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ABSTRACT: Hemoglobin (Hb) constitutes an important protein in clinical diagnostics – both in humans and animals. Among 

the high number of sequence variants, some can cause severe diseases. Moreover, chemical modifications such as glycation and 

carbamylation serve as important biomarkers for conditions such as diabetes and kidney diseases. In clinical routine analysis of 

glycated Hb, sequence variants or other Hb proteoforms can cause interference, resulting in wrong quantification results. We pre-

sent a versatile and flexible capillary zone electrophoresis-mass spectrometry screening method for Hb proteoforms including se-

quence variants and modified species extracted from dried blood spot (DBS) samples with virtually no sample preparation. High 

separation power was achieved by application of a 5-layers successive multiple ionic polymer layers-coated capillary, enabling 

separation of positional isomers of glycated - and -chains on the intact level. Quantification of glycated Hb was in good correla-

tion with the results obtained in a clinical routine method. Identification and characterization of known and unknown proteoforms 

was performed by fragmentation of intact precursor ions. N-terminal and lysine glycation could be identified on the - and -chain 

respectively. The versatility of the method was demonstrated by application to dog and cat DBS samples. We discovered a putative 

new sequence variant of the -chain in dog (T38A). The presented method enables separation, characterization and quantification 

of intact proteoforms, including positional isomers of glycated species in a single run. Combined with the simple sample prepara-

tion, our method represents a valuable tool to be used for deeper characterization of clinical and veterinary samples. 

INTRODUCTION 

Human hemoglobin (Hb) represents one of the proteins with 

the most diverse variation with currently over 1300 identified 

sequence variants
1
. The presence of such (genetic) variants, 

also referred to as hemoglobinopathies, may result in severe 

clinical conditions such as sickle-cell disease, hence represent-

ing a major global health burden
2
. Additionally, Hb can un-

dergo non-enzymatic modification by other blood constituen-

cies, such as by reaction with urea (carbamylation) and glu-

cose (glycation), the latter being widely analyzed in clinical 

diagnosis. The potential for modified Hb to be used as bi-

omarker is especially aspired due to its high persistence in 

blood (3 months on average
3
) Carbamylated Hb has been 

proposed as biomarker for kidney diseases to differentiate 

between acute and chronic kidney failure in humans
4
 and 

animals
5,6

, as well as a marker in hemodialysis therapy
7
. While 

carbamylation is not yet routinely used for diagnosis and mon-

itoring of kidney diseases, glycated Hb (HbA1c) has devel-

oped to an indispensable analyte for monitoring and diagnosis 

of diabetes
8,9

. The conduction of large-scale studies and the 

attempts to harmonize its measurements are emphasizing its 

clinical value and the necessity for standardization and evalua-

tion of related analytical methods
10–12

. 

Determination of HbA1c is performed using various analyt-

ical methods such as cation-exchange chromatography and 

capillary electrophoresis with optical detection as well as 

immunological methods
13

. However, numerous studies have 

demonstrated that Hb sequence variants or other proteoforms 

(term used according to Smith and Kelleher
14

) can lead to 

interferences in identification and quantification of HbA1c
15–

18
. Therefore, mass spectrometry (MS) has been considered as 

an alternative for unambiguous identification and quantifica-

tion, not only for glycated Hb, but also for Hb sequence vari-

ants. Research has been focused on matrix-assisted laser de-

sorption/ionization-MS
19

 and direct-infusion electrospray 

ionization-MS
20,21

. These studies demonstrated good correla-

tion between clinically determined HbA1c values and individ-

ually glycated - and -chains. However, the simultaneous 

introduction of various Hb proteoforms together with salts and 

other blood constituencies into the MS represents a major 

problem in terms of ion suppression and spectral overlapping 

of proteoforms, potentially resulting in poor sensitivity and 

incorrect relative quantification. To reduce the sample com-

plexity simultaneously introduced into the MS, sophisticated 

separation methods for intact proteins such as capillary zone 

electrophoresis (CZE) are aspired. Only a few studies applying 

CZE-MS of Hb (and related major blood proteins) have been 

published
22–24

. Redman et al. impressively demonstrated the 

capabilities of CZE-MS performed on a microfluidic chip
24

. 

