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ABSTRACT: The Tanford-Kirkwood theory of intramolecular
electrostatic interactions in proteins has been applied to sperm
whale ferrimyoglobin. A modification of the method was used
employing static solvent accessibility factors which reflect the
exposure to and usually the extension into solvent of the
charged amino acid residues in the protein. The computations
for the major component (component 1V) were compared with

It has long been recognized that the acid-base titration
curves of proteins cannot be accounted for solely on the as-
sumption of independent sites, and it is in fact reasonable to ex-
pect the various binding sites to interact. Since protein titration
curves vary with ionic strength, it is reasonable to assume that
the major intramolecular interactions between titratable sites
are electrostatic, and therefore can be interpreted with an elec-
trostatic theory (Tanford, 1961).

The traditional approach to this problem has been to consid-
er the charged residues of the protein molecule to be grouped
into classes of intrinsically identical sites, and to regard the
charge of the sites to be smeared over the surface of the mole-
cule. The equation relating «, the fraction of dissociated sites
of a given kind, and W, the electrostatic contribution to the
free energy of the molecule is (Tanford, 1961)

pH —log [a/(1 —a)] = pKiat ~
(1/2.303RT)(8Wei/8Z ) (1)

where Z is the average net charge on the protein molecule, and
pKin: is the intrinsic ionization pK (i.e., the pK of the site in the
protein when Z = 0). If the protein is assumed to be an impen-
etrable sphere of radius b, and a larger ion exclusion radius &,
immersed in a solvent with dielectric constant D, then eq 1 be-
comes (Linderstrgm-Lang, 1924)

pH ~log [@/(1 ~ a)] = pK,,, ~ 0.868wZ  (2)

where

] 1 K
w=e /ZDkT<B - m)
and e is the electronic charge and « is the Debye-Hiickel pa-
rameter.

In the Kirkwood treatment (Kirkwood, 1934) the Debye-
Hiickel theory was used to determine the electrostatic free en-
ergy for a set of discrete point charges on a sphere of radius »
and ion-exclusion radius ¢ immersed in a solvent (usually
water) with an external dielectric constant D. The charges
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the experimental titration curves at different ionic strengths.
The crystallographic coordinates and the amino acid sequence
of component IV, with the replacements of asparagine-122 and
-132 by aspartic acid-122 and -132 in the minor component
(component II), were then used to obtain the theoretical titra-
tion curve of the latter. The results show reasonable agreement
with experimental titration curves.

were placed either on the surface or buried a distance, d, below
the surface in the interior of the sphere which was assumed to
be a continuous medium with a low internal dielectric constant
D;. This model was first applied to dissociation constants of di-
carboxylic acids (Kirkwood and Westheimer, 1938). In these
cases, electrostatic interaction between the two acidic groups is
reflected in the ratio of the two dissociation constants. Using
this information and assuming a suitable structure, the dis-
tance R separating the dissociating groups is calculated and
found to be a reasonable value. Tanford (1957a) showed that
in order to obtain these reasonable values the sites must be bur-
ied approximately 1 A below the surface of the sphere. When
the Kirkwood formulation was extended to the treatment of
protein titrations (Tanford and Kirkwood, 1957) and applied
to simple models of proteins (Tanford, 1957b), it was found
that again reasonable results could be obtained only if the sites
were buried | A below the surface.

Orttung (1969, 1970) later computed the variation of the av-
erage net charge with pH for hemoglobin. Although the com-
putations were in good agreement with experiment, it was
found necessary to place all the charges on the surface of the
sphere, that is, at 4 = 0. Recently, Tanford and Roxby (1972)
developed an efficient iterative algorithm and applied the theo-
ry to the titration of lysozyme. Again, although the computa-
tions were in good agreement with experimental results the
sites had to be placed only 0.4 A below the surface rather than
the 1-A distance inferred from Tanford’s earlier work.

In the present work an attempt is made to apply a modified
Tanford-Kirkwood formulation to the computation of hydro-
gen ion titration curves of sperm whale ferrimyoglobin and of
related ionization equilibria for specific sites on the molecule.
This species of myoglobin was chosen because its detailed terti-
ary structure and spatial coordinates are known (Watson,
1969). Moreover, myoglobin is a globular protein for which
spherical symmetry may be assumed as a first approximation
and, in contrast to hemoglobin, it is monomeric, Groups with
ionization pK in the range of pH 5-9 (histidines, terminal va-
line, iron-bound H,0) are particularly interesting, as are the
masked histidine groups which unfold as a result of conforma-
tional changes on denaturation of the protein (Breslow and
Gurd, 1962).

A number of myoglobins from different species have been ti-
trated, in particular the major components of native and acid-
denatured sperm whale, harbor seal, and common porpoise
myoglobins by Hartzell e al. (1968). Janssen (1970) has ana-
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lyzed titration curves of equine myoglobin by the differential
titration method. In this paper we report a comparison of the
theoretical with experimental titration curves for the major
component and one of the minor components of sperm whale
ferrimyoglobin.

