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ABSTRACT
A new label-free quantification method based on the Minora algorithm is presented and 
compared to pre-existing label free quantification methods in the Thermo Scientific™ 
Proteome Discoverer™ software framework. The results of the new algorithm were 
significantly more accurate across a wide dynamic range compared to spectral counting and 
“Top N” quantification. The new algorithm was also run on a subset of the Akhilesh Pandey 
human proteome dataset to identify proteins specific to specific tissue types.

INTRODUCTION
Proteome Discoverer software is a node-based workflow engine and study management 
platform for analysis of mass spectrometry-based proteomics datasets. The latest released 
version 2.1 fully supports isotopically-labeled quantitative workflows, such as TMTTM reporter 
ion-based quantification and SILAC precursor ion quantification, but the supported label-free 
quantification methods are significantly less sophisticated. Currently, spectral counting is 
possible but not recommended when quantitative accuracy is required.  The only supported 
label-free quantification workflow produces an average abundance of the top “N” most 
abundant peptides and this has been shown to be accurate for even highly complex datasets.  
However, “Top N” quantification results cannot be used to create ratios, scaled abundance 
values, or to be used as replicates to generate standard errors. Here we present a new 
workflow for untargeted label-free quantification using a new feature detection approach that 
provides the full suite of quantitative capabilities previously only available for isotopically-
labeled quantification. The workflow will be compared to the two aforementioned label-free 
quantification workflows available within Proteome Discoverer 2.1 software.

MATERIALS AND METHODS
A standard dataset of Arabidopsis proteasome proteins spiked into a background of E. coli 
proteins (PXD003002) was downloaded from the PRoteomics IDEntifications (PRIDE) 
repository. This dataset was originally used to evaluate a spectral counting algorithm and is 
described in reference 1. The Pandey human proteome dataset2 was also downloaded from 
PRIDE and a portions of the dataset to demonstrate untargeted label free quantification of 
data with a multi-dimensional separation.  

For quantification using spectral counts, each of the datasets with the different levels of 
Arabidopsis proteasome proteins was run separately in batch mode using a standard 
Sequest™ HT-Percolator workflow and a basic consensus workflow.  Subsequently, all 
Processing results were reprocessed using a single Consensus workflow with the “Merge 
Mode” parameter in the MSF files node set to Do Not Merge.  With this setting, the number of 
unique peptides and PSMs for each of the datasets will be represented as a separate column.  
The Sequest HT search was performed against the entire Arabidopsis thaliana and 
Escherichia coli databases. The table with PSM values for each sample was exported to 
Microsoft Excel format and ratios were calculated manually.

For the “Top N” quantification workflow, a Precursor Ion Area Detector node was incorporated 
in the Processing workflow used for spectral counting above.  The default 
“CWF_Comprehensive_Enhanced_Annotation_Quan” template was used for the Consensus 
workflow.  In the Peptide and Protein Quantifier node, the “Top N Peptides Used for 
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.

New Method for Feature Detection

The new feature detection algorithm is an extension of the Minora algorithm, which had 
already been used for precursor ion quantification since the release of Proteome Discoverer 
1.2 software.  Minora had always detected all isotopic peaks in a given data set, but up to now 
only those LC/MS peaks associated with peptide spectral matches (PSMs), and their 
associated isotopic forms in the case of SILAC, were used for quantification.  In this pre-
release version of Proteome Discoverer 2.2 software, the Minora algorithm has been modified 
to detect and quantify isotopic clusters regardless of whether or not they are associated with a 
PSM.  

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.

