
(Blood has a T1 of 0.4 second in vivo 
or in vitro with an accuracy of mea- 
surement of approximately 0.03 second.) 
When the bolus arrives at the second 
coil a dip in the NMR resonance curve 
is observed in the oscilloscope. By use 
of a storage oscilloscope or a signal 
averaging system, the time scale for ob- 
servation of the polarization reversal 
and the arrival of the bolus is defined 
exactly in time. 

The arrival of the bolus is reproduced 
in Fig. 3 as the oscilloscope pattern. 
The dip in the signal shows when the 
bolus of fluid arrives at the detection 
coil. In order to obtain better signal-to- 
noise ratios, the detected signal is ob- 
served every 1/120 of a second and 
averaged by a signal-averaging system 
to nullify the random noise. In Fig. 3 
we see the envelope of the NMR signals 
detected by the marginal oscillator de- 
tector and averaged over 256 sweeps 
(each sweep taking 1 second). Measure- 
ments of 120 NMR signals per second 
averaged for 4.25 minutes give the en- 
velope shown in Fig. 3, which shows 
a venous blood flow velocity of 3.85 
cm/sec. 

The flow velocity is determined as 
follows: The inverting pulse is recorded 
as the start of the scope sweep. The 
scope face is calibrated at 0.1 sec/cm, 
and the center of the NMR signal dip 
is taken as the time (t) required for the 
bolus to reach the center of the NMR 
receiving coil. Since the distance (L) 
between coils is known, the mean flow 
velocity is simply L/t. The measure- 
ment shown in Fig. 3 indicates a ve- 
locity of blood flow in the median fore- 
arm vein of one of us (O.C.M.) of 3.85 
cm/sec. We could observe flow mea- 
surement times fractionally longer than 
T1 because more than one-third of the 
bolus remains "tagged" for a time long- 
er than T1. 

As a comparison, flow measurements 
were also carried out in water and in 
water solutions of paramagnetic salts. 
The solutions could be adjusted to have 
a relaxation time of 0.4 second so as to 
simulate blood. Using the same instru- 
mental setup as that for the blood flow 
measurements, we carried out measure- 
ments of water flow in a plastic tube. 
One of the authors previously used this 
same type of system to measure fuel 
flow (5). 

In the course of these experiments, 
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In the course of these experiments, 
measurements of the relaxation time 
(T1) of human blood in vivo as well as 
in vitro were carried out. Fresh blood 
was drawn from one of us (O.C.M.) for 
the in vitro measurement and an anti- 
coagulating agent was added. The effect 

23 OCTOBER 1970 

measurements of the relaxation time 
(T1) of human blood in vivo as well as 
in vitro were carried out. Fresh blood 
was drawn from one of us (O.C.M.) for 
the in vitro measurement and an anti- 
coagulating agent was added. The effect 

23 OCTOBER 1970 

of the anticoagulant on relaxation mea- 
surements was measured separately, and 
the anticoagulant was found to have no 
effect on T1. The blood sample in vitro 
had a T1 of 0.4 ? 0.03 second. The in 
vivo measurement gave the same Ti, 
in agreement with our earlier measure- 
ment on mice (1), and experimenters in 
the U.S.S.R. (6) have found that dog 
blood also has a T1 of 0.4 second. 
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Macromolecular interactions medi- 
ated by small molecules are important 
in current thought concerning biological 
control mechanisms. Binding of ligand 
molecules to sites on a protein may 
affect a change in macromolecular con- 
formation or state of aggregation, there- 
by modulating the biological activity of 
the large molecule. Of particular inter- 
est in the present context are ligand- 
mediated association-dissociation reac- 
tions, examples of which include the 
facilitated association of carbamyl phos- 
phate synthetase by positive allosteric 
effectors such as inosine monophosphate 
or ornithine (1) and the dissociation of 
lamprey hemoglobin into subunits upon 
binding oxygen (2). Both of these re- 
versible reactions were detected and 
studied by the method of sedimentation 
velocity-zone sedimentation through a 
preformed density gradient in the first 
instance and moving-boundary analyti- 
cal sedimentation in the second. For 
some time we have been developing the 
theory of sedimentation of ligand-medi- 
ated interactions of this sort (3; 4, chap- 
ters 4 and 5), since such calculations 
provide one with the understanding re- 
quired for quantitative, indeed, some- 
times even qualitative, interpretation of 
their sedimentation patterns. 

