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ABSTRACT. The quaternary structure of the cysteine-rict8500-kDa chlorocruorin (Chl) from the marine
polychaeteEudistylia vancowerii was investigated using maximum entropy deconvolution of the
electrospray ionization mass spectra (ESIMS). The native Chl provided two groups of peaRS,atd

~33 kDa, and one peak ai66 kDa. ESIMS of the reduced and reduced and carbamidomethylated Chl
and of its subunits obtained by HPLC provided the complete subunit composition of the Chl. Two groups
of nonglobin linker chains were observed: =325 000.4, 25 017.9, 25 039.6, 25 057.0, 25 074.4 and
25 096.8 Da) and L2ad (25 402.7, 25 446.0, 25 461.6 and 25 478.32&).6 Da), with relative intensities
L1:L2 =5:2. Six globin chains were found, al, a2, and-d1with reduced masses of 16 051.5, 16 172.4,

16 853.5, 17 088.9, 17 161.2 and 17 103t (0 Da) and relative intensities of 8:4:1:4:2:1, respectively.
Disulfide-bonded dimers and a tetramer of globin chains were identified=R1 + b3 at 33 207.1; D2

at 33 374.1, which had a cysteinylated Cys fad2 + Cys); and D3= al+ b4 at 33 149.4 Da#3.0

Da), with relative intensities D1:D2:D3 5:4:1 and T=al+ a2+ bl + b2 at 66 154.8t 4.0 Da. A
206-kDa dodecamer subunit obtained by dissociation of therChIM urea [Qabar, A. N., et al. (1991)

J. Mol. Biol. 222 1109-1129], was found to consist only of tetramers T. A model was proposed for the
Chl, based on a dimer:tetramer ratio of 2:1: four 206-kDa dodecamers (trimer of tetramers) and 48 dimers
tethered to a framework of 30 L1 and 12 L2 linker chains. The 144 globin chains (2480 kDa) and 42
linker chains (1059 kDa) provide a total mass of 3539 kDa, in good agreement with thet3230 kDa
determined previously by STEM mass mapping. The hierarchy of disulfide-bonded globin subunits
observed foiEudistylia Chl provides a built-in heterogeneity of hexagonal bilayer structures.

Chlorocruorins (ChlS) are giant “green” hemoglobins, As a result of studies over the last 20 years, the HBL Hbs
found in four marine polychaete families, containing an and Chls are known to have masses~#600 kDa and to
altered heme with a formyl substituting for the 3-vinyl group consist of two types of chains: heme-containing-16-

(2). The Chls have the HBL appearance and size in electronkDa globin chains and nonglobin, linker chains of-28
micrographs characteristic of annelid and vestimentiferan kDa (11, 12). The amino acid sequences of globin chains
extracellular Hbs, a similar sedimentation coefficient of of HBL Hbs are clearly related to those of vertebrate and
approximately 60S, and the abnormally low iron content of invertebrate Hbs and Mbsl3, 14). The HBL Hbs from
0.23 wt % @—6). Although their oxygen binding affinities  various annelid groups and the Chls differ among themselves

are generally lower than those of the annelid HBs & 50 in the nature of their disulfide-bonded globin subunits. The
Torr), the Chis exhibit equally high cooperativities (Hill majority of oligochaete and polychaete Hbs have monomers
coefficientnsg > 3) (7—10). and disulfide-bonded trimers, the leeches and the vestimen-

tiferans have monomers and disulfide-bonded dimers, and
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* To whom correspondence should be addressed: Telephone: (313), . . .
577-1501. Fax: (313) 577-2765. E-mail: svinogra@med.wayne.edu. 1 hiS communication presents the results of a detailed ESIMS

* Micromass Ltd. study of Eudistylia vancowerii Chl and its subunits.
§ Department of Biochemistry, Wayne State University School of
Medicine. EXPERIMENTAL PROCEDURES
'Department of Physiology, Wayne State University School of . . .
Mediciﬁe_ ysiology Y Y Materials. Live E. vancowerii were collected at the
O University of Antwerp. Oregon Institute of Marine Biology (Charleston, OR), and

! Abbreviations: Hb, hemoglobin; Mb, myoglobin; Chl, chloro-  the Chl was prepared as described previous)yLE) in 0.1

cruorin; HBL, hexagonal bilayer; SDS, sodium dodecyl sulfate; PAGE, . .
polyacrylamide gel electrophoresis; THECI, tris(hydroxymethyl)- M Tris-HCI buffer, pH 7.0, and 1 mM EDTA, using a

aminomethane hydrochloride; EDTA, ethylene-diaminetetraacetic acid, cOcktail of protease inhibitors (no. 1697-498, Biochemical
sodium salt; DTT, dithiothreitol; Cam, carbamidomethyl group; STEM, Division, Boehringer-Mannheim Corp., Indianapolis, IN).

scanning transmission electron microscopy; HPLC, high-pressure liquid ; ; ;
chromatography; FPLC, fast protein liquid chromatography; ESIMS, The dodecamer subunit was prepared by gel filtration at

electrospray ionization mass spectrometry; MaxEnt, maximum entropy Neutral pH, after exposure 8 M urea (). The concentration
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2.23mL mgtcmat 280 nm and 0.472 mL mgcm* at
605 nm ().

