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Determination of sequence

and absolute configuration

of peptide amino acids

by HPLC-MS/CD-based detection
of liberated N-terminus
phenylthiohydantoin amino acids

Dongyup Hahn?, Weihong Wang??3, Hyukjae Choi*** & Heonjoong Kang?3**

We report a method for the simultaneous determination of the sequence and absolute
configuration of peptide amino acids using a combination of Edman degradation and HPLC-MS/
CD. Phenylthiohydantoin (PTH) derivatives of 20 pairs of standard p- and L-amino acids were
synthesized by the Edman reaction. The CD spectra of the derivatives revealed that each pair of the
PTH derivatives exhibited the absorption with opposite signs at around 270 nm. These standard
PTH derivatives showed well-resolved resolution without interference from byproducts in the ion
chromatogram and clear positive/negative CD absorptions when subjected on a reversed phase
HPLC-MS system coupled with a CD-2095 HPLC detector. This method was applied for the detection
of a synthetic pentapeptide and a natural depsipeptide (halicylindramide C). The sequence and
configuration of the pentapeptide and up to eight residues of halicylindramide C were successfully
analyzed by this method. The amino acid configuration of the pentapeptide was also determined
successfully by subjecting its acid hydrolysates to the Edman reaction followed by HPLC-MS/CD.

Chirality, a fundamental attribute of nature, has been found to be ubiquitous; it plays a pivotal role in biochemi-
cal environments'. Since the first report on ammonium tartrate enantiomers by Pasteur in 18582, the stereo-
chemistry of biomolecules has been a significant topic, as the construction of chiral interfaces and their effect
on the behavior of various substances crucially affect various biological and physiological processes". As with
other biomolecules synthesized in biological systems, the stereochemistry and chiral recognition of proteins
and peptides are strongly affected by the stereochemistry of their amino acid building blocks. The chirality
of the constituent amino acids determines the three-dimensional structures of proteins and peptides, and the
three-dimensional structure determines not only the binding properties of the molecule to receptors but also
the structural resistance of the molecule to enzymatic degradation®”.

Amino acids, except for glycine (Gly) the only achiral amino acid, in living organisms were long believed
to exist solely as the L-configuration, as proteinogenic amino acids®. However, it is now well-known that both
D- and L-amino acids exist in natural molecules. b-amino acid residues were first discovered in peptidoglycans
within bacterial cell walls’? and peptidic antibiotics’, followed by the discovery of p-amino acid residues in
amphibians'®!, spiders'?, marine sponges'?, mollusks'*'%, insects'®, crustaceans'’, mammals'®", and humans*?'.
Biologically active peptides containing D-amino acids including didemnin B, palawamide®, cyclotheonamides®,
and halicylindramides’® have been reported to have various therapeutic potentials.
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To investigate the biomedical potential of natural peptides, it is crucial but challenging to determine the
sequences and configurations of the constituent amino acids. The configurations of peptide amino acids have
generally been determined by acid hydrolysis, diastereomeric derivatization, and chromatographic separation,
including Marfey’s methods*>?® and the use of O-phthaldialdehyde and N-acetyl-L-cysteine””. However, because
these methods do not provide information about the peptide sequences, they cannot be used to determine the
positions of p-amino acids in peptides.

Edman degradation is widely used in the sequence analysis of peptides?*-** (Fig. SI1). In Edman degradation,
the N-terminus amino acid is sequentially released from the peptide as a PTH derivative, and the sequentially
produced PTH derivatives can be identified by using chromatographic techniques or electrophoresis®*2. The
Edman reagents have been modified to enhance the analytical sensitivity of the method; however, the configu-
ration of the amino acid residues cannot be determined using the classical Edman degradation method*~*.

In order to simultaneously determine the sequences and configurations of constituent amino acids in pep-
tides, derivatization methods with chiral Edman reagents®*®*? and analysis of enantiomeric Edman products by
chiral chromatography*’ have been suggested. These methods rely on chromatographic separation to determine
the amino acid configurations, requiring laborious reaction steps, multiple separation steps, and, in some cases,
chiral HPLC columns.

Circular dichroism (CD) spectroscopy is a convenient method for evaluating molecular optical activity; it
has been used to determine the absolute configurations of chiral compounds containing carbonyl or phenyl
moieties. Conjugated chromophores around a chiral center cause optical activity and CD absorption. Aromatic
amino acids, such as Phe, Trp, and Tyr, show strong CD absorption between 250 and 300 nm*'~*, while the other
amino acids show no or only weak CD absorption in this region. There have been various attempts to resolve
the sensitivity issue by employing biphenyl chromophores so that the amino acid derivatives could be detected
using CD instruments®**~*; however, only three amino acids could be detected during a measurement cycle.

