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BACKGROUND: Hemoglobinopathies and thalassemias are
the most common genetically determined disorders. Cur-
rent screening methods include cation-exchange HPLC and
electrophoresis, the results of which can be ambiguous be-
cause of limited resolving power. Subsequently, laborious
genetic testing is required for confirmation.

METHODS: We performed a top-down tandem mass
spectrometry (MS/MS) approach with a fast data ac-
quisition (3 min), ultrahigh mass accuracy, and exten-
sive residue cleavage by use of positive electrospray
ionization 21 Tesla Fourier transform ion cyclotron
resonance–tandem mass spectrometry (21 T FT-ICR
MS/MS) for hemoglobin (Hb) variant de novo se-
quencing and �-thalassemia diagnosis.

RESULTS: We correctly identified all Hb variants in blind
analysis of 18 samples, including the first characterization
of homozygous Hb Himeji variant. In addition, an Hb
heterozygous variant with isotopologue mass spacing as
small as 0.0194 Da (Hb AD) was resolved in both pre-
cursor ion mass spectrum (MS1) and product ion mass
spectrum (MS2). In blind analysis, we also observed that
the abundance ratio between intact � and � subunits
(�/�) or the abundance ratio between intact � and �
subunits (�/�) could serve to diagnose �-thalassemia trait
caused by a mutation in 1 HBB gene.

CONCLUSIONS: We found that 21 T FT-ICR MS/MS
provides a benchmark for top-down MS/MS analysis of
blood Hb. The present method has the potential to be
translated to lower resolving power mass spectrometers
(lower field FT-ICR mass spectrometry and Orbitrap)

for Hb variant analysis (by MS1 and MS2) and �-
thalassemia diagnosis (MS1).
© 2019 American Association for Clinical Chemistry

Human hemoglobin (approximately 62 kDa) is a nonco-
valently bound tetramer responsible for physiological ox-
ygen transport in all vertebrates except for the Channich-
thyidae (1 ). Normal human hemoglobins include adult
hemoglobin (Hb A)6 comprising 2 � and 2 � subunits
(�2�2), Hb A2 containing 2 � and 2 � subunits (�2�2),
and fetal hemoglobin (Hb F) composed of 2 � and 2 �
subunits (�2�2) with increased oxygen affinity. There are
2 HBG7 genes (HBG1 and HBG2), the protein products
of which differ by 1 amino acid (AA) at N-terminal po-
sition 136 (alanine from HBG1 and glycine from HBG2)
(2 ).

Hemoglobinopathies and thalassemias are the most
common genetically determined disorders. About 5% of
the world’s population carries genes responsible for he-
moglobinopathies (3 ). Hemoglobinopathy is a genetic
defect characterized by abnormal structure of 1 of the Hb
subunits usually resulting from single-gene mutations
(4 ). The most common hemoglobinopathy is sickle cell
disease (SCD; characterized by HBB p.E6V mutation),
with 3.2 million patients with SCD (homozygous, with
mutations on both � chains) and 46 million people with
SCD traits (heterozygous, with mutation on only one �
chain) with SCD traits worldwide. SCD led to 176 000
deaths globally in 2013 (5). Thalassemia is characterized by
absence or decreased expression of one of the Hb subunits.
The absent/decreased �- and �-subunits are named
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�-thalassemia and �-thalassemia (6). It is estimated that
208 million people suffer from thalassemia, with approxi-
mately 4.7 million having severe symptoms and 25 000
deaths worldwide in 2013 (5).

The most common routine diagnostic screening is
based on separation techniques, e.g., HPLC and electro-
phoresis (EP). Currently, �1500 structurally abnormal
Hb variants have been identified (7 ), and because of that
potential complexity, HPLC/EP results can be ambigu-
ous because of limited resolving power. Current screen-
ing methods can yield uninterpretable or false-positive
results, even for common Hb variants such as Hb S (cor-
responding to SCD), and can also be limited in differen-
tiating commonly seen Hb variants such as Hb D and Hb
G. Conventionally, genetic testing is further required for
uncertain HPLC/EP results (2 ).