Materials and Methods

Detailed potentiometric studies of sperm whale ferrimyoglo-
bin have already been made on purified lyophilized protein
(Hartzell er al., 1968; Nakhleh, 1971). We have repeated these
titrations using unlyophilized freshly prepared and purified
myoglobin with the purpose of obtaining data at ionic strength
/=0.01and0.10 M.

Materials. Myoglobin was prepared as described previously
(Hapner et al., 1968), and the major component IV and minor
component [T (nomenclature of Edmundson and Hirs, 1962)
were freshly isolated and stored in water at 4°. Distilled deion-
ized water was boiled and kept under a CO; trap, and this
water was used throughout. All chemicals were of reagent
grade. Stock 0.1 N~ NaOH and 0.1 N~ HCI were standardized
against primary standard potassium hydrogen phthalate.

Apparatus. The titration apparatus consisted of a water-
jacketed titration vessel with a glass electrode (Radiometer,
(G222B semi-micro) and a water-jacketed calomel reference
(Radiometer K497) connected by a bridge of agar-saturated
KCl in a thin polyethylene tube. A magnetic stirrer was posi-
tioned under the vessel. The entire titration assembly with stir-
rer was enclosed within a Faraday box, grounded, and con-
nected to a Radiometer pHM4 meter. A calibrated microburet
(Micrometric Instrument Co., Model SB2) fitted with a glass
syringe and a thin polyethylene tube was used to deliver acid or
base as required.

Procedure. Nitrogen gas (Matheson Co. prepurified) was
scrubbed and allowed {0 pass continuously over the surface of
the liquid in the titration vessel. Immediately prior to titration
the pH scale was linearized using primary standard phosphate,
phthalate. and borate buffers (National Bureau of Standards).
Approximately 6 ml of water was then passed through an ion-
exchange column (Bio-Rad AG 501-X8(D)) directly into the
vessel containing the requisite amount of KCI for adjustment
of ionic strength, and was titrated against 0.1 N HCI or NaOH
delivered from the microburet covering the pH range up to 10
and down to 3.5.

In a separate run, an aliquot of stock myoglobin solution, to
make about 6 ml of final concentration near 0.] mM, was
passed through the ion-exchange column directly into the ves-
sel containing the necessary amount of KCl, and was titrated
with acid or with base. At the end of every titration the pH
scale was rechecked, the volume of the myvoglobin was mea-
sured, and the protein concentration was determined spectro-
photometrically as ferrimyoglobin-cyanide complex with a
molar absorptivity of 112 X 10> M~! ecm™! at 423 nm. The ti-
trations were repeated several times and concordant results ob-
tained. All measurements were made at 25° and at total molar
ionic strength of 0.01 or 0.10 M.

The experimental results obtained are to be compared with
the theoretically computed titration curves, as discussed below.

Method of Computation

General Formalism. The titration curve is obtained by cal-
culating the net charge of the protein as a function of pH. To
do this, we start with eq 1. However, since the equation refers
10 a class of sites, the relation must be rewritten as

pH —log [ai/(l - O‘i)] = (PKind)i —
(1/2.303kTH8W/3z;) (3)
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where at a given pH, «; is the fraction dissociated of one partic-
ular site 7 with charge z;; (pKint); is the chemical (pH indepen-
dent) pK of the site, that is, the pK value for a site in a hy-
pothetically discharged protein molecule rather than the Lin-
derstrgm-Lang value at Z = 0, which was defined previously in
connection with eq 1. W is the total electrostatic work done in
placing all the other charged sites on the molecule, and is given
by

2 Wi (4)
where W; is the free energy of interaction of a pair of point
sites with charges z; and z; placed on a sphere of radius 4 and
ion exclusion radius @ (¢ —~ 5 being a measure of the average
radius of counterions). W;; is given by

Wi =elz;2{(Ay; ~ By)/b ~ Cj/a} (5)

17
where e is the electronic charge; 4;;, Byj, and Cj; are mathemat-
ical functions which depend on b, a, D;, D, r;; (distance between
sites), as well as the depth parameter d; (4;, — B;;) represents
the interaction at zero ionic strength and C; represents the ef-
fect of finite ionic strength on this interaction (Tanford and
Kirkwood, 1957).

Since W, is linear in z; (eq 5), it follows that the derivative
aW/oz; is independent of the z; value. Consequently, the
changes in pK for site / as a result of its interactions with all
other sites, /, is not determined by z; but only by z;. Hence the
effective pK for site /, pK;, will be given by

pK met Z 2. 3032 l?T (6)

j#i
It is to be noted that the effect of a positive site j is always to
decrease the pK; of site / and that of a negative site is to in-
crease pK;.

For a given set of model parameters at temperature 7. b, a,
D;, and D, and a given d (all charges being placed at the same
depth within the sphere), it is seen that the functions A4;, By
and Cj; will depend only on the variable ;.

Calculation of Wy, The first stage of the calculation for a
given set of structural parameters (b, a, D;, D, d, T) is to com-
pute a table of W;; values as a function of r;; for a pair of sites
placed anywhere on or within a sphere, and at distances vary-
ing by 0.1 A to the maximum value possible, 2b.

