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Abstract. The technique of Perturbed Angular Correla-
tions of y-rays has been used to study the rotational cor-
relation times in aqueous solution of the peptides: oxy-
tocin, glycyltryptophan, cholecystokinin and the
glycopeptide ristocetin. These peptides were labelled with
excited '*1™Cd through the covalent coupling of the
metal chelator diethylenetriaminepentaacetic acid (DT-
PA) to the primary amines-of the peptides. The experi-
mental correlation times are in good accordance with
calculations based on the molecular weight. This indi-
cates that the '''™Cd-DTPA is rigidly bound to the
molecules. In the case of ristocetin, the correlation time
was measured at 2°C, 25°C and 38°C. These experi-
ments show the expected linear dependence on the viscos-
ity divided by temperature. The feasibility of determining
rotational correlation times for peptides without lysines
and with correlation times in the ns region is thus demon-
strated. Also, the correlation time of '''™Cd-DTPA cou-
pled to the lysines of bovine serum albumin was deter-
mined. The measured correlation time is about 5 times
less than the calculated correlation time. This effect is
assigned to local motion. In spite of this, experiments
show that '1'™Cd-DTPA-bovine-serum-albumin is sig-
nificantly immobilised by aggregation with immunoglob-
ulins. The nuclear quadrupole interactions, necessary for
determining the correlations times, were determined for
1mCd-DTPA-ristocetin - and  !!'™Cd-DTPA-bovine-
serum-albumin by adding sucrose to a concentration of
63% and cooling to 2 °C. This showed a small but signif-
icant difference between the two molecules. We interpret
this as due to different conformations, possibly different
coordination numbers.
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Introduction

Proteins and peptides in aqueous solution undergo rota-
tional diffusion as well as translational diffusion. As the
rotational correlation time of a molecule is proportional
to its volume, the detection of the correlation time can be
used to study the interaction of molecules, e.g. aggrega-
tion or polymerisation.

A number of techniques have been developed for the
detection of the rotational correlation time. Some of
these are: diclectric relaxation, dynamic light scattering,
NMR and fluorescence depolarization.

The technique of Perturbed Angular Correlations
(PAC) is based on the detection of the time dependence of
the angular correlation between two y-rays emitted from
the same nucleus. A review of the technique is given by
Rinneberg (1979). The technique has two major advan-
tages compared to other techniques: 7) It is highly sensi-
tive. A normal experiment uses about 0.2 pmol to 7 pmol
of radioactive nuclei, depending on the half-life of the
parent isotope. Hence, the actual sensitivity is limited by
the amount of carrier metal introduced in the production
of the PAC-isotope; 2) The transparency of most biolog-
ical tissue to y-rays makes it possible to study molecular
interactions betwen labelled molecules and molecules in
inhomogeneous mixtures {blood samples etc.) or even in
living creatures.

The use of PAC for detection of rotational correlation
of proteins has so far been carried out mainly with nuclei
in a specific metal binding site (Mullins and Kaplan 1983)
or with the PAC-nuclei unspecifically bound to the
protein (Leipert et al. 1968).

Here we have used the PAC-isotope '11™Cd, specifi-
cally coupled to proteins and peptides through the co-
valent binding of the metal chelator, diethylenetriamine-
pentaacetic acid (DTPA), to the primary amines of the
protein/peptide. In the present paper the nuclear quadru-
pole interaction of the '***Cd-DTPA-peptide complex is
determined. Finally, we have investigated to what extent
the observed correlation time reveals the overall molecu-
lar motion or local motion.
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Materials and methods

Materials

Cholecystokinin (Formula weight 1064), glycyltrypto-
phan (Formula weight 261), bovine serum albumin

(BSA) (Molecular weight 66700), diethylenetriamine-
pentaacetic acid (DTPA) and oxytocin (Formula weight

1008) were from SIGMA, and ristocetin (Formula weight -

2066) was a gift from Lundbeck A/S. Immunoglobulin-G
(IgG) against BSA (antibody titre: 1 m1/900 pg BSA) was
from Dakopatts. 1°®Pd came from Oakridge. All other
chemicals were of analytical purity.