They were able to separate glycated - and -Hb from the 

unmodified chains in less than two minutes. To achieve such a 

high separation power for intact proteins, capillary coatings 

are needed to reduce interactions between analytes and the 

capillary wall. Different coating strategies have been devel-

oped and their application for CZE-MS has been reviewed
25

. 

5-layers successive multiple ionic-polymer layers (SMIL) 

represent an attractive coating due to the easy preparation, 



 

high coating stability and possibilities of regeneration
26,27

. 

These coatings allow effective reduction of analyte-wall inter-

action as well as fine-control of the electroosmotic flow 

(EOF), hence enabling adjustment of separation efficiency
27

. 

The use of dried blood spots (DBS) is an emerging tech-

nique in the clinical context with several advantages such as 

the low sample amounts needed, low costs and easy handling, 

storage and shipping
28

. DBS is routinely used in newborn 

screening for genetic diseases such as phenylketonuria
29

 and 

sickle cell disease
30

. The application of DBS samples for Hb 

analysis in general has been reviewed, summarizing applica-

tions and advantages of the technique
30

. 

The aim of this study was to develop a versatile screening 

method for the joint characterization of various Hb 

proteoforms (including both, sequence variants as well as 

posttranslationally modified species) from clinical human and 

veterinary DBS samples. Particular emphasis was placed on 

achieving high separation power for intact proteins, applying 

top-down MS/MS for reliable proteoform identification and 

characterization as well as evaluating capabilities for relative 

quantification of glycated and carbamylated Hb. 

EXPERIMENTAL SECTION 

Materials and Reagents 

Ultrapure water was generated by an Ultra Clear UV system 

(Siemens Water Technologies, USA). 2-propanol (LC-MS 

grade), formic acid (≥98%) and acetic acid (Supra) were ob-

tained from Roth (Karlsruhe, Germany). 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES), D-(+)-glucose 

(99.9%), potassium cyanate (>96%), sodium cyanide (>97%) 

and human Hb were purchased from Sigma-Aldrich 

(Steinheim, Germany). Sodium hydroxide (1 M) was obtained 

from Merck (Darmstadt, Germany). Quarternized 

diethylaminoethyl dextran (DEAEDq) was obtained from 

Pharmacia (Uppsala, Sweden) and poly(methacrylic acid) 

(PMA) was purchased from Sigma-Aldrich (Saint-Quentin 

Fallavier, France). Fused silica capillaries (50 µm ID, 365 µm 

OD) were purchased from Polymicro Technologies (Phoenix, 

AZ, USA). 

Clinical samples and sample preparation 

Human DBS samples were obtained from Uppsala Universi-

ty Hospital (Sweden). All human samples used where lefto-

vers after the completion of diagnostic tests and were used in 

accordance with the regional ethical review board of Uppsala 

(no 2001/367). The samples were chosen to cover the range of 

interest for HbA1c. In three of the samples, an elevated plasma 

creatinine value was determined, whereas for three other pa-

tients, the electropherograms were classified as untypical, 

indicating the presence of additional Hb forms (e.g., fetal Hb 

(HbF)). Cat and dog DBS samples were obtained from 

AniCura (Oslo, Norway) and from the University Animal 

Hospital (UDS, Uppsala, Sweden). All samples were residual 

blood samples from diagnostic tests, collected in accordance 

with national ethical guidelines in Norway and Sweden. 

Around 20 µL whole blood (in K2 EDTA tubes for human 

samples, Idexx VetCollect tubes for animal samples) were 

collected on each spot on a Whatman FTA
TM

 DMPK-C Card 

(Sigma-Aldrich, Steinheim, Germany). 

DBS samples were prepared by punching out a 3 mm disk 

on a Whatman cutting mat. Hb was extracted with 100 µL 

deionized water for 30 min under thorough shaking. The re-

sulting solution was centrifuged and subsequently used for 

analysis. In vitro glycation was performed according to Bae et 

al.
31

, in vitro carbamylation according to Weykamp et al.
32

. 

The detailed protocols for preparation can be found in the 

supporting information. 

Capillary coating 

50 µm ID x 70 cm 5-layers SMIL-coated capillaries were 

prepared according to the following procedure (all flushing 

steps were performed with 2 bar pressure): capillaries were 

initially flushed for 20 min with 1 M sodium hydroxide, 5 min 

with water and 10 min with 20 mM HEPES buffer. Then, the 

capillary was alternatingly flushed for 7 min with 3 mg/mL 

polycation and polyanion solutions with a 3 min 20 mM 

HEPES flush between polycation and polyanion solution. 

