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CONCLUSIONS
• A simple method has been demonstrated to correctly 
assign disulfide linkages in a protein containing 
closely spaced or adjacent cysteine residues.
• The method is rapid, sensitive, and does not require 
fraction collection, but instead relies on the accurate 
mass measurement capabilities of the LTQ-Orbitrap 
MS. 
• Data interpretation is time consuming because of the 
heavy manual calculation of the exact masses of all 
truncated peptides based on its elemental 
composition.

FUTURE DIRECTIONS
• This method can be applied to other protein 
therapeutics with consecutive cysteines involved in 
disulfide linkages (e.g. hinge region of mAbs). After 
digestion with trypsin or any endoproteinase of choice, 
the identified non-reduced peptides containing the 
target regions for characterization can be fractionated 
for enrichment purposes. Apart from performing a 
systematic optimization of controlled reduction and 
complete cyanylation steps, the rest of the method can 
be applied accordingly. 
• When applied to proteins with unknown disulfide 
linkages, fractionation of the partially reduced protein 
isomers prior to cleavage will be necessary.
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OVERVIEW
Purpose: To develop a simple 3-step reaction LC-
HRMS-based disulfide mapping method for 
common biopharmaceuticals.
Methods: Controlled reduction, cyanylation, and 
cleavage of cyanylated cysteine residues involved 
in disulfide linkages monitored by UPLC/ESI-LTQ-
Orbitrap MS.
Results: The method was able to produce and 
identify all distinguishable modified peptides of the 
native structure of Recombinant Human Insulin (rH
Insulin). The method was also able to detect unique 
peptides representative of two possible scrambled 
products of rH Insulin. 

INTRODUCTION
• Disulfide bond formation in proteins is an important 
PTM essential for the stabilization of its 3D structure. 
• Disulfide scrambling in biopharmaceuticals is a 
clinical concern since a misfolded protein or one with 
abnormal linkages may not have the correct structure 
to function properly. 
• A simple assay is presented with no HPLC 
fractionation involved that can deduce the linkages of 
closely-spaced cysteine residues.
• Three proteins with different disulfide mapping 
complexity defined by the number of disulfide linkages, 
cysteine residues proximity, and protein size were 
evaluated as test proteins: Ribonuclease A and 
erythropoetin (easy), insulin (intermediate).
• RNase A was fully characterized by JT Watson and 
colleagues. Results were published in various journals.
• Erythropoietin has four Cysteine residues all involved 
in two disulfide linkages. EPO is easy to characterize 
using in-solution tryptic digestion in its non-reduced 
form.

METHODOLOGY and RESULTS

Recombinant Human Insulin

GIVEQC1C2TSIC3SLYQLENYC4N

FVNQHLC5GSHLVEALYLVC6GERGFFYTPKT

Alpha chain:

Beta chain:

Disulfide Linkages of Native rH Insulin

Denaturation     
Chymotrypsin Digestion 
at 37 oC, O/N      
LC/ESI-LTQ Orbitrap

FVNQHL
757.40 m/z (+1) 

Y/QL/ENY/
829.37 m/z (+1)

VEAL/Y/L
707.40 m/z (+1)

F/Y/TPKT
756.39 m/z (+1) 

C4N

VC6GERGF
909.43 m/z (+1) 

GIVEQC1C2TSIC3SL

C5GSHL
1685.86 m/z (+1) 

Possible Disulfide Scrambled 
Products Unidentified by 

Traditional Method

Chymotryptic    
rH Insulin 
Peptides
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1162.5321
z=5

1162.7323
z=51162.3320

z=5

1162.9324
z=5

1162.1324
z=5 1163.1324

z=5

1163.3329
z=51161.9325

z=5 1163.5329
z=5 1163.7331

z=51161.7333
z=5

1164.1345
z=5

1160.1287
z=5

1165.3338
z=5

1165.5338
z=5

1164.5362
z=5

1165.1322
z=5

1165.9304
z=5

1161.5324
z=5

1160.3267
z=5

1160.9304
z=5

Intact Human Insulin
Theoretical Mass = 5803.6371 Da
Theoretical m/z = 1161.7347
Mass Accuracy = 1.7 ppm

Native Possible Scrambled Products of 
Intact Human Insulin (1-3)
Less than 10% Relative Abundance 
of the Native Isomer

2 ? ?

