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Abstract

The complex, multiply charged electrospray ionization mass spectra of the extracel@B00 kDa, hexagonal bilayer
hemoglobin from the leecHaemopis grandiand its carbamidomethylated, reduced and reduced/carbamidomethylated forms
were deconvoluted using a maximum entropy approach to provide the corresponding zero-charge spectra. Three groups
peaks were observed: monomeric globin chains al—-adl@tkDa (16 634.1, 17 013.4, 17 592.9, and 17 573.3 Da with relative
intensities of 16:4:12:1, respectively), linker chains L1-L3-&4 kDa (24 004.2, 24 449.2 and 24 548.3 Da, with relative
intensities of 5:1:2.5, respectively) and subunits D1 and D2 at 32 501.1 and 32 629.6 Da, respectively, with equal intensitie:
Reduction of the native hemoglobin with dithiothreitol resulted in a decrease in the mass of linker L2 by 115.1 Da, indicating
cysteinylation, the disappearance of subunits D1 and D2 and the concomitant appearance of globin chains b (16 098.8 Da),
(16 403.9 Da), and c2 (16 532.5 Da), suggesting that subunits D1 and D2 are disulfide-bonded dimetsahd b+ c2,
respectively. All the globin chains appear to have one intrachain disulfide bond, and globins b, c1, and c2 have an addition:
Cys which forms the interchain disulfide bond in D1 and D2. The linkers L1-L3 contain 10, 9, and 10 Cys residues,
respectively, all forming intrachain disulfide bonds, except for the odd residue in L2 which is proposed to be the site of
cysteinylation. The relative intensities of the three groups of peaks a2 + a3 + a4:L1+ L2 + L3:D1 + D2 are
1.65:1.7:0.8 in native hemoglobin. All the subunits in a second sample evinced substantial glycosylation, with up to five
hexoses per subunit. A model of the quaternary structutéagmopishemoglobin is proposed, consisting of 72 monomeric
globins and 36 globin dimers for a total of 144 globin chains and 42 linkers with a calculated total mass of 3506 kDa. (Int J
Mass Spectrom 188 (1999) 105-112) © 1999 Elsevier Science B.V.
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1. Introduction The former range from single-chain globins to very
The broad variety in the structure and function of large and complicated structures consisting of 200 and

the extracellular Hb of invertebrates stands in surpris- MOre globin chains. Within this panorama of struc-

ing contrast to the relative uniformity of the vertebrate tUres, the extracellular, hexagonal bilayer (HBL) Hbs

Hbs which are generally intracellular and tetrameric. ©f annelids and vestimentiferans form one of four
recognizable classes of quaternary structure [1]. They

- have a sedimentation constant 860 S, a mass of
qurespondlng author. Emall.‘ brlan.grgen@m!cromass_.co.gk about 3600 kDa, an acidic isoelectric point and a
Dedicated to Brian Green for his many innovative contributions

to mass spectrometry instrument development and for his tireless CharaCt_e”St'C’ hexagonally symmetric electron micro-
help in teaching us how to take advantage of them. scope image [2—7]. Recent work has demonstrated
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that they consist of two types of chains: heme-
containing,~17 kDa chains whose amino acid se-
guences place them firmly within the globin family
and the heme-deficient, 24-32 kDa linker chains

which are unrelated to globins, constitute about a third

of the native complex and are responsible for the
formation of the HBL structure [7]. A common model

of quaternary structure appears to explain satisfacto-

rily the known facts: 12,~200 kDa complexes of
heme-containing globin chains, i.e. 14417 kDa
chains, linked together by 30—40 heme-deficient,
linker chains [7-9].
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2.19+ 0.08 mL mg* cm™* [14]. Hb was reduced
with DTT in the presencefd M guanidine hydro-
chloride and carbamidomethylated with iodoacet-
amide [15].

2.2. Preparation of samples for ESI-MS

A stock solution of Hb was made in water or
0.05%—-0.3% aqueous formic acid to give a concen-
tration of 5 ug/uL. Working solutions of native Hb,
actually denatured native Hb, were 0.25—Q.&/uL
in 50% aqueous acetonitrile containing 0.2% formic