Peptide preparation

Peptides and proteins were labelled with ''™Cd2* by
coupling the bicyclic anhydride of DTPA to the terminal
amino group and, in the case of BSA, mainly to the
amino group of the lysines (Bauer et al. 1991a). The
labelling resulted in a stoichiometry of 2 DTPA molecules
to one molecule BSA or ristocetin, respectively. All other
peptides were labelled with a stoichiometry of 1:1. Unless
otherwise stated, 10 nmol of labelled dehydrated peptide
was dissolved in 0.1 M sodium acetate which had been
purified for metal contamination by passing through a
DTPA-gel (Bauer et al. 1991a). For ristocetin at 38°C
experiments were carried out on concentrations from
76 nmol ml~* to 607 nmol ml. Since the spectra gave the
same time-integrated attenuation (for the definition of
the time-integrated attenuation see Frauenfelder and
Steffen 1965) these spectra were added and then analysed.

Preparation of radioactive '''™Cd

The excited !*™Cd was produced by irradiation of 1°Pd
with 24-MeV a-particles at the cyclotron, Niels Bohr In-
stitute. To keep contamination by other metal ions as low
as possible, the palladium was electrolytically plated onto
a graphite bar before activation. The electrolysis-bath
corresponded closely to the recipe for heavy deposition of
palladium by electrolysis (Parker 1983). The electrolysis
produced a circular spot of about 11 mg palladium and
10 mm diameter.

The palladium plated graphite was irradiated by a
35 puA beam of 24 MeV, a-particles for 90 min, producing
thereby about 370 MBq. The preparation of the electrol-
ysis-bath and the separation of '!'™Cd from palladium
after activation was carried out as described elsewhere
(Bauer et al. 1991 b).

50—100 ul aqueous solution of !!*™Cd?* was mixed
with the solution of DTPA-labelled peptide and left to
incubate for about 5 min. Any free 1'1™Cd was then re-
moved by passing the peptide through a DTPA-gel equi-
librated in 0.1 M sodium acetate, pH 7. The distribution
of the '*1™Cd-DTPA-peptide on various fractions caused
a dilution of up to 50%. Less than 5% ''!™Cd was re-
tained on the column, and the DTPA-column was, there-
fore, omitted in experiments with sucrose, in order to

avoid an increase in the sample volume. For these exper-
iments sucrose was mixed with '1'™Cd-DTPA-peptide
and sufficient buffer to give a final concentration of
0.1 M sodium acetate, pH 7. The experiments on the DT-
PA-gel were carried out by adding the !*!™Cd solution to
1g DTPA-gel equilibrated in 0.1 M sodium acetate,
pH 7.

For one experiment an immunoprecipitate of IgG
(BSA) and BSA was produced as follows: After passing
the DTPA-gel, three fractions containing 9-10 nmol
111mCd-DTPA labelled BSA were pooled (3 ml total vol-
ume). This was then mixed with 1 ml IgG (BSA). After
approximately 5 min the sample was centrifuged. 3.5 ml
of the supernatant were removed, and the remaining
0.5 ml containing more than 90% of the activity was used
for the PAC-experiment. The measurement was carried
out at room temperature.

In all experiments the sample volume was increased
from about 100 pl to 1 ml during the measurement. This
was done in order to maintain an optimal count-rate.

The temperature, except room temperature, was con-
trolled (+2°C) by a Peltier element in thermal contact
with the test tube. In one experiment the sample was
submerged in liquid nitrogen.

PAC instrument

All experiments were carried out on a conventional fast-
slow set-up using four BaF, detectors, (each 50.8 mm in
diameter and length) arranged in a plane at fixed angles:
0° (1), 90° (2), 180° (3) and 270° (4), respectively. The
typical electronic arrangement for PAC-experiments can
be found in the review by Rinneberg (1979).

Eight different spectra were collected; four forward in
time and four in reverse. The perturbation function, G, (t)
was derived as follows:

Wi Wa — Wy - W
Azeff Gz (t) — 42 31 41 32 (1)

Wy Wi + 2/ Wy - W,

\/VV24'W13_\/W23 Wi
\/W24' Wi + 2\/W23 *Wia

where W,; denotes the coincidence spectrum after back-
ground subtraction (and time reversal of the first four
spectra) of 150 keV y-rays in detector i and 247 keV y-rays
in detector j.

The unperturbed amplitude of 16% (Haas and Shirley
1973) was reduced to an A, of about 10% due to a
combination of the finite sizes of detectors and source,
misalignment, and absorption.