Several groups have explored the use of mass spec-
trometry for Hb testing. Most conventional bottom-up
tandem mass spectrometry (MS/MS) methods have fo-
cused on replacing the separation-based screen with mass
spectrometry to identify just a few of the more common
variants, without attempting to resolve the more difficult
cases (8–13). Wild et al. used mass spectrometry as a
second-tier test to reduce the number of cases referred to
the sequencing laboratory, but the method is not well-
adapted to screening (14 ). The bottom-up MS/MS
methods require enzymatic digestion before MS/MS
analysis. In contrast, top-down MS/MS avoids enzymatic
digestion by performing MS/MS on the intact Hb sub-
units. Although high-performance mass spectrometers
(Orbitrap and TOF) have been used (15–18), the pri-
mary focus has been for mass spectrometry as a second-
tier test to confirm Hb variants that are known in the Hb
database.

Here, we used 21 Tesla Fourier transform ion cyclo-
tron resonance–mass spectrometry (21 T FT-ICR MS)
and top-down MS/MS for de novo sequencing of Hb
variants and thalassemia diagnosis, based on ultrahigh
precursor ion mass accuracy and extensive residue cleav-
ages based on MS/MS. The de novo sequencing ap-
proach resulted in correct identification of all 18 Hb
variants in blind analysis. We also report on the identifi-
cation of the homozygous Hb Himeji variant.

Materials and Methods

MATERIALS

Human whole blood samples were provided by ARUP
Laboratories in compliance with the ARUP and Florida
State University Institutional Review Boards. Myoglo-
bin, and acetic acid (�99.99%) were acquired from
Sigma-Aldrich. Water (LC-MS grade), methanol (LC-MS
grade), chloroform (liquid chromatography grade), and ace-
tonitrile (LC-MS grade) were obtained from Honeywell
Burdick & Jackson.

Hb SAMPLE PREPARATION

For Hb variant analysis, 1 �L of red blood cells was lysed
by addition of 2 mL of infusion solution (49.7% water,
50% acetonitrile, 0.3% acetic acid) and centrifuged at
13 500g for 5 min to remove cell debris. For relative
quantification of Hb �/� (or Hb �/�) subunits with sam-
ple pretreatment by methanol/chloroform/water (MCW)
precipitation, 100 �L of red blood cells was lysed with 900
�L of water, and cell debris was removed by centrifugation
at 13 500g for 5 min. MCW precipitation was used to fur-
ther isolate protein after red blood cell lysis. Briefly, 200 �L
of supernatant was mixed with 600 �L of methanol, 150 �L
of chloroform, and 400 �L of water on ice. After centrifu-
gation at 16 000g for 5 min, the aqueous phase was carefully
removed and discarded, and 600 �L of methanol was added
to the rest of the solution. Following gentle vortex-mixing
and centrifugation at 16 000g for 5 min, the supernatant
was removed and the methanol wash was repeated 1 time. A
stream of nitrogen was used to dry the protein pellet, which
was then reconstituted in 400 �L of infusion solution, and
10 �L of reconstituted solution was further diluted to 500
�L with infusion solution. For LC-MS analysis, 1 �L of
reconstituted solution (after red blood cell lysis, MCW pre-
cipitation, and reconstitution) was diluted to 200 �L with
0.3% acetic acid before injection (19).

LIQUID CHROMATOGRAPHY

A Waters Acquity UPLC M-Class System was used for
separation. A custom-fabricated trap column (3 cm �
150 �m, packed with 5-�m spherical diameter Poroshell
300 SB-C18 stationary phase, Agilent Technologies) was
used for sample desalting, and an analytical column (15
cm � 75 �m, packed with 5-�m Poroshell 300 SB-C18
stationary phase) was used for online separation of Hb
subunits before ionization. Mobile phase A consisted of
0.3% formic acid in 4.7% acetonitrile and 95% water.
Mobile phase B was 0.3% formic acid in 4.7% water,
47.5% acetonitrile, and 47.5% isopropyl alcohol. Sam-
ples (approximately 1 pmol of Hb) were loaded onto a
trap column with 5% B at a flow rate of 2.5 �L/min for
10 min. Separation was then performed with a steep lin-
ear gradient from 5% B to 30% B over 5 min, followed by
a shallow linear ramp from 30% B to 60% B over 30 min
at a flow rate of 0.3 �L/min.

