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Abstract. Segmentally flexible macromolecules are com- 
posed of a few rigid subunits linked by joints which are 
more or less flexible. The dynamics in solution of this 
type of macromolecule present special aspects that are 
reviewed here. Three alternative approaches are de- 
scribed. One is the rigid-body treatment, which is shown 
to be valid for overall dynamic properties such as transla- 
tional diffusion and intrinsic viscosity. Another approach 
is the Harvey-Wegener treatment, which is particularly 
suited for rotational diffusion. The simplest version of 
this treatment, which ignores hydrodynamic interaction 
(HI) effects, is found to be quite accurate when compared 
to a more rigorous version including HI. A third ap- 
proach is the Brownian dynamics simulation that, albeit 
at some computational cost, might describe rigorously 
cases of arbitrary complexity. This technique has been 
used to test the approximations in the rigid-body and 
Harvey-Wegener treatments, thus allowing a better un- 
derstanding of their validity. Brownian trajectories of 
simplified models such as the trumbbell and the broken 
rod have been simulated. The comparison of the decay 
rates of some correlation functions with the predictions 
of the two treatments leads to a general conclusion: the 
Harvey-Wegener treatment determines the initial rate, 
while the long-time behavior is dominated by the rigid- 
body relaxation time. As an example of application to a 
specific biological macromolecule, we present a simula- 
tion of an immunoglobulin molecule, showing how 
Brownian Dynamics can be used to predict rotational 
and internal dynamics. Another typical example is 
myosin. Literature data of hydrodynamic properties of 
whole myosin and the myosin rod are compared with 
predictions from the Harvey-Wegener and rigid-body 
treatments. The present situation of the problem on 
myosin flexibility is analyzed, and some indications are 
given for future experimental and simulation work. 
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1. Introduction 

1.1. Semiflexible macromolecules 

Generally speaking, biological macromolecules can be 
classified into two general types, rigid and flexible. The 
chain of covalent bonds that forms the macromolecular 
entity is in principle flexible and therefore able to present 
a variety of conformations. However, in many cases of 
biological interest, there are a number of intramolecular 
interactions within the chain (van der Waals, hydrogen 
bonds, covalent bridges) that make one of the conforma- 
tions much more probable than all the others, and deter- 
mines a specific shape for the macromolecule. Without 
the conformational variability, the macromolecule can be 
regarded as a rigid particle. On the other hand, if there are 
no such interactions, the flexibility of the chain will make 
it behave as a random coil (this is indeed the case for most 
synthetic polymers). The flexibility of biological macro- 
molecules plays an essential role in their physiological 
function. In the rigid case, that role is determined by the 
peculiarities of the shape, while in the flexible ones, the 
function is usually linked to flexibility. 

The above classification is not clear-cut but instead 
represents two extreme limits. There are a number of 
biological macromolecules with an intermediate behavior 
between the two limits, that is not well described by either 
of them. They are what we call semiflexible macro- 
molecules. Within them we can distinguish (as limiting 
situations, again), two different types. In one of them, 
flexibility takes place evenly throughout the entire macro- 
molecule. A well known example is double helical DNA 
(Bloomfield et al. 1974). The DNA helix is locally rigid 
and a DNA fragment, if it is short enough, looks like a 
rigid, straight rod. However, if the length of the DNA 
exceeds a characteristic length, the conformation is some- 
how variable, and the DNA looks like a bending rod, or 
wormlike coil. In this case, the flexibility is distributed all 
along the contour length of the helix. 

In another type of semiflexible macromolecule, the 
structure is essentially rigid everywhere except in a few, 
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localized regions that are more or less fexible. In contrast 
to the former type, flexibility is now localized in a few sites 
in the macromolecule, which behaves as a set of rigid 
parts (also called subunits, or segments) linked by partial- 
ly flexible hinges (also called joints or swivels). It is said 
that macromolecules of this type are hinged (Harvey 
1978, 1979), swivel-jointed (Wegener 1980, 1982a, b)or  
segmentally flexible (Yguerabide et al. 1970). 

The conformation and dynamics of wormlike macro- 
molecules have been the subject of many studies for al- 
most fifty years, and the main results can be found in 
monographs and textbooks (Yamakawa 1971; Bloomfield 
1974; Cantor and Schimmel 1980; Richards 1980). The 
theoretical approach to segmentally flexible macro- 
molecules is more recent and has gone through a different 
route. In the present article we will cover this second type, 
although some mention of wormlike macromolecules will 
be made when necessary. 