The leeches represent one of the three classes ofacid. Carbamidomethylated Hb was prepared by mix-

annelids, in addition to terrestrial oligochaetes and

marine polychaetes. Early studies of annelid extracel-

lular hemoglobins using polyacrylamide gel electro-

ing 10 uL of Hb stock solution, 2uL of 1 M aqueous
ammonium bicarbonate, 2.apL of 0.2 M aqueous
iodoacetamide solution and 20 water, allowing to

phoresis in the presence of SDS showed that therestand for 10 min, then adding 20 of 1.0% formic

were differences in their constituent subunits: al-
though most Hbs consisted of monomeric globin
subunits and subunits of about 24-28 kDa which
could not be reduced, the leech Hb differed from the
oligochaete and polychaete Hbs in having &80

kDa subunit which could be reduced to monomeric
subunits, instead of a 50 kDa subunit which could be
reduced to three monomeric subunits [10-12]. We

acid and 50uL acetonitrile to make the solution for
ESI-MS analysis. Reduction was effected by adding
10 uL of 0.1 M DTT to 50 uL aliquot of the Hb stock
solution mixed with 3QuL water and 1QuL aqueous

1 M ammonium bicarbonate to bring the pH to 8-9.
After mixing, reduction was allowed to proceed at
room temperature. At suitable time intervals (1, 5, and
10 min) two 10uL aliquots were removed. To one, 20

describe here the results of an electrospray ionization uL of 1.0% formic acid, 20uL water and 50uL

mass spectrometric study of the Hb from the leech
Haemopis grandiswvhich provides a detailed descrip-
tion of the subunits and polypeptide chains compris-
ing this giant globin complex.

2. Materials and methods
2.1. Materials
The Hb was isolated from two batches of live

leeches obtained from W. A. Lemberger Co. (Osh-
kosh, WI 54903) and St. Croix Biological (Stillwater,

acetonitrile were added to provide a working solution
of reduced Hb. To the other aliquot, 2.4 of 0.2 M
iodoacetamide and 2L water were added, mixed
and allowed to stand at room temperature for 10 min.
Then 20uL of 1% formic acid and 5L acetonitrile
were added to make a working solution for ESI-MS
analysis of reduced, carbamidomethylated Hb.

2.3. Electrospray ionization mass spectrometry
The data were acquired on a Quattro Il electro-

spray mass spectrometer (Micromass UK Ltd., Altrin-
cham, Cheshire, UK), using sample concentrations of

MN 55082) as described elsewhere [13], except that 0.5 ug/uL in 50/50 acetonitrile/water containing
homogenization of the leeches was carried out in the 0.2% formic acid. The sample flow rate into the

presence of a protease inhibitor cocktail (#1697-498,
Biochemical Div., Boehringer Mannheim Corp., In-

dianapolis, IN 46250). The concentration of the Hb
was determined at 280 nm using the absorptivity of

electrospray source was pL/min and data were

typically acquired over 3 min. ESI-MS produces a
series of multiply charged ions on a mass-to-charge
ratio (m/z) scale from each protein in the sample. On
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this scale,m/z = (M, + nH)/n, where M, is the
mass of the proteir] is the mass of the proton, and

n is an integer in a series of consecutive integers.
Since leech Hb consists of several protein components

each producing 5-10 multiply charged ions in a
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The third group of peaks at33 kDa [Fig. 1(B)]
consists of peaks D1 (32 501.1 Da) and D2 (32 629.6
Da) of approximately equal intensities.

Treatment of the native Hb with 5 mM DTT for
5-30 min leads to the disappearance of tH&3 kDa

series, the acquired spectra were processed in order tqpeaks and to the concomitant appearance of three new
condense each series into a single peak on a truepeaks in the 16 kDa region [Figs. 1(C) and 2(B)]: b
molecular mass scale. Processing used a maximum(16 098.8+ 0.3 Da), c1 (16 403.%= 0.4 Da), and c2

entropy (MaxEnt) based approach [16,17] employing
the MemSys5 program (MaxEnt Solutions Ltd., Cam-
bridge, UK) incorporated as part of the Micromass

MassLynx software suite. Mass scale calibration em-

(16 532.5* 0.1 Da). The dissociation of the D1 and
D2 peaks upon treatment with DTT, suggests that
they are disulfide-bonded dimers of globin chains b

cl and b+ c2, respectively. Reduction also decreases

ployed the multiply charged series from horse heart the mass of linker chain L2 by 115.1 Da [Fig. 1(C)],

myoglobin (Sigma Chemical Co., St. Louis, MO
63178), 16 951.5 Da [18]. Molecular weights are
based on the following atomic weights of the ele-
ments: C= 12.011, H= 1.007 94, N= 14.006 74,
O = 15.9994, and S= 32.066 [19].