MASS SPECTROMETRY

Mass spectra were acquired with our custom-built 21 T
FT-ICR mass spectrometer (20 ). The electrospray ion-
ization (ESI) source voltage was biased at 3 kV, and the
heated capillary temperature was 325 °C. Fragmentation
(isolation window width, 10 Th or m/z 10) was per-
formed by either electron transfer dissociation (ETD) or
collision-induced dissociation (CID) in a Velos Pro lin-
ear ion trap (Thermo Fisher Scientific). The automatic
gain control target was set at 1 million charges (1E6) for
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precursor ion mass spectrum (MS1), 0.75 million charges
(7.5E5) for CID MS/MS, and 0.2 million charges (2E5)
for ETD MS/MS. The automatic gain control for ETD
reagent (fluoranthene radical anions) was set to 0.4 mil-
lion ions (4E5) with an approximately 5 ms injection
period before reaction with analyte at a ratio of 2:1. An
external quadrupole ion storage device was used to accu-
mulate larger ion populations (3 million charges for
product ions) with multiple fills from the Velos Pro MS
before delivery to the ICR cell. Broadband mass spectra
were acquired from m/z 650 to 2000 with 0.76 s time-
domain acquisition period, and product ion spectra were
acquired from m/z 300 to 2000 with 0.38 s acquisition
period. All data were stored as .raw files. All time-domain
data were Hann-apodized, zero-filled, and fast Fourier-
transformed followed by magnitude calculation. Fre-
quency-to-m/z conversion was performed with a 2-term
calibration equation (21, 22 ). External mass calibration
was performed with myoglobin (13� to 24� charge
states) for m/z ranges 290 to 2000 and 650 to 2000.

DATA ANALYSIS

Data were manually interpreted by use of Xcalibur 2.1
software (Thermo Fisher Scientific). For blind analysis of
each Hb variant in which a mutated AA was located in a
sequence gap of 2 to 4 AAs, an Hb sequencing algorithm
based on our recent articles (23, 24 ) was used. Briefly, a
database containing 1, 2, 3, and 4 AA accurate masses was
first constructed in R 3.3.2, after which AA sequence
candidates were identified by matching adjacent MS/MS
fragment mass differences to the constructed 1 to 4 AA
residue accurate mass database within a 10-ppm thresh-
old. The ppm error is defined by [(adjacent fragment
mass differences � AAs candidate residue mass)/(110
Da*AA sequence position) � 106] (after Xtract deconvo-
lution), in which the mean AA molecular weight was
approximated as 110 Da. The AA sequence candidate
with minimum AA difference from the normal sequence
at each corresponding position was selected. The charac-
terized sequence mutation was further validated by MS1
accurate mass and product ion mass spectrum (MS2)
product ion accurate masses. Xtract parameters were neu-
tral monoisotopic masses generated from deconvolution,
fit factor 44%, remainder 25%, resolving power (at m/z
400) 150 000 (corresponding to the experimental time-
domain data acquisition period of 0.38 s), signal-to-noise
ratio (S/N) threshold 3, and maximum charge 25.

Results

CHARACTERIZATION OF NORMAL HEMOGLOBIN SUBUNITS

Fig. 1A shows a positive electrospray 21 T FT-ICR mass
spectrum for the � chain and � chain of normal Hb
obtained by direct infusion with 25 summed time-
domain data acquisitions (0.5 min). The charge state

distribution for the � chain ranges from 11� to 21�,
and the 78 peaks from the 6 highest magnitude charge
states were assigned with a root mean square (rms) error
of 0.4 ppm. The �-chain charge state distribution ranged
from 12� to 21�, and the 78 peaks from the 6 highest
magnitude charge states were assigned with an rms error
of 0.4 ppm.

