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MATERIALS AND METHODS – cont. RESULTS  
 
Successful hemoglobinopathies routines must confidently determine normal hemoglobin chains or 
variants.  Therefore sample prep and data acquisiton must facilitate integrated and reliable search 
strategies.  The knowledgebase compiled from the analysis of normal plasma (Figs. 2-4) are used 
as the first data set to screen for presence/absence of variants, and then facilitate characterization. 
 
To simulate the increased complexities of variant hemoglobin samples, normal human plasma was 
spiked with known amounts of bovine hemoglobin, doubling the number of chains.  While the mass 
shifts between human and bovine hemoglobin chains are not as close as some reported human 
variants, the increased complexity does stress the independent data acquisition routines for both 
precursor charge state determination and fragmentation analysis.  Thus the determination of 
sequence specific fragments from each chain become key in characterizing hemoglobin content. 
 
Finally, the routine must be reproducible and robust to handle the sample load facing most 
institutions.  Therefore a larger number of replicates were prepared and analyzed to determine 
reproducibility.  A set of 25 samples per spiking mixture was created in two 96-well plates and 
processed in a bulk manner.  The resulting sample analysis was acquired in an automated manner 
and evaluation of response factors and carry-over was measured by randomizing the autosampler 
injection sequence.  Of critical importance was the ability to reproducibly detect all hemoglobin 
chains, maintain mass accuracy for the majority of charge states per hemoglobin chain, determine 
the chain ratios, and measured the relative abundance of human to bovine ratios. 
 
 
 

ABSTRACT 
 
A high-throughput hemoglobinopathies workflow is presented which is designed to perform 
research to automated data acquisition and processing for normal human alpha and beta 
chains, as well as profiling for abnormal hemoglobin chains.  The presentation demonstrates a 
single method to profile samples regardless of complexity and the data acquisition scheme 
facilitates sequence detection for small mass deviations from normal hemoglobin chains.  A 
large set of samples were used to evaluate the workflow, consisting of normal human 
hemoglobin (from dilute DBS) as well as aliquots spiked with known amounts of bovine 
hemoglobin.  Spiking ranges were ca. 9-fold for both conditions (human:bovine and 
bovine:human).  Results show excellent reproducibility with %CVs less than 6% across the 25 
samples per spiking level and %RDS for measured AUC ratios were less than 10% for the 
expected SNP ranges and 20% for the extreme spiking ranges.  
 
 
INTRODUCTION  
 
Hemoglobin profiling incorporates detecting, characterizing, and determining relative 
quantitation of all hemoglobin chains arising from normal protein sequence translation as well 
as sequence variants consisting of SNPs, truncations, and omissions.  In addition, PTMs 
associated with glycation must be detected and quantified.  Currently there are over 1000 
reported hemoglobin forms prohibiting effective screening methods incorporating 
targeted/biased detection methods.  Recently, mass spectral detection based on HRAM MS 
and AIF has emerged as a suitable method to perform hemoglobinopathies due to the 
advances in resolution and reproducible product ion detection over large dynamic ranges.   
 
 
MATERIALS AND METHODS  
 
Hemoglobin samples were created directly from a stock of whole blood from a healthy donor.  
A 10 µL aliquot was diluted 100-fold with 90:10:0.1 solvent of H2O/MeOH/Acetic Acid and 
loaded into separate wells of a cation exchange plate.  A bovine hemoglobin (purchased from 
Sigma Aldrich) stock solution and used to spike into selected sample wells at known 
concentrations to increase the complexity.  The sample set was comprised of 20-25 replicates 
of neat human plasma, 9:1 human/bovine, 7:3, 5:5, 3:7, 1:9, and neat bovine hemoglobin.  The 
plate was washed to remove salts and small molecules, and then desired molecular weight 
range was displaced and collected using an ammonium formate solution. 
 
All experiments were performed on a Thermo ScientificTM Q ExactiveTM Focus mass 
spectrometer equipped with a Thermo ScientificTM Vanquish TM UHPLC autosampler and 
pump, with the peak tubing running through a 6-port divert value. The autosample loaded 20 
µL of the extracted hemoglobin samples directly onto an Sephacryl™ S100 SEC column (GE 
Healthcare Life Sciences) for concentration washing for 1.5 minutes, then the divert valve was 
switched to the mass spectrometer for data acquisition for 3.5 minutes prior to diverting the LC 
flow back to waste to clean and condition the column for the next injection.  (Figure 1) 
 
 

CONCLUSIONS 
 
The presentation shows an integrated workflow for high-throughput hemoglobinopathies research 
using the Q Exactive Focus mass spectrometer.  The results demonstrate an effective method to 
combine robust sample preparation, delivery into the mass spectrometer, qualitative and quantitative 
data acquisition, and routine data processing.  The workflow enables 384 samples to be analyzed per 
day with automated data processing on a single autosampler/LC stack.  Specific attributes relative to 
different workflow aspects include: 
• Sample preparation 

• Method can support DBS or plates 
• Plate methods require ca. 8 minutes for clean up 

• Introduction into the mass spectrometer 
• Utilization of 6-port valve to load on column, and wash salts prior to diverting flow to ion 

source 
• Coupled with sample preparation steps, increased ruggedness of ion source 

• Data acquisition 
• Alternating HRAM MS and AIF enabled many data points to be acquired across the 1.5 

minute elution profile 
• AIF increased fragment ion detection from a wide range of precursor charge states 
• Use of 10 microscans significantly increased spectral quality for automated sequencing 

• Data processing 
• The Pinnacle software leverages known protein sequences to expedite data 

characterization and facilitates screening for truncations, PTMs, and sequence variants 
• Precursor and product ion isotopic profiling was used to increase confidence in assigning 

hemoglobin sequence to each chain 
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Figure 1.  Representative data acquisition strategy for the routine hemoglobin profiling 
experiment showing the chromatographic profile for direct sample loading, washing, and 
data analysis using alternating HRAM MS (black lines) and AIF (red lines) scan events.  
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Figure 2.  Example data for neat human whole blood analysis following sample 
preparation and LC analysis where 2A shows full scan HRAM MS data and 2B shows the 
AIF spectrum.  Each spectrum is one scan consisting of 10 µscans.  The peaks labeled in 
blue font are from the alpha chain and red font represents charge states attributed to the 
beta chain.  

Figure 3.  Automated protein sequence determination in the Pinnacle software based on 
default Uniprot sequences and partial cleavage assumptions.  The insets shows the 
matched isotopic profiles used for sequence determination of the partial sequence for the 
+16 charge state for the alpha chain and +17 charge state for the beta chain.  Matching 
algorithms compare empirical isotopic and charge state m/z values with theoretical 
values for all possible sequences (assuming partial and PTMs) to identify the highest 
scoring match. 

Figure 4.  Automated AIF data analysis for the refined alpha and beta chain sequences.  
The matched product ions are marked in red triangles based on 10 ppm mass tolerance, 
charge state determination, and isotopic distribution for the proposed sequence (Fig. 3).  
Peptide diagrams for each chain are displayed in the inset with b- and y-type coverage 
maps indicated. 
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The data acquisition sequence consisted of alternating high resolution/accurate mass (HRAM)  
MS and all ion fragmentation (AIF) events for the 3.5 minutes of data acquisition.  Data 
acquisition parameters were consistent for both MS and AIF scan events including AGC = 5e6, 
max ion fill times of 100 msec, 10 microscans, and a resolution setting of 70,000 (FWHM) at 
m/z 200.  Figure 2 shows representative spectra from the HRAM MS (2A) and AIF spectra 
(2B) from the human hemoglobin.   
All data processing was performed in the Pinnacle software (Optys Technologies).  Automated 
qualitative and quantitative data analysis utilized a FASTA file of the reported alpha and beta 
human and bovine hemoglobin sequences as downloaded from the UniProt database.  
(www.uniprot.org)  Search parameters used partial sequence considerations as well as 
dynamic modifications for oxidation, deoxy, and hexose.  A mass tolerance of  10 ppm was 
used for precursor and product ion isotopic determination. 
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Figure 5. HRAM MS analysis of a hemoglobin mixture from human and bovine.  The 
spiked bovine levels were ca. 1:1 with estimated human amounts.  The charge states are 
labeled by the color coded key.  Due to the narrow mass difference, not all detected 
charge states are labeled.  The inset shows a narrow mass range to demonstrate the 
precursor distribution identification between the different alpha and beta chains. 

Figure 6. Comparative detection levels for the human and bovine hemoglobins from the 
different spiking levels used in the study.  The displayed mass range covers the +17 and 
+18 precursor charge states for the alpha and beta chains, respectively.  The spiked 
ratios are labeled for each spectrum (human:bovine). 

Figure 7. Comparative AIF spectra covering different spiking levels of human:bovine.  The 
labeled fragment ions are matched based on sequences identified in Figure 4 and 5.  
Nomenclature used to label fragment ions indicate species, chain, fragment type, and 
position.  The predominant fragments from human hemoglobin are labeled in the 9:1 
spectrum and the predominant bovine hemoglobin fragments are labeled in the 1:9 
spectrum. 

0 
20 
40 
60 
80 

100 

R
el

at
iv

e 
A

bu
nd

an
ce

 

759.914 
z=4 

802.426 
z=3 767.445 

z=? 749.844 
z=2 682.367 

z=2 832.466 
z=8 862.212 

z=12 738.910 
z=2 795.813 

z=10 843.467 
z=8 714.057 

z=3 690.038 
z=3 868.232 

z=4 811.783 
z=3 781.419 

z=5 
732.724 

z=3 850.994 
z=9 822.377 

z=1 725.407 
z=2 693.393 

z=? 

705.399 
z=3 

7:3 

0 
20 
40 
60 
80 

100 
767.162 

z=4 
690.038 

z=3 759.915 
z=4 

843.468 
z=8 

749.845 
z=2 802.426 

z=3 732.725 
z=3 832.467 

z=8 739.411 
z=2 

682.368 
z=2 862.130 

z=12 770.421 
z=3 

787.214 
z=9 818.951 

z=4 714.059 
z=3 

868.736 
z=4 811.783 

z=3 850.995 
z=9 693.394 

z=2 

5:5 

680 690 700 710 720 730 740 750 760 770 780 790 800 810 820 830 840 850 860 870 
m/z 

0 
20 
40 
60 
80 

100 
767.162 

z=4 
690.038 

z=3 843.467 
z=8 732.724 

z=3 
749.844 

z=2 835.793 
z=8 787.213 

z=9 770.420 
z=3 868.233 

z=4 818.699 
z=4 759.915 

z=4 683.340 
z=2 802.424 

z=6 850.994 
z=9 774.432 

z=5 714.059 
z=? 

693.393 
z=2 

3:7 

0 
20 
40 
60 
80 

100 
759.914 

z=4 

802.425 
z=3 682.367 

z=2 832.464 
z=8 738.909 

z=2 767.444 
z=1 

862.129 
z=12 749.844 

z=2 795.812 
z=10 714.057 

z=3 841.394 
z=18 811.782 

z=3 781.419 
z=5 822.377 

z=2 
860.216 

z=9 868.231 
z=4 725.406 

z=2 699.888 
z=4 

9:1 Hβb13 

Bβy19 

Hβy20 

Hβb22 
Hβy96 

Hαy28 

Hαy6 Hβb14 

Bβy20 

Bαy28 

Hβy14 Hβy36 Hβy23 
Hαy61 

Bβb31 

Bαb65 
Bαb68 Bαb64 

Bβb43 Bβb33 

Hαb75 

R
el

at
iv

e 
A

bu
nd

an
ce

 

Figure 9. Summary report for quantitative hemoglobin spiking analysis.  Histogram 
shows average AUC values and error bars for each chain per spiking ratio.  In addition, 
the AUC ratios and %RSDs is reported between human and bovine.  The ratios were 
corrected based on the estimated 1:1 ratios.  
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Figure 8. Evaluation of the 
workflow reproducibility based 
on the analysis of 25 replicate 
samples.   The  coefficient of 
variance was determined from 
measured AUC values for each 
hemoglobin chain per sample.  
Two representative plots are 
shown for the hemoglobin 
mixtures of 7:3 (Fig. 8A) and 3:7 
(Fig. 8B) human/bovine.  
Reported hemoglobin chain AUC 
values were based on summed 
charge states and isotopes, as 
presented in Fig. 3.  The %CVs 
are labeled by each chain.  The 
trend shows excellent agreement 
for the species response, as the 
AUC trends track across the 25 
samples.  In addition, the AUC 
ratios between chains from the 
same species are consistent. 
 

8A 

8B 

Figure 10. AIF product ion detection per hemoglobin chain across the different spiking ratios.  
The histograms are broken down into product ion m//z range.  The key at the right is 
conserved for all histograms.  Fragment ion confirmation was based on mass accuray,  correct 
charge state and product ion isotopic distribution overlap (determined based on dot product 
correlation coefficients) for b- and y-type ions.  The Pinnacle software also determines 
uniqueness of fragment ion association across the four hemoglobin chains. 
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MATERIALS AND METHODS – cont. RESULTS  
 
Successful hemoglobinopathies routines must confidently determine normal hemoglobin chains or 
variants.  Therefore sample prep and data acquisiton must facilitate integrated and reliable search 
strategies.  The knowledgebase compiled from the analysis of normal plasma (Figs. 2-4) are used 
as the first data set to screen for presence/absence of variants, and then facilitate characterization. 
 
To simulate the increased complexities of variant hemoglobin samples, normal human plasma was 
spiked with known amounts of bovine hemoglobin, doubling the number of chains.  While the mass 
shifts between human and bovine hemoglobin chains are not as close as some reported human 
variants, the increased complexity does stress the independent data acquisition routines for both 
precursor charge state determination and fragmentation analysis.  Thus the determination of 
sequence specific fragments from each chain become key in characterizing hemoglobin content. 
 