3. Results

Figs. 1 and 2 show the ESI-MS results obtained
with the Hb from the first batch of livédaemopis

Figure 1 shows (A) the original mass-to-charge spec-
trum of denatured Hb, (B) the mass-to-charge spec-

trum of the denatured Hb after deconvolution by the
MaxEnt program, (C) the MaxEnt deconvoluted spec-
trum of the Hb reduced for 5 min with 10 mM DTT

and (D), the MaxEnt deconvoluted spectrum of the

implying that it is cysteinylated. The presence of a
peak at 24 737.3 Da in the spectrum of reduced and
carbamidomethylated Hb [Fig. 1(D) inset] is probably
due to incomplete reduction of L2.

Figure 3 shows the MaxEnt processed ESI zero-
charge spectra of the Hb obtained from the second
batch of Haemopis The complete spectrum [Fig.
3(A)] shows a more complicated fine structure pattern
in each of the three groups of peaks than was observed
from the first batch. The three regions presented using
an expanded mass scale [Fig. 3(B)—(D)] show multi-
ple additions of 162.1 Da*1.1 Da,n = 22) to the
subunits observed from the first batch, suggesting that
this fine structure is due to extensive glycosylation of
practically all the observed subunits, with up to five
hexoses per subunit. Fig. 3(B) shows that all four

reduced/carbamidomethylated Hb. The spectrum of globin chains exhibit adducts with one and two

the denatured Hb [Fig. 1(B)] clearly reveals three

hexose groups. Fig. 3(C) demonstrates that L1 forms

groups of components at around 17, 24, and 33 kDa. adducts with up to five hexoses, while L2 and L3 form
The 17 and 24 kDa regions are shown on expandedadducts with up to two and three hexoses, respec-

scales in Fig. 2(A)—(C) and in the insets to Fig.

tively. The disulfide-bonded dimers D1 and D2 ap-

1(B)—(D), respectively. Table 1 lists the mean masses pear to form adducts with up to three and four
of the components observed in the three mass regions.hexoses, respectively [Fig. 3(D)].

The globin group of peaks [Fig. 2(A)], consists of

four components, al (16 634.1 Da), a2 (17 013.4 Da),

a3 (17 592.9 Da), and a4 (17 573.3 Da), with the
following relative intensities: al:a2:a3:a4 16:4:
12:1 (Table 1).

The linker group of peaks [Fig. 1(B)] comprises

4. Discussion

The results presented in Sec. 3 illustrate our
general approach to the complete characterization of

three peaks, L1 (24 004.2 Da), L2 (24 449.2 Da), and the polypeptide chains and disulfide-bonded subunits

L3 (24 548.3 Da) with relative intensities of 5:1:2.5,
respectively (Table 1).

comprising the giant, cysteine-rich, HBL Hbs: the
Hbs of the leechMacrobdella[20], the earthworm
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Fig. 1. (A) The original ESI mass-to-charge spectrum from the first batch of dendtaechopisHb. (B) The data shown in (A) after
deconvolution by the MaxEnt program. (C) The MaxEnt processed spectrum of the Hb after reduction for 5 min with 10 mM DTT. (D) The
MaxEnt spectrum of the reduced and carbamidomethylated Hb. The insets show the linker region on an expanded mass scale. In (A), ti
integer after the component identifier refers to the number of protons on the molecule, e.g=atpt#onent al with 12 protons. Cam
carbamidomethylated cysteine.



Fig. 2. The globin region of the spectra given in Fig. 1(B)—-(D) shown on an expanded mass scale: (A) the denatured Hb, (B) the reduced H
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Table 1
Masses from MaxEnt processing of ESI-MS of natiteemopisHb?
Chain/subunit Native Rel. inf Chain Reducet Red/carfi Corrected No. Cy¢
al 16 634.1+- 0.5 0.8 al 16 635.6: 0.4 16 750.7+= 0.4 16 636.6 2
a2 17013.4- 0.5 0.2 a2 17 013.2 0.7 17 130.0+ 1.2 17 015.9 2
a3 17592.9- 0.5 0.6 a3 17594.6 0.5 17 708.7= 0.3 17 594.6 2
a4 17573.3- 0.8 0.05 a4 17575.6 0.7 ND ND ND
L1 24004.2+ 0.4 1.0 L1 24 005.5- 0.6 24585.2+ 1.5 24014.7 10
L2 244492+ 1.1 0.2 L2-Cys 24334+ 1.9 24853.4- 2.0 24 339.9 9
L3 24 548.3* 0.6 0.5 L3 24551.1% 0.7 25127.9+ 1.3 24557.4 10
D1 32501.1+ 0.7 0.4 b 16 098.8- 0.3 16 271.6- 0.5 16 100.4 3
D2 32629.6+ 0.8 0.4 cl 16 403.9 0.4 16 577.0- 0.4 16 405.8 3
c2 16 532.5¢ 0.1 16 705.2- 0.5 16 534.0 3

2Masses in Da; estimated errors atd.0 Da for al-a4, b, c1, and c2,2.0 Da for L1-L3 and*+3.0 Da for D1 and D2; ND= not

determined.