CID and ETD fragmentation were performed for
the Hb �-chain 17� charge state and �-chain 18�
charge state (isolation window width � 10 Th) in an
external linear ion trap before introduction into the ICR
cell. Fig. 1, B and C, shows fragmentation maps for the
Hb � chain and � chains. AA sequence coverages for
hemoglobin � and � chain, based on combined results
from CID (collision energy � 35 with q-activation 0.25,
25 summed transients, 1 min total experimental dura-
tion) and ETD (activation period of 10 ms, 25 summed
transients, 1.5 min total experimental duration), were
94% for � chain and 92% for � chain.

GENERIC APPROACH FOR Hb VARIANT DE NOVO

SEQUENCING

MS1 sub-ppm mass error and MS2 � 90% sequence
coverage were achieved for Hb � and � chains. The low
mass measurement error coupled with near-complete se-
quence coverage provided the potential of de novo se-
quencing of Hb variants. The mass scale-expanded seg-
ment for the �-chain 18� charge state and �-chain 19�
charge state is shown for a normal sample (Fig. 2A) and
an unknown sample (Fig. 2B). The �-chain isotopic dis-
tribution aligns well between the normal sample and un-
known samples, but the �-chain isotopic distribution
exhibits �29.976 Da difference, indicating a �-chain
sequence variant (homozygote). De novo sequencing
proceeds from the N terminus of the deconvolved ETD
mass spectrum. The adjacent fragment mass difference
after the c5 ion is 99.0684 Da (instead of 129.0426 Da
for normal Hb �-chain MS2) corresponding to the accu-
rate mass of a valine residue, matching the valine residue
accurate mass to within 3 ppm (Fig. 2C). The character-
ized mutation (HBB p.E6V, representing SCD) was fur-
ther confirmed by c6 fragment manual validation in the
MS2 product ion mass spectrum (before deconvolution)
and MS1 accurate mass difference (calculated mass dif-
ference 29.974 Da for E to V mutation matched the
experimental mass difference).

Although routine complete sequence coverage is dif-
ficult to achieve for unambiguous Hb variant assign-
ment, an Hb variant can be inferred if a sequence frag-
ment gap (�1 AA) contains the mutated AA. The mass
scale-expanded segment for the �-chain 18� charge state
and �-chain 19� charge state is shown for a normal
sample (Fig. 2D) and an unknown sample (Fig. 2E). The
�-chain and �-chain isotopic distributions aligned well
between the normal and the unknown samples, and a

988 Clinical Chemistry 65:8 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/65/8/986/5608484 by guest on 24 M
ay 2023



new �-chain isotopic distribution exhibited a �28.006
Da mass difference, indicating a �-chain sequence vari-
ant (heterozygote). De novo sequencing proceeded from
the N terminus of the deconvolved ETD product ion
mass spectrum and the CID product ion mass spectrum.
Assigned b-ions were used to decrease the gap length (or
increase sequence coverage) at the cleavage sites for which no
c-ions were observed. The sequence was assigned and
matched to normal Hb � chain up to c38 ions. The experi-
mental adjacent fragment mass difference, 256.17245 Da,
indicated a fragment gap of �1 AA after c38. Two AA se-
quence candidates “QK” and “KK” were obtained after
searching all dipeptide AA accurate mass within a 10-ppm
window (Fig. 3). Compared with normal Hb �-chain se-
quence “QR” at N-terminal 39 and 40 positions, “QK”
matched with 1 mutation, whereas “KK” matched with 2
mutations, so “QK” was selected as AAs 39 and 40 (Fig. 2F).
The characterized mutation (HBB p.R40K, representing
Hb Athens-GA) was further confirmed by c40 fragment

manual validation in the MS2 product ion mass spectrum
(before deconvolution) and the MS1 accurate mass differ-
ence (calculated mass difference � 28.0062 Da for R to K
mutation matched the experimental mass difference).