HPLC. Reversed-phase chromatography was performed
using Synchropak RP-P, RP1000, and RP40QGQlumns,

4.6 x 250 mm (SynChrom, Inc., Lafayette, IN) and a Waters .

gradient HPLC system (Waters Chromatography Division,
Millipore Corp., Milford, MA). Linear gradients of water
acetonitrile in 0.1% aqueous trifluoroacetic acid were used
with flow rates between 0.4 and 0.8 mL/min. The absor-
bance of the eluate was monitored at either 220 or 400 nm.

The chromatographic solvents were HPLC reagent grade (J.

T. Baker, Inc., Phillipsburg, NJ).

Electrospray lonization Mass Spectrometrithe data
were acquired on a Quattro Il electrospray mass spectromete
(Micromass U.K., Ltd., Altrincham, Cheshire, U.K.), using
sample concentrations of 0.28.5 ugjuL in 50% aqueous
acetonitrile containing 0.2% formic acid. The sample flow
rate into the electrospray source wasl3min, and data were
typically acquired over 510 min. ESIMS produces a series
of multiply charged ions on a mass-to-charge ratifz( scale
from each protein in the sample. On this scaléz = (M
+ nH*)/n, where M is the mass of the protein, H is the mass
of the proton, anadh is an integer in a series of consecutive
integers. Since the Hb data contain several proteins, eac
producing 5-10 multiply charged ions in a series, they were
processed to condense each series into a single peak on
true molecular mass scale. Processing used a maximu
entropy (MaxEnt) based approach6( 17) employing the
MemSys5 program (MaxEnt Solutions Ltd., Cambridge,
U.K.) incorporated as part of the Micromass MassLynx
software suite on a 60-MHz Pentium PC supplied with the
spectrometer. Mass scale calibration employed the multiply
charged series from horse heart myoglobin (Sigma Chemical
Co., St. Louis, MO), using a calculated mass of 16 951.5
Da (18), based on the following atomic weights: =€12.011,

H = 1.00794, N= 14.00674, C= 15.9994, and S 32.066
(19).

Preparation of Samples for ESIMSA stock solution of
Hb was made in water or 0.6%.3% aqueous formic acid
to give a concentration of Bg/uL. Working solutions of
native Hb, actually denatured native Hb, were 6-:B% ug/
uL in 50% aqueous acetonitrile containing 0.2% formic acid.
Carbamidomethylated Hb was prepared by mixing«L®f
Hb stock solution, 2uL of 1 M aqueous ammonium
bicarbonate, 2.5uL of 0.2 M aqueous iodoacetamide
solution, and 2Q«L water, allowing the mixture to stand for
10 min, and then adding 2L of 1.0% formic acid and 50
uL of acetonitrile to make the solution for ESIMS analysis.
Reduction was effected by adding 40 of 0.1 M DTT to
a 50uL aliquot of the Hb stock solution mixed with 3
of water and 1QiL of aqueos 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 1@d aliquots were removed. To
one, 20uL of 1.0% formic acid, 2Q:L of water, and 5Q:L
of acetonitrile were added to provide a working solution of
reduced Hb. To the other aliquot, 24 of 0.2 M
iodoacetamide and 20L water were added, mixed and
allowed to stand at room temperature for 10min. Then 20
uL of 1% formic acid and 5Q:L acetonitrile were added to
make a working solution for ESIMS analysis of reduced,
carbamidomethylated Hb.
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RESULTS

ESIMS of Natie and Reduced ChlThe native Hb was
first analyzed in denaturing solvent to determine the masses
of the components that exist as covalently bound entities,
i.e., as linker chains and disulfide-bonded multimeric sub-
units. It was then reduced with DTT to determine the masses
of the globin chains that compose the multimeric subunits.
The ESIMS multiply charged spectra of native Chl, when
processed using the MaxEnt program, produced zero-charge
spectra on a true mass scale, which showed the presence of
two groups of peaks, one at 226 kDa consisting of
nonglobin linker chains and another at-334 kDa, with an
pdditional peak at-66 kDa in some cases (Figure 1A). The
two groups of peaks are shown in spectra B and C of Figure
1 on expanded mass scales. Table 1 provides the masses
and relative intensities of the 10 observed linker peaks in
the 25-26-kDa range. The relative intensities of the two
groups of linkers are L1:L2= 3.19:1.30. Reduction with
DTT for 5 min led to the disappearance of almost all the
peaks at~25 kDa; the three peaks BD3 at 33 207.7,

33 373.8 and 33 150.8 Da; and the peak at 66 154.8 Da with
the concomitant appearance of a new group of peaks-at 16

hi7 kDa and of a single peak D2t 33 258.8 Da (Figure

2A), indicating that the peaks at33 and 66 kDa are
isulfide-bonded dimers and tetramers of globin chains,

n,{espectively. Figure 2B shows the-167-kDa region after

a 10-min reduction, using an expanded mass scale. The
masses and relative intensities of the six globin peaks al,
a2, and btb4 are provided in Table 2. None of the
observed peaks had satellite peaks differing~#62 Da,
indicating the absence of glycosylation, in agreement with
earlier findings 1).