Finally, the routine must be reproducible and robust to handle the sample load facing most 
institutions.  Therefore a larger number of replicates were prepared and analyzed to determine 
reproducibility.  A set of 25 samples per spiking mixture was created in two 96-well plates and 
processed in a bulk manner.  The resulting sample analysis was acquired in an automated manner 
and evaluation of response factors and carry-over was measured by randomizing the autosampler 
injection sequence.  Of critical importance was the ability to reproducibly detect all hemoglobin 
chains, maintain mass accuracy for the majority of charge states per hemoglobin chain, determine 
the chain ratios, and measured the relative abundance of human to bovine ratios. 
 
 
 

ABSTRACT 
 
A high-throughput hemoglobinopathies workflow is presented which is designed to perform 
research to automated data acquisition and processing for normal human alpha and beta 
chains, as well as profiling for abnormal hemoglobin chains.  The presentation demonstrates a 
single method to profile samples regardless of complexity and the data acquisition scheme 
facilitates sequence detection for small mass deviations from normal hemoglobin chains.  A 
large set of samples were used to evaluate the workflow, consisting of normal human 
hemoglobin (from dilute DBS) as well as aliquots spiked with known amounts of bovine 
hemoglobin.  Spiking ranges were ca. 9-fold for both conditions (human:bovine and 
bovine:human).  Results show excellent reproducibility with %CVs less than 6% across the 25 
samples per spiking level and %RDS for measured AUC ratios were less than 10% for the 
expected SNP ranges and 20% for the extreme spiking ranges.  
 
 
INTRODUCTION  
 
Hemoglobin profiling incorporates detecting, characterizing, and determining relative 
quantitation of all hemoglobin chains arising from normal protein sequence translation as well 
as sequence variants consisting of SNPs, truncations, and omissions.  In addition, PTMs 
associated with glycation must be detected and quantified.  Currently there are over 1000 
reported hemoglobin forms prohibiting effective screening methods incorporating 
targeted/biased detection methods.  Recently, mass spectral detection based on HRAM MS 
and AIF has emerged as a suitable method to perform hemoglobinopathies due to the 
advances in resolution and reproducible product ion detection over large dynamic ranges.   
 
 
MATERIALS AND METHODS  
 
Hemoglobin samples were created directly from a stock of whole blood from a healthy donor.  
A 10 µL aliquot was diluted 100-fold with 90:10:0.1 solvent of H2O/MeOH/Acetic Acid and 
loaded into separate wells of a cation exchange plate.  A bovine hemoglobin (purchased from 
Sigma Aldrich) stock solution and used to spike into selected sample wells at known 
concentrations to increase the complexity.  The sample set was comprised of 20-25 replicates 
of neat human plasma, 9:1 human/bovine, 7:3, 5:5, 3:7, 1:9, and neat bovine hemoglobin.  The 
plate was washed to remove salts and small molecules, and then desired molecular weight 
range was displaced and collected using an ammonium formate solution. 
 
All experiments were performed on a Thermo ScientificTM Q ExactiveTM Focus mass 
spectrometer equipped with a Thermo ScientificTM Vanquish TM UHPLC autosampler and 
pump, with the peak tubing running through a 6-port divert value. The autosample loaded 20 
µL of the extracted hemoglobin samples directly onto an Sephacryl™ S100 SEC column (GE 
Healthcare Life Sciences) for concentration washing for 1.5 minutes, then the divert valve was 
switched to the mass spectrometer for data acquisition for 3.5 minutes prior to diverting the LC 
flow back to waste to clean and condition the column for the next injection.  (Figure 1) 
 
 

CONCLUSIONS 
 
The presentation shows an integrated workflow for high-throughput hemoglobinopathies research 
using the Q Exactive Focus mass spectrometer.  The results demonstrate an effective method to 
combine robust sample preparation, delivery into the mass spectrometer, qualitative and quantitative 
data acquisition, and routine data processing.  The workflow enables 384 samples to be analyzed per 
day with automated data processing on a single autosampler/LC stack.  Specific attributes relative to 
different workflow aspects include: 
• Sample preparation 

• Method can support DBS or plates 
• Plate methods require ca. 8 minutes for clean up 

• Introduction into the mass spectrometer 
• Utilization of 6-port valve to load on column, and wash salts prior to diverting flow to ion 

source 
• Coupled with sample preparation steps, increased ruggedness of ion source 

• Data acquisition 
• Alternating HRAM MS and AIF enabled many data points to be acquired across the 1.5 

minute elution profile 
• AIF increased fragment ion detection from a wide range of precursor charge states 
• Use of 10 microscans significantly increased spectral quality for automated sequencing 

• Data processing 
• The Pinnacle software leverages known protein sequences to expedite data 

characterization and facilitates screening for truncations, PTMs, and sequence variants 
• Precursor and product ion isotopic profiling was used to increase confidence in assigning 

hemoglobin sequence to each chain 
 

 
 
For research use only. Not for use in diagnostic procedures. 
 
 
TRADEMARKS/LICENSING  
 
© 2016 Thermo Fisher Scientific Inc. All rights reserved. Sephacryl is a trademark of GE Healthcare 
Lifesciences.  UniProt is a trademark of the European Molecular Biology Laboratory. 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. 

Development of a High-Throughput Hemoglobinopathies Workflow Using 
High Resolution Accurate Mass Analysis 

797.11 

650 700 750 800 850 900 950 1000 1050 1100 m/z 

841.34 
z=18 z=19 757.30 

z=20 890.77 
z=17 

721.24 
z=21 946.38 

z=16 882.47 
z=18 934.32 

z=17 
688.50 
z=22 836.08 

z=19 
794.32 

z=20 
1009.33 

z=15 
992.71 

z=16 658.61 
z=23 

1058.69 
z=15 1081.43 

z=14 
690.85 
z=23 662.10 

z=24 

719.15 
z=22 

2A 

Figure 1.  Representative data acquisition strategy for the routine hemoglobin profiling 
experiment showing the chromatographic profile for direct sample loading, washing, and 
data analysis using alternating HRAM MS (black lines) and AIF (red lines) scan events.  
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Figure 2.  Example data for neat human whole blood analysis following sample 
preparation and LC analysis where 2A shows full scan HRAM MS data and 2B shows the 
AIF spectrum.  Each spectrum is one scan consisting of 10 µscans.  The peaks labeled in 
blue font are from the alpha chain and red font represents charge states attributed to the 
beta chain.  

Figure 3.  Automated protein sequence determination in the Pinnacle software based on 
default Uniprot sequences and partial cleavage assumptions.  The insets shows the 
matched isotopic profiles used for sequence determination of the partial sequence for the 
+16 charge state for the alpha chain and +17 charge state for the beta chain.  Matching 
algorithms compare empirical isotopic and charge state m/z values with theoretical 
values for all possible sequences (assuming partial and PTMs) to identify the highest 
scoring match. 

Figure 4.  Automated AIF data analysis for the refined alpha and beta chain sequences.  
The matched product ions are marked in red triangles based on 10 ppm mass tolerance, 
charge state determination, and isotopic distribution for the proposed sequence (Fig. 3).  
Peptide diagrams for each chain are displayed in the inset with b- and y-type coverage 
maps indicated. 
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The data acquisition sequence consisted of alternating high resolution/accurate mass (HRAM)  
MS and all ion fragmentation (AIF) events for the 3.5 minutes of data acquisition.  Data 
acquisition parameters were consistent for both MS and AIF scan events including AGC = 5e6, 
max ion fill times of 100 msec, 10 microscans, and a resolution setting of 70,000 (FWHM) at 
m/z 200.  Figure 2 shows representative spectra from the HRAM MS (2A) and AIF spectra 
(2B) from the human hemoglobin.   
All data processing was performed in the Pinnacle software (Optys Technologies).  Automated 
qualitative and quantitative data analysis utilized a FASTA file of the reported alpha and beta 
human and bovine hemoglobin sequences as downloaded from the UniProt database.  
(www.uniprot.org)  Search parameters used partial sequence considerations as well as 
dynamic modifications for oxidation, deoxy, and hexose.  A mass tolerance of  10 ppm was 
used for precursor and product ion isotopic determination. 
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Figure 5. HRAM MS analysis of a hemoglobin mixture from human and bovine.  The 
spiked bovine levels were ca. 1:1 with estimated human amounts.  The charge states are 
labeled by the color coded key.  Due to the narrow mass difference, not all detected 
charge states are labeled.  The inset shows a narrow mass range to demonstrate the 
precursor distribution identification between the different alpha and beta chains. 

Figure 6. Comparative detection levels for the human and bovine hemoglobins from the 
different spiking levels used in the study.  The displayed mass range covers the +17 and 
+18 precursor charge states for the alpha and beta chains, respectively.  The spiked 
ratios are labeled for each spectrum (human:bovine). 

Figure 7. Comparative AIF spectra covering different spiking levels of human:bovine.  The 
labeled fragment ions are matched based on sequences identified in Figure 4 and 5.  
Nomenclature used to label fragment ions indicate species, chain, fragment type, and 
position.  The predominant fragments from human hemoglobin are labeled in the 9:1 
spectrum and the predominant bovine hemoglobin fragments are labeled in the 1:9 
spectrum. 
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Figure 9. Summary report for quantitative hemoglobin spiking analysis.  Histogram 
shows average AUC values and error bars for each chain per spiking ratio.  In addition, 
the AUC ratios and %RSDs is reported between human and bovine.  The ratios were 
corrected based on the estimated 1:1 ratios.  
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Figure 8. Evaluation of the 
workflow reproducibility based 
on the analysis of 25 replicate 
samples.   The  coefficient of 
variance was determined from 
measured AUC values for each 
hemoglobin chain per sample.  
Two representative plots are 
shown for the hemoglobin 
mixtures of 7:3 (Fig. 8A) and 3:7 
(Fig. 8B) human/bovine.  
Reported hemoglobin chain AUC 
values were based on summed 
charge states and isotopes, as 
presented in Fig. 3.  The %CVs 
are labeled by each chain.  The 
trend shows excellent agreement 
for the species response, as the 
AUC trends track across the 25 
samples.  In addition, the AUC 
ratios between chains from the 
same species are consistent. 
 

8A 

8B 

Figure 10. AIF product ion detection per hemoglobin chain across the different spiking ratios.  
The histograms are broken down into product ion m//z range.  The key at the right is 
conserved for all histograms.  Fragment ion confirmation was based on mass accuray,  correct 
charge state and product ion isotopic distribution overlap (determined based on dot product 
correlation coefficients) for b- and y-type ions.  The Pinnacle software also determines 
uniqueness of fragment ion association across the four hemoglobin chains. 
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MATERIALS AND METHODS – cont. RESULTS  
 
Successful hemoglobinopathies routines must confidently determine normal hemoglobin chains or 
variants.  Therefore sample prep and data acquisiton must facilitate integrated and reliable search 
strategies.  The knowledgebase compiled from the analysis of normal plasma (Figs. 2-4) are used 
as the first data set to screen for presence/absence of variants, and then facilitate characterization. 
 
To simulate the increased complexities of variant hemoglobin samples, normal human plasma was 
spiked with known amounts of bovine hemoglobin, doubling the number of chains.  While the mass 
shifts between human and bovine hemoglobin chains are not as close as some reported human 
variants, the increased complexity does stress the independent data acquisition routines for both 
precursor charge state determination and fragmentation analysis.  Thus the determination of 
sequence specific fragments from each chain become key in characterizing hemoglobin content. 
 
Finally, the routine must be reproducible and robust to handle the sample load facing most 
institutions.  Therefore a larger number of replicates were prepared and analyzed to determine 
reproducibility.  A set of 25 samples per spiking mixture was created in two 96-well plates and 
processed in a bulk manner.  The resulting sample analysis was acquired in an automated manner 
and evaluation of response factors and carry-over was measured by randomizing the autosampler 
injection sequence.  Of critical importance was the ability to reproducibly detect all hemoglobin 
chains, maintain mass accuracy for the majority of charge states per hemoglobin chain, determine 
the chain ratios, and measured the relative abundance of human to bovine ratios. 
 
 
 

ABSTRACT 
 
A high-throughput hemoglobinopathies workflow is presented which is designed to perform 
research to automated data acquisition and processing for normal human alpha and beta 
chains, as well as profiling for abnormal hemoglobin chains.  The presentation demonstrates a 
single method to profile samples regardless of complexity and the data acquisition scheme 
facilitates sequence detection for small mass deviations from normal hemoglobin chains.  A 
large set of samples were used to evaluate the workflow, consisting of normal human 
hemoglobin (from dilute DBS) as well as aliquots spiked with known amounts of bovine 
hemoglobin.  Spiking ranges were ca. 9-fold for both conditions (human:bovine and 
bovine:human).  Results show excellent reproducibility with %CVs less than 6% across the 25 
samples per spiking level and %RDS for measured AUC ratios were less than 10% for the 
expected SNP ranges and 20% for the extreme spiking ranges.  
 
 
INTRODUCTION  
 
Hemoglobin profiling incorporates detecting, characterizing, and determining relative 
quantitation of all hemoglobin chains arising from normal protein sequence translation as well 
as sequence variants consisting of SNPs, truncations, and omissions.  In addition, PTMs 
associated with glycation must be detected and quantified.  Currently there are over 1000 
reported hemoglobin forms prohibiting effective screening methods incorporating 
targeted/biased detection methods.  Recently, mass spectral detection based on HRAM MS 
and AIF has emerged as a suitable method to perform hemoglobinopathies due to the 
advances in resolution and reproducible product ion detection over large dynamic ranges.   
 
 
MATERIALS AND METHODS  
 
Hemoglobin samples were created directly from a stock of whole blood from a healthy donor.  
A 10 µL aliquot was diluted 100-fold with 90:10:0.1 solvent of H2O/MeOH/Acetic Acid and 
loaded into separate wells of a cation exchange plate.  A bovine hemoglobin (purchased from 
Sigma Aldrich) stock solution and used to spike into selected sample wells at known 
concentrations to increase the complexity.  The sample set was comprised of 20-25 replicates 
of neat human plasma, 9:1 human/bovine, 7:3, 5:5, 3:7, 1:9, and neat bovine hemoglobin.  The 
plate was washed to remove salts and small molecules, and then desired molecular weight 
range was displaced and collected using an ammonium formate solution. 
 
