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Abstract. Hemoglobinopathies are the most common inherited disorders in humans
and are thus the target of screening programs worldwide. Over the past decade,
mass spectrometry (MS) has gained a more important role as a clinical means to
diagnose variants, and a number of approaches have been proposed for character-
ization. Here we investigate the use of matrix-assisted laser desorption/ionization
time-of-flight MS (MALDI-TOF MS) with sequencing using in-source decay (MALDI-
ISD) for the characterization of Hb variants. We explored the effect of matrix selection
using super DHB or 1,5-diaminonaphthalene on ISD fragment ion yield and distribu-
tion. MALDI-ISD MS of whole blood using super DHB simultaneously provided

molecular weights for the alpha and beta chains, as well as extensive fragmentation
in the form of sequence defining c-, (z + 2)-, and y-ion series. We observed sequence coverage on the first 70
amino acids positions from the N- and C-termini of the alpha and beta chains in a single experiment. An abundant
beta chain N-terminal fragment ion corresponding to ¢34 was determined to be a diagnostic marker ion for Hb S
(86 Glu~Val, sickle cell), Hb C (36 Glu—Lys), and potentially for Hb E (326 Glu—Lys). The MALDI-ISD analysis of
Hb S and HbSC yielded mass shifts corresponding to the variants, demonstrating the potential for high-
throughput screening. Characterization of an alpha chain variant, Hb Westmead (a122 His—Gin), generated
fragments that established the location of the variant. This study is the first clinical application of MALDI-ISD MS
for the determination and characterization of hemoglobin variants.
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Introduction

emoglobin mutations form one of the most common
human genetic disorders world-wide and occur sporadi-
cally in all populations. Hemoglobinopathies are a diverse
group of disorders caused by hemoglobin variants and are
involved in disease states with broad physiological manifesta-
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tions such as cyanosis, erythrocytosis, and hemolytic anemia.
More than 1000 variants have been characterized and although
the great majority of them are not clinically significant, there
are close to 150 variant hemoglobins that are unstable, and
these can cause hemolytic anemia of various severity [1-5].
The most common and clinically important variant hemoglo-
bins are: Hb S (B6 Glu—Val), Hb C (B6 Glu—Lys), Hb E (26
Glu—Lys), Hb D (121 Glu—Gln) (Table 1). Hb S or sickle
hemoglobin, caused by B-globin gene codon 6 GAG>GTG or
glutamic acid residue replaced by valine. It is commonly found
in sub-Sahara Africa, Middle East, and parts of Indian subcon-
tinent. Patients with homozygous Hb S or sickle cell anemia
suffer vaso-occlusions, multiple organ damage, and shortened
lifespan. It is estimated that up to 330,000 neonates are born
annually with this serious condition worldwide [6]. Hb C
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caused by B codon 6 GAG>AAG or glutamic acid replaced by
lysine. It is the second most common variant hemoglobin
worldwide found mostly in people of African descent. While
homozygous Hb C is a mild condition, compound heterozygote
with Hb S, known as Hb SC disease, can have severe clinical
course similar to sickle cell anemia. Hb E caused by 8 codon 26
GAG>AAG or glutamic acid replaced by lysine, is widespread
in southeast Asia, southern China, and eastern India. Homozy-
gous Hb E is a mild condition. However, compound heterozy-
gotes with B-thalassemia mutation, Hb E/B-thalassemia, can
present as -thalassemia major with severe anemia that requires
monthly blood transfusions throughout life. While less com-
mon in the United States, D-Los Angeles (D-Punjab) is com-
mon in other regions of the world and thus may be included in
screening programs. Of concern is the compound heterozygote
Hb S/Hb D, where Hb D may co-polymerize with Hb S and
cause severe sickling. Diseases caused by Hb S, Hb C, and Hb
E are of public health importance in the US and in many
countries where malaria was and may still be endemic. With
population migrations, these diseases are now found through-
out all parts of the world [3]. The detection and characterization
of clinically relevant Hb variants is of paramount importance to
generate a correct diagnosis. Proper identification of all variant
hemoglobins is necessary in order to provide appropriate med-
ical care, prognosis, and family counseling for those who have
inherited these globin gene mutations.

Classical methods for the biochemical diagnosis of hemo-
globinopathies such as electrophoresis and cation exchange
chromatography rely on the detection of a charge difference
induced by the mutation [7]. In the case of HPLC, variant
identification is made on the basis of matching the elution
profile with a library of known variants. Difficulties arise with
co-eluting variants and components exhibiting unmatched re-
tention times [8]. Therefore, in some cases the detection and
characterization of hemoglobin variants present challenges to
classical methods and require more sophisticated techniques
such as DNA analysis or mass spectrometry. DNA analysis is a
confirmatory technique not amenable to high throughput ap-
plications [9]. Mass spectrometry offers a rapid and accurate
means for the detection and characterization of Hb variants as
the speed, sensitivity, and selectivity of the method are com-
pelling analytical assets, in addition to its capability for de novo
determinations.

