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o] 518}4 3 (Disulfide Bond)> thaFet A2 shs] &2 Wtz 3y & WA el & ¥3(Post-Translational
Modifications) ¥ Zll /JHct. 1|2 o]gsldgte] tist A= iAo 318k7] Fr12E Hrp FHEHOF o]
k=t vi-g- St Yotk A7 E o] &3 o|3sbAe A w2 A A 24718 &
L5t Tkt o)Ss st AR Ee] NEE Tk ey, ol o]3skA s A ] A, olSsbARt A Al &}
Fr-AI2EIQIZE] (Free Thiol Residues) 2418 T&8kA] 9A3IT. 12 AT-olx]= o]gshaflol Hofshs AIXHIQUAM-
AZEHRI 28& FaL F 4A (19 o it DS B3t o381 7hs F-918 o=, 29 A AHAIAEIRIS]
A 2] Rl 35l A A7 E8-3t o381 A A, 49 o33 AT S F3HRRl A5 A
HE APEsIeit. Yoz, 2 AtellA A 24 7S AA F 58 xR S HRPE F-g3ho 24 Tl
Hhel o)kl st wAH ] 68495 SRISIITE HRPELS] 75, 5 67112] o133} $h(Inter-chain FE: 1, Intra-chain &
H: 50 7 As FF IRl

)
o
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Abstract — The determination of disulfide bonds is important for comprehensive understanding of the chemical structure of
protein. So far, many strategies for the disulfide bond analysis have been suggested in terms of speed and sensitivity.
However, most of these strategies have not considered free thiol residues in the target protein in the process of determining the
disulfide bond. We suggested the strategy which was composed of four steps for the identification of disulfide bonds; the first step
was the prediction of possible disulfide bonds, the second step was the determination of free cysteine residues, the third step
was the analysis of disulfide bond using a high-resolution mass spectrometry, and the final step was the determination of
disulfide bonds based on the comprehensive verification. In this study, we performed the characterization of disulfide
bonds for the recombinant protein (HRPE1), where 1 and 5 inter- and intra-chain disulfide bonds were identified, respectively.
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gato] AHT-AIZHIQD 75 ERIslTh AH-Al
¢1& NEM2| #-5-0ll 2 modification 2}0] S o]-8-3}o] o]}
AT AAEHRIF FEAE 7 UASITE. o] 3sbA AR 1
2l 9 DTTE 0183 313} TAAE o] 83 ¢ sl ks 5 A 714 2
7}l & 22 (Asp-N, Chymotrypsin, Asp-N&Chymotrypsin) 31
WS B8 A4S I A AR 208l A%
A7|(HRMS)E &3l 4& EAHloE & o)t dd 79 o5 =
213 (PepFinder)Z} FEFO] = W3 (Peptide Mapping) 41710
A-gsto] o)3sbd st H-41 5 rgsiglnt. vl ete 2, o]3)sl A
A ) SRR AFHAIE AR
2 AFrelME FaaEl Axd DR (HRPE)S) o384
B3kl F71A] EF-(Inter-chain ©] 33124 3, Intra-chain ©] 33}
Aghe] o3t A% Fe = T3kl th HRPE1S] A& 1712
Inter-chain, 5712] Intra-chain ©]33}43% 0 2 o]Fo]4 152 &
Japict. & A5 F3l AR o)FSAT FAR S AHF-AIA
H|Qlo] EAjojF-o] ERls Fal| Wt A&t vzl o] slehA]
£ dpotab=t vl @A o, Yozt ooks TelA 2 o]3s}
Agte] sfHEAS B} E8F 07 olaish=t] Ego] F Jow
7| chgtet.
2.4 o
2-1. A8 M=
AY A5 F XEAKSigma, FO507-1L), T E] 2 E o] & (Sigma,
D0622-10G), £ 2 TolH Eolu]| =(Sigma, 11149-5G), N-o & n}]
oW =(Sigma, E3876-5G), &t R H (Sigma, A6141-1KG), 1L
S5 B (Millipore, Z0343033 508), o4 =Y E & (Millipore, 1778229
518), £ %(GE Healthcare, 17-1319-10), ™| €2 (Honeywell, AH230-
4), E1 4 (Promega, V5111), Asp-N (Promega, V1621), 7] 2 EH 4l
(Promega, V1061)& A8-5157 T},

2-2. A|E™XE|(Enzyme digestion)

3 2 &g} S e a4 AAE oA, A& 8§ M
ureas A gldto] A S WA ) 10 mM FEANTEH
(Ammonium Bicarbonate)°ll $5¢1 10 mM DTT (Dithiothreitol) = © -85+
013314 3H-S FAAIATE 1 F 55 mM IAA (Iodoacetamide) S
ol &3l &t ZTE &AstE A& Chymotrypsin, Asp-N,
Chymotrypsin&Asp-N& ©] &3l 37 °ColA] 16A13F &<t HH-g-A]
k.