ESIMS of Natie/Cam and Reduced/Cam Chlhe native
Hb was carbamidomethylated and analyzed by ESIMS to
determine the number of free Cys residues associated with
each subunit. It was then reduced and carbamidomethylated
to determine the total number of Cys residues present in each
globin and linker chain. Carbamidomethylation of the Chl
resulted in altered locations of the three linker peaks+2b
L2d to 25501.6, 25518.7, and 25 538.4 Da, respectively
(Table 1) and of the disulfide-bonded dimer D1 to 33 264.3Da
(Table 3). The mass differences, mean 5#£51.9 Da,
correspond to the addition of one Cam group to £22d
and D1, implying the presence of one free Cys in each
subunit. Reduction of the Chl followed by carbamidom-
ethylation resulted in extensive modification of the masses
of the globin chains al, a2, and b4 as shown in Table
2. The number of Cys residues present in each globin chain
was calculated from the difference between the reduced and
the reduced/carbamidomethylated masses.

ESIMS of Chl SubunitsThe dodecamer subunit isolated
by gel filtration of the Chl dissociatedi4 M urea (), when
subjected to ESIMS in the unreduced and reduced forms,
was found to contain chains al, a2, b1, and b2 (Figure 2C).

Figure 3 shows an HPLC chromatogram of the Chl. Peak
H represents the heme that is dissociated at the acid pH.
SDS-PAGE showed that peaks—B corresponded to the
linkers, peaks G1 and G3 corresponded to reducible dimers,
and peaks G2 and G4 corresponded to the tetramer band
observed earlier in the unreduced SEFFAGE patterns of
the Chl Q).
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Ficure 1: MaxEnt-processed ESIMS spectra of natiuadistylia Chl:
33—34-kDa region using expanded mass scales.

Table 1: Summary of ESIMS Masses BtdistyliaChl Linker
Chaing

measured mass

(A) the overall spectrum, (B) the 226-kDa region, and (C) the

dominantly of linker chains L1. Reduction and carbami-
domethylation of HPLC peaks 5 and 3 demonstrated that
the major components L1d and L2c contain at least 10 and
9 Cys residues, respectively.

ESIMS of the globin peaks G4 (Figure 3) showed that

chain rel intensity native Hb Cant free Cys
Lla 0.34 25 000.4 25 000.1 0
L1b 0.17 25017.9 25017.2 0
Lic 0.44 25 039.6 25 040.0 0
L1d 1.00 25 057.0 25 057.2 0
Lle 0.63 25074.4 25074.3 0
L1f 0.61 25 096.8 25 095.2 0
L2a 0.06 25 402.7 N.O.

L2b 0.25 25 446.0 25501.6 1
L2¢c 0.73 25 461.6 25518.7 1
L2d 0.26 25478.3 25538.4 1

G1 consisted of the disulfide-bonded dimer D2, G2 com-
prised only the tetramer at 66 155.5 Da, and both G3 and
G4 consisted mainly X90%) of dimer D1. In G4, a
tetrameric component, attributable from its mass to dimeric
D1, was also detected at about 10% of D1. ESIMS, upon
reduction, confirmed the composition of G1 (D2, chains a2
and b2) and G3 and G4 (D1, chains al and b3) and revealed
that G2, i.e., the tetramer, consisted of chains al, a2, b1,

a|n daltons; estimated error #2.5 Da. N.O., not observe@Mean
of 5 determinations on native CHIMean of 2 determinations on
carbamidomethylated Chl.

The linker peaks 48 (Figure 3) provided inconclusive

and b2. None of the globin peaks obtained by HPLC
included the dimer D3 observed in the ESIMS spectra of
native and reduced Chl.

Figure 4 shows the spectra obtained with peak G1 (dimer
D2) as a function of reduction time with 10 mM DTT. With

results when subjected to ESIMS: peak 3 contained the L2 progressive reduction, the appearance of chains a2 and b2

group of linker chains, and peaks 4 and 5 consisted pre-

was accompanied by the formation of peak’ @2 33 259
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FiGURe 2: MaxEn-processed ESIMS spectra: (A) the overall spectruuafistyliaChl in the reduced state (10 mM DTT, 5 min), (B)
the 16-17-kDa region of the reduced Chl (10 mM DTT, 10 min) using an expanded mass scale, and (C)-iivekD& region of the
reduced dodecamer subunit (10 mM DTT, 10 min) using an expanded mass scale.

