller signal
spacing (Fig. S11 in Supporting information). In TOF/TOF of AB-
42 peptide, a precursor mass error higher than 27 Da was ob-
served upon a single-set calibration using angiotensin II; this error
could be reduced to 0.5 Da when calibrated with insulin b chain,
whose mass is more closed to the analyte, and further reduced to
less than 0.2 Da after multi-set calibrations using either the com-
mercial peptide calibration standard mixture or GDP4 (Fig. 4B).
For all detected fragments, MS3-based multi-set calibrations us-
ing GDP provided high accuracy (errors less than 0.2 Da) and pre-
cision (standard deviations less than 0.2 Da) across the range of
750-3300 myz, in contrast to multi-set calibrations using TOF/TOF
standard kit where the mass errors are highly mass-dependent and
reached up to 5 Da (Fig. 4C). The improved mass accuracy allowed
single-residue resolution to be achieved for 62% of the AB—42 se-
quence (Fig. 4C).

The improved accuracy of TOF/TOF data also benefits sequence
analysis of large proteins via pseudo-MS3. The sequence of C-
terminal segment of NISTmADb heavy chain, which were not re-
vealed in ISD mode due to lack of successive z ions, could be
accessed through TOF/TOF of a C-terminal fragment produced at
the prior ISD stage (Fig. 4D). The sequence resolution of a long
polypeptide chain provided by TOF/TOF alone is often lower than
ISD due to the higher fragmentation selectivity (such as Asp ef-
fect) of TOF/TOF. On the other hand, although higher fragmenta-
tion efficiency and sequence resolution can be achieved at the ter-
minal portions of proteins using ISD alone, the interference with
the short fragment (e.g., <1000 Da) signals from the matrix cluster
signals and the presence of Pro residue limit the sequence cover-
age by ISD. As illustrated by Fig. 4D, the pseudo-MS3 analysis al-
lows efficient TOF/TOF fragmentation of mass-selected large ISD-
fragments without interference from matrix related signals and re-
gardless of the Pro contents, improving both sequence coverage
and sequence resolution in analysis of large proteins.

Through rational design based on the peptide fragmentation
rules and chemical natures of amino acids, we developed a versa-
tile synthetic peptide format of calibrant, GDP. It produces highly
regulated calibrant signals upon fragmentation, and can be used
to improve both mass accuracy and precision in MALDI-MS1, ISD,
TOF/TOF and pseudo-MS3 measurements, either internally or ex-
ternally. The improved mass accuracy and precision allow lower
error tolerance settings that benefit sequence coverage and reso-
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lution through either peak list matching or de novo sequencing.
Its high ionization efficiency and fragmentation specificity provide
minimal signal interference. Both the signal spacing and calibra-
tion range can be regulated through adjustment of the n and m
values in the sequence template. Because all fragment signals used
for calibration are produced from a single calibrant entity, mixing
of multi-component or mixing-ratio optimization can be omitted,
differential degradation between components of a calibrant mix-
ture can be avoided, and signal suppression during ionization can
be minimized. The presented strategy of rational calibrant design
may also inspire further development of synthetic calibrants that
benefit MS-based structural analysis of biomolecules.
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