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Can Edman degradation be used for quantification?
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Abstract Edman degradation is a well-known method for
obtaining amino acid (AA) sequences from a peptide by
means of sequential reactions that release the N-terminal
AAs from the peptide as a phenylthiohydantoin (PTH) de-
rivative. Because of unexpected loss during the reaction and
handling, there are few reports of use of this reaction for
quantification. This manuscript describes the development
of isotope-dilution liquid chromatography—electrospray ion-
ization tandem mass spectrometry for 20 PTH-AA deriva-
tives, and long-term stability testing of PTH-AAs to ensure
quantitative quality in the reaction. The 20 corresponding
['°C4]-PTH-AAs were prepared by use of a one-pot reaction
involving a mixture of ['*C¢]-Edman reagent and 20 AAs.
Good linearity was observed for standard curves for the
PTH-AAs, using the corresponding ['°Cg¢]-PTH-AAs as
internal standards (1-100 pmol per injection, >=0.989—
1.000). Serum albumin (human), pepsin (porcine stomach
mucosa), x-casein (bovine milk), ribonuclease A (bovine),
lysozyme (chicken egg white), and insulin (bovine)
subjected to Edman degradation were examined as model
proteins and peptides for N-terminal AA analysis. The re-
sults of the impurity test were satisfactory. Yield from the
entire reaction with human serum albumin was estimated to
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be at least 75 %, indicating great potential for absolute
quantification of proteins without protein standards.
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Introduction

Edman degradation, reported in 1950, is a well-known
method for obtaining amino acid (AA) sequences from
peptides [1]. The method is robust and reliable, and auto-
mated [2], miniaturized [3], strong chromogenic [4], and
fluorescence [5, 6] methods have been reported to improve
its application. At the Association of Biomolecular Re-
source Facilities (ABRF) the Edman Sequencing Research
Group (ESRQG), a currently active protein-sequencing re-
search group (PSRG), has been working on practical prob-
lems using the method [7]; for example, the group applied
the method to sequencing of proteins recovered from
poly(vinylidene difluoride) (PVDF) membranes [8] and
post-translationally modified peptides and proteins [9]. This
traditional method has been widely used for protein identi-
fication via peptide sequences—even after mass spectrome-
try (MS)-based protein identification became popular, novel
use of Edman degradation and its modified reagents for MS
was reported to improve sequence analysis including ladder
sequencing [10] by use of charged Edman type reagents
[11-14] in combination with capping reagents [15].
The method consists of three reactions:

1. coupling of Edman’s reagent (phenylisothiocyanate,
PITC, Fig. 1a) with the N-terminal «-amino group to
form a phenylthiocarbamoyl derivative (PTC-peptide,
Fig. 1b);
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Fig. 1 Edman degradation. (@)
Edman’s reagent
(phenylisothiocyanate, PITC),
(b) phenylthiocarbamoyl
(PTC)-peptide, (c)
anilinothiazolinone (ATZ)-AA,
(d) des-1-peptide, (e) e s _H
phenylthiohydantoin (PTH)-AA Y
N

<

2. degradation of the PTC-peptide to produce the
anilinothiazolinone derivative (ATZ-AA, Fig. 1c¢) and
the des-1-peptide (Fig. 1d); and

3. conversion of labile ATZ-AA into a more stable
phenylthiohydantoin derivative (PTH-AA, Fig. le).

The resulting PTH-AA is then used to identify N-terminal
AAs from their retention times by use of liquid chromatogra-
phy—ultraviolet detection (LC-UV). Degradation can be
reapplied to the remaining des-1 peptides (Fig. 1d) in the
sample to identify the next AA, and the serial cycles enable
sequencing from the N-terminus. It has been suggested that
labeling of the N-terminal x-amino group is stoichiometric
and that the subsequent degradation step to release the N-
terminal is quantitative, but there are no reports available on
quantitative aspects, especially for larger molecules, for ex-
ample as intact proteins.

