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The extrinsic Cotton effects created by a ligand, when
bound to a macromolecule, together with any
changed intrinsic Cotton effect induced during the
ligand-macromolecule interaction can be used to
obtain both qualitative and quantitative information
about the interaction. In the mathematical treatment
of such data, as well as from other spectroscopic
studies, a proportionality constant has to be used for
each stoichiometric equilibrium, in addition to the
binding constant. Thus, in the case of interactions
with N reversible equilibria, 2 N unknowns are in-
volved. For interactions with two and more equilibria
the large number of unknowns necessitates the use
of a computer and high precision of the experimental
data. It was then necessary to improve the precision
of the experimental procedure by constructing a con-
tinuous titration system with controlled temperature
and pH for the spectropolarimeter. The method has
proved to be simple and rapid and gives precise data
suitable for a computerized analysis.

Three different computer programs have been
designed based on a one-, two- and three-site binding
model, respectively. Conclusions about the number
of binding sites and the binding constants are drawn
by comparing the constants obtained in the three pro-
grams and from the discrepancies between the exper-
imental and theoretical ellipticities of the data points.
The procedure is illustrated by a study of the binding
of bromdiazepoxide—a benzodiazepineoxide deriva-
tive, Ro 5-0991-—to human serum albumin (HSA)
taken from the accompanying paper.

EXPERIMENTAL METHOD

The circular dichroism was recorded with an auto-
matic spectropolarimeter, JASCO J-20, as described
in the earlier paper. Figure | shows the principle of
the experimental set-up. Two pumps were used. a
peristaltic one with a capacity of 175 mi/hr, which
pumps the solution through the cell and a thermo-
stated mixing vessel, and a calibrated infusion pump
(Perfusor IV. B. Braun, Melsungen, W. Germany), by
which a protein-ligand solution is added to the mix-
ing vessel at constant rate (1.9 mi/hr). As the protein
concentration in the infusion pump is the same as

_ *This paper is published as an appendix to the preced-
ing.
+To whom correspondence should be addressed.

in the mixing vessel, the protein concentration will
be constant in the whole system during the titration.
The pH was measured in the mixing vessel and a
range of 7.40 + 0.04 units was tolerated.

() Infusion pump
1.9 mbL/hour
25°C—=2 }
pH control =8/
- 25°C
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Fig. 1. (a) Block scheme of the experimental arrangement

for a continuous circular dichroism titration of a macro-

molecule with a ligand. See text for further explanations,

(b) Detail of the measuring cell for continuous circular
dichroism titration.
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With the experimental arrangement described, the
change of the ellipticity at a constant wavelength is
followed vs time when the ligand concentration is in-
creased. With the scale and paper speed generally
used, 1cm on the vertical axis corresponds to one
millidegree and on the horizontal axis to 4.834 min
{see Fig. 2). Normally, the initial volume of the pro-
tein solution in the system was 10ml, to which Smi
of the protein-ligand solution with the same protein
concentration were added by the infusion pump. After
the titration, 30 cm of the time axis was divided into
30 points. The coordinates, expressed in cm, of the
corresponding points on the manually smoothed
curve, were fed into a computer. The computer calcu-
lated the difference molar ellipticities at the different
ligand concentrations, which can be calculated at
each time from the pumping speed of the infusion
pump. The concentrations were so chosen as to give
a reasonable excess of ligand and change of ellipticity.

NUMERICAL ANALYSIS

The one-, two- and three-site binding models,
which formed the basis for the three computer pro-
grams, are based on the following principles: there
is one binding site per macromolecule for each type
of complex formed; each site is independent, ie. the
binding to one site will not in any way affect the
binding to an adjacent site and the proportionality
constant is the same for a certain complex regardless
the ligand is bound or not to other sites.

In the following the theory of the program for the
two-site binding model is presented. According to the
law of mass action. we can write

Py + D, = PDI
Py + D,z PD2.

As the binding to the two sites, P' and P”, is assumed
to be independent, the association constants are

and

« o PPt PDI "
""" P,-D, (PT — PD)-(DT — PD1 — PD2) )
and
PD2 PD2
Ko= 122 2)

where PT is the total concentration of the protein,
DT, the total concentration of the ligand. PD1 and
PD2 are the total concentrations of the macromole-
cules confaining ligand bound to the first and second
site. respectively®. Thus,

DT=D; + PDI + PD2.

