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Proteome Discoverer software is a node-based workflow engine and study management
platform for analysis of mass spectrometry-based proteomics datasets. The latest released
Monoclonal
antibodies
(mAbs)
have
been
TM increasingly used for detection and treatment of cancer and other diseases.
reporter
version 2.1 fully supports isotopically-labeled
quantitative
workflows,
such
as TMT
Characterization
of criticalbutquality
attributes
(CQA) of mAb-based drugs is a primary concern for biopharmaceutical
ion-based quantification and SILAC
precursor ion quantification,
the supported
label-free
quantification methods are significantly
less sophisticated.
Currently,
spectral countingisisused to assess the CQAs of biopharmaceutical products. Protein
development.
Structural
characterization
possible but not recommended when
quantitativeis
accuracy
required.
The onlyantibody
supported (mAb) product. The formation of aggregates may impact safety and
aggregation
a CQAisfor
monoclonal
label-free quantification workflow produces an average abundance of the top “N” most
efficacy of mAbs. Antibody aggregation is a complex, multistep process1. Thus, it is important to understand the
abundant peptides and this has been shown to be accurate for even highly complex datasets.
mechanism
aggregation
andscaled
the conformational
changes of the aggregates. Hydrogen/deuterium exchange mass
However, “Top N” quantification results
cannot beof
used
to create ratios,
abundance
Figure 1. Typical
Processing and
Consensus
workflows
for untargeted
values, or to be used as replicatesspectrometry
to generate standard
errors.
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workflow for untargeted label-freeOne
quantification
using a new
feature detection
approach
of the biggest
challenges
in HDX
is datathat
processing. quantification.
Accurately measuring
the deuterium uptake would yield more
created for the untargeted label-free quantification workflow. The Minora Feature Detector
provides the full suite of quantitative capabilities previously only available for isotopicallyprecise
information
of
the
protein
conformation
and
conformation
dynamics.
In
this
study,
three
HDX
process
software,
will
also
replace
the
old
Precursor
Ions
Quantifier
node
used
for SILAC and other precurs
labeled quantification. The workflow will be compared to the two aforementioned label-free
TM BioPharma Finder 2.0 were
Analytics),
HDX WorkBench (Scripps)ion
and
Thermo Scientific
quantification
workflows.
quantification workflows availableHDExaminer
within Proteome(Sierra
Discoverer
2.1 software.
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compared and used to characterize the conformation of Trastuzumab
and its aggregation.
A typical Consensus workflow for label free quantification is also shown in Figure 1. There are
2
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MATERIALS AND METHODS

two new nodes added to this workflow that perform retention time alignment and feature
mapping. The feature mapper groups features detected from the Processing runs into
“Consensus Features” that are mapped and quantified across all raw files and performs gap
filling to find features that were not initially detected in the processing workflows. The Peptide
Protein Quantifier node works as previously, with improvements to scaling and
6. Us
system
(LEAP Technologies) and the Thermo Scientific™
PALTMand
normalization that benefit all quantification workflows.
0
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MATERIALS AND METHODS
A standard dataset of Arabidopsis proteasome proteins spiked into a background of E. coli
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Evaluation of different Hydrogen/Deuterium
Exchange data processing software by
looking at conformational changes induced
by mAb aggregation

HCl and by incubating each sample at room temperature for 30 min. The pH of the samples was subsequently
aggregated mAbs were diluted with labeling buffer and incubated for
multiple time points. The samples were then quenched and digested online with a pepsin column in a fully automated
For the “Top N” quantification workflow,
a Precursor
Detector
was incorporated
system.
The digested peptides were injected into a Thermo Scientific™ Acclaim™
manner
using Ion
theArea
H/D-X
PALnode
in the Processing workflow used for spectral counting above. The default
Pepmap™ C18 reverse phase column with a 7 min gradient. MS analysis was performed with the Orbitrap Fusion
“CWF_Comprehensive_Enhanced_Annotation_Quan” template was used for the Consensus
mass
spectrometer.
workflow. In the Peptide and Protein
Quantifier
node, the “Top N Peptides Used for
Escherichia coli databases. The table with PSM values for each sample was exported to
adjusted
to pH
9. Both non aggregated and
Microsoft Excel format and ratios were
calculated
manually.