Quantification of proteins and peptides has recently
been in high demand. In proteomics, quantification has
been performed to estimate protein expression in some
diseases. Of particular use is a combination of MS and
isotope labeling, for example stable isotope labeling by
AAs in cell culture [16], isotope-coded affinity tags
(ICAT) [17], cleavable ICAT (cICAT) [18], and isobaric
tags for relative and absolute quantification [19]. These
labeling methods using isotope-coded reagents are be-
coming popular even for metabonomics [20], and have
made major contributions to clinical chemistry. Further-
more, biopharmaceuticals have become popular in the
pharmaceutical industry. Biotechnological and biological
products, including protein and peptide-based drugs, re-
quire quality control on the basis of suggested guidelines,
for example ICH-QSE from the International Conference
on Harmonization of Technical Requirements for Regis-
tration of Pharmaceuticals for Humans [21]. However,
absolute quantification of an individual protein requires
a sufficient amount of the corresponding pure standard.
Therefore, absolute quantification has been achieved only
when a limited number of proteins are targeted, for
example amyloid betas in cerebrospinal fluid [22], mem-
brane transporter proteins [23], and phosphorylation on
the kinase activation loop of cellular focal adhesion ki-
nase [24]. However, pure standard proteins are not
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always commercially available, and/or proteins are fre-
quently supplied without information about their purity.

In 2007, Brune et al. reported quantitative data from Edman
sequencing in an ABRF ESRG 2006 study from a peptide-
quantification perspective [25]. They presented data for three
peptides: peptide B, KAQYARSVLLEKDAEPDILELATGYR,
peptide C, RQAKVLLYSGR, and peptide C*, RQAK(Ac)
VLLYSGR. Absolute quantification from the first cycle gave
65.6 % and 67.0 % average recovery from peptides B and C +
C*, respectively. Brune et al. could not explain this on the basis
of their data, and said that because typical repetitive yields were
90 % to 98 %, the loss could not be attributed to overall coupling
and cleavage reactions. This inspired the work discussed in this
manuscript, in which an isotope-dilution method of Edman
degradation was used to ensure quantitative quality in the reac-
tion. Isotope dilution is a powerful method for performing accu-
rate quantification, because the stable isotope analogues
normalize for selective losses of analytes and act as carriers for
trace amounts of analytes subjected to complex isolation pro-
cedures. When stable isotope analogues are used in combination
with LC—selected reaction monitoring (SRM)-MS, it is possible
to develop assays with specificity that cannot be achieved by use
of any other technique [22, 26, 27].

Researchers in this laboratory had previously performed
an experiment using matrix-assisted laser desorption-
ionization (MALDI) time-of-flight (TOF)—MS to quantify
bovine serum albumin as the PTH-aspartic acid (Asp) de-
rived from the N-terminus, using ['*C¢]-PTH-Asp as the
internal standard [28]. Therefore we decided to develop
the isotope-dilution LC—electrospray ionization (ESI)—
MS-MS method for 20 PTH-AA derivatives, for future
quantitative application of the Edman degradation reaction.
The corresponding 20 '*C-labeled PTH-AAs were prepared
as internal standards for the stable isotope-dilution tech-
nique. In addition to the work discussed here, several stable
isotope-labeled Edman-type reagents have been reported
[29-32]. However, all examples reported in proteomics are
for use as tagging reagents for relative quantification of
proteins and peptides [30-32]. Therefore, this work is the
first isotope-dilution method for quantification of proteins
by use of Edman’s reagent and including a degradation
reaction. Because no information exists for PTH-AAs,
long-term stability and/or storage conditions for the 20
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PTH-AAs were also examined to compensate for unknown
loss. Preliminary use to model proteins found that accurate
N-terminal AA analysis was sufficient, at least for the im-
purity test, and the yield of the entire reaction with human
serum albumin was estimated (by use of a manual liquid-
phase procedure) to be at least 75 %. Therefore, this ap-
proach has great potential for absolute quantification, even
for proteins without protein standards [33].