Before each experiment the spectrometer was time cal-
ibrated and the time resolution (about 1.9 ns) was deter-
mined using a 7>Se source.

Data-analysis

The spectra were analyzed by a least x* fit. The perturba-
tion function is characterized by the parameters w,, #, 0



and 7. (An intermediate state of spin 5/2 is assumed in the
following.)

, is the strength of the electric field gradient defined
as:

wo=127|V,,¢Q[/(40 h) @

Q is the nuclear quadrupole moment, # is the asymmetry
parameter defined as n=(V,, — V,,}/ V.., where V,, de-
notes the a’th diagonal element of the electric field gradi-
ent tensor in the coordinate system chosen such that the
tensor is diagonal and |V,,|>|V,,|>|V,,]|. If the electric
field gradient varies for different nuclei due to small statis-
tical variations in the surroundings, this can often be de-
scribed as a Gaussian frequency distribution. The relative
width (Aw, /w,) of the Gaussian distribution is denoted d.

The corresponding perturbation function for random-
ly oriented molecules with time independent electric field
gradients (i.e. frozen solution) is:

GP(t)=ay+ 23: a,exp (—0.5 (w,; t 6)* ) cos(w; t) 3)

where a, and g; depend on #, and w; depend on # and w,
(Bauer 1985). a, is termed the hardcore value.

Two models exist for describing the effect on the PAC-
spectra of reorientation of the molecules: the Debye mod-
el and the strong collision model. In the Debye model the
reorientation is a small step process characterized by the
diffusion parameter 6. The corresponding correlation time
is 7,=1/6 6 (assuming isotropic rotational diffusion). For
a spherical molecule of volume V the diffusion parameter,
8 is as follows (Debye 1929):

0=kT/6LV) (4)

where & is the viscosity of the solution and thus, the calcu-
lated correlation time (measured by G, () is:

.= V/(KT) ()

The diffusion tensor of an ellipsoid of revolution has also
been derived (Perrin 1934). In the strong collision model
the molecules undergo random reorientations. The prob-
ability that a molecule undergoes a reorientation in the
time interval dt is d¢/z,.

For slowly reorienting molecules, the result of the adi-
abatic approximation of the Debye model is (Marshall et
al. 1972).

G5 () =exp (—1/z,) G (1)

where G (t) is the perturbation function of the static
interaction. For strong collisions (6) is only an approxi-
mation, though it seems unlikely that it will be possible to
distinguish the two models experimentally (Danielsen
and Bauer 1991)

The expression for fast reorienting molecules
(Abragam and Pound 1953), generalized to asymmetric
electric field gradients (Huntress 1968), was applied to
molecules with short correlation times. In the case where
the intermediate state has I =5/2, it takes the following
form:

Gy ()=exp[—28 w2 t 7, (14+74%/3)]
(o 1.€1, 6=0) 7

(wy 7,>>1) (6)
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(This expression is valid for the Debye model as well as
the strong collision model.)

A generalised expression of (7) for non-zero frequency-
distribution (Danielsen and Bauer 1991) was used in the
analysis of spectra with short correlation times.

Most of the spectra in the present paper have, howev-
er, correlation times in the intermediate region where the
Debye model gives no analytic expression. We therefore
used the strong collision model, first applied to PAC by
Scherer and Blume (Scherer 1970; Blume 1971). The nu-
merical technique for computing G5 (f) (Dattagupta
1981), was used to form a database of G, (7, w t, %) from
which the G5 (¢) was calculated. Details of this computa-
tional method are given elsewhere (Danielsen and Bauer
1991). The use of this model instead of the Debye model
may lead to an error of up to 20% in the determination
of the correlation time for long correlation times.

Results

The nuclear quadrupole interaction was determined for
11imCd-DTPA coupled to BSA, ristocetin and the DTPA-
gel, respectively (see Fig. 1). To slow down the rotational
diffusion in the case of BSA and ristocetin, the experi-
ments were carried out in 63% sucrose (w/w) and, in the
case of BSA, also in 50% sucrose. The spectrum of the
11imCd.DTPA-gel was collected at — 18 °C and at liquid
nitrogen temperature. The results of a least 32 analysis are
listed in Table 1.