Consider, for example, the reversible 
reaction 

mM + nX = M7nXn 

in which a macromolecule M associates 
into a polymer containing m mono- 
meric units (m-mer), with the mediation 
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of a small molecule or ion X, of which 
a fixed number n are bound into the 
complex. The set of conservation equa- 
tions for sedimentation in a sector- 
shaped ultracentrifuge cell takes the 
form 

a(Cl + mC,) 
t 

1 0[1 E ( - Clsiw'r)r + 

m (D, - -r C2s2wr)r (1) 

O(nC2 + C) _ 
ar t 

r nr [n(D2 - -C2s2w2r)r + 

(Da 
- -C3s2w')r] 

In these equations C designates molar 
concentration; D, diffusion coefficient; 
s, sedimentation coefficient; w, angular 
rotation; r, radial distance; and t, time. 
The subscripts 1, 2, and 3 designate M, 
MmXn, and X, respectively. The calcu- 
lations have been made for rates of 
reaction very much larger than the 
rates of diffusion and sedimentation so 
that local equilibrium attains at every 
instant. In this limit 

C -= KCl CCst 

where K is the equilibrium constant of 
the reaction. A rapid and accurate cal- 
culation has been formulated for the 
numerical solution of these equations 
(4, chapter 5). The computer code (5) 
is written so as to be applicable not only 
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Bimodal Sedimenting Zones Due to Ligand-Mediated Interactions 

Abstract. Ligand-mediated association-dissociation reactions can give rise to band 
sedimentation patterns showing bimodal bands despite instantaneous establishment 
of equilibrium. Weaker interactions result in unimodal bands whose sedimentation 
coefficients decrease with time of sedimentation and in characteristic patterns of 
total ligand. The implications of these results for fundamental investigations of 
protein interactions and for conventional analytical applications of zone sedimen- 
tation and molecular sieve chromatography are considered. 
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to ligand-mediated macromolecular as- 
sociation but also to interactions of the 
type 

Mm + mnX - mMX, 

in which the binding of small ligand 
to macromonomer causes dissociation of 
an m-mer into its hydrodynamically 
identical subunits. Moreover, appropri- 
ate choice of initial and boundary con- 
ditions permits computation of either 
moving-boundary or band sedimenta- 
tion patterns. Theoretical sedimentation 
patterns (Figs. 1-6) are displayed either 
as gradient curves, which are plots of 
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O(C1 + mC2)/Or as a function of r, or 
as integral curves, that is, plots of C1 + 
mC2 as a function of r. The subscripts 
1 and 2 refer to monomer and m-mer 
for both ligand-mediated association and 
ligand-mediated dissociation reactions. 
Initial equilibrium concentrations of 
macromonomer, m-mer, and unbound 
ligand are designated as C1o, C20, and 
C30, respectively. 

Previous calculations of moving- 
boundary sedimentation patterns for 
ligand-mediated interacting systems are 
discussed in detail elsewhere (4, chapter 
4), but a brief comment on their impli- 
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Fig. 1 (left). Theoretical moving-boundary sedimentation patterns for the ligand-medi- 
ated dimerization reaction, 2M + 6X M2X6. Dependence of boundary shape upon 
percentage of dimerization, K = 4.57 X 10"2M-7: (A) 25 percent dimerization, C30 = 
3.89 X 10-lM; (B) 50 percent, 5 X 10-M; (C) 75 percent, 6.74 X 10-SM. The following values of macromolecular concentrations and parameters were chosen (4) to approxi- mate the sedimentation of a protein of molecular weight 60,000: Co0 + 2Ca = 14 X 
10-M, s = 4S, s, = 6.35S, D1 = 6 X 10- cm-2 sec-1, D2 =4.76 X 10-7 cma sec1. For 
the small molecule: ss = 0.1S, Da = 10-6 cm' sec'. Rotor speed, 60,000 rev/min. Time of sedimentation, 6431 seconds. [Courtesy of Academic Press, Inc.] Fig. 2 (right). Theoretical band sedimentation patterns for the ligand-mediated dimerization reaction, 2M + 6X M2X6: 50 percent dimerization; ._, C30 = 10-; - _ 
10-M; ......, 5 X 10-6M. Unbound ligand initially distributed uniformly through- out the centrifuge cell. Time of sedimentation, 4740 seconds at 60,000 rev/min; s3 
0.15S; other parameters as in Fig. 1. 
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cations for analytical sedimentation is 
warranted here. The theoretical patterns 
presented in Fig. 1 are for the reaction 