All experiments were performed on a Thermo ScientificTM Q ExactiveTM Focus mass 
spectrometer equipped with a Thermo ScientificTM Vanquish TM UHPLC autosampler and 
pump, with the peak tubing running through a 6-port divert value. The autosample loaded 20 
µL of the extracted hemoglobin samples directly onto an Sephacryl™ S100 SEC column (GE 
Healthcare Life Sciences) for concentration washing for 1.5 minutes, then the divert valve was 
switched to the mass spectrometer for data acquisition for 3.5 minutes prior to diverting the LC 
flow back to waste to clean and condition the column for the next injection.  (Figure 1) 
 
 

CONCLUSIONS 
 
The presentation shows an integrated workflow for high-throughput hemoglobinopathies research 
using the Q Exactive Focus mass spectrometer.  The results demonstrate an effective method to 
combine robust sample preparation, delivery into the mass spectrometer, qualitative and quantitative 
data acquisition, and routine data processing.  The workflow enables 384 samples to be analyzed per 
day with automated data processing on a single autosampler/LC stack.  Specific attributes relative to 
different workflow aspects include: 
• Sample preparation 

• Method can support DBS or plates 
• Plate methods require ca. 8 minutes for clean up 

• Introduction into the mass spectrometer 
• Utilization of 6-port valve to load on column, and wash salts prior to diverting flow to ion 

source 
• Coupled with sample preparation steps, increased ruggedness of ion source 

• Data acquisition 
• Alternating HRAM MS and AIF enabled many data points to be acquired across the 1.5 

minute elution profile 
• AIF increased fragment ion detection from a wide range of precursor charge states 
• Use of 10 microscans significantly increased spectral quality for automated sequencing 

• Data processing 
• The Pinnacle software leverages known protein sequences to expedite data 

characterization and facilitates screening for truncations, PTMs, and sequence variants 
• Precursor and product ion isotopic profiling was used to increase confidence in assigning 

hemoglobin sequence to each chain 
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797.11 

650 700 750 800 850 900 950 1000 1050 1100 m/z 

841.34 
z=18 z=19 757.30 

z=20 890.77 
z=17 

721.24 
z=21 946.38 

z=16 882.47 
z=18 934.32 

z=17 
688.50 
z=22 836.08 

z=19 
794.32 

z=20 
1009.33 

z=15 
992.71 

z=16 658.61 
z=23 

1058.69 
z=15 1081.43 

z=14 
690.85 
z=23 662.10 

z=24 

719.15 
z=22 

2A 

Figure 1.  Representative data acquisition strategy for the routine hemoglobin profiling 
experiment showing the chromatographic profile for direct sample loading, washing, and 
data analysis using alternating HRAM MS (black lines) and AIF (red lines) scan events.  
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Figure 2.  Example data for neat human whole blood analysis following sample 
preparation and LC analysis where 2A shows full scan HRAM MS data and 2B shows the 
AIF spectrum.  Each spectrum is one scan consisting of 10 µscans.  The peaks labeled in 
blue font are from the alpha chain and red font represents charge states attributed to the 
beta chain.  

Figure 3.  Automated protein sequence determination in the Pinnacle software based on 
default Uniprot sequences and partial cleavage assumptions.  The insets shows the 
matched isotopic profiles used for sequence determination of the partial sequence for the 
+16 charge state for the alpha chain and +17 charge state for the beta chain.  Matching 
algorithms compare empirical isotopic and charge state m/z values with theoretical 
values for all possible sequences (assuming partial and PTMs) to identify the highest 
scoring match. 

Figure 4.  Automated AIF data analysis for the refined alpha and beta chain sequences.  
The matched product ions are marked in red triangles based on 10 ppm mass tolerance, 
charge state determination, and isotopic distribution for the proposed sequence (Fig. 3).  
Peptide diagrams for each chain are displayed in the inset with b- and y-type coverage 
maps indicated. 
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The data acquisition sequence consisted of alternating high resolution/accurate mass (HRAM)  
MS and all ion fragmentation (AIF) events for the 3.5 minutes of data acquisition.  Data 
acquisition parameters were consistent for both MS and AIF scan events including AGC = 5e6, 
max ion fill times of 100 msec, 10 microscans, and a resolution setting of 70,000 (FWHM) at 
m/z 200.  Figure 2 shows representative spectra from the HRAM MS (2A) and AIF spectra 
(2B) from the human hemoglobin.   
All data processing was performed in the Pinnacle software (Optys Technologies).  Automated 
qualitative and quantitative data analysis utilized a FASTA file of the reported alpha and beta 
human and bovine hemoglobin sequences as downloaded from the UniProt database.  
(www.uniprot.org)  Search parameters used partial sequence considerations as well as 
dynamic modifications for oxidation, deoxy, and hexose.  A mass tolerance of  10 ppm was 
used for precursor and product ion isotopic determination. 
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Figure 5. HRAM MS analysis of a hemoglobin mixture from human and bovine.  The 
spiked bovine levels were ca. 1:1 with estimated human amounts.  The charge states are 
labeled by the color coded key.  Due to the narrow mass difference, not all detected 
charge states are labeled.  The inset shows a narrow mass range to demonstrate the 
precursor distribution identification between the different alpha and beta chains. 

Figure 6. Comparative detection levels for the human and bovine hemoglobins from the 
different spiking levels used in the study.  The displayed mass range covers the +17 and 
+18 precursor charge states for the alpha and beta chains, respectively.  The spiked 
ratios are labeled for each spectrum (human:bovine). 

Figure 7. Comparative AIF spectra covering different spiking levels of human:bovine.  The 
labeled fragment ions are matched based on sequences identified in Figure 4 and 5.  
Nomenclature used to label fragment ions indicate species, chain, fragment type, and 
position.  The predominant fragments from human hemoglobin are labeled in the 9:1 
spectrum and the predominant bovine hemoglobin fragments are labeled in the 1:9 
spectrum. 
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Figure 9. Summary report for quantitative hemoglobin spiking analysis.  Histogram 
shows average AUC values and error bars for each chain per spiking ratio.  In addition, 
the AUC ratios and %RSDs is reported between human and bovine.  The ratios were 
corrected based on the estimated 1:1 ratios.  
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Figure 8. Evaluation of the 
workflow reproducibility based 
on the analysis of 25 replicate 
samples.   The  coefficient of 
variance was determined from 
measured AUC values for each 
hemoglobin chain per sample.  
Two representative plots are 
shown for the hemoglobin 
mixtures of 7:3 (Fig. 8A) and 3:7 
(Fig. 8B) human/bovine.  
Reported hemoglobin chain AUC 
values were based on summed 
charge states and isotopes, as 
presented in Fig. 3.  The %CVs 
are labeled by each chain.  The 
trend shows excellent agreement 
for the species response, as the 
AUC trends track across the 25 
samples.  In addition, the AUC 
ratios between chains from the 
same species are consistent. 
 

8A 

8B 

Figure 10. AIF product ion detection per hemoglobin chain across the different spiking ratios.  
The histograms are broken down into product ion m//z range.  The key at the right is 
conserved for all histograms.  Fragment ion confirmation was based on mass accuray,  correct 
charge state and product ion isotopic distribution overlap (determined based on dot product 
correlation coefficients) for b- and y-type ions.  The Pinnacle software also determines 
uniqueness of fragment ion association across the four hemoglobin chains. 
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MATERIALS AND METHODS – cont. RESULTS  
 
Successful hemoglobinopathies routines must confidently determine normal hemoglobin chains or 
variants.  Therefore sample prep and data acquisiton must facilitate integrated and reliable search 
strategies.  The knowledgebase compiled from the analysis of normal plasma (Figs. 2-4) are used 
as the first data set to screen for presence/absence of variants, and then facilitate characterization. 
 
To simulate the increased complexities of variant hemoglobin samples, normal human plasma was 
spiked with known amounts of bovine hemoglobin, doubling the number of chains.  While the mass 
shifts between human and bovine hemoglobin chains are not as close as some reported human 
variants, the increased complexity does stress the independent data acquisition routines for both 
precursor charge state determination and fragmentation analysis.  Thus the determination of 
sequence specific fragments from each chain become key in characterizing hemoglobin content. 
 
Finally, the routine must be reproducible and robust to handle the sample load facing most 
institutions.  Therefore a larger number of replicates were prepared and analyzed to determine 
reproducibility.  A set of 25 samples per spiking mixture was created in two 96-well plates and 
processed in a bulk manner.  The resulting sample analysis was acquired in an automated manner 
and evaluation of response factors and carry-over was measured by randomizing the autosampler 
injection sequence.  Of critical importance was the ability to reproducibly detect all hemoglobin 
chains, maintain mass accuracy for the majority of charge states per hemoglobin chain, determine 
the chain ratios, and measured the relative abundance of human to bovine ratios. 
 
 
 

ABSTRACT 
 
A high-throughput hemoglobinopathies workflow is presented which is designed to perform 
research to automated data acquisition and processing for normal human alpha and beta 
chains, as well as profiling for abnormal hemoglobin chains.  The presentation demonstrates a 
single method to profile samples regardless of complexity and the data acquisition scheme 
facilitates sequence detection for small mass deviations from normal hemoglobin chains.  A 
large set of samples were used to evaluate the workflow, consisting of normal human 
hemoglobin (from dilute DBS) as well as aliquots spiked with known amounts of bovine 
hemoglobin.  Spiking ranges were ca. 9-fold for both conditions (human:bovine and 
bovine:human).  Results show excellent reproducibility with %CVs less than 6% across the 25 
samples per spiking level and %RDS for measured AUC ratios were less than 10% for the 
expected SNP ranges and 20% for the extreme spiking ranges.  
 
 
INTRODUCTION  
 
Hemoglobin profiling incorporates detecting, characterizing, and determining relative 
quantitation of all hemoglobin chains arising from normal protein sequence translation as well 
as sequence variants consisting of SNPs, truncations, and omissions.  In addition, PTMs 
associated with glycation must be detected and quantified.  Currently there are over 1000 
reported hemoglobin forms prohibiting effective screening methods incorporating 
targeted/biased detection methods.  Recently, mass spectral detection based on HRAM MS 
and AIF has emerged as a suitable method to perform hemoglobinopathies due to the 
advances in resolution and reproducible product ion detection over large dynamic ranges.   
 
 
MATERIALS AND METHODS  
 
Hemoglobin samples were created directly from a stock of whole blood from a healthy donor.  
A 10 µL aliquot was diluted 100-fold with 90:10:0.1 solvent of H2O/MeOH/Acetic Acid and 
loaded into separate wells of a cation exchange plate.  A bovine hemoglobin (purchased from 
Sigma Aldrich) stock solution and used to spike into selected sample wells at known 
concentrations to increase the complexity.  The sample set was comprised of 20-25 replicates 
of neat human plasma, 9:1 human/bovine, 7:3, 5:5, 3:7, 1:9, and neat bovine hemoglobin.  The 
plate was washed to remove salts and small molecules, and then desired molecular weight 
range was displaced and collected using an ammonium formate solution. 
 
All experiments were performed on a Thermo ScientificTM Q ExactiveTM Focus mass 
spectrometer equipped with a Thermo ScientificTM Vanquish TM UHPLC autosampler and 
pump, with the peak tubing running through a 6-port divert value. The autosample loaded 20 
µL of the extracted hemoglobin samples directly onto an Sephacryl™ S100 SEC column (GE 
Healthcare Life Sciences) for concentration washing for 1.5 minutes, then the divert valve was 
switched to the mass spectrometer for data acquisition for 3.5 minutes prior to diverting the LC 
flow back to waste to clean and condition the column for the next injection.  (Figure 1) 
 
 

CONCLUSIONS 
 
The presentation shows an integrated workflow for high-throughput hemoglobinopathies research 
using the Q Exactive Focus mass spectrometer.  The results demonstrate an effective method to 
combine robust sample preparation, delivery into the mass spectrometer, qualitative and quantitative 
data acquisition, and routine data processing.  The workflow enables 384 samples to be analyzed per 
day with automated data processing on a single autosampler/LC stack.  Specific attributes relative to 
different workflow aspects include: 
• Sample preparation 

• Method can support DBS or plates 
• Plate methods require ca. 8 minutes for clean up 

• Introduction into the mass spectrometer 
• Utilization of 6-port valve to load on column, and wash salts prior to diverting flow to ion 

source 
• Coupled with sample preparation steps, increased ruggedness of ion source 

• Data acquisition 
• Alternating HRAM MS and AIF enabled many data points to be acquired across the 1.5 

minute elution profile 
• AIF increased fragment ion detection from a wide range of precursor charge states 
• Use of 10 microscans significantly increased spectral quality for automated sequencing 

• Data processing 
• The Pinnacle software leverages known protein sequences to expedite data 

characterization and facilitates screening for truncations, PTMs, and sequence variants 
• Precursor and product ion isotopic profiling was used to increase confidence in assigning 

hemoglobin sequence to each chain 
 

 
 
For research use only. Not for use in diagnostic procedures. 
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Figure 1.  Representative data acquisition strategy for the routine hemoglobin profiling 
experiment showing the chromatographic profile for direct sample loading, washing, and 
data analysis using alternating HRAM MS (black lines) and AIF (red lines) scan events.  
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Figure 2.  Example data for neat human whole blood analysis following sample 
preparation and LC analysis where 2A shows full scan HRAM MS data and 2B shows the 
AIF spectrum.  Each spectrum is one scan consisting of 10 µscans.  The peaks labeled in 
blue font are from the alpha chain and red font represents charge states attributed to the 
beta chain.  

Figure 3.  Automated protein sequence determination in the Pinnacle software based on 
default Uniprot sequences and partial cleavage assumptions.  The insets shows the 
matched isotopic profiles used for sequence determination of the partial sequence for the 
+16 charge state for the alpha chain and +17 charge state for the beta chain.  Matching 
algorithms compare empirical isotopic and charge state m/z values with theoretical 
values for all possible sequences (assuming partial and PTMs) to identify the highest 
scoring match. 