® Mean of six determinationg SD.

¢ Relative intensity for native Hb.

9 Mean of four determinations:SD with partially reduced Hb.

¢Mean of four—nine determinationsSD with reduced/carbamidomethylated Hb.
f Corrected for carbamidomethylation (57.052/Cys). Values are masses with Cys reduced.
9No. of Cys= (red/cam mass- reduced mass)/57.052 rounded to nearest integer. No free Cys were detected in the native Hb.



110 B.N. Green et al./International Journal of Mass Spectrometry 188 (1999) 105-112

(A) al
100, 166343 24166.5
L1
24004.37)
a3
17592.9
17755.7
24328.9
%o 24490.1
D2
24709.5
32630.3
17917.7
4871.5 DI
25035.5 32501.8
18017.3
0Lk DAt ARG vl gyt cle S | PR N TR T SOPRTY Mooy bd all by
16000 8000 20000 22000 24000 26000 28000 30000 ' 32000
B al
1(03. 166343
a3
17592.9
a3+Hex
al+Hex 17755.7
16797.0
Yo 16672.1
4 1+2Hex 175a;13 3 ?(;;13-[7‘2;
a a2 R .
169583 17013.1 s
a2+Hex a4+2Hex .
17176.6 17900.0.
al+3Hex
1712143K 172475 18017.3
_a il e b M A LA e mass
16600 16800 17000 17200 17400 17600 17800 18000 (Da)
©) L1+Hex
100- L1 24166.5
24004.3
L1+2Hex
24328.9
L3
% LA oHex ) 4548.3
L3+Hex
24709.5 L3+2Hex
L1+4Hex 24871.5
24651.1 L3+3Hex
L2 L;m‘ﬁ" 25035.5
241009) 240700 || 244491 a . h
0L 4, A/\ILA‘A AA . A . A y AAA et T ; - mass
24000 24200 24400 24600 24800 25000 25200 25400 " (Da)
D2
1(}])3_ 326303  D2+Hex
32792.1
D1 D2+2Hex
32501.8 Di1+Hex
Yo 32662.0 . 3530
D2+3Hex D2+4Hex
32598.4 DI1+2Hex 33114.7 332775
32472.1 el |
32890.7
ol lLa Alﬁ IVAAM_J‘AA .{AAM!\AA . Mh.\lf\Al\Aﬂl A~ mass
32400 32600 32800 33000 33200 33400 33600 33300 (Da)

Fig. 3. MaxEnt processed ESI mass spectra of the second batch ofiHagwmeopisHb. (A) Survey spectrum and expanded mass scale spectra
of the globin region (B), the linker region (C), and the dimer region (D), demonstrating the extensive glycosylation of the constituent subunits
and polypeptide chains. Hex hexose.
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Lumbricus[21], the vestimentiferarRiftia [22], the Table 2 '
polychaetedylorrhynchusandArenicola[23,24] and ~ Selfconsistency of mass assignménts

the chlorocruorin of the polychaeteudistylia [25]. . . No. disulfide  Calculated _
This approach consists of four steps. First, the native Chain/subunit bonds mass Mass diff*
Hb is analyzed in denaturing solvent in order to al-2H 1 16 634.6 0.5
determine the masses of the components that exist as®2 2H ! 17013.9 0.5
L P i ) a3-2H 1 175926  -0.3

covalently bound entities, i.e. as linker chains and 1-10H 5 24004.6 0.4
disulfide-bonded multimeric subunits. Second, it is L2-8H+ Cys 5 24 451.0 18

. : ; L3-10H 5 245473  -1.0
_reduced with DTT in orde.r to determine the approx- o1 L cieH 3 325002 09
imate masses of the chains that compose the multi- p2 = b + c2-6H 3 326284 —1.2

meric subunits. Third, the native Hb is carbamidom- aMasses in Da.

ethylated in order to determine the number of free Cys  ® calculated from corrected mass in Table 1.

residues associated with each subunit. Finally, the Hb Z(B:itr\]'qverei;nnatif\éir”:itsrz :ﬁ;nczlicslﬂﬁitgg f;jl;js o one due t

is reduced and carbamidomethylated in order to de- Cysteinylgﬁon%f the odd cysteine.