2M + 6X ? M2Xa 

in which the dimerization of a macro- 
molecule is mediated by the binding of 
six ligand molecules into the complex. 
Such an interaction can give rise to a 
well-resolved bimodal reaction boundary 
(Fig. 1B) despite the instantaneous 
establishment of equilibrium. Resolu- 
tion of the two peaks depends upon the 
production and maintenance of concen- 
tration gradients of unbound ligand 
along the centrifuge cell by reequilibra- 
tion during differential transport of ma- 
cromonomer and dimer; and the higher 
the cooperativeness of the interaction 
(that is, the larger n), the better the res- 
olution. The peaks correspond to differ- 
ent equilibrium mixtures and not simply 
to monomer and dimer. In general, their 
relative areas do not faithfully reflect 
the initial equilibrium composition and 
are sensitive to rotor speed. Nor are 
their rates of sedimentation the same as 
those of the monomer and dimer. 
Under some conditions the sedimenta- 
tion coefficient of the slow peak is 
greater than that of the monomer since 
the mixture represented by the slow 
peak contains dimer, whereas the sedi- 
mentation coefficient of the fast peak is 
always less than that of the dimer since 
the corresponding mixture contains 
monomer. Such behavior is in contra- 
distinction to that predicted by the Gil- 
bert theory (6) and observed experi- 
mentally (7) for a simple dimerization 
of the type 

2M = Ms 

Systems of this sort always give sedi- 
mentation patterns showing a single 
peak with a weight-average sedimenta- 
tion coefficient when reequilibration is 
rapid. Of course, at sufficiently high 
ligand concentration (or low centrifugal 
field) ligand-mediated dimerization will 
also give patterns that show a single 
peak. In the limit where for any reason 
the concentration of unbound ligand 
along the centrifuge cell is not signifi- 
cantly perturbed by the reaction during 
differential sedimentation of the macro- 
molecular species, the system effectively 
approaches the case of simple dimeri- 
zation considered by Gilbert. 

Recently, Morimoto et al. (8) have 
found that (i) the reversible dimeriza- 
tion of New England lobster hemocya- 
nin that occurs when the pH is lowered 
from above 9.6 to below 9.2 in the 
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Fig. 3 (left). Theoretical band sedimentation patterns for the ligand- \ 
mediated tetramerization, 4M + 4X M4X4. (A) Patterns a and b \ - (20%) 
computed for 50 percent tetramer, CSo = 7 X 10-5M; patterns c and d 
for 90 percent tetramer, C30= 1.4 X 10-2M; patterns a and c for un- , A 
bound ligand initially present only in the starting band; patterns b and d - 4.6%) 

for unbound ligand initially distributed uniformly throughout the cen- 4.0 
trifuge cell. (B) Comparison of macromolecule pattern, , 0 1000 2000 3000 4000 5000 
with total ligand pattern, , for 50 percent tetramer; C0 = 7 X Time (sec) 
10-`M throughout the centrifuge cell. Cio + 4C20 = 14 X 10-2M, Ji = 4S, Sa = 8S, s3 = 0.15S; D = 6 X 10-7 cm2 sec-', D2 =3.8 X 10-7 
cm2 sec-1, and Da = 10-5 cm2 sec-X; 4250 seconds at 60,000 rev/min. Fig. 4 (right). Dependence of mean sedimentation coefficient 
of band for ligand-mediated tetramerization, 4M + 4X - MX4, upon time of sedimentation: , instantaneous sedimentation 
coefficient computed from first moments at about 470-second intervals; _-_,- sedimentation coefficient computed from the first 
moment of the band at a given time and the first moment of the initial band. Curves A were computed for those conditions that 
gave pattern b in Fig. 3, that is, for 50 percent tetramer and Cso= 7 X 10-WM throughout the cell; curves B and C, for patterns c 
and d (Fig. 3), that is, 90 percent tetramer and Co = 1.4 X 10-6M in the initial band only or throughout the cell, respectively. The 
initial percentage of tetramer and the percentage at the position of the maximum of the band after 4720 seconds are shown in 
parentheses. 