Multidimensional LC profiling

The new untargeted label-free quantification algorithm also supports multi-dimensional label-free data.  
The processing step works as described previously for such data with the feature mapping and 
retention alignment steps only applied to the same fraction from other datasets. Fractions 11-15 for 14 
of the samples from the Pandey group human proteome data were run using the same workflows as 
shown in the previous section. For these data, a total of 5116 proteins and 60616 unique peptides were 
identified.  Unlike the previous version of Proteome Discoverer software where these data were run 
using “Top 3” protein quantification results, the pre-release Proteome Discoverer 2.2 software enables 
scaled abundance visualization of the various samples. Figure 5 shows the proteins most 
overrepresented in the frontal cortex relative to the other samples by sorting by decreasing scaled 
abundance. Many of the most overrepresented proteins are all known to be neural proteins, including 
synapsin-1, synapsin-2, synapsin-3, neuromodulin, and microtubule-associated protein tau.  Also, 
some of these neuronal proteins show no signals for any of the other samples in Figure 5 by showing 
gray boxes indicating that there were no quantification values for these proteins. This is an indication 
that the Feature Mapping is actually working correctly by not associating random features  from the 
other datasets. Also, this shows the value of the scaled abundance compared to ratio calculations. If 
any of the other samples were used as the denominator for the ratio calculations, it might be missed 
that the selected protein is found only in the frontal cortex sample due to the undefined ratios that 
would be produced.

CONCLUSIONS
A new untargeted label-free quantification workflow based on the Minora algorithm has been 
demonstrated on a dataset with proteins at known concentration and is shown to be more accurate 
and sensitive than the previously available label-free quantification approaches from previous versions 
of Proteome Discoverer software. The combination of the label-free quantification workflow integrated 
into the scaling, normalization, and study management features of Proteome Discoverer software 
provide a powerful means for analyzing highly complex proteomics data.
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New Method for Label-Free Quantification in the Proteome  Discoverer Framework

Like the other quantification workflows in Proteome Discoverer 2.1 software, the peptide group 
abundances from the new label-free quantification method are calculated as the sum of the 
abundances of the individual PSMs for a given study factor that pass a quality threshold.  The 
protein abundance is calculated as the sum of the peptide group abundances associated with 
that protein.  

RESULTS AND DISCUSSION
The database searches produced a total of 55 Arabidopsis proteins and 423 E. coli proteins.  
This is less than would be expected given the relatively high protein concentration and long 
gradient length, but the chromatography used for these data analyses was suboptimal with 
peaks up to 5 minutes wide (Figure 3). Also, as the amount of the Arabidopsis proteins added 
to the sample increased past 1 µg, the peptides from these proteasome proteins dominate the 
chromatogram and thus the number of E. coli proteins decreases dramatically with increasing 
Arabidopsis protein concentration (data not shown).

Abundance ratios were calculated using the sample with 1 µg of Arabidopsis protein as the 
denominator. The average ratio for the Arabidopsis proteins are shown in Table 1.  Additional 
columns were added to denote the number of proteins that were quantified due to a 
measurement for both samples used in the ratio. The average ratios were calculated only for 
those proteins that produced a measured ratio.

The spectral counts-based quantification results correctly indicate the direction of expression for 
the Arabidopsis proteasome proteins, but the ratios are inaccurate for the more extreme ratios. 
The response is also relatively non-linear, with the average ratio for the 0.1 µg/1 µg samples 
showing a lower value than the 0.05 µg/1 µg samples and the 3 µg/1 µg ratio measuring lower 
than the 2 µg/1 µg ratio. These results are not a surprise given that it is widely known that this 
type of spectral counting is not expected to produce accurate quantification results. Normalized 
spectral counting algorithms are a significant improvement over the basic spectral counting 
method shown here and reference 1 from which these data were obtained describes a such a 
method. Implementation of such a method using emPAI values is planned for the individual study 
factors is being considered for a future Proteome Discoverer software release. However, all 
spectral counting-based quantification methods usually provide poorer sensitivity and dynamic 
range than other quantitative techniques due to the requirement for multiple PSMs for any given 
protein. As can be seen in Table 1, less than half of the Arabidopsis proteins could be quantified 
across the full dynamic range due to lack of PSMs in the samples with lowest protein abundance.