Calculation of pK.. The interative method of Tanford and
Roxby (1972) was used to perform the calculations. In this
method, an intrinsic pK (based on model compound studies) is
assigned to every site j, and hence the charge z; of every site is
calculated at any particular pH. For a given set of sites with
distances r;;, the tabulated W;; values are used (eq 5) to calcu-
late a set of effective pK; values (eq 6). These new pK, values
are then used to calculate a new set of z; values: and the calcu-
lations are repeated until the set of z; values and hence pK;
values no longer change by more than 0.1 (about three to six it-
erations). When all the pK; values calculated no longer change
the entire computation is self consistent.

The sum of all the final charges gives the average net protein
charge at the given temperature, pH, and ionic strength. These
calculations can then be repeated for different pH values and
ionic strengths.

Application to Myoglobin

Structural Parameters of the Model. Sperm whale myoglo-
bin is an oblate spheroid 42 X 42 X 25 A with molecular vol-
ume (Kendrew and Parrish, 1957) about 29,000 A2, and thus
the average radius 4 = 18 A. Assuming the average ionic radi-
us in solution to be 2 A, 4 = 20 A, The dielectric constant of
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the interior of the molecule was taken to be the same as that
used in the calculation for lysozyme (Tanford and Roxby,
1972), and hemoglobin (Orttung, 1970), D; = 4. The external
dielectric constant is that of water at 298°K, D = 78.5. As dis-
cussed below, the effect of varying d between 0 and 1.0 was ex-
plored. A static solvent accessibility parameter is introduced
and defined below.

Site Positions. Assuming that the crystal structure of sperm
whale myoglobin is little altered in aqueous solution (Hugli,
1968; Hugli and Gurd, 1970), we have examined the detailed
space-filling model based on the atomic X-ray coordinates of
1.6-A resolution (Watson, 1969) to categorize the proton bind-
ing sites on the molecule. Table I lists three classes of sites to
be taken into account, of which the first two enter into hydro-
gen ion equilibrium. For these sites the charges i and j were
placed at a distance & below the surface in the computation
model and separated by the distance r;; as determined from the
crystallographic coordinates.

Site Assignments. The first class of sites in Table I compris-
es all available groups with normal intrinsic pK values, ie.,
those groups for which changes in the pK value are determined
mainly by electrostatic interactions. The second consists of
other sites available to the hydrogen ion equilibrium with ab-
normal intrinsic pK values, i.e., those groups under the influ-
ence of nonelectrostatic forces such as hydrogen bonding.

The third class represents the masked sites. In these cases
the decision to exclude the groups from the calculation rests on
a combination of lines of evidence indicating that the potential
sites will not bear charges over the titration region under con-
sideration. The choices made are partly heuristic, and will be
discussed further in conjunction with the results of the compu-
tations.

The pair of oppositely charged groups, glutamic acid residue
148 and lysine residue 145, have a separation distance of less
than 2 A. Because of the small separation distance of this pair
and its limited exposure to the solvent (Lee and Richards,
1971), it has been treated as internally neutralized and taken
out of the calculation. The effect of including these sites in the
calculation is very small. A number of other pairs of residues
may be involved in salt bridges (Schoenborn, 1971). Whether
or not these residues are included in the calculation has little
effect on the overall results.

The histidine-24, -36, -82, -93, and -97 were assumed to be
masked (Hugli and Gurd, 1970; Gurd, 1970; Nigen and Gurd,
1973) and to fall in the uncharged class in the native protein
(Breslow and Gurd, 1962). They are not included in the calcu-
lation. Histidine-64 shows limited reactivity toward organic re-
agents (Hugli and Gurd, 1970; Nigen and Gurd, 1973), but
structural considerations suggest that it is as accessible to sol-
vent to a similar degree as the iron-bound water molecule.

As will be discussed further below, arginine-45 was excluded
from the calculation. This residue is probably involved in anion
binding (Watson, 1969). The results of Cameron et al. (1966)
indicate that at least one chloride ion will be bound under the
conditions of the experiments. The exclusion of arginine-45
from the charged-site roster is tantamount to identifying it as
the primary ion-pairing group for the bound chloride ion. The
guanidinium group of arginine-45 is involved in multiple inter-
actions, and is believed to bind divalent anions in conjunction
with neighboring residues (Stryer e al., 1964; Gillespie et al.,
1966).

Intrinsic pK Values. For the purpose of calculation an in-
trinsic pK value must be assigned to every available site. As de-
fined above for the discrete charge model, an intrinsic pK value
refers to the group in a hypothetically discharged protein mole-
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TABLE I: Intrinsic pK Values and Static Solvent Accessibility
Factors Used in the Computations.®

Residues PKint
Normal Sites

Asp-20 (0.56), Asp-44 (0.85), Asp-126 (0.93) 4.0
Glu-4 (0.76), Glu-18 (0.44), Glu-41 (0.82), 4.5

Glu-52 (0.54), Glu-54 (0.54), Glu-59 (0.69),

Glu-83 (0.74), Glu-85 (0.43), Glu-105

(0.59), Glu-109 (0. 58), Glu-136 (0.59)
Gly-153 (0.95) 3.6
Propionic-1 (0.26), propionic-2 (0.46) 4.0
Arg-31 (0.49), Arg-118 (0.32), Arg-139 (0.16) 12.0
His-12 (0. 54), His-81 (0.85), His-113 (0.50), 6.3