Materials and methods
Chemicals and materials

Ammonium formate, benzoic acid, ethyl acetate (AA se-
quence grade), ethyl mercaptan, formic acid (HPLC grade),
I-naphthaleneacetic acid, n-hexane, triethylamine, disodium
hydrogen phosphate (dodecahydrate), sodium dihydrogen
phosphate (dihydrate), trifluoroacetic acid (TFA), and
hydrochloric acid (HCI, 0.1 mol L™ aqueous solution)
were purchased from Nacalai Tesque (Kyoto, Japan). N,
gas was purchased from Taiyo Nippon Sanso (Tokyo,
Japan). Ar gas was purchased from Sendai Yozai (Sendai,
Japan). PTH-serine (Ser), PTH-(N°-PTC-)lysine (PTC-Lys),
PTH-Asp, PTH-histidine (His) hydrochloride, PTH-S-
carboxymethylcystein (cmCys), L-cmCys, L-asparagine
(Asn) monohydrate, L-glutamine (Gln), L-tryptophan (Trp),
phenol, phenyl isothiocyanate (PITC, AA sequence grade),
AA mixed standard solution (AA sequence grade, type H
without L-Asn, L-Gln and L-Trp; 2.5 mmol L' each in
0.1 mol L™" aqueous HCI), and a mixture of PTH-AAs (AA
sequence grade, without PTH-cmCys) were purchased from
Wako Pure Chemical Industries (Osaka, Japan). PTH-
alanine (Ala), PTH-arginine (Arg) hydrochloride, PTH-
Asn, PTH-GIn, PTH-glutamic acid (Glu), PTH-glycine
(Gly), PTH-isoleucine (Ile), PTH-leucine (Leu), PTH-
methionine (Met), PTH-phenylalanine (Phe), PTH-proline
(Pro), PTH-threonine (Thr), PTH-Trp, PTH-tyrosine (Tyr),
and PTH-valine (Val) were purchased from Tokyo Chemical
Industry (Tokyo, Japan). Acetonitrile (CH;CN, HPLC
grade) was obtained from Kanto Chemical (Tokyo, Japan).
Ethanol was purchased from Yamaichi Chemical Industries
(Tokyo, Japan). Ultrapure water was obtained by use of a
Milli-Q Integral 10 (EMD Millipore, Billerica, MA, USA)
equipped with a 0.22 pum membrane cartridge. Serum
albumin (human, 66 kDa), pepsin (porcine stomach mucosa,
35 kDa), «-casein (bovine milk, 23 kDa), ribonuclease A
(bovine, 14 kDa), lysozyme (chicken egg white, 14 kDa),
and insulin (bovine, 6 kDa) were purchased from Sigma-—
Aldrich (St Louis, MO, USA). ['*C4]-PITC was prepared
from ['?Cg]-aniline (Taiyo Nippon Sanso) with 0,0'-di-
2-pyridyl thiocarbonate (Tokyo Chemical Industry) in
our laboratory, as described in our previous paper [27].

Microcentrifuge tubes (0.6 mL and 1.5 mL) were purchased
from BM Equipment (Tokyo, Japan). Two-milliliter
microcentrifuge tubes were purchased from As One (Osaka,
Japan). A 5-uL microsyringe was purchased from Ito
(Shizuoka, Japan). Microsyringes (25 puL and 500 uL) were
purchased from Hamilton (Reno, NV, USA). Ammonium
formate buffer (10 mmol L™', pH 3), sodium phosphate
buffer (5 mmol L', pH 7), and triethylamine-HCI buffer
(5 mmol L', pH 11) were prepared in our laboratory.

LC-UV

LC was performed by use of a Shiseido Nanospace SI-1 2001
semimicro system (Shiseido, Tokyo, Japan). UV detection
was performed by use of a Shiseido model 2002 UV-visible
detector with Chromato-PRO ver. 2.0.2 (Runtime Instrument,
Sagamihara, Japan) for data processing. An Inertsil ODS-4
column (150 mmx2.1 mm i.d., 3 pm, 100 A; GL Sciences,
Tokyo, Japan) was used. Mobile phase component A was 0.
1 % (v/v) aqueous formic acid—-CH;CN (95:5, v/v), and mobile
phase component B was 0.1 % (v/v) aqueous formic acid—
CH;CN (5:95, v/v). For PTH-Asp, the linear gradient was:
5% B at0min, 5% B at 1 min, 35 % B at 15 min, 35 % B at
20 min, 95 % B at 25 min, 5 % B at 30 min, and 5 % B at
50 min, at a flow rate of 0.2 mL min”! (program 1, Table S1,
Electronic Supplementary Material). The linear gradient for
the other PTH-Aas was: 5 % B at 0 min, 20 % B at 1 min,
35 % B at 15 min, 45 % B at 20 min, 45 % B at 35 min, 95 %
B at 36 min, 95 % B at 40 min, 5 % B at 41 min, and 5 % B at
60 min, at a flow rate of 0.2 mL min~" (program 2, Table S1,
Electronic Supplementary Material).

LC-ESI-MS-MS

LC was performed by use of a Dionex Ultimate 3000 HPLC
system (Dionex, Sunnyvale, CA, USA) with an Inertsil ODS-4
column (150 mm x 2.1 mm i.d., 3 um, 100 A; GL Sciences).
Mobile phase component A was 0.1 % (v/v) aqueous formic
acid—CH3;CN (95:5, v/v), and mobile phase component B was 0.
1 % (v/v) aqueous formic acid—-CH;CN (5:95, v/v). The linear
gradient was: 5 % B at 0 min, 15 % B at2 min, 30 % B at 15 min,
50 % B at 40 min, 95 % B at 45 min, 95 % B at 55 min, 5 % B at
60 min, and 5 % B at 80 min, at a flow rate of 0.2 mL min !
(program 3, Table S1, Electronic Supplementary Material).
ESI-MS-MS was performed by use of a TSQ Vantage
(Thermo Fisher Scientific, Waltham, MA, USA), a triple-
quadrupole mass spectrometer with ESI, operating in
positive-ion mode. The optimum operating conditions were:
source potential, 5 kV; heated capillary, 300 °C; sheath gas
(N,), 60 arbitrary units; auxiliary gas (N,), 55 arbitrary
units. For collision-induced dissociation (CID), Ar gas was
used at a pressure of 1.0 mTorr, and the CID energy was
optimized for each PTH-AA (Table 1). All MS data were
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Table 1 Precursor and product