Detection and characterization of hemoglobin variants by
mass spectrometry have a rich and diverse history [10]. These
endeavors have utilized the full range of advances in biomo-
lecular mass spectrometry. In the 1980s, field desorption [11]
and fast atom bombardment (FAB) ionization modes [12] were
used to analyze tryptic peptides of hemoglobin variants. With
high quality FAB-MS and MS/MS data from a four-sector
(EBEB) instrument, even novel hemoglobins could be unam-
biguously identified in clinical samples [13]. The detection of
hemoglobin variants by molecular weight profiling of intact
globin chains using electrospray ionization (ESI) on magnetic
sector [14], triple quadrupole mass spectrometers [15], and
matrix-assisted laser desorption/ionization (MALDI) [16], as
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well as peptide mass mapping of their tryptic digests by
MALDI-TOF MS [17-19], were amongst the first. MALDI-
TOF MS molecular weight profiling was recently used as a first
tier screen in which newborn samples were analyzed to detect
the beta chain mass shift characteristic of the sickle cell variant
(B6 Glu—Val) [20]. A combination of ESI-MS molecular
weight profiling of intact hemoglobins with MS/MS of pep-
tides from the tryptic digest of whole blood for variant detec-
tion and characterization was reported [21]. Gatlin et al. dem-
onstrated the feasibility of automatic detection and identifica-
tion of point mutations in proteins by LC-MS/MS analysis of
proteolytic digests [22]. This approach has been used for Hb
variant analysis [23, 24]. Although bottom-up methods [25]
remain the workhorse of proteomics, the characterization of
point mutations by LC-MS/MS can be made difficult by the
higher false positive rate that is observed when sequence var-
iations are allowed during searches of very large databases and
may necessitate the use of custom-built databases [24]. The
requirements for chromatographic separation and proteolytic
digestion prior to analysis render the bottom-up approach time-
consuming, discouraging the use of this approach for high
throughput screening. Targeted analysis for common hemoglo-
bin variants through multiple reaction monitoring (MRM) ac-
quisition mode MS of whole blood tryptic digests has been
proposed as a high-throughput population screening method-
ology [26].

For the top-down approach, proteins are introduced directly
into the mass spectrometer and individual components can be
mass-selected and dissociated in the instrument, yielding prod-
uct ions containing sequence information. A significant advan-
tage of top-down [27-29] over bottom-up methods for variant
characterization is that connectivity is maintained between the
molecular weight profile information and the fragment ion
mass spectrum. This connectivity is of vital importance in
protein variant detection and characterization. The molecular
weight profile provides the mass shift caused by the presence of
a variant and limits the number of possible amino acid substi-
tutions to be considered, facilitating the analysis of the frag-
mentation data by guiding the search of variant fragment ions.
The avoidance of chromatographic separation and the minimal
requirement for sample preparation represent a considerable
saving in terms of time. As noted above, the potential of top-
down mass spectrometry for the analysis of hemoglobin vari-
ants was recognized in the early 1990s using triple quadrupole
instruments [30]. At that time, the efforts were impeded by
charge state ambiguities, spectra complexity, and the lack of
suitable software tools for spectra interpretation. Recent im-
provements in instrument capabilities and performance as well
as software development have greatly increased the power of
top-down mass spectrometry. We, and others, have recently
proposed top-down analytical platforms for hemoglobin vari-
ant analysis based on high performance, high resolution mass
spectrometers [31, 32].

Despite the scope of the efforts deployed to use mass
spectrometry techniques to detect and characterize hemoglobin
variants, the application of MALDI in-source decay (ISD) [33—
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Table 1. Representative Beta Chain Hemoglobin Variants
Hemoglobin Original geographic association Amino acid substitution Trait® Occurrence® Note®
S Africa E6V (AS) 8% (AS) 1:12 Mild

(SS) 1:500 Moderate/severe
C Africa E6K (AC) 2% (AC) 1:40 Benign

(CO) 1:150 Mild
E° Asia E26K (AE) 10% (AE) 1:10 Benign

(EE) - Mild
D Los Angeles® Europe/India E121Q rare 1:30,000 Benign
SC Africa E6V / E6K - (SC) 1:2,500 Moderate/severe
SE - E6V / E26K - - Moderate/severe
SD - E6V /E121Q - Moderate/severe

*Trait and occurrence in USA — in African Americans and in Asian American immigrants.
Degree of hemolytic anemia

“Prevalent in Southeast Asia and ranges from 30% to 60% dependent upon region

4Also known as D Punjab — occurs in 3% of individuals from India and Pakistan

35] mass spectrometry in this area has not yet been explored.
MALDI-ISD MS was initially developed on linear MALDI-
TOF instruments and later used on higher performance TOF/
TOF instruments [36]. The capabilities of MALDI-ISD MS in
terms of top-down protein sequencing were demonstrated by
determining the primary sequence of a 13.6 kDa single heavy
chain camelid antibody [37]. The closest application to Hb
variant analysis described to date used MALDI-ISD MS to
identify sequence variants in tubulin isoforms [38] originating
from HeLa cells. In-source decay occurs prior to acceleration of
the ions. The fragmentation gives rise mainly to c, y, and (z + 2)
fragment ions. The MALDI-ISD MS process is analogous to
ECD MS and ETD MS where the fragmentation is mediated by
a hydrogen radical transfer [39]. In MALDI-ISD MS, the type
and distribution of the fragment ions can be strongly influenced
by the choice of matrix [40]. The technique offers a fast, con-
venient means of generating top-down data from proteins and
has been reported to be an efficient method for C- and N-
terminal sequencing [36] and a range of other applications
including tissue imaging [41]. More recent instrumentation of-
fers the possibility for performing MS/MS analysis of ISD
fragment ions using T° sequencing [42]. We note that hemoglo-
bins are well suited for MALDI-ISD MS since sample purity
and quantity are not an issue, given that simple dilution of whole
blood virtually eliminates the contribution of other components
while still providing a suitably high concentration of hemoglo-
bin for analysis. The method can provide simultaneous molec-
ular weight profile information and sequence-defining fragmen-
tation. We present here a prospective clinical application of
MALDI-ISD MS with the potential for high throughput screen-
ing and sequencing of clinically relevant Hb variants.

Experimental

Whole blood was obtained from patients, with their informed
consent, as part of a screening program of the Hemoglobin
Diagnostic Reference Laboratory at the Boston University
School of Medicine. The blood was diluted approximately
1:250 in water. The “Super DHB” (sDHB) (Bruker Daltonics,
Billerica, MA, USA) matrix solution was prepared to a

concentration of 50 g/L in 50% acetonitrile/water/0.1% formic
acid. Super DHB is a mixture of 2,5-dihydroxy-benzoic acid
and 2-hydroxy-5-methoxy-benzoic acid 10:1 w/w [43]. A sat-
urated solution of 1,5-DAN (Acros Organics, Fisher Scientific,
Pittsburgh, PA, USA) matrix was prepared in 50% acetonitrile/
water/0.1% formic acid. The sDHB samples were prepared by
spotting 0.5 pL of the matrix solution and 0.5 puL of diluted
whole blood on a ground stainless target. For 1,5-DAN sam-
ples, 1 uL of matrix solution was used.

