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The apparently symmetrical hexagonal bilayer hemoglobin
from Lumbricus terrestris has a large dipole moment'
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Abstract

The giant ~ 3.6 MDa hexagonal bilayer hemoglobin (HBL Hb) from Lumbricus terrestris consists of 12 213-kDa
dodecamers of four globin chains ([b + a + c;[d];) tethered to a central scaffold of ~ 36 non-globin, linker subunits
L1-L4 (24-32 kDa). Three-dimensional reconstructions obtained by electron cryomicroscopy showed it to have a D
point-group symmetry, with the two layers rotated ~ 16° relative to each other. Measurement of the dielectric
constants of the Hb and the dodecamer over the frequency range 5-100 kHz indicated relaxation frequencies
occurring at 20-40 and 300 kHz, respectively, substantially lower than the 700-800 kHz in HbA. The dipole moments
calculated using Oncley’s equation were 17300 + 2300 D and 1400 D for the Hb and dodecamer, respectively. The
approximately threefold higher dipole moment of the dodecamer relative to HbA is consistent with an asymmetric
shape in solution suggested by small-angle X-ray scattering. Although a two-term Debye equation and a prolate
ellipsoid of revolution model provided a good fit to the experimental dielectric dispersion of the dodecamer, a
three-term Debye equation based on an oblate ellipsoid of revolution model was required to fit the asymmetric
dielectric dispersion curve of the Hb: the required additional term may represent either an induced dipole moment
or a substructure which rotates independently of the main permanent dipole component of the Hb. The D,
point-group symmetry implies that the dipole moments of the dodecamers cancel out. Thus, in addition to a possible
contribution from fluctuations of the proton distribution, the large dipole moment of the Hb may be due to an
asymmetric distribution of the heterogeneous linker subunits. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The HBL quarternary structure is characteris-
tic of the giant extracellular Hbs of annelids
(oligochaetes, leeches and polychaetes) living in
terrestrial, aquatic and marine environments and
in vestimentiferans and polychaete annelids which
exist at the sulfide-rich hydrothermal vents on the
Pacific Ocean floor at depths of 2500 m and
whose subsistence in this hostile environment de-
pends on symbiosis with sulfur-oxidizing prokary-
otes [1]. The Hb from the common North Ameri-
can earthworm Lumbricus terrestris is the best
studied of the HBL Hbs. It is comprised of four
different globin chains (a—d, ~ 17 kDa), which
occur as a disulfide bonded trimer T [a + b + c]
and a monomer M (d) and four types (L1-1L4) of
non-globin linker subunits (24-32 kDa). Mild dis-
sociation of the Hb established the principal
functional subunit to be a 213 kDa dodecamer of
globin chains, [T];[M]; = [a + b + c];[d]; [2], which
was also shown to be an obligate intermediate not
only in the dissociation but also in the reassembly
of the Hb [3]. A ‘bracelet’ model of Lumbricus
Hb proposed earlier [4], has been refined recently
based on a detailed ESI-MS study to consist of 12
dodecamers tethered to a central ‘bracelet’ of 36
or 42 linker subunits [5]. 3D reconstructions of
Lumbricus Hb based on cryoEM have provided a
convincing demonstration of the essential correct-
ness of this model [6,7]. Furthermore, concurrent
3D reconstructions of the Chl from the poly-
chaete Eudistylia [8] and the Hbs from the leech
Macrobdella [9] the vestimentiferan Riftia [10] and
the deep sea polychaete Alvinella [11], have shown
them to have essentially almost identical struc-
tures at the resolution achieved, ~ 30 A. The
quaternary structures of HBL Hbs and Chls in
stained and unstained TEM and STEM images
and in the 3D reconstructions obtained by cry-
oEM all have D¢ point-group symmetry. We re-
port below a study of the dielectric properties of
Lumbricus Hb and its dodecamer subunit, which
shows the Hb to have a large dipole moment, in
conflict with its apparent highly symmetric qua-
ternary structure.

2. Experimental procedures
2.1. Materials

Lumbricus Hb and its dodecamer subunits, both
in the oxy form, were prepared as discussed else-
where [2,12]. The protein samples were dialyzed
exhaustively against 1 mM EDTA in doubly dis-
tilled water. The dialysate was used as the refer-
ence solution and for the dilution of the sample.