ions of 20 PTH-amino acids and Amino acid Unlabeled PTH-amino acid ['3C4]-PTH-amino acid Collision energy/eV

the corresponding ['*C¢]-PTH-

amino acids for SRM analysis Precursor Product Precursor Product

ion, m/z ion, m/z ion, m/z ion, m/z

Ala 207 136 213 142 21
Arg 292 233 298 239 17
Asn 250 136 256 142 24
Asp 251 136 257 142 24
Cys® 297 251 303 257 12
Gln 264 247 270 253 11
Glu 265 205 271 211 17
Gly 193 136 199 142 18
His 273 152 279 152 17
Ile 249 136 255 142 24
Leu 249 136 255 142 24
Lys® 399 306 411 312 13
Met 267 219 273 225 13
Phe 283 136 289 142 28
Pro 233 136 239 142 22
Ser 223 193 229 199 13
Thr 237 193 243 199 13
Trp 322 193 328 199 14
Tyr 299 136 305 142 15

S-Carboxymethyl Val 235 136 241 142 24

®N¢-Phenylthiocarbamoyl

processed by Qual Browser, a qualitative reviewing utility
of Xcalibur ver. 2.1.0 (Thermo Fisher Scientific). Product-
ion scanning of each PTH-AA was performed in infusion
mode. Each PTH-AA solution (50 ng pL™" in 1:1 (vv)
water—CH3;CN) from a 500-uL microsyringe (10 puL
min~') was merged with the HPLC mobile phase (0.2 mL
min "', 30 % B) through a T-connector.

Stability of PTH-AAs

Four different solutions were tested for storage of the PTH-
AAs: 25 % (v/v) aqueous TFA; 3:1 (v/v) 10 mmol L'
ammonium formate buffer (pH 3)-CH;CN; 3:1 (v/v) 5 mmol
L' sodium phosphate buffer (pH 7)-CH;CN; and 3:1 (v/v)
5 mmol L™ triethylamine-HCI buffer (pH 11)-CH;CN. To
avoid co-elution on the LC-UV chromatogram, mixtures of
PTH-AAs were prepared as four different groups:

1. PTH-Arg, PTH-Thr, PTH-Glu, PTH-Met, and PTH-
Phe;

2. PTH-Asn, PTH-Gly, PTH-cmCys, PTH-Pro, and PTH-
PTC-Lys;

3. PTH-His, PTH-GIn, PTH-Val, PTH-Trp, and PTH-Leu;

4. PTH-Ser, PTH-Ala, PTH-Tyr, and PTH-Ile.

The sample of PTH-Asp, shown as a typical example,
was prepared as a single sample. PTH-Asp, or each of the
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four mixtures of PTH-A As (each 200 nmol), was transferred
to a 2-mL microcentrifuge tube and evaporated under vac-
uum. Each residue was dissolved in 2.0 mL of the above
buffers to give 100 pmol L™" solution, and kept in the dark
at 4 °C. For LC-UV analysis, 1-naphthaleneacetic acid
(final concentration 100 umol L™, for groups 1-4, at
pH 11), benzoic acid (final concentration 1 mmol L', for
groups | and 2, in 25 % TFA), or phenol (final concentration
1 mmol L™, for PTH-Asp in all the buffers, and groups 1
and 2 at pH 3 and pH 7, and groups 3 and 4 in 25 % TFA,
pH 3 and pH 7) was used as internal standard. Aliquots
(10 uL) of each solution were analyzed by use of LC-UV
(269 nm, Apax [34]). Samples at pH 11 were neutralized by
adding 0.1 mol L™ aqueous HCI (4 uL) before injection.
The ['?Cg]-PTH-AA-to-[ *C4]-PTH-AA peak-area ratio was
used for calculations. Peak areas at time zero were taken to
be 100 % for normalization. Line graphs of recovery were
plotted by use of Microsoft Excel 2007 work sheet ver. 12.0.