1

3

Chemical Cleavage Products

Table 1. Mass-to-charge Values of Insulin Partial Reduction 
and Cyanylation Products

Controlled Reduction and Cyanylation Products

Two possible disulfide scrambled products based on 
proximity of linkages with representative peptides not 

found in the native secondary structure

m/z = 941.37 (+2)

itz-C1C2TSIC3SLYQLENYC4N-OH

GIVEQC1C2TSIC3SLYQLENYC4N

FVNQHLC5GSHLVEALYLVC6GERGFFYTPKT

Scrambled 
Product 1:

GIVEQC1C2TSIC3SLYQLENYC4N

FVNQHLC5GSHLVEALYLVC6GERGFFYTPKT

m/z = 533.26 (+2)

GIVEQC1C2TSI-NHCH3

Scrambled 
Product 2:

Objective: Formation of a Mixture of Insulin 
Protein Isomers with 1 and 2 Disulfide Linkages  
Reduced and Cyanylated

Objective: Complete N-terminal Cleavage of Cyanylated Cysteines with Minimal Side-Reaction Products

All six partially reduced isomers have overlapping cleavage products. 

All mass measurements and assignments were performed within 5 ppm mass accuracy when compared to its respective theoretical mass in 
Tables 1 and 2. All TIC abundances of reduction and cyanylation products were confirmed by UV absorbance at 214 nm.            
CDAP = 1-cyano-4-dimethylamino-pyridinium tetrafluorate.

Controlled Reduction at 
pH 3.0 (TCEP, 1-15 molar 
equivalent of total Cys; RT or 
37 oC; 10-15 mins)

Cyanylation at pH 3.0
(CDAP, 20-75 molar 
equivalent of total Cys; RT or 
37oC; 15 mins)

Cleavage 
(Methylamine, 2M,     
10 mins, 0-2 oC)    
Add. TCEP Reduction

1 2 3 4
5 6

SCN SCN

1 2 3 4

5 6

Fragments (Table 2) 
Measurements using LC-

HR MS

Partially Reduced and Cyanylated
Products (Table 1) Measurements 

using LC-HR MS

Recombinant Human Insulin (Sigma), expressed in yeast --
Denatured using GuHCl in Citrate Buffer, pH 3.0. Minimal to no 
disulfide scrambling is expected at this acidic pH.

Reduction at pH 3.0  
produces a mixture of 
isomers of partially 
reduced insulin protein.

1 2 3 4

5 6

SH SH

Isomer A

1 2 3 4

5 6
1 2 3 4

5 6

Isomer B Isomer C

SH

SH

SH

SH

The addition of 1:5 
TCEP:CDAP ratio modifies 
the free sulfuhydryls .

All modified proteins are cleaved at 
the N-terminal side of the cyanylated
Cysteine residues.

Thermo ESI-LTQ-Oribitrap XL with Accela 1250 UPLC System
Waters Acquity UPLC BEH130 C18 1.7 um 2.1 x 150 mm Column

Methodology
Parameter Specification
LC Mobile 

Phase
A – 0.1% FA in Water
B – 0.1% FA in ACN

Temperature 40°C (column), 5°C (auto sampler)

Flow Rate 0.2 mL/minute
Injection Vol. 10 µL
Divert Valve From 0 to 5 minutes, divert to waste

Wavelength 214 nm
Gradient 1 - Control 
0-5 mins, 24 %B; 5-45 mins, 24 to 40 %B

LC Gradient

Gradient 2 – Cleavage Products 
0-5 mins, 0 %B; 5-105 mins, 0 to 40 %B

Parameter Specification
Ion Polarity Positive

Duration 50 min; 110 min
Lock Mass 

List
391.2843
413.2662

Scan event 1 FTMS, resolution 60000
Mass Range:  150-2000 Da

• Human insulin, a common biopharmaceutical, has 6 
cysteine residues all involved in three disulfide 
linkages (one intra-chain, and two inter-chain linkages). 
Three adjacent cysteine residues are present in the 
alpha-chain. Insulin is more challenging to characterize 
since no endoproteinase can digest it to produce 
peptides with one disulfide linkage.