2.2. Measurement of the dielectric constant of protein
solutions

The general procedure was to measure sequen-
tially the capacitances of the protein solution and
an electrolyte solution (NaCl or KCI) having a
similar conductance. The capacitance and con-
ductance of the solution were measured using a
Hewlett-Packard 4192A impedance analyzer
which is fully automated using an on-line com-
puter Macintosh Centris 650. The measurements
were performed using a sampling program
Labview 3, over the frequency range 5 kHz—-10
MHz; the number of points sampled was usually
1000. The dielectric constant of the sample solu-
tion was calculated using Eq. (1) [13],

6‘5 = 1 + {(CS - CO)/(CW_ CO)}(SHZO - 1) (1)

where Cg is the capacitance of the sample solu-
tion, C,, is the capacitance of the empty cell, Cy,
is the capacitance of the NaCl or KCl solution
with its conductance carefully adjusted to equal
that of the protein sample and &y is the dielec-
tric constant of water, 78.5 at 25°C. The tempera-
ture of the sample and the reference solutions
was maintained at 25°C using a Haake FK2 circu-
lating thermostat. The concentrations of Lumbri-
cus Hb and its dodecamer subunit were in the
range of 1-20 mg/ml. The sampled data points
were stored as spread sheets (Microsoft Excel
version 4). The Excel program was used for all
other data manipulations except plotting.

2.3. Analysis of the dielectric relaxation

The frequency dependence of the dielectric
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constant of polar molecules can be represented
using the Debye dispersion equation,

8=8m+A8/[1 +(f/f,)2] )

where ¢ is dielectric constant, f is the frequency
of the applied field, f, is the relaxation frequency
and A ¢ is the dielectric increment, defined as the
difference between the low- and high-frequency
limiting dielectric constants, ie. &, — &, [14,15].
This equation holds for spherical molecules of
uniform size with no dipolar interactions, where
dielectric relaxation is characterized by only one
time constant. Biological macromolecules in gen-
eral do not satisfy these conditions [16—18] and,
in particular, neither do Lumbricus Hb or its
dodecamer subunit. Fig. 1 shows the 3D recon-
struction volumes of the native Hb obtained by
Lamy et al. [7]. The diameter and height of the
Hb are known to be 30 and 20 nm, respectively,
from previous TEM and STEM work [19]. The
[T];IM]; dodecamer (indicated by the dotted cir-
cle in Fig. 1c), appears to have an umbrella-like
shape with a diameter of approximately 11 nm
and a height of 7 nm [20,21], with the three
monomer M subunits clustering at the center, as
observed recently in the 3D reconstruction of the
reassembled HBL missing the M subunits [7]. We
have tried to reproduce the shapes of the Hb and

the dodecamer subunit using oblate and prolate
ellipsoids of revolution, respectively, as shown
diagrammatically in Fig. 2.

The dielectric dispersion data of Lumbricus Hb
and its dodecamer subunit were analyzed using
extended forms of Eq. (2),

e=As, +3Ae/[1+ (/1] 3)

where j is either 2 or 3. Although this equation
can also be written in an integral form or in the
form of the Cole—Cole equation [22], we used the
discrete form because of its convenience for the
analysis of molecular shape. In addition, we nor-
malized the dielectric increment Aeg, so that it
ranges from 0 to 1, i.e. from (e—&,) to (e—
&,)/Ae, where Ae= (g, — &,). For the two-term
dispersion equation, the sum of the two incre-
ments is normalized, i.e. Ag, + Ag, =1,

(e,— ) /Be=Ae,/[1+ (f/1,)]
+(1-Ag)/[1+ (/)] @

where f, and f, are the characteristic frequen-
cies of orientation of the ellipsoid along the ma-
jor and minor axes, respectively. The numerical
factors f, and f;, can be calculated from Perrin’s
equation [15,16,23,24], which uses orientation fac-

C

Fig. 1. Surface representations of the 3D reconstruction volume of Lumbricus Hb obtained by cryoEM at a resolution of ~ 35 A
(7). (a) Top view; (b) 45° view; (c) whole molecule cut in half by a plane passing through the sixfold axis. Note the following: (1) the
top hexagonal layer of hollow globular substructures [HGS, marked by dotted circle in (c)] is rotated by ~ 16° relative to the lower
layer; (2) each HGS has a local threefold axis of symmetry [indicated by triangle in (b)]. Each HGS is thought to consist of a
dodecamer of globin chains which comprises the top portion [dashed oval in (¢)] and non-globin linkers which comprise the bottom
portion and also the central linker complex. Courtesy of Dr F. De Haas and Dr J. Lamy.
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Fig. 2. Schematic diagram of the rotational modes of prolate
and oblate ellipsoids.