Table 2: Summary of ESIMS Masses Biidistylia Chl Globin
Chaing

measured mass

concomitant appearance of chains al, a2, bl, and b2 and a
peak with the same mass as'[p2oduced by reducing the
dimer D2. On further reduction, the intensity of D2

rel no. of
chain intensity red HE red/Cand cormas§  Cyd
al 1.00 16 049.6 0.2 16222 A 0.1 16051501 3
a2 0.40 16171.660.3 16343.6:0.4 16172404 3
bl 0.06 16 852.6- 0.4 17138.8: 0.3 16853.5-0.3 5
b2 0.39 17087.3 0.5 17317.1+ 0.6 17088.2-0.6 4
b3 0.32 17161.# 0.2 17389.4£ 0.7 17161.2-0.7 4
b4 0.12 17 103.6- 0.8 N.D. N.D. N.D.

aMasses in daltons; estimated errotHi$.5 Da. N.D., not determined.
b Relative intensities from reduced native ChMean of 7 determina-
tions £SD on reduced native Chl.Mean of 4 determination&=SD
on reduced/carbamidomethylated ChCorrected for carbamido-

methylation (red/Cam masses, 57.052 Da/Cys). Masses are calculate

with Cys reducedt Total number of Cys= (red/Cam mass- red
mass)/57.052.

decreased and the intensities of the globin chains increased.
This implies that D2is produced, albeit as a transitory entity,
by reducing both D2 and T and provides evidence for chains
a2 and b2 being disulfide-bonded together in the tetramer.
Carbamidomethylation of G2 established the presence of one
free Cys in the tetramer subunit. Tables 3 and 4 summarize
the ESIMS masses and compositions of the dimer and
tetramer subunits based on the data in Table 2.

Relative Stoichiometry of the Globin Subunit¥Ve used
the HPLC data illustrated in Figure 3 to estimate the relative

&toichiometry of the dimer and tetramer globin subunits from

the sums of the relevant peak areas obtained by integration
and by assuming that the extinction coefficients were equal.

Da, assigned to decysteinylated D2, D2-Cys (Table 4), with Peaks G1 and G2 were identified to consist of dimers D2
the concomitant disappearance of the D2 peak. Similar and tetramers T, respectively (see above). Since peaks G3
experiments with peak G2 (subunit T) showed that the and G4 consist only of dimers D1, it is likely that they
tetramer peak disappeared after a 1-min reduction with therepresent the monomeric D1 and the dimeric D1 (tetramers
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Table 3: Summary of ESI-ms MassesHididistyliaChl Globin Subunitd

rel measured mass
subunit intensity native Hb Canf HPLC? HPLC/Cané cor mass free Cys
dimer D1 1.0 33207.20.3 33264.3: 0.3 33207.6£.04 N.D. 33207.2 1
dimer D2 0.8 33373.8& 0.6 33372.3: 04 33374.8: 2.1 N.D. 0
dimer D3 0.1 33149.41.0 N.D. 33148.9: 0.3 N.D. N.D.
tetramer T N.D. 66 154.8 N.D. 66 155452.8 66 210.5+ 2.5 66 153.5+ 2.5 1

a2 Masses in daltons; estimated errori8.0 Da for dimers and-4.0 Da for tetramers. N.D., not determinéddean of 5 determinationsSD
on native Hb except for T (one value only)Mean of 2 determination&SD on carbamidomethylated native ChMean of 3, 2, and 7 determinations
+SD on HPLC-isolated D1/D3, D2, and T, respectivélivlean of 4 determinatior=SD on HPLC-isolated and carbamidomethylated tetramer.
fCorrected for carbamidomethylation (Cam mass, 57.052 Da/Cys).

H LINKERS « | - GLOBINS G4

G1

G2

Ficure 3: Reversed-phase chromatogram of the Chl obtained with a4260 mm Gg Synchropak RP-P column and two separate,
consecutive gradients of acetonitrile in aqueous 0.1% TFA (first 40 mind3% acetonitrile; next 40 min, 4%2% acetonitrile). Ordinate,
absorbance at 220 nm in arbitrary units; abcissa, time in minutes. Note that the division of the chromatogram into linker and globin regions
is purely operational; all the linkers emerged before any of the globin subunits-BBRSE of the combined peaks—-B and of the
combined peaks-911 and G+G4 corresponded to the known pattern obtained earlier by Qabar dj.al. (

[D1],), respectively. If we assume that the minor peak 9 DISCUSSION
also consists of D2 and that the minor peaks 10 and 11 are
comprised of tetramers T, we obtain the ratios D1.T:D2 [
(peak 9+ G1):> (peaks 10+ 11 + G2):> (peaksG3t+ G4)]