After attachment of the last polycation layer, the capillary was 

flushed with background electrolyte (BGE) for 10 min. Adap-

tions of the protocol for the coating of 105 cm capillaries can 

be found in the supporting information. 

CZE-MS 

CZE-MS was performed on an HP 3DCE electrophoresis 

instrument from Agilent Technology (Waldbronn, Germany). 

Polyimide coating was removed from the MS side of the capil-

lary. Prior to each injection, the capillary was flushed for 5 

min (1 bar) with BGE (2 M acetic acid (HA)). The sample was 

hydrodynamically injected (70 cm capillary: 50 mbar, 8 s; 105 

cm capillary: 50 mbar, 10 s). Separation was performed by 

application of -30 kV. The CZE system was either coupled to 

an Agilent 6550 time-of flight (TOF) or to an Orbitrap Fusion 

Lumos MS. Coupling to the TOF MS was performed via a 

G1607A sheath liquid interface from Agilent Technologies 

with 50:50 2-propanol:water with 0.5% formic acid (FA) as 

sheath liquid (SL) and a SL flow of 4 µL/min. Capillary volt-

age was set to 4000 V, fragmentor and skimmer voltage to 175 

and 65 V respectively. The mass range was set to 550-2000 

m/z with an acquisition rate of 4 Hz. Coupling with the 

Orbitrap MS was performed with a prototype sheath-liquid 

interface, kindly provided by François de l'Escaille, (cp. Gon-

zález-Ruiz et. al
33

) with 80:20 2-propanol:water with 0.5% FA 

and 25 µM L-methionine as SL and a SL flow of 1 µL/min. 

Methionine was added as a scavenger to reduce in-source 

oxidation. The capillary was inserted in the stainless steel 

needle with a capillary protrusion of ~200 µm and a distance 

of 1.8 mm to the MS transfer capillary. Spectra were acquired 

in positive ion mode with a spray voltage of 2900 V and an 

ion transfer temperature of 300 °C. For the MS1 method, scan 

range was 650-2000 m/z with a resolution of 7500, an AGC 

target of 1e
6
 (150 ms maximum injection time) and 7 µScans. 

Detailed method parameters for the MS
2 

and the pseudo selec-

tive reaction monitoring (SRM) method can be found in the 

supporting information.  

Data analysis 

TOF MS data analysis, including charge state deconvolution 

was performed using Agilent Masshunter Workstation 

(BioConfirm B.06.00). Orbitrap MS data were analyzed using 

Freestyle 1.5 and deconvolution was performed with PMI 

Intact Mass v3.4 (Protein Metrics, Cupertino, CA, USA). In 

general, extracted ion electropherograms (EIEs) were created 

by summation of the intensity of the three most abundant 

charge states for a protein. EIEs were smoothed with default 

parameters in Agilent Mass Hunter, and with the moving mean 



 

algorithm (7 data points) in Freestyle. All quantification re-

sults were obtained by peak integration of these EIEs. Relative 

quantification of glycated and carbamylated - and -Hb was 

performed by dividing the peak area of the glycated 

/carbamylated peak by the sum of peak areas of all identified 

- or -chains. MS/MS data were analyzed using ProSight 

Lite v1.4 (Northwestern University, Evanston, IL, USA) after 

deconvolution of the fragment spectra with the Xtract algo-

rithm embedded in Freestyle. Fragment maps were created by 

using primary sequences obtained from Uniprot with a frag-

ment tolerance of 5 ppm. 

RESULTS AND DISCUSSION 

Method development 

To find a suitable separation system, initial CZE-MS exper-

iments were performed with in vitro glycated Hb. Selection of 

possible polycation/polyanion combinations for SMIL-coated 

capillaries was based on a previous publication
27

. 0.5 M and 

2 M HA were tested as BGE. Due to the denaturing condi-

tions, separation of the individual - and -chains was ob-

served in contrast to the separation of the intact Hb complex 

usually performed in clinical routine methods. Of the tested 

SMIL coatings, the combination of DEAEDq and PMA to-

gether with 2 M HA as BGE exhibited baseline separation of 

- and -chains as well as their glycated forms (Figure 1a) and 

was hence chosen for our method. Additionally, we were able 

to separate the carbamylated - and -chain in an in vitro 

carbamylated sample (Figure 1b). Only the -chain has been 

identified in its carbamylated form, whereas no -

carbamylation was identified.  