His-116 (0.58), His-119 (0.14)
Lys-16 (0.29), Lys-34 (0.44), Lys-47 (0.48), 10.6

Lys-50 (0.63), Lys-56 (0.68), Lys-62 (0.40),

Lys-63 (0.78), Lys-77 (0. 50), Lys-78 (0.39),

Lys-79 (0.61), Lys-87 (0.55), Lys-96 (0.84),

Lys-98 (0.84), Lys-102 (0.62), Lys-133

(0.52), Lys-140 (0.82), Lys-147 (0.85)
Vai-1 (0.89) 7.7
Tyr-103 (0.19), Tyr-151 (0.47) 10.2

Abnormal Sites

Asp-17 (0. 50), Asp-60 (0.48), Asp-141 (0.43) 3.50
Glu-6 (0.30), Glu-38 (0.42) 4.00
His-48 (0.68) 6.80
His-64 (0.10) 7.80
Lys-42 (0.28) 8.4
Tyr-146 (0.05) 11.50
Fe-H,0 (0.01) 8.32

Masked Sites?
Basis for Omission
Salt bridge
Ton binding site
Lack of chemical
reactivity, masked
in deprotonated form

Glu-148, Lys-145
Arg-45
His-24, -36, -82, -93, -97

?In each case, static accessibility fractions are given in
parentheses, computed as described in the text from data of
Lee and Richards (1971). ® These sites are omitted from the
calculation.

cule, that is, with the exclusion of all electrostatic interactions.
Intrinsic pK values have been obtained from several types of
studies of model compounds (Cohn and Edsall, 1943; Tanford,
1962; Nozaki and Tanford, 1967; Gurd et al., 1971). It is note-
worthy, however, that these values are operational estimates
and as such are subject to slight variations. Table I gives the in-
trinsic pK values assigned to the “normal” groups in our calcu-
lations. It was also assumed that in hydrogen bonding the car-
boxylic groups, being electron donating, would have lower
pKim than normal. On this basis the pKj,, values for hydrogen-
bonded glutamic and aspartic acids were assigned as in Table
1. Conversely, hydrogen bonding in a donor group such as the
hydroxyl of tyrosine-146 should raise the pK value.

The 12 histidine residues form a group of special interest.
The titration behavior of the histidine residues has already
been studied by the Linderstrgm-Lang treatment (Hartzell et
al., 1968; Breslow and Gurd, 1962). As pointed out by Gurd
(1970) the simple Linderstrém-Lang treatment is not fully ad-
equate, and moreover the histidine residues would be expected
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to have a wide spread of individual intrinsic pK values in the
Linderstrgm-Lang sense, i.e., when the average net charge on
the protein equals zero. The recent work of Cohen et al. (1972)
using proton nuclear magnetic resonance (nmr) measurements
on sperm whale myoglobin has shown that there are seven
available histidine side chains with pK values ranging from 5.3
to 8.0. Specifically, two of the groups appear to have abnor-
mally high pK values most likely due to hydrogen bonding. We
have therefore assigned abnormal intrinsic pK values (from
chemical and structural considerations) to residues 48 and 64,
which lead to calculated values similar to the values deter-
mined from the nmr data.! The nmr measurements in question
were performed in D,O without correction of the pH meter
readings. They may be taken to underestimate pD by approxi-
mately 0.4 unit, a correction that is not necessarily offset by
the isotope effect proper. Therefore, the correlation between
the nmr and titration values in H,O may be no more than ap-
proximate (Bradbury and Brown, 1973).

The pKi, of the iron-bound water was chosen so that the
final calculated value agreed with that of Hanania and cowork-
ers (Hanania and Irvine, 1970; Nakhleh, 1971) at zero ionic
strength.

Various observations on reactions with myoglobin maybe ex-
plained by assuming the presence of certain lysine amino
groups with relatively low characteristic pK values (Hugli and
Gurd, 1970, Nigen and Gurd, 1973).2 The crystalline structure
(Watson, 1969) moreover presents a wide variety of environ-
ments for these groups. Detailed investigation of the model
shows that one lysine in particular, residue 42, is hydrogen
bonded to the backbone carbonyl oxygen of lysine-98 under
circumstances of reduced static solvent accessibility (Lee and
Richards, 1971). This residue was chosen for the assignment of
a lower intrinsic pK value. Other less obvious possibilities may
well exist. All groups were assigned integral intrinsic charges
depending on their chemical nature.

A constant pKj,, is assumed in the computations for all ionic
strengths. It can be shown that the correction is no larger than
0.04 pK unitat/ = 0.0l Mand 0.1 pKunitat/ =0.1 M.

