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ABSTRACT Previously, we discussed the calculation of the dipole moments of small proteins using the three-dimensional protein data-
base. Our results demonstrate that the calculated dipole moments are in acceptable agreement with measured values. We, however,
noted the difficulty of the calculation with larger proteins, in particular those consisting of several subunits. Hemoglobin (Hb) is a protein
having a molecular weight of 64,000 that consists of four subunits, a typical case where the computation was found to be difficult. To
circumvent the difficulties, we calculated the dipole moment of each subunit separately. The dipole moment of the whole protein was
calculated by the vectorial summation of subunit moments. With this method, the calculated net dipole moment is in good agreement
with the experimental value. Our calculation shows that the dipole moment vectors of subunits are, by and large, antiparallel in tetramers
causing partial cancellation of the net dipole moment. In addition to normal HbA, the dipole moment of abnormal HbS was calculated
using an approximate computational technique. Because of the loss of two negative charges as a result of the replacement of glutamic
acid with valine in fl-chains, the dipole moment of HbS was found, experimentally and theoretically, to be significantly smaller than that
of HbA.

INTRODUCTION

The calculation of the dipole moment of macromole-
cules, particularly globular proteins, had been consid-
ered extremely cumbersome. Only for some synthetic
polyamino acids in a helical form where the internal regu-
larity is very high had the computation of dipole mo-
ment had reasonable success ( 1). Globular proteins are,
in general, the admixture ofhelical and random coil con-
figurations and their internal structure is much more
complex than simple helical polyamino acids. Because
of the predominance of nonhelical configurations and
the lack of internal regularity, the calculation of the di-
pole moments of globular proteins is more difficult than
simple uncharged helical polymers. Because ofthe rapid
progress in x-ray techniques, however, the structural in-
tricacy that prevented the computation began to unravel
for small protein molecules.
The dipole moment of protein molecules consists of

three components: the first due to fixed charges on the
surface, the second due to polar groups in main and side
chains, and the last due to the mobile ion fluctuations.
The computation of these components requires the
knowledge of the coordinates of charge and dipolar
groups in the molecule. x-Ray crystallographic analyses
began with myoglobin and hemoglobin (Hb) by Ken-
drew et al. (2) and Perutz et al. (3) and, not surprisingly,
the early computations of the dipole moments ofglobu-
lar proteins began with these proteins by several investi-
gators (4-6). By and large, the calculated dipole mo-
ments ofthese proteins are in reasonable agreement with
experimental results. The computation of dipole mo-
ment was extended, in recent years, to other proteins by
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Barlow and Thornton (7), Antosiewicz and Porschke
(8), and Takashima and Asami (9, 10). These studies
demonstrated that the methods of computation used by
early workers can be used, with some modifications and/
or refinements, for other proteins as long as their molecu-
lar weights are not excessively large. The protein data-
base that provides the necessary three-dimensional coor-
dinates of charged sites has been expanded rapidly in
recent years to include more than a few hundred proteins
(see Bernstein [ 11]). Combining the expanded database
with markedly improved computational capabilities, the
calculation of dipole moment of medium-sized proteins
is no longer prohibitively difficult.

In addition to the calculation ofthe dipole moment of
small proteins, Takashima et al. (unpublished results)
attempted to extend the same technique to proteins with
moderate molecular weights, such as alcohol dehydroge-
nase and human Hb. They found that the agreement
becomes progressively worse as the molecular weight in-
creases, in particular for those proteins having several
subunits. Typically, Hb, which consists of four subunits,
is one of the proteins that were not amenable to the
method used by Takashima et al. in the previous work.

This paper will discuss the method and results of the
computation of the dipole moments of normal and ab-
normal human Hb's, i.e., HbA and HbS, using, basi-
cally, a computational technique similar to the one dis-
cussed in the previous paper. As before, the calculated
dipole moments of these proteins are compared with ex-
perimental results in order to validate the calculations.
The previous data obtained by Oncley ( 12) for horse oxy
Hb are not directly applicable to the present calculation.
Likewise, no previous data are available for HbS in the
concentration range of the current interest. Thus this
paper consists of experiments and numerical calcula-
tions.
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FIGURE 1 The frequency dependence ofthe dielectric constant ofHbS
solution. The abscissa is frequency in kHz and the ordinate is dielectric
constant. Dielectric increment is defined as Ae = EO - s, .f, is relaxation
frequency.