Preparation of 20 [°C¢]-PTH-AAs

To prepare the stock samples, 4 uL AA mixture (2.5 mmol L™
each in 0.1 mol L™" aqueous HCI, no L-Asn, L-GIn, L-Trp) and
4 uL of a mixture of L-Asn, L-Gln, L-Trp, and L-cmCys (2.
5 mmol L™" each in 1:1 (wv) water-CH;CN) were transferred
to 0.6-mL microcentrifuge tubes and evaporated by use of a
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vacuum centrifuge (each sample 10 nmol per tube). Stock
samples were kept in the dark at 4 °C until required. To prepare
a mixture of ['*C4]-PTH-AAs, 20 pL 100 mmol L' [*Cg]-
PITC in 8:1:1 (v/v) ethanol-water—triethylamine, freshly pre-
pared) was added to each tube. After sealing N, into the tube,
the mixture was left to react at 55 °C on a heating block (HF-21;
Yamato Scientific, Tokyo, Japan) for 30 min to form the ['*Cq]-
PTC derivatives. After the reaction, the solution was evaporat-
ed by use of a vacuum centrifuge, and the residue was washed
with 100 pL n-hexane and reconstituted with 50 uL 25 % (v/v)
aqueous TFA. After sealing the N, into the tube, the solution
was left to react at 70 °C on a heating block for 30 min to form
['3Ce]-PTH-derivatives. The solution was evaporated by use of
a vacuum centrifuge and kept as residue until required.

Calibration curves

Calibration curves were prepared by analysis of a mixture of
AA solution and freshly prepared ['*C¢]-PTH-AA mixture as
internal standard. Serial dilution AA mixtures (10, 20, 50,
100, 200, 500, or 1000 pmol each per 100 uL 3:1 (v/v)
water—CH;CN) were prepared in a centrifuge tube from the
above stock samples (10 nmol per tube). After evaporation by
use of a vacuum centrifuge, the residue was left to react with
PITC as described above. After the conversion reaction, 2 L
['*Cg]-PTH-AA mixture (10 nmol each per 100 uL 3:1 (v/v)
water—CH;CN, freshly prepared) was added to each tube as an
internal standard mixture. The solution was evaporated by use
of'a vacuum centrifuge, and the residue redissolved in 100 uL
0.1 % (v/v) aqueous formic acid-CH3CN (3:1, v/v). An aliquot
(10 pL) of each solution was subsequently analyzed by LC—
ESI-SRM under the optimum SRM conditions shown in
Table 1. To allow enough scanning time, multiple SRMs were
divided into seven segments: g 6—9.5 min (scan time 0.2 s),
PTH-His; #z 9.5-12 min (scan time 0.1 s), PTH-Arg, Asn,
Giln, Ser, and Thr; g 12—14.5 min (scan time 0.1 s), PTH-Asp,
Gln, Gly, Ser, and Thr; tz 14.5-19.5 min (scan time 0.16 s),
PTH-Ala, Cys, and Glu; fg 19.5-22.5 min (scan time 0.2 s),
PTH-Tyr; tg 22.5-27.5 min (scan time 0.16 s), PTH-Met, Pro,
and Val; tg 27.5-35 min (scan time 0.125 s), PTH-Ile/Leu,
Lys, Phe, and Trp. ['°Cs]-PTH-AA-to-['*C¢]-PTH-AA peak-
area ratio was used for calculation. Data analysis for calibra-
tion curves was performed by use of Quan Browser, a quan-
titative reviewing utility of Xcalibur ver. 2.1.0. The curves
were plotted by use of simple linear regression without
weighting and the origin was ignored.

Edman degradation of proteins

Each protein sample (500 pmol) was transferred to a
microcentrifuge tube and evaporated under a N, stream. Each
residue was left to react with 50 puL. PITC solution (7:1:1:1
(v/v) ethanol-water—triethylamine—PITC, freshly prepared) at

55 °C for 30 min under a N, atmosphere. The reaction mixture
was evaporated under a N, stream, and the residue was then
washed with 15:1 (v/v) n-hexane—ethyl acetate (3x100 pL).
Ethyl mercaptan in TFA (0.1 %, v/v, 50 uL, freshly prepared)
was added to the tube, which was then heated at 55 °C for
20 min. After evaporation under a N, stream, ATZ-AAs in the
residue were extracted by use of ethyl acetate (3x 100 pL) and
collected in a 0.6-mL microcentrifuge tube (total 300 pL).
After evaporation under a N, stream, the residue was
redissolved in 50 uL 25 % (v/v) aqueous TFA and heated at
70 °C for 30 min. After the conversion reaction, 2 puL [*Cg]-
PTH-AA mixture (10 nmol each per 100 pL 3:1 (v/v) water—
CH;CN, freshly prepared) was added to each tube as an
internal standard mixture. The solution was evaporated by
use of a vacuum centrifuge and the residue was redissolved
in 100 puL 0.1 % (v/v) aqueous formic acid—CH3;CN (3:1, v/v).
An aliquot (10 uL) of each solution was then analyzed by use
of LC-ESI-SRM as described above.