In this study, we report an analytical method for simultaneously determining the sequence and absolute
configurations of peptide amino acids, using a combination of the Edman reaction and HPLC-MS/CD. A PTH
derivative of the amino acid produced by the Edman reaction contains a chromophore next to a chiral center
retained from the original amino acid. The CD absorption of PTH-amino acid was used to determine the absolute
configurations of amino acids. To confirm the accuracy of the method, analyses of a commercial pentapeptide
and a natural depsipeptide, halicylindramide C, were performed.

Results and discussion

CD spectra of PTH derivatives of standard amino acids. PTH-amino acids contain a chiral center
derived from the peptide amino acid. The chirality has been conserved through the Edman reaction by using an
aprotic Lewis acid and hydrogen chloride-methanol (HCI-MeOH). The chiral center of a PTH derivative exists
in the five-membered ring with a chromophore. Chirality, therefore, induces optical activity that is detectable
with a CD spectrophotometer. We synthesized PTH derivatives of 19 common amino acids and tert-Leu and
recorded their CD spectra. As shown in Fig. 1, PTH derivatives of p- and L-amino acids exhibited opposite-sign
CD absorptions at 270 nm. PTH-L-Pro showed a negative CD absorption at 270 nm, while the remaining PTH
derivatives of L-amino acids showed positive CD absorption. The pyrrolidine ring of Pro induces ring strain on
its PTH derivative, which may be responsible for the distinctive CD absorption. It should be noted that excess
phenyl isothiocyanate (PITC) will react with EtOH and the resulting byproduct may interfere with the CD
absorption of PTH-amino acids (Fig. S2). In order to minimize byproduct generation and obtain accurate CD
spectra of PTH-amino acids, a 1:1 ratio of PITC-amino acid was used for the synthesis of PTH derivatives of
standard amino acids.

Separation of PTH-amino acids on HPLC-MS/CD. The PTH derivatives of standard amino acids were
separated through reverse phase (RP) HPLC-MS/CD. Twenty pairs of PTH-amino acids were separated on a
C18 HPLC column with step gradient elution for 50 min. PTH-amino acids were identified by retention time
and m/z value of ion peaks (Table 1). Carboxylic acids in Asp and Glu were esterified through the conversion
step and the corresponding PTH derivatives were detected with m/z values of 265 and 279, respectively. The
byproducts and impurities of the Edman reaction were also detected on the HPLC-MS ion chromatogram;
however, those peaks detected on the CD-2095 detector were selectively analyzed. The major byproduct peak
was eluted at the retention time of 19.5 min with the m/z value of 228, and identified as diethoxy(phenylamino)
methanethiol produced from EtOH and PITC in the coupling solution (Fig. S2). Because the major byproduct
did not overlap with PTH-amino acid derivatives on the HPLC chromatogram and did not exhibit any CD
absorption, PTH-amino acid CD absorptions could be observed without interruption.

Sequence and configuration analysis of a commercial peptide. A commercial synthetic pentapep-
tide, L-Tyr-p-Trp-L-Ala-L-Trp-p-Phe amide (200 pg, 0.26 pmol), was subjected to the repeated Edman reac-
tion, and the sequentially liberated PTH products were analyzed by RP-HPLC-MS/CD, as described above.
Figure 2 shows our experimental sequence and configuration analysis data, which are identical to the informa-
tion from the supplier. Several byproducts were detected through RP-HPLC; however, the major byproduct,
diethoxy(phenylamino)methanethiol, was well separated from the PTH derivatives.

Sequence and configuration analysis of halicylindramide C. Halicylindramide C, a natural depsi-
peptide, was obtained from sponge with its N-terminus protected with a formyl group. Halicylindramide was
first deformylated by the incubation of the peptide (200 pg, 0.11 pmol) with 500 puL of 2 N HCI at room tem-
perature for 6 h. The deformylated halicylindramide C was then subjected to Edman reaction cycles, and the
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Figure 1. CD spectra of 1 uM of PTH derivatives of 20 pairs of amino acids (p-amino acid spectra are dark,
L-amino acid light) in methanol.

sequentially released PTH derivatives were analyzed by HPLC-MS/CD, as described above. Figure 3 shows the
sequence and configuration analysis data of halicylindramide C. Its penultimate amino acid from the peptide
N-terminus is BrPhe, which is not commercially available; the second Edman degradation cycle on halicylindra-
mide C gave PTH-BrPhe, which showed two ion peaks at m/z values of 361 and 363 in the ion chromatogram
and exhibited positive CD absorption at 270 nm in the CD spectrum. The CD spectrum of PTH-BrPhe (Fig. 4a)
was similar to that of PTH-L-Phe. The absolute configuration of BrPhe was, therefore, determined to be L, which
was confirmed using the advanced Marfey’s method (Fig. 4b, Table SI1).