Preliminary Calculations. Using the above set of physical
parameters, charged sites, and spatial coordinates, and a vari-
ety of sets of intrinsic pK values varying somewhat from those
in Table I, a number of trials were made at computation of the
titration curve for sperm whale ferrimyoglobin. To obtain good
agreement with experiment it was found necessary to set the
burial parameter 4 = 0 as was done for hemoglobin (Orttung,
1970). Even with this restriction it was found that the variation
of the pK with ionic strength for the ionization of iron-bound
water was not in agreement with experiment (Hanania and Ir-
vine 1970; Nakhleh, 1971; Shire e al., 1974). A modified com-
putation as discussed below gave results in agreement with
these various types of experiment, for which the set of intrinsic
pK values given in Table 1 was adopted.

Inclusion of Static Solvent Accessibility Factors. Tanford
and Roxby (1972) have pointed out that in order to obtain
good agreement with experiment the charged sites in a protein
must be placed closer to the surface of the model than the min-
imum 1-A depth required in the study of small molecules. They
attributed this result to the fact that the titratable groups of a
protein really protrude into the surrounding solution and thus
do not feel the effects of the internal, low dielectric medium as

! The nmr observations of Cohen ef al. (1972) have been substan-
tially confirmed in this laboratory by L. H. Botelho, M. H. Garner,
and G. 1. H. Hanania.

2].S. Morrow, P. Keim, and F. R. N. Gurd (1974), manuscript in
preparation on carbamino compound formation.
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much as is implied by the formalism of the model. Since the
groups protrude or are buried to different degrees it is clear
that, strictly, every individual residue should have its own buri-
al parameter, d. Moreover, since myoglobin deviates from the
spherical, the physical significance of the burial parameter is
not clear. To reflect the degree of exposure of each point
charge to the solvent with high dielectric constant, we propose
the inclusion of a new parameter which is characteristic for
each group.

We make use of Lee and Richards’ static solvent accessibili-
ties for sperm whale myoglobin (Lee and Richards, 1971).
These accessibilities are a measure of the degree to which a
residue in a protein is exposedto solvent in the crystallographic
model. Since these accessibilities may differ slightly when the
protein is in solution they have been termed static solvent ac-
cessibilities to denote the average position of the atoms which
are really in motion. By dividing the accessibility for the entire
side chain of a residue, X, in a protein by that of the residuc in
the model tripeptide Ala-X-Ala a fractional exposure can be
computed. If we then assume that the electrostatic interaction
of two groups is reduced in direct proportion to the amount of
exposure to solvent, we can rewrite eq 6 as

1

1
pKi - (pKint)i - émﬁ ; —‘(ij - SAJ' tVij) (7)
: i

‘.
i “q

where SA4; is the fractional accessibility of site j. Now by treat-
ing all the sites as point charges on the surface of the model (4
= 0) we can use the above equation to attempt to take into ac-
count the effect Tanford and Roxby (1972) describe. It is clear
that this approach is not strictly correct since eq 7 would give
no electrostatic correction as SA; tends to the value of 1 (i.e.,
100% exposed). However, since one cannot be sure of the cor-
rect functional form of eq 7 the simple linear form was used.
This choice is not unreasonable since the SA; are an indirect
measure of the local variation of dielectric constant and the
electrostatic free energy is inversely proportional to the dielec-
tric constant. Since no residue in the molecule is 100% exposed
the problem of the electrostatic correction vanishing was not
encountered. On the other hand, a few residues of interest in
the protein are almost totally buried and in these cases an arbi-
trarily small value of 0.01 was assigned. The static solvent ac-
cessibility values taken for the various sites are included in
Table I.

It was possible to fit the titration curve for the main compo-
nent 1V at ionic strength 0.01 M with d set equal to 1.0. How-
ever, in combination with the static solvent accessibility terms,
this choice of & introduced such large electrostatic correction
terms (eq 7) that in the low pH region, the effective pK became
much too small, and even negative in many cases. This effect
extended to the more acidic histidine groups. Hence, the intro-
duction of the static solvent accessibility factors does not ac-
commodate the d = 1.0 case, provided that unreasonable ad-
justments of parameters are not accepted.

Results and Discussion

Using the above procedure and set of parameters, including
the intrinsic pK values in Table I, the calculations were applied
to sperm whale ferrimyoglobin (pure component 1V) at zero
jonic strength and at a series of finite salt concentrations. Fig-
ure 1 shows a comparison of the calculated and the experimen-
tal titration curves at 25° and / = 0.01 M. It is seen that the
calculated net charge of the protein is zero at pH 8.19 which
agrees with the experimental isoionic pH of 8.20 for 0.1 m™
protein. The agreement is nearly as close throughout the titra-
tion curve.

Without changing any of the parameters, the calculations
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pH

FIGURE 1: Titration curve of sperm whale ferrimyoglobin (major
component [V) showing the average net protein charge Z as a function
of pH. Solid curve, computed by method described in text; full circles,
experimental points for 0.1 mM protein at 25° in 0.01 M KCl.

were repeated at / = 0.1 M, and compared to experimental
values at / = 0.1 M. It should be noted that since the Tanford-
Kirkwood theory is based on Debye-Hiickel theory any calcu-
lation in the region of / = 0.1 M may not be very accurate, and
that any agreement obtained must be accepted with this in
mind. However, our intentions were to demonstrate that the
theory can correctly predict the ionic strength variation of ti-
tration curves. The results are shown in Figure 2 in which the
agreement between theory and experiment is good; the calcu-
lated pH of zero charge in this case is 8.18, in agreement with
the experimental value of 8.18 at / = 0.1 M. The computed
trend with increasing ionic strength is in the direction indicated
by the experiments, that is for higher ionic strengths the acid
side of the curve tends to more positive charge and the basic
side to more negative charge, whereas the neutral region of the
curve changes very little.