SEQUENCE CHARACTERIZATION OF Hb VARIANTS WITH

OVERLAPPING ISOTOPIC PEAKS

The smallest mass difference for a single AA mutation
(except for isoleucine/leucine (I/L), which are isomeric
and cannot be differentiated by accurate mass or low-
energy MS/MS alone) was 0.03638 Da (CH4 vs O, be-
tween K and Q), which corresponded to a 2.3-ppm mass
shift for Hb subunits. Because 21 T FT-ICR MS rou-
tinely analyzes Hb subunits with �0.5 ppm error, MS1
alone could accurately differentiate an Hb homozygote
variant with this smallest mass shift. However, Hb het-
erozygote variants with small mass shift (even approxi-
mately 1 Da) yield overlapping isotopic peaks that re-
quired high mass resolving power for differentiation.

Fig. 1. Human hemoglobin � chain and � chain.
(A), Broadband positive-ion ESI 21 T FT-ICR mass spectra. Human red blood cells were directly infused to the mass spectrometer after lysis.
Amino acid sequence coverages for hemoglobin � chain (B, 94%) and � chain (C, 92%) were based on combined results from CID and ETD.
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Fig. 4A shows that the 17� charge state isotopic
distributions for the � chain of Hb A (normal Hb) and
Hb D (E to Q mutation, �m � �0.98402 Da) differed
by approximately 1 Da and could be differentiated by the
shift in the center of the isotopic distribution. However,
for the heterozygote Hb AD (Fig. 4B), the isotopic peaks

from Hb A and Hb D overlapped, and the mass between the
closest isotopic peaks (Hb A vs Hb D with 1 additional 13C
instead of 12C) was 0.0194 Da. Table 1 in the Data Supple-
ment that accompanies the online version of this article at
http://www.clinchem.org/content/vol65/issue8 lists Hb
variants with small mass differences (�1 Da) based on single
AA mutation (observed for most Hb variants), for which the
Hb D (E to Q) mutant yielded the smallest mass spacing of
0.0194 Da. This Hb AD smallest mass spacing could be
resolved by 21 T FT-ICR MS with 6-s time-domain data
acquisition period (data not shown).

Lower resolving power mass spectrometers are not able
to resolve the smallest mass spacing from Hb variants by
MS1. However, MS2 generates small fragments containing
the mutated AAs, which are much more easily resolved. For
example, Fig. 4C shows that the z26

3� ion containing 1
mutated AA was resolved with a 1.5-s time-domain data
acquisition period (zoomed-in version of Fig. 4C is shown
in Fig. 1 of the online Data Supplement). Moreover, the
z26

2� ion was partially resolved with a 0.76-s transient (see
Fig. 2 in the online Data Supplement). Because the z25 ion
did not show mass doublets with close mass spacing, the Hb
AD mutation was localized at position 26 from the C ter-

Fig. 2. Positive ESI 21 T FT-ICR mass scale-expanded segments for human hemoglobin subunits and amino acid sequence cover-
ages determined by MS/MS.
Human hemoglobin � chain (19+) and � chain (18+) charge states MS1 for normal (A and D) and two unknown (B and E) samples are shown.
Amino acid sequence coverages were determined by MS/MS for unknown sample � chains with HBB p.E6V mutation (C) and HBB p.R40K
mutation (F).

Fig. 3. AA de novo sequencing inference algorithm illus-
trated for a 2-AA sequence gap (see text).
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minus (position 121 from N terminus), and was thus iden-
tified as Hb D-Los Angeles.

BLIND ANALYSIS OF 18 Hb VARIANT SEQUENCES

To demonstrate the feasibility of the present method of top-
down MS/MS de novo sequencing of Hb subunits, we an-
alyzed 18 samples from ARUP Laboratories. The abnormal
Hb subunit genes had previously been sequenced (i.e.,
�-globin full gene sequencing or �-globin full gene sequenc-
ing), and the group was blinded to the Hb gene sequencing
result before MS/MS analysis.