Compared to the HPLC-MS signals of PTH-amino acids from cycles 1-8, the signals of the derivatives from
cycle 9 were very weak, and their optical activities were not detectable on a CD-2095 detector. The weak signals
might be attributed to the accumulation of excess PITC reagent unreacted and reaction byproducts from repeated
cycles of Edman degradation. One of the challenges of manual Edman sequencing is the loss of parent peptide,
which is caused by incomplete reaction frequently occurred at each cycle. It has been reported that the reaction
yield of a gas-phase automated sequencer is extremely high, and a protein containing more than 90 amino acid
residues was successfully analyzed by using such a sequencer by Hunkapiller and Hood>**'. The amino acid
sequence and configuration analysis in longer peptides can be completed by the application of a HPLC-MS/CD
system coupled to an automated gas-phase peptide sequencer.
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CD absorption of PTH
derivative

Amino acid m/z values of PTH derivative | Retention time of PTH derivative (min) | L-amino acid | p-amino acid
Ala 207 14.60 + -
Arg 292 352 + -
Asn 250 4.22 + -
Asp 265 16.67 + -
Cys 223 476 + -
Gln 264 6.98 + -
Glu 279 23.42 + -
Gly 193 6.18

His 273 1.81 + -
Ile 249 42.60 + -
Leu 249 43.78 + -
tert-Leu 249 43.11 + -
Lys 399 46.08 + =
Met 267 29.98 + -
Phe 283 44.98 + -
Pro 233 26.33 - +
Ser 223 4.82 + -
Thr 237 12.49 + -
Trp 322 44.30 + -
Tyr 299 21.82 + -
Val 235 29.01 + -

Table 1. Identification of PTH derivatives based on their retention times, m/z values, and CD absorption at
270 nm.
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Figure 2. Ion chromatogram (dark) and CD absorption chromatogram (light) of the sequential Edman
degradation products (asterisked) of a commercial pentapeptide. The unit of CD absorption is mdeg.

Configuration analysis of acid hydrolysate of peptide. HPLC-MS/CD was also applied to analyze
the Edman reaction products of acid hydrolysate from a commercial pentapeptide containing both L-Trp and
D-Trp. In this case Ala, Tyr, Phe, and Trp were detected by HPLC-MS, and their absolute configurations (except
for Trp) were successfully determined by CD-2095. The Trp peak was observed in the electrospray ionization
mass spectrometry (ESI-MS) chromatogram without CD absorption (Fig. 5a). Two cycles of the Edman reac-
tion eliminated 1-Tyr and 2-Trp from the pentapeptide. The residual tripeptide, containing one Trp, was acid
hydrolyzed; the hydrolysates were transformed to PTH derivatives using Edman reagent. When the derivatized
hydrolysates were again analyzed by HPLC-MS/CD, L-Ala, L-Trp, and D-Phe were observed in the chromato-
gram (Fig. 5b). The configuration of 2-Trp was observed to be p.
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Figure 3. Ion chromatogram (dark) and CD absorption chromatogram (light) of the Edman degradation
products (asterisked) of halicylindramide C. The unit of CD absorption is mdeg.
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Figure 4. CD spectrum of the PTH derivative of BrPhe and ion chromatograms of DLA derivatives. (a) ECD
spectrum of PTH-BrPhe derived from halicylindramide C. (b) The confirmation of absolute configuration of
BrPhe in halicylindramide C by using the advanced Marfey’s method.

In conclusion, a method for the simultaneous determination of the sequence and absolute configuration
of peptide amino acids by using a combination of the Edman procedure and HPLC-MS/CD is demonstrated.
Amino acid configurations were determined by the CD spectral analysis of the sequential PTH-amino acids
produced by the Edman reaction (Fig. 6). Because the analysis of the amino acid absolute configurations is based
on spectroscopic characteristics, and not chromatographic behavior, this method can be extensively applied
to unusual or novel amino acids (such as BrPhe in halicylindramide C) without the synthesis of standards.
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Figure 5. Ion chromatogram (lower) and CD absorption chromatogram (upper) of the PTH derivatives of acid
hydrolysates of (a) the commercial pentapeptide L-Tyr-p-Trp-L-Ala-L-Trp-D-Phe and (b) the residual peptide
L-Ala-L-Trp-p-Phe after elimination of L-Tyr and p-Trp by Edman reactions. The unit of CD absorption is
mdeg.