The immobilization of the DTPA-gel at liquid nitro-
gen temperature is seen as the decay of the perturbation
function to the hardcore value, a, in Fig. 1.C, whereas the
motion of the molecules in sucrose makes the perturba-
tion function decay to 0 in Fig. 1.A and 1.B (see (3) and (6))

The rotational correlation was measured for ristocetin
in aqueous solution (0.1 M sodium acetate, pH 7) at 2°C,
25°C, and at 38°C, and for glycyltryptophan, oxytocin,
cholecystokinin and BSA at 2°C. Some of these spectra
are shown in Figs. 2 and 3. The ristocetin spectra were
analysed using the nuclear quadrupole interaction detet-
mined from ristocetin at 2°C in 63% sucrose. The BSA
spectra were analysed likewise with the parameters deter-
mined for BSA at 2°C in 63% sucrose. All other spectra
were analysed with the nuclear quadrupole interaction of
BSA as well as that of ristocetin. This was done in order
to determine the uncertainty in the rotational correlation
time due to the ambiguity of the nuclear quadrupole in-
teraction. The results are shown in Table 2 and Fig. 4.

The effect of immunoprecipitation of BSA with IgG at
25°C is shown in Table 2 and Fig. 3.

Discussion
The nuclear quadrupole interaction

The spectra listed in Table 1 can be used to determine
a nuclear quadrupole interaction in terms of a strength
(¢), an asymmetry parameter (1) and a frequency distri-
bution (J). As illustrated by the Fourier transforms in
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E Fig. 1A—-C. Perturbation functions (left) and
Fourier transforms (right, broken line) of spectra
used for determining the nuclear quadrupole inter-
action. The full line is the result of a least-y? fit.

2 The Fourier transform of the best fit to the pertur-

5 bation function is also shown as a full line. The
experimental points represent the average of 4 ex-

S . : ..

%' perimental points and the bars indicate standard

&  deviations. The Fourier transforms were carried

£  out after subtracting a, exp (~t/z.) from the pertu-

< bation function. A BSA, 2°C, 63% sucrose. B ris-
tocetin, 2°C, 63% sucrose. C DTPA-gel submerged
in liquid nitrogen
0 40 80 120 O 250 500 750 1000

Frequency [Mrad-s™]

Table 1. Nuclear quadrupole interactions for various '***Cd-DTPA-complexes

n wy [Mrad - 571 1 7, [ns]®

BSA, 63% sucrose, 2°C 0.75+0.14 91.14+5.2 0.25+0.05 130.0+30.0
BSA, 50% sucrose, 2°C 0.75 (fixed) 91.1 (fixed) 0.25(fixed) 56.01+9.0
Ristocetin, 63% sucrose, 2°C 1.00+0/—0.12 98.7+2.5 0.144+0.02 47.0+14.0
DTPA-gel, —18°C 1.00 (fixed) 98.7 (fixed) 0.14 (fixed) 26.0+4.0
DTPA-gel, Liquid Nitrogen 1.00 (fixed) 98.7 (fixed) 0.324+0.03 oo (fixed)
2 The first four spectra listed were analyzed in the strong collision model (Danielsen and Bauer 1991)
Table 2. Rotational correlation of peptides and lysine labelled BSA determined by PAC

My (labelled rexperimental MOdel used in Tealculated

molecule) [ns]® data-analysis [ns]
Ristocetin, 2°C 3028 2.0 +0.41 strong collision 2.33
Ristocetin, 25°C 3028 0.67+0.03 Equation 7 1.16
Ristocetin, 38°C 3028 0.514+£0.05 Equation 7 0.86
Glycyltryptophan, 2°C 742 0.57+0.03 Equation 7 0.57
Oxytocin, 2°C 1489 0.62+0.03 Equation 7 1.14
Cholecystokinin, 2°C 1545 0.7540.04 Equation 7 1.19
BSA, 2°C 67700 104 £1.3 strong collision 52.1
BSA +IgG against BSA, 25°C 41.7 £52 strong collision

