
前言

二硫键对于维持蛋白质药物的结构和功能至关重要，因此在

重组蛋白质药物生产的阶段需要准确的分析生物药的二硫键。对

于单克隆抗体来说，错配的二硫键会影响蛋白的结构和功能，甚

至引发抗体团聚。二硫键错配可能发生在细胞发酵或者纯化工艺

的每一个阶段，因此准确的分析抗体的二硫键有助于研究人员及

时发现工艺过程中的问题，及时调整工艺参数确保终产品的质

量。

单抗的分子量非常大，分子的异质性高而且所含半胱氨酸残

基多，这些因素导致单抗的二硫键分析极具挑战性。二硫键分析

通常需要多酶酶切然后进行液质联用分析，但是传统的方法需要

大量的人工确认和比对，数据分析耗时耗力，因此对于生物制

药公司来说，急需要专业且智能的软件来辅助分析二硫键。针

对生物药用户的这种需求，SCIEX公司开发了针对生物药表征的

软件BioPharmaView™，将复杂的数据处理过程变的异常简单。

BioPharmaView™软件能快速、自动处理像肽图、二硫键分析等生

物药表征的数据，软件自动对峰进行确认，对峰面积进行积分，

最终给出分析报告。

BioPharmaView™软件能自动对多肽二级谱图中的b、y离子进

行归属，然后将实际观测的二级谱图中的碎片离子与理论的二级

碎片离子进行匹配，以此来确认多肽的氨基酸序列，用同样的方

法也可以确认非还原肽图中含二硫键的肽段。使用二级谱图的得

分、电荷态以及保留时间等限制条件能进一步提高数据的分析速

度和分析结果的准确度。

在这篇技术文档中，我们将展示在Q-TOF高分辨质谱平台

上结合BioPharmaView™软件快速分析单抗Fab区域中5对二硫键

的连接方式。TripleTOF® 5600高分辨质谱拥有非常快的扫描速

度，能快速获得样品准确的一级和二级信息，结合功能强大的

BioPharmaView™软件能快速的完成生物药二硫键的分析。

实验条件和方法

色谱条件：使用胰蛋白酶，将单抗样品分别在还原和非还原两
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种条件下进行酶切，多肽分离在ExionLC™ AC上进行，色谱柱为 

Kinetex C18 (Phenomenex, 2.1×100 mm, 3 μm)，流动相A为2%

乙腈/水，含0.1%的甲酸；流动相B为98%乙腈/水，含0.1%的甲

酸。色谱流速为0.2 mL/min。

质谱条件：质谱分析在TripleTOF® 5600高分辨质谱上进行，配备

双喷雾离子源。数据采集使用信息依赖性的采集模式，一级的离

子累积时间为250 ms，随后跟着20张二级，离子累积时间分别为

50 ms。动态排除的时间设置为5 S，碰撞能量使用rolling CE，碰撞

能量扩展设置为5V。

数据处理：使用BioPharmaView™软件自动进行二硫键的分析，

将实际观测到的肽段的分子量与理论的分子量进行比对来确认二

硫键的连接方式，使用二级谱图的得分、电荷态以及保留时间等

限制条件能进一步提高分析结果的准确度。

结果

为了确认抗体Fab区域二硫键的连接方式，还原和非还原状态

下的酶切样品分别使用TripleTOF® 5600高分辨质谱进行分析，使

用信息依赖型的采集模式，TripleTOF® 5600能全面的获得准确的一

级和二级质谱信息，BioPharmaView™软件能自动处理高质量的数

据，对含二硫键的肽段进行归属。
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reducing conditions. Native and reduced tryptic digests were 
separated using a Shimadzu UFLCXR system equipped with a 
Kinetex C18 column (Phenomenex, 2.1 x 100 mm, 3 μm). 
Solvent A consisted of 2% acetonitrile and 0.1% formic acid, and 
solvent B consisted of 98% acetonitrile with 0.1% formic acid. 
Samples were injected and analyzed under high-flow conditions 
(0.2 mL/min).

Mass Spectrometry: LC-MS/MS analysis of peptides separated 
under high-flow conditions was completed using a TripleTOF® 
5600 System (SCIEX, CONCORD, ON) coupled to a 
DuoSpray™ Ion Source. A generic information dependent 
acquisition (IDA) workflow was employed as follows: 1) an MS 
scan was acquired in high-resolution mode using an 
accumulation time of 250 ms per spectrum; 2) followed by the 
acquisition of 20 MS/MS scans of 50 ms each; 3) after peak 
selection, each previously acquired ion was placed on a dynamic 
exclusion list for 5s. Rolling collision energy and a collision 
energy spread of 5 V were used. 