Furthermore, the combination of the gas-phase automated peptide sequencer and the HPLC-MS/CD system
may provide a method to analyze longer peptides.

Experimental section

Chemicals. Halicylindramide C, formyl-p-Ala-L-BrPhe-L-Pro-p-Val-L-tertLeu-p-Trp-L- Arg-D-Cys(O;H)-
cyclo(L-Thr-L-NMeGln-p-Phe-L-Thr-L-Asn-Sar), was isolated from Halichondria sp. and the structure was con-
firmed by MS and NMR experiments and the advanced Marfey’s method. In this study, we used the following
commercial materials: sequencer-grade pyridine and sequencer-grade PITC (Wako Pure Chemical Industries,
Osaka, Japan); boron trifluoride diethyl etherate complex (BF;-Et,O) (Tokyo Chemical Industry, Tokyo, Japan);
HPLC-grade MeOH, EtOH, water, EtOAc, and acetonitrile (ACN, J. T. Baker, Pittsburgh, PA, USA); HCI (A. C.
S. reagent grade, Sigma-Aldrich, St. Louis, MO, USA); heptane, anhydrous, 99% (Sigma-Aldrich Korea Ltd.);
pentapeptide L-Tyr-D-Trp-L-Ala-L-Trp-D-Phe amide (Sigma-Aldrich).

CD spectrometer. CD spectra were recorded between 200 and 360 nm using a JASCO J-715 system
(JASCO, Tokyo, Japan). The cell length and volume were 1 cm and 200 uL, respectively. The scan speed and
resolution were 50 nm/min and 0.5 nm, respectively.

HPLC-MS/CD system. A Finnigan Surveyor Plus system (Thermo Fisher Scientific, Waltham MA, USA)
consisting of a Finnigan Surveyor Autosampler Plus, an MS Pump Plus, a PDA Plus detector, a Thermo LTQ ESI
MS system (Thermo Fisher Scientific), and a CD-2095 Plus Chiral Detector (JASCO) was used.

Preparation of standard PTH-amino acids by Edman degradation. Coupling step. Amino acid
was dissolved in 50% aqueous pyridine (10 mM). Next, 100 pL of the solution was mixed with 0.4 uL coupling
solution (PITC/EtOH 1:2). The amino acid-coupling solution mixture was vortexed and heated at 50 °C for
30 min. After the coupling reaction, the mixture was dried in a centrifugal evaporator at 50 °C for 5 min. The
dried residue was resuspended in 100 uL of deionized water and washed thrice with 100 pL of heptane/ethyl
acetate (7:1, v/v). The aqueous layer was dried in a centrifugal evaporator at 50 °C for 15 min.

Cyclization/cleavage step. For the cyclization and cleavage reaction, 8 mM BF;-Et,O in ACN (100 uL) was
added to the residue and the reaction mixture was vortexed and heated at 50 °C for 5 min. The reaction mixtures
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were dried under a stream of N, gas. The dried residue was resuspended in 100 pL of water and washed thrice
with 100 uL of heptane/ethyl acetate (1:5, v/v). The organic layer was dried under a stream of N, gas.

Conversion step. The dried residue was mixed with 30 uL of 10 M HCl/MeOH at 50 °C for 30 min. The reaction
mixtures were dried by centrifugal evaporation at 50 °C for 30 min.

Separation of PTH-amino acids via HPLC-MS/CD. PTH-amino acids were separated on an RP-HPLC column
(Capcell Pak C-8 UGII column, 10 x 150 mm, 5.0 pum, Shiseido, Japan) with step gradient elution of 0.1% aque-
ous formic acid (eluent A) and 100% ACN (eluent B). Gradient program: 0-10 min, 4% B; 10-13 min, 4-15% B;
13-25 min, 15% B; 25-47 min, 17% B; flow rate, 1.0 mL/min. The column temperature was maintained at 30 °C.
PTH-amino acids were detected through ESI-MS under the following conditions: sheath gas flow rate, 20 arb;
aux gas flow rate, 10 arb; sweep gas flow rate, 1.5 arb; capillary voltage, 36 V; capillary temperature, 277 °C; tube
lens voltage, 110 V.