No. 64890

proteins (PXD003002) was downloaded from the PRoteomics IDEntifications (PRIDE)
repository. This dataset was originally
used
to evaluate aHDX
spectral
countingbased
algorithm
A fully
automated
platform,
onand
theis H/D-X
described in reference 1. The Pandey human proteome dataset2 was also downloaded from
gene
UltiMate 3000 pump system coupled online with an Thermo ScientificTM Orbitrap FusionTM TribridTM mass
PRIDE and a portions of the dataset to demonstrate untargeted label free quantification of
grap
spectrometer,
was
used.
Figure
1
shows
the
HDX work station.
is three
composed
autosampler
equipped
ThereItare
new tabsofforan
feature
detection results
in the with
consensus report: Consensus
data with a multi-dimensional separation.
Features,
LCMS
Features,
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LCMS
Peaks.
The
LCMS
features
are
isotopic
clusters
individually temperature-controlled sample plate and labeling plate. The syringe head and pepsin column can also be
facto
grouped together for a given raw dataset and consist of multiple LCMS Peaks. Ultimately, the
For quantification using spectral counts,
each of the temperature-controlled.
datasets with the different levels
of
independently
Chronos™
control software
is
fully
integrated
with
the
Thermo
Scientific™
release may not include the LCMS Peaks list given that as much as 10’s of millions peaks
Arabidopsis proteasome proteins was run separately in batch mode using a standard
Xcalibur™ platform and the user. The execution of the wholecould
experiment
is incompletely
automated
and controlled
bydirectly to the associated
be
detected
complex
datasets.
The
consensus
features
link
Sequest™ HT-Percolator workflow and a basic consensus workflow. Subsequently, all
Chronos™
software.
peptide group as well as the list of LCMS features detected from each data files (Figure 2).
The
Processing results were reprocessed
using a single
Consensus workflow with the “Merge
Also, when a consensus feature is selected, the traces for each of the features are shownauto
in
Mode” parameter in the MSF files node set to Do Not Merge. With this setting, the number of
the chromatogram traces view. When a single LCMS Feature is selected, the chromatographic
unique peptides and PSMs for each
of the datasets
will be represented
as a separate
column.
pept
Therapeutic
antibody
Trastuzumab
(Herceptin)
aggregation profile
was induced
by
adjusting
the
pH
to
0.5,
1.5
and
2.5
with
for only that individual feature is displayed.
The Sequest HT search was performed against the entire Arabidopsis thaliana and

Quantification” parameter was set to 3. Like for spectral counting, the table with the reported
Top N protein abundances was exported to Excel and ratios were calculated manually.

Data Analysis

New Method for Feature Detection

The new feature detection algorithm is an extension of the Minora algorithm, which had
Peptide identification,
mapping,
PTMDiscoverer
already been used for precursor ion quantification
since the release
of Proteome
1.2 software. Minora had always detected
all isotopic
peaksdata
in a given
data set,
but up to now
analysis
and HDX
analysis
were
only those LC/MS peaks associated performed
with peptide spectral
matchesScientific
(PSMs), and
TMtheir
with Thermo
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FIGURE 1. HDX work station coupled online to
the Orbitrap Fusion mass spectrometer
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and HDX WorkBench (Scripps, Florida)

A typical Processing workflow for Minora feature detection is shown in Figure 1. The new
label-free quantification workflow can be invoked by simply attaching the “Minora Feature
Detector” to the Spectrum Files node. This new feature detector will also be used for the
isotopically-labeled precursor quantification method such as SILAC.
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Figure 2. The Consensus Features table is linked to the collection of LCMS Features from
each raw file. The chromatographic profiles for each LCMS Feature are shown in the
Chromatogram Traces View at the bottom.