All 18 Hb variants were correctly identified by
MS/MS de novo sequencing (see Table 2 in the online
Data Supplement). Fig. 3 in the online Data Supplement
shows that although the Hb C (HBB p.E6K mutation)
heterozygote yielded isotopic peaks separated by as little
as 0.0557 Da mass spacing, the mass doublets were par-
tially resolved with a 0.76-s time-domain data acquisition
period (top) and clearly resolved with a 1.52-s time-
domain data acquisition period (bottom) in the broad-
band mass spectrum. Fig. 4 in the online Data Supple-
ment shows the characterization of the Hb Himeji
homozygote by MS1 (mass shift � �43.986 Da) and
MS2 sequence coverage map. The characterized Hb
Himeji (HBB p.A140D mutation) is a rare Hb variant
with only 4 previous reports (Japanese and Portuguese
families) as heterozygotes, and exhibits increased oxygen
affinity, increased � chain N-terminal glycation, and
mild molecular instability (25 ).

The MS1 peak magnitude of Hb � chain was higher
than that of � chain (Fig. 1); therefore, MS/MS sequenc-
ing of Hb � chain was less difficult compared with �
chain. As a proof-of-concept example, Hb Park Ridge
was successfully characterized in blind analysis.

RELATIVE QUANTIFICATION OF Hb SUBUNITS FOR

�-THALASSEMIA DIAGNOSIS

Fig. 5A shows the mass scale-expanded segment for the
Hb �-chain 17� charge state. In addition to the � chain
(M) isotopologues, the mass spectrum exhibited �-chain
salt adducts [M � Na � 16H]17�, [M � K � 16H]17�,
and [M � Na � K � 15H]17� isotopic distributions.
Moreover, the isotopic distributions for the � chain
[M � Na � K � 15H]17� and � chain overlapped. Fig.
5B shows that the overlapping isotopic peaks were par-
tially resolved in broadband MS1 with a 0.76-s time-
domain data acquisition period. MCW precipitation
sample pretreatment removed the � chain salt adduct
[M � Na � K � 15H]17� and yielded a clearly defined
� chain isotopic distribution (Fig. 5C).

�-Thalassemia leads to quantitative reduction in �
subunits and accumulation of excess � subunits. It has
been postulated that in �-thalassemia, insufficient
�-chain synthesis triggers increased production of �
chain to bind to the excess � subunits, leading to in-
creased �2�2 (Hb A2) (26 ). Currently, relative quantifi-
cation of Hb A2 (by HPLC, EP, and bottom-up MS/
MS) and red blood cell indices are standard biomarkers
for �-thalassemia screening in adults (27 ). Nicolle et al.
used the abundance ratio of intact � chains to “� � �”
chains for �-thalassemia detection. The cutoff between
normal and �-thalassemia was clearly evident, and the
results were in complete agreement with HPLC test re-
sults (28 ). We propose the use of the abundance ratio
between � and � subunits (�/�) for �-thalassemia screen-
ing, which from numerical considerations should be a

Fig. 4. Hb AD characterization by MS1 and MS2.
(A), Simulated isotopic distribution for Hb �-chain 17+ charge
state for normal hemoglobin (Hb A) and Hb D. The centers of the
isotopic distributions differ by approximately 1 Da. (B), Overlap of
Hb A and Hb D isotopic distributions (heterozygous Hb AD variant)
yields a mass separation of only 0.0194 Da between peaks of the
same nominal mass. (C), The Hb AD mutation is completely re-
solved by MS/MS for the z26 product ion.
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slightly more analytically sensitive way of detecting thala-
ssemia than by use of the �/( � � �) ratio. It is worth
noting that abundance ratios in a mass spectrum are not
necessarily the same as concentration ratios because ion-
ization efficiency may differ for different species. How-
ever, this issue does not affect the validity of the determi-
nation based on abundance ratios if the abundance ratio
for a thalassemia patient differs from that of a control.
Increasing level of � subunit (numerator) and decreasing
level of � subunit (denominator) in �-thalassemia are
expected to lead to a significantly higher �/� ratio as a
sensitive biomarker. However, regardless of the mecha-
nistic details, if differences in the �/� ratio can be vali-
dated, then the �/� ratio becomes a candidate for a clin-