Figure 4.  Automated AIF data analysis for the refined alpha and beta chain sequences.  
The matched product ions are marked in red triangles based on 10 ppm mass tolerance, 
charge state determination, and isotopic distribution for the proposed sequence (Fig. 3).  
Peptide diagrams for each chain are displayed in the inset with b- and y-type coverage 
maps indicated. 
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The data acquisition sequence consisted of alternating high resolution/accurate mass (HRAM)  
MS and all ion fragmentation (AIF) events for the 3.5 minutes of data acquisition.  Data 
acquisition parameters were consistent for both MS and AIF scan events including AGC = 5e6, 
max ion fill times of 100 msec, 10 microscans, and a resolution setting of 70,000 (FWHM) at 
m/z 200.  Figure 2 shows representative spectra from the HRAM MS (2A) and AIF spectra 
(2B) from the human hemoglobin.   
All data processing was performed in the Pinnacle software (Optys Technologies).  Automated 
qualitative and quantitative data analysis utilized a FASTA file of the reported alpha and beta 
human and bovine hemoglobin sequences as downloaded from the UniProt database.  
(www.uniprot.org)  Search parameters used partial sequence considerations as well as 
dynamic modifications for oxidation, deoxy, and hexose.  A mass tolerance of  10 ppm was 
used for precursor and product ion isotopic determination. 
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Figure 5. HRAM MS analysis of a hemoglobin mixture from human and bovine.  The 
spiked bovine levels were ca. 1:1 with estimated human amounts.  The charge states are 
labeled by the color coded key.  Due to the narrow mass difference, not all detected 
charge states are labeled.  The inset shows a narrow mass range to demonstrate the 
precursor distribution identification between the different alpha and beta chains. 

Figure 6. Comparative detection levels for the human and bovine hemoglobins from the 
different spiking levels used in the study.  The displayed mass range covers the +17 and 
+18 precursor charge states for the alpha and beta chains, respectively.  The spiked 
ratios are labeled for each spectrum (human:bovine). 

Figure 7. Comparative AIF spectra covering different spiking levels of human:bovine.  The 
labeled fragment ions are matched based on sequences identified in Figure 4 and 5.  
Nomenclature used to label fragment ions indicate species, chain, fragment type, and 
position.  The predominant fragments from human hemoglobin are labeled in the 9:1 
spectrum and the predominant bovine hemoglobin fragments are labeled in the 1:9 
spectrum. 
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Figure 9. Summary report for quantitative hemoglobin spiking analysis.  Histogram 
shows average AUC values and error bars for each chain per spiking ratio.  In addition, 
the AUC ratios and %RSDs is reported between human and bovine.  The ratios were 
corrected based on the estimated 1:1 ratios.  
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Figure 8. Evaluation of the 
workflow reproducibility based 
on the analysis of 25 replicate 
samples.   The  coefficient of 
variance was determined from 
measured AUC values for each 
hemoglobin chain per sample.  
Two representative plots are 
shown for the hemoglobin 
mixtures of 7:3 (Fig. 8A) and 3:7 
(Fig. 8B) human/bovine.  
Reported hemoglobin chain AUC 
values were based on summed 
charge states and isotopes, as 
presented in Fig. 3.  The %CVs 
are labeled by each chain.  The 
trend shows excellent agreement 
for the species response, as the 
AUC trends track across the 25 
samples.  In addition, the AUC 
ratios between chains from the 
same species are consistent. 
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Figure 10. AIF product ion detection per hemoglobin chain across the different spiking ratios.  
The histograms are broken down into product ion m//z range.  The key at the right is 
conserved for all histograms.  Fragment ion confirmation was based on mass accuray,  correct 
charge state and product ion isotopic distribution overlap (determined based on dot product 
correlation coefficients) for b- and y-type ions.  The Pinnacle software also determines 
uniqueness of fragment ion association across the four hemoglobin chains. 
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MATERIALS AND METHODS – cont. RESULTS  
 
Successful hemoglobinopathies routines must confidently determine normal hemoglobin chains or 
variants.  Therefore sample prep and data acquisiton must facilitate integrated and reliable search 
strategies.  The knowledgebase compiled from the analysis of normal plasma (Figs. 2-4) are used 
as the first data set to screen for presence/absence of variants, and then facilitate characterization. 
 
To simulate the increased complexities of variant hemoglobin samples, normal human plasma was 
spiked with known amounts of bovine hemoglobin, doubling the number of chains.  While the mass 
shifts between human and bovine hemoglobin chains are not as close as some reported human 
variants, the increased complexity does stress the independent data acquisition routines for both 
precursor charge state determination and fragmentation analysis.  Thus the determination of 
sequence specific fragments from each chain become key in characterizing hemoglobin content. 
 
Finally, the routine must be reproducible and robust to handle the sample load facing most 
institutions.  Therefore a larger number of replicates were prepared and analyzed to determine 
reproducibility.  A set of 25 samples per spiking mixture was created in two 96-well plates and 
processed in a bulk manner.  The resulting sample analysis was acquired in an automated manner 
and evaluation of response factors and carry-over was measured by randomizing the autosampler 
injection sequence.  Of critical importance was the ability to reproducibly detect all hemoglobin 
chains, maintain mass accuracy for the majority of charge states per hemoglobin chain, determine 
the chain ratios, and measured the relative abundance of human to bovine ratios. 
 
 
 

ABSTRACT 
 
A high-throughput hemoglobinopathies workflow is presented which is designed to perform 
research to automated data acquisition and processing for normal human alpha and beta 
chains, as well as profiling for abnormal hemoglobin chains.  The presentation demonstrates a 
single method to profile samples regardless of complexity and the data acquisition scheme 
facilitates sequence detection for small mass deviations from normal hemoglobin chains.  A 
large set of samples were used to evaluate the workflow, consisting of normal human 
hemoglobin (from dilute DBS) as well as aliquots spiked with known amounts of bovine 
hemoglobin.  Spiking ranges were ca. 9-fold for both conditions (human:bovine and 
bovine:human).  Results show excellent reproducibility with %CVs less than 6% across the 25 
samples per spiking level and %RDS for measured AUC ratios were less than 10% for the 
expected SNP ranges and 20% for the extreme spiking ranges.  
 
 
INTRODUCTION  
 
Hemoglobin profiling incorporates detecting, characterizing, and determining relative 
quantitation of all hemoglobin chains arising from normal protein sequence translation as well 
as sequence variants consisting of SNPs, truncations, and omissions.  In addition, PTMs 
associated with glycation must be detected and quantified.  Currently there are over 1000 
reported hemoglobin forms prohibiting effective screening methods incorporating 
targeted/biased detection methods.  Recently, mass spectral detection based on HRAM MS 
and AIF has emerged as a suitable method to perform hemoglobinopathies due to the 
advances in resolution and reproducible product ion detection over large dynamic ranges.   
 
 
MATERIALS AND METHODS  
 
Hemoglobin samples were created directly from a stock of whole blood from a healthy donor.  
A 10 µL aliquot was diluted 100-fold with 90:10:0.1 solvent of H2O/MeOH/Acetic Acid and 
loaded into separate wells of a cation exchange plate.  A bovine hemoglobin (purchased from 
Sigma Aldrich) stock solution and used to spike into selected sample wells at known 
concentrations to increase the complexity.  The sample set was comprised of 20-25 replicates 
of neat human plasma, 9:1 human/bovine, 7:3, 5:5, 3:7, 1:9, and neat bovine hemoglobin.  The 
plate was washed to remove salts and small molecules, and then desired molecular weight 
range was displaced and collected using an ammonium formate solution. 
 
All experiments were performed on a Thermo ScientificTM Q ExactiveTM Focus mass 
spectrometer equipped with a Thermo ScientificTM Vanquish TM UHPLC autosampler and 
pump, with the peak tubing running through a 6-port divert value. The autosample loaded 20 
µL of the extracted hemoglobin samples directly onto an Sephacryl™ S100 SEC column (GE 
Healthcare Life Sciences) for concentration washing for 1.5 minutes, then the divert valve was 
switched to the mass spectrometer for data acquisition for 3.5 minutes prior to diverting the LC 
flow back to waste to clean and condition the column for the next injection.  (Figure 1) 
 
 

CONCLUSIONS 
 
The presentation shows an integrated workflow for high-throughput hemoglobinopathies research 
using the Q Exactive Focus mass spectrometer.  The results demonstrate an effective method to 
combine robust sample preparation, delivery into the mass spectrometer, qualitative and quantitative 
data acquisition, and routine data processing.  The workflow enables 384 samples to be analyzed per 
day with automated data processing on a single autosampler/LC stack.  Specific attributes relative to 
different workflow aspects include: 
• Sample preparation 

• Method can support DBS or plates 
• Plate methods require ca. 8 minutes for clean up 

• Introduction into the mass spectrometer 
• Utilization of 6-port valve to load on column, and wash salts prior to diverting flow to ion 

source 
• Coupled with sample preparation steps, increased ruggedness of ion source 

• Data acquisition 
• Alternating HRAM MS and AIF enabled many data points to be acquired across the 1.5 

minute elution profile 
• AIF increased fragment ion detection from a wide range of precursor charge states 
• Use of 10 microscans significantly increased spectral quality for automated sequencing 

• Data processing 
• The Pinnacle software leverages known protein sequences to expedite data 

characterization and facilitates screening for truncations, PTMs, and sequence variants 
• Precursor and product ion isotopic profiling was used to increase confidence in assigning 

hemoglobin sequence to each chain 
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Figure 1.  Representative data acquisition strategy for the routine hemoglobin profiling 
experiment showing the chromatographic profile for direct sample loading, washing, and 
data analysis using alternating HRAM MS (black lines) and AIF (red lines) scan events.  

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.5 3.7 
Time (min) 

2.72 2.90 2.65 
2.97 2.59 

3.09 
2.53 

2.47 
2.41 

2.34 Directed to Waste 

Directed to Mass Spectrometer 

3.21 

450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 
m/z 

759.91 
z=4 

946.32 
z=16 

890.71 
z=17 654.36 

z=1 802.42 
z=3 

682.37 
z=2 

832.46 
z=8 738.91 

z=2 

1134.32 
z=14 994.51 

z=8 714.06 z=3 451.27 
z=1 

512.77 
z=2 

553.31 
z=3 

609.09 
z=4 967.87 

z=8 
1190.33 

z=3 
1086.58 
z=3 

2B 

β 2-147 

α 2-146 

α chain 
2-142 

β chain 
2-147 

Figure 2.  Example data for neat human whole blood analysis following sample 
preparation and LC analysis where 2A shows full scan HRAM MS data and 2B shows the 
AIF spectrum.  Each spectrum is one scan consisting of 10 µscans.  The peaks labeled in 
blue font are from the alpha chain and red font represents charge states attributed to the 
beta chain.  

Figure 3.  Automated protein sequence determination in the Pinnacle software based on 
default Uniprot sequences and partial cleavage assumptions.  The insets shows the 
matched isotopic profiles used for sequence determination of the partial sequence for the 
+16 charge state for the alpha chain and +17 charge state for the beta chain.  Matching 
algorithms compare empirical isotopic and charge state m/z values with theoretical 
values for all possible sequences (assuming partial and PTMs) to identify the highest 
scoring match. 

Figure 4.  Automated AIF data analysis for the refined alpha and beta chain sequences.  
The matched product ions are marked in red triangles based on 10 ppm mass tolerance, 
charge state determination, and isotopic distribution for the proposed sequence (Fig. 3).  
Peptide diagrams for each chain are displayed in the inset with b- and y-type coverage 
maps indicated. 
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The data acquisition sequence consisted of alternating high resolution/accurate mass (HRAM)  
MS and all ion fragmentation (AIF) events for the 3.5 minutes of data acquisition.  Data 
acquisition parameters were consistent for both MS and AIF scan events including AGC = 5e6, 
max ion fill times of 100 msec, 10 microscans, and a resolution setting of 70,000 (FWHM) at 
m/z 200.  Figure 2 shows representative spectra from the HRAM MS (2A) and AIF spectra 
(2B) from the human hemoglobin.   
All data processing was performed in the Pinnacle software (Optys Technologies).  Automated 
qualitative and quantitative data analysis utilized a FASTA file of the reported alpha and beta 
human and bovine hemoglobin sequences as downloaded from the UniProt database.  
(www.uniprot.org)  Search parameters used partial sequence considerations as well as 
dynamic modifications for oxidation, deoxy, and hexose.  A mass tolerance of  10 ppm was 
used for precursor and product ion isotopic determination. 
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Figure 5. HRAM MS analysis of a hemoglobin mixture from human and bovine.  The 
spiked bovine levels were ca. 1:1 with estimated human amounts.  The charge states are 
labeled by the color coded key.  Due to the narrow mass difference, not all detected 
charge states are labeled.  The inset shows a narrow mass range to demonstrate the 
precursor distribution identification between the different alpha and beta chains. 

Figure 6. Comparative detection levels for the human and bovine hemoglobins from the 
different spiking levels used in the study.  The displayed mass range covers the +17 and 
+18 precursor charge states for the alpha and beta chains, respectively.  The spiked 
ratios are labeled for each spectrum (human:bovine). 

Figure 7. Comparative AIF spectra covering different spiking levels of human:bovine.  The 
labeled fragment ions are matched based on sequences identified in Figure 4 and 5.  
Nomenclature used to label fragment ions indicate species, chain, fragment type, and 
position.  The predominant fragments from human hemoglobin are labeled in the 9:1 
spectrum and the predominant bovine hemoglobin fragments are labeled in the 1:9 
spectrum. 
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Figure 9. Summary report for quantitative hemoglobin spiking analysis.  Histogram 
shows average AUC values and error bars for each chain per spiking ratio.  In addition, 
the AUC ratios and %RSDs is reported between human and bovine.  The ratios were 
corrected based on the estimated 1:1 ratios.  
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Figure 8. Evaluation of the 
workflow reproducibility based 
on the analysis of 25 replicate 
samples.   The  coefficient of 
variance was determined from 
measured AUC values for each 
hemoglobin chain per sample.  
Two representative plots are 
shown for the hemoglobin 
mixtures of 7:3 (Fig. 8A) and 3:7 
(Fig. 8B) human/bovine.  
Reported hemoglobin chain AUC 
values were based on summed 
charge states and isotopes, as 
presented in Fig. 3.  The %CVs 
are labeled by each chain.  The 
trend shows excellent agreement 
for the species response, as the 
AUC trends track across the 25 
samples.  In addition, the AUC 
ratios between chains from the 
same species are consistent. 
 