= 0.36:0.37:0.28 (S 0.02,N = 35). The ratio D1:D2=
1.0:1.3 (0.28:0.36) is in disagreement with the ratio 1.0:0.8
indicated by the ESIMS intensities (Table 3); a ratio closer
to 1:1 is obtained if the areas of the subsidiary peaké®

are notincluded. Overall, the ratio of disulfide-bonded dimer
subunits to disulfide-bonded tetramer subunits is fPD2]:

T =0.64:0.37= 1.7:1 (or 0.69:0.32 2.2:1, if peaks 9-11

are not included). These results suggest that the relative

stoichi(_)metry of. t'he dimers and tetramers, D1:D2:T, is The very high resolution afforded by the MaxEnt decon-
approximately 1:1:1. volution of the raw ESIMS spectr24) has permitted an
Linker-to-Globin Ratio. The HPLC data were also used ynambiguous and self-consistent determination of the number
to determine the ratio of the linker subunits to the globin of different chains and subunits comprisiBgdistyliaChl.
subunits from the sums of their respective peak argas, Tables 1 and 2 summarize the masses and relative intensities
(peaks £8):3 (peaks 9-11) + Y (peaks G+G4)] (Figure  of the linker and globin chains, respectively. The six globin
3). The calculated mean ratio was 0.275:0.725 £SD.03, and 10 linker chains identified in this case represent
N = 35). If the outliers att1 SD of the mean are left out, substantially more variability than has been observed here-
the new mean is 0.27:0.73 (SP0.01,N = 26). Since we tofore in the ESIMS studies of HBL Hbs frofirylorrhynchus
were able to identify only peaks 3, 4, and 5 and peaks G1 (25), Macrobdella(26), Lumbricus(27), Riftia (28), and
G4 by ESIMS, we also calculated the rafigpeaks 3-5): Arenicola(29). We do not know whether other Chls are as
> (peaks G G4); the result, 0.27:0.73 (SB0.02) suggests  complicated as that dEudistylia
that the contribution of the unidentified minor peaks is not A puzzling observation was the disappearance of or the
significant. The HPLC results are in agreement with earlier severe reduction in the relative intensities of the linker chains
results, ranging from 0.7:0.3 to 0.75:0.25, obtained previously from the ESIMS spectra of reduced Chl (Figure 2A), a
(1) and with the corresponding properties of other HBL Hbs phenomenon that has not been observed previously with HBL
and Chls 6, 12). Hbs and for which we have no explanation. However, the

In examining the ESIMS results (Figures 1 and 2), it is
obvious that several of the observed major peaks are
accompanied by higher mass satellites of much lower
intensity. These are generally adducts with metal ions, such
as Na and K, as well as adducts withM = +16—18 Da
due to oxidation or hydroxylation2Q). Loss of water as
well as facile gas-phase cleavage at A§jpo, Asp-Met,
and other Asp-Xxx peptide bonds are also known to occur
(21—23). Generally, the low-intensity satellite peaks are
ignored, since their appearance and intensity vary from one
experiment to another.
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Ficure 4: MaxEnt-processed ESIMS spectra of peak G1 obtained by HPLC of riatidistyliaChl: (A) unreduced and (BE) reduced
for 1, 5, 10, and 20 min, respectively, with 10 mM DTT.

Table 4: Chain Assignments &udistyliaChl Globin Subunit$

disulfide bonds
subunit assignment calcd méss measured mass nass D intra inter free Cys
D1 al+ b3—6H 33 206.7 33207.1 0.4 2 1 1
D2 a2+ b2—6H + Cys 33374.4 33374.1 -0.3 2 1 0
D2 a2+ b2—6H 33255.3 332574 2.1 2 1 1
D3 al+ b4—6H 33149.1 33149.4 0.3 2 1 ND
T al+a2+bl+b2— 14H 66 152.2 66 154.8 2.6 4 3 1

2 Masses in dalton$.Using corrected masses (Table 2), except for b4, which uses the mass from reducedezin of all available measurements
on native Chl and HPLC fraction8 Difference between calculated and measured nfd&aam two measurements each on native Chl and HPLC-
isolated D2 after 1 min in 10 mM DTT.

results of reducing and carbamidomethylating the two groups  Furthermore, we were able to determine the number of
of linker chains isolated by HPLC showed that the major Cys residues in globin chains al, a2, and-b3, as well as
components of L1 and L2 have at least 10 and 9 Cys the number of Cys residues engaged in inter- and intra-
residues, respectively. This is in accord with previous disulfide bonds in the dimer subunits BD3 and the
findings from several HBL Hbs which indicate that the linker tetramer T. Single free Cys residues were found in dimer
chains generally contain-912 Cys residuesl@). D1 and tetramer T but not in dimer D2. Our assignments
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DIMERS Only one tetramer species was observed in the ESIMS of

native Chl, corresponding to subunit G2 isolated by HPLC.