ical test for �-thalassemia. Blind analysis of 20 Hb
samples (including 10 �-thalassemia) was performed
by broadband MS1, and the �/� ranges of non-�-
thalassemia and �-thalassemia were unequivocally differ-
entiated (independent samples t-test P value � 4.4 �
10�6 with no MCW sample pretreatment and P
value � 1.4 � 10�12 with MCW precipitation sample
pretreatment) (Fig. 5D). For the Hb �-chain variant
for which different ionization efficiency of the � vari-
ant chain may affect the �/� value, �/� could be used
for �-thalassemia detection. Fig. 5 in the online Data
Supplement shows that the �/� ranges of non-�-
thalassemia and �-thalassemia were unequivocally dif-
ferentiated (P value � 1.2 � 10�6 with no MCW

Fig. 5. Mass scale-expanded segment for human hemoglobin � chain 17+ from a normal Hb sample (A–C), and classification of
each of twenty samples based on the �/� abundance ratio for �-thalassemia diagnosis (D).
The mass spectrum (A) exhibits isotopic distributions for � chain salt adducts [M+Na+16H]17+, [M+K+16H]17+, and
[M+Na+K+15H]17+. The overlapping isotopic peaks are partially resolved by broadband MS1 with 0.76 s time-domain data acqui-
sition period (B). MCW precipitation pretreatment removes the � chain salt adduct [M+Na+K+15H]17+ and yields a clearly defined
� chain isotopic distribution (C). For no MCW sample treatment, the most abundant isotopologues of 17+ and 18+ charge states were
used to calculate the �/� abundance ratio. For MCW sample treatment, the abundances of � chain and � chain in deconvolved mass
spectra were used to calculate the �/� abundance ratio (D). Normal and �-thalassemia samples are unequivocally distinguished.
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sample pretreatment and P value � 1.9 � 10�9 with
MCW precipitation sample pretreatment).

Discussion

Here we have shown that (�) ESI 21 T FT-ICR MS
and top-down MS/MS provide benchmarks for diag-
nosis of Hb variants and thalassemia with a “dilute and
infuse” approach that requires only approximately 3
min for data acquisition after sample dilution. FT-
ICR MS, therefore, provides the baseline information
to make rational decisions about the capabilities of
other, more widely available, lower-resolution mass
analyzers (lower field FT-ICR MS and Orbitrap mass
spectrometry) for routine clinical laboratory testing, as
well as how best to design the most efficient experi-
mental protocols, while at the same time improving
quality and turnaround time.

For Hb variant characterization, Hb variants with
mass shift �1 Da lead to overlapping isotopic distribu-
tion and require ultrahigh mass resolving power mass
spectrometry for differentiation in broadband MS1.
However, MS2 generates small fragments that contain
the mutated AAs and are much more easily resolved to
localize the mutation. In addition, LC-MS can separate
Hb variants before mass spectrometry analysis and, thus,
avoid overlap of isotopic distributions in broadband MS1
(Figure 6). Lower field FT-ICR MS (resolving power of
210 000 at m/z 400 for 15-T FT-ICR MS) (29 ) and
Orbitrap mass spectrometry (resolving power of 100 000
at m/z 400) (16) can isotopically resolve liquid
chromatography-separated Hb subunits and, therefore, can
unambiguously detect a heterozygous Hb variant. How-

ever, the LC-MS approach requires longer analysis time
than direct-infusion mass spectrometry.

For �-thalassemia diagnosis, although differentia-
tion of isotopic distributions between the �-chain salt
adduct [M � Na � K � 15H]17� and � chain does
require ultrahigh mass resolution, previous MCW pre-
cipitation sample treatment removes the [M � Na �
K � 15H]17� interferant. As a result, � chain is easily
detected to facilitate the use of abundance ratio of �/� or
�/� for �-thalassemia diagnosis.
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