presence of Ca2+ is mediated by the 
binding of four to six Ca2+ ions and 
two to four H+ ions; (ii) both the for- 
ward and the reverse reactions are very 
rapid; and (iii) the sedimentation pat- 
terns in this pH range show two peaks, 
as predicted above, for such an interac- 
tion. Thus, this experiment demonstrates 
once again that the sedimentation pat- 
terns of interacting systems must be in- 
terpreted with caution, and that proof 
for inherent heterogeneity ultimately 
depends upon the isolation of the vari- 
ous components. 

Our calculations have now been ex- 
tended to include band sedimentation, 
and the results are in certain respects 
analogous to those described above for 

moving-boundary sedimentation. A par- 
ticularly pregnant result is that ligand- 
mediated associating-dissociating sys- 
tems can give bimodal reaction bands 
even though reequilibration is rapid. 
The band patterns displayed in Fig. 2 
for 50 percent dimerization mediated 
by the binding of six ligand molecules 
into the complex illustrate the way in 
which resolution depends upon ligand 
concentration. For an appropriate 
choice of ligand concentration the band 
is well resolved into two intense peaks. 
The sedimentation coefficient of the 
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slow peak is the same as for the macro- 
monomer, whereas that of the fast peak 
is only slightly less than that for the 
dimer; but the amount of material in 
each peak does not correspond to the 
amount of monomer and dimer in the 
initial equilibrium mixture. Increasing 
the initial ligand concentration while 

holding the percentage of dimerization 
constant results in progressive coales- 
cence of the two peaks with concomi- 
tant drift in their sedimentation coeffi- 
cients toward a value close to the weight- 
average sedimentation coefficient until 
resolution disappears entirely at the 
highest concentration. This result can be 
understood as follows: The weaker the 
interaction and thus the higher the con- 
centration of unbound ligand for a given 
percentage of dimerization, the more 
difficult it becomes to produce the con- 
centration gradients of free ligand upon 
which resolution depends. These calcu- 
lations are for unbound ligand initially 
distributed uniformly throughout the 
centrifuge cell, but a bimodal band of 
virtually the same shape as that shown 
in Fig. 2 was obtained when the com- 
putation was for the same concentra- 
tion of unbound ligand initially present 
only in the starting band. This too is 
readily understood: For a strong inter- 

action there is so much more bound 
than free ligand that a small amount of 
dissociation of the complex is sufficient 
to maintain the equilibrium concentra- 
tion of free ligand as the band moves 
down the cell. As one might expect, 
there is a relationship between the con- 
ditions for resolution and the coopera- 
tiveness of the interaction. Thus, a well- 
resolved band was obtained for n = 30 
at a concentration of unbound ligand 
an order of magnitude greater than for 
n = 6, whether or not ligand was dis- 
tributed throughout the cell initially. 

The unimodal band obtained at the 
highest ligand concentration (Fig. 2) is 
somewhat skewed centripetally, and its 
mean sedimentation coefficient decreases 
about 10 percent during the course of 
sedimentation as a result of some dis- 
sociation of the dimer within the spread- 
ing zone. This behavior assumes major 
proportions in the case of ligand-medi- 
ated tetramerization, 

4M + 4X - M4X4 

Consider, for example, 50 percent tetra- 
merization, at equal constituent concen- 
trations of ligand and macromolecule 
(Figs. 3A and 4A). The mean sedimen- 
tation coefficient of the predicted uni- 
modal band decreases rapidly and con- 
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tinuously from the weight-average value 
to a value approaching that of the 
macromonomer as the band migrates 
down the centrifuge cell, that is, as the 
band spreads as a result of differential 
transport of M and M4X4 and diffusion. 
In fact, for all practical purposes it can 
be said that the rate of sedimentation 
of the system is essentially the same as 
that of the monomer. This is certainly 
so when ligand is initially present only 
in the starting zone and approximately 
so when ligand is initially distributed 
throughout the cell. Such behavior re- 
flects the strong concentration depend- 
ence of tetramerization; as the macro- 
molecular concentration within the 
spreading band decreases, the tetramer 
dissociates by mass-action into mono- 
mer with a slower rate of sedimentation. 
Even for much stronger interaction (90 
percent tetramerization at equal consti- 
tuent concentrations of ligand and ma- 
cromolecule) the theory predicts a band 

shape indicative of dissociation of the 
tetramer (Fig. 3A) and a mean sedimen- 
tation coefficient that decreases mark- 
edly with time of sedimentation (Fig. 4, 
B and C). The shape of the band for 
the case in which ligand is initially dis- 
tributed throughout the cell approaches 
that computed by Bethune and Kegeles 
(9) for the simple trimerization reac- 
tion, 