oo C|ys - o o han et Although its most plausible composition is &la2+ bl +
H— Cys cys Cys Cys OH  chainb3 b2 (Table 4), there are three other combinations of chains
H—cye—on al, a2, b1, and b2 which could fit the measured mass of the
tetramer T: 2at- 2b1l— 12H+ 3Cys= 66 155.3 Da; 2a2
D2 H—Cys Cys Cys Cys OH chain b2 + 2bl— 14H+ CyS= 66 156.8 Da, and at a2+ 2b1—
— 14H + 2Cys= 66 155.1 Da. Since the last combination
A G G0 OH  chainaz lacks a free Cys and, together with the other two, does not
TETRAMER contain all four chains, we believe our assignment to be
T on—oe ums on amat porrect. It should be noted that HPLC and SEFS.AGE data
: indicate that tetramers are also formed by the dimer D1; such
H— Cys Cys Cys Cys Cys —OH chain b a tetramer would have a mass of 66 411.4 Da. Since it was
E— not observed in the ESIMS of native Chl and since it appears
H oG Cs—Cps OH  chainb2 to represent only about 10% of dimer D1 in peak G4 (Figure
H_CL Cys Cys oH chain a2 3), itis likely to be the result of some reshuffling of disulfide

bonds in D1. Figure 5 shows schematic diagrams of the

Ficure 5: Diagrammatic representations of the dimer and tetramer
subunits based on the ESIMS results.

of the globin chain compositions of the observed dimer and
tetramer subunits are presented in Table 4. The self-con-

disulfide bonding in dimers D1 and D2 and tetramer T that
are consistent with the ESIMS results.

Our earlier detailed study of the dissociationEafdistylia
Chl has shown that, in addition to the linker subunits,

sistency of the assignments is quite good and well within dodecamers<200 kDa), tetramers66 kDa), and dimers
the estimated errors for the ESIMS determinations, except, (>33 kDa) of globin chains were produced by partial as well
apparently, for D2 In this case, the mass difference between &S total dissociation in the presence of urea and SDS (
D2 in native Chl and D2in reduced Chl is 116.7 Da (Table We propose that the largest opserved subunllt, th_e dodecamer,
4), whereas the calculated mass difference for a Cys bound'S & noncovalently bonded trimer of the disulfide-bonded
to one of the Cys residues in D2 through an interchain €tramer T (3[al+ a2+ bl + b2]) with 12 heme groups
disulfide bond (cysteinylation) is 119.1 Da. This discrepancy @nd @ mass of 205 863 Da [(8 66 155)+ (12 x 616.5)].
can be explained by a partial reduction of intrachain disulfide Although we had speculated previously that the disulfide-
bonds in D2, since D2 was only observed after reduction. _bonded dimer subunits could dimerize to tetramers which
The assignment of D2 (and hence’Pgiven in Table 4 is in tum could also form dodecgmers, 'th'e ESIMS results
strongly supported by the excellent agreemen®.g Da) obtained here have ruled out this possibility. The tetramer
between the measured mass of D2 and its mass calculategubunits observe_d previous_ly are likely to. be noncovalent
from the reduced masses of its components plus cysteiny-Netero- and possibly homodimers of subunits{iB8 and 4
lation. The evolution of the ESIMS spectra of D2, isolated Néme groups ([D D2], 69 047 Da; [D1+ D3], 66 822

as HPLC peak G1, as a function of reduction time (Figure D& [D2+ D3], 68 990 Da; [D1}, 68 880 Da; [D2}, 69 215

4) clearly indicates that the cysteinylated Cys in D2 is more D&; [D3],, 68 764 Da). From our present results, we have
easily reduced than the interchain bond holding chains a2€@vidence only for the noncovalent homodimerization of D1
and b2 together. Obviously the fourth Cys residue in chain (P€aks G3 and G4 in Figure 3).

b2 is the one that is cysteinylated. Although dimer D3, a  Recent cryoelectron microscopic studied.afmbricusHb
minor component, also has 7 Cys residues and two intra- (30, 31), EudistyliaChl (32), MacrobdellaHb (33), Riftia
disulfide bonds and one inter-disulfide bond such as D1 and Hb (34), and Alvinella Hb (35) have demonstrated that at
D2, we were unable to determine the state of its sevenththe level of the resolution achieved, 235 A, all the
Cys. reconstruction volumes were remarkably alike, implying that