 

Figure 1. CZE-MS of in vitro glycated and carbamylated Hb. 

Separation of glycated (a) and carbamylated (b) Hb was per-

formed in a DEAEDq-PMA coated capillary (70 cm) with 2 M 

HA as BGE and -30 kV separation voltage coupled to a QTOF 

MS. EIEs were created by addition of the three most abundant 

charge states with a mass tolerance of 0.15 m/z. Black: , purple: 

, blue: carb / glyc, pink: glyc.

This indicates that the -chain is the main target for in vitro 

carbamylation.  

The relatively low magnitude of the EOF (µEOF) for this coat-

ing in combination with 2 M HA results in low values for the 

effective mobility for the separated Hb-chains, increasing their 

relative difference and hence selectivity. Interestingly, both, 

glycated and carbamylated - and -Hb showed a double 

peak. We attribute this to the presence of diverse glycation and 

carbamylation sites, resulting in slightly different mobilities 

for the modified chains, indicating high selectivity of the 

method. Identification of proteoforms was based on 

deconvolution of respective mass spectra with subsequent 

assignment based on intact masses. 

SMIL coatings offer an easy and relatively fast coating pro-

cedure. Polycation, construction buffer and polyanion solu-

tions merely need to be flushed through the capillary. After 

approx. 1-2 h the capillary can be used. We observed accepta-

ble coating stability over multiple measurements. Additional-

ly, simple recoating of the top layer usually provides full re-

covery of initial coating quality. 

Clinical human DBS samples 

After initial method development on a QTOF MS instru-

ment, all subsequent experiments were performed on an 

Orbitrap MS. Hb was extracted from clinical DBS samples of 

nine individual anonymous patients. Figure 2 shows repre-

sentative EIEs for one of the patient’s samples. Compared to 

the QTOF MS data, we observed slightly reduced separation 

efficiency as can be seen by broader peaks and the absence of 

the double peaks for  

 
Figure 2. Separation of various Hb-chains from a repre-

sentative human DBS samples. CZE was performed as previ-

ously described and was coupled to an Orbitrap MS. 2
nd

 peak 

in glyc EIE results from spectral interference with . EIEs 

were created by addition of the three most abundant charge 

states with mass tolerance of 0.15 m/z.



 

glycated - and -chains (cp. Figure 1). We attribute this to 

the different CZE-MS interfaces used for QTOF and Orbitrap 

MS. Besides detection of unmodified and glycated - and -

Hb, car-bamylated -Hb was identified at low abundance. The 

γ1 and γ2 Hb-chains exhibited high abundance (~10% γ1+γ2 

of overall +γ chains), compared to average values of <1% 

HbF in healthy adults, indicating a condition referred to as 

hereditary persistence of fetal hemoglobin
34

. This result coin-

cides with the detection of an unknown peak in the clinical 

routine analysis of the sample that has been suspected to con-

tain HbF. Furthermore, δ-Hb was identified in all samples 

which is part of the minor HbA2 form (data not shown). 

These results show the applicability of the CZE-MS method 

for Hb analysis from DBS samples. We were able to separate 

and identify the main - and -chain together with minor 

proteoforms including glycated and carbamylated Hb as well 

as γ- and δ-chains. The analysis of DBS samples offers easy 

sample handling and allows extended storage times of samples 

compared to whole blood
35

. Combined with the analysis of 

intact Hb-chains rather than proteolytic peptides, sample prep-

aration is fast and simple and the possibility of artificial arti-

fact formation, usually encountered during proteolytic diges-

tion
36–38

, can be reduced. 