9l 9 23} S AL s a4 A oAM=
8 M ureaEs A 2|3to] WA § e, 443} 8-S AB=ketal,
Chymotrypsin, Asp-N, Chymotrypsin&Asp-N< ©]-&3}] 37 °Col|A
16417t 53 RESAZTE.

2-3. RIF-AIAHQI 2

HRPE1 U] A Al2HI1S BRI £13] NEMS X 2]8F3itt.
NEME 0|85t 1x)] 23S A5 HRPEIC] =337 e, v
BSAE o] &-3to] o dixat AS 7asielet. Zh7he] e
50 mM NEM2 A &3t & 37°Col| A 2A)7F E<F vk A 7Tt}
NEM A& E AZof 8 M ureas *2|slo] whill 2l & WAA]7] &
10 mM ZERII ] 521 10 mM DTTE o83} 0|31 a%-S
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SAAZATE 1 0]F 55 mM IAAS o] 8310 G siA Zch &2
3HEl AE-L2 Trypsing- 0183l 37 °ColA 16713t Tt RESATATE.
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A F-E Fhdsty] 913t blank ¥4 S=35kSIT)
Q-exactive 14 F712 T3} 2t} Topl2 Hlo|E| ol & FH=
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FAE=E 70,000 FWHM, AGCE 5x107, ol 54 A7k 608 2]
%7 Aste] B8 A3t MS/MS AN 248 A=
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tf 4 Az 60l %, 53 FE olUA] NCE 27%, 534 Al
9] 30z%% AAste] A5 F st
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@l PepFinder™ 2.0 (Thermo Scientific, Version: 2.0.15.3)< &
gato] A olgtsl AR H91E st AL 19 A -EL o
M gl Hloly] A2, 297l-vlolE A, 3uAl-E| 2 E P4 <]
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el M= ol dsha ol wofshz AIEIQI/ANT-AI QL]

.fﬁd L, F AcAl ] AT el theh ek Algieh A
A Wl:— opr| At AL 7k R § o] kst o AT
915 A5k F A GAloA = olskshE e A AER1T} 2}
Fr-Al2E ]°L°ﬂ Z47h o2 43k NkeS A8-5to] At AlER1LE

g gdadrt AR-AlAEH QLS NEMS] fiel wE
modification X}o] & ©]8-310] HF o|sPA A 2H|RI T T A&
T AT M HA R = 2285 A4 7] (High- Resolution
Mass Spectrometry)s &3l 9 &4 dlo|Bl & o|&shdd §

of = 3 2 71 W (PepFinder™ Software)} FElo] = ¥ (Peptide
Mapping) 4] 71H& 4-g-3to] o]&stdE F-91& skt

Target protei

E

4.

Prediction of disulfide bonds

(¢

In silico digestion

4.

Determination of number of disulfide Determination of free
bonds thiol group
(Final number of disulfide bonds) (NEM treatment)

8-

RP-LC-MS/MS analysis
(Reduction and Non-reduction)

Determination of disulfide bonds
using prediction tool
Determination of disulfide bonds
using manual analysis

Fig. 1. Overall scheme of identification of disulfide bond using high-
resolution mass spectrometry.
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disulfide pattern »

(Inter&Intra
pattern)

npxEro 2 o fabd e LA o S AT HAE AR
Fig. 101 7R 4150l thst Zdeks Hehf gl

3-2. AF-AIAHIRIEM J|He| AS

AH--A| AE 01 9] EAGEERIY Q) A9 A2 DE T (Bovine
Serum Albumin) A| 55 &-8-3to] A A EAshk= A--A1 2~ H[Q12]
EA -5 8] S YAl g ASS skt
AAAR] AEYHS NEM &3} vk A st 217 514 942 A
O &2 o] A 2HIRIS] EA)| o F-E AFSEATt. Fig. 200 &
FrAIZER] S fleh AFHEAE YRt 2 A3 B3k
Ap--Al 2~ H| Q12] 739 NEM (125.04768 Da)= modification®! 7S
golst 4= 919l 11, o] &3bA §e] Al AE|Q12] 73-9-, Carbamidomethyl
(57.02146 Da)Z modification’® 212 &1 4= )3t} Fig. 33

Quality control experiment Target sample analysis

NEM No NEM Reduction (0) Reduction (x)