Results and discussion
Optimization of LC conditions

The conditions used for separation of the 20 PTH-AAs have
already been optimized for LC-UV. Many of the conditions
are not compatible with MS, however, for example when
nonvolatile buffers, e.g. sodium acetate, are used [35] or
when ion-pair reagents are added [36]. Because MS-based
detection can discriminate overlapped peaks, we focused on
separation of the two isomers PTH-Ile and PTH-Leu ([M +
H]" m/z 249) and their compatibility with ESI. The results
showed that baseline separation between PTH-Ile and PTH-
Leu could be achieved by use of 0.1 % (v/v) aqueous formic
acid—CH3CN, which was also compatible with ESI (Fig. 2).
Under these conditions, some PTH-AAs still overlapped
(e.g. Arg with Asn, Thr with Gln, Ala with cmCys, Met with
Val and Phe, Phe with Ile, and Leu with PTC-Lys); however,
all overlapping peaks had different nominal masses. Con-
versely, PTH-His and ['*C¢]-PTH-Met share the same nom-
inal mass ([M + H]" m/z 273), but are well separated from
each other on the chromatogram. Therefore, 20 PTH-AAs
and 20 '*C-labeled derivatives can be distinguished from
each other under these conditions.

Optimization of SRM

MS-MS of individual PTH-AAs has been reported by Zhou
et al. [37], but with different solvent conditions for the
infusion study (1:1 (v/v) methanol-water containing 1 %
acetic acid) from those in our study (0.1 % (v/v) aqueous
formic acid—CH3;CN). Therefore, we carefully examined
product ion scanning of the 20 PTH-AAs for SRM,
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Flg. 2 LC—ESI—MS 100 b 51 7E+4 Arg, Asn iz 249 2 30E+4
chromatogram (total ion current) .
obtained from 20 PTH-AAs. X 801 Tyr
Conditions are given in the 2 50
“Materials and methods” section. 2 ] - "
PTH-AAs are abbreviated to % Thr, Gin 30 aeeaime / min 35‘
three-letter AA names except © 40+ Asp Ala, Cys” \\\ L eL:\ -
Cys* (PTH-S-(carboxymethyl)- '% _ ser| /Gly l Met, Val, Pro  Phe, lle y ° Lys
Cys) and Lys** (PTH-(N*- 3 201 His l l Glu AN \
phenylthiocarbamoyl(PTC))-Lys) e« 0 l L l l ‘ N rAp \

5 10 15 20 25 30 35

Time (min)

specifically in terms of reduced cross-talk between SRM
channels. Typical fragmentation data from an acidic AA
(PTH-Asp) and a basic AA (PTH-Arg) are shown in Fig. 3.
Other examples are available in the electronic supplementary
material (Fig. S1, Electronic Supplementary Material). MS—
MS of PTH-Asp (m/z 251, [M + H]") revealed one major
product ion corresponding to [M + H — C4H5sO3N; (C¢Hs—
NH=C=S)]" at m/z 136, together with some small product
ions, for example [M + H — CsHqO3N,S, (C¢Hs)]™ at m/z
77, etc. MS-MS of PTH-Arg (m/z 292, [M + H]") revealed
four major product ions, m/z 233 ([M + H — guanidino
group]"), m/z 174 (structure not identified), m/z 112 (structure
not identified), and m/z 70 ((NH = CHCH,CH = CH, + H]").
Furthermore, [CsHs—NH=C=S]" at m/z 136, the most intense
ion from PTH-Asp, was observed as a minor product ion. The
results showed that protonation of PTH-derivatives from neu-
tral and acidic AAs tended to occur on the thiohydantoin
moiety, forming common product ions, for example m/z 136
(C¢Hs—NH"=C=S) and 77 (C¢Hs"). In contrast, protonation of
PTH derivatives from basic AAs tended to occur on the basic
side chains, for example the imidazole ring of His or the
guanidino group of Arg, forming characteristic product ions
(i.e. m/z 152 from PTH-His, m/z 233 from PTH-Arg, etc).