3M -M3 

For conditions such that dissociation 
plays a decisive role in determining sedi- 
mentation behavior as, for example, in 
the aforementioned case of 50 percent 
dimerization, one might expect a dis- 
tinctive distribution of ligand through 
the cell. As illustrated in Fig. 3B, this 
is indeed the case. Whereas the band of 
macromolecule is unimodal, the distri- 
bution of total ligand is bimodal, pro- 
vided that free ligand is initially dis- 
tributed uniformly along the cell. The 

bimodal distribution of total ligand is 
generated as follows: As the tetramer 
dissociates it releases ligand, which re- 
mains behind the advancing band of 
macromolecule. The sum of the broad 
band of released ligand, the relatively 
narrow band of ligand bound to the re- 
maining tetramer, and the distorted 
background of unbound ligand is bi- 
modal. An observation of this sort to- 
gether with a nonlinear dependence of 
the logarithm of the mean position of a 
unimodal macromolecular band upon 
time evidently constitutes unambiguous 
evidence for ligand-mediated associa- 
tion. Finally, ligand-mediated tetrameri- 
zation cannot give a bimodal band of 
macromolecule except for the trivial 
situation in which the interaction is 
so very strong that for all practical 
purposes macromonomer and tetramer 
sediment independently; for example, 
90 percent tetramer, C30 = 10-8M 
throughout the cell. For nontrivial con- 
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Fig. 5 (left). Theoretical band sedimentation patterns for the ligand-mediated dissociation reaction, M4 + 4X -4MX: 50 per- 
cent dissociation; , C80 = 10-6M; ____, 7 X 10-~M; ........ 7 X 10M. Unbound ligand initially distributed uni- 
formly throughout the centrifuge cell. C1o + 4C20 and other parameters as in Fig. 3. Fig. 6 (right). Theoretical band sedimen- 
tation patterns for the ligand-mediated dissociation reaction, M4 + 4X - 4MX. (A) 50 percent dissociation, Co0 = 7 X 10-6M; (B) 

__ , 75 percent dissociation, Cao = 6.24 X 10-M; _ - , 50 percent, 3.5 X 10M; ......., 25 percent, 1.5813 X 
10-'M. Unbound ligand initially present only in the starting band. Co1 + 4CQ9 and other parameters as in Fig. 3. 

444 SCIENCE, VOL. 170 



ditions (for example, 50 percent te- 
tramer, C30 10- 6M) the band shows 
at most a leading peak with a broad, 
intense shoulder, the sedimentation co- 
efficient of the peak being considerably 
less than that of the tetramer. 

A different behavior is shown by the 
ligand-mediated dissociation reaction 

M4+ 4X - 4MX 

Theoretical band patterns for 50 percent 
dissociation with unbound ligand initi- 
ally distributed throughout the cell are 
displayed in Fig. 5. In contrast to 
ligand-mediated tetramerization the pat- 
tern computed for C30 = 10-6M is a 
well-resolved, bimodal reaction band. 
This contrasting behavior may be ex- 
plained as follows: The two factors that 
govern the equilibrium-protein con- 
centration and total ligand concentra- 
tion-both diminish as the zone spreads. 
The decrease in total ligand concentra- 
tion produces the asymmetry between 
mediated association and mediated dis- 
sociation, for in the one case ligand 
promotes association, and in the o~ther 
ligand promotes dissociation. As the lig- 
and concentration is increased with the 
percentage of dissociation held constant 
(Fig. 5), that is, as the interaction be- 
comes weaker, it becomes progressively 
more difficult to perturb the concentra- 
tion of unbound ligand significantly dur- 
ing differential sedimentation of the 
macromolecular species, and dissocia- 
tion of the tetramer as a result of dilution 
of the macromolecule within the spread- 
ing band becomes the dominant factor 
in determining sedimentation behavior. 
Thus, at the highest ligand concentra- 
tion the rate of sedimentation of the 
macromolecule approximates that of 
the monomer. In fact, the unimodal 
band is indistinguishable from that 
shown in Fig. 3B for 50 percent ligand- 
mediated tetramerization at the same 
ligand concentration; and the depend- 
ence of the mean sedimentation coeffi- 
cient of the unimodal band upon time 
is also identical. There is one impor- 
tant difference, however: the total ligand 
pattern shows only a single peak whose 
sedimentation coefficient is the same as 
that of the macromolecule band. This 
difference is one way of distinguishing 
the two interactions in practice. An- 
other way would be to determine the 
dependence of the extrapolated mean 
sedimentation coefficient upon ligand 
concentration. For macromolecular as- 
sociation the sedimentation coefficient 