1.2. Solution properties 

The properties in dilute solution are traditionally the 
main sources of information about the overall structure, 
including shape and flexibility, of a biological macro- 
molecule (The structure at nearly atomic level is probed, 
for instance, by crystallography, but this structural level 
is outside the scope of this article). These properties have 
the advantage over other visualization methods, such as 
microscopy, that they do not require artificial handling 
which could introduce distortions; instead, the measure- 
ments can be made in conditions rather close to the phys- 
iological ones. Some of them are equilibrium properties, 
the radius of gyration being a typical example, while 
many others are of dynamic nature. There are some hy- 
drodynamic properties whose definition or significance is 
similar for rigid and flexible macromolecules. Such is the 
case for the translational diffusion coefficient and the 
sedimentation coefficients, which correspond to the over- 
all translational displacement of the particle. In some 
respects, the situation is similar for the intrinsic viscosity. 

There are other, more involved hydrodynamic tech- 
niques, that rather than yielding a numerical value for a 
single coefficient, instead provide a time-dependent cor- 
relation or decay function, with more information con- 
tent. Examples are phosphorescence and fluorescence an- 
isotropy decay (Bayley and Dale 1985), transient electric 
birefringence or dichroism (Frederick and Houssier 
1973; Jennings 1985), dynamic light scattering (Berne 
and Pecora 1976; Bloomfield 1985a, b; Harding and 
Rowe 1992) and NMR relaxation (Abragam 1978). These 
techniques monitor the reorientation, due to rotational 
or internal Brownian motion, of the whole macro- 
molecule or its parts, depending on the case. For a rigid 
macromolecule they are governed by rigid-body rotation- 
al diffusion, which in turn is determined by a reduced set 
of diffusion coefficients or relaxation times (Wegener 
et al. 1979). However, for a flexible entity, we cannot 
speak of an overall rotation because the particle does not 
rotate as a whole; instead, the motion of every part or 
segment is somehow coupled to that of the other parts, in 

a way and to an extent that must depend strongly on the 
type and degree of flexibility. Then, those electro-optical 
and spectroscopic techniques are rich sources of informa- 
tion about semiflexible macromolecules. In the present 
paper we will pay attention to the prediction or interpre- 
tation of their results in the particular cases of segmental- 
ly flexible macromolecules. 

1.3. Examples of segmentally flexible macromolecules 
and models 

There are a variety of macromolecules that can be as- 
cribed to this type. A simple, clear example is that of some 
polypeptides that are synthesized from a bifunctional ini- 
tiator with some internal flexibility. In helicogenic sol- 
vents, they adopt a rigid helical (rodlike) conformation, 
except precisely at the site where the initiator is. The 
macromolecule behaves as a broken rod, having two rod- 
like segments joined by a hinge (Matsumoto et al. 1975; 
Muroaga et al. 1988; Ulyanova 1992). 

Myosin has often been cited as a typical semiflexible 
macromolecule. This protein has two almost globular 
heads, the S1 fragments, joined to a long, thin rod. The 
myosin rod has two regions called $2 and LMM subfrag- 
ments. Although the rod may have some wormlike char- 
acter, it has been assumed in some work that the $2 and 
LMM are straight rods joined by a semiflexible hinge. 
The two partially flexible joints in the myosin molecule 
are important in the Huxley (1971) mechanism of muscle 
contraction, and therefore much effort has been devoted 
to the solution properties of the molecule, looking for 
information on its flexibility (Harvey and Cheung 1982; 
Lopez Lacomba et al. 1989). Other biological macro- 
molecules that have usually been regarded as segmentally 
flexible macromolecules are antibodies (Burton 1987). 
They have three supposedly rigid segments (two Fab's 
and one Fc) linked at a single joint. Indeed the "segmen- 
tally flexible" terms was coined by Stryer and coworkers 
(Yguerabide et al. 1970; see also Oi et al. 1984), in their 
studies on the characterization of the flexibility of anti- 
bodies, which seems to be related closely to their function 
in physiological processes (Gregory et al. 1987). There 
are a number of other proteins that are assumed to be 
hinged; calmodulin is an interesting, recently character- 
ized case (Barbato et al. 1992). 