Ng T et al. Postgrad Med J 2003;79:367-376

Disulfide Linkages of Native EPO

N:\data\LMDanan\lmd908 5/5/2012 4:09:16 PM Control, E3-4

RT: 15.00 - 34.98

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
Time (min)

0

50

100
0

50

100
0

50

100
0

50

100

R
el

at
iv

e 
Ab

un
da

nc
e

0

50

100
0

50

100
17.68

17.80
17.85 21.54 27.8821.45 21.70 27.9917.94

21.87 28.1121.31
22.0918.18 29.16 29.3227.6623.5918.72 23.74 30.0720.48 26.32 34.1831.0315.09 32.16 33.6724.6917.4315.85

21.42

21.31

21.82 23.63 23.74 26.3622.26 26.68 27.9021.13 24.58 29.4329.05 30.19 30.56 32.16 33.84 34.6232.6517.23 20.1616.4615.21
27.90 27.99

28.08

28.35 29.16 29.6221.29 30.57 31.59 32.16 33.00 33.7827.6226.1422.25 25.3022.63 23.43 24.1117.34 19.0418.67 20.5816.31 20.0215.05
19.94

28.0420.11 27.91 28.24 29.1818.13 23.1620.6618.35 23.5922.79 30.07 31.3826.1224.61 33.3831.90 34.2625.2815.32
21.7021.57

21.48 21.82

21.38 22.01

22.31 22.84 23.89 24.61 25.51 27.7726.84 28.81 29.93 30.29 31.57 33.1432.16 33.79 34.7017.74 20.4615.11 15.78 19.6116.49 18.42
27.77

27.9127.71

28.2127.60
28.75

29.0727.45 30.04 30.93 31.32 32.41 33.38 34.3227.2117.6517.54 26.7725.0523.5918.80 20.02 23.16 24.4316.3115.81 20.92

NL:
1.99E9
TIC  MS 
lmd908

NL:
3.83E7
m/z= 
1172.72-
1172.74  
MS lmd908

NL:
6.14E7
m/z= 
986.10-
986.12  MS 
lmd908

NL:
7.70E5
m/z= 
1216.48-
1216.50  
MS lmd908

NL:
9.92E7
m/z= 
696.93-
696.95  MS 
lmd908

NL:
3.41E6
m/z= 
828.32-
828.34  MS 
lmd908

Intact Two 
Reduced Cys–CN

Intact Four 
Reduced Cys–CN

α-Chain - Two 
Red. Cys–CN 

β-Chain - Two 
Red. Cys–CN

α-Chain - Four 
Reduced Cys–CN

1
2 3

1
2

Experimental Design:
• Total Number of Cysteines in Protein
• [TCEP]min = 4 molar equivalent for every Cys
• [CDAP]min = 20 molar equivalent for every Cys; 
[CDAP] should be minimum 5x of [TCEP]
• Both reactions performed at pH 3.

Experimental Conditions Tested:
• Cleavage using 1 M NH4OH, RT, 1 hour

- Various forms of carbamylated insulin were the 
dominant product of the reaction.

• Cleavage using 2 M Methyl Amine, 0-2 oC, 10 mins.
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69.57
59.2247.39 59.59

72.0562.79 74.5950.2234.54 78.5858.73 66.8338.43 82.09 87.3660.5329.21 36.83 45.81 77.78 84.3564.9650.4924.2522.78 53.0429.70 88.5542.00 58.2827.57

80.46
71.2550.12

69.89
29.45 59.72 74.97

48.09 60.2450.56 63.2235.18 78.8659.24
67.06 82.3238.65

87.7246.50 63.57 84.6878.1137.2724.35 29.97 51.8422.93 58.8142.36 56.2327.68

80.14

87.3370.94
49.8129.07 69.74

47.55 74.62
59.79 62.8350.2934.70 84.4378.7038.51 58.86 66.9646.02 50.5324.2922.88 53.1329.76 42.15 58.4727.67