The change in ellipticity, expressed as A8, during a
titration is due to perturbation of the chromophores
when the drugs are bound to the protein. The differ-
ence in ellipticity is directly proportional to the con-
centration of the protein—drug complexes, whether the

* If the two sites on the macromolecule are denoted ~ P
and P-—, respectively, this means that PDl =D ~ P,
+D~P-~Dand PD2=~P~D4+D~P—-D.
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chromophores belong to the macromolecule {internal
Cotton effect) or to the ligand (external Cotton effect)
or to both the ligand and the macromolecule.

When PT is constant and DT is varied, the follow-
ing equations are valid

T AH = AOL + AR {3}
A = epp, - PD1 (4}
AG2 = t’pDz'PDZ (5)

Afmaxl = epp,  PD1 max = epp; - PT (6)
AOmax2 = epp,  PD2 max = eppy PT (7

The difference in ellipticity, Ad, is the sum of the contri-
bution of the first and second sites {eq. 3). In egs
(4H7), epp, and epp; are proportionality constants.
AOmax1 and Afmax2 are the differences in ellipticity
when the first and second site, respectively, is saturated.
The proportionality constants, epp; and €pp,, can be
eliminated, yielding for varying (DT} (i)

PDI () PD2 i)

)= Alhme
A0 =~ Alhmax] +

-Afmax2. (8}

From eq. (1) and eq. (2)
DT (iy— PD1 (i) — PD2(j)
can be eliminated, which gives

PDI1 (i) PD2 (i)

= . 9
(PT — PD1())-K1 (PT — PD2(i))' K2 ©)
Express PD2 (i) in PD1 (i), PT, K1 and K2:
D1{iy K2-PT
PD2 (i) = - PDLG) K2-P (10)

(PT — PD1(i)-K1 + K2-PT"
or, in general

PD(n — 1)(i)-Kn-PT
(PT — PD(n — 1)())-K(n — )+ Kn- PT"

When we substitute eq. (10} in eq. (1), rearrange and
multiply with the denominator, which is # zero for
0 < PD1{i) < PT, we obtain a third degree poly-
nomial;

A-PD1*()+ B-PD1* (i) + C-PD1(i))+ D=0.
with coefficients

A=KI-(K2 - Kl
B=KI1*DT{H+2KI*-PT
— K1-K2-DT (i} + K1 - K2,
C=KI1'K2:PT-DT (i)
— 2KI1%-PT-DT(i) — K1*-PT?
- K1-K2-PT? — K1 PT,
D= KI1*PT?DT{i.
With assumed values for K1 and K2, we can solve
eq. (11) with Newton—Raphson’s iterative method [1].
WithPD1(i) = xPandf (x¥) = 4-PD13(i) + B PD12(i)
+ C-PDI1 (i) + D, we can write:

PDn (i) =

(1

=" - H,
with
df (x ) ‘
é( (’;) . k = the number of iterations.
Xk

As starting value,
X = x§h,

H = f(x{")

x® we used: x{’ =0 and
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Fig. 2. The change of ellipticity recorded at 262 nm, when a bromdiazepoxide—albumin solution (5 ml,
1.62 x 107*M and 9.48 x 10~ ® M, respectively) was added continuously to human serum albumin
(10ml, 9.48 x 107°M) in 0.1 M KCI and 0.005M phosphate buffer at 25° and pH 7.4.

The iteration was continued until:

H

i

(i) (i)
Xk+1 — Xg
)
Xk+1

05 x 1077,

PD2 (i) can be calculated from eq. (10). In order to
calculate ABmax1 and Afmax2 with the least-squares
method, we defined a new function:

FMIN (Afmax1, ABmax2):

N PDI1 (i
FMIN = ¥ <A0u, - T(l)’ Afmax|

PD2 (i 2
—#-Af)maﬂ), (12)

with N = the total number of experimental points.
FMIN will reach a minimum for

OFMIN  JFMIN
O0AOmaxl ~ dABmax2

Taking these first derivatives of eq. (12) with respect
to Afmaxl and Afmax2, two linear equations in
Afmaxl and Afmax2 are created, from which
Afmax! and Afmax2 can be solved. Now FMIN can
be calculated with eq. (12) and be compared with the
FMIN-values obtained with other K1 and K2 values.