All MALDI-TOF mass spectra were acquired on a Bruker
UltrafleXtreme MALDI-TOF/TOF mass spectrometer (Bruker
Daltonics) equipped with a Smartbeam II laser (wavelength
355 nm, 3 ns pulse width, and a power level of 100 pJ/pulse)
that was operated at 1 kHz repetition rate. In-source decay
(ISD) measurements were used for top-down sequencing [42]
and were conducted in the reflectron mode. The acceleration
voltage was set to 25.00 kV, extraction voltage was set to
22.60 kV, lens voltage was at 7.75 kV, and reflector voltage
was at 26.45 kV. The pulsed ion extraction (PIE) time was set
to 180 ns. ISD spectra consisted of 12,000 to 15,000 accumu-
lated laser shots and were externally calibrated using c-type
fragment ions generated from intact bovine serum albumin in
the range m/z 1000-5000.

The T? sequencing spectra of ISD fragment ions were
acquired by preselecting the ISD fragment ions of interest with
the precursor ion selector and fragmenting them further. The
acceleration voltage was set to 7.50 kV, extraction voltage was
set to 6.80 kV, lens voltage was at 3.50 kV, LIFT 1 voltage was
at 19.00 kV, and reflector voltage was set to 29.50 kV. The PIE
time was set to 90 ns.

Data acquisition and spectral processing were accomplished
using Compass 1.4 software followed by top-down sequencing
analysis in BioTools 3.2 software (Bruker Daltonics). The
assignment of fragment ions was performed using BUPID
Top Down (Boston University Protein Identifier Top Down),
a custom-programmed software algorithm written in-house
[44, 45], which can be used to assign sequence and mass
information to top-down T° sequencing data. Fragment ion
isotope patterns were calculated using the Protein Prospector
MS-isotope tool [46].
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Safety Considerations § .
1,5-DAN is a known carcinogen and appropriate precautions L% il
should be taken to avoid accidental exposure.
’:'Q:?
Results and Discussion g :
=]
The goal of this work is to explore the major practical consid- El § = § Sg
erations that could enable the application of MALDI-ISD MS E 21727
to the screening and sequencing of hemoglobin variants. For ’
this purpose, we investigated the effect of matrix selection and =
experimental conditions on the fragmentation of hemoglobin 9: Somnz
alpha and beta chains to evaluate the feasibility of MALDI-ISD g SSsssSs
MS for application to clinical diagnosis of hemoglobinopa- -
thies. After the methodology was developed using wild-type 5
hemoglobin, representative alpha and beta chain variants were = =
analyzed to demonstrate the applicability of the method. For %% 389N
the purpose of this feasibility study, we focused on two clini- z é L
cally relevant beta chain variants: Hb S (36 Glu—Val), Hb C g |
(B6 Glu—Lys), and a representative alpha chain variant Hb
Westmead (a122His—Gln) [47]. MS characteristics of these =
samples including mass of intact protein and subsequent 8
masses and assignments of tentative diagnostic ions are sum- é
marized in Table 2. We implemented an experimental scheme 98| wmme
developed in our laboratory for data acquisition and interpre- fﬁs é 3 E ; § ;
tation based upon our experience using top-down MS/MS for R RCEE R R
the characterization of hemoglobin and transthyretin variants © s
[31]; this is visualized in the Scheme 1. After measuring an o
intact protein mass and determining if a mass difference be- g
tween normal and variant forms exists, initial sequence infor- Ko
mation can be obtained. Following a database search or pattern % 2
mass mapping of the peaks against known values for initial . E—-E e
variant localization, select ions may be further sequenced to E|2E| S8EAA
pinpoint the exact location of the amino acid substitution. In the T;a N
case of ESI top-down we used nozzle skimmer dissociation 5|leg8
followed by MS/MS. Here we explore MALDI ISD followed 2 G
by T? sequencing. In all instances of data analysis, it is possible 2 é § o
to compare MS and MS/MS data with library spectra, or in the z g ; 8 g 5 8 §
case of heterozygotes with ions in the same mass spectra, to T% S 51T
match m/z values, peak intensities, and mass differences be- §
tween normal and variant amino acids. Z |5 z
MALDI-ISD MS requires 10-50 pmol of relatively pure % g o
sample. This requirement makes hemoglobins ideal candidates [g % § 5 § § § g
for MALDI-ISD MS analysis, given the approximately 8§ mM 'z S| 82252 5
concentration of the proteins in blood, and the required con- A RGE R SE
centration for MALDI-ISD MS analysis can be achieved by Z 28,
simple dilution of a few microliters of whole blood. A dilution §D Y 23 c ng
step also has the advantage of diminishing the concentration of = S i) g ;’*5 %
less abundant proteins, further decreasing the possibility that § g ; ; s § g g 8
proteins other than hemoglobin will interfere with the analysis. iﬁ § 29 g 2255
MALDI-ISD MS is tolerant of contaminants and offers the > PesE gé 253
advantages of MALDI, such as speed and sensitivity, as well § = = éﬂ 2 % %
as ease of sample preparation. Furthermore, MALDI ISD MS ,\i % % s = § =
offers rapid and extensive sequence coverage of proteins and =| g CcnU D l?: ,§ ‘g ’g i
peptides in a single experiment [48]. el 2 EEEEE | PEREE
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Scheme 1. Generalized scheme for analysis of variant hemo-
globins by MS. Screening may be performed with MALDI-ISD.
T® sequencing provides the opportunity for more detailed con-
firmatory analysis