For the calculation of hydrodynamic properties, 
macromolecules are represented by physical models. 
Some models for segmentally flexible macromolecules 
are displayed in Fig. 1. An obvious example is the broken 
rod (Fig. 1 A), in which the flexing at the hinge may be 
either free or restricted. If two globular elements are 
joined flexibly at one of the ends of the broken rod, we 
have a model for whole myosin (Fig. 1 B). For the conve- 
nience of hydrodynamic treatment of these particles, the 
rigid parts are modelled as arrays of spherical elements, 
or beads, as indicated in Fig. 1 C for the broken rod. One 
of those beads can represent a joint. The so-called 
"trumbbell" (Hassager 1974; Roitman and Zimm 
1984 a, b) is a very simple segmentally flexible model with 
two links joining three beads, of which the central one 
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Fig. 1. A Broken rod, modeled as a string of beads, showing the 
definition of the angle, ~ between the two arms. B Simple model 
for a myosin molecule (see also Fig. 2a). C The trumbbell model. 
D Model for a immunoglobulin molecule. 

mension 6 x 6, which are respectively the friction tensor, 
@ and the diffusion tensor -~. A generalized Einstein rela- 
tionship holds between ~ and 

= k T E - ~  (1) 

where k is Boltzmann constant and T the absolute tem- 
perature. It is convenient to divide ~ and ,~ into four 3 x 3 
blocks which correspond to translation (tt), rotation (rr) 
and translation-rotation coupling (tr). Thus, Eq. (1) can 
be rewritten as 

) (21 
Dtr Drr \~tr Err/ 

I 

In Eq. (2), the superscript Tdenotes transposition. 
Some important hydrodynamic properties can be ob- 

tained from the components of the diffusion tensor. Thus, 
the translational diffusion coefficient D t is given by the 
mean of the diagonal Components of D ,  

Dt = ½TrDt,. (3) 

The sedimentation coefficient can be obtained directly 
from D, by means of the Svedberg equation (Cantor and 
Schimmel 1980; Richards 1980). Similarly, the rotational- 
dynamics are entirely determined by the D,, block. For a 
rigid body of arbitrary size, all the manifestations of rota- 
tional Brownian motion can be described by a set of five 
relaxation times, the longest of which is (Wegener et al. 
1979): 

~1 = (6D - 2A) -1 (4) 

acts as the hinge (Fig. 1 C). As in the broken rod (of which 
the trumbbell is the simplest case) the hinge-bending mo- 
tion may be somehow restricted. Another interesting and 
simple model, which has been employed for antibodies 
(Diaz et al. 1990), with three elements and a hinge is 
presented in Fig. 1 D. 

2. Rigid-body treatment 

The understanding of the hydrodynamics of rigid bodies 
is essential for  the description of the hydrodynamics of 
segmentally flexible particles in two senses. First, there is 
an approximate theoretical approach for flexible parti- 
cles, the so-called rigid body treatment, that allows the 
calculation of some properties using rigid-body theory. 
From another point of view, a rigorous theory of the 
dynamics of segmentally flexible particles can be devel- 
oped by generalization of the theory of rigid particles. 
That theory is now well established, and it has been re- 
viewed elsewhere (Garcia de la Torre 1981; Garcia de la 
Torre and Bloomfield 1981; Garcia de la Torre 1989). 
Here only the aspects that are relevant for the subsequent 
description of segmentally flexible macromolecule will be 
summarized. 

A general rigid particle has six degrees of freedom, 
three for translation and three for rotations. Accordingly, 
both the frictional resistance to motion and the diffusivity 
are characterized by means of symmetric matrices of di- 

where D and A are respectively the mean and the an- 
isotropy of the eigenvalues of the D,r bock. All the other 
relaxation times again depend exclusively on the three 
eigenvalues. Thus the evaluation of diffusion coefficients 
and relaxation times is made from the blocks of 9 ,  which 
in turn must be calculated from the blocks of =- using 
Eq. (2). The calculation of the blocks of F, can be made 
from basic hydrodynamic theory in the simplest cases of 
spherical or ellipsoidal particles. For particles of arbitrary 
shape, the calculation can be made using bead models 
(Bloomfield et al. 1967; Garcia de la Torre and Bloom- 
field 1977), in which the detailed shape of the particle is 
modeled using spherical beads, either identical or un- 
equal. The equations for the bead-model calculation of 
the components of the friction tensor are described else- 
where (Garcia de la Torte 1981; Garcia de la Torre and 
Bloomfield 1981; Garcia de la Torre 1989). In addition to 
these coefficients, the evaluation of zero-shear intrinsic 
viscosity and viscoelastic properties requires some addi- 
tional formalism beyond the Stokes-Einstein equation, 
but the methodology and the bead-model calculation are 
very similar (Garcia de la Torte and Bloomfield 1978; 
Garcia de la Torre 1981, 1989; Wegener 1985). 

In contrast to rigid particles, flexible macromolecules 
do not show a unique shape but, instead, as a conse- 
quence of flexibility, the present a variety of conforma- 
tions. The equilibrium