Top-Down analysis of Hb proteoforms 

Top-down MS/MS was applied for in-depth characterization 

of glycation and carbamylation sites of modified Hb, as well 

as for the identification of unknown species. Glycation and 

carbamylation are reactions on free amino-groups of the pro-

tein. This can either be the free N-terminus or any of the 11 ( 

and  respectively) lysine residues within the protein se-

quence. Targeted precursor selection of in vitro glycated and 

carbamylated - and -Hb was performed respectively Figure 

3a and 3b show representative ETD spectra of glycated - and 

-Hb. Additionally, fragment maps for N-terminal and lysine 

glycation are given. Placing the modification on different 

residues resulted in different fragmentation coverages and P-

scores. Estimation of the modification site was based on high 

fragmentation coverage 

 

Figure 3. Top-down analysis of in vitro glycated Hb. ETD spectrum of glycated -Hb (a) and -Hb (b). The blue rectangle marks the part 

of the spectrum containing the diagnostic glycated and non-glycated c8 ion used for the pseudo SRM method. The asterisk represents the 

precursor ion. Below the spectrum, fragment maps are shown, with orange boxes marking the modification site. Separation of N-terminal- 

and not lysine-glycated -Hb (c) and -Hb (d). Separation was performed on a 105 cm DEAEDq-PMA coated capillary as previously 

described. FC: Fragmentation coverage. 

 



 

and low P-scores. For both chains, c-ion series could be identi-

fied for N-terminal- and lysine-glycated species. Especially for 

the -chain, the ion series resulted in comparable fragmenta-

tion coverage (41% N-terminal vs. 43% lysine glycation), 

indicating the presence of at least two positional isomers that 

are co-isolated, resulting in a chimeric MS/MS spectra.  

For the -chain, fragmentation coverage was considerably 

higher when placing the modification on certain lysine resi-

dues of the protein, compared to the N-terminal positioning, 

indicating low abundance of the N-terminal-glycated chain. 

Different spectral averaging across the peak of glycated -Hb 

showed varying fragmentation coverages and P- scores for N-

terminal or lysine glycation, indicating partial separation of 

the positional isomers as postulated in CZE-QTOF MS meas-

urements (cp. Figure 1). To verify this assumption, a pseudo 

SRM method was developed by tracing diagnostic ions result-

ing from ETD fragmentation. Figure 3a and 3b show an en-

larged part of the MS/MS spectra with the diagnostic c8 ions 

used for the pseudo SRM method. Co-selection of N-terminal- 

and lysine-glycated - or -chains leads to the formation of 

two different c8 ions, one with attached glycation, one without. 

Therefore, these transitions can be used to visualize the sepa-

ration of the positional isomers. Figure 3c shows the separa-

tion of N-terminal- and lysine-glycated -Hb in a 105 cm 

DEAEDq-PMA coated capillary. A longer capillary was used 

to enhance separation of isomers, allowing deeper characteri-

zation of modification sites. Since the same precursor is used 

for both species, relative quantification can be performed by 

comparison of peak areas. 19% of the glycated -Hb was N-

terminal modified while the major proportion (81%) was 

glycated on lysine residues. For the -chain (Figure 3d), a 

higher proportion of N-terminal glycation could be identified 

(40%). Interestingly, the EIE of the lysine-glycated -chain 

shows a double peak, suggesting the presence of at least two 

different lysine-glycated species (40% and 20% respectively). 

We suspect that the peaks of the lysine-glycated species (for  

and ) consists of multiple overlapping positional isomers. We 

could find ion series matching multiple glycation sites. High-

est fragmentation coverage and lowest P-score was observed 

when placing the modification on K60 or K61 for  and K59 

for  indicating that these represent major modification sites 

in this mixture. 

As shown in previous results, carbamylation was only de-

tected on the -chain. Similarly to the glycated species, at the 

front of the CZE-peak, fragmentation coverage was highest 

when putting the modification on N-terminal position, whereas 

the tail of the peak reveals internal, lysine carbamylation (data 

not shown). As for the glycated chain, the exact location of 

modification for the lysine-carbamylated species could not 

been pinpointed.  

By application of pseudo SRM we were able to confirm par-

tial separation of positional isomers of intact glycated and 

carbamylated Hb-chains. This impressively shows the high 

separation power of CZE using DEAEDq-PMA coated capil-

laries. 

Quantification of modified Hb 

Our CZE-MS method allows relative quantification of mod-

ified Hb-chains, whereas the pseudo SRM method allows 

quantification of positional isomers. These results are summa-

rized in Figure 4. Figure 4a shows quantification results for 

glycated and carbamylated Hb for nine clinical DBS samples. 