Figure 2. Peptide map of Herceptin
b) Heavy Chain

Figure 3. Biopharma Finder HDX data analysis workflow

RESULTS

a

2

MS/MS experiments were first performed using non-deuterated
samples for peptide identification. Nearly 100% sequence
coverage was achieved for both the Herceptin and Herceptin pH
stressed samples. Figure 2 is the peptide map of Herceptin
generated by BioPharma Finder software. . After online pepsin
digestion, around 200 and 100 peptides were respectively
identified for heavy and light chains. These identified peptides
were subsequently used to probe the conformation of the
analyzed samples by HDX.
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A fully automated HDX platform, based on the H/D-X PALTM system (LEAP Technologies) and the Thermo Scientific™
UltiMate 3000 pump system coupled online with an Thermo ScientificTM Orbitrap FusionTM TribridTM mass
spectrometer, was used. Figure 1 shows the HDX work station. It is composed of an autosampler equipped with
individually temperature-controlled sample plate and labeling plate. The syringe head and pepsin column can also be
independently temperature-controlled. Chronos™ control software is fully integrated with the Thermo Scientific™
Xcalibur™ platform and the user. The execution of the whole experiment is completely automated and controlled by
Chronos™ software.
Therapeutic antibody Trastuzumab (Herceptin) aggregation was induced by adjusting the pH to 0.5, 1.5 and 2.5 with
HCl and by incubating each sample at room temperature for 30 min. The pH of the samples was subsequently
adjusted to pH 9. Both non aggregated and aggregated mAbs were diluted with labeling buffer and incubated for
multiple time points. The samples were then quenched and digested online with a pepsin column in a fully automated
manner using the H/D-X PAL system. The digested peptides were injected into a Thermo Scientific™ Acclaim™
Pepmap™ C18 reverse phase column with a 7 min gradient. MS analysis was performed with the Orbitrap Fusion
mass spectrometer.

Data Analysis
Peptide identification, mapping, PTM
analysis and HDX data analysis were
performed with Thermo Scientific TM
BioPharma Finder™ 2.0 software. HDX
experimental data were also analyzed with
HDExaminer™ software (Sierra Analytics)
and HDX WorkBench (Scripps, Florida)

FIGURE 1. HDX work station coupled online to
the Orbitrap Fusion mass spectrometer
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MATERIALS AND METHODS
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Herceptin (Her) and its pH (Her pH0.5) stressed samples
were
identification
and HDX
raw file conditions
quantified by measuring UV 280 absorption. Aggregations
modeling conditions
around 25% for pH 0.5, 6% for pH 1.5 and 0% for pH 2.5 were
observed. The HDX data from the control Her and Her stressed at
pH 0.5 samples were used for this study.
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Monoclonal antibodies (mAbs) have been increasingly used for detection and treatment of cancer and other diseases.
Characterization of critical quality attributes (CQA) of mAb-based drugs is a primary concern for biopharmaceutical
development. Structural characterization is used to assess the CQAs of biopharmaceutical products. Protein
aggregation is a CQA for monoclonal antibody (mAb) product. The formation of aggregates may impact safety and
efficacy of mAbs. Antibody aggregation is a complex, multistep process1. Thus, it is important to understand the
mechanism of aggregation and the conformational changes of the aggregates. Hydrogen/deuterium exchange mass
spectrometry (HDX) has emerged as a powerful tool to investigate the conformation of intact proteins, including mAbs.
One of the biggest challenges in HDX is data processing. Accurately measuring the deuterium uptake would yield more
precise information of the protein conformation and conformation dynamics. In this study, three HDX process software,
HDExaminer (Sierra Analytics), HDX WorkBench (Scripps) and Thermo Scientific TM BioPharma Finder 2.0 were
compared and used to characterize the conformation of Trastuzumab and its aggregation.
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1. import your protein
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Hydrogen/deuterium exchange mass spectrometry (HDX) has emerged as a powerful tool to investigate the
conformation of intact proteins, including mAbs. One of the biggest challenges in HDX experiment is data processing. In
this study, three HDX processing software, HDExaminer (Sierra Analytics), HDX WorkBench (Scripps) and Thermo
Scientific TM BioPharma Finder 2.0 were compared and used to characterize the conformation of Trastuzumab and its
aggregation.
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deuterium uptake. However, most of the pH stressed sample peptides
showed slightly more deuterium uptake, between 2 and 5%, than for
the control sample. The differences could reach up to 15% for
different regions of the light chain and could be even higher for the
heavy chain. The sample stressed at pH = 0.5 showed more
deuterium uptake than the pH = 1.5 sample. Finally, there was no
5. TimeCoures.csv,
significant deuterium uptake change between Herceptin and the
ProtectionFactorePlot.csv,
2.
stressed sample pH=1.5,as reported previously
4. Save
the method and start