MALDI-ISD MS of Wild-Type Human Hemoglobin

The MALDI-ISD MS data obtained from normal hemoglobin
with sDHB matrix exhibited rich fragmentation (m/z 600—
8500), as well as some abundant higher mass peaks corre-
sponding to the doubly and triply charged ions of the intact
alpha [M + 2H]*" (m/z 7564.0) and beta [M + 2H]*" (m/z
7934.5) chains (Figure 1) that provided very helpful molecular
weight profile information in addition to the N- and C-terminal
sequence information. The m/z values of the doubly and triply
charged ions of the intact alpha and beta chains are given as
average mass values as these peaks were not isotopically re-
solved. The measured molecular weight of the alpha chain
(MW 15126.0, calc. MW 15126.4) and the beta chain (MW
15867.0, calc. MW 15867.2) obtained from the observed av-
erage mass of the doubly charged ions of the intact protein are
in agreement with their calculated values. The triply charged
ions of the intact alpha chain [M + 3H]*" (m/z 5043.5) and beta
chain [M + 3H]*" (m/z 5290.0) were also observed. The mo-
lecular weight profile offers valuable information for the de-
tection and characterization of Hb variants since the value of
the mass shift limits the number of possible amino acid substi-
tutions to be considered and also guides the analysis of the
fragmentation data. It is important to note that no interference
from other whole blood components was observed.

The MALDI-ISD MS fragment ion spectrum obtained from
whole blood in sDHB featured abundant product ions as pre-
sented in Figure 1; for clarity, only c-ions are shown for the
beta chain. Complete ion series assignments for the alpha and
beta chains are provided in Supplementary Figures 1 and 2 and
in Supplementary Table 1. We applied a combination of
methods for the initial ion assignments using BioTools 3.2
peak fitting software, BUPID Top-Down software, and manual
confirmation with theoretical ions. In general, ions could be
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assigned with confidence with an average absolute mass error
0f0.05 Da=+0.05 Da (range 0 + 0.35 Da). Although both y- and
(z + 2)-ion series were present in the MALDI-ISD mass spec-
trum of normal hemoglobin obtained in SDHB, the signals from
the y-ion series were generally more intense and the coverage
was more extensive. The c-ion series were sometimes accom-
panied by weaker series of a-ions. The a- and (z + 2)-ions can
help distinguish N- and C-terminal related fragmentation. The
N-terminal c- and a-ions are 45 Da apart and the C-terminal y-
and (z + 2)-ions are separated byl5 Da. Assignment of the
fragment ions observed for the alpha and beta chains provided
extensive sequence coverage for both the alpha and beta chains
(Figure 1). The coverage extends approximately 70 residues
from the N- and C-termini for both proteins. A total of 389
fragment ions were assigned to both chains: 180 for the beta
chain (Supplementary Figure 1) and 209 for the alpha chain
(Supplementary Figure 2). In a manner analogous to ECD,
some gaps appear because of the presence of proline, whose
cyclic structure directs the type of fragmentation that gives rise
to ¢- and (z + 2) ions [49, 50]. The expected complexity
resulting from the presence of two different proteins did not
appear to significantly hinder data interpretation, although
some alpha and beta chain fragment ion mass values overlap-
ped because of the presence of isobaric peaks (Supplementary
Table 2). From the 389 peak assignments, a total of 13 potential
isobaric peaks were observed: four pairs of fragment ion as-
signments could be assigned to the beta chain, six could be
assigned to the alpha chain, and three could be co-assigned to
either the alpha or beta chain. The occurrence of overlap can be
recognized by paying close attention to the isotope pattern
expected from the fragment ion of interest. Although the cov-
erage of the hemoglobin chains is not complete, this is not
necessarily a limitation, as the majority of clinically significant
hemoglobin variants have the modified amino acid within the
readily accessible regions of the sequence [26].

Consistently, the relative abundances of the fragment ions
of the beta chain appeared to be lower than those of the alpha
chain. This is in agreement with the results of MALDI-ISD MS
as applied to mixtures of proteins in the context of MALDI-MS
tissue imaging al [41]. Using protein standards of varying
molecular weights, this study revealed a high sensitivity to
protein ionization efficiency. In the case of hemoglobins, the
alpha chain exhibits higher ionization efficiency than the beta
chain. For hemoglobins, this behavior is particularly marked in
electrospray/nanospray ionization where the beta chain’s ioni-
zation efficiency can be less than a third that of the alpha chain.
For the MALDI-MS experiments reported herein, the relative
intensity of signals from the intact beta chain relative to the
alpha chain was about 50%. This difference did not affect the
quality of the fragment ion series or the number of assignments
obtained from the beta chain.

MALDI-ISD MS with T° Sequencing

A key feature in the MALDI-ISD mass spectra obtained from
diluted whole blood is a fragment ion observed at m/z 3584.98.



1304

R. Théberge et al.: MALDI-ISD MS of Hemoglobin Variants

100 —S+A+V—A+T—+A+L—+—W—GK—V—+N—V—4D—4—E—V—A4GIG—E—+A+L—AG—R——L——L—+V—+V- —W—+T—+—Q——R—+F+

c20
c15 c19
c12 c17|c 18

Relative Intensity (%)

cs _c10 13 c14 c16 °M o2

Abs. Int. * 1000

7 3584.98
200 c34 3
150 |
"

100
50
?