8A 

8B 

Figure 10. AIF product ion detection per hemoglobin chain across the different spiking ratios.  
The histograms are broken down into product ion m//z range.  The key at the right is 
conserved for all histograms.  Fragment ion confirmation was based on mass accuray,  correct 
charge state and product ion isotopic distribution overlap (determined based on dot product 
correlation coefficients) for b- and y-type ions.  The Pinnacle software also determines 
uniqueness of fragment ion association across the four hemoglobin chains. 
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MATERIALS AND METHODS – cont. RESULTS  
 
Successful hemoglobinopathies routines must confidently determine normal hemoglobin chains or 
variants.  Therefore sample prep and data acquisiton must facilitate integrated and reliable search 
strategies.  The knowledgebase compiled from the analysis of normal plasma (Figs. 2-4) are used 
as the first data set to screen for presence/absence of variants, and then facilitate characterization. 
 
To simulate the increased complexities of variant hemoglobin samples, normal human plasma was 
spiked with known amounts of bovine hemoglobin, doubling the number of chains.  While the mass 
shifts between human and bovine hemoglobin chains are not as close as some reported human 
variants, the increased complexity does stress the independent data acquisition routines for both 
precursor charge state determination and fragmentation analysis.  Thus the determination of 
sequence specific fragments from each chain become key in characterizing hemoglobin content. 
 
Finally, the routine must be reproducible and robust to handle the sample load facing most 
institutions.  Therefore a larger number of replicates were prepared and analyzed to determine 
reproducibility.  A set of 25 samples per spiking mixture was created in two 96-well plates and 
processed in a bulk manner.  The resulting sample analysis was acquired in an automated manner 
and evaluation of response factors and carry-over was measured by randomizing the autosampler 
injection sequence.  Of critical importance was the ability to reproducibly detect all hemoglobin 
chains, maintain mass accuracy for the majority of charge states per hemoglobin chain, determine 
the chain ratios, and measured the relative abundance of human to bovine ratios. 
 
 
 

ABSTRACT 
 
A high-throughput hemoglobinopathies workflow is presented which is designed to perform 
research to automated data acquisition and processing for normal human alpha and beta 
chains, as well as profiling for abnormal hemoglobin chains.  The presentation demonstrates a 
single method to profile samples regardless of complexity and the data acquisition scheme 
facilitates sequence detection for small mass deviations from normal hemoglobin chains.  A 
large set of samples were used to evaluate the workflow, consisting of normal human 
hemoglobin (from dilute DBS) as well as aliquots spiked with known amounts of bovine 
hemoglobin.  Spiking ranges were ca. 9-fold for both conditions (human:bovine and 
bovine:human).  Results show excellent reproducibility with %CVs less than 6% across the 25 
samples per spiking level and %RDS for measured AUC ratios were less than 10% for the 
expected SNP ranges and 20% for the extreme spiking ranges.  
 
 
INTRODUCTION  
 
Hemoglobin profiling incorporates detecting, characterizing, and determining relative 
quantitation of all hemoglobin chains arising from normal protein sequence translation as well 
as sequence variants consisting of SNPs, truncations, and omissions.  In addition, PTMs 
associated with glycation must be detected and quantified.  Currently there are over 1000 
reported hemoglobin forms prohibiting effective screening methods incorporating 
targeted/biased detection methods.  Recently, mass spectral detection based on HRAM MS 
and AIF has emerged as a suitable method to perform hemoglobinopathies due to the 
advances in resolution and reproducible product ion detection over large dynamic ranges.   
 
 
MATERIALS AND METHODS  
 
Hemoglobin samples were created directly from a stock of whole blood from a healthy donor.  
A 10 µL aliquot was diluted 100-fold with 90:10:0.1 solvent of H2O/MeOH/Acetic Acid and 
loaded into separate wells of a cation exchange plate.  A bovine hemoglobin (purchased from 
Sigma Aldrich) stock solution and used to spike into selected sample wells at known 
concentrations to increase the complexity.  The sample set was comprised of 20-25 replicates 
of neat human plasma, 9:1 human/bovine, 7:3, 5:5, 3:7, 1:9, and neat bovine hemoglobin.  The 
plate was washed to remove salts and small molecules, and then desired molecular weight 
range was displaced and collected using an ammonium formate solution. 
 
All experiments were performed on a Thermo ScientificTM Q ExactiveTM Focus mass 
spectrometer equipped with a Thermo ScientificTM Vanquish TM UHPLC autosampler and 
pump, with the peak tubing running through a 6-port divert value. The autosample loaded 20 
µL of the extracted hemoglobin samples directly onto an Sephacryl™ S100 SEC column (GE 
Healthcare Life Sciences) for concentration washing for 1.5 minutes, then the divert valve was 
switched to the mass spectrometer for data acquisition for 3.5 minutes prior to diverting the LC 
flow back to waste to clean and condition the column for the next injection.  (Figure 1) 
 
 

CONCLUSIONS 
 
The presentation shows an integrated workflow for high-throughput hemoglobinopathies research 
using the Q Exactive Focus mass spectrometer.  The results demonstrate an effective method to 
combine robust sample preparation, delivery into the mass spectrometer, qualitative and quantitative 
data acquisition, and routine data processing.  The workflow enables 384 samples to be analyzed per 
day with automated data processing on a single autosampler/LC stack.  Specific attributes relative to 
different workflow aspects include: 
• Sample preparation 

• Method can support DBS or plates 
• Plate methods require ca. 8 minutes for clean up 

• Introduction into the mass spectrometer 
• Utilization of 6-port valve to load on column, and wash salts prior to diverting flow to ion 

source 
• Coupled with sample preparation steps, increased ruggedness of ion source 

• Data acquisition 
• Alternating HRAM MS and AIF enabled many data points to be acquired across the 1.5 

minute elution profile 
• AIF increased fragment ion detection from a wide range of precursor charge states 
• Use of 10 microscans significantly increased spectral quality for automated sequencing 

• Data processing 
• The Pinnacle software leverages known protein sequences to expedite data 

characterization and facilitates screening for truncations, PTMs, and sequence variants 
• Precursor and product ion isotopic profiling was used to increase confidence in assigning 

hemoglobin sequence to each chain 
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Figure 1.  Representative data acquisition strategy for the routine hemoglobin profiling 
experiment showing the chromatographic profile for direct sample loading, washing, and 
data analysis using alternating HRAM MS (black lines) and AIF (red lines) scan events.  
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Figure 2.  Example data for neat human whole blood analysis following sample 
preparation and LC analysis where 2A shows full scan HRAM MS data and 2B shows the 
AIF spectrum.  Each spectrum is one scan consisting of 10 µscans.  The peaks labeled in 
blue font are from the alpha chain and red font represents charge states attributed to the 
beta chain.  

Figure 3.  Automated protein sequence determination in the Pinnacle software based on 
default Uniprot sequences and partial cleavage assumptions.  The insets shows the 
matched isotopic profiles used for sequence determination of the partial sequence for the 
+16 charge state for the alpha chain and +17 charge state for the beta chain.  Matching 
algorithms compare empirical isotopic and charge state m/z values with theoretical 
values for all possible sequences (assuming partial and PTMs) to identify the highest 
scoring match. 

Figure 4.  Automated AIF data analysis for the refined alpha and beta chain sequences.  
The matched product ions are marked in red triangles based on 10 ppm mass tolerance, 
charge state determination, and isotopic distribution for the proposed sequence (Fig. 3).  
Peptide diagrams for each chain are displayed in the inset with b- and y-type coverage 
maps indicated. 
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The data acquisition sequence consisted of alternating high resolution/accurate mass (HRAM)  
MS and all ion fragmentation (AIF) events for the 3.5 minutes of data acquisition.  Data 
acquisition parameters were consistent for both MS and AIF scan events including AGC = 5e6, 
max ion fill times of 100 msec, 10 microscans, and a resolution setting of 70,000 (FWHM) at 
m/z 200.  Figure 2 shows representative spectra from the HRAM MS (2A) and AIF spectra 
(2B) from the human hemoglobin.   
All data processing was performed in the Pinnacle software (Optys Technologies).  Automated 
qualitative and quantitative data analysis utilized a FASTA file of the reported alpha and beta 
human and bovine hemoglobin sequences as downloaded from the UniProt database.  
(www.uniprot.org)  Search parameters used partial sequence considerations as well as 
dynamic modifications for oxidation, deoxy, and hexose.  A mass tolerance of  10 ppm was 
used for precursor and product ion isotopic determination. 
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Figure 5. HRAM MS analysis of a hemoglobin mixture from human and bovine.  The 
spiked bovine levels were ca. 1:1 with estimated human amounts.  The charge states are 
labeled by the color coded key.  Due to the narrow mass difference, not all detected 
charge states are labeled.  The inset shows a narrow mass range to demonstrate the 
precursor distribution identification between the different alpha and beta chains. 

Figure 6. Comparative detection levels for the human and bovine hemoglobins from the 
different spiking levels used in the study.  The displayed mass range covers the +17 and 
+18 precursor charge states for the alpha and beta chains, respectively.  The spiked 
ratios are labeled for each spectrum (human:bovine). 

Figure 7. Comparative AIF spectra covering different spiking levels of human:bovine.  The 
labeled fragment ions are matched based on sequences identified in Figure 4 and 5.  
Nomenclature used to label fragment ions indicate species, chain, fragment type, and 
position.  The predominant fragments from human hemoglobin are labeled in the 9:1 
spectrum and the predominant bovine hemoglobin fragments are labeled in the 1:9 
spectrum. 

0 
20 
40 
60 
80 

100 

R
el

at
iv

e 
A

bu
nd

an
ce

 

759.914 
z=4 

802.426 
z=3 767.445 

z=? 749.844 
z=2 682.367 

z=2 832.466 
z=8 862.212 

z=12 738.910 
z=2 795.813 

z=10 843.467 
z=8 714.057 

z=3 690.038 
z=3 868.232 

z=4 811.783 
z=3 781.419 

z=5 
732.724 

z=3 850.994 
z=9 822.377 

z=1 725.407 
z=2 693.393 

z=? 

705.399 
z=3 

7:3 

0 
20 
40 
60 
80 

100 
767.162 

z=4 
690.038 

z=3 759.915 
z=4 

843.468 
z=8 

749.845 
z=2 802.426 

z=3 732.725 
z=3 832.467 

z=8 739.411 
z=2 

682.368 
z=2 862.130 

z=12 770.421 
z=3 

787.214 
z=9 818.951 

z=4 714.059 
z=3 

868.736 
z=4 811.783 

z=3 850.995 
z=9 693.394 

z=2 

5:5 

680 690 700 710 720 730 740 750 760 770 780 790 800 810 820 830 840 850 860 870 
m/z 

0 
20 
40 
60 
80 

100 
767.162 

z=4 
690.038 

z=3 843.467 
z=8 732.724 

z=3 
749.844 

z=2 835.793 
z=8 787.213 

z=9 770.420 
z=3 868.233 

z=4 818.699 
z=4 759.915 

z=4 683.340 
z=2 802.424 

z=6 850.994 
z=9 774.432 

z=5 714.059 
z=? 

693.393 
z=2 

3:7 

0 
20 
40 
60 
80 

100 
759.914 

z=4 

802.425 
z=3 682.367 

z=2 832.464 
z=8 738.909 

z=2 767.444 
z=1 

862.129 
z=12 749.844 

z=2 795.812 
z=10 714.057 

z=3 841.394 
z=18 811.782 

z=3 781.419 
z=5 822.377 

z=2 
860.216 

z=9 868.231 
z=4 725.406 

z=2 699.888 
z=4 

9:1 Hβb13 

Bβy19 

Hβy20 

Hβb22 
Hβy96 

Hαy28 

Hαy6 Hβb14 

Bβy20 

Bαy28 

Hβy14 Hβy36 Hβy23 
Hαy61 

Bβb31 

Bαb65 
Bαb68 Bαb64 

Bβb43 Bβb33 

Hαb75 

R
el

at
iv

e 
A

bu
nd

an
ce

 

Figure 9. Summary report for quantitative hemoglobin spiking analysis.  Histogram 
shows average AUC values and error bars for each chain per spiking ratio.  In addition, 
the AUC ratios and %RSDs is reported between human and bovine.  The ratios were 
corrected based on the estimated 1:1 ratios.  
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Figure 8. Evaluation of the 
workflow reproducibility based 
on the analysis of 25 replicate 
samples.   The  coefficient of 
variance was determined from 
measured AUC values for each 
hemoglobin chain per sample.  
Two representative plots are 
shown for the hemoglobin 
mixtures of 7:3 (Fig. 8A) and 3:7 
(Fig. 8B) human/bovine.  
Reported hemoglobin chain AUC 
values were based on summed 
charge states and isotopes, as 
presented in Fig. 3.  The %CVs 
are labeled by each chain.  The 
trend shows excellent agreement 
for the species response, as the 
AUC trends track across the 25 
samples.  In addition, the AUC 
ratios between chains from the 
same species are consistent. 
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8B 

Figure 10. AIF product ion detection per hemoglobin chain across the different spiking ratios.  
The histograms are broken down into product ion m//z range.  The key at the right is 
conserved for all histograms.  Fragment ion confirmation was based on mass accuray,  correct 
charge state and product ion isotopic distribution overlap (determined based on dot product 
correlation coefficients) for b- and y-type ions.  The Pinnacle software also determines 
uniqueness of fragment ion association across the four hemoglobin chains. 
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MATERIALS AND METHODS – cont. RESULTS  
 
Successful hemoglobinopathies routines must confidently determine normal hemoglobin chains or 
variants.  Therefore sample prep and data acquisiton must facilitate integrated and reliable search 
strategies.  The knowledgebase compiled from the analysis of normal plasma (Figs. 2-4) are used 
as the first data set to screen for presence/absence of variants, and then facilitate characterization. 
 