Sequence and configuration analysis of commercial peptide and halicylindramide C. 'The commercial peptide,
L-Tyr-D-Trp-L-Ala-L-Trp-D-Phe amide (200 pg, 0.26 umol), was degraded by Edman degradation, as described
above. After the cyclization/cleavage step, the residual peptide was dissolved in the aqueous layer. The aqueous
layer was dried by centrifugal evaporation at 50 °C for 30 min. The dried residual peptide was subjected to the
coupling step of the next cycle. The organic layer was subjected to the conversion step, and the final products
were analyzed through HPLC-MS/CD. Halicylindramide C (200 pg, 0.11 pmol) was dissolved in 500 uL of 2 N
HCl and deformylated at room temperature for 6 h. The Edman reaction was repeatedly performed on the defor-
mylated halicylindramide C, as described above. PTH-amino acids, the Edman reaction product, were analyzed
through HPLC-MS/CD.

Confirmation of absolute configuration of halicylindramide C by advanced Marfey’s method via HPLC-MS. Hali-
cylindramide C (200 ug) was treated with 200 uL of 6 N HCl for 1 h at 110 °C. The hydrolysate was lyophilized,
and the residue was dissolved in 100 pL of water and dried again. The dried hydrolysate was dissolved in 100 uL
of 1 M NaHCO; and separated into two vials. L-1-fluoro-2,4-dinitrophenyl-5-1-leucine amide (FDLA, 1%, 25
pL) in acetone was added to one vial and 25 uL of 1% D- and L-FDLA mixture in acetone to the other vial. The
mixtures were vortexed and incubated at 40 °C for 60 min. After the reaction was quenched by the addition of
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25 uL of 2 N HCI, the reaction mixture was diluted with 100 uL of methanol, and 10 uL of each solution was
analyzed through HPLC-MS.

The reaction mixtures were separated on an RP-HPLC column (Capcell Pak C-18 MGII column, 10 x 150,
5.0 pum, Shiseido, Japan) with step gradient elution of 0.1% aq. TFA (eluent A) and 100% ACN (eluent B). Gradi-
ent program: 0-10 min, 30% B; 10-50 min, 30-70% B; 50-60 min, 70% B; 60-75 min, 70-100% B; 75-85 min,
100% B; flow rate, 100 uL/min. The column temperature was maintained at 30 °C. FDLA-amino acids were
detected through ESI-MS under the following conditions: sheath gas flow rate, 14 arb; auxiliary gas flow rate,
10 arb; sweep gas flow rate, 1 arb; capillary voltage, 35 V; capillary temperature, 275 °C; tube lens voltage, 110 V.

Configuration analysis of peptide acid hydrolysate. A commercial pentapeptide (200 ug) was hydrolyzed by
heating with 200 pL of 6 N HCl for 1 h at 110 °C. The acid hydrolysates were dried by centrifugal evaporation at
room temperature for 1 h. The dried hydrolysates were dissolved in 100 uL of 50% aqueous pyridine and allowed
to react with 5 uL of coupling solution (PITC/EtOH 1:2). The mixture was subjected to Edman degradation, as
described above. Following the conversion step, the mixture was dissolved in 100 uL of MeOH and 2 pL of the
solution was injected into the HPLC-MS/CD system.

Received: 9 November 2021; Accepted: 2 June 2022
Published online: 18 June 2022

References

1. Ma, Y, Shi, L., Yue, H. & Gao, X. Recognition at chiral interfaces: From molecules to cells. Colloids Surf. B 195, 111268. https://
doi.org/10.1016/j.colsurfb.2020.111268 (2020).

2. Pasteur, L. Mémoire sur la fermentation de l'acide tartrique. C. R. Acad. Sci. 46, 615-618 (1858).

3. Liu, M., Zhang, L. & Wang, T. Supramolecular chirality in self-assembled systems. Chem. Rev. 115, 7304-7397 (2015).

4. Corrigan, J. . D-amino acids in animals: Novel reactions and compounds unique to specific stages of development characterize
this subject. Science 164, 142-149 (1969).

5. Maloy, W. L. & Kari, U. P. Structure-activity studies on magainins and other host defense peptides. Biopolymers Original Research
on Biomolecules 37, 105-122 (1995).

6. Allenmark, S. Induced circular dichroism by chiral molecular interaction. Chirality Pharmacol. Biol. Chem. Conseq. Mol. Asym-
metry 15, 409-422 (2003).

7. Cava, E, Lam, H., De Pedro, M. A. & Waldor, M. K. Emerging knowledge of regulatory roles of D-amino acids in bacteria. Cell.
Mol. Life Sci. 68, 817-831 (2011).