EXPERIMENTAL TECHNIQUES AND RESULTS

HbA was purified using a DEAE column at the Chil-
dren's Hospital of Philadelphia and is chromatographi-
cally proven to be of a single component. HbS was puri-
fied by Dr. H. Mizukami at Wayne State University (De-
troit, MI) and is also chromatographically pure.

In frequency domain techniques, dipole moment is
calculated from measured dielectric constant (using an
impedance analyzer model 4191A; Hewlett-Packard
Co., Palo Alto, CA). The frequency range of measure-
ments was between 10 kHz and 10 MHz. The dielectric
measurement with a sample solution was followed by
measurement with a matched reference solution with its
conductance adjusted to that of sample solution. The
purpose ofthis procedure is to facilitate the correction of
measured sample capacitance for electrode polarization
and other artifacts such as false frequency dependence.
The dielectric constant was calculated using Eq. 1 ( 13):

e = A(E 1 ) where A = (C -Co)/(C -CO), (1)

where Cs, C0, and Cw are the capacitances with samples,
air, and matched salt solutions. fw is the dielectric con-
stant of water, i.e., 78.5 at 250C. The conductances of
protein solutions are -0.5-1 ms/cm, which is equiva-
lent to 0.01 M KC1.

Typical results ofthe dielectric constant measurement
with deoxy HbA and -S are shown in Figs. 1 and 2. The
dielectric constant of deoxy Hb was measured using an
airtight dielectric cell that was filled with pure nitrogen.
At least 5 h were allowed before the beginning of the
measurement. From the curves in these figures, we cal-
culate specific dielectric increments 6 = (E0 - EO)g,
where e0 and eO are low and high frequency limiting di-
electric constants and g is the weight concentration of

90

80

70
100 100001000

FREQUENCY KHZ

FIGURE 2 The frequency dependence of the dielectric constant of
deoxy HbA (open circles) and oxy HbA (filled circles).

proteins in grams per liter. The values of 6 are plotted
against the concentration and the intrinsic dielectric in-
crement was obtained by extrapolating the curves to zero
concentration (see Fig. 3). Although the intrinsic incre-
ment of oxyhemoglobin is not shown in this figure, its 6
value is slightly lower than that of deoxy Hb ( 14). It
should be noted that the dielectric increment of HbS is
considerably smaller than that of HbA. The values of
intrinsic 6 are 0.42 and 0.45 for oxy and deoxy HbA and
0.147 for deoxy HbS. The dipole moments can be calcu-
lated using the following equation (reference 12, also see

reference 15):

2= 9,OOOkTM ,
4-rNh (2)

whereM is molecular weight, N is Avogadro's number,
and h is a correction factor for internal fields; its numeri-

'-I

-

am

0.5

0.4

0.3

0.2

0.1

0.0
0 20 40 60 80 100 120 140

Concentration mg/ml

FIGURE 3 The specific dielectric increments ofdeoxy HbA (curve A)
and HbS (curve B). Extrapolation of these plots to zero concentration
gives an intrinsic increment &.
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cal value was determined by Oncley ( 12) by applying
Eq. 2 to a simple amino acid, glycine, solution with a
dipole moment that had been well established. A value
of 5.8 was obtained. 6 is intrinsic dielectric increment.
The dielectric dispersion curve of oxyhemoglobin
reaches a plateau at 100 kHz and no further increase was
observed below this frequency. However, the dielectric
dispersion of deoxy Hb is somewhat equivocated by the
presence of an additional small dispersion below 100
kHz (not shown in the figure). However, this additional
increment does not seem to have a direct relevance to the
permanent dipole moment of Hb and, therefore, was
disregarded.