Table 5: Proposed Model of the Quaternary Structur&wdistylia Chl

heme mass no. of no. of mass
subunit groups/subunit (kDa) copies heme groups contribution (kDa)
dodecamers 12 205.9 4 48 824
dimers 2 34.5 48 96 1656
linkers
L1 0 25.¢ 30 753
L2 0 25.9 12 306
total globin mass 2480
total linker mass 1059
total Chl mass 3539
exptl Chl mas% 3480+ 225
calcd globin:linker ratio 0.701:0.299

exptl globin:linker ratio 0.725:0.27% 0.029

2 Each dodecamer consists of three tetramer$,Calculated for F from Table 3, including heme groups (616.5 Da):x366.155+ 12 x
0.6165.¢ From Table 3, including heme grougstrom Table 1 Determined by STEM mass mappint)(




A Hierarchy of Disulfide-Bonded Subunits

their quaternary structures must also be very similar.
ESIMS investigations of the Hbs fromiylorrhynchus
Macrobdella Lumbricus Riftia. and Arenicola (25—29)

globin subunits. In all cases, the bracelet model consisting

of 12 dodecamers (144 globin chains) tethered to a central 11.

hexagonal complex of 36 or 42 linker chains, proposed earlier
for LumbricusHb (36, 37), fits very well the known masses
of the native Hbs and is strongly supported by the three-
dimensional reconstructions obtained by cryoelectron mi-
croscopy.

In Table 5, we present a model of the Chl quaternary

structure based on the ESIMS and HPLC results: weighted 14

masses of 25.1 kDa for L1 and 25.5 kDa for L2, a ratio of
L1:L2 = 2.5:1 (3.19:1.30 from ESIMS relative intensities

in Table 1), a weighted mass of 34.5 kDa for the dimer
subunits, a mass of 206 kDa for the dodecamer subunit based
on the tetramer mass, a 2:1 stoichiometry of dimer to
tetramer, and a linker:(dimer tetramer) ratio of 0.275:0.725.
Furthermore, we assume that the number of copies of L1
and L2 should be multiples of 6 in view of the evident 6-fold
symmetry of the HBL structure. Our model comprises 144

globin chains distributed among 4 dodecamers (12 tetramers) 19.

and 48 dimers, 30 L1 linkers, and 12 L2 linkers. The total
calculated mass is 3539 kDa, in excellent agreement with
the mass of the native Chl determined by STEM mass
mapping, 3480+ 225 kDa (). Although the proposed
model for EudistyliaChl is very similar to the models put
forward by us forLumbricusand several other HBL Hbs
based on detailed ESIMS polypeptide chain and subunit
compositions, extensive STEM mass mapping, and sedi-
mentation equilibrium studied ®), it is unique in the implied
heterogeneity of the Chl quaternary structure. We do not
know whether the disulfide-bonded dimers form noncovalent
dodecamer complexes that are quasi-equivalent to the
dodecamers formed from tetramers, nor do we know whether
the number of L1 and L2 linkers is constant for all Chl HBL
structures. Assuming that it is, native Chl may be a mixture
of HBL structures ranging from those consisting of 12
dodecamers to those consisting of 72 dimers. In summary,
Eudistylia Chl comprises a novel hierarchy of disulfide-
bonded globin subunits ranging from the dodecamer to the
dimer, with a built-in heterogeneity of possible HBL
guaternary structures.

REFERENCES

1. Qabar, A. N,, Stern, M. S., Walz, D. A,, Chiu, J. T., Timkovich,
R., Wall, J. S., Kapp, O. H., and Vinogradov, S. N. (1991)
Mol. Biol. 222 1109-1129.

Terwilliger, R. C., Garlick, R., Terwilliger, N. B., and Blair,

D. P. (1975)Biochim. Biophys. Acta 40(02—-309.

Terwilliger, R. C., Terwilliger, N. B., and Schabtach, E. (1976)

Comp. Biochem. Physiol. 55A1—55.

. Vinogradov, S. N., Kapp, O. H., and Ohtsuki, M. (1982) in
Electron Microscopy of ProteinfHarris, J., Ed.) Vol. 3, pp
135-163, Academic Press, New York.

. Vinogradov, S. N., Standley, P. R., Mainwaring, M. G., Kapp,

0. H., and Crewe, A. V. (1983iochim. Biophys. Acta 828

43-50.

Vinogradov, S. N., Sharma, P. K., and Walz, D. A. (1991)

Comp. Biochem. Physiol. 98B87—194.

Antonini, E., Rossi-Fanelli, A., and Caputo, A. (1962th.

Biochem. Biophys. 9B343-350.

2.

3.

4

5

6.

7.

8.

9.
have provided accurate masses of the constituent linker and 1.

12.

13.

15.

Biochemistry, Vol. 37, No. 18, 199&%605

Antonini, E., Rossi-Fanelli, A., and Caputo, A. (1962kh.
Biochem. Biophys. 9B36-342.

Imai, K., Sharma, P. K., and Vinogradov, S. N. (1986mput.
Physiol. Biochem. 1138513-618.

Imai, K., and Yoshikawa, S. (198&ur. J. Biochem. 147
453-463.