8. Radkov, A. D. & Moe, L. A. Bacterial synthesis of D-amino acids. Appl. Microbiol. Biotechnol. 98, 5363-5374 (2014).

9. Bodanszky, M. & Perlman, D. Origin of D-amino-acids in microbial peptides: Rule of a-epimerization. Nature 218, 291-292 (1968).

10. Richter, K., Egger, R. & Kreil, G. D-alanine in the frog skin peptide dermorphin is derived from L-alanine in the precursor. Science
238, 200-202 (1987).

11. Erspamer, V. The opioid peptides of the amphibian skin. Int. J. Dev. Neurosci. 10, 3-30 (1992).

12. Heck, S. D. et al. Functional consequences of posttranslational isomerization of Ser46 in a calcium channel toxin. Science 266,
1065-1068 (1994).

13. Li, H.-Y,, Matsunaga, S. & Fusetani, N. Halicylindramides AC, antifungal and cytotoxic depsipeptides from the marine sponge
Halichondria cylindrata. ]. Med. Chem. 38, 338-343 (1995).

14. Ohta, N. et al. Fulicin, a novel neuropeptide containing a D-amino acid residue isolated from the ganglia of Achatina fulica.
Biochem. Biophys. Res. Commun. 178, 486-493. https://doi.org/10.1016/0006-291X(91)90133-R (1991).

15. Iwakoshi, E., Hisada, M. & Minakata, H. Cardioactive peptides isolated from the brain of a Japanese octopus, Octopus minor.
Peptides 21, 623-630 (2000).

16. Seliger, H., McElroy, W., White, E. & Field, G. Stereospecificity and firefly bioluminescence, a comparison of natural and synthetic
luciferins. Proc. Natl. Acad. Sci. U.S.A. 47,1129 (1961).

17. Soyez, D. et al. Evidence for a conformational polymorphism of invertebrate neurohormones. D-amino acid residue in crustacean
hyperglycemic peptides. J. Biol. Chem. 269, 18295-18298 (1994).

18. Muraoka, S., Fujii, N., Tamanoi, I. & Harada, K. Characterization of a protein containing D-aspartic acid in aged mouse lens.
Biochem. Biophys. Res. Commun. 146, 1432-1438. https://doi.org/10.1016/0006-291X(87)90810-2 (1987).

19. Groenen, P.]J., van den IJssel, P. R., Voorter, C. E., Bloemendal, H. & de Jong, W. W. Site-specific racemization in aging a-crystallin.
FEBS Lett. 269, 109-112 (1990).

20. Kenessey, A., Yen, S.-H., Liu, W.-K,, Yang, X.-R. & Dunlop, D. S. Detection of D-aspartate in tau proteins associated with Alzheimer
paired helical filaments. Brain Res. 675, 183-189 (1995).

21. Kaneko, I., Morimoto, K. & Kubo, T. Drastic neuronal loss in vivo by B-amyloid racemized at Ser26 residue: Conversion of non-
toxic [D-Ser26] p-amyloid 1-40 to toxic and proteinase-resistant fragments. Neuroscience 104, 1003-1011 (2001).

22. Rinehart, K. L. Jr., Gloer, J. B., Cook, J. C. Jr., Mizsak, S. A. & Scahill, T. A. Structures of the didemnins, antiviral and cytotoxic
depsipeptides from a Caribbean tunicate. J. Am. Chem. Soc. 103, 1857-1859 (1981).

23. Williams, P. G., Yoshida, W. Y., Quon, M. K., Moore, R. E. & Paul, V. J. The structure of palawamide, a potent cytotoxin from a
species of the marine cyanobacterium Lyngbya. J. Nat. Prod. 66, 1545-1549 (2003).

24. Fusetani, N., Matsunaga, S., Matsumoto, H. & Takebayashi, Y. Bioactive marine metabolites. 33. Cyclotheonamides, potent throm-
bin inhibitors, from a marine sponge Theonella sp.. J. Am. Chem. Soc. 112, 7053-7054 (1990).

25. Marfey, P. Determination of D-amino acids. II. Use of a bifunctional reagent, 1, 5-difluoro-2, 4-dinitrobenzene. Carlsberg Res.
Commun. 49, 591-596 (1984).

26. Fujii, K., Ikai, Y., Oka, H., Suzuki, M. & Harada, K.-I. A nonempirical method using LC/MS for determination of the absolute
configuration of constituent amino acids in a peptide: Combination of Marfey’s method with mass spectrometry and its practical
application. Anal. Chem. 69, 5146-5151 (1997).