Method of computation
The three-dimensional coordinates of amino acid resi-
dues ofHbs were obtained from the Brookhaven Protein
Databank (Brookhaven, NY). The data on human
deoxy Hb and oxy Hb were based on the works by Perutz
et al. ( 16), Ten Eyck and Arnone ( 17), and Fermi ( 18).
The data on sickle cell anemia deoxy HbS were obtained
from Padlan and Love ( 19, 20). Of these, oxy Hb data
were listed only as a pair of a- and f-chains instead of a
tetramer. On the other hand, HbSs are listed as an oc-
tamer, i.e., two tetrameric HbS molecules as a dimer.
The positive and negative charges included in the cal-

culation of fixed charge dipole moments are listed in
Appendix A. Of 10 histidine residues in a-chains, only 6
residues are titratable (21 ). Likewise, four of nine histi-
dine residues in A-chains are masked. The detailed acid-
base titration data are not, to the author's knowledge,
available for HbS and all the charged amino acid resi-
dues are incorporated in the calculation. Thus the results
with HbS should be construed as approximate. Although
some tyrosine residues are untitratable, the masking of
tyrosines has no effect on the calculation of dipole mo-
ment because of their pK being far from the isoelectric
point (where all the computations were carried out) and
thus they are all protonated.
The dipole moment produced by a group of positive

and negative charges is defined by the following equa-
tion:

,u= njLj) - e- RN-P, (3)

where e is elementary charge and RN-P is the distance
between positive and negative charge centers and is
given by the following equation

RN-P = V(X+ - X-)2 + (Y+ Yy_)2 + (Z+ Z )2 (4)

where X+, X_, Y+, Y_, Z+, and Z_ are given by

X+ = EI{LJ+*IXj } X-

Y+-=Z{LJ+K2Yyj} Y

z+ = z {LJ+ *.Zzj} Z-

I{ Lj *.Xl}
{4 * Y }

{4 * Z }.

The coordinates Xj, Yj, and Zj are found in the protein
data base ( 11). In these equations, Li is given by Hen-
derson-Hasselbach equations 8 and 9 (see reference 21 ).

Li+ =Il + B for Lys, Arg, His, and NH2-terminal (8)

Li = +B for Asp, Glu, Tyr, Pro,
I1±B'

and COOH-terminal (9)

where B is defined as B = 10 pH-pK. All the computations
were carried out at the isoelectric point where the effec-
tive positive and negative charges are equal, i.e.,

(10)

where nj is the number ofjth amino acid residues. No
attempt was made to calculate the dipole moment at pHs
other than isoelectric point.
The magnitude of the dipole moment due to fixed

surface charges depends on the pK of polar amino acid
residues. The pK's of amino acids are shifted in protein
molecules from the intrinsic pK's mainly because of the
electrostatic interactions between charged sites. The elec-
trostatic interaction between ionizable groups in pro-
teins was first investigated by Kirkwood (22). This
theory was then applied by Tanford and Kirkwood (23)
for the calculation ofthe pK shifts in spherical molecules
with reasonable agreement with experimental results. In
the present work, the pK shifts were computed using the
theory by Tanford et al. because of its relative ease ofthe
computation and also because of the fact that the Hb
molecule can be approximated by a sphere and is applica-
ble to Tanford and Kirkwood's theory. Tanford and
Kirkwood's theory was used in a previous work ( 10) and
was proven to give acceptable results for the computa-
tion of dipole moments of a variety of small proteins.
There are modifications of the original theory by
Matthew et al. (24, 25) and by Warshell et al. (26). In
addition, the theory by Bashford et al. (27) has a novel
feature, enabling the computation of electrostatic ener-

gies for molecules with an arbitrary shape. Of these,
Warshell and Russell's theory was used, with reasonable
success, by Antosiewicz and Porschke (8) for chymo-
trypsin. It was pointed out by these authors, however,
that Warshell and Russell's theory requires a large value
for the dielectric constant of protein interior in contrast
to a small dielectric constant for protein core used by
Tanford et al. In spite ofthe cumbersome and time-con-
suming calculation, the incorporation of electrostatic ef-
fects has only a small effect on the value of calculated
dipole moments.
The pK shift of ionizable groups is correlated to the

free energy ofproton binding A\Wby the following equa-

tion (8):
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m

AW= z 2.303xkT(pH-pK), (11)
k=1

where X is the occupation number and is 0 for proton-
ated sites and 1 or -1 for fully charged sites; m is the total
number ofcharged sites. The energy ofcharging a sphere
having an internal dielectric constant ej was calculated
by Tanford and Kirkwood (23) as shown below.