Data Processing: Experimental accurate mass data was 
compared to a list of theoretical peptide masses generated within 
a pre-defined mass error tolerance for the automatic 
identification of disulfide bond pairings using BioPharmaView 
Software. Peptide sequence information and any corresponding 
post-translational modifications were assigned to each peak 

during the analysis. Additional criteria in the peptide ion selection 
process, such as MS/MS scoring, inclusion of multiple charge 
states and retention time (RT) filtering, were used to ensure the 
correct assignment of disulfide bonds.

RESULTS 
To investigate the pattern of disulfide bonds in the Fab region of 
a mAb, native and reduced tryptic peptides were analyzed using 
the TripleTOF 5600 System, a high-speed hybrid instrument that 
acquired accurate mass MS and MS/MS data simultaneously 
using an IDA workflow. This high-resolution accurate mass 
information provides increased depth to the structural 
characterization process and permits researchers to differentiate 
more easily between closely related species and to confirm 
structural details more quickly. BioPharmaView Software was 
able to assign identity to each disulfide-containing peak using the 
high-quality, high-resolution structural information acquired 
through IDA experiments on the TripleTOF System.  

The comparative profile of the reduced and non-reduced digest 
(Figure 1) predominantly mirror each other; however, there are 
unpaired peaks in the non-reduced and native profiles, which 
indicate the presence of disulfide-linked peptides and reduced 
peptides that were prior disulfide partners, respectively (Figure1).  

In total, five disulfide pairs in the mAb Fab region were identified: 
two intra-light-chain pairs (C194-C134 and C23-C88), two intra-

heavy-chain pairs (C22-C96 and C150-C206), and one inter-

Figure 1. The comparative profiling of tryptic peptides from a mAb under reducing (pink trace) and non-reducing (blue trace) conditions is 
shown. Non-reduced peaks that do not align with a peak in the reduced trace indicate the presence of disulfide-linked peptides.
图1. 单抗还原（红色）和非还原（蓝色）状态下肽图对比，非还原肽图中多出来的峰即为含二硫键的肽段。 
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chain disulfide bond 
between the heavy and 
light chain (C226-C214).  

Included below are three 
representative examples 
of accurate-mass MS 
spectra and the 
corresponding MS/MS 
data that were used to 
characterize disulfide 
bond pairs from different 
regions of the Fab 
fragment:  

 A disulfide bond 
located within the light 
chain (C194-C134, 
Figure 2)  

 A disulfide located in 
the heavy chain (C22-
C96, Figure 3) 

 A disulfide located 
between the light and 
heavy chain (C226-

C214, Figure 4) 

The extracted 
chromatograms or base 
peak chromatograms 
(upper panels, Figures 2-
4) highlight the relevant 
species that were 
evaluated for disulfide 
bonding. In the middle 
panels, peak 
characteristics–such as 
RT, theoretical and 
observed m/z, MS/MS 
spectra scores, and the 
predicted charge-state–are 
catalogued in a table. 
Because of the high 
quality of the MS and 
MS/MS data, multiple 
charge states can be 
identified for each peptide, 
which builds significant 

Figure 2. Automated identification of the disulfide bond C194-C134 in the light chain of the  Fab. An extracted 
ion chromatogram (XIC) trace displays peaks obtained during TOF MS analysis of the tryptic digest (upper 
panel). BioPharmaView™ Software automatically identified four charge states for the C194-C134 disulfide-
containing peptide with a good MS/MS score (middle panel, +3, +4, +5, and +6). A high-resolution TOF MS 
spectrum of the disulfide-containing peptide is displayed (lower left panel), and the corresponding MS/MS 
spectrum shows the fragment ions for that peptide (lower right panel).

Figure 3. Automated identification of the disulfide bond C22-C96 in the heavy chain of the Fab. An extracted 
ion chromatogram (XIC) trace displays peaks obtained during TOF MS analysis of the tryptic digest (upper 
panel). BioPharmaView™ Software automatically identified three charge states for the C22-C96 disulfide-
containing peptide with a good MS/MS score (middle panel, +3, +4 and +5). A high-resolution TOF MS 
spectrum of the disulfide-containing peptide is displayed (lower left panel), and the corresponding MS/MS 
spectrum shows the fragment ions for that peptide (lower right panel).