The “Top N” protein quantification results are shown in the second set of columns in Table 1.  The 
accuracy of the ratios is noticeably improved compared to spectral counting, producing a 
response that is closer to linear.  However, there are fewer quantified proteins in the “Top N” 
method than for spectral counting, primarily due to the requirement that the same three peptides 
need to be identified across all of the datasets. This is in effect even more stringent than the 
spectral counting method above and as a result even fewer proteins are quantified across the 
samples.  Also, while the accuracy of the ratios is improved, the precision of the measurements 
are not much improved over spectral counting.  

For feature detection-based quantification, the calculated ratios were significantly closer to the 
theoretically expected values at the lowest Arabidopsis concentrations. The precision of the ratios 
was also significantly improved in almost all cases for the feature detection results. The use of 
feature mapping led to a significantly increased number of quantified proteins given that only a 
single PSM is required for a given peptide across all raw files. The accuracy and precision of this 
method also benefits from the use normalization based on the E. coli proteins, which are known to 
be equally abundant across all samples.

A screen shot of the Arabidopsis protein identification results with untargeted label-free 
quantification is shown in Figure 4. The ratios and the scaled abundances for the identified 
proteins and peptide groups are color coded based on the level of expression. Scaled 
abundances were originally introduced in Proteome Discoverer 2.1 software primarily for the TMT 
quantification workflow and are now available in the preliminary version of Proteome Discoverer 
2.2 software for feature detection-based label free quantification. The samples can be sorted by 
scaled abundance for any given sample type, as seen in Figure 4 for the highlighted 0.05 sample 
group.  It can be easily seen that each of the proteasome proteins exhibit a similar trend by simply 
looking at the pattern of blue and red boxes. Also, since the scaled abundances exhibit the same 
profile as the ratios, the need for the calculation of ratios is somewhat obviated.

A typical Consensus workflow for label free quantification is also shown in Figure 1. There are 
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 
and Protein Quantifier node works as previously, with improvements to scaling and 
normalization that benefit all quantification workflows.

There are three new tabs for feature detection results in the consensus report: Consensus 
Features, LCMS Features, and LCMS Peaks. The LCMS features are isotopic clusters 
grouped together for a given raw dataset and consist of multiple LCMS Peaks. Ultimately, the 
release may not include the LCMS Peaks list given that as much as 10’s of millions peaks 
could be detected in complex datasets. The consensus features link directly to the associated 
peptide group as well as the list of LCMS features detected from each data files (Figure 2).  
Also, when a consensus feature is selected, the traces for each of the features are shown in 
the chromatogram traces view. When a single LCMS Feature is selected, the chromatographic 
profile for only that individual feature is displayed.

Figure 1. Typical Processing and Consensus workflows for untargeted label-free 
quantification. The Minora Feature Detector, Rt-Aligner and Feature Mapper are new nodes 
created for the untargeted label-free quantification workflow. The Minora Feature Detector 
will also replace the old Precursor Ions Quantifier node used for SILAC and other precursor 
ion quantification workflows.

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.

75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165
Time (min)

120.25 122.2374.56 111.37101.63 110.1896.0875.44 89.69 140.42113.72 155.67146.94130.8478.82 133.26 151.05 157.5987.21

162.62113.67112.7089.45 144.35 159.17108.4096.12 140.97 149.3986.23 156.8382.5477.00 134.8798.91 131.84119.69 127.93

136.02
114.43

110.05
136.68114.98

145.93109.66 142.35125.98 142.12 153.32133.85 146.80115.80104.67 129.08 154.44
99.8389.68 155.7199.2788.8385.54 90.3081.77 124.65120.53 156.8378.15 164.56

0.05 µg proteasomes
1 µg E coli

0.5 µg proteasomes
1 µg E coli

3 µg proteasomes
1 µg E coli 5 min

Figure 3. Base peak chromatograms for three of the LC/MS runs, each scaled to 2e7 
intensity.  The dataset at the bottom is dominated by Arabidopsis peptides, leading to 
significant suppression the E coli peptides. Also, the typical chromatographic peak in this 
chromatogram can be up to 5 minutes wide, also decreasing the number of peptides and 
proteins that can be identified.
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0.05 0.59±0.24 28 0.22±0.32 22 0.040±0.028 47
0.1 0.45±0.19 33 0.24±0.16 26 0.084±0.050 49
0.25 0.7±0.27 47 0.4±0.29 36 0.24±0.10 52
0.5 0.77±0.24 50 0.51±0.27 39 0.52±0.13 54
1.5 1.48±0.50 52 1.72±0.60 47 1.35±0.24 55
2 1.9±0.93 52 2.85±1.51 47 1.91±1.0 55
3 1.67±0.70 52 3.92±1.80 47 2.82±0.80 55