tors f,/f, and f,/f,, where f, is the characteris-
tic frequency of an equivalent sphere, i.e. a sphere
having the same volume as the ellipsoid. The
numerical values of f,/f, and f,/f, calculated
for various ratios of the two axes a and b are
given in Appendix A.

3. Results

3.1. Dielectric dispersions of Lumbricus Hb and the
dodecamer subunit

Figs. 3 and 4 show the dielectric dispersions,
i.e. the frequency dependence of the dielectric
constants, of Lumbricus Hb and the dodecamer
subunit. The relaxation frequencies occurred in
the range of 25-40 and 300 kHz, for the Hb and
its subunit, respectively, unusually low compared
to other globular proteins, such as human Hb,
where it is found at 700-800 kHz [25].

3.2. Dipole moments of Lumbricus Hb and
dodecamer subunit

The dipole moments of protein molecules are
generally calculated using Oncley’s equation [16],

w? = {9000kTM /4w Nh}Ae/c Q)

70 e I n sl
1 10 100 1000

Frequency KHz

Fig. 3. The dielectric dispersion of Lumbricus Hb; ¢, and &,
are the low- and high-frequency dielectric constants, respec-
tively; f,. is the relaxation frequency. The circle at 1 kHz was
inserted by manual extrapolation for the convenience of com-
puter plotting.

where k7T is the Boltzmann constant times the
absolute temperature, M is the molecular weight,
N is Avogadro’s number and % is an empirical
parameter, Ae is the dielectric increment and ¢
is the concentration in g 17!, Since Ae/c varies
slightly with ¢, as shown in Fig. 5, the intrinsic
dielectric increment at ¢ = 0 was obtained either
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Fig. 4. The dielectric dispersion of the dodecamer subunit
solution. The symbols are the same as in Fig. 3.
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by extrapolation or from the slope of the plot of
Age vs. ¢. The dielectric dispersion measurement
were performed using three different prepara-
tions of Lumbricus Hb; the dipole moments cal-
culated using the intrinsic dielectric increment of
11.1 g ' 17" were 19860 D, 15200 D and 16925
D, providing a mean value of 17300 + 2300 D
(Table 1). The dipole moment of the dodecamer,
calculated using the intrinsic dielectric increment
of 0.85 g7! 17! and the molecular weight of 213
kDa and Eq. (4), was 1400 D (average of two
measurements) (Table 1).

3.3. Prolate ellipsoid model of the dodecamer subunit

The value of f, was estimated using the Stokes
equation,

fo=KkT/06Vm (6)

where V' is the volume of the molecule and 7 is
the viscosity of water, i.e. 0.01 poise. Using the
calculated volume of the dodecamer subunit (V' =
molecular weight /density /Avogadro’s number),
~ 266 nm®, which agrees with the 255 + 10 nm®
determined by SAXS [9], we obtain f, = 145 kHz.
Simulated dispersion curves were computed using
Eq. (4) and letting Ag, vary. The best fit with the
experimental data was obtained for a /b = 2.5-3.0
and Ag, =0.45-0.55 (.e. Ag,/Ag, =0.81-1.23)
as shown in Fig. 6, where the solid line represents
the calculated dispersion curve and the circles
represent the experimental points. In addition,
using the expression 9 =tan '(Ag,/Ag,), we
calculated the angle between the dipole moment

Table 1

Dipole moments and relaxation frequencies of Lumbricus Hb,
its dodecamer subunit and human HbA (1 D=10"'8
esu.cgs,/cm)

Protein Molecular Relaxation Dipole
mass frequency moment
(kDa) (kHz) (D)
Lumbricus Hb 3600 20-40 17300 + 2300
Dodecamer subunit 213 300 1400
Human HbA* 67 800-1000 485

?From Takashima [25].