图2. 轻链链内C134-C194二硫键的鉴定结果，第一栏展示的是对应肽段的一级提取离子色谱图，第二栏展

示的是C134-C194二硫键通过软件确认的4个电荷态以及二级的得分，第三栏展示的是对应二硫键肽段的

一级和二级质谱图。

图1展示的是单抗还原和非还原

两种状态下肽图的镜像对比，在非

还原肽图中多出来的峰即为含二硫

键的肽段。通过数据分析，最终确

认了抗体Fab区域中5对二硫键，包

括两对轻链链内的二硫键，C23-C88

和C134-C194；两对重链链内的

二硫键，C22-C96和C150-C206以

及一对链间的二硫键C214-C226。

图 2 - 4 展 示 的 分 别 是 轻 链 链 内

C134-C194，重链链内C22-C96以及

轻链和重链链间C214-C226三对二

硫键一级和二级质谱的鉴定结果。

图2-4中提取的离子色谱图即为

对应的含二硫键的肽段，中间一栏

展示的是保留时间、电荷态、理论

和实际的质荷比以及二级谱图得分

等相关信息。由于一级和二级质谱

图的质量非常高，含二硫键肽段的

多个电荷态均能被确认，进一步提

高分析结果的准确度。
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chain disulfide bond 
between the heavy and 
light chain (C226-C214).  

Included below are three 
representative examples 
of accurate-mass MS 
spectra and the 
corresponding MS/MS 
data that were used to 
characterize disulfide 
bond pairs from different 
regions of the Fab 
fragment:  

 A disulfide bond 
located within the light 
chain (C194-C134, 
Figure 2)  

 A disulfide located in 
the heavy chain (C22-
C96, Figure 3) 

 A disulfide located 
between the light and 
heavy chain (C226-

C214, Figure 4) 

The extracted 
chromatograms or base 
peak chromatograms 
(upper panels, Figures 2-
4) highlight the relevant 
species that were 
evaluated for disulfide 
bonding. In the middle 
panels, peak 
characteristics–such as 
RT, theoretical and 
observed m/z, MS/MS 
spectra scores, and the 
predicted charge-state–are 
catalogued in a table. 
Because of the high 
quality of the MS and 
MS/MS data, multiple 
charge states can be 
identified for each peptide, 
which builds significant 

Figure 2. Automated identification of the disulfide bond C194-C134 in the light chain of the  Fab. An extracted 
ion chromatogram (XIC) trace displays peaks obtained during TOF MS analysis of the tryptic digest (upper 
panel). BioPharmaView™ Software automatically identified four charge states for the C194-C134 disulfide-
containing peptide with a good MS/MS score (middle panel, +3, +4, +5, and +6). A high-resolution TOF MS 
spectrum of the disulfide-containing peptide is displayed (lower left panel), and the corresponding MS/MS 
spectrum shows the fragment ions for that peptide (lower right panel).

Figure 3. Automated identification of the disulfide bond C22-C96 in the heavy chain of the Fab. An extracted 
ion chromatogram (XIC) trace displays peaks obtained during TOF MS analysis of the tryptic digest (upper 
panel). BioPharmaView™ Software automatically identified three charge states for the C22-C96 disulfide-
containing peptide with a good MS/MS score (middle panel, +3, +4 and +5). A high-resolution TOF MS 
spectrum of the disulfide-containing peptide is displayed (lower left panel), and the corresponding MS/MS 
spectrum shows the fragment ions for that peptide (lower right panel).
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Figure 4. Automated identification of the disulfide bond C226-C214 between the heavy and light chain of the  Fab. An extracted ion 
chromatogram (XIC) trace displays peaks obtained during TOF MS analysis of the tryptic digest (upper panel). BioPharmaView™ Software 
automatically identified two charge states for the C226-C214 disulfide-containing peptide with a good MS/MS score (middle panel, +3 and 
+4). A high-resolution TOF MS spectrum of the disulfide-containing peptide is displayed (lower left panel), and the corresponding MS/MS 
spectrum shows the fragment ions for that peptide (lower right panel).

confidence in the disulfide-bond assignments.  