Fig. 3 Typical MS-MS spectra

Product ions, including the phenyl group, were selected for
SRM because of the labeling position of '>C in the ISs.
Characteristic product ions were selected if possible; other-
wise, the most intense product ions were selected (Table 1).
Each optimum level of CID energy was determined from the
breakdown curve in the auto-tune mode of the TSQ Vantage.

Preparation of 20 ['2C¢]-PTH-AAs and ['*C¢]-PTH-AAs

All PTH-AAs were originally commercially available.
However, we decided to store the standards as more stable
intact AA solutions because the long-term stability of PTH-
AAs has not yet been reported. In addition, we believe that
reacting AAs to form PTH-AAs with the samples for cali-
bration curves can compensate for loss or deviation resulting
from coupling and converting reactions and from extraction
steps. Therefore, reaction conditions were optimized to pre-
pare PTH-AAs (standards) and [*C4]-PTH-AAs (internal
standards) from an AA mixture by reaction with PITC and
[*C4]-PITC, respectively. The results showed that a two-
step, one-pot reaction without a degradation step led to
robust reproducibility for all PTH-derivatives. The SRM
chromatogram from the reaction mixture of AA and PITC
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is shown in Fig. 4. The chromatogram from the reaction
mixture of AA and ['°Cg]-PITC is available in the electronic
supplementary material (Fig. S2, Electronic Supplementary
Material). Cys was analyzed as the S-protected form
(PTH-cmCys) in this reaction. Lys was analyzed as
PTH-(N°-PTC)-Lys because of the reactive ¢-amino group
on the side chain.

Stability of PTH-AAs

Because the stability of PTH-A As has not yet been reported,
we decided to store the standards as intact AA solutions.
However, to further improve quantification, stability was
examined in acidic, neutral, and basic conditions—10 mmol
L' ammonium formate buffer (pH 3)-CH;CN (3:1, v/v);
5 mmol L' sodium phosphate buffer (pH 7)-CH;CN (3:1,
v/v); and 5 mmol L™ triethylamine-HCI buffer (pH 11)—
CH;CN (3:1, v/v), respectively. CH3;CN was added to all
buffers to improve solubility. The reaction solution for PTH-
AA conversion (25 % (v/v) aqueous TFA) was also exam-
ined. PTH-AAs were dissolved in these buffers and the
resulting solutions (100 pumol L") were kept at 4 °C.

a PTH-Asp b PTH-Arg
100 100
= <
2 50 ‘15 50
o o
(OJ.) [53
& @
0 T T T " 0 T T T ]
0 7 14 21 28 0 7 14 21 28
Time (days) Time (days)

Fig. 5 Typical stability of PTH-AAs: (a) PTH-Asp, (b) PTH-Arg.
Conditions: (circles, n=3) 25 % (v/v) aqueous TFA, (squares,
n=3) 10 mmol L' ammonium formate buffer (pH 3)-CH;CN (3:1, v/
V), (triangles, n=3) 5 mmol L™ sodium phosphate buffer (pH 7)-CH;CN
(3:1, vv), (diamonds, n=1) 5 mmol L' triethylamine-HCI buffer
(pH 11)-CH;CN (3:1, v/v). PTH-AAs were dissolved in these buffers at
100 umol L™" and stored at 4 °C

Peaks from decomposed products can interfere on LC-UV.
Therefore, we prepared test mixtures of PTH-AAs as four
different groups to avoid co-elution. 1-Naphthalenesulfonic
acid, benzoic acid, or phenol was added to the solutions as the
internal standard. Typical examples from the acidic (PTH-
Asp) and basic (PTH-Arg) AAs are shown in Fig. 5. Other
examples are available in the electronic supplementary mate-
rial (Fig. S3, Electronic Supplementary Material). All PTH-
AAs decomposed quickly under basic conditions (pH 11).
PTH-Arg, cmCys, Gln, His, Leu, Ser, and Thr were highly
unstable (less than 50 % remaining after four weeks) under
neutral conditions (pH 7). Acidic conditions (pH 3 and 25 %
aqueous TFA) were most favorable for almost all PTH-AAs,
but substantial amounts of PTH-Ser and GIn were lost (less
than 50 % remaining after four weeks) in this buffer (pH 3).
Asaresult, 25 % (v/v) TFA was thought to be the most suitable
solution for storing PTH-AAs. Because the last conversion
reaction of ATZ-AAs to PTH-AAs was performed in this
solution, it was logical to leave the PTH-AAs in the reaction
mixture. Because PTH-AA standards were freshly prepared
each time, with the test samples, loss as a result of instability
was negligible.