MMM, "

3560 3580 3600 m/z

c23 c26 c38
<24 c30 c31| .3 37
c27 c28

-
o
oo

1000 1500 2000

b-F—+—F——E—+S+—F—GHD—L—+SH HD—+A+V-+—M—iGI

Relative Intensity (%)

o

2500 3000 3500 4000 m/z

kS

—K—+V—A+—K—+A+—H—GH—K——K— x3|

[Hba+2H]2*

[HoB+2H]?*

4500 5000 5500 6000
HBa

6500 7000 7500 8000 m/z
HBB

D KFLASYVSTVLTSK

VLSPADKTNVKAAWGKVIGAHAGEYG B |[vHLTPEEKSAVTALWEKVNVDEVGGE 2

AVEVATLERMEILYSTEIPITITIKITIYIE PYHYEIDILISIHY 80 || E1ATLG R LIVIVIY P W TIQRIFVFIES FI6 D LIS T 50

6'sA'QVIKIGTHIG KK VIATD AT LI TIN|ATVIATH VID|D (7 || PIDYA'VIM 6N PIKIVIKIATHIGKK'V L G'A FislD 6 L 78
100 3

M PIN|A! LkSLAkLLSLDkLkHkAkHkKkLkRkaDkPLVkaFkKkLkm ATH LD N L K GT(FAT(LSELHCOKLHYEEP

LLSKHKCKLKLLVLTLLLAKAKHKLLPkAkEkaTkPLALVLHkAKSKLK EKNLFkRkLLLkGLNkaLLVkaVKLKALHLHkFLGLKKELFKTKPKPK

2N
a

VQAAYQKVVAGVANALAH 146

Figure 1. MALDI-ISD mass spectrum of wild-type hemoglobin obtained from diluted whole blood in sDHB matrix labeled with c-ion
assignments for the beta chain. Full ion assignments are shown in Supplementary Figures 1 and 2. Inset is an expanded view of m/z
3550-3620 showing the Bca4 fragment ion at m/z 3584.98. Greater than 80% sequence coverage was obtained using BioTools 3.2
and BUPID Top-Down software. Sequence coverage is illustrated for the alpha and beta chains shown below. Assignments
correspond to values shown in Supplementary Table 1. An asterisk (¥) indicates matrix adducts

This fragment was assigned as Pcs4 (calc. m/z 3584.98). The
importance of this fragment ion lies in that it occurs in a region
of the MALDI-ISD mass spectrum (Figure 1 inset) that is
relatively free of other fragment ions (m/z 3560-3620) and
describes the N-terminus of the beta chain where the sequence

Abs. Int. * 1000

variations of the most common clinically relevant hemoglobin
variants reside, as noted above. This suggests that the fBcs4
fragment ion could be useful as a diagnostic ion in the detection
of these beta chain N-terminal variants. It should be noted that
the experimental conditions do not preclude the possibility that
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Figure 2. T° sequencing fragment ion mass spectrum obtained from the m/z 3584.98 precursor generated from MALDI-ISD MS of
hemoglobin obtained from diluted whole blood in 1,5-DAN matrix describing the fragmentation and sequencing of fcs4. Numbering
of the y-ion series considers residue 34 of the intact protein sequence as the peptide C-terminus. Greater than 64% sequence
coverage was obtained. lons were assigned using BioTools 3.2 software
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an isobaric ion from B(z + 2);3 (calc. m/z 3584.89) or from ac3y
(calc. m/z 3585.86) could contribute to the signal from the fcs4
fragment ion. We observed that the calculated isotope distribu-
tion of the molecular composition of Pcsy is slightly different
from that observed in the MALDI-ISD mass spectrum shown
in Figure 1 inset; a direct comparison is shown in Supplemen-
tary Figure 3. The difference in peak intensities suggests that
034 1S present as an overlapping isotopic cluster. However, this
contribution of overlapping fragment ions to Bcs4 is minimal.
In order to further probe the composition of Bcss, T° sequenc-
ing was performed to obtain sequence information on this
primary fragment. The resulting secondary fragment ion mass
spectrum (Figure 2) exhibits extensive product ions consistent
with the sequence of fcsy, representing sequence coverage of
>65%. Therefore, whilst the fragment ion cluster assigned as
Bcs4 in the MALDI-ISD mass spectrum of hemoglobin over-
laps with a low abundance signal from ac;4, the Bc;,4 fragment
is still a useful diagnostic ion for the detection of clinically
relevant hemoglobin variants residing in the N-terminal region
of the beta chain.

Use of 1,5-DAN as a Matrix for MALDI-ISD MS

We also explored MALDI-ISD MS analysis for hemoglobin
using 1,5-DAN as the matrix. The use of 1,5-DAN as the
preferred matrix for MALDI-ISD MS has been advocated
based on its ability to reduce disulfide bonds and to generate
more intense c-ion and (z + 2)-ion signals than does DHB [40,
48, 51]. We noted a few significant differences between the
MALDI-ISD mass spectra of hemoglobins recorded with 1,5-
DAN and sDHB matrices. First, the MALDI-ISD mass spectra
obtained with 1,5-DAN do not exhibit doubly charged intact
protein ions and, hence, lack the molecular weight information
that might reveal the presence of a variant. Second, since 1,5-
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DAN generally favors N-terminal fragmentation, it generates
somewhat simpler ISD spectra than does sDHB (Figure 3).
Consequently, we found that the abundances of fragment ions
representing the C-terminus of both the alpha and beta chains
were significantly diminished in comparison to their N-
terminal counterparts compared with the ratio of these fragment
types observed with sDHB. MALDI-ISD mass spectra obtain-
ed in sDHB thus had a more complex appearance, with abun-
dant c-ions, y-ions, and (z + 2)-ions, and thereby more com-
plete sequence coverage for both the alpha and beta chains. In
the mass spectra obtained with 1,5-DAN, (z + 2)-ions tended to
be the dominant type of C-terminal fragments, whereas y-ions
were observed to be more abundant when using sDHB as the
matrix. These observations are in agreement with previously
reported results concerning the comparison of MALDI-ISD
mass spectra of proteins in 1,5-DAN to spectra recorded for
samples in DHB [40], but the literature relevant to these phe-
nomena is still very limited. It should be noted that 1,5-DAN is
an aminonapthalene derivative and a potent carcinogen. A
further drawback is its instability in solution and its unfavor-
able sublimation properties that can cause significant ion
source contamination. The latter consideration must be taken
into account given the large number of laser shots necessary to
generate MALDI-ISD mass spectra, and is especially relevant
to selection of proper safety precautions during ion source
cleaning. One of the potential advantages of using 1,5-DAN
instead of sDHB is that the potential for higher fragment ion
yields may facilitate the process of obtaining T sequencing
mass spectra from ISD fragment ions (e.g., fcz4 fragment ion),
which can yield sequence information through T* sequencing
[42]. The option of performing T° sequencing on the variant-
containing fragment ion is potentially very useful. Although
this process is not yet straightforward enough that it may be
considered as part of a high throughput clinical screening
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Figure 3. Expanded view of m/z 3100-3750 from the MALDI-ISD mass spectrum of wild-type hemoglobin obtained from diluted
whole blood in (a) sDHB and (b) 1,5-DAN matrix. Dominant N-terminal defining c-ions can be observed by MALDI-ISD MS obtained
with 1,5-DAN. The MALSI-ISD mass spectrum obtained with sDHB displays abundant fragmentation from both termini
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assay, it may have an application for confirmation of putative
variants following first pass MALDI-ISD MS screening. As the
results obtained in Figure 2 suggest, the sequence coverage
may not be sufficient to confirm unequivocally the presence of
common variants such as Hb S, Hb C, and Hb E. Future
improvements in instrumentation, matrices, and methodology
could facilitate implementation of routine T* sequencing anal-
ysis of variant-containing ISD fragment ions.