BioPharmaView Software automates the peak assignment based 
on the MS information uses and MSMS fragment ion information 
for scoring. The scoring algorithm is based on b & y fragment 
ions annotation, mass accuracy along with many other 
parameters. The user has the flexibility to set the threshold value 

of the score for auto-validation of the data, thereby providing an 

automatic way for the software to identify the higher quality 
matches (middle panels, Figures 2-4).  The coverage of 
individual b and y ions with or without the disulfide bond for 
disulfide linkage C226-C214 is shown in Figure 5 & table 1, 

Figure 5: MSMS annotation of Disulfide linkage C226-C214. The b- and y- ions of individual as well as bonded peptide provides the high 
level of confidence in identification and localization of linkage.

图3. 重链链内C22-C96二硫键的鉴定结果，第一栏展示的是对应肽段的一级提取离子色谱图，第二栏展示的是C22-C96二硫键通过软件确认的3个电荷态

以及二级的得分，第三栏展示的是对应二硫键肽段的一级和二级质谱图。

图4. 轻链和重链链间C214-C226二硫键的鉴定结果，第一栏展示的是对应肽段的一级提取离子色谱图，第二栏展示的是C214-C226二硫键通过软件确认的

2个电荷态以及二级的得分，第三栏展示的是对应二硫键肽段的一级和二级质谱图。
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Figure 4. Automated identification of the disulfide bond C226-C214 between the heavy and light chain of the  Fab. An extracted ion 
chromatogram (XIC) trace displays peaks obtained during TOF MS analysis of the tryptic digest (upper panel). BioPharmaView™ Software 
automatically identified two charge states for the C226-C214 disulfide-containing peptide with a good MS/MS score (middle panel, +3 and 
+4). A high-resolution TOF MS spectrum of the disulfide-containing peptide is displayed (lower left panel), and the corresponding MS/MS 
spectrum shows the fragment ions for that peptide (lower right panel).

confidence in the disulfide-bond assignments.  

BioPharmaView Software automates the peak assignment based 
on the MS information uses and MSMS fragment ion information 
for scoring. The scoring algorithm is based on b & y fragment 
ions annotation, mass accuracy along with many other 
parameters. The user has the flexibility to set the threshold value 

of the score for auto-validation of the data, thereby providing an 

automatic way for the software to identify the higher quality 
matches (middle panels, Figures 2-4).  The coverage of 
individual b and y ions with or without the disulfide bond for 
disulfide linkage C226-C214 is shown in Figure 5 & table 1, 

Figure 5: MSMS annotation of Disulfide linkage C226-C214. The b- and y- ions of individual as well as bonded peptide provides the high 
level of confidence in identification and localization of linkage.

图5. 轻链和重链链间C214-C226二硫键二级碎片的归属，通过b,y离子能确认肽段的序列以及二硫键的连接位点。

表1. 轻链和重链链间C214-C226二硫键二级碎片的信息，BiopharmaView™软件能自动对二级碎片进行归属，确定二硫键的连接位点。
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which is usually sufficient for high level of confidence in 
identification and assignment of the disulfide linkage position. 

CONCLUSION 
An automated and efficient peptide mapping workflow in 
BioPharmaView Software was used to successfully locate and 
identify all disulfide-containing linkages in the Fab region of a 
mAb. To pinpoint the location of the five disulfide-containing 
peptides, the profiles for reduced and native tryptic peptides 
were compared in PeakView®  Software, and non-aligning 
peaks were further sequenced and structurally characterized in 

BioPharmaView Software.  BioPharmaView Software 
automatically evaluated multiple factors before validating the 
identity for each peptide–such as b and y ion annotation, MS/MS 
scoring, multiple charge states, retention time, and mass 
accuracy. In aggregate, this workflow for disulfide-bond analysis 
benefits from the combination of high-quality accurate-mass MS 
and MS/MS data obtained simultaneously on a high-resolution 
TripleTOF System and the remarkable automation of the peak 
assignment by BioPharmaView Software, thus simplifying data 
processing, reporting and  therefore reducing the overall 
processing time.