m m

W= (e2/2b) 2i z (kl,(AGk - Bk)
k-1 1=1

- (e2/2a) 2 G QCI, (12)

where 4k and (j are charges at kth and lth sites + 1, 0, or
-1. The term Av, represents the energy of charging in an
unbounded medium and the factor involving Bkl repre-
sents the modification ofthe energy arising from the pro-
tein molecule being a bounded cavity within a medium
of a dielectric constant E. The term C,, represents the
interaction with the salt ions dissolved in the medium
and should reduce to zero for zero ionic strength of the
medium. Since the measurements of dipole moment of
protein molecules are carried out with very low ionic
strengths, pK shifts were also calculated under a condi-
tion where C,, is almost zero. Simplification of the
theory can be achieved by introducing an assumption
that all the charges are distributed on the surface of a

spherical cavity and thus the distances between charges
and the center of the sphere are all equal. The detailed
expressions for Ak,, Bid, and Ci are given in Appendix B.
The pK shifts were calculated for individual ionizable

amino acids considering every possible configuration of
surface charges, i.e., attractive and repulsive interactions
among charged sites with opposite and equal signs and
also the repulsive interactions within the same type of
amino acid residues. The number of charge configura-
tions depends on the pK value relative to the isoelectric
pH where all the calculations were carried out. Ifthe pK
of an amino acid is far removed from the isoelectric pH,
the sites are either all charged or discharged and thus
there is only one charge configuration. Only when the
pK ofan amino acid residue is near the isoelectric pH are

the sites partially charged, and this produces a number of
charge configurations. In hemoglobin, the isoelectric
point is 6.7 and the only amino acid residue having a pK
near this pH is histidine. Since the intrinsic pK of histi-
dine is 6.0 and the total number oftitratable histidines in
Hb is 22, the Henderson factor suggests the number of
charge configurations to be about

w = (22!)/ ( 15!)(7!) ~z_1.7 x 105. ( 13)
To avoid this excessive number of iterations, we per-

formed the calculation ofpK shifts separately for individ-
ual subunits al , Ca2, 1, and 12. We use symbolsA, B, C,
and D for these subunits in accordance with the notation

found in the databank. The calculation of proton bind-
ing energy AWwas repeated for every charge configura-
tion and used the lowest AWvalue to determine the pK
shift. The pK shifts for each subunit are shown in Ap-
pendix A. By calculating the pK shifts for individual sub-
units, however, only the intrachain interactions are con-
sidered, ignoring all the interchain interactions. Al-
though this will produce some errors, the effect of this
error on the calculated dipole moment can be deemed
small and insignificant.

Calculation of dipole moment
Dipole moment due to fixed surface charges
The calculation of the dipole moment of Hb is some-

what simplified because the pK's of all the amino acid
residues except histidine are far removed from the iso-
electric pH. Because of this, acidic as well as basic groups
are nearly fully charged except histidine. Therefore, only
the partial ionization ofhistidine residues generates mul-
tiple charge configurations. Even with this simplifica-
tion, the number of charge configurations is too large
and virtually prevents one-step calculation of the dipole
moment of the tetramer as a whole. To facilitate the
calculation, the dipole moments ofthe subunits A, B, C,
and D were calculated separately using Eqs. 3-9 and the
overall dipole moment of the tetramer was synthesized
by vectorially summing up the moments of four sub-
units.
There are two possible methods for the calculation of

the dipole moments. In the first method, the Hender-
son-Hasselbach factor is considered to represent the ef-
fective charge of ionizable groups. When a group of
amino acid residues are fully ionized or completely pro-

tonated, the effective charge is 1 (or -1 ) and 0. With the
change in pH the group becomes partially ionized or

protonated and the effective charge of the group de-
creases or increases accordingly. Thus the effective
charge can be calculated by multiplying the total number
of charges by the Henderson factor. In this method, the
charge distribution within the same group remains unal-
tered during the protonation. Simply, the effective
charges ofa site either diminishes or increases uniformly
with pH changes. This method was used for the calcula-
tion with HbS molecule and a reasonable result was ob-
tained as discussed later.
The second method considers the Henderson factor as

the fraction of the charged sites. The first step of the
calculation is to compute the Henderson factor using
Eqs. 8 and 9, as in Method I. This in turn enables one to
obtain the value of Lj for individual residues. Multiply-
ing the number of histidines by this factor, we obtain the
number ofionized histidine residues at the isoelectric pH
where the dipole moment is computed. Inserting this in
Eq. 1, we can calculate the dipole moment of subunits.
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Since the number of histidine residues is small in each
subunit, only a small number of iterations are needed.
Repeating the same procedure for every combination of
charge configurations, we can calculate the mean dipole
moment and its variance, Art,l i.e.,