Vinogradov, S. N. (1985) iRespiratory Pigments in Animals
(Lamy, J., Truchot, J. P., and Gilles, R., Eds.) pp29,
Springer-Verlag, Berlin.

Lamy, J. N., Green, B. N., Toulmond, A., Wall, J. S., Weber,
R. E., and Vinogradov, S. N. (199€hem. Re. 96, 3113—
3124,

Goodman, M., Pedwaydon, J., Czelusniak, J., Suzuki, T.,
Gotoh, T., Moens, L., Shishikura, F., Walz, D., and Vinogra-
dov, S. N. (1988)). Mol. Evol. 27, 236-249.

Kapp, O. H., Moens, L., Vanfleteren, J., Trotman, C. N. A.,
Suzuki, T., and Vinogradov, S. N. (199%Brotein Sci. 4
2179-2190.

Vinogradov, S. N., and Sharma, P. K. (199ethods
Enzymol. 231112-124.

16. Ferrige, A. G., Seddon, M. J., and Jarvis, S. A. (19R4pid

17.

18.

20.
21.
22.
23.
24.
25.
26.

27.

28.
29.
30.
31.

32.

33.

34.
35.
36.

37.

Commun. Mass Spectrom, $74—-379.

Ferrige, A. G., Seddon, M. J., Green, B. N., Jarvis, S. A., and
Skilling, J. (1992)Rapid Commun. Mass Spectrom.7®7—
711.

Zaia, J., Annan, R. S., and Biemann, K. (1982pid Commun.
Mass Spectrom.,&82—-36.

IUPAC Commission on Atomic Weights and Isotopic Abun-
dances (1993). Phys. Chem. Ref. Data 22571-1584.
Senko, M. W., and McLafferty, F. W. (19948nnu. Re.
Biophys. Biomol. Struct. 263-785.

Ballard, K. D., and Gaskell S. J. (1993) Am. Soc. Mass
Spectrom. 4477-481.

Yu, W., Vath J. E., Huberty, M. C., and Matrtin, S. A. (1993)
Anal. Chem. 653015-3023.

Bakhtiar, R., Wu, Q., Hofstadler, S. A., and Smith, R. D.
(1994)Biol. Mass Spectrom. 2307-710.

Ashton, D. S., Beddell, C. R., Green, B. N., and Oliver, R.
W. A. (1994) FEBS Lett. 3421—6.

Green, B. N., Suzuki, T., Gotoh, T., Kuchumov, A. R., and
Vinogradov, S. N. (1995). Biol. Chem. 27018209-18211.
Weber, R. E., Malte, H., Sharma, P. K., Green, B. N., Oliver,
R. W. A., Braswell, E. H., Kuchumov, A. R., and Vinogradov,
S. N. (1995)J. Mol. Biol. 251 703-720.

Martin, P. D., Kuchumov, A. R., Braswell, E. H., Green, B.
N., Oliver, R. W. A., Wall, J. S., and Vinogradov, S. N. (1996)
J. Mol. Biol. 255 154—-169.

Zal, F., Lallier, F., Green, B. N., Vinogradov, S. N., and
Toulmond, A. (1996)J. Biol. Chem. 27,18875-8881.

Zal, F., Green, B. N., Lallier, F., Vinogradov, S. N., and
Toulmond, A. (1997)Eur. J. Biochem. 24385-92.

Schatz, M., Orlova, E. V., Dube, P gés, J., and Van Heel,
M. (1995)J. Struct. Biol. 11428-40.

De Haas, D., Kuchumov, A. R., Taveau, J.-C., Boisset, N.,
Vinogradov, S. N., and Lamy, J. N. (199Bjochemistry 36
7330-7338.

De Haas, D., Taveau, J. C., Boisset, N., Lambert, O.,
Vinogradov, S. N., and Lamy, J. N. (19986)Mol. Biol. 255
140-153.

De Haas, D., Boisset, N., Taveau, J. C., Lambert, O.,
Vinogradov, S. N., and Lamy, J. N. (199Bjophys. J. 70
1973-1984.

De Haas, D., Zal, F., Lallier, F., Toulmond, A., and Lamy J.
N. (1996)Proteins: Struct., Funct., Genet. 2841—256.

De Haas, D., Zal, F., You, V., Lallier, F., Toulmond, A., and
Lamy, J. N. (1996)). Mol. Biol. 255 140-163.

Vinogradov, S. N., Lugo, S., Mainwaring, M. G., Kapp, O.
H., and Crewe, A. V. (1986@proc. Natl. Acad. Sci. U.S.A. 83
8034-8038.

Vinogradov, S. N., Sharma, P. K., Qabar, A. N., Wall, J. S.,
Westrick, J. A., Simmons, J. H., and Gill, S. J. (1991Biol.
Chem 266, 13091-13096.

BI972644Y