4

DifferentialProtectionPlot.csv
files generated

the search

The HDX tool in mass analyzer3 has been implemented into BioPharma Finder 2.0. The HDX MS data can be processed in an
automated fashion by BioPharma Finder 2.0. The unlabeled protein samples must be analyzed with data-dependent MS/MS for
peptide identification. Deuterium labeling is performed at different time intervals to obtain time courses for each condition. The
software uses a 5-parameter equation to fit the curves to calculate the variance in the data3. Ideally, a 0% and 100%
deuteration control should be performed for appropriate back exchange modeling. Figure 3 shows the HDX data process
workflow of BioPharma Finder. First, import the protein sequence in fasta format, including all chains of the protein into the
protein sequence manager, then select peptide mapping analysis tab. Browse in all the raw files and define the experiment
name, the file conditions and search parameters. There are two major steps involved once the data analysis process started,
peptide detection and HDX modeling. The peptide detection including feature exaction, retention time alignment, gap-fillling and
peptide identification. The HDX modeling including deuterium level calculation, back exchange modeling and full HDX modeling.
HDXData, TimeCourses, HDXSilulation, ProtectionFactorPlot, Differential Protection Plot csv result files were created for
analyzed protein including all the chains, ie, light and heavy chains for mAb. To evaluate the overall protein conformation
properties at different conditions, visualized deuterium uptake and protection factor plots can be generated from the csv files.

Figure 4. Herceptin and pH 0.5 stressed sample heavy chain protection factor
comparison Top: residual 1-225 Bottom: residual 226-449
Her

Her pH 0.5

Her

Her pH 0.5

Figure 2. Peptide map of Herceptin
by BioPharma Finder a) Light chain
b) Heavy Chain
a

RESULTS
Herceptin and Herceptin Aggregation
Herceptin (Her) and its pH (Her pH0.5) stressed samples were
quantified by measuring UV 280 absorption. Aggregations
around 25% for pH 0.5, 6% for pH 1.5 and 0% for pH 2.5 were
observed. The HDX data from the control Her and Her stressed at
pH 0.5 samples were used for this study.

b

MS/MS experiments were first performed using non-deuterated
samples for peptide identification. Nearly 100% sequence
coverage was achieved for both the Herceptin and Herceptin pH
stressed samples. Figure 2 is the peptide map of Herceptin
generated by BioPharma Finder software. . After online pepsin
digestion, around 200 and 100 peptides were respectively
identified for heavy and light chains. These identified peptides