78.63

80.79
76.33

31.94 71.88 83.3261.9454.6552.47 74.3562.94 70.9536.45 87.0561.2341.1628.20 51.0032.5426.96 56.3147.4944.4720.10

NL:
4.98E8
TIC  MS 
lmd924

NL:
5.73E8
TIC  MS 
lmd916

NL:
9.54E8
TIC  MS 
lmd922

NL:
1.98E9
TIC  MS 
lmd871

E3-4

E2-4

E3-3

E1-3

A1/D1/E1

E2
A2a/
D2a

C1a/
F1a B2/D5/F5 D3

A2b/
E4a

F1b
F4 C1b

B3a

A2c

E4b
B3b/
D2b

All Cleavage Products in Table 2 Identified
All Cleavage Products in Table 2 Identified and 

Confirmed with High Confidence

Table 2. Mass-to-charge Values of all Cleavage Products from 
all Partially Reduced and Cyanylated 1DB and 2DB Insulin 
Isomers
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1160.23-
1160.25  
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1.15E5
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828.32-
828.34  MS 
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TIC, E3-4

Alpha Chain - Two 
Reduced Cys - CN

Alpha Chain - Four 
Reduced Cys - CN

Beta Chain - Two 
Reduced Cys - CN

Two Reduced 
Cysteines - CN

Four Reduced 
Cysteines - CN

2 M CH3NH2 Showed Efficient Conversion of 
Cyanylation Products to Truncated Peptides
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C1a

C1b

C1c

C2

Cleavage Products of Isomer C

C1a

C1b

C1c

C2

GIVEQC1-NHCH3
4.7 x 107

itz-C2TSIC3SLYQLENYC4N-OH 
2.2 x 107

itz-C5GSHLVEALYLVC6GERGFFYTPKT-OH
2.2 x 107

FVNQHL-NHCH3
7.5 x 107

m/z = 661.3338 
0.15 ppm

m/z = 889.8628 
0.90 ppm

m/z = 679.5819 
0.74 ppm

m/z = 385.7191 
2.85 ppm

itz = 2-iminothiazolidine-4-carboxyl 

itz = 2-iminothiazolidine-4-carboxyl 
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RT: 14.95 - 35.14
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22.3118.42 27.66 29.5123.59 23.6918.72 22.61 29.9320.48 30.3919.16 31.0026.32 34.1815.09 32.16 33.6724.69 31.3226.59 32.5626.03 34.4425.17 33.0615.26 19.6717.3415.67 16.96

NL:
1.99E9
TIC  MS 
lmd908

TCEP: 4 molar equivalent
CDAP: 20-fold molar equivalent
(E1-3)

TCEP: 10 molar equivalent
CDAP: 50-fold molar equivalent
(E2-4)

TCEP: 15 molar equivalent
CDAP: 75-fold molar equivalent
(E3-4)

Intact
Insulin
37oC

n:\data\lmdanan\lmd904 5/5/2012 1:26:14 PM Control, E3-2

RT: 19.91 - 38.11
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23.38 27.14 33.16 33.2329.0923.76 29.1924.32 27.45 34.4026.48 34.4924.58 31.7127.7725.8422.06 29.60 31.9225.11 28.20 30.13 31.31 34.9932.6730.78 35.60 35.9720.81 36.93 37.21 37.8520.28 21.03

NL:
3.18E9
TIC  MS 
lmd859b

RT: 14.95 - 35.14
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18.35
29.13 29.1818.44 20.56 20.67

20.45 28.2218.61 20.97 29.4621.4419.06 22.9619.57 29.8023.1521.79 24.24 24.4817.45 30.3427.11 27.1427.0625.00 25.6815.54 26.16 30.8016.7015.75 31.44 33.7532.14 32.91 34.09 34.62

NL:
3.78E9
TIC  MS 
lmd896

RT: 14.95 - 35.05
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NL:
3.65E9
TIC  MS 
lmd904

Incubation at 37oC Temperature Produced More 
Abundant Reduction and Cyanylation Products

TCEP: 4 molar equivalent
CDAP: 20-fold molar equivalent
(E1-1)

TCEP: 10 molar equivalent
CDAP: 50-fold molar equivalent
(E2-2)