27. Aswad, D. W. Determination of d- and l-aspartate in amino acid mixtures by high-performance liquid chromatography after
derivatization with a chiral adduct of o-phthaldialdehyde. Anal. Biochem. 137, 405-409. https://doi.org/10.1016/0003-2697(84)
90106-4 (1984).

28. Edman, P, Hogfeldt, E., Sillén, L. G. & Kinell, P.-O. Method for determination of the amino acid sequence in peptides. Acta Chem.
Scand. 4, 283-293 (1950).

29. Edman, P. Mechanism of the phenyl iso thiocyanate degradation of peptides. Nature 177, 667-668 (1956).

Scientific Reports |

(2022) 12:10285 | https://doi.org/10.1038/s41598-022-14205-x nature portfolio


https://doi.org/10.1016/j.colsurfb.2020.111268
https://doi.org/10.1016/j.colsurfb.2020.111268
https://doi.org/10.1016/0006-291X(91)90133-R
https://doi.org/10.1016/0006-291X(87)90810-2
https://doi.org/10.1016/0003-2697(84)90106-4
https://doi.org/10.1016/0003-2697(84)90106-4

www.nature.com/scientificreports/

30. Han, K.-K,, Belaiche, D., Moreau, O. & Briand, G. Current developments in stepwise Edman degradation of peptides and proteins.
Int. J. Biochem. 17, 429-445 (1985).

31. Zimmerman, C. L., Appella, E. & Pisano, J. J. Rapid analysis of amino acid phenylthiohydantoins by high-performance liquid
chromatography. Anal. Biochem. 77, 569-573 (1977).

32. Waldron, K. C. & Dovichi, N. J. Sub-femtomole determination of phenylthiohydantoin-amino acids: Capillary electrophoresis and
thermooptical detection. Anal. Chem. 64, 1396-1399 (1992).

33. Tsugita, A., Kamo, M., Jone, C. S. & Shikama, N. Sensitization of Edman amino acid derivatives using the fluorescent reagent,
4-aminofluorescein. J. Biochem. 106, 60-65 (1989).

34. Imakyure, O., Kai, M. & Ohkura, Y. A fluorogenic reagent for amino acids in liquid chromatography, 4-(2-cyanoisoindolyl) phe-
nylisothiocyanate. Anal. Chim. Acta 291, 197-204 (1994).

35. Bures, E. J. et al. Synthesis of the protein-sequencing reagent 4-(3-pyridinylmethylaminocarboxypropyl) phenyl isothiocyanate
and characterization of 4-(3-pyridinylmethylaminocarboxypropyl) phenylthiohydantoins. Anal. Biochem. 224, 364-372. https://
doi.org/10.1006/abio.1995.1052 (1995).

36. Kai, M. et al. Chemiluminescence detection of amino acids using an Edman-type reagent, 4-(1'-cyanoisoindolyl) phenylisothio-
cyanate. Anal. Chim. Acta 535, 153-159 (2005).

37. Wainaina, M. N, Shibata, T., Smanmoo, C., Kabashima, T. & Kai, M. Fluorescence detection of amino acids in the postcleavage
conversions for manual sequencing of a peptide. Anal. Biochem. 374, 423-425. https://doi.org/10.1016/j.ab.2007.12.003 (2008).

38. Toyooka, T. & Liu, Y.-M. High-performance liquid chromatographic resolution of amino acid enantiomers derivatized with
fluorescent chiral Edman reagents. . Chromatogr. A 689, 23-30 (1995).

39. Toyo'oka, T., Tomoi, N., Oe, T. & Miyahara, T. Separation of 17 dl-amino acids and chiral sequential analysis of peptides by reversed-
phase liquid chromatography after labeling with R(-)-4-(3-isothiocyanatopyrrolidin-1-yl)-7-(N, N-dimethylaminosulfonyl)-2,1,3-
benzoxadiazole. Anal. Biochem. 276, 48-58. https://doi.org/10.1006/abio.1999.4307 (1999).

40. Toriba, A., Adzuma, K., Santa, T. & Imai, K. Development of an amino acid sequence and D/L-configuration determination method
of peptide with a new fluorescence Edman reagent, 7-methylthio-4-(2, 1, 3-benzoxadiazolyl) isothiocyanate. Anal. Chem. 72,
732-739 (2000).

41. Smith, H. E. Chiroptical properties of the benzene chromophore. A method for the determination of the absolute configurations
of benzene compounds by application of the benzene sector and benzene chirality rules. Chem. Rev. 98, 1709-1740 (1998).