Ae /gh

0 1 1 1
0 5 10 15 20

Concentration g/l

Ae /gn

0.0 " : 1
0 10 20 ao

Concentration g/l

Fig. 5. Plots of the specific dielectric increment Ag/c vs. the
concentration ¢ in g 17! for Lumbricus Hb (upper panel) and
the dodecamer subunit (lower panel).

and molecular axes of the model to be approxi-
mately 39-51°, as well as the magnitudes of the
transverse (u, = wsin ) and longitudinal (u, =
wcos ) dipole moments. From the results shown
in Table 2, it can be seen that the prolate ellip-
soid model of the dodecamer suggests that it has
equally large dipole moments along the major as
well as the transverse axes, as shown schemati-
cally in Fig. 7.

3.4. Oblate ellipsoid model of the Hb

The dielectric dispersion of the Hb shown in
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Table 2

The variation in the transverse and longitudinal components
of the dipole moment of the dodecamer subunit with the
change in the angles between the dipole and molecular axes

&,/Ag, Angle Transverse Longitudinal
(6] component” component”
(D) (D)
0.45:0.55 39.3 889 1090
0.5:0.5 45.0 993 993

“The transverse and longitudinal components are given by
My =psind and p, = ucos J, respectively.

Fig. 3 could not be fitted satisfactorily with a
two-term Debye equation because it was asym-
metric, the slope at low frequencies being steeper
than at high frequencies. This asymmetry suggests
the presence of an additional component rotating
independently with a different, higher in this case,
relaxation frequency. We used a three-term De-
bye equation, with the first two terms on the
right-hand side identical to Eq. (6) and a third
term, Aeg,/[1 +(f/fp)2], representing a compo-
nent rotating independently of the other two with
a characteristic frequency f, and subject only to
the constraint that Ae, + Ag, + Ag, = 1. We as-
sumed the additional component to have a spher-
ical shape and a single relaxation time and used

Norm.Dielec.Const.

0 0 -y L H J
10 100 1000 10000 100000

Frequency Kliz

Fig. 6. A fit of the normalized dielectric dispersion of the
dodecamer subunit to a prolate ellipsoid model using a two-
term Debye dispersion equation with axial ratio a /b = 3.5 and
Ag,/Ag,=0.5.

4
o

Fig. 7. A schematic representation of the dipole moments
along the major and minor axes of the prolate ellipsoid of
revolution model of the dodecamer subunit.

f, as an adjustable parameter. Fig. 8 demon-
strates that a satisfactory agreement was obtained
between the experimental points and the calcu-
lated dispersion curve for f, =180-200 kHz and
Ag, ~0.1.

4. Discussion

Investigations of the dipole moments of pro-
teins undertaken by Oncley and his collaborators
in the late 1930s [16], predate studies of protein
structure. Since then, many proteins have been
investigated using either by the frequency domain
method [16,26] or the time domain method [27,28]
and the experimental dipole moments compared
with calculated values based upon crystallo-
graphic coordinate sets [25,29-31] for small pro-
teins such as myoglobin and even hemoglobin.
Except for a few cases, the agreement between
the experimental and calculated dipole moments
is satisfactory. A recent screening of some 500
protein crystal structures has revealed that the
majority of the calculated dipole moments were
in the range of several hundreds Debye units,
with 46 proteins having dipole moments greater
than 1000 D and only a few exceeding 2000 D
[32]. Given the asymmetric, umbrella-like shape
of the dodecamer in solution, suggested by SAXS
measurements [9], with the three M subunits clus-
tered in the center of the umbrella, evident from
3D reconstructions of cryoEM images of a re-
assembled HBL structure lacking the M subunits
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Fig. 8. A fit of the normalized dielectric dispersion of Lumbri-
cus Hb to an oblate ellipsoid model using a three-term Debye
equation, with axial ratio a/b=15, f,=180-200 kHz and
Ag,Aey:Ae, =0.2:0.7:0.1.

[7], it is not surprising that the dodecamer has a
dipole moment of 1400 D, approximately three
times the dipole moment of HbA, 480-500 D [25]
(Table 1). The very large dipole moment of the
native Hb, 17300 D, would be easy to explain, if
the dodecamers were aligned in one direction
relative to the sixfold axis of the Hb. However,
the 3D reconstruction obtained by cryoEM (Fig.
1) clearly shows the two rings of putative dode-
camers to be oriented opposite to each other, in
agreement with the absence of any aggregation of
the native HBL Hb in solution. If we accept this
fact, then even with the ~ 16° rotation of the two
layers (Fig. 1), the D, point-group symmetry would
dictate the complete cancellation of the six vs. six
dodecamer dipole moments. Thus, an explanation
for the large dipole moment of the Hb must be
sought elsewhere.