To simulate the increased complexities of variant hemoglobin samples, normal human plasma was 
spiked with known amounts of bovine hemoglobin, doubling the number of chains.  While the mass 
shifts between human and bovine hemoglobin chains are not as close as some reported human 
variants, the increased complexity does stress the independent data acquisition routines for both 
precursor charge state determination and fragmentation analysis.  Thus the determination of 
sequence specific fragments from each chain become key in characterizing hemoglobin content. 
 
Finally, the routine must be reproducible and robust to handle the sample load facing most 
institutions.  Therefore a larger number of replicates were prepared and analyzed to determine 
reproducibility.  A set of 25 samples per spiking mixture was created in two 96-well plates and 
processed in a bulk manner.  The resulting sample analysis was acquired in an automated manner 
and evaluation of response factors and carry-over was measured by randomizing the autosampler 
injection sequence.  Of critical importance was the ability to reproducibly detect all hemoglobin 
chains, maintain mass accuracy for the majority of charge states per hemoglobin chain, determine 
the chain ratios, and measured the relative abundance of human to bovine ratios. 
 
 
 

ABSTRACT 
 
A high-throughput hemoglobinopathies workflow is presented which is designed to perform 
research to automated data acquisition and processing for normal human alpha and beta 
chains, as well as profiling for abnormal hemoglobin chains.  The presentation demonstrates a 
single method to profile samples regardless of complexity and the data acquisition scheme 
facilitates sequence detection for small mass deviations from normal hemoglobin chains.  A 
large set of samples were used to evaluate the workflow, consisting of normal human 
hemoglobin (from dilute DBS) as well as aliquots spiked with known amounts of bovine 
hemoglobin.  Spiking ranges were ca. 9-fold for both conditions (human:bovine and 
bovine:human).  Results show excellent reproducibility with %CVs less than 6% across the 25 
samples per spiking level and %RDS for measured AUC ratios were less than 10% for the 
expected SNP ranges and 20% for the extreme spiking ranges.  
 
 
INTRODUCTION  
 
Hemoglobin profiling incorporates detecting, characterizing, and determining relative 
quantitation of all hemoglobin chains arising from normal protein sequence translation as well 
as sequence variants consisting of SNPs, truncations, and omissions.  In addition, PTMs 
associated with glycation must be detected and quantified.  Currently there are over 1000 
reported hemoglobin forms prohibiting effective screening methods incorporating 
targeted/biased detection methods.  Recently, mass spectral detection based on HRAM MS 
and AIF has emerged as a suitable method to perform hemoglobinopathies due to the 
advances in resolution and reproducible product ion detection over large dynamic ranges.   
 
 
MATERIALS AND METHODS  
 
Hemoglobin samples were created directly from a stock of whole blood from a healthy donor.  
A 10 µL aliquot was diluted 100-fold with 90:10:0.1 solvent of H2O/MeOH/Acetic Acid and 
loaded into separate wells of a cation exchange plate.  A bovine hemoglobin (purchased from 
Sigma Aldrich) stock solution and used to spike into selected sample wells at known 
concentrations to increase the complexity.  The sample set was comprised of 20-25 replicates 
of neat human plasma, 9:1 human/bovine, 7:3, 5:5, 3:7, 1:9, and neat bovine hemoglobin.  The 
plate was washed to remove salts and small molecules, and then desired molecular weight 
range was displaced and collected using an ammonium formate solution. 
 
All experiments were performed on a Thermo ScientificTM Q ExactiveTM Focus mass 
spectrometer equipped with a Thermo ScientificTM Vanquish TM UHPLC autosampler and 
pump, with the peak tubing running through a 6-port divert value. The autosample loaded 20 
µL of the extracted hemoglobin samples directly onto an Sephacryl™ S100 SEC column (GE 
Healthcare Life Sciences) for concentration washing for 1.5 minutes, then the divert valve was 
switched to the mass spectrometer for data acquisition for 3.5 minutes prior to diverting the LC 
flow back to waste to clean and condition the column for the next injection.  (Figure 1) 
 
 

CONCLUSIONS 
 
The presentation shows an integrated workflow for high-throughput hemoglobinopathies research 
using the Q Exactive Focus mass spectrometer.  The results demonstrate an effective method to 
combine robust sample preparation, delivery into the mass spectrometer, qualitative and quantitative 
data acquisition, and routine data processing.  The workflow enables 384 samples to be analyzed per 
day with automated data processing on a single autosampler/LC stack.  Specific attributes relative to 
different workflow aspects include: 
• Sample preparation 

• Method can support DBS or plates 
• Plate methods require ca. 8 minutes for clean up 

• Introduction into the mass spectrometer 
• Utilization of 6-port valve to load on column, and wash salts prior to diverting flow to ion 

source 
• Coupled with sample preparation steps, increased ruggedness of ion source 

• Data acquisition 
• Alternating HRAM MS and AIF enabled many data points to be acquired across the 1.5 

minute elution profile 
• AIF increased fragment ion detection from a wide range of precursor charge states 
• Use of 10 microscans significantly increased spectral quality for automated sequencing 

• Data processing 
• The Pinnacle software leverages known protein sequences to expedite data 

characterization and facilitates screening for truncations, PTMs, and sequence variants 
• Precursor and product ion isotopic profiling was used to increase confidence in assigning 

hemoglobin sequence to each chain 
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Figure 1.  Representative data acquisition strategy for the routine hemoglobin profiling 
experiment showing the chromatographic profile for direct sample loading, washing, and 
data analysis using alternating HRAM MS (black lines) and AIF (red lines) scan events.  
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Figure 2.  Example data for neat human whole blood analysis following sample 
preparation and LC analysis where 2A shows full scan HRAM MS data and 2B shows the 
AIF spectrum.  Each spectrum is one scan consisting of 10 µscans.  The peaks labeled in 
blue font are from the alpha chain and red font represents charge states attributed to the 
beta chain.  

Figure 3.  Automated protein sequence determination in the Pinnacle software based on 
default Uniprot sequences and partial cleavage assumptions.  The insets shows the 
matched isotopic profiles used for sequence determination of the partial sequence for the 
+16 charge state for the alpha chain and +17 charge state for the beta chain.  Matching 
algorithms compare empirical isotopic and charge state m/z values with theoretical 
values for all possible sequences (assuming partial and PTMs) to identify the highest 
scoring match. 

Figure 4.  Automated AIF data analysis for the refined alpha and beta chain sequences.  
The matched product ions are marked in red triangles based on 10 ppm mass tolerance, 
charge state determination, and isotopic distribution for the proposed sequence (Fig. 3).  
Peptide diagrams for each chain are displayed in the inset with b- and y-type coverage 
maps indicated. 
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The data acquisition sequence consisted of alternating high resolution/accurate mass (HRAM)  
MS and all ion fragmentation (AIF) events for the 3.5 minutes of data acquisition.  Data 
acquisition parameters were consistent for both MS and AIF scan events including AGC = 5e6, 
max ion fill times of 100 msec, 10 microscans, and a resolution setting of 70,000 (FWHM) at 
m/z 200.  Figure 2 shows representative spectra from the HRAM MS (2A) and AIF spectra 
(2B) from the human hemoglobin.   
All data processing was performed in the Pinnacle software (Optys Technologies).  Automated 
qualitative and quantitative data analysis utilized a FASTA file of the reported alpha and beta 
human and bovine hemoglobin sequences as downloaded from the UniProt database.  
(www.uniprot.org)  Search parameters used partial sequence considerations as well as 
dynamic modifications for oxidation, deoxy, and hexose.  A mass tolerance of  10 ppm was 
used for precursor and product ion isotopic determination. 
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Figure 5. HRAM MS analysis of a hemoglobin mixture from human and bovine.  The 
spiked bovine levels were ca. 1:1 with estimated human amounts.  The charge states are 
labeled by the color coded key.  Due to the narrow mass difference, not all detected 
charge states are labeled.  The inset shows a narrow mass range to demonstrate the 
precursor distribution identification between the different alpha and beta chains. 

Figure 6. Comparative detection levels for the human and bovine hemoglobins from the 
different spiking levels used in the study.  The displayed mass range covers the +17 and 
+18 precursor charge states for the alpha and beta chains, respectively.  The spiked 
ratios are labeled for each spectrum (human:bovine). 

Figure 7. Comparative AIF spectra covering different spiking levels of human:bovine.  The 
labeled fragment ions are matched based on sequences identified in Figure 4 and 5.  
Nomenclature used to label fragment ions indicate species, chain, fragment type, and 
position.  The predominant fragments from human hemoglobin are labeled in the 9:1 
spectrum and the predominant bovine hemoglobin fragments are labeled in the 1:9 
spectrum. 
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Figure 9. Summary report for quantitative hemoglobin spiking analysis.  Histogram 
shows average AUC values and error bars for each chain per spiking ratio.  In addition, 
the AUC ratios and %RSDs is reported between human and bovine.  The ratios were 
corrected based on the estimated 1:1 ratios.  
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Figure 8. Evaluation of the 
workflow reproducibility based 
on the analysis of 25 replicate 
samples.   The  coefficient of 
variance was determined from 
measured AUC values for each 
hemoglobin chain per sample.  
Two representative plots are 
shown for the hemoglobin 
mixtures of 7:3 (Fig. 8A) and 3:7 
(Fig. 8B) human/bovine.  
Reported hemoglobin chain AUC 
values were based on summed 
charge states and isotopes, as 
presented in Fig. 3.  The %CVs 
are labeled by each chain.  The 
trend shows excellent agreement 
for the species response, as the 
AUC trends track across the 25 
samples.  In addition, the AUC 
ratios between chains from the 
same species are consistent. 
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8B 

Figure 10. AIF product ion detection per hemoglobin chain across the different spiking ratios.  
The histograms are broken down into product ion m//z range.  The key at the right is 
conserved for all histograms.  Fragment ion confirmation was based on mass accuray,  correct 
charge state and product ion isotopic distribution overlap (determined based on dot product 
correlation coefficients) for b- and y-type ions.  The Pinnacle software also determines 
uniqueness of fragment ion association across the four hemoglobin chains. 
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MATERIALS AND METHODS – cont. RESULTS  
 
Successful hemoglobinopathies routines must confidently determine normal hemoglobin chains or 
variants.  Therefore sample prep and data acquisiton must facilitate integrated and reliable search 
strategies.  The knowledgebase compiled from the analysis of normal plasma (Figs. 2-4) are used 
as the first data set to screen for presence/absence of variants, and then facilitate characterization. 
 
To simulate the increased complexities of variant hemoglobin samples, normal human plasma was 
spiked with known amounts of bovine hemoglobin, doubling the number of chains.  While the mass 
shifts between human and bovine hemoglobin chains are not as close as some reported human 
variants, the increased complexity does stress the independent data acquisition routines for both 
precursor charge state determination and fragmentation analysis.  Thus the determination of 
sequence specific fragments from each chain become key in characterizing hemoglobin content. 
 
Finally, the routine must be reproducible and robust to handle the sample load facing most 
institutions.  Therefore a larger number of replicates were prepared and analyzed to determine 
reproducibility.  A set of 25 samples per spiking mixture was created in two 96-well plates and 
processed in a bulk manner.  The resulting sample analysis was acquired in an automated manner 
and evaluation of response factors and carry-over was measured by randomizing the autosampler 
injection sequence.  Of critical importance was the ability to reproducibly detect all hemoglobin 
chains, maintain mass accuracy for the majority of charge states per hemoglobin chain, determine 
the chain ratios, and measured the relative abundance of human to bovine ratios. 
 
 
 

ABSTRACT 
 
A high-throughput hemoglobinopathies workflow is presented which is designed to perform 
research to automated data acquisition and processing for normal human alpha and beta 
chains, as well as profiling for abnormal hemoglobin chains.  The presentation demonstrates a 
single method to profile samples regardless of complexity and the data acquisition scheme 
facilitates sequence detection for small mass deviations from normal hemoglobin chains.  A 
large set of samples were used to evaluate the workflow, consisting of normal human 
hemoglobin (from dilute DBS) as well as aliquots spiked with known amounts of bovine 
hemoglobin.  Spiking ranges were ca. 9-fold for both conditions (human:bovine and 
bovine:human).  Results show excellent reproducibility with %CVs less than 6% across the 25 
samples per spiking level and %RDS for measured AUC ratios were less than 10% for the 
expected SNP ranges and 20% for the extreme spiking ranges.  
 
 
INTRODUCTION  
 
Hemoglobin profiling incorporates detecting, characterizing, and determining relative 
quantitation of all hemoglobin chains arising from normal protein sequence translation as well 
as sequence variants consisting of SNPs, truncations, and omissions.  In addition, PTMs 
associated with glycation must be detected and quantified.  Currently there are over 1000 
reported hemoglobin forms prohibiting effective screening methods incorporating 
targeted/biased detection methods.  Recently, mass spectral detection based on HRAM MS 
and AIF has emerged as a suitable method to perform hemoglobinopathies due to the 
advances in resolution and reproducible product ion detection over large dynamic ranges.   
 
 
MATERIALS AND METHODS  
 
Hemoglobin samples were created directly from a stock of whole blood from a healthy donor.  
A 10 µL aliquot was diluted 100-fold with 90:10:0.1 solvent of H2O/MeOH/Acetic Acid and 
loaded into separate wells of a cation exchange plate.  A bovine hemoglobin (purchased from 
Sigma Aldrich) stock solution and used to spike into selected sample wells at known 
concentrations to increase the complexity.  The sample set was comprised of 20-25 replicates 
of neat human plasma, 9:1 human/bovine, 7:3, 5:5, 3:7, 1:9, and neat bovine hemoglobin.  The 
plate was washed to remove salts and small molecules, and then desired molecular weight 
range was displaced and collected using an ammonium formate solution. 
 