Semiempirical and theoretical descriptions of the ionic
strength effect have already been given (Cohn and Edsall,
1943; Tanford, 1962). A clear interpretation follows from the
Tanford-Kirkwood model. In the acid region, the net charge
on the protein is positive, and indeed most of the carboxylic pX
values are depressed indicating interactions with positive
charges. A comparison of the calculations at two ionic
strengths reveals that the decrease in the pK values is less at
the higher ionic strength. This is to be expected, since electro-
static interactions are reduced by coulombic screening at high-
er counterion concentrations. Accordingly, carboxylic pK
values are higher at the greater ionic strength, and thus result
in a smaller contribution of negative charge, so that the protein
molecule has a more positive net charge in the acidic region. In
the basic region the opposite effect takes place. The net protein
charge is negative, and the overall effect is to raise the arginine
and lysine pK values; but at higher ionic strength interactions
are reduced and thus the rise in these pK values is diminished.
Accordingly, in this region the contribution to positive charge
by these groups is reduced, and the overall charge on the pro-
tein drops. In the neutral pH region of the curve, both of the
above effects are minimal because all the carboxylic groups are
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FIGURE 2: Effect of ionic strength on the titration curves of sperm
whale myoglobin (major component 1V). Theoretical titration curves
computed for / = 0.0l M (- - - - - yand 7= 0.1 M ( ). The experi-
mental points for I = 0.1 M, 0.1 mM protein, at 25° are given by full
circles.

nearly fully ionized and all lysine and arginine residues are
nearly completely protonated. The main groups contributing
significantly in this region are the seven available histidines,
and the computations show that ionic strength has a small ef-
fect on their pK values. Moreover, since the number of these
groups is small compared to other ionizable groups in the pro-
tein their total contribution to this effect will be very small. In-
deed at pH 8.25 the computed net protein charge is —0.14 at
both /=0.0l Mand / = 0.1 M.

The computations were also repeated using different values
of a, b, D;, and D. The results were found to vary slightly with
small changes in value for a, b, and D, and were found to be
particularly insensitive to the value of D;, as was observed pre-
viously in the computation for hemoglobin (Orttung, 1968).

Effective pK Values. One of the main features of these cal-
culations is that they enable one to examine in detail the elec-
trostatic behavior of individual groups in the protein. In this
paper the computed pK; values will be compared with experi-
mental results where available. One can also obtain for each
group the pH variation of the ionization constant, as well as the
individual titration curve and its variation with ionic strength.
These latter aspects are dealt with in more detail in the fol-
lowing paper (Shire et al., 1974).

Since both the charge and the pK of every group vary with
pH (as a result of electrostatic interactions), it is necessary to
define a reference pH for comparison of pX; values. An obvious
choice is the pH at which 50% of the amino acid residue is dis-
sociated, and at this pH we define pK,; as equal to the corre-
sponding effective pK;. Table II collects such values for the ter-
minal valine residue and the available histidine residues. The
special and interesting case of the iron-bound water is dealt
with in the following paper (Shire et al., 1974).

N-Terminal Valine. We first consider the case of valine.
From Table II the pK); is seen to be about 7.8. From studies
of the kinetics of the reaction of cyanate with sperm whale
myoglobin Garner et al. (1973) determined a pK of 7.96 in 0.2
M cyanate which agrees well with the computed value. The dif-
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TABLE 11: Comparison of Computed pK:: Values with
Experimental pK Values for Valine and Histidine in Sperm
Whale Ferrimyoglobin, Major Component 1V,

p]{1 2
Ionic Strength, M
Residue PKint 0 0.01 0.1 pKexp
Val-1 7.7 7.8 7.8 7.8 7.96%
His-12 6.3 4.8 5.0 5.3 5.37°
His-48 6.8 6.6 6.7 6.8 6.83°?
His-64 7.8 7.7 7.8 7.8 8.05°
His-81 6.3 6.1 6.3 6.3 6.65°
His-113 6.3 5.3 53 57 5.53°
His-116 6.3 5.8 6.0 6.1 6.44°
His-119 6.3 5.5 5.7 5.9 6.34°

® Garner er al. (1973). ® Cohen er al. (1972) suggested a
different assignment for the resonance of pK = 6.44. Very
similar nmr results have been obtained by L. H. Botelho,
M. H. Garner, and G. 1. H. Hanania. The assignments made
here are tentative.

ference in these pK values is appropriate in terms of the effect
of ionic strength on the intrinsic pK. It is interesting to note
that the computed pK,,; is higher than the intrinsic pK of 7.7
which implies that the terminal valine is in a predominantly
negative environment. However, inspection of the molecular
model shows that at pH = pK,, the immediate surroundings
(within 10 A) contain more positively than negatively charged
groups, which should lower the pK of the valine. Evidently,
however, the total interactions with all the other charges on the
molecule lead to an increase in the pK. This example illustrates
the usefulness of the theoretical model in helping to avoid in-
correct interpretations of the effects of intramolecular electro-
static interactions on the pK value of an individual site based
solely on an examination of the immediate vicinity of the site.