Calibration curve obtained by plotting ['*C4]-PTH-AA-to-
[*C4]-PTH-AA peak-area ratio

Calibration curves were prepared from AA mixtures
with the corresponding ['*C¢]-PTH-AAs as internal
standards (Table S2, Electronic Supplementary Materi-
al). Good linearity was observed for all the calibration
curves over the entire range (1-100 pmol per injection,
#*=0.989-1.000). Because the calibration curves were
prepared from an AA mixture (Fig. 6b), together with
specimens (Fig. 6a) and added ['*C¢]-PTH-AAs (inter-
nal standards) (Fig. 6¢), compensation for errors arising
from the coupling and stabilization reactions and for
errors arising from instability and/or extraction efficien-
cy of PTH-AAs was achieved.
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Fig. 6 The entire procedure for
isotope-dilution LC—ESI-MS—
MS for the PTH-AA derived s ol

from peptides or proteins. | | Protein sample
Samples for the calibration | (Unknown conc.)
curve (b) were prepared with '\U LJ

the specimens (a) to

a Specimen

b Calibration curve

C ['3C¢]-PTH-AAs (ISs)

compensate for errors from Coupling
coupling and stabilization (to PTC-AA)
reactions. ['°Cs]-PTH-AAs

(internal standards) were added Degradation
to samples for the calibration (to ATZ-AA)
curve (b) and to the specimen

(a) to compensate for the errors Stabilization
from future degradation (to PTH-AA)

A [2C¢-PTH-AA

[13Ce-PTH-AA

A

Relative
intensity (%)
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Applications to proteins

Edman degradation was originally used for peptides, not large
proteins. Therefore, this approach was first applied to six
model proteins—serum albumin (human, Fig. S4a, Electronic
Supplementary Material), «-casein (bovine milk, Fig. S4b,
Electronic Supplementary Material), lysozyme (chicken egg
white, Fig. S4c, Electronic Supplementary Material), ribonu-
clease A (bovine, Fig. S4d, Electronic Supplementary Mate-
rial), pepsin (porcine stomach mucosa, Fig. S4e, Electronic
Supplementary Material), and insulin (bovine, Fig. S4f, Elec-
tronic Supplementary Material)}—to verify their suitability.
Corresponding N-terminal AAs were released from all model
proteins as PTH-AAs. Because unexpected PTH-AAs were
found as precursor proteins and/or self-digested proteins (from
ribonuclease A, Fig. S4d, and pepsin, Fig. S4e; Electronic
Supplementary Material), this method might be useful for

Table 2 Results from quantitative study of serum albumin

Amino acid Replicate of the Edman degradation

1 2 3
Asp' 183 2.81 2.53
Ala® 0.84 153 3.66
His® 239 0.67 9.30

Measured values are expressed as pmol
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identifying impurities in standard proteins. Furthermore, PTH-
Gly and PTH-Phe were found in insulin (Fig. S4f, Electronic
Supplementary Material) as a result of the A-chain and B-chain,
respectively. Because applicability to large molecules depends
on the yield of the entire process, we performed serial Edman
degradation using human serum albumin, which was the largest
model protein (66 kDa) examined (Table 2). From the first
cycle, the amount of N-terminal Asp' found was 18.3 pmol,
together with Ala? (0.84 pmol) and His® (2.39 pmol), which
are believed to be from N-truncated human serum albumin. To
confirm recovery, further cycles were performed on the same
samples. The second and third cycles gave 2.81 pmol and 2.
53 pmol, respectively. The reason for incomplete recovery is
still under investigation, but we postulate that the efficiency of
extraction of ATZ-AAs from coagulated protein must be im-
proved. However, we achieved 77 % (18.3/18.3+2.81+2.53)
recovery from the large protein despite use of a manual liquid-
phase procedure; therefore, this method could have great po-
tential for quantification of proteins without standards.

Conclusion and outlook

Although Edman sequencing has been widely used, there is
a lack of studies relating to quantification. As Brune et al.
suggest [24], we believe that the problems of quantification
should be attributed not to overall coupling and cleavage
reactions but to something else, for example extraction
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yields and/or the instability of PTH-AAs. This research
found that stable isotope-dilution LC-ESI-MS-MS com-
pensated as much as possible for loss in the determination
of 20 PTH-AAs. This research also demonstrated the previ-
ously unreported long-term stability of 20 PTH-AAs. Be-
cause this strategy can improve the quality of quantification,
the objective of this research was to apply this method as a
breakthrough in the search for absolute quantitative proteo-
mics [33]. We believe that PTH-AAs derived from Edman
degradation of proteins have great potential for use in abso-
lute quantification of proteins without protein standards.
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