All experiments were performed on a Thermo ScientificTM Q ExactiveTM Focus mass 
spectrometer equipped with a Thermo ScientificTM Vanquish TM UHPLC autosampler and 
pump, with the peak tubing running through a 6-port divert value. The autosample loaded 20 
µL of the extracted hemoglobin samples directly onto an Sephacryl™ S100 SEC column (GE 
Healthcare Life Sciences) for concentration washing for 1.5 minutes, then the divert valve was 
switched to the mass spectrometer for data acquisition for 3.5 minutes prior to diverting the LC 
flow back to waste to clean and condition the column for the next injection.  (Figure 1) 
 
 

CONCLUSIONS 
 
The presentation shows an integrated workflow for high-throughput hemoglobinopathies research 
using the Q Exactive Focus mass spectrometer.  The results demonstrate an effective method to 
combine robust sample preparation, delivery into the mass spectrometer, qualitative and quantitative 
data acquisition, and routine data processing.  The workflow enables 384 samples to be analyzed per 
day with automated data processing on a single autosampler/LC stack.  Specific attributes relative to 
different workflow aspects include: 
• Sample preparation 

• Method can support DBS or plates 
• Plate methods require ca. 8 minutes for clean up 

• Introduction into the mass spectrometer 
• Utilization of 6-port valve to load on column, and wash salts prior to diverting flow to ion 

source 
• Coupled with sample preparation steps, increased ruggedness of ion source 

• Data acquisition 
• Alternating HRAM MS and AIF enabled many data points to be acquired across the 1.5 

minute elution profile 
• AIF increased fragment ion detection from a wide range of precursor charge states 
• Use of 10 microscans significantly increased spectral quality for automated sequencing 

• Data processing 
• The Pinnacle software leverages known protein sequences to expedite data 

characterization and facilitates screening for truncations, PTMs, and sequence variants 
• Precursor and product ion isotopic profiling was used to increase confidence in assigning 

hemoglobin sequence to each chain 
 

 
 
For research use only. Not for use in diagnostic procedures. 
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Development of a High-Throughput Hemoglobinopathies Workflow Using 
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Figure 1.  Representative data acquisition strategy for the routine hemoglobin profiling 
experiment showing the chromatographic profile for direct sample loading, washing, and 
data analysis using alternating HRAM MS (black lines) and AIF (red lines) scan events.  
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Figure 2.  Example data for neat human whole blood analysis following sample 
preparation and LC analysis where 2A shows full scan HRAM MS data and 2B shows the 
AIF spectrum.  Each spectrum is one scan consisting of 10 µscans.  The peaks labeled in 
blue font are from the alpha chain and red font represents charge states attributed to the 
beta chain.  

Figure 3.  Automated protein sequence determination in the Pinnacle software based on 
default Uniprot sequences and partial cleavage assumptions.  The insets shows the 
matched isotopic profiles used for sequence determination of the partial sequence for the 
+16 charge state for the alpha chain and +17 charge state for the beta chain.  Matching 
algorithms compare empirical isotopic and charge state m/z values with theoretical 
values for all possible sequences (assuming partial and PTMs) to identify the highest 
scoring match. 

Figure 4.  Automated AIF data analysis for the refined alpha and beta chain sequences.  
The matched product ions are marked in red triangles based on 10 ppm mass tolerance, 
charge state determination, and isotopic distribution for the proposed sequence (Fig. 3).  
Peptide diagrams for each chain are displayed in the inset with b- and y-type coverage 
maps indicated. 
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The data acquisition sequence consisted of alternating high resolution/accurate mass (HRAM)  
MS and all ion fragmentation (AIF) events for the 3.5 minutes of data acquisition.  Data 
acquisition parameters were consistent for both MS and AIF scan events including AGC = 5e6, 
max ion fill times of 100 msec, 10 microscans, and a resolution setting of 70,000 (FWHM) at 
m/z 200.  Figure 2 shows representative spectra from the HRAM MS (2A) and AIF spectra 
(2B) from the human hemoglobin.   
All data processing was performed in the Pinnacle software (Optys Technologies).  Automated 
qualitative and quantitative data analysis utilized a FASTA file of the reported alpha and beta 
human and bovine hemoglobin sequences as downloaded from the UniProt database.  
(www.uniprot.org)  Search parameters used partial sequence considerations as well as 
dynamic modifications for oxidation, deoxy, and hexose.  A mass tolerance of  10 ppm was 
used for precursor and product ion isotopic determination. 
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Figure 5. HRAM MS analysis of a hemoglobin mixture from human and bovine.  The 
spiked bovine levels were ca. 1:1 with estimated human amounts.  The charge states are 
labeled by the color coded key.  Due to the narrow mass difference, not all detected 
charge states are labeled.  The inset shows a narrow mass range to demonstrate the 
precursor distribution identification between the different alpha and beta chains. 

Figure 6. Comparative detection levels for the human and bovine hemoglobins from the 
different spiking levels used in the study.  The displayed mass range covers the +17 and 
+18 precursor charge states for the alpha and beta chains, respectively.  The spiked 
ratios are labeled for each spectrum (human:bovine). 

Figure 7. Comparative AIF spectra covering different spiking levels of human:bovine.  The 
labeled fragment ions are matched based on sequences identified in Figure 4 and 5.  
Nomenclature used to label fragment ions indicate species, chain, fragment type, and 
position.  The predominant fragments from human hemoglobin are labeled in the 9:1 
spectrum and the predominant bovine hemoglobin fragments are labeled in the 1:9 
spectrum. 
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Figure 9. Summary report for quantitative hemoglobin spiking analysis.  Histogram 
shows average AUC values and error bars for each chain per spiking ratio.  In addition, 
the AUC ratios and %RSDs is reported between human and bovine.  The ratios were 
corrected based on the estimated 1:1 ratios.  
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Figure 8. Evaluation of the 
workflow reproducibility based 
on the analysis of 25 replicate 
samples.   The  coefficient of 
variance was determined from 
measured AUC values for each 
hemoglobin chain per sample.  
Two representative plots are 
shown for the hemoglobin 
mixtures of 7:3 (Fig. 8A) and 3:7 
(Fig. 8B) human/bovine.  
Reported hemoglobin chain AUC 
values were based on summed 
charge states and isotopes, as 
presented in Fig. 3.  The %CVs 
are labeled by each chain.  The 
trend shows excellent agreement 
for the species response, as the 
AUC trends track across the 25 
samples.  In addition, the AUC 
ratios between chains from the 
same species are consistent. 
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8B 

Figure 10. AIF product ion detection per hemoglobin chain across the different spiking ratios.  
The histograms are broken down into product ion m//z range.  The key at the right is 
conserved for all histograms.  Fragment ion confirmation was based on mass accuray,  correct 
charge state and product ion isotopic distribution overlap (determined based on dot product 
correlation coefficients) for b- and y-type ions.  The Pinnacle software also determines 
uniqueness of fragment ion association across the four hemoglobin chains. 
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MATERIALS AND METHODS – cont. RESULTS  
 
Successful hemoglobinopathies routines must confidently determine normal hemoglobin chains or 
variants.  Therefore sample prep and data acquisiton must facilitate integrated and reliable search 
strategies.  The knowledgebase compiled from the analysis of normal plasma (Figs. 2-4) are used 
as the first data set to screen for presence/absence of variants, and then facilitate characterization. 
 
To simulate the increased complexities of variant hemoglobin samples, normal human plasma was 
spiked with known amounts of bovine hemoglobin, doubling the number of chains.  While the mass 
shifts between human and bovine hemoglobin chains are not as close as some reported human 
variants, the increased complexity does stress the independent data acquisition routines for both 
precursor charge state determination and fragmentation analysis.  Thus the determination of 
sequence specific fragments from each chain become key in characterizing hemoglobin content. 
 
Finally, the routine must be reproducible and robust to handle the sample load facing most 
institutions.  Therefore a larger number of replicates were prepared and analyzed to determine 
reproducibility.  A set of 25 samples per spiking mixture was created in two 96-well plates and 
processed in a bulk manner.  The resulting sample analysis was acquired in an automated manner 
and evaluation of response factors and carry-over was measured by randomizing the autosampler 
injection sequence.  Of critical importance was the ability to reproducibly detect all hemoglobin 
chains, maintain mass accuracy for the majority of charge states per hemoglobin chain, determine 
the chain ratios, and measured the relative abundance of human to bovine ratios. 
 
 
 

ABSTRACT 
 
A high-throughput hemoglobinopathies workflow is presented which is designed to perform 
research to automated data acquisition and processing for normal human alpha and beta 
chains, as well as profiling for abnormal hemoglobin chains.  The presentation demonstrates a 
single method to profile samples regardless of complexity and the data acquisition scheme 
facilitates sequence detection for small mass deviations from normal hemoglobin chains.  A 
large set of samples were used to evaluate the workflow, consisting of normal human 
hemoglobin (from dilute DBS) as well as aliquots spiked with known amounts of bovine 
hemoglobin.  Spiking ranges were ca. 9-fold for both conditions (human:bovine and 
bovine:human).  Results show excellent reproducibility with %CVs less than 6% across the 25 
samples per spiking level and %RDS for measured AUC ratios were less than 10% for the 
expected SNP ranges and 20% for the extreme spiking ranges.  
 
 
INTRODUCTION  
 
Hemoglobin profiling incorporates detecting, characterizing, and determining relative 
quantitation of all hemoglobin chains arising from normal protein sequence translation as well 
as sequence variants consisting of SNPs, truncations, and omissions.  In addition, PTMs 
associated with glycation must be detected and quantified.  Currently there are over 1000 
reported hemoglobin forms prohibiting effective screening methods incorporating 
targeted/biased detection methods.  Recently, mass spectral detection based on HRAM MS 
and AIF has emerged as a suitable method to perform hemoglobinopathies due to the 
advances in resolution and reproducible product ion detection over large dynamic ranges.   
 
 
MATERIALS AND METHODS  
 
Hemoglobin samples were created directly from a stock of whole blood from a healthy donor.  
A 10 µL aliquot was diluted 100-fold with 90:10:0.1 solvent of H2O/MeOH/Acetic Acid and 
loaded into separate wells of a cation exchange plate.  A bovine hemoglobin (purchased from 
Sigma Aldrich) stock solution and used to spike into selected sample wells at known 
concentrations to increase the complexity.  The sample set was comprised of 20-25 replicates 
of neat human plasma, 9:1 human/bovine, 7:3, 5:5, 3:7, 1:9, and neat bovine hemoglobin.  The 
plate was washed to remove salts and small molecules, and then desired molecular weight 
range was displaced and collected using an ammonium formate solution. 
 
All experiments were performed on a Thermo ScientificTM Q ExactiveTM Focus mass 
spectrometer equipped with a Thermo ScientificTM Vanquish TM UHPLC autosampler and 
pump, with the peak tubing running through a 6-port divert value. The autosample loaded 20 
µL of the extracted hemoglobin samples directly onto an Sephacryl™ S100 SEC column (GE 
Healthcare Life Sciences) for concentration washing for 1.5 minutes, then the divert valve was 
switched to the mass spectrometer for data acquisition for 3.5 minutes prior to diverting the LC 
flow back to waste to clean and condition the column for the next injection.  (Figure 1) 
 
 

CONCLUSIONS 
 
The presentation shows an integrated workflow for high-throughput hemoglobinopathies research 
using the Q Exactive Focus mass spectrometer.  The results demonstrate an effective method to 
combine robust sample preparation, delivery into the mass spectrometer, qualitative and quantitative 
data acquisition, and routine data processing.  The workflow enables 384 samples to be analyzed per 
day with automated data processing on a single autosampler/LC stack.  Specific attributes relative to 
different workflow aspects include: 
• Sample preparation 

• Method can support DBS or plates 
• Plate methods require ca. 8 minutes for clean up 

• Introduction into the mass spectrometer 
• Utilization of 6-port valve to load on column, and wash salts prior to diverting flow to ion 

source 
• Coupled with sample preparation steps, increased ruggedness of ion source 

• Data acquisition 
• Alternating HRAM MS and AIF enabled many data points to be acquired across the 1.5 

minute elution profile 
• AIF increased fragment ion detection from a wide range of precursor charge states 
• Use of 10 microscans significantly increased spectral quality for automated sequencing 

• Data processing 
• The Pinnacle software leverages known protein sequences to expedite data 

characterization and facilitates screening for truncations, PTMs, and sequence variants 
• Precursor and product ion isotopic profiling was used to increase confidence in assigning 

hemoglobin sequence to each chain 
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Figure 1.  Representative data acquisition strategy for the routine hemoglobin profiling 
experiment showing the chromatographic profile for direct sample loading, washing, and 
data analysis using alternating HRAM MS (black lines) and AIF (red lines) scan events.  
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Figure 2.  Example data for neat human whole blood analysis following sample 
preparation and LC analysis where 2A shows full scan HRAM MS data and 2B shows the 
AIF spectrum.  Each spectrum is one scan consisting of 10 µscans.  The peaks labeled in 
blue font are from the alpha chain and red font represents charge states attributed to the 
beta chain.  

Figure 3.  Automated protein sequence determination in the Pinnacle software based on 
default Uniprot sequences and partial cleavage assumptions.  The insets shows the 
matched isotopic profiles used for sequence determination of the partial sequence for the 
+16 charge state for the alpha chain and +17 charge state for the beta chain.  Matching 
algorithms compare empirical isotopic and charge state m/z values with theoretical 
values for all possible sequences (assuming partial and PTMs) to identify the highest 
scoring match. 