Figure 3 shows a flow diagram of the two binding
sites program. The program generates values for K1
and K2, beginning at 0.2 x 10* and increasing with
0.2 x 107, with p=3,4...10, up to 0.1 x 10", For
every combination of the K1 and K2 values (with
K1 > K2), Afmax1 and Afmax2 are calculated from
eq. (13) and then FMIN from eq. (12). The K1 and
K2 of the lowest found value of FMIN are then
varted by +50%,. The created intervals are divided
into 10 new values of K1 and K2, for which the same
procedure is repeated. Another subroutine (BIBL) can
finally be used. This subroutine varies the hitherto
found values of ABmax1 and Afmax2 and calculates
according to the same principles as above K1, K2
and FMIN. In the ‘three-site’ computer program, a
subroutine from the Harwell Subroutine Library [2],
called VAO4AD is used to find the best combination
of K1, K2 and K3. Furthermore, Afmax1, Afmax?2
and Afmax3 are calculated with the least-squares
method as above with an IMSL-subroutine [3], called
LINV3F.

0. (13)

All three programs are written in FORTRAN IV
and developed on an IBM 370/155 computer.

RESULTS AND DISCUSSION

Precise primary data is a condition for a successful
numerical analysis of the type described. The exper-
imental arrangement (Fig. 1) used with continuous
addition of the ligand has been shown to yield such
data. The rate of the peristaltic pump is high enough
(175 ml/hr) to attain a rapid mixing of the ligand in
the system, without causing turbulence in the measur-
ing cell which might disturb the CD measurements.
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Fig. 3. Flow diagram of the computer program used for
the calculation of association constants (K1 and K2) and
maximal ellipticity values (Afmax1 and Afmax2) for a two-
site equilibrium between a macromolecule (P) and a small
molecule (D). APPROX, SQUARE, RUTA, CALPD,
PLOT and BIBL are subroutines, with the last one con-
taining the Harwell subroutine library program VAOSAD.
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With 1.9 ml added per hr, the concentration gradient
in the light beam (maximally 2-mm diameter with the
slit program used) is negligible and a precise deter-
miination of the ligand concentration is possible. The
procedure used will give higher precision as the in-
strumental variations will be smaller because the time
used is shorter than in a stepwise titration. the cell
is not touched during the whole experiment and no
separate baseline run is needed. A larger number of
experimental points can also be used. We have found
that 30 data points will give the most favourable pre-
cision/cost relation for the computer analysis. Cer-
tainly, the system can be further developed by using
a proper interface unit for a direct feeding of the sig-
nals into the computer.

The procedure is illustrated in Fig. 2 and Table
1, which show the results obtained when the binding
of bromdiazepoxide (Ro5-0991) to HSA at pH 7.4 and
25° was studied. The figure shows the succesive
change of ellipticity at 262nm when increasing
amounts of the drug is added to the protein. The
table collects the experimental ellipticity of the data
points and the theoretical values obtained, if the con-
stants calculated by the respective computer pro-
grams are used. As is evident from the table, the
theoretical fit to the experimental data is excellent
in all the three cases. The relative deviation, however,
can be large at the beginning of the titration, where
the experimental errors both in Af and ligand concen-
tration are largest, but in the example shown the devi-
ation never corresponded to more than about 1.3 mm
on the original graph. The largest deflection (A)) was
about 10cm.

In the example given the titration was completed
in about 2 1/2hr. The pumping rate of the infusion
pump delivering the ligand and the scanning speed

* Unpublished work.
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of the recorder can, however, be varied within wide
limits according to the needs and the propertics of
the equilibrium system under study. Thus, the equilib-
rium must have been attained before the added ligand
reaches the measuring cell and the scanning speed
must be high enough to allow a high precision in
the determination of the time clapsed (=the concen-
tration of ligand). The time required to reach the
equilibrium can easily be tested in batch experiments.
In the present case it was reached faster than could
be measured with the spectropolarimeter, which is in
accord with the experience from other protein-drug
systems [4, 57.

Graphical methods have earlier been applied to cal-
culate the association constants from CD-data [6, 77.
These are, however, applicable enly in 1:1-systems
and are in some cases based on approximations. In
our computation method, we relate the changed ellip-
ticity to the concentration of the complex with a pro-
portionality constant. This is done by estimating the
Afmax-values for every complex in question, ie. the
maximal change of the ellipticity brought about, when
the site is saturated by the ligand. However, it is of
the utmost importance in this context to stress that
the computer can never make judgements about the
“correctness” of the constants obtained, but can only
apply a mathematical program, which in turn is based
on an assumed model system.