* The experiments except BSA were analyzed using the nuclear quadrupole interaction of ristocetin (Table 1). Analyzing the specira of
glycyltryptophan, cholecystokinin and oxytocin using the nuclear quadrupole interaction of BSA, increased t, by a factor of 1.45
b Theoretical values of the correlation time, based on (5) using the viscosity of water and a hydrated volume of 1.07 - 1073 m?® kg~ ! times

the mass of the molecule in kg
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Fig. 2 A—C. Perturbation functions showing the effect of changing
the temperature and molar weight, respectively. Display as in Fig 1,
left. A ristocetin aqueous solution, 25 °C. B ristocetin aqueous solu-
tion, 2°C. C glycyltryptophan, 2°C

Time [ns]

Fig. 3A, B. Perturbation functions showing the effect of adding IgG
to *'"*Cd-DTPA-labelled BSA, Displayed as in Fig 1, left. A BSA
in 0.1 M sodium acetate (pH 7) at 2°C. B precipitate of about 10
nmole BSA in 3mi 0.1 M sodium acetate (pH 7) to which was added
1ml IgG (BSA), at room temperature (25°C)

197

Fig. 1, two different conformations are necessary for ex-
plaining the spectra: one describing the DTPA-Cd com-
plex when DTPA is coupled to BSA, the other describing
the complex when DTPA is coupled to either ristocetin or
the gel (Table 1). The different conformations of the
DTPA-Cd-complexes could be due to differences in coor-
dination numbers in the various situations. One reason
for this might be that the presence of hydroxyl groups in
the vicinity of the DTPA-group causes one of the four
carboxyls of DTPA to hydrogen bond of the hydroxyl
group. Characteristically, ristocetin has many hydroxyl
groups, but also the link between DTPA and the gel con-
tains a hydroxyl group that seems free to bind. The side
group of the lysines, however cannot form a hydrogen
bond.

The strength and the asymmetry of the nuclear
quadrupole interaction can be calculated using the Angu-
lar Overlap Model (Bauer et al. 1988). In this model each
ligand contributes an axially symmetric field gradient
with the symmetry axis through the ligand and the metal
ion. Each ligand is assigned a partial nuclear quadrupole
Interaction parameter, and the resulting nuclear quadru-
pole interaction is then determined by addition of the
contributions from all the ligands and diagonalisation of
the resulting matrix. The partial nuclear quadrupole in-
teraction parameter has been determined for a carboxyl
group coordinating through one oxygen, but not for a
tertiary amine.

For octahedral symmetry the calculation is particular-
ly simple: The contribution of a ligand positioned along
the positive or negative part of the x-axis is (Bauer et al.
1988):

Oy 0 0
Dig=| 0  —0.5wy 0 (8)
0 0 —0.5w,,

where oy, is the partial nuclear quadrupole interaction
parameter of that particular ligand.

If one carboxyl group of DTPA hydrogen bonds to a
protein hydroxyl group, then six metal ligands will be free
to coordinate to Cd?*, and assuming octahedral struc-
ture, two conformations must be considered:

A) The three nitrogens form a plane containing the
Cd**-ion. This configuration will yield #=1 and
wo=15|w,—w,,|, where w, and w,, denote the partial
nuclear quadrupole interaction parameters of the nitro-
gen and oxygen ligands, respectively.

B) The three nitrogens form a pyramid (all three Cd-N
bonds at right angles). This configuration will yield w,=0
and x undefined.

In the example A) above, three nitrogens are located in
the x, -x and y directions, and three oxygens are located
in the -y, z and -z directions. This gives a sum matrix with
the diagonal elements:

W=20, —0.5(w,+3w,.)=15(w,—w,)
o, =0, +0,—0.5Qw,+2w,)=0
w,,=20,—05w,+30,)=—o

xx

resulting in, =1 and w,=1.5|®, —w,,|. Case B) can be
solved in a similar manner.
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The value of # measured for ristocetin in 63% sucrose
at 2°C is in accordance with conformation A). If one uses
the known partial nuclear quadrupole interaction param-
eter of the carboxyl group, w,, =245 Mrad - s~! (Bauer
ctal. 1988), this requires that the value of the partial
nuclear quadrupole interaction parameter of a tertiary
amine is either 311 or 179 Mrad s~ !. Probably a
partial nuclear quadrupole interaction parameter of
311 Mrad - s~ ! can be excluded since: The partial nuclear
quadrupole interaction parameter known so far for lig-
ands coordinating to Cd*>* through nitrogen has the fol-
lowing values in Mrad - s~ *: 139 for a primary amine, 190
for a hydrazine and 95 for an imidazole. The only ligand
so far known to give a higher partial nuclear quadrupole
interaction parameter than 250 Mrad - s~ is thiocyl with
330 Mrad - s~ ! (Bauer et al. 1988).