Analyses of Variant Hemoglobins from a Select
Group of Patient Samples

The combination of intact protein molecular weight and exten-
sive sequence information obtained in a single MALDI-ISD
MS experiment could be tremendously advantageous for high
throughput screening for hemoglobin variant determination. In
order to test the suitability of using MALDI-ISD MS for
screening and determination of hemoglobin variants, we ana-
lyzed a pilot set of patient samples obtained from the Hemo-
globin Diagnostic Reference Laboratory at the Boston Univer-
sity School of Medicine. These included normal hemoglobin
and known clinically relevant variants. The MALDI-ISD MS
analysis of known Hb variants affords the opportunity to test
the methodology and validate the ion assignments made on the
basis of their calculated monoisotopic mass values. As noted
above, assignment of ion identities strictly on the basis of mass
values can be difficult since some alpha and beta chain frag-
ment ion masses may be isobaric or may have overlapping
isotopic clusters that create complex patterns whereby it be-
comes difficult to extract the monoisotopic masses of the
contributing fragments. Additionally, higher mass fragment
ions may not exhibit well resolved isotope patterns because
of the presence of isotopomers with low signal-to-noise values
and, thus, the determination of monoisotopic mass becomes
more difficult. In the case of a heterozygous variant, the pres-
ence of a variant fragment ion exhibiting the mass shift consis-
tent with the amino acid substitution represents a secondary
and important validation of the fragment ion assignments.

As a first example, we performed MALDI-ISD MS on a
heterozygous sickle cell sample, Hb S (6 Glu—Val). The
variant type had already been determined by gene sequencing.
The MALDI-ISD mass spectrum (sDHB matrix) showed the
doubly charged ion typically observed for the beta chain wild-
type ([M + 2H]*" m/z 7934.5) as well as the variant protein ([M
+ 2H]*" m/z 7919.6) (Figure 4). The observed mass difference
(—29.9 Da) is consistent with the —30.0 Da calculated mass shift
resulting from the Glu—Val amino acid substitution. For the
resultant fragment ions, the observation of a monoisotopic
mass shift of =29.97 Da in the sickle cell MALDI ISD mass
spectrum, relative to the peak assigned to a normal beta chain
ion, would confirm the validity of the assignment. Further-
more, a decrease in the relative abundance of the assigned
“normal” beta chain ions should be observed, given the het-
erozygous nature of the sample.

The analysis of MALDI-ISD MS data obtained with a
known beta chain hemoglobin variant affords the opportunity
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of confirmng the assignment of the fragment ion originally
assigned as Pcs4 in the MALDI-ISD mass spectrum of wild-
type hemoglobin as well as confirming the potential of using
this precursor as a diagnostic fragment ion. The presence of a
fragment ion corresponding to the Glu—Val variant at m/z
3555.04 (calc. m/z 3555.01) (Figure 4d) is accompanied by a
decrease in the abundance of the peak at m/z 3584.98 relative to
a wild-type sample. The observed —29.94 Da mass difference is
consistent with the Glu—Val substitution. The ratio of the
abundance of the sickle cell Bcs4 fragment ion to that of the
wild-type Pcs4 is lower than that observed for the doubly
charged ions corresponding to the intact beta chains. This
further confirms our original observation that other fragment
ions overlap with the wild-type Pcs4 ion. Inspection of the
isotope patterns of the variant and wild-type Pcs4 reveals a
difference in isotope distribution. A comparison of these isoto-
pic distributions with those calculated on the basis of the
molecular formulas of the respective fragment ions shows a
close match for the sickle cell Besy4. This was not the case for the
normal Bcs4 fragment ion (m/z 3584.98) as shown before
(Figure 1 inset). Beta chain c-ions with a —29.97 Da mass shift
not present in the normal hemoglobin MALDI-ISD mass spec-
trum include a series of peaks indicating the presence of a
sickle cell variant can be observed down to By (m/z 1038.56).