Histidine Residues. The histidine residues form a particular-
ly interesting class of groups. Their protonation equilibria
cover the important physiological pH range and control the
middle portion of the titration curve. The results of the calcula-
tions for these pK values are shown in Table 11 which also in-
cludes the nmr data (Cohen er al., 1972), the latter being ob-
tained at higher ionic strengths.! Note that the caiculations are
based on two fitted abnormal pK values (histidine-48 and -64)
and a normal pKj, of 6.3 for the other groups, no ad hoc as-
sumptions being made for these other histidines. Figure 3
shows the individual titration curves for each of the residues
and shows the wide spread of pK,; values, the pattern being
similar to that found by nmr. The experimental values in Table
II are tabulated to correspond as closely as possible to the cal-
culated values and are not meant as definite assignments. For
the reasons already discussed, more attention is to be paid to
the spread of experimental pK values than to the actual values
obtained in D,O.

Histidine-12 is a special case because it has been tentatively
assigned an effective pK of 6.44 on the basis of comparison of
proton nmr- spectra of sperm whale and horse myoglobins
(Cohen er al., 1972). Our calculations show that histidine-12
has the effective pK;z of 5.3 at I = 0.1 M, an effect which is
due mainly to its close proximity to lysine-16 (3.3 A) in the X-
ray crystallographic structure. If this group is to be matched
with a pK of 6.44, it is necessary to find a strongly negative en-
vironment or a special structural feature (such as hydrogen
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FIGURE 3: Theoretical dissociation curves, showing fraction dissociat-
ed « plotted against pH, for individual histidine residues in sperm
whale ferrimyoglobin, major component IV, at 25° and / = 0.01 M.
The computed pK s values at / = 0.01 M are listed in Table 11, and
the corresponding curves from left to right represent the histidine-12,
-113,-119,-116,-81, -48, and -64.

bonding) in solution. Neither of these possibilities seems very
likely, since the nearest negative group is over 10 A away and
the histidine-12 residue protrudes well into the solution. It is
possible that a pX of 6.4 could be calculated by raising the in-
trinsic pK to about 6.4 and moving the group far enough away
from lysine-16 to minimize the interactions. However, if we
change the pKin for histidine-12 we must do the same to the
other four normal histidines and then the fit of the titration
curve in the neutral region is not as good as before. Since all
the experimental nmr assignments are tentative it is necessary
to postpone a final interpretation of this apparent conflict.

Minor Component. A further test of the theory would be its
applicability to another protein. The various components of
sperm whale myoglobin, which are closely related, afford an
excellent model system. Hanania and Nakhleh (1970) have
shown that the individual components of sperm whale myoglo-
bin have significantly different thermodynamic properties.
Component 11 has been shown to have two major charge
changes relative to component 1V (Garner er al.,, 1974). The
two asparagine residues at positions 122 and 132 in component
IV are replaced by aspartic acid residues in component 11, with
normal pKi,, of 4.0. The calculations were repeated using the
same sperm whale component IV model, the only changes
being the above replacements. Figure 4 shows the comparison
of the theoretical titration curve with experiment at ionic
strength 0.01 M and 25°. As can be seen, agreement is fairly
good. The computed p/ is 7.25 which is to be compared to the
experimental p/ of 7.27. Small deviations do occur but these
may be due to slight differences between the structures of com-
ponents Il and 1V. The dashed curve in Figure 4 is the corre-
sponding curve for component 1V. For comparative purposes
we have included in Table Il the computed NH;-terminal and
histidine pK values for component I1.

Discussion of Assumptions. The above calculations have
been based on a number of assumptions which should now be
restated. The assumptions are dealt with in terms of structural
geometry, assignment of charge state, and intrinsic pK values.
The structure of the myoglobin molecule in solution was as-
sumed to be the same as that of the crystallographic structure.
Although in general this is thought to be true, minor perturba-
tions may occur in solution and thus some of the pK calcula-
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FIGURE 4: Comparison of titration curves for two components of
sperm whale ferrimyoglobin at 25° and / = 0.01 M. Theoretical curve
for major component 1V (- - - - - ); theoretical curve for minor com-
ponent 11 ( ); full circles, experimental points for minor component
1.

tions may not be completely reliable. For example, the role of
histidine-36 is different in solution and in the crystalline state
(Hugli and Gurd, 1970; Nigen and Gurd, 1973). The theoreti-
cal model assumes spherical symmetry, which for myoglobin is
a good first approximation, and a uniform dielectric medium
which ignores local fluctuations. It also assumes a smooth
boundary between internal and external media which we have
attempted to correct for by introducing a static solvent accessi-
bility factor.

In addition to the above assumptions we have used the same
crystallographic structure for component I as for component
IV of sperm whale myoglobin. The fact that the p/ and the ti-
tration curve can be adequately accounted for suggests that the
tertiary structure is the same in both proteins. Consequently it
may be assumed that minor perturbations which may occur in
solution are very similar. Any effect of ion binding has been as-
sumed to be the same for the two components.