Table 1. Average Arabidopsis thaliana protein ratios and standard deviations using the 1 ug
sample as the denominator for the three different label-free quantitative methods. The 
number of quantified proteins associated with each quantification method is also displayed 
in the column adjacent to the ratios. There were 55 identified Arabidopsis proteins in total 
identified across the samples.

Figure 4. Untargeted label-free quantification results within the Proteome Discoverer 
software framework. Both the ratios and the scaled abundance values are color-coded to 
display significantly under- or over-expressed proteins.

Processing Consensus

Figure 5. Minora feature detection results for the subset of the Pandey human proteome 
dataset.  The features are sorted by decreasing scaled abundance for the frontal cortex 
sample.

Figure 5.  Example deuterium uptake plots generated by Biopharma Finder 

Figure 3.  Biopharma Finder HDX data analysis workflow 

Overall, the control and pH stressed samples showed similar 
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 
significant deuterium uptake change between Herceptin and the 
stressed sample pH=1.5,as reported previously2.   

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.   
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Evaluation of different Hydrogen/Deuterium Exchange data processing software by looking at conformational changes induced by 
mAb aggregation 

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.    
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ABSTRACT  
 
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.  
 

INTRODUCTION  
 
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.  
 

MATERIALS AND METHODS  
 
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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RESULTS  

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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heavy chain peptides deuterium uptake plots  Figure 7. Herceptin and pH 0.5 stressed sample heavy chain deuterium uptake residual 
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Figure 11.  Herceptin and pH 0.5 stressed sample heavy chain consolidated perturbation 
sequence coverage 

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

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.   

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.  

Figure 6.  HDExaminer HDX data analysis workflow 

      Her        Her pH 0.5 

      Her        Her pH 0.5 

Figure 8.  HDX WorkBench  data analysis workflow 

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 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.    

a) 

b) 
c) 

Figure 5.  Example deuterium uptake plots generated by Biopharma Finder 

Figure 3.  Biopharma Finder HDX data analysis workflow 

Overall, the control and pH stressed samples showed similar 
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 
significant deuterium uptake change between Herceptin and the 
stressed sample pH=1.5,as reported previously2.   

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.   

REFERENCES 
 
1. D. Weis et al, Hydrogen Exchange Mass Spectrometry of Proteins 
2. T. Zhang et al, ThP180, ASMS 2016 
3. Z. Zhang et al, Anal. Chem. 2012, Vol. 84, 4942-493 
 
© 2016 Thermo Fisher Scientific Inc. All rights reserved. Herceptin is a trademark of Genetech Inc. HD/X-PAL and Chronos are 
trademarks of LEAP Technologies.  HDExaminer is a trademark of Sierra Analytics. All other trademarks are the property of 
Thermo Fisher Scientific and its subsidiaries. This information is not intended to encourage use of these products in any manner 
that might infringe the intellectual property rights of others.` 

Evaluation of different Hydrogen/Deuterium Exchange data processing software by looking at conformational changes induced by 
mAb aggregation 

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.    
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ABSTRACT  
 
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.  
 

INTRODUCTION  
 
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.  
 

MATERIALS AND METHODS  
 
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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RESULTS  

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

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

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.   

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.  

Figure 6.  HDExaminer HDX data analysis workflow 
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Figure 8.  HDX WorkBench  data analysis workflow 

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 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.    

a) 

b) 
c) 



Figure 5.  Example deuterium uptake plots generated by Biopharma Finder 

Figure 3.  Biopharma Finder HDX data analysis workflow 

Overall, the control and pH stressed samples showed similar 
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 
significant deuterium uptake change between Herceptin and the 
stressed sample pH=1.5,as reported previously2.   