A potential challenge is that data interpretation can be
complicated by the overlap of variant-related fragment ions
with other ions. Also, nonlinear calibration of low m/z values
and interference due to the presence of matrix ions may add to
the difficulty of observing informative fragment ions below m/z
1000. The data shown here demonstrate the characterization of
the sickle cell variant given that no other known beta chain
amino acid substitution can give rise to a —30 Da nominal mass
shift in the first nine positions relative to the N-terminus. We
show that the c-ion series assignments of the beta chain can be
validated by looking for a variant-characteristic mass shift in
relationship to the wild-type fragment ion. This is very useful in
cases where isobaric fragment ions cannot be distinguished.
For example, a peak was observed at m/z 6948.65 in the
MALDI-ISD mass spectrum of normal hemoglobin. The peak
has low abundance and was not well resolved isotopically. It
could reasonably be assigned as a Pcgq (calc. m/Zz 6948.60)
fragment ion or a B(z + 2)e3 (calc. m/z 6948.59) fragment ion
(Supplementary Figure 4). The presence of a—30.04 Da peak in
the mass spectrum obtained from the sickle cell sample, along
with an observed decrease in the relative abundance of m/z
6948.65, confirmed the assignment of this fragment ion as Pcgg.
This does not rule out the presence of some contribution by B(z
+ 2)¢3 but firmly establishes the Pcgy assignment. A similar
example may be observed in the MALDI-ISD mass spectrum
of wild-type hemoglobin for the peak at m/z 4710.48, where the
assignment may be aayy (calc. m/z 4710.42) or ey, (calc. m/z
4710.52) (Supplementary Figure 5). The presence of a —
29.89 Da peak in the sickle cell sample, along with an observed
decrease in the relative abundance of the peak at m/z 4710.48,
confirmed the assignment of this fragment ion as fc4,. Again,
the possibility that oay, is present cannot be discounted but the
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Figure 4. MALDI-ISD mass spectra of diluted whole blood.
Expanded view of the range m/z 78907970 for (a) wild-type
hemoglobin and (b) sickle cell hemoglobin, prepared with sDHB
matrix. The doubly charged ions of the intact wild-type beta
chain (m/z 7934.5) and sickle cell (36 Glu—Val) variant (m/z
7919.6) can be observed. The average mass difference of —
29.9 Da is consistent with a Val-Glu substitution (asterisks
indicate peaks corresponding to prompt water loss and/or am-
monia loss from the protein). Expanded view of the range m/
3550-3600 for (c) wild-type hemoglobin in sDHB matrix, (d)
sickle cell (36 Glu—Val) heterozygote hemoglobin in sDHB ma-
trix, and (e) sickle cell (86 Glu—Val) heterozygote hemoglobin in
1,5-DAN matrix. The mass differences observed (29.94 Da and
29.96 Da) between the wild-type and sickle cell (36 Glu-Val)
Bcss fragment ions in (c) and (d), respectively, are consistent
with a Val-Glu substitution (—29.97 Da)

main component at m/z 4710.48 may confidently be assigned
as BC42.

A significant challenge of using mass spectrometry for
variant characterization involves the class of variants that differ
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Figure 5. Expanded view of m/z 3550-3600 from the MALDI-
ISD mass spectra of hemoglobin obtained from diluted whole
blood prepared with sDHB matrix (a) wild-type hemoglobin and
(b) heterozygote variant hemoglobin SC (86 Glu—Val and 36
Glu-Lys). The observed —0.92 Da mass shift in the isotope
pattern of Bcg4 is consistent with the presence of a Glu-Lys
substitution (-0.945 Da). The mass of the fragment ion m/z
3555.04 corresponds to the sickle cell (86 Glu—Val) Bcs, ion

by mass by only + 1 Da. Under the conditions used in the
present study, identification of £ 1 Da mass changes in the
intact hemoglobin molecular weight profile could be consid-
ered difficult. However, the MALDI-ISD MS experiments
performed here readily allow the detection of variants such as
Hb C (B6 Glu—Lys) and Hb E (f26 Glu—Lys). The fragment
ions resulting from the ISD process yield information permit-
ting the assignment of these variants, since ISD fragment ions
exhibiting a —0.95 Da mass shift can be observed with higher
mass accuracy and sensitivity than the [M + 2H]*" precursors.
Here we demonstrate this with the example of an analysis of
hemoglobin from a compound heterozygous patient expressing
Hb C (B6 Glu—Lys) and Hb S (86 Glu—Val) (HbSC). In the
higher mass region of the MALDI-ISD mass spectrum (not
shown), a peak corresponding to the intact beta chain sickle cell
variant can be observed, [M + 2H]*" m/z 7920.0, as well as a
doubly charged ion, [M + 2H] ** m/z 7934.5, consistent with
the molecular weight of wild-type beta chain. However, the
measured mass difference is —29.0 Da, suggesting the possibil-
ity of Hb SC since no single amino acid substitution may result
in a —29.0 Da mass shift. Examination of the beta chain ISD
mass spectrum starting with the diagnostic fragment ion Pcs,
reveals that the peak cluster is indeed shifted by —0.92 Da
(calculated Am Glu—Lys = 0.95 Da), with the monoisotopic
peak being located at m/z 3584.06 (Figure 5b). This observa-
tion, in conjunction with the presence of a Bc34-29.94 Da
fragment ion at m/z 3555.05, strongly indicates the possibility
of Hb SC. Again, as in the case of the heterozygous sickle cell
sample discussed above, the —0.95 Da mass difference can be
observed down to Pcg. Although there are several known
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Figure 6. MALDI-ISD mass spectra of hemoglobin obtained
from diluted whole blood prepared using sDHB matrix. Expand-
ed view of the region m/z 7540-7590 for (a) wild-type hemoglo-
bin and (b) Hb Westmead (a122 His—Gin) heterozygote variant
hemoglobin: comparison of the variant spectrum with that of
the wild-type suggests the presence of an unknown low abun-
dance component between the doubly charged ion of wild-type
alpha chain and the peak corresponding to prompt water or
ammonia loss from the protein. Expanded view of the region m/z
2477-2500 for (c) wild-type hemoglobin and (d) Hb Westmead:
the wild-type and variant ay,3 fragment ions were observed at
m/z 2490.40 and m/z 2481.38 and show a mass shift of 9.02 Da
consistent with a His»Gin substitution (9.00 Da)

variants in the first nine positions of the beta chain N-terminus
that can give rise to a—0.95 Da mass shift, their occurrences are
very rare. Thus, MALDI-ISD MS of diluted whole blood could
be used to detect Hb S, Hb C, and Hb E on the basis of the Bcs,
fragment ion’s indication of the presence of these clinically
important variants.