AA2 = -.2> (A>2. (14)

This method was used for HbA and excellent results
were obtained. In general, the second method yields bet-
ter agreements between calculated and measured dipole
moments than the first method. However, as mentioned
earlier, this method is often impossible to use for large
proteins where the number of charged sites is excessive
and their pK's close to the isoelectric point, as for Hb.
This forced us to resort to the computation by parts and
vectorial summation of subunit moments in order to
calculate the moment of the whole molecule.
Core dipole moment
In addition to the fixed charge dipole moment, the core
dipole moment due to polar groups must be computed.
The major contribution to the core moment is the dipole
moment of carbonyl groups (2.7 DU). In addition, the
moment ofN-H bond is substantial ( 1.31 DU). It is
debatable whether we should use only C 0 bonds with
well-known coordinates for the core moment or use
C 0-N-H with a dipole moment of 3.4 D ( 1).
The dipole moment of amide group is well known only
in a-helix where C 0 and N-H bonds are almost
colinear because of an intrachain hydrogen bonding. In
proteins, peptide chains are often in a random coil config-
uration and C 0 and N-H are not colinear. In addi-
tion, virtually all the protein databases are based on x-
ray crystallographic analyses and do not provide the coor-
dinates ofH atoms. Under these circumstances, the use
ofC 0- N-H groups as the core moment requires
a great deal ofinferences as to the site ofH atoms. Under
these circumstances, it was decided to use only the dipole
moment ofC-0 groups as the core moment. The com-
putation ofthe core moment was repeated by increment-
ing the C-0 moment from 2.7 to 3.4 D. The increase
in the core moment (at most 2-3% ofthe core moment)
was found to have only a minute effect on the net dipole
moment of the whole molecule. In this calculation, all
the C 0 moments in the main chain as well as those in
side chains were used, i.e., glutamine, glutamic acid,
asparagine, and aspartic acid. These group moments
were vectorially summed for each subunit and added to
that of fixed surface charges. It was found that the core
moment is much smaller than those due to fixed surface
charges.

' This AA should not be confused with the induced dipole moment due
to mobile protons as discussed later (28).

Induced dipole moment due to proton
fluctuation
In general, the dipole moment of protein consists of the
mean permanent dipole moment (fixed charge and core

moments) and a small induced dipole moment asso-
ciated with the excess fluctuation of mobile protons
driven by an electrical field (28). Whereas the calcula-
tions of fixed and core dipole moments are exact in na-
ture, there are some ambiguities as to the calculation of
proton fluctuation moment. In addition, South and
Grant (6) reported that inclusion of the proton fluctua-
tion moment did not have a tangible effect on the overall
dipole moment of myoglobin at isoelectric pH. In view
of these observations, the proton fluctuation moment
was disregarded in this work.

RESULTS

Deoxy HbA
As discussed earlier, the dipole moment of the subunits
ofnormal HbA was computed with and without the elec-
trostatic interaction among charged sites. The pK shifts
due to this interaction are tabulated in Appendix A. As
shown, electrostatic interaction causes wider spreads of
pK values of ionizable groups. However, these pK shifts
have no tangible effect on the calculated dipole moment
unless the amino acid residues have a pK that is close
enough to the isoelectric point. In Hb, only histidine has
a pK value close enough to the isoelectric point to have
some effect on the calculation.