Patient 1 shows significantly increased values for glycated - 

and -Hb which coincides with an elevated clinical HbA1c 

value. All other values lie within the same range and appear to 

be logical basal levels for healthy adults. For six of the nine 

samples, HbA1c values from clinical analysis were available 

(details can be found in the supporting information). We used 

these values to evaluate linear correlation between our quanti-

fication results  

 

Figure 4. Quantification of glycated - and -Hb, including 

positional isomers. (a) Relative quantification of glycated - 

and -Hb as well as carbamylated -Hb by CZE-MS (n = 3) 

from clinical DBS samples. (b) Correlation between clinical 

HbA1c values and glycated - and -Hb by CZE-MS. On the 

x-axis, clinical obtained HbA1c for each patient are given. The 

y-axis shows the result of relative quantification of the 

glycated - and -chain compared to the respective unmodi-

fied chain. (c) Average ratios of N-terminal- and lysine-

glycated - and -Hb in the clinical samples. The range be-

tween individual samples (n = 9) is given in brackets. The 

labels I and II refer to the labels given in Figure 3d.



 

and clinical values (Figure 4b). R
2
 values close to 1 indicate 

good linearity between clinical and CZE-MS results, suggest-

ing that the method can be applied for quantification of 

glycated Hb. The slope for glycated -Hb is higher than for , 

which is in accordance with previous results
24

.Figure 4c shows 

the average distribution of N-terminal- and lysine-glycated 

species. Ratios between the individual samples  

showed a wide range of values. Interestingly, the sample with 

the highest overall glycation showed the highest level of N-

terminal and lysine-glycation type I on the -chain (N-

terminal-glycated: 44%, lysine-glycated I: 37%, lysine-

glycated II: 19%, cp. Figure 4c). Whether these differing ratios 

are connected to the overall glycation or to any disease state 

needs to be evaluated in further studies. 

Peaks for carbamylated -Hb were identified in all samples, 

although the extent is low (1-3%). Carbamylated -Hb has not 

been identified. This result is in accordance with in vitro re-

sults, indicating that the -chain is also the main 

carbamylation target in vivo. Based on the verification for 

glycated Hb against the clinical routine method, we expect that 

quantification is also possible for carbamylation and other Hb 

proteoforms. 

Separation prior to MS detection effectively removes salts 

and other interfering sample constituencies and helps in over-

all reduction of sample complexity. Additionally, MS detec-

tion offers increased sensitivity compared to optical detection. 

With our method we are able to quantify glycated and 

carbamylated Hb-chains and possibly other proteoforms to-

gether in a single run at least to the 1% relative abundance 

level. 

Application to veterinary DBS samples 

Due to sequence differences, routine clinical methods de-

veloped for a particular biological species cannot always di-

rectly transferred for the analysis of Hb of different species. 

To demonstrate versatility and flexibility of our method, we 

additionally analyzed DBS samples of cats and dogs. Overall, 

four samples of cats (one healthy, three with chronic kidney 

disease (CKD) at stages 3-4 according to the International 

Renal Interest Society (IRIS), http://www.iris-kidney.com) 

and two healthy dogs were analyzed. Figure 5 shows EIEs of 

identified Hb-chains and respective proteoforms for dog and 

cat samples. Interestingly, migration order of  and  was 

reversed in dogs, stressing the need of MS for correct identifi-

cation of Hb-chains. In the sample of the healthy dogs, a se-

quence variant (A130T) in the second -chain (referred to 

as B) of HbA is known
39

 and was identified. Furthermore, 

carbamylated -Hb was identified in low amounts (~1%) for 

both - chain variants. An unknown -chain variant, with a 

mass difference of ~-30 Da has been observed in both dog 

samples. Intact mass and MS/MS data clearly indicate the 

species to be a T38A sequence variant (P-score: 1.3e-78). 

To our knowledge, this variant has not been previously report-

ed. 

DBS samples of cats suffering from CKD generally showed 

presence of various Hb proteoforms (Figure 5b). The levels of 

-carbamylation were significantly increased (p<0.001, n=4) 

in the three sick cats (2.7%, 3.0% and 3.3%), compared to the 

healthy individual (1.1%). This disease-related increase in 

carbamylated Hb has first been reported here for cats and 

coincides with increased creatinine levels by factors of 2-3 

between the CKD cats and the healthy individual. Detailed 

results can be found in the supporting information.  