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.   
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Evaluation of different Hydrogen/Deuterium Exchange data processing software by looking at conformational changes induced by 
mAb aggregation 

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.    
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ABSTRACT  
 
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.  
 

INTRODUCTION  
 
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.  
 

MATERIALS AND METHODS  
 
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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result data from 
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RESULTS  

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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Figure 2.  Peptide map of Herceptin 
by BioPharma Finder a) Light chain  
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Figure 9.  HDX WorkBench Results 
Dashboard  

Figure 10.  Her and Her pH 0.5 stressed samples 
heavy chain peptides deuterium uptake plots  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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Figure 11.  Herceptin and pH 0.5 stressed sample heavy chain consolidated perturbation 
sequence coverage 

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

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.   

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.  

Figure 6.  HDExaminer HDX data analysis workflow 

      Her        Her pH 0.5 

      Her        Her pH 0.5 

Figure 8.  HDX WorkBench  data analysis workflow 

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 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.    

a) 

b) 
c) 



Figure 5.  Example deuterium uptake plots generated by Biopharma Finder 

Figure 3.  Biopharma Finder HDX data analysis workflow 

Overall, the control and pH stressed samples showed similar 
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 
significant deuterium uptake change between Herceptin and the 
stressed sample pH=1.5,as reported previously2.   

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.   
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Evaluation of different Hydrogen/Deuterium Exchange data processing software by looking at conformational changes induced by 
mAb aggregation 

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.    

Terry Zhang1, Shanhua Lin2, Stephane Houel1, Jennifer Sutton1, Xiaodong Liu2 and Jonathan Josephs1,  1. Thermo Fisher Scientific, San Jose, CA  2. Thermo Fisher Scientific, Sunnyvale  

ABSTRACT  
 
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.  
 

INTRODUCTION  
 
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.  
 

MATERIALS AND METHODS  
 
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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RESULTS  

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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Figure 2.  Peptide map of Herceptin 
by BioPharma Finder a) Light chain  
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Figure 9.  HDX WorkBench Results 
Dashboard  

Figure 10.  Her and Her pH 0.5 stressed samples 
heavy chain peptides deuterium uptake plots  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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Figure 11.  Herceptin and pH 0.5 stressed sample heavy chain consolidated perturbation 
sequence coverage 

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

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.   

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.  

Figure 6.  HDExaminer HDX data analysis workflow 

      Her        Her pH 0.5 

      Her        Her pH 0.5 

Figure 8.  HDX WorkBench  data analysis workflow 

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 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.    

a) 

b) 
c) 
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Figure 5.  Example deuterium uptake plots generated by Biopharma Finder 

Figure 3.  Biopharma Finder HDX data analysis workflow 

Overall, the control and pH stressed samples showed similar 
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 
significant deuterium uptake change between Herceptin and the 
stressed sample pH=1.5,as reported previously2.   

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.   
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Evaluation of different Hydrogen/Deuterium Exchange data processing software by looking at conformational changes induced by 
mAb aggregation 

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.    
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ABSTRACT  
 
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.  
 

INTRODUCTION  
 
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.  
 