TCEP: 15 molar equivalent
CDAP: 75-fold molar equivalent
(E3-2)

Intact
Insulin
RT

N:\data\LMDanan\lmd863 Isomer C Control, E1-3
5/3/2012 10:11:31 PM

RT: 18.90 - 39.13
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32.0226.52 32.9323.15 26.00 26.72 28.0823.26 28.17 30.32 33.2426.97 30.4328.4124.07 24.57 25.58 29.41 33.77 34.3822.18 35.35 35.89 37.6437.01 37.9819.39 21.2020.83

NL:
2.70E9
TIC  MS 
lmd863

RT: 19.00 - 39.00
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23.02 26.25 32.4027.59 32.4523.19 27.6826.5723.73 29.79 33.1024.97 30.1729.5822.15 34.10 37.1235.6534.74 36.23 37.43 38.2719.65 21.1020.67

NL:
2.60E9
TIC  MS 
lmd865

TCEP-to-CDAP Ratio was Optimal at 1:5 Minimum Identification of Reduction and Cyanylation Products

RT

RT

37oC

37oC

TCEP: 4 molar equivalent
CDAP: 20-fold molar equivalent
(E1-3)

TCEP: 4 molar equivalent
CDAP: 40-fold molar equivalent
(E1-4)

N:\data\LMDanan\lmd924 Scramble UNIQ Peptides
5/6/2012 10:02:06 AM E3-4 C:\Xcalibur\methods\LMDanan\050312-FTICR-DSM-Cleavage.meth

RT: 64.83 - 80.22

65.0 65.5 66.0 66.5 67.0 67.5 68.0 68.5 69.0 69.5 70.0 70.5 71.0 71.5 72.0 72.5 73.0 73.5 74.0 74.5 75.0 75.5 76.0 76.5 77.0 77.5 78.0 78.5 79.0 79.5 80.0
Time (min)
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69.57 69.6169.52 70.17 72.05 74.5971.01 78.5874.6769.42 73.18 78.6171.62 72.6066.83 73.23 78.4866.75 73.88 79.9174.5167.18 70.37 77.7875.89 77.4671.13 75.9674.9864.96 66.39 79.7075.77 77.34 78.8367.92 76.7867.43 68.9068.8165.14

72.40 73.6173.54
70.32

73.69
71.19 71.2471.12 72.56 73.8372.8972.22 74.1270.79 71.57 78.4869.71 76.8174.7468.22 78.0775.56 76.5075.1568.4466.60 78.7777.37 79.5469.3367.42 76.1968.03 77.5567.0065.9865.18 65.39

NL:
4.98E8
TIC  MS 
lmd924

NL:
1.27E6
m/z= 
941.35-
941.38  MS 
lmd924

lmd924 #4407-4415 RT: 73.53-73.66 AV: 9 NL: 9.95E5
T: FTMS + p ESI Full ms [200.00-2000.00]

938.5 939.0 939.5 940.0 940.5 941.0 941.5 942.0 942.5 943.0 943.5 944.0 944.5 945.0 945.5 946.0 946.5 947.0 947.5 948.0
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z=?
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z=?

938.9790
z=?
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z=?
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z=?

947.4416
z=?

939.8906
z=?

945.8372
z=?

938.3891
z=?

942.6602
z=?

944.8676
z=2

941.1608
z=?

946.2840
z=?

939.5678
z=?

RT: 49.95 - 65.20

50.0 50.5 51.0 51.5 52.0 52.5 53.0 53.5 54.0 54.5 55.0 55.5 56.0 56.5 57.0 57.5 58.0 58.5 59.0 59.5 60.0 60.5 61.0 61.5 62.0 62.5 63.0 63.5 64.0 64.5 65.0
Time (min)
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60.53 62.9560.46 63.19 64.9660.62 63.7150.49 64.26 64.6153.04 62.4951.62 52.7351.57 51.66 61.7358.28 60.8057.59 58.0157.05 61.2253.9753.68 55.8550.67 56.9954.54 55.10 55.2952.00 55.96