Table 1 shows the summary of the calculation of di-
pole moments ofHbA with inclusion ofthe electrostatic
interaction. The table shows a) the mean fixed charge
dipole moments of subunits and the root mean square
fluctuation and b) the net dipole moment oftetramer as
the sum of fixed charge and core moments. The last row
shows the coordinates of the dipole moment of tetra-
meric HbA and the separation of positive and negative
charge centers. The calculated net dipole moment
481.04 D is in good agreement with the observed mo-
ment 495.4 D. The same calculation was repeated with-
out the electrostatic interaction and the overall dipole
moment was found to be 487.33 D (see Table 2). Surpris-
ingly, inclusion of the electrostatic interaction did not
necessarily improve the agreement. In any case, the cal-
culated overall moment is sufficiently close to the ob-
served value. It should also be noted that some asym-
metry exists between the dipole moments ofsubunits. In
particular, the difference between B and D is far beyond
the computational error. Since the amino acid composi-
tions and their sequences are identical, this difference
must arise from some distortion of the conformation of
either one of these subunits. It should be emphasized,
however, that in order to produce these differences, only
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TABLE 1 Cakulated and measured dipole moments of HbA
with e o Interactions

Fixed charge moments ofsubunits

MX MY MZ A* AM

HbA
HbB
HbC
HbD

-94.331
9.403

64.478
-38.818

28.822
-244.52

18.498
-257.27

28.2
-178.12
-36.546
433.245

102.587
302.663
76.388

505.367

52.412
52.345
42.326
53.408

Net dipole moments oftetramer as the sum offixed charge
and core moments

AX AY AZ A

M (charge) -59.273 -454.47 246.772 520.52
M (core) 0.247 -48.79 4.787 49.01 (L** = 1640)
M (net) -59.52 -405.681 251.559 481.041 (cal)

495.40 + 10 D(obs)

Coordinates ofpositive and negative charge centers
in tetrameric deoxy HbA

RN-p

HbA X+, Y+, SZ+ = -0.2670, -4.6756, 2.7437 4.7417 A
X-, Y-, Z-, = 0.3787, 1.2476, -0.1453

*11 (g + A + A!)112
** L is the angle between fixed charge and core dipole moments. Experi-
mental values for a-chain is 170 D and >270 D for a-chain (29). The
average ofA and C is - 149.2 D and average of B and D is 498.39 D.

20L A

10-

0--

-10-

-20-

-30 - ~ rrrm mwr r-m

-30

X-Axis

FIGURE 4 The projection of deoxy HbA molecule (C -C bonds
only) on the x-y plane. The dipole moments ofsubunits are illustrated
by arrows. The arrow near the center is the net dipole moment ofHbA,
which was calculated by summing subunit dipole moments vectorially.

small distortions of peptide chain configurations would
be sufficient.

Fig. 4 shows the x-y plane projection of the deoxy
HbA. The dipole moments due to fixed charges of each
subunits are shown by arrows in circles. It should be
noted that the dipole moment vectors are quite small
compared with the size of the molecule. This indicates
the high degree of symmetry of charge distribution re-
sulting in a very small separation of the positive and

TABLE 2 Calculated and measured dipole moment of HbA
without electrostatic interacions

Calculatedfixed charge moment

Subunit AA MAZ A

A -94.081 28.325 27.278 101.967
B 15.813 -247.346 -177.548 304.882
C 67.254 15.964 -38.216 78.983
D -48.512 -262.175 429.657 505.662

Sum offixed charge and core dipole moments ofHbA

Mi(charge) -59.526 -465.232 241.171 527.397
m (core) -0.247 48.79 4.787 49.01
m (net) -59.773 -416.442 245.958 487.331

495.4 (Obs)

negative charge centers. The dipole moment vectors of
subunits A and C are antiparallel and those ofB and D
are nearly parallel. It was found that the x-component of
the net moment in tetrameric Hb molecule is nearly zero
because of the cancellation between A and C.

Oxy Hb and deoxy Hb
Fig. 2, demonstrates that the dielectric increment of
deoxy Hb is slightly larger than that ofoxy Hb. However,
the difference may be too small to be detected by the
computational technique used in this work.