Treatment Treatment Alkylation (o) Alkylation (x)
Reduction (o) Reduction (o) i i i i
N Digestion Digestion
Alkylation (o) Alkylation (o) € €
@ Chymotrypsin @ Chymotrypsin
i . . . @ Asp-N @ Asp-N
D‘Ees“f’" Dlgestlpn ® Chymotrypsin @® Chymotrypsin
@ Trypsin @ Trypsin Asp-N Asp-N

| | |

l

High-resolution Mass spectrometry

Fig. 2. LC-MS/MS procedure of quality control and target sample
analysis.
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LGEYGFQNALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTKPESERMPCTEDYLSLIL
NRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYVPKAFDEKLFTFHADICTLP

‘— DTEKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVV

No-NEM __|
Treatment

D

— MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQ' PF
DEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCKVASLRETYGDMADCCEKQEP
ERNECFLSHKDDSPDLPKLKPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAPELLYY
ANKYNGVFQECCQAEDKGACLLPKIETMREKVLASSARQRLRCASIQKFGERALKAWSVA
RLSQKFPKAEFVEVTKLVTDLTKVHKECCHGDLLECADDRADLAKYICDNQDTISSKLKE
CCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSRR
HPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVFDKLKHLVDEPQNLIKQNCDQFEK
LGEYGFQNALIVRYTRKVPQVSTPTLVEVSRSLGKYGTRCCTKPESERMP TEDYLSLIL
NRLCVLHEKTPVSEKVTKCCTESLVNRRP FSALTPDETYVPKAFDEKLFTFHADICTLP

NEM
Treatment

‘— DTEKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVV

Fig. 3. The result of identified free thiol group in bovine serum albu-
min (BSA). (A) The result of identification of free thiol group
in No-NEM treatment condition. (B) The result of identification
of free thiol group in NEM treatment condition.
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SITh NEM A 2] 22 &3} (Carbamidomethy)*] 2] Zof] ~e4 3}k
% °1, HRPEI]| Af--Al 2~ Qlo] EAfstichd | sl x5--A] 2~
ol

218 NEM (125.04768 Da)2. & modification™ ™, 0] 3+3kd 34|
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Fig. 4. The result of prediction of disulfide bond using prediction
tool based on the amino acid sequence (DISULFIND, http://
disulfind.dsi.unifi.it/).

A Condition: NEM treatment, Enzyme: Asp-N
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C Condition: NEM treatment, Enzyme: Asp-N&Chymotrypsin
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Fig. 5. The result of identified free thiol group in HRPE1 protein.
Identified result of free thiol group in Asp-N (A), Chymotrypsin
(B), and Asp-N&Chymotrysin (C) treatment conditions.

HRPE1 9] A}r-A|2~EQ1 24 A7, 97] E5F Carbamidomethyl
(57.02146 Da)Z modification’s-& 25} t). wh2hA], HRPE1l &=
AHF-AI2ERIO) Sl AL R ERIF QL) Fig. 59l HRPELC] tigt
AHF-AI2E QD A A S LRI

Table 1. Identified free thiol residues for BSA in no-NEM and NEM treatment conditions

N Sequence Condition (NEM) Charge RT m/z Moditfication

1 GLVLIAFSQYLQQCPFDEHVK  NEM treatment (without) 1 25.52 2492.266 C14-Carbamidomethyl (57.02146 Da)
GLVLIAFSQYLQQCPFDEHVK NEM treatment (with) 1 25.66 2560.290 C14-Nethylmaleimide (125.04768 Da)

. C1-Carbamidomethyl (57.02146 Da)

, CCTKPESER NEM treatment (without) 1 9.71 1166.491 C2-Carbamidomethyl (57.02146 Da)
. C1-Nethylmaleimide (125.04768 Da)

CCTKPESER NEM treatment (with) 1 4.15 1234.519 C2-Carbamidomethyl (57.02146 Da)

3 RPCFSALTPDETYVPK NEM treatment (without) 1 15.31 1880.920 C3-Carbamidomethyl (57.02146 Da)
RPCFSALTPDETYVPK NEM treatment (with) 1 17.05 1948.950 C3-Nethylmaleimide (125.04768 Da)

4 MPCTEDYLSLILNR NEM treatment (without) 1 54.59 1724.836 C3-Carbamidomethyl (57.02146 Da)
MPCTEDYLSLILNR NEM treatment (with) 1 25.01 1792.859 C3-Nethylmaleimide (125.04768 Da)

Korean Chem. Eng. Res., Vol. 55, No. 1, February, 2017
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3-5. g BMU|E 36! ol 2
AR o33t Ast BAS fJstod, & ATFollM = 1xFE g
A3} - x710lA HRPE1S] A3t AHERHS A3 232