The assignment of groups according to charge state and in-
trinsic pK values presents questions of choice that will affect
directly the fit of the curve. An effort has been made to hold
special assumptions to a minimum while borrowing evidence
from various sources. The evidence of chemical reactivity of
histidine residues is useful (Hugli and Gurd, 1970; Gurd, 1970;
Nigen and Gurd, 1973) but any given case of restricted reac-
tivity need not apply to proton binding. The assignment of his-
tidine-97 to the uncharged class may well prove incorrect. Spe-
cial behavior of the lysine and carboxyl residues is largely
unexplored. The formal choice to withhold the arginine-45
charge from the calculation amounts to an assumption either
that this is the region of an anion binding site (Cameron et al.,
1966; Watson, 1969) under the conditions of our experiments,
or that some group with an aberrant pK has not been recog-
nized in the examination of the structure. If one or two more
lysine residues were assigned lowered intrinsic pK values, it
would be possible to allow for the inclusion of a corresponding
number of additional positively charged sites. The uncertainty
in the location of one or two charges may require later revisions

BIOCHEMISTRY,

IN FERRIMYOGLOBIN

TaBLE 111: Computed pK:,, Values for Terminal Valine and
Histidine in Sperm Whale Ferrimyoglobin, Minor Com-
ponent II.

pK‘/z
Ionic Strength, M
Residue pKins 0 0.01 0.1
Val-1 7.7 8.0 7.9 7.9
His-12 6.3 5.1 5.3 5.5
His-48 6.8 6.7 6.7 6.8
His-64 7.8 7.8 7.8 7.8
His-81 6.3 6.4 6.4 6.3
His-113 6.3 5.4 5.7 5.8
His-116 6.3 6.1 6.2 6.2
His-119 6.3 6.0 6.1 6.2

of the computations but will not have large overall conse-
quences. It should be borne in mind that Breslow and Gurd
(1962) found the equivalent of six residues with the properties
of histidine masked in the basic form, but with an inherent un-
certainty in the estimate of at least one residue. The treatment
reported here will be used as a guide in future experimentation,
and has proved useful for more detailed analyses presented in
part in the accompanying paper (Shire et al., 1974).

Despite the limitations discussed above, the electrostatic
treatment of myoglobin appears to be successful, particularly
in comparing closely related molecules. The advantage of using
myoglobin is that the assumption is justified that the major
perturbation on the pKjn, is electrostatic in nature. An example
of a protein where other effects are prominent is lysozyme
where, unlike myoglobin, the neutral and basic regions of the
titration curve are not affected by ionic strength (Tanford and
Roxby, 1972). In this respect myoglobin is a good model for
the study of electrostatic effects.

The present work is being extended to other myoglobins and
their chemically modified derivatives, and to other aspects of
electrostatic interactions, with particular reference to struc-
ture-reactivity relationships.
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Electrostatic Effects in Myoglobin. pH and Ionic Strength
Variations of Ionization Equilibria for Individual Groups in

Sperm Whale Ferrimyoglobin®

S. J. Shire, G. I. H. Hanania,} and F. R. N. Gurd*

ABSTRACT: The variations with pH and ionic strength of the
NH,-terminal valine, histidine, and iron-bound water ioniza-
tion pK values for the major component of sperm whale fer-
rimyoglobin were computed with a modified Tanford-Kirk-
wood theory which includes a set of static solvent accessibility
factors. Where possible experimental values were compared to
the theoretical results and good agreement was obtained. Ex-

’I-;le preceding paper (Shire et al., 1974) deals with the com-
putation of titration curves of sperm whale myoglobin with the
Tanford-Kirkwood treatment (Tanford and Kirkwood, 1957;
Tanford and Roxby, 1972) adapted by the introduction of stat-
ic solvent accessibility factors (Lee and Richards, 1971). The
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1 Permanent address: Department of Chemistry, American Univer-
sity of Beirut, Beirut, Lebanon.

2974 BIOCHEMISTRY,

YOL. 13, NO. 14,

1974

clusion of the newly introduced parameters yielded poor agree-
ment with experiment for the ionic strength variation of the
ionization pK value for the iron-bound water molecule. The
computations with the modified theory were also performed for
a minor sperm whale ferrimyoglobin component. The theoreti-
cal ionic strength variation of pK value for the water molecule
was again in agreement with experiment.

inclusion of the static solvent accessibility factors allows good
overall fit to experimental data with the choice of individual in-
trinsic pK values for various groups in myoglobin that are gen-
erally reasonable in the light of other evidence.

The model allows computation in good agreement with ex-
periment of the net charge as a function of pH for both the
major component 1V and the minor component II of sperm
whale ferrimyoglobin (Shire et al., 1974). Since the computa-
tions also yield information about individual pK values, a fur-
ther test of the theory is to compare the computed pK values
with experimental ionization constants for individual groups in
the protein. Experimental data of this kind are available for the
NH,-terminal groups from the kinetics of the cyanate reaction