MATERIALS AND METHODS  
 
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 

Peptides Analysis Protein 

2. Create a new project, import 
your protein sequence, set up 
protein comparison states 

2 3 

5 

4 

6 

3. Import peptide search results 
from step 1 and create a peptide 
pool 

4. Import MS data 
files and analyze 
calculated results 

5. Analyze peptide deuteration 
behavior via comparison view and 
uptake plots 

6. Analyze overall protein 
deuteration behavior via heat 
map and residual plot 

1. Peptides identification by PD or 
BF, export the peptides list into .xls 
or CSV files 

1. import your protein 
sequence, select 
peptide mapping tab 

2. Import experiment 
raw files and define 
raw  file conditions 

3. Select protein sequence, 
define both  peptide 
identification and HDX 
modeling conditions  

4. Save the method and start 
the search 

5. TimeCoures.csv, 
ProtectionFactorePlot.csv, 
DifferentialProtectionPlot.csv 
files generated   

0

50

100

150

200

250

R
e

s
id

u
e

 N
o

.
3 6 9 1

2
1

5
1

8
2

1
2

4
2

7
3

0
3

3
3

6
3

9
4

2
4

5
4

8
5

1
5

4
5

7
6

0
6

3
6

6
6

9
7

2
7

5
7

8
8

1
8

4
8

7
9

0
9

3
9

6
9

9
1

0
2

1
0

5
1

0
8

1
1

1
1

1
4

1
1

7
1

2
0

1
2

3
1

2
6

1
2

9
1

3
2

1
3

5
1

3
8

1
4

1
1

4
4

1
4

7
1

5
0

1
5

3
1

5
6

1
5

9
1

6
2

1
6

5
1

6
8

1
7

1
1

7
4

1
7

7
1

8
0

1
8

3
1

8
6

1
8

9
1

9
2

1
9

5
1

9
8

-1

0

1

2

3

4

5

6

E Q V S G L Q G S R S A S F I D Y H V Q P K L W A I P N Y R A S K R T S D S N A L M S R E T V Y S W G G Y M Y G G L T S A T G S F L P S S S G A L C V D F E V V W S A T G H F A L S G Y L S V V S S G Q

A

B

6. Use the csv files 
generate visualize 
graphical protection 
factor plots 

Protein Definition 

Search, review  
peptides 

c:\xcalibur\data\2016\mab\her_ph05_30sec 01/06/16 20:20:05 %SAMPLENAME%

RT: 0.00 - 12.00

0 1 2 3 4 5 6 7 8 9 10 11 12
Time (min)

0

50

100
0

50

100

R
e
la

ti
v
e
 A

b
u
n
d
a
n
c
e

0

50

100 7.906.58
6.846.54

4.482.451.961.94 3.20 7.681.24 3.54 4.79 5.502.50 5.740.86 1.31 3.96 8.05 8.20 8.72 11.099.75 11.709.880.54
7.89

6.59
6.842.441.01 1.98 4.483.55 5.755.763.15 7.70 8.051.300.85 5.523.95 6.13

8.64 9.71 9.688.75 11.6611.070.56
1.05

7.92
8.097.826.746.763.66 6.992.51 4.892.05 4.62 5.881.27 3.28 8.895.640.88 9.72 9.767.66

1.80 11.700.59 11.1310.02

NL:
3.54E7
Base Peak  
MS 
her_ph05_30
sec

NL:
1.17E7
Base Peak  
MS 
her_ph05_90
sec

NL:
5.64E6
Base Peak  
MS 
her_ph05_90
0secExperiment  

Set up 

Data Review & 
Visualization 

2. Create a new 
project, import your 
protein sequence, the 
CSV peptides list. 

1 

3 

4 5 

3. Define experiment conditions. 
Import time series of MS data, 
initial detection of peptides within 
undeuterated control data files. 

4. Determine the 
peptides for HDX 
detection. 

2 

1.Peptides identification 
by PD or BF, use the 
identified peptides 
create CSV peptides 
list with defined format. 
 
 
 
 
 

5. Analyze overall protein and peptide 
deuteration behavior via perturbation view 
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tools.  
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result data from 
multiple experiments. 

RESULTS  

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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Figure 2.  Peptide map of Herceptin 
by BioPharma Finder a) Light chain  
b) Heavy Chain  
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Figure 9.  HDX WorkBench Results 
Dashboard  

Figure 10.  Her and Her pH 0.5 stressed samples 
heavy chain peptides deuterium uptake plots  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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Figure 11.  Herceptin and pH 0.5 stressed sample heavy chain consolidated perturbation 
sequence coverage 

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

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.   

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.  

Figure 6.  HDExaminer HDX data analysis workflow 

      Her        Her pH 0.5 

      Her        Her pH 0.5 

Figure 8.  HDX WorkBench  data analysis workflow 

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 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.    

a) 

b) 
c) 