Dipole moment of HbS
The major difference between HbA and HbS is the re-

placement of glutamic acid residues with valines at the
sixth positions ofB and D chains, resulting in the loss of
two negative charges. X-ray analyses by Padlan and
Love ( 19) indicate considerable differences between the
internal structures ofHbA and HbS. As discussed in Ap-
pendix A, as many as 16 histidine groups are masked in
HbA molecules. These masked histidine residues are

eliminated for the computation of dipole moments.
However, no such detailed information on the acid-base
titration could be found for HbS. Under these circum-
stances, it was decided not to perform a detailed study on
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TABLE 3 Calculated and measured dipole moment of HbS

Net dipole moment oftetrameric HbS

11x A AZ net u

HbS-1
u (charge) - 163.05 -105.35 -274.98 336.82
,4(core) 10.108 0.774 85.241 85.84(L = 1420)
u (net) -155.94 -109.57 -195.74 273.20 (cal)

286.07 + 10 (obs)
HbS-2

A (charge) -82.052 198.622 248.496 328.532
A (core) 22.968 -74.876 -27.625 83.048 (L = 1490)
ti (net) -59.084 123.746 220.871 259.976 (cal)

286.07 (obs)

Coordinates ofpositive and negative charge centers

RN-P

HbS-l X+, Y+, Z+ = 5.759, 25.595, 31.482 0.986 A
X-, Y-, Z- = 5.277, 25.278, 30.677

HbS-2 X+, Y+, Z+ = 37.69, 68.170, 48.641 0.961 A
X-, Y-, Z - = 37.450, 68.751, 49.369

The angle between two dipole vectors was graphically determined to be
-1350.

the dipole moment ofindividual subunits. Instead ofcal-
culating by parts, the dipole moment of the whole HbS
molecule was computed using Method I (see earlier dis-
cussion) with all 38 histidine residues, assuming that
they were not masked.
The database provides us with the coordinates of two

deoxy HbS molecules relative to a common origin, thus
enabling us to study not only the dipole moment ofeach
molecule but also the relative orientation of the dipole
moments in the dimer. The magnitude and the coordi-
nates of the dipole moments of HbS 1 and HbS 2 mole-
cules are calculated separately using the same method
discussed earlier. The experimental data shown in Fig. 3
and Table 2 indicate that the overall dipole moment of
HbS molecule is -260-270 D and is considerably
smaller than that of HbA, i.e., 496 D (the calculated
value is 481.04 and 487.3 D). The results ofthe compu-
tations are summarized in Table 3.

Table 3 shows the calculated dipole moment of273.01
D for HbS 1 and 259.9 D for HbS 2. The slight difference
between these values may be the limit of the resolution
of the computational technique. These are both in good
agreement with the observed value. The relative orienta-
tion oftwo dipole vectors can be graphically determined
and the dipole angle was found to be 130°. This means
that the dipole moments of two HbS molecules in the
dimer are nearly anti-parallel.

DISCUSSION
The computation of the dipole moment ofglobular pro-
teins had been considered nearly impossible until the

successful application of x-ray crystallography to small
globular proteins. With the rapid progress of the x-ray
crystallography, the information on the three-dimen-
sional coordinates of individual amino acid residues in
proteins became available, and the attempt to compute
the dipole moment using the three-dimensional data-
bank emerged as early as 1969 (4).
The calculation of the dipole moments of proteins is,

in principle, not difficult as long as the x-ray crystallogra-
phy provides us with an accurate database. For small
proteins, such as myoglobin, the resolution is of the
order of 1.5 A, which is sufficient for the calculation of
the dipole moment. Because of limited computer facili-
ties, early calculations were restricted to small proteins.
The resolution of the database for medium-sized pro-
teins such as Hb has been improved greatly from 6.0 to
2.5 A. Because of the improved database combined with

rapid improvements of computer facilities, we are now
able to compute the dipole moment ofprotein molecules
having a molecular weight of the order of 105. With the
advent ofthese technological developments, the calcula-
tions have been extended to many other proteins of
small to even moderately large proteins (7-10). These
investigations clearly demonstrate that the calculation of
the dipole moment of globular proteins can be carried
out with an acceptable accuracy. A detailed and quanti-
tative discussion on the accuracy of the computation is,
however, not feasible. Only when an extensive error anal-
ysis is performed in which the coordinates of individual
amino acid residues are allowed to fluctuate within the
resolution of x-ray crystallography, i.e., 2.5 A of HbA
and 3.5 A for HbS, can we more specifically state the
error limits ofthe computation. The excellent agreement
between the observed and calculated dipole moments,
nevertheless, is indicative of the reliability of the compu-