The HDX data from Her and stressed Her samples were processed by Biopharma Finder. The heavy chain protection factor
plots of Her and stressed Her samples were generated from the BioPharma Finder searched csv file as shown in figure 4. In
most of the regions Herceptin showed slightly higher protection factor than the stressed sample. The differences were not
uniform along the sequence. From amino acid 110 to 210 and 240 to 255, Herceptin had a much higher protection factor than
Herceptin pH stressed sample which would reflect in figure 5 the deuterium uptake profile. One peptide with less deuterium
uptake difference, peptide 49-60, and two peptides with more significant deuterium uptake changes , 149-159 and, 244-255,
were selected to evaluate the deuterium uptake profiles as shown in figure 5. The deuterium uptake differences range from
0.1 to around 2 Daltons. These results indicated that aggregation would induce more conformational changes in the Fab
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The HDX tool in mass analyzer3 has been implemented into BioPharma Finder 2.0. The HDX MS data can be processed in an
automated fashion by BioPharma Finder 2.0. The unlabeled protein samples must be analyzed with data-dependent MS/MS for
peptide identification. Deuterium labeling is performed at different time intervals to obtain time courses for each condition. The
software uses a 5-parameter equation to fit the curves to calculate the variance in the data3. Ideally, a 0% and 100%
deuteration control should be performed for appropriate back exchange modeling. Figure 3 shows the HDX data process
workflow of BioPharma Finder. First, import the protein sequence in fasta format, including all chains of the protein into the
protein sequence manager, then select peptide mapping analysis tab. Browse in all the raw files and define the experiment
name, the file conditions and search parameters. There are two major steps involved once the data analysis process started,
peptide detection and HDX modeling. The peptide detection including feature exaction, retention time alignment, gap-fillling and
peptide identification. The HDX modeling including deuterium level calculation, back exchange modeling and full HDX modeling.
HDXData, TimeCourses, HDXSilulation, ProtectionFactorPlot, Differential Protection Plot csv result files were created for
analyzed protein including all the chains, ie, light and heavy chains for mAb. To evaluate the overall protein conformation
properties at different conditions, visualized deuterium uptake and protection factor plots can be generated from the csv files.

Figure 4. Herceptin and pH 0.5 stressed sample heavy chain protection factor
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Figure 6. HDExaminer HDX data analysis workf
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Figure 6 is the HDX data process workflow of HDExaminer. To process
be generated by exporting the peptide identification list from the peptide
Finder, the protein sequence had to be defined first in the protein tab (th
different chains of the same protein would be treated as different protei
peptide list would be directly imported into a peptide pool for peptide de
undeuterated and deuterated raw files at different time points would be
deuterium uptake heat map of the protein, the peptide deuterium uptake
and residual plots would be created to probe the protein conformation a

The peptide identification list csv file of Her and Her stressed samples f
used to process the HDX data by HDExaminer. The heavy chain pep
left) and absolute #D ( top right) were shown in figure 7. In general, th
stressed sample and the differences were not uniform. Peptides with m
acides 70 and 100 and this observation was consistent with the BioPha
Figure 7 a), b), c) were the deuterium uptake plots from the same three
three selected peptides was very similar to the plots shown in figure 5.

Figure 7. Herceptin and pH 0.5 stressed sample heav
plots, Top left: %D Top right: #D Bottom: peptide d

Her

Her

Her pH 0.5

a)

Her pH 0.5

b)
The HDX data from Her and stressed Her samples were processed by Biopharma Finder. The heavy chain protection factor
plots of Her and stressed Her samples were generated from the BioPharma Finder searched csv file as shown in figure 4. In
most of the regions Herceptin showed slightly higher protection factor than the stressed sample. The differences were not
uniform along the sequence. From amino acid 110 to 210 and 240 to 255, Herceptin had a much higher protection factor than
Herceptin pH stressed sample which would reflect in figure 5 the deuterium uptake profile. One peptide with less deuterium
uptake difference, peptide 49-60, and two peptides with more significant deuterium uptake changes , 149-159 and, 244-255,
were selected to evaluate the deuterium uptake profiles as shown in figure 5. The deuterium uptake differences range from
0.1 to around 2 Daltons. These results indicated that aggregation would induce more conformational changes in the Fab
region and less changes for the Fc region.