A. Detected disulfide bonds (Asp-N)
@

@®
Disulfide bond Disulfide bond Disulfide bond

XICXXXXXXX(|:XXXXX(|:CIXXC|XXXXXXXXCXXXXXXCXXXXXCXXXXXXCXXXXXXXXX

Disulfide bond
®

Disulfide bond

XXXXCXX

Disulfide bond
XXXXCXX ®

B. LC/MS chromatogram with/without DTT treatment (Asp-N)

Fig. 6. Identified disulfide bonds of HRPE1 protein in Asp-N enzyme
treatment condition. (A) Detected disulfide bond in Asp-N
enzyme treatment condition. (B) LC/MS chromatogram with/
without DTT treatment conditions.
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Table 2. Overall result of identified disulfide bonds in Asp-N, Chymotrysin, Asp-N&Chymotrysin enzyme treatment conditions

A. Detected disulfide bonds (Asp-N)

Theoretical Mass Charge HRPE1
Fragt# Res# Disulfide bridge Amino acid sequence m/z RT Area
DI 1-12 C2=C10 XCXXXXXXXCXX 616.71 2 616.77 923 1.56E+07
D2 13-34 C16=C17=C20=C29 XXXCCXXCXXXXXXXXCXXXXX 615.15 4 61526 1243 1.10E+05
D3 35-44 C36=C42 XCXXXXXCXX 547.19 2 54720 23.72 2.31E+05
D3 35-44 C36=C42 XCXXXXXCXX 547.19 2 54720 22.72 3.80E+05
D4 37-51 C42=C49 XXXXXCXXXXXXCXX 79531 2 79531 20.67 3.30E+07
D5 1-34 C2=C10=C16=C17=C20=C29 XCXXXXXXXCXXXXXCCXXCXXXXXXXXC 918.64 4 919.15 1327 4.87E+06
XXXXX
D6=6 45-51=45-51 C49=C49 XXXXCXX 732.27 2 73227 8.63 9.63E+06
B. Detected disulfide bonds (Chymotrypsin)
Theoretical Mass Charge HRPE1
Frag# Rest# Disulfide bridge Amino acid sequence m/z m/z RT Area
Dl 5-22 C10=C16=C17=C20 XXXXXCXXXXXCCXXCXX 923.85 2 92436 1221 3.79E+04
D2 5-27 C10=C16=C17=C20 XXXXXCXXXXXCCXXCXXXXXXX 810.33 3 811.00 24.06 6.69E+05
D2 5-27 C10=C16=C17=C20 XXXXXCXXXXXCCXXCXXXXXXX 810.33 3 810.67 14.1 1.49E+05
D3 28-55 C29=C36=C42=C49 XCXXXXXXCXXXXXCXXXXXXCXXXXXX  1006.41 3 1007.09 20.00 1.44E+05
D4 28-58 C29=C36=C42=C49 XCXXXXKXCKXKXKXCXKXXKXCX XXXXXXXX  1082.77 3 108345 1945 4.96E+06
C. Detected disulfide bonds (Asp-N&Chymotrypsin)
Theoretical Mass Charge HRPE1
Fragt# Rest# Disulfide bridge Amino acid sequence m/z m/z RT Area
DI1=1 1-12 C2=C2 XCXXXXXXXCXX 821.71 3 82237 17.27 1.62E+06
DI=1 1-12=1-3 C2=C2 XCXXXXXXXCXX, XCX 527.90 3 52824 15.14 1.62E+06
D2 5-27 C10=C16=C17=C20 XXXXXCXXXXXCCXXCXXXXXXX 810.33 3 811.00 23.03 2.02E+06
D3 28-55 C29=C36=C42=C49 XCXXXXXXCXXXXXCXXXXXXCXXXXXX  1006.41 3 1007.09 28.43 1.67E+05
D4 37-51 C42=C49 XXXXXCXXXXXXCXX 795.31 2 79524 28.58 7.77E+06
D5=5 45-51=45-51 C49=C49 XXXXCXX 732.27 2 73227 16.17 2.89E+06
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A. Detected disulfide bonds (Chymotrypsin)
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Fig. 7. Identified disulfide bonds of HRPE1 protein in Chymotryp-
sin enzyme treatment condition. (A) Detected disulfide bond
in Chymotrypsin enzyme treatment condition. (B) LC/MS
chromatogram with/without DTT treatment conditions.
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A. Detected disulfide bonds (Asp-N&Chymotrypsin)
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B. LC/MS chromatogram with/without DTT treatment (Asp-N&Chymotrypsin)
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Fig. 8. Identified disulfide bonds of HRPE1 protein in Asp-N &
Chymotrysin enzyme treatment condition. (A) Detected disul-
fide bond in Asp-N&Chymotrysin enzyme treatment condi-
tion. (B) LC/MS chromatogram with/without DTT treatment
conditions.
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Final result of determined disulfide bonds
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XXXXCXX ®
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Fig. 9. Final result of identified disulfide bonds for the HRPE1 protein
(inter-chain disulfide bonds: 1 and intra-chain disulfide bonds: 5).
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