centration, whereas for dissociation it 
will decrease. Finally, when the ligand 
is initially present only in the starting 
band, the theoretical pattern (Fig. 6) 
exhibits bimodal bands or bands show- 
ing a major fast peak and a broad, 
often intense, centripetal shoulder over 
a wide range of parameters (25 to 90 
percent dissociation; C30 = 7 X 10-6M 
to 7 X 10-4M; C10 + 4C20 = 6 X 
10-5M to 14 X 10-5M). The material 
represented by the fast peak generally 
migrates with a sedimentation coeffi- 
cient close to that of the tetramer and 
the material represented by the slow 
peak or shoulder, with a sedimentation 
coefficient close to that of the monomer; 
but the distribution of material between 
the two peaks does not conform to the 
initial equilibrium composition. The 
amount corresponding to the slow peak, 
while increasing with increasing frac- 
tion dissociated, is in all cases consid- 
erably less than the amount reckoned 
from the initial equilibrium concentra- 
tion of monomer. 

Although the theory described above 
is for a sector-shaped cell and instan- 
taneously varying sedimentation veloci- 
ties of the several species, the results 
can be applied to rectilinear situations 
and constant velocities with only quan- 
titative reservations. Accordingly, the 
results have important implications for 
the many conventional analytical appli- 
cations of zone velocity sedimentation 
through a preformed density gradient in 
the preparative ultracentrifuge and mo- 
lecular sieve chromatography on Sepha- 
dex or other gel-permeation supports. 
Thus, for example, ligand-mediated in- 
teractions can give bimodal reaction 
zones. 

Possible complications of this sort 
will become evident, however, when 
the fractions themselves are examined 
under the same conditions as those 
used in the original separation to see if 
they run true. Careful note should also 
be taken of the difference between the 
macromolecule and total ligand patterns 
presented in Fig. 3B, since it is not un- 
common in practice to follow zone sedi- 
mentation by analysis of fractions for 
specific ligand (10). This is often the 
only method available for detecting a 
given protein in a partially purified 
extract; but it must be borne in mind 
that a bimodal distribution of ligand 
need not necessarily indicate inherent 
heterogeneity. Nor would it seem to 
be unique for interactions characterized 

will increase with increasing ligand con- by macromolecular association. Con- 
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ceivably, pressure-sensitive ligand bind- 
ing without a change in state of aggre- 
gation or frictional coefficient would 
give a similar result if pressure favored 
the dissociation of the complex(es). In 
that event, however, the sedimentation 
coefficient of the protein zone would 
not decrease with time of sedimentation. 
It is generally not practical to follow 
the time course of development of zone 
sedimentation patterns in the prepara- 
tive instrument. Consequently, the de- 
crease in sedimentation coefficient of 
the unimodal zone predicted for weak 
interactions would go undetected. If cir- 
cumstance attending an unusual sedi- 
mentation behavior of a unimodal zone 
(for example, increasing sedimentation 
coefficient with increasing protein con- 
centration in the known presence of 
ligand) indicates ligand-mediated asso- 
ciation-dissociation, the system should 
be examined by band sedimentation, 
and the instantaneous sedimentation co- 
efficient should be extrapolated to zero 
time in order to characterize the inter- 
action quantitatively. In this light, the 
facilitated association of carbamyl phos- 
phate synthetase by positive allosteric 
effectors (1) bears reinvestigation. 
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