Figure 5. Example deuterium uptake plots generated by Biopharma Finder

c)
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Figure 6. HDExaminer HDX data analysis workflow
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Figure 6 is the HDX data process workflow of HDExaminer. To process the HDX data with HDExaminer, a .xsl or csv file had to
be generated by exporting the peptide identification list from the peptide identification search results. Similar to BioPharma
Finder, the protein sequence had to be defined first in the protein tab (the software would only process one protein at a time, the
different chains of the same protein would be treated as different protein and would be processed separately), the .xsl or csv
peptide list would be directly imported into a peptide pool for peptide deuterium uptake measurement in the peptides tab. The
undeuterated and deuterated raw files at different time points would be loaded in the analysis tab to start the data analysis. The
deuterium uptake heat map of the protein, the peptide deuterium uptake plots, different protein states deuterium uptake mirror
and residual plots would be created to probe the protein conformation and conformational changes.
The peptide identification list csv file of Her and Her stressed samples from the BioPharma Finder was exported and directly
used to process the HDX data by HDExaminer. The heavy chain peptides deuterium uptake residual plots in both %D ( top
left) and absolute #D ( top right) were shown in figure 7. In general, the Herceptin had less deuterium uptake compare to
stressed sample and the differences were not uniform. Peptides with more significant change, were identified between amino
acides 70 and 100 and this observation was consistent with the BioPharma Finder protection factor prediction shown in figure 4.
Figure 7 a), b), c) were the deuterium uptake plots from the same three peptides shown in figure 5. The deuterium uptake of the
three selected peptides was very similar to the plots shown in figure 5.

Figure 7. Herceptin and pH 0.5 stressed sample heavy chain deuterium uptake residual
plots, Top left: %D Top right: #D Bottom: peptide deuterium uptake plots a), b), c)
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HDX WorkBench from Scripps is an integrated software platform for
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CONCLUSIONS

•The HDX data from Her and Her pH stressed samples were successfull
were consistent.
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used to evaluate the whole protein conformational property.
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Figure 8. HDX WorkBench data analysis workflow
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HDX WorkBench from Scripps is an integrated software platform for analysis of HDX mass spectrometry data. Figure 8
was the HDX WorkBench HDX data analysis workflow. The first step was to build a specific format csv peptide list based
on the peptide identification results (the list from BioPharma Finder ) as indicated in step 1. The next step was to define
the protein and to import the csv peptides list . The protein could be edited to add secondary structure features. The
experimental conditions and labeling time series of the identified peptide in the undeuterated sample would be defined in
the experimental set up. The different chains of the protein, heavy and light chain of mAb would be treated as two proteins
under the same experiment. Only the identified peptides from the undeuterated sample would be used to start the HDX
data analysis.The software would create a very comprehensive results dashboard including: peptide list, chromatogram,
peptide deuterium update plot, peptide spectra, and time points statistics as shown in figure 9.
A csv file with the specific format was generated by using the BioPharma Finder search results and used in HDX
WorkBench to process the data from the Her and Her stressed samples. Similar results were obtained with HDX
Workbench and the two previous software packages. The same three peptide deuterium uptake plots were shown in figure
10. Figure 11 was the single residual consolidated perturbation sequence coverage of the heavy chain.

Figure 9. HDX WorkBench Results
Dashboard

Figure 10. Her and Her pH 0.5 stressed samples
heavy chain peptides deuterium uptake plots

Figure 11. Herceptin and pH 0.5 stressed sample heavy chain consolidated perturbation
sequence coverage

CONCLUSIONS
•The HDX data from Her and Her pH stressed samples were successfully processed by all three software packages and the results
were consistent.
•The BioPharma Finder is a comprehensive software package that can perform both peptide identification and HDX data analysis.
HDX model simulates the H/D exchange and back exchange process at the single residue level. The protection factor plot can be
used to evaluate the whole protein conformational property.
•HDExaminer can directly import the .xsl or csv files from a peptides identification results. The HDX data process is straight
forward and results are easy to implement. The peptides deuterium uptake residual plots can be used to probe the protein
deuterium uptake behavior.
•HDX WorkBench generates a very comprehensive results dashboard. It can yield a consolidated amino acid level perturbation
sequence coverage map.
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