57.6557.62

57.6857.59
59.59

59.7058.7758.73
57.79 58.8858.60 59.80 63.0954.3250.22 63.15 63.8257.4554.54 63.8754.27 60.0956.86 65.1256.2451.66 54.88 61.7656.0253.26 53.72 61.03 62.0661.2251.03 55.6052.3450.72 52.86

NL:
2.73E8
TIC  MS 
lmd924

NL:
8.00E5
m/z= 
533.24-
533.27  MS 
lmd924

lmd924 #3368-3380 RT: 57.55-57.73 AV: 13 NL: 4.78E5
T: FTMS + p ESI Full ms [200.00-2000.00]

529.0 529.5 530.0 530.5 531.0 531.5 532.0 532.5 533.0 533.5 534.0 534.5 535.0 535.5 536.0 536.5 537.0 537.5 538.0 538.5 539.0
m/z

0

20

40

60

80

100

R
el

at
iv

e 
Ab

un
da

nc
e

533.2567
z=2

533.7583
z=2

529.2606
z=3 529.5950
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z=?
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z=2
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z=3
531.9120

z=3
535.7989

z=?
535.2560

z=2
536.9176

z=?
530.5970

z=3
536.5565

z=?

533.2281
z=3

533.5775
z=3

531.2341
z=3

538.5762
z=3

531.5571
z=3

m/z = 941.3674 (+2); 1.59 ppm

m/z = 533.2570 (+2); 0.56 ppm

itz-C1C2TSIC3SLYQLENYC4N-OH

GIVEQC1C2TSI-NHCH3

1.3 x 105

8.0 x 105

Unique Peptides of Disulfide Scrambled Products 
Detected and Identified at Low Abundance

TIC (E3-4)

EIC

TIC

EIC

MS

MS

TIC 
(E3-4)

3.8 x 107

6.1 x 107

7.7 x 105

9.9 x 107

3.4 x 106

g

g

g

g

g

g

N:\data\LMDanan\lmd924 Isomer B E3-4
5/6/2012 10:02:06 AM

RT: 19.76 - 90.35
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59.2247.39 59.59 72.0562.79 74.5950.2234.54 78.5858.73 66.8338.43 82.09 87.3660.5345.81 77.78 84.3564.9650.4924.2522.78 53.0429.70 88.5542.00 58.2827.57
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77.50 79.5877.13 85.6381.8672.9468.9467.1462.4355.14 57.3442.8032.78
30.56

29.84
75.8931.56 75.0670.88 77.28 80.2429.25 41.8834.63 66.8058.7238.40 64.8855.85 82.74 87.2962.5545.50 49.50 54.41

60.42

58.3336.82 80.3128.99 57.8449.92 71.0161.59 85.89 87.4064.6852.23 67.2143.81 76.92 83.8446.0040.7232.0121.96
71.60

68.19
72.4062.73 78.7260.51 66.9758.73 80.8738.40 87.1084.3745.5626.2623.80 31.28 32.64

78.55

79.4377.6675.07 81.59 85.37 87.4266.8347.38 72.2245.88 62.4250.1037.91 56.8529.63 39.6235.8933.92 55.5227.1820.65 60.1323.80

NL:
4.98E8
TIC  MS 
lmd924

NL:
5.06E6
m/z= 
1089.99-
1090.01  
MS lmd924

NL:
1.46E6
m/z= 
564.21-
564.23  MS 
lmd924

NL:
1.72E7
m/z= 
687.77-
687.79  MS 
lmd924

NL:
2.21E7
m/z= 
889.85-
889.87  MS 
lmd924

NL:
2.19E7
m/z= 
679.82-
679.84  MS 
lmd924

B3a

A2a

A2b

C1c

C1b

Unique Peptide for Native Isomer of Insulin
GIVEQC1C2TSIC3SLYQLENY-NHCH3

C1 & C2 are not connected
itz-C1C2TSI-NHCH3

C3 & C4 are not connected
itz-C3SLYQLENYC4N-OH

C2 & C3, and C2 & C4 are not connected
itz-C2TSIC3SLYQLENYC4N-OH

C5 & C6 are not connected
itz-C5GSHLVEALYLVC6GERGFFYTPKT-OH
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