termine the total number of Cys present in each globin

and linker chain and the precise reduced masses of

each chain. The number of Cys residues present in

each subunit or polypeptide chain is calculated from , ;

the difference between the reduced and reduced/ ,We, have no explanation for the putapve glycosyl-
ation in the second sample éfaemopisHb. The

carbamidomethylated masses. This approach provides o . .
. . . glycans in this case appear to be multiple addition of
a complete enumeration of all the constituent disul-

fide-bonded subunits and chains, their masses as wellflgignI ssh::j)stﬁeu:IIEtsérrr);)iz?:Iﬁ?@%ﬁ;;y;z(;dgoqscf_
as the number of free Cys and disulfide-bonded y ' gy

. . . ., _tion in human Hb but at a substantially higher level.
cysteine residues for each subunit and polypeptide o o
. . . X i They are quite different from those observed in linker
chain. By using MaxEnt, all this information is

duced f he Hb and its derivati ith L1 and globin a inLumbricusHb [21] and in globin
produced from the Hb and its derivatives without 5 ot pittia Hp [22], which consist of HexNAgHex,
separating the components prior to analysis.

. > where n = 6-9 in Lumbricus Hb and 8-10 and
Table 1 shows, in addition to the masses of the ;3 14 jnRiftia Hb. In contrast tcHaemopisHb, the
subunits and polypeptide chains comprisidgemo- 05y iation inLumbricusHb is similar from sample

pis Hb, the number of cysteines present in all the 4 sample, suggesting perhaps some variable environ-
globin and linker chains with the exception of globin |\ ,antal cause in the case of the leech such as the

a4. Although no free Cys was detected in the native season or their food. The only other case where we
Hb, it appears that all the cysteine residues participate haye observed similar sample dependent glycosyla-
in intra- and intermolecular disulfide bonds. Table 2 tjon to that observed iklaemopisHb is with another
presents the masses of all the chains (except a4) andeechNephelopsigunpublished observations).
subunits calculated on that basis. The gIObln chains The ava||ab|||ty of accurate masses for the constit-
al-a3 all appear to have one intramolecular disulfide yent polypeptide chains and subunitdHzfemopisHb
bond. The linker subunits L1 and L3 have five permits a reliable model of its quaternary structure to
intramolecular disulfide bonds and L2 only four, with  pe proposed. The ESI-MS results provide no clue as
the odd cysteine residue being cysteinylated. Overall to the amino acid sequence similarity between the six
the self-consistency of the masses is very good and globin chains on one hand and the three nonglobin,
well within experimental errors. The presence of a linker chains, on the other. The basic subunits are thus
peak at 24 737.3 Da in the spectrum of reduced/ a monomer globin of 17.06 kDa, a disulfide-bonded
carbamidomethylated Hb [Fig. 1(D), inset] suggests dimer of 32.56 kDa and linker subunit of 24.22 kDa,

that one of the four intrachain disulfide bonds in linker
L2 is more resistant to reduction than the other three.
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the masses weighted according to the relative inten-

sities in column 3 of Table 1. A common model of the
quaternary structure of hexagonal bilayer hemoglo-
bins, consisting of 12 12 globin chains and 36 or

42 linker chains, has been found to provide good

agreement with the experimentally determined masses

[7]. In the specific case dflaemopisHb, the globin
portion of this giant complex is comprised of mono-
mer globin chains and disulfide-bonded dimers in the
ratio of 2:1 according to the ESI-MS data [l a2 +
a3+ a4:D1+ D2 = 1.65:0.8 (column 3, Table 1)]:
72 monomers (1228 kDa) and 36 dimers (1172 kDa).
Together with 42 linkers (872 kDa), the total calcu-
lated mass including 144 heme groups is 3417
89 = 3506 kDa (3361 kDa with 36 linkers). The
calculated mass is close to the masses obtained b
sedimentation equilibrium for other leech Hbs, 3710
kDa for Haemopis sanguisugd 2] and 3540 kDa for
Macrobdella decora[20] Hbs and the 3560 kDa
determined forMacrobdella Hb by STEM mass
mapping [14]. It should be pointed out that recent
three-dimensional reconstructions using electron
cryomicroscopy ofMacrobdellg Riftia and Lumbri-
cusHbs [26-29] and oEudistyliachlorocruorin [30],
have provided strong support for such a model.

Abbreviations

Hb—hemoglobin; HBL—hexagonal bilayer;
SDS—sodium dodecyl sulfate; ESI-MS—electro-
spray ionization mass spectrometry; EDTA—ethyl-
enediamine tetraacetic acid; DTT—dithiothreitol;
STEM—scanning transmission electron microscopy.
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