Early model calculations by Kirkwood and Shu-
maker [33] have suggested the possibility that
fluctuations of the proton distribution in proteins
could provide a substantial contribution to the
measured dipole moment. Although this con-
tribution in the case of proteins with a molecular
weight of less than 100 kDa is probably too small
to be observed [34], it may be substantial in the
case of such a large multisubunit complex as

Lumbricus Hb, consisting of some 144 globin
chains and ~ 36 linker chains [5]. Since the in-
duced dipole moment due to ion fluctuation is
proportional to the square of the molecular ra-
dius, it is possible that for Lumbricus Hb which
has a diameter of 30 nm, the induced dipole
moment could be significant in contributing to
the asymmetry of the experimental dielectric dis-
persion.

The linker subunits L1-14 are known to be
heterogeneous from detailed studies of the ESI
mass spectra of the Hb [5] and of the isolated
linkers (A.R. Kuchumov, J.A. Loo and S.N. Vino-
gradov, unpublished observations). Hence it is
possible that an arrangement of linker subunits of
slightly different primary structures with a
symmetry lower than hexagonal could provide a
permanent anisotropy of charge distribution re-
sponsible for the observed high dipole moment.
Furthermore, the linkers have high affinity Ca®*
binding sites, due probably to the presence of
~40 amino acid residue-long cysteine-rich do-
mains which are known to bind Ca®* avidly [35,36]
and in agreement with earlier experimental find-
ings that complete removal of Ca’* is impossible
even upon complete dissociation of the native Hb
[5]. Thus, in addition to the possible asymmetry of
the linker subunit arrangement in the native
Lumbricus Hb, there may occur states with asym-
metric Ca** ion distributions which would also
contribute to the overall charge distribution
anisotropy. Single positive charges (+1e) posi-
tioned diametrically opposite negative charges
(—1e) at distances of 20 nm and 30 nm, the
height and diameter of Lumbricus Hb, will pro-
duce dipole moments of 1920 D and 2880 D,
respectively. Thus, approximately 6-9 opposite
charges located at the periphery of the HBL
complex would account for the experimental
dipole moment of 17300 D.

It should be noted that an experimentally
observed, large permanent dipole moment in pro-
teins with presumed symmetrical quaternary
structures has been found to be a reliable indica-
tor of asymmetric structure. A dipole moment of
1200 D determined by Porschke for the homote-
trameric lac repressor [28] suggested an asymmet-
ric structure, a conclusion which was verified by
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the recently determined crystal structure [37,38].
Likewise, the Tet repressor also has a large dipole
moment of 1050 D [39].

Appendix A

The orientation factors f,/f, and f, /f, are
calculated using the following equations. For a
prolate ellipsoid of revolution, the axial ratio k =
b/a (a > b), the Perrin equations are

f/f =20 =k /{32 k) VT =k |

xIn[(1+V1—k%) k| =3k7)
for the orientation along the major axis a, and

f/fs =40 =k /= {[3K2 @K = D V(T =) |
xIn[(1+V1—k%) /k] +3]

for the orientation around the minor axis b. The
equations for oblate ellipsoids of revolution are

f/f, =20 =k /{[32@ k) V=1 |
X (tan™'Vk* —1) — 3k2}

for the orientation along the equatorial axis b,
and

fo/fy =40 =K/ {1362k = D] /VE? ~ 1
X (tan™'Vk* = 1)+ 3>

for the orientation around the axis of revolution
a. The numerical values of Perrin’s factors are
given in the table below.

Table Al
Axial ratio Prolate ellipsoid Oblate ellipsoid
b
a/ Y Y A Y, A YA
0.667 1.192 1.006 1.013 1.100
0.5 1.505 1.050 1.132 1.256
0.4 1.892 1.095 1.289 1.358
0.333 2.344 1.134 1.464 1.578
0.286 2.852 1.165 1.651 1.791
0.25 3.395 1.189 2.002 1.843
0.2 4.641 1.226 2.240 2.423
0.167 6.065 1.250 2.442 2.843
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