Using the partial nuclear quadrupole interaction pa-
rameter of 179 Mrad - s~ ! for the tertiary amine, the An-
gular Overlap Model can be used to calculate the nuclear
quadrupole interaction for the Cd-complex assuming
that all four carboxyl groups coordinate as well as the
three amines. Calculations show that it possible to find
conformations with a calculated nuclear quadrupole in-
teraction as that observed for BSA in 63% sucrose at 2°C.

The nuclear quadrupole interaction of the DTPA-gel
at —18°C shows a significant motion (Table 1). This mo-
tion is immobilised by submerging the sample in liquid
nitrogen. The latter condition also gives rise to a large
increase in frequency distribution. This frequency distri-
bution could either be due to contributions to the electric
field gradient by the dipole moment of the neighbouring
water molecules (a contribution that could be averaged
out by the motion at higher temperatures), or it could
indicate that freezing of the local water distorts the con-
figuration of the '*'™Cd-DTPA complex.

In all of the cases listed in Table 1, the frequency distri-
bution, d, is high as compared to studies of crystallized
cadmium complexes (Bauer et al. 1988) and '!1™Cd-sub-
stituted in the zinc sites of enzymes (Bauer 1985). For the
cadmium complexes in the crystalline state and for car-
boxypeptidase and superoxide dismutase no frequency
distribution was observed and for alcohol dehydrogenase
and carbonic anhydrase a frequency distribution of 10 to
15% was found. A high value of 6 probably reflects a
higher freedom of the positions of the ligands. This free-
dom is limited by the crystal structure of the cadmium
complexes, and by the protein structure in some enzymes,
but not completely by the structure of the DTPA-Cd com-
plex. The high 5 together with the faster motion of the
molecules (compared to the enzymes) makes the determi-
nation of # and w, less accurate as reflected in the high
uncertainties in Table 1. However these uncertainties
have little effect on the determination of the correlation
times of the molecules in water, and no effect on the
relative correlation times.

Correlation times of cholecystokinin, glycyltryptophan,
oxytocin and ristocetin

The models used for interpreting the perturbation func-
tions assume that reorientation is isotropic. This cannot
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Fig 4. The experimental correlation times are shown as a function
of molar weight (above) and viscosity divided by temperature (be-
low). The molar weight used is that of the labelled molecule. (For
each **'™Cd-DTPA group the molar weight is increased by 481.)
The full lines indicate the calculated values using (5), the viscosity
of water and a hydrated volume of 1.07 1073 m>® kg~ ! times the
mass of the molecule in kg. For glycyltryptophan (o), oxytocin (a)
and cholecystokinin (v), the correlation time determined using the
quadrupole interaction of BSA (highest value) is shown as well as
the result using the quadrupole interaction of ristocetin. Ristocetin
is indicated by e

be distinguished from anisotropic reorientation in the
fast rotational limit, but any deviation from spherical
symmetry tends to make the effective correlation time
longer, which can be seen by inserting the friction coeffi-
cients (Perrin 1934) into the equations for relaxation
times measured by NMR (Huntress 1968). It has been
shown that these equations can be applied to calculations
of perturbed angular correlations (Marshall et al. 1972).
For slow rotational diffusion, anisotropy of the rotation-
al diffusion complicates the correlation function (Mar-
shall et al. 1972). However, the tendency will be the same,
namely, as follows: if one analyses the spectrum using a
single correlation time, deviation from spherical symme-
try will give a longer average correlation time as com-
pared to the correlation time of a spherical molecule of
the same mass. In contrast to this, local flexibility will
decrease the correlation time.