Additionally, the presence of glutathionylated -Hb is sus-

pected based on MS1 data in the three sick cats. Relative 

amounts were 2.3%, 5.6% and 7.2% respectively, while it has 

not been detected in the sample of the healthy cat. 

Glutathionylation is a hallmark for oxidative stress
40

 and has 

been connected to uremia in humans
41

. In all of the samples, 

C-terminal  

. 

 
Figure 5. Identified proteoforms from DBS samples of a healthy dog (a) and a cat with CKD (b). All EIEs were created by addition of 

the three most abundant charge states. Presented proteoforms were identified based on intact mass. For some of the proteoforms, fragment 

maps, fragmentation coverage and P-scores are given, obtained from additional CZE-MS/MS analysis. 



 

removal of arginine from the -chain was identified. 

Carboxypeptidases have been reported to remove C-terminal 

arginine in human -Hb
42

, and these types of enzymes have 

also been identified in cat
43

. This suggest a similar process of 

C-terminal arginine removal in cats as has been demonstrated 

in humans. In the cat sample, an unknown species with an 

intact mass of 16001 Da has been detected. Top-down data 

demonstrates that this species is a modified -chain or a -

chain sequence variant. The mass difference to the -chain of 

~74 Da suggest a GlyMet substitution. This, however, could 

not be unambiguously proved. 

We want to emphasize here that due to our small dataset we 

cannot make clear and reliable statements about the clinical 

significance of our findings. However, especially the elevated 

levels of carbamylated Hb in cats with CKD are consistent 

with previous pilot data in dogs
5,6

 and humans
4,7

. The potential 

use of carbamylated Hb as biomarker for CKD in humans, 

dogs and cats should be evaluated in further studies. Addition-

ally, these results demonstrate the capabilities of our method 

to identify unknown or suspected Hb proteoforms with high 

confidence 

Conclusions 

We have developed a versatile and flexible CZE-top-down-

MS/MS method for the in-depth characterization of Hb 

proteoforms. The applied DEAEDq-PMA coating possesses 

excellent characteristics for CZE-MS analysis of intact pro-

teins such as reduced protein adsorption, MS-compatibility, 

moderate EOF and relatively high coating stability. The possi-

bility to fine-adjust the EOF by using different polycations and 

polyanions for the 5-layers SMIL coating enables high separa-

tion power as has been demonstrated by partial separation of 

positional isomers on intact level. Application of CZE-MS 

allows identification of known Hb-chains and proteoforms as 

well as their relative quantification as demonstrated for 

glycated and carbamylated - and -Hb. Our quantification 

results show good correlation with results from a clinical 

routine method. Quantification of carbamylated Hb revealed 

significantly increased levels in cats suffering from CKD 

compared to a healthy individual. Application of targeted 

CZE-MS/MS using ETD/HCD methods allows the characteri-

zation of known and unknown Hb proteoforms. The method 

enabled unambiguous identification and characterization of 

known Hb variants in human clinical samples. Moreover, a 

putative new sequence variant of the -chain in dogs was 

identified. Pseudo SRM enables relative quantification of 

positional isomers of glycated - and -Hb. Our data indicates 

that the N-terminal position represents the main glycation site 

for -Hb in vivo, while this is not the case for -Hb. 

The application of DBS offers several advantages such as 

easy sample taking, long-time sample stability and reduced 

sample preparation
44,45

 –here only a simple extraction step is 

required. In combination with our top-down approach, omit-

ting the necessity of proteolytic digestion, preparation time 

and possible artifacts introduction during sample preparation 

is reduced. 

The combination of high separation power, versatility, flex-

ibility and the possibility to obtain information-rich data from 

a single CZE-MS/MS run makes our screening method an 

ideal tool to combine with clinical and veterinary routine 

methods when unknown Hb proteoforms are suspected or 

quantification results need to be validated with an orthogonal 

method. Furthermore, the possibility to separate and character-

ize positional isomers could be valuable for a deeper under-

standing of the mechanisms behind non-enzymatic protein 

modifications. Given the unique properties of Hb as potential 

biomarker in various contexts, our method could become very 

useful for purposes of clinical analysis and general pathophys-

iological research. 
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