Figure 4.  Automated AIF data analysis for the refined alpha and beta chain sequences.  
The matched product ions are marked in red triangles based on 10 ppm mass tolerance, 
charge state determination, and isotopic distribution for the proposed sequence (Fig. 3).  
Peptide diagrams for each chain are displayed in the inset with b- and y-type coverage 
maps indicated. 
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The data acquisition sequence consisted of alternating high resolution/accurate mass (HRAM)  
MS and all ion fragmentation (AIF) events for the 3.5 minutes of data acquisition.  Data 
acquisition parameters were consistent for both MS and AIF scan events including AGC = 5e6, 
max ion fill times of 100 msec, 10 microscans, and a resolution setting of 70,000 (FWHM) at 
m/z 200.  Figure 2 shows representative spectra from the HRAM MS (2A) and AIF spectra 
(2B) from the human hemoglobin.   
All data processing was performed in the Pinnacle software (Optys Technologies).  Automated 
qualitative and quantitative data analysis utilized a FASTA file of the reported alpha and beta 
human and bovine hemoglobin sequences as downloaded from the UniProt database.  
(www.uniprot.org)  Search parameters used partial sequence considerations as well as 
dynamic modifications for oxidation, deoxy, and hexose.  A mass tolerance of  10 ppm was 
used for precursor and product ion isotopic determination. 
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Figure 5. HRAM MS analysis of a hemoglobin mixture from human and bovine.  The 
spiked bovine levels were ca. 1:1 with estimated human amounts.  The charge states are 
labeled by the color coded key.  Due to the narrow mass difference, not all detected 
charge states are labeled.  The inset shows a narrow mass range to demonstrate the 
precursor distribution identification between the different alpha and beta chains. 

Figure 6. Comparative detection levels for the human and bovine hemoglobins from the 
different spiking levels used in the study.  The displayed mass range covers the +17 and 
+18 precursor charge states for the alpha and beta chains, respectively.  The spiked 
ratios are labeled for each spectrum (human:bovine). 

Figure 7. Comparative AIF spectra covering different spiking levels of human:bovine.  The 
labeled fragment ions are matched based on sequences identified in Figure 4 and 5.  
Nomenclature used to label fragment ions indicate species, chain, fragment type, and 
position.  The predominant fragments from human hemoglobin are labeled in the 9:1 
spectrum and the predominant bovine hemoglobin fragments are labeled in the 1:9 
spectrum. 
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Figure 9. Summary report for quantitative hemoglobin spiking analysis.  Histogram 
shows average AUC values and error bars for each chain per spiking ratio.  In addition, 
the AUC ratios and %RSDs is reported between human and bovine.  The ratios were 
corrected based on the estimated 1:1 ratios.  
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Figure 8. Evaluation of the 
workflow reproducibility based 
on the analysis of 25 replicate 
samples.   The  coefficient of 
variance was determined from 
measured AUC values for each 
hemoglobin chain per sample.  
Two representative plots are 
shown for the hemoglobin 
mixtures of 7:3 (Fig. 8A) and 3:7 
(Fig. 8B) human/bovine.  
Reported hemoglobin chain AUC 
values were based on summed 
charge states and isotopes, as 
presented in Fig. 3.  The %CVs 
are labeled by each chain.  The 
trend shows excellent agreement 
for the species response, as the 
AUC trends track across the 25 
samples.  In addition, the AUC 
ratios between chains from the 
same species are consistent. 
 

8A 

8B 

Figure 10. AIF product ion detection per hemoglobin chain across the different spiking ratios.  
The histograms are broken down into product ion m//z range.  The key at the right is 
conserved for all histograms.  Fragment ion confirmation was based on mass accuray,  correct 
charge state and product ion isotopic distribution overlap (determined based on dot product 
correlation coefficients) for b- and y-type ions.  The Pinnacle software also determines 
uniqueness of fragment ion association across the four hemoglobin chains. 
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MATERIALS AND METHODS – cont. RESULTS  
 
Successful hemoglobinopathies routines must confidently determine normal hemoglobin chains or 
variants.  Therefore sample prep and data acquisiton must facilitate integrated and reliable search 
strategies.  The knowledgebase compiled from the analysis of normal plasma (Figs. 2-4) are used 
as the first data set to screen for presence/absence of variants, and then facilitate characterization. 
 
To simulate the increased complexities of variant hemoglobin samples, normal human plasma was 
spiked with known amounts of bovine hemoglobin, doubling the number of chains.  While the mass 
shifts between human and bovine hemoglobin chains are not as close as some reported human 
variants, the increased complexity does stress the independent data acquisition routines for both 
precursor charge state determination and fragmentation analysis.  Thus the determination of 
sequence specific fragments from each chain become key in characterizing hemoglobin content. 
 
Finally, the routine must be reproducible and robust to handle the sample load facing most 
institutions.  Therefore a larger number of replicates were prepared and analyzed to determine 
reproducibility.  A set of 25 samples per spiking mixture was created in two 96-well plates and 
processed in a bulk manner.  The resulting sample analysis was acquired in an automated manner 
and evaluation of response factors and carry-over was measured by randomizing the autosampler 
injection sequence.  Of critical importance was the ability to reproducibly detect all hemoglobin 
chains, maintain mass accuracy for the majority of charge states per hemoglobin chain, determine 
the chain ratios, and measured the relative abundance of human to bovine ratios. 
 
 
 

ABSTRACT 
 
A high-throughput hemoglobinopathies workflow is presented which is designed to perform 
research to automated data acquisition and processing for normal human alpha and beta 
chains, as well as profiling for abnormal hemoglobin chains.  The presentation demonstrates a 
single method to profile samples regardless of complexity and the data acquisition scheme 
facilitates sequence detection for small mass deviations from normal hemoglobin chains.  A 
large set of samples were used to evaluate the workflow, consisting of normal human 
hemoglobin (from dilute DBS) as well as aliquots spiked with known amounts of bovine 
hemoglobin.  Spiking ranges were ca. 9-fold for both conditions (human:bovine and 
bovine:human).  Results show excellent reproducibility with %CVs less than 6% across the 25 
samples per spiking level and %RDS for measured AUC ratios were less than 10% for the 
expected SNP ranges and 20% for the extreme spiking ranges.  
 
 
INTRODUCTION  
 
Hemoglobin profiling incorporates detecting, characterizing, and determining relative 
quantitation of all hemoglobin chains arising from normal protein sequence translation as well 
as sequence variants consisting of SNPs, truncations, and omissions.  In addition, PTMs 
associated with glycation must be detected and quantified.  Currently there are over 1000 
reported hemoglobin forms prohibiting effective screening methods incorporating 
targeted/biased detection methods.  Recently, mass spectral detection based on HRAM MS 
and AIF has emerged as a suitable method to perform hemoglobinopathies due to the 
advances in resolution and reproducible product ion detection over large dynamic ranges.   
 
 
MATERIALS AND METHODS  
 
Hemoglobin samples were created directly from a stock of whole blood from a healthy donor.  
A 10 µL aliquot was diluted 100-fold with 90:10:0.1 solvent of H2O/MeOH/Acetic Acid and 
loaded into separate wells of a cation exchange plate.  A bovine hemoglobin (purchased from 
Sigma Aldrich) stock solution and used to spike into selected sample wells at known 
concentrations to increase the complexity.  The sample set was comprised of 20-25 replicates 
of neat human plasma, 9:1 human/bovine, 7:3, 5:5, 3:7, 1:9, and neat bovine hemoglobin.  The 
plate was washed to remove salts and small molecules, and then desired molecular weight 
range was displaced and collected using an ammonium formate solution. 
 
All experiments were performed on a Thermo ScientificTM Q ExactiveTM Focus mass 
spectrometer equipped with a Thermo ScientificTM Vanquish TM UHPLC autosampler and 
pump, with the peak tubing running through a 6-port divert value. The autosample loaded 20 
µL of the extracted hemoglobin samples directly onto an Sephacryl™ S100 SEC column (GE 
Healthcare Life Sciences) for concentration washing for 1.5 minutes, then the divert valve was 
switched to the mass spectrometer for data acquisition for 3.5 minutes prior to diverting the LC 
flow back to waste to clean and condition the column for the next injection.  (Figure 1) 
 
 

CONCLUSIONS 
 
The presentation shows an integrated workflow for high-throughput hemoglobinopathies research 
using the Q Exactive Focus mass spectrometer.  The results demonstrate an effective method to 
combine robust sample preparation, delivery into the mass spectrometer, qualitative and quantitative 
data acquisition, and routine data processing.  The workflow enables 384 samples to be analyzed per 
day with automated data processing on a single autosampler/LC stack.  Specific attributes relative to 
different workflow aspects include: 
• Sample preparation 

• Method can support DBS or plates 
• Plate methods require ca. 8 minutes for clean up 

• Introduction into the mass spectrometer 
• Utilization of 6-port valve to load on column, and wash salts prior to diverting flow to ion 

source 
• Coupled with sample preparation steps, increased ruggedness of ion source 

• Data acquisition 
• Alternating HRAM MS and AIF enabled many data points to be acquired across the 1.5 

minute elution profile 
• AIF increased fragment ion detection from a wide range of precursor charge states 
• Use of 10 microscans significantly increased spectral quality for automated sequencing 

• Data processing 
• The Pinnacle software leverages known protein sequences to expedite data 

characterization and facilitates screening for truncations, PTMs, and sequence variants 
• Precursor and product ion isotopic profiling was used to increase confidence in assigning 

hemoglobin sequence to each chain 
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Figure 1.  Representative data acquisition strategy for the routine hemoglobin profiling 
experiment showing the chromatographic profile for direct sample loading, washing, and 
data analysis using alternating HRAM MS (black lines) and AIF (red lines) scan events.  
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Figure 2.  Example data for neat human whole blood analysis following sample 
preparation and LC analysis where 2A shows full scan HRAM MS data and 2B shows the 
AIF spectrum.  Each spectrum is one scan consisting of 10 µscans.  The peaks labeled in 
blue font are from the alpha chain and red font represents charge states attributed to the 
beta chain.  

Figure 3.  Automated protein sequence determination in the Pinnacle software based on 
default Uniprot sequences and partial cleavage assumptions.  The insets shows the 
matched isotopic profiles used for sequence determination of the partial sequence for the 
+16 charge state for the alpha chain and +17 charge state for the beta chain.  Matching 
algorithms compare empirical isotopic and charge state m/z values with theoretical 
values for all possible sequences (assuming partial and PTMs) to identify the highest 
scoring match. 

Figure 4.  Automated AIF data analysis for the refined alpha and beta chain sequences.  
The matched product ions are marked in red triangles based on 10 ppm mass tolerance, 
charge state determination, and isotopic distribution for the proposed sequence (Fig. 3).  
Peptide diagrams for each chain are displayed in the inset with b- and y-type coverage 
maps indicated. 
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The data acquisition sequence consisted of alternating high resolution/accurate mass (HRAM)  
MS and all ion fragmentation (AIF) events for the 3.5 minutes of data acquisition.  Data 
acquisition parameters were consistent for both MS and AIF scan events including AGC = 5e6, 
max ion fill times of 100 msec, 10 microscans, and a resolution setting of 70,000 (FWHM) at 
m/z 200.  Figure 2 shows representative spectra from the HRAM MS (2A) and AIF spectra 
(2B) from the human hemoglobin.   
All data processing was performed in the Pinnacle software (Optys Technologies).  Automated 
qualitative and quantitative data analysis utilized a FASTA file of the reported alpha and beta 
human and bovine hemoglobin sequences as downloaded from the UniProt database.  
(www.uniprot.org)  Search parameters used partial sequence considerations as well as 
dynamic modifications for oxidation, deoxy, and hexose.  A mass tolerance of  10 ppm was 
used for precursor and product ion isotopic determination. 
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Figure 5. HRAM MS analysis of a hemoglobin mixture from human and bovine.  The 
spiked bovine levels were ca. 1:1 with estimated human amounts.  The charge states are 
labeled by the color coded key.  Due to the narrow mass difference, not all detected 
charge states are labeled.  The inset shows a narrow mass range to demonstrate the 
precursor distribution identification between the different alpha and beta chains. 

Figure 6. Comparative detection levels for the human and bovine hemoglobins from the 
different spiking levels used in the study.  The displayed mass range covers the +17 and 
+18 precursor charge states for the alpha and beta chains, respectively.  The spiked 
ratios are labeled for each spectrum (human:bovine). 

Figure 7. Comparative AIF spectra covering different spiking levels of human:bovine.  The 
labeled fragment ions are matched based on sequences identified in Figure 4 and 5.  
Nomenclature used to label fragment ions indicate species, chain, fragment type, and 
position.  The predominant fragments from human hemoglobin are labeled in the 9:1 
spectrum and the predominant bovine hemoglobin fragments are labeled in the 1:9 
spectrum. 
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Figure 9. Summary report for quantitative hemoglobin spiking analysis.  Histogram 
shows average AUC values and error bars for each chain per spiking ratio.  In addition, 
the AUC ratios and %RSDs is reported between human and bovine.  The ratios were 
corrected based on the estimated 1:1 ratios.  
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Figure 8. Evaluation of the 
workflow reproducibility based 
on the analysis of 25 replicate 
samples.   The  coefficient of 
variance was determined from 
measured AUC values for each 
hemoglobin chain per sample.  
Two representative plots are 
shown for the hemoglobin 
mixtures of 7:3 (Fig. 8A) and 3:7 
(Fig. 8B) human/bovine.  
Reported hemoglobin chain AUC 
values were based on summed 
charge states and isotopes, as 
presented in Fig. 3.  The %CVs 
are labeled by each chain.  The 
trend shows excellent agreement 
for the species response, as the 
AUC trends track across the 25 
samples.  In addition, the AUC 
ratios between chains from the 
same species are consistent. 
 

8A 

8B 

Figure 10. AIF product ion detection per hemoglobin chain across the different spiking ratios.  
The histograms are broken down into product ion m//z range.  The key at the right is 
conserved for all histograms.  Fragment ion confirmation was based on mass accuray,  correct 
charge state and product ion isotopic distribution overlap (determined based on dot product 
correlation coefficients) for b- and y-type ions.  The Pinnacle software also determines 
uniqueness of fragment ion association across the four hemoglobin chains. 
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