Figure 4 compares the calculated correlation time (5)
to the measured correlation time of the peptides at 2°C.
For the calculation the viscosity of water was used.
(1.644-107*-N-s-m~2> at 2°C, 0.891-1073-N
s m~?at25°Cand 0.685-107* - N-s-m~2at 38°C.)
The volumes of the molecules were calculated using a
specific volume of 0.725-107? - m® - kg~ ! and a hydra-
tion of 0.345 g H,O/g protein. These values are averaged
over listed specific volumes and hydrations (Kuntz and
Kauzmann 1974). With the exception of ristocetin, the
spectra have been analysed using the nuclear quadrupole
interaction of BSA as well as the nuclear quadrupole
interaction of ristocetin. Both results are given. (The
longest correlation time is the result of analysing the spec-
trum with the nuclear quadrupole interaction of BSA.)

Figure 4 also shows the temperature dependence of
the correlation time of ristocetin. Some deviation from
the calculated values is expected due to variations of hy-
dration and local flexibility. Generally, the observed val-
ues are in good accordance with the calculated values.
Therefore the DTPA molecules appear to be rigidly coor-
dinated to the molecules.

The rotational correlation time of the tyrosine of oxy-
tocin has been measured by frequency-domain fluorome-
try (Lakowicz et al. 1987). The measured correlation
times are 29 ps and 454 ps measured at 25°C. The longer
correlation time is interpreted as the global reorientation.
The correlation time of oxytocin has also been studied by
the method of oxygen quenching and steady state an-
isotropy measurements (Maliwal and Lakowicz 1986).
This method yielded only the global correlation time:
180 ps, also at 25°C. In order to compare the correlation
time measured by PAC at 2°C to the correlation time
measured by fluorescence anisotropy decay, the effect of
temperature and viscosity must be taken into account as
well as the effect of the larger mass of the 1!'™Cd-DTPA
labelled molecule. The correlation time of 624 ps mea-
sured by PAC at 2°C corresponds to 211 ps for the unla-
belled molecule at 25 °C. Thus, there is good agreement
between the global correlation times determined by
111mCd.PAC and the 180 ps correlation time mentioned
above.

Correlation time of bovine serum albumin

BSA is probably one of the most frequently studied
molecules in terms of hydrodynamic properties. A com-
parison of different methods (Kuntz and Kauzmann
1974) shows that it is somewhat asymmetric with an axial
ratio of 3 and a hydration of about 0.4 g H,0/g protein.
It has a molecular weight of 66700 (Squire et al. 1968).
This gives a calculated 7, of 53 ns for the equivalent
spherical molecule, which must be compared to the ob-
served 7, of 10.4 ns. The experimental diffusion is thus
about 5 times faster than the calculated. A correlation
time shorter than the calculated is also observed in the
sucrose experiments (see the discussion below). This fast
motion observed in '''™Cd-DTPA-BSA could originate
from motional flexibility of the lysine side chain to which
the DTPA group is coupled. Local motion of a number of
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different fluorophores all coupled to lysines of BSA
has been measured by fluorescence anisotropy decay
(Burghardt 1983). The motion of the fluorophore with
respect to the protein could be described by rotational
diffusion constants corresponding to correlation times
ranging from 26 ns (dansyl) to .13 ns (cosin), measured at
room temperature. (The correlation time is derived from
dy 5 as 1/(6d, 5), where d, 5 is the value listed by Bur-
ghardt for the rotational diffusion constant of the fluo-
rophore coupled to BSA in solution.) Thus the local mo-
tion depends on the labelling group.

For PAC the combined effect of local and global
motion depends on whether the local motion is iso-
tropic or whether it is anisotropic in such a way that
the time averaged electric field gradient is non-zero
(for example wobling in a cone). The first case can
be treated if also the global motion is isotropic, then
1/Tmeasurea = 1/Tpsa + 1/Tysine- The anisotropic local motion
has not been treated yet, except in the case where it is very
fast. (The analogy of the condition in equation 7 is:
7,127V, e Q|/40 h<1, where V', is the largest element
of the diagonalised tensor formed as the difference be-
tween the electric field gradient tensor and the time aver-
aged electric field gradient tensor and 7. is the correlation
time of the local motion.) In that limit the measured ,
will be reduced by a factor of (w,/{w,))* relative to the
calculated. It is not possible to distinguish between these
two extremes by a single experiment, but the matter could
be investigated by repeating the experiment with a
protein of a different mass than BSA. In the first case,
there will be almost no influence of the volume on the
detected .. In the second case 7, will be proportional to
the volume, since the protein will tumble as if the electric
field gradient was reduced but fixed with respect to the
orientation of BSA.