Lastly, we extended our approach to the characterization of
an alpha chain variant, Hb Westmead (a122His—GlIn)"’, a
variant that is common in Guangxi province in southern China.
The region of the MALDI-ISD mass spectrum containing the
doubly charged ion corresponding to the intact alpha chain did
not clearly indicate the presence of a variant (Figure 6a and b).
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This is due to the low abundance of the variant, which has been
reported to be mildly unstable [47]. We observed this decrease
in signal intensity of the variant chain in a previous ESI-MS
analysis performed using ESI-MS on a Bruker Solarix FTMS
(Supplementary Figure 6). Comparison of the variant spectrum
with that of a wild-type sample indicates the presence of an
unknown low abundance component between the doubly
charged ion of normal alpha chain and the peak corresponding
to prompt water or ammonia loss from the protein. Inspection
of the ISD fragmentation pertaining to the alpha chain led to the
observation of a low abundance series of peaks exhibiting a
shift of —=9.02 Da at m/z 2481.38 (versus wt ay,3; m/z 2490.42,
Figures 6¢ and 6d) and m/z 2929.59 (versus wt oy,; m/z
2938.62). These data are sufficient to characterize the variant
as (122 His—Gln) given that the —-9.00 Da mass shift is unique
to this amino acid substitution and there is only one histidine in
the alpha chain C-terminal sequence defined by ay,3 and ay,;.
Therefore, alpha chain variants can also be detected and, as in
this case, characterized in a rapid and facile experiment.

Although we did not yet analyze C-terminal beta chain
variants, the MALDI-ISD MS data accumulated in our work
strongly indicate the possibility of finding a diagnostic frag-
ment ion for such variants. In a manner similar to using the
fragment ion Pcs4 to describe the beta chain N-terminus,
MALDI-ISD MS analysis could be applied to the detection of
Hb D-Los Angeles (121 Glu—Gln) beta chain mutation by
using the By,g and Bys4 fragment ions to describe the beta chain
C-terminus. The By,g (m/z 2994.63) and Byz4 (m/z 3699.02)
fragment ions cover positions 119-146 and 113-146, respec-
tively (Supplementary Figure 7).

Conclusion

Significant advances have been made over the past decade in
the application of mass spectrometry to the identification and
characterization of hemoglobin variants. Approaches using
chromatography and bottom-up peptide mass mapping/
sequencing are powerful, yet require additional sample pro-
cessing that reduces their suitability for high-throughput anal-
yses. The top-down approach obviates these requirements and
shows great promise as the next step in this area of research.
While top-down ESI-MS and MS/MS may afford accurate
mass and sequence information, significantly more stringency
is still required in terms of sample preparation and handling,
and the analysis time for each sample in the order of minutes.
Here we demonstrate that MALDI-ISD MS of diluted whole
blood readily provides molecular weight and ISD sequence
information for both alpha and beta hemoglobin chains, en-
abling the precise and confident detection of clinically relevant
variants. MALDI-ISD MS of hemoglobins provides results as
informative as those obtained from a combination of molecular
weight profiling and peptide mass mapping through tryptic
digestion, but requires far less time and can easily be adapted
to high-throughput protocols. Direct analyses of hemoglobins
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from diluted blood samples are well suited for MALDI-ISD as
preparation of samples requires only simple dilution of whole
blood; the method is tolerant to contaminants that greatly
hinder the application of electrospray-based top-down tech-
niques, and interpretation of the results is not hampered by
the presence of signals from other blood components. While
not highlighted, the speed of acquisition can be less than a
minute per sample for MS and ISD and could be reduced to a
few seconds per sample: a speed that would be ideal for
screening.

Our results show that extensive sequence coverage may be
obtained using MALDI-ISD MS in a single rapid experiment.
Sequence coverage is greater than 80% for the alpha and beta
chains and comprises approximately 70 residues that constitute
the N-termini and C-termini of both the alpha and beta chains.
When sDHB is used as the matrix, intact globin masses and
fragment ion series are obtained simultaneously in a rapid and
facile experiment. Mass shifts and changes in peak intensities
relative to the peaks assigned as a normal globin chain confirm
and validate peak assignments. We have applied MALDI-ISD
MS successfully to the identification of clinically relevant
hemoglobin variants present in patient samples. These included
heterozygote Hb S (B6 Glu— Val); compound heterozygote Hb
C (B6 Glu—Lys)/Hb S (B6 Glu—Val) (Hb SC); and heterozy-
gote Hb Westmead (a122His—Gln). In all cases, the variant
could be assigned by MALDI ISD-MS. Using T* sequencing,
we demonstrate that it is possible to obtain significant addi-
tional information and sequence coverage, complementing the
initial MS and ISD data. Althugh the routine use of T* sequenc-
ing is demanding at this time and might preclude its application
to high throughput initial screening, if a putative variant is
identified first by MALDI-ISD MS, T* sequencing would offer
a powerful means for further sequence analysis and confirma-
tion. We note that future improvements in instrumentation and
methodology should increase the yield of ISD fragment ions,
provide greater sequence coverage, allow faster acquisition,
and facilitate more routine application of T> sequencing anal-
ysis to variant-containing ISD fragment ions.

Although MALDI-ISD mass spectral analysis of hemoglo-
bins results in spectra with the potential for isobaric overlap of
fragment ions and may yield incomplete sequence coverage,
we propose that the combination of the molecular weight
information provided by the intact alpha and beta chain doubly
charged ions, primary sequence information provided by
MALDI ISD-MS, comparative analysis of variants with respect
to normal control samples and subsequent T> sequence infor-
mation obtained from select precursors (e.g., the fcs4 fragment
ion) provide straightforward diagnostic indicators of the pres-
ence of a variant and, thus, could be used as a screening method
for clinically relevant Hb variants: Hb S, Hb C, and Hb E.
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