The present work is based on these fundamental
principles. Three different programs are used in our
procedure to study the binding of drugs to purified
serum albumin and the procedure is applicable in
other spectroscopic methods, as well as to any inter-
action system, in which the components are well-char-
acterized. The choice of the applied programs has
been based on a study* by H. Johansson and A.
Sjoberg, Uppsala, who compared the usefulness of
several methods for the minimization of the respective

Table 1. Binding of bromdiazepoxide to human serum albumin at pH 74 and 25" in 0.1 M KCI and 0.005M phosphate

buffer
One site program: Two site program: Three site program:
Ky 018 % 40" Admax] = 0,10 < 10¢
K, =020 x 10"
Afmaxi = 010 > (0" K, =09 x 107 Afmaxd = 038 = 10°
Ky =011 = 10° K, =04 x 10
Afdmaxi = 0,13 x 10 Athmax? = 013 x 10° Ky = 06 x {00 Armuxd = 0
Deviation Deviation Povie
Theoretical theoretical- Theoretical theoretical- Theoretical theuretical-
Molar Found molar molar found molar found molar found
Point  ratio elfipticity cllipticity eliipticity ellipticity cltiptieny cliipticity offipticity

no.  Dy/Py Al x 1075 Al % 1075 (") Al x 107 7) () Allyd x 107 (W]
t 0.26 0.156 L160 24 0163 4.5 0164 ER
3 0.75 0425 0.407 —43 0.417 AN 1311 - hb
3 1.2 0.589 0.580 —Ls 0.588 -0 {1389 0t
7 1.65 0700 Q.700 0.0 Q.704 0.5 0.704 ns
4 2.06 Q780 .787 Lo {(.785 07 .78 (LH
1 243 0.844 0852 09 0.846 0.2 0.844 0.4
13 2.83 0.894 0.901 1.1 0.892 0.1 0890 0.1
15 38 0931 0939 0.8 0.930 ~0.1 0929 0.3
17 3.52 0.965 0970 0.5 0.962 ~0.4 0.961 ~0.4
19 384 0983 0.995 1.0 0.988 0.3 .989 04
21 4.4 1013 1.016 0.3 1.012 ~0.1 1.014 0.1
23 444 1034 1.033 0.0 1.032 -0.2 1,033 il
25 4.72 1.055 1.048 — & 10514 ~ {14 1053 ~ {11
27 498 1.070 1.061 08 1.667 ~0.3 1068 - al
25 524 1.078 1072 ~{.§ 1082 04 1078 0

FMIN = 209 x 10°

FMIN = 7.4 x 10° FMIN = 58 » {0°

The albumin concentration, P7, was 9.5 x 107¢ M!. The experimentally obtained ellipticitics, A0, with different
amounts of drug are compared with theoretically calculated ellipticities with association constants K, and maximal
ellipticities, Affmax, obtained from the three different computer programs.
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FMIN-functions obtained with the three programs.
The results from the programs are compared and the
constants obtained from the program with the smal-
lest number of sites giving a reasonably good fit to
the experimental points are considered to be “true”.
Generally, the fit will be better with programs involv-
ing more sites. (Compare the FMIN-values given in
Table 1) Therefore, a constant is considered to be
true, when the same value is found also in the pro-
gram that is based on a model with one more site,

Acknowledgements—This work has been supported by the
Swedish Medical Research Council (Project no 13X-3162}
and LF. Foundation for Pharmaceutical Research. We
thank Mrs. Linnéa Wallsten and Miss Lena Svanberg for
skilful technical assistance and Mr Hakan Johansson and
Dr Anders Sjoberg for valuable discussions.

2145

REFERENCES

1. J. Singer, in Elements of Numerical Analysis (Ed. R.
P. Boas Jr.) p. 189. Academic Press, New York (1964).

2. M. J. Hopper, Harwell Subroutine Library Theoretical
Physics Division, Atomic Energy Research Establish-
ment, Harwell, Berkshire, Great Britain (1973).

3. International Mathematical and Statistical Libraries,
Inc., Suite 510, 6200 HiliCroft, Houston, Texas 77036.

4. I M. Klotz, Ann. N.Y. Acad. Sci. 266, 18 (1973).

5. M. T. Bush and J. D. Alvin, Ann. N.Y. Acad. Sci. 266,
36 (1973).

6. K. Ikeda and K. Hamaguchi, J. Biochem. 66, 513
{1969).

7. A. Rosen, Biochem. Pharmac. 19, 2075 (1970).