Aggregation of BSA with IgG

The interaction with IgG decreased the correlation time
by a factor of 4 in spite of the fact that the temperature
was raised to 25°C. The interaction with IgG thus clearly
slows down the motion. The effect on motion by the
formation of an aggregate or a gel structure may be com-
plex, as it slows down the overall motion but probably
also local motion. It is not evident whether a similar
decrease in motion would occur in an in vivo situation,
where the immunoglobulins do not cause aggregation.
However the reaction can definitely be detected by PAC,
thus offering many possible applications in the field of
immunology as well as for studies of hormone-receptor
interactions.

Correlation times in sucrose

The macroscopic viscosity of sucrose is 0.39 N -s - m 2
for 63% sucrose at 2°C and 0.040 N s - m ™2 for 50%
sucrose at 2°C (sixth order polynomial interpolation
from tabulated values) (Fasman 1988).
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The correlation times of the global reorientation of the
molecules calculated by (5) are: Ristocetin in 63% su-
crose: 560ns, BSA in 63% sucrose: 12000 ns and BSA in
50% sucrose 1300 ns. A comparison with the results
listed in Table 1 clearly shows that a motion remains
which is not as sensitive to the viscosity as predicted by
(5).

Bucci and Steiner have discussed the effect of sucrose
on correlation times measured by fluorescence an-
isotropy decay (Bucci and Steiner 1988). They suggest
that the localized motion of a fluorophore may be less
sensitive to the viscosity than the global reorientation for
two reasons: Either the local viscosity could be different
than the bulk viscosity or the reorientation of the fluoro-
phore could involve transition between different energy
minima with a rate governed by the probability of release
from a position of the minimum energy. This rate could
be more or less viscosity independent. In the case of fluo-
rescence anisotropy decays, the interpretation is facilitat-
ed by the possibility of detecting different correlation
times reflecting different reorientation processes. This is
generally not possible for PAC-spectra. The correlation
times in Table 1 thus could represent the overlay of at
least two different motions: a global reorientation and
one ore more localized motions. Based on the present
data we are not able to determine the nature of the local-
ized motion more accurately. However, it is clear that this
local motion is influenced by the viscosity indicating that
the label is on the surface of the protein. It is also evident
that local motion can indeed be detected by PAC. Future
improvements of the theory together with more detailed
experiments could offer the technique as a tool for study-
ing local motion as well as global reorientation.

Though the local motion apparently does not over-
shadow the global reorientation of the peptides in
aqueous solution, it may account for the tendency of the
measured correlation time to be shorter than the correla-
tion time as illustrated by Figs. 1 and 2 and Table 2.

Choice of isotope

The isotope ''!™Cd was chosen for two reasons. First,
the intermediate lifetime of 121 ns together with the nu-
clear quadrupole interaction of the order of 100 MRad/s
makes it suitable for investigating correlation times in the
range of 0.1ns to 200ns and possibly even longer times.
This makes the isotope very useful for detecting correla-
tion times of proteins and peptides in aqueous solution.
Second, the decay of *''™Cd to the intermediate state
does not give rise to the after effects seen in spectra mea-
sured using !!'In (Bauer et al. 1991, a). The main disad-
vantage of 1'™Cd is the rather short half life of the
excited level (49m), which means that sample prepara-
tion has to be carried out within a few hours. It is possible
that this problem can be overcome by using the isotope
1111y for experiments that demand very long preparation
times (i.e. in vivo experiments) or very low amounts of
materials. Comparative studies using '*'In and ''*™Cd
respectively could then be used to determine the correla-
tion times of the experiments where '*'™Cd can not be
used directly.

Conclusion

The present work shows that rotational diffusion of small
peptides can be studied by '''™Cd-PAC. For larger
proteins such as BSA or smaller petides in sucrose solu-
tion (ristocetin) it is possible to detect local motion by
t1imcq PAC. The PAC spectrum, after immunoreaction
of BSA with its polyclonal antibody, is clearly different
from the PAC spectrum of BSA without the antibody. A
similar observation has been made with cholecystoknin
using ! 'In (Bauer et al. 1991 a). This gives hope for using
the PAC method as a diagnostic tool for hormone-recep-
tor interaction in vivo and in vitro although there still is
a need for a quantitative understanding of the motional
part connected to the local flexibility.
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