42. Malta, L. E B. et al. Recognition mechanism of d-and I-tryptophan enantiomers using 2-hydroxypropyl-a-or p-cyclodextrins as
chiral selectors. Tetrahedron Asymmetry 19, 1182-1188 (2008).

43. Nomizu, M., Otaka, A., Burke, T. R. & Roller, P. P. Synthesis of phosphonomethyl-phenylalanine and phosphotyrosine containing
cyclic peptides as inhibitors of protein tyrosine kinase/SH2 interactions. Tetrahedron 50, 2691-2702 (1994).

44. Superchi, S., Casarini, D., Laurita, A., Bavoso, A. & Rosini, C. Induction of a preferred twist in a biphenyl core by stereogenic
centers: A novel approach to the absolute configuration of 1, 2-and 1, 3-diols. Angew. Chem. Int. Ed. 40, 451-454 (2001).

45. Hosoi, S., Kamiya, M., Kiuchi, F. & Ohta, T. Chirality transmission in flexible 5, 5'-dinitrodiphenic esters connected with chiral
secondary alcohols. Tetrahedron Lett. 42, 6315-6317 (2001).

46. Mazaleyrat, J.-P. et al. Induced axial chirality in the biphenyl core of the Ca-tetrasubstituted a-amino acid residue Bip and subse-
quent propagation of chirality in (Bip) n/Val oligopeptides. . Am. Chem. Soc. 126, 12874-12879 (2004).

47. Superchi, S., Bisaccia, R., Casarini, D., Laurita, A. & Rosini, C. Flexible biphenyl chromophore as a circular dichroism probe for
assignment of the absolute configuration of carboxylic acids. J. Am. Chem. Soc. 128, 6893-6902 (2006).

48. Dutot, L. et al. The Bip method, based on the induced circular dichroism of a flexible biphenyl probe in terminally protected-Bip-
Xaa*-dipeptides, for assignment of the absolute configuration of B-amino acids. J. Am. Chem. Soc. 130, 5986-5992 (2008).

49. Dutot, L. et al. Central-to-axial chirality transfer and induced circular dichroism in 6, 7-dihydro-5H-dibenz [c, e] azepine deriva-
tives of a-and B-amino esters. Tetrahedron Lett. 49, 3475-3479 (2008).

50. lida, T, Santa, T., Toriba, A. & Imai, K. Semi-automatic amino acid sequencing and D/L-configuration determination of peptides
with detection of liberated N-terminal phenylthiocarbamoylamino acids. Analyst 123, 2829-2834 (1998).

51. Hunkapiller, M. W. & Hood, L. E. Methods in Enzymology Vol. 91, 486-493 (Academic Press, 1983).

Acknowledgements
This work was supported by the Basic Science Research Program funded by the Ministry of Science, ICT &
Future Planning (2019R1A2C2005492).

Author contributions

H.K. contributed to funding acquisition and supervision of the project; H.C. and D.H. designed and performed
the experiment; D.H., WW,, and H.C. drafted the manuscript; H.C. and H.K. reviewed and commented on the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-14205-x.

Correspondence and requests for materials should be addressed to H.C. or H.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:10285 | https://doi.org/10.1038/s41598-022-14205-x nature portfolio


https://doi.org/10.1006/abio.1995.1052
https://doi.org/10.1006/abio.1995.1052
https://doi.org/10.1016/j.ab.2007.12.003
https://doi.org/10.1006/abio.1999.4307
https://doi.org/10.1038/s41598-022-14205-x
https://doi.org/10.1038/s41598-022-14205-x
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:10285 | https://doi.org/10.1038/s41598-022-14205-x nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Determination of sequence and absolute configuration of peptide amino acids by HPLC–MSCD-based detection of liberated N-terminus phenylthiohydantoin amino acids
	Results and discussion
	CD spectra of PTH derivatives of standard amino acids. 
	Separation of PTH-amino acids on HPLC–MSCD. 
	Sequence and configuration analysis of a commercial peptide. 
	Sequence and configuration analysis of halicylindramide C. 
	Configuration analysis of acid hydrolysate of peptide. 

	Experimental section
	Chemicals. 
	CD spectrometer. 
	HPLC–MSCD system. 
	Preparation of standard PTH-amino acids by Edman degradation. 
	Coupling step. 
	Cyclizationcleavage step. 
	Conversion step. 
	Separation of PTH-amino acids via HPLC–MSCD. 
	Sequence and configuration analysis of commercial peptide and halicylindramide C. 
	Confirmation of absolute configuration of halicylindramide C by advanced Marfey’s method via HPLC–MS. 
	Configuration analysis of peptide acid hydrolysate. 


	References
	Acknowledgements