 

 

 

Fragment Type Mono. 
m/z

Error 
(Da) Charge Mono. Mass Nomenclature Fragment

RGEC[*1] / SC[*1]D b,y 384.13 0.032 2 766.24 1-y4; 2-b3, +2 RGEC[*1] / SC[*1]D 

C[*1] / C[*1]DKTHL 2y 418.18 -0.004 2 834.34 1-y1;2-y6, +2 C[*1] / C[*1]DKTHL

C[*1] / SC[*1]DKTHL y 461.69 -0.004 2 921.37 1-y1;2-y7, +2 C[*1] / SC[*1]DKTHL

SFNRGEC[*1] / SC[*1]DKTHL  y 538.23 -0.003 3 1611.68 1-y7; 2-y7, +3 SFNRGEC[*1] / SC[*1]DKTHL

NRGEC[*1] / SC[*1]DKTH b,y 624.25 -0.006 2 1246.48 1-y5; 2-b6, +2 NRGEC[*1] / SC[*1]DKTH

SFNRGEC[*1] / C[*1]DKT b,y 629.25 -0.010 2 1256.49 1-y6; 2-b5, +2 SFNRGEC[*1] / C[*1]DKT

FNRGEC[*1] / SC[*1]DKT b,y 629.25 -0.010 2 1256.49 1-y7; 2-i2,5, +2 FNRGEC[*1] / SC[*1]DKT 

NRGEC[*1] / SC[*1]DKTHL y 689.80 -0.004 2 1377.58 1-y5; 2-y7, +2 NRGEC[*1] / SC[*1]DKTHL 

SFNRGEC[*1] / SC[*1]DKTH b 741.30 -0.005 2 1480.58 1-y7;2-2-b6 SFNRGEC[*1] / SC[*1]DKTH 

C[*1] / C[*1]DKTHL 2y 835.34 -0.006 1 834.34 1-y1;2-y6 C[*1] / C[*1]DKTHL 

NRGEC[*1] / SC[*1]D b,y 881.29 0.003 1 880.28 1-y5;2-b3 NRGEC[*1] / SC[*1]D 

C[*1] / SC[*1]DKTHL y 922.38 -0.005 1 921.37 1-y1;2-y7 C[*1] / SC[*1]DKTHL 

SFNRGEC[*1] / SC[*1] b 1000.36 0.001 1 999.35 1-y6;2-b2 SFNRGEC[*1] / SC[*1] 

SFNRGEC[*1] / C[*1]D b,y 1028.36 0.006 1 1027.35 1-y6;2-b3 SFNRGEC[*1] / C[*1]D 

FNRGEC[*1] / SC[*1]D b,y 1028.36 0.006 1 1027.35 1-y7;2-i2,3 FNRGEC[*1] / SC[*1]D 

SFNRGEC[*1] / SC[*1]D b 1115.39 0.004 1 1114.38 1-y7;2-b3 SFNRGEC[*1] / SC[*1]D 

SFNRGEC[*1] / C[*1]DK b,y 1156.45 -0.022 1 1155.44 1-y6;2-b4 SFNRGEC[*1] / C[*1]DK 

FNRGEC[*1] / SC[*1]DK b,y 1156.45 -0.022 1 1155.44 1-y7;2-i2,4 FNRGEC[*1] / SC[*1]DK 
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Table 1: The HL Chain C226-C214 bonded peptide fragment ion information is shown. The MS/MS fragment Ion assignment provided by 
the BioPharmaView Software helps with accurate location of disulfide bonds.
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BiopharmaView™软件通过一级的质量精度和二级谱图的得分

自动对肽段进行鉴定，二级谱图的打分是基于b,y离子，质量精度

以及其它参数。用户可以方便的设置二硫键肽段得分的阈值，软

件可以自动的鉴定得分在阈值之上的含二硫键的肽段。图5和表1

展示的是轻链和重链链间C214-C226二硫键二级碎片的信息，通

过这些二级碎片可以确认二硫键的连接位点。
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结论

BiopharmaView™软件能自动、快速的处理肽图的分析数据，

确认抗体Fab区域内所有的含二硫键的肽段。在二硫键分析的过

程中，首先将还原和非还原的肽图数据进行比对，锁定含二硫键

的肽段，BiopharmaView™软件通过b,y离子，二级谱图得分，电

荷态，保留时间，质量精度等指标对含二硫键的肽段进行确认。

在整个二硫键的分析流程中，TripleTOF®高分辨质谱仪能获得全面

的、精确的一级和二级质谱信息，配合全自动的搜索软件能极大

的提升二硫键的分析速度。