tation.
This work is an application ofthe computational tech-

nique discussed in our previous paper in attempts to
study the dipolar structure of Hb molecules in detail. It
was pointed out before that the computation of dipole
moment was less successful ifthe proteins consist ofsev-
eral subunits. In addition to this, in Hb, there are 38
histidine residues, if they are all exposed, that have pK's
sufficiently close to the isoelectric pH. Under these con-
ditions, the partial dissociation of histidine residues gen-
erates an exceedingly large number of charge configura-
tions, which made the computation virtually impossible.
To circumvent this difficulty, it was decided to calculate
the dipole moment of subunits individually and later
sum these dipole moments vectorially. Using this
method, we found the calculated dipole moment suffi-
ciently close to the observed value. Moreover, we are
able to find the relative orientation ofdipole moments of
each subunit and that in a tetramer. The orientations of
some of these dipole moment vectors are such that the
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net dipole moment of HbA is dominated by the mo-
ments of subunits B and D.
The interest with the calculation for HbS, in addition

to the comparison between calculated and observed di-
pole moments, is the relative orientation of the dipole
moments ofHbS 1 and HbS 2 molecules. The calculated
angle between A1 and 12 was found to be 130. This
indicates that the vector sum ofit, and A2 results in a net
dipole moment (-225 D) that is smaller than those of
individual proteins.

APPENDIX A
TABLE A-1 Charged sites in hemoglobinA and -S

HbA HbS

a a ,B

Lysine 11 11 11 11
Arginine 3 3 3 3
Histidine* 6 5 6 5
NH2-terminal 1 1 1 1
Aspartic acid 8 7 8 7
Glutamic acid 4 8 4 7
Tyrosine 3 3 3 3
Heme 2 2 2 2
COOH-terminal 1 1 1 1

* His-58a, 87a, 103a, 122a, 63fl, 92,B, 97,B, and 116,B are masked in
deoxy HbA and are omitted for the computation. No such informa-
tion, to the author's knowledge, was found for HbS. See text for this
problem.

TABLE A-2 pK shifts in a and , chains

Intrinsic a ,B

Lysine 10.53 9.842 9.873
Arginine 12.48 12.798 12.491
Histidine 6.00 5.950 5.825
NH2-teminal 9.62 10.234 9.819
Aspartic acid 3.86 2.976 3.375
Glutamic acid 4.25 3.405 3.493
Tyrosine 10.07 9.816 9.901
Propionic acid 4.00 3.842 3.796
COOH-terminal 2.17 (a) 1.664

1.82 (,B) 1.201

APPENDIX B
The electrostatic energy between two charged sites is given by Eq. B 1.

m m

W = (e2/2b) z z Mk{I(AGk - Ba)
k=l 1=1

- (e2/2a) Z 4 a,C (BI)
where a is the radius of the protein including the layer of solvent, b is
the radius ofbare protein molecule, 4k and 4j are charges on kth and Ith
sites, and e is charge +1 or - 1.

Ak, = b/Elr, (B2)

B = (I /ei j) 1 P.Pn (cos Okl), (B3)
n=O (n + 1)E +nE, '

where e and Ej are dielectric constants of unbounded medium and that
ofthe space bounded by protein surfaces. Generally E- << E. P.(cos 6k) is
the Legendre polynomial.

Ckl +X
:n-2n - I ) (n + I ),E + nei)

X(x2fP(o ak)) (B4)

where

K,,+,(x) n(e - Ei) bV2n+l X2 (B5)
K.- (x) (n + 1),E+ nEi a 4n2-_ 1 (5

X = Ka, pki = rkrl/b , ok, = rkrl/a.
a is the radius ofthe sphere including the circular area with a dielectric
constant e. b is the radius ofprotein core with a small dielectric constant
Ej. K is the Debye screening constant. rk and r, are the distance between
the points k and 1 on the surface. rk, is the distance between points k
and 1.
The function Kn(x) is given by

n 2E ! (2n - ) I

S-O s!(2n)!(n - .s(B6

Because of the convoluted nature of the calculation, the results of our
computation, in particular, the values of Ck, function, were compared
with those by Tanford et al. The agreement between our calculation
and those by the original authors is satisfactory. The value ofthe param-
eter x (Ka) was assumed to be 0.1 and internal dielectric constant ei's
were assumed to be 6. The radius b ofsubunits was assumed to be 25 A
and a value of 0.85 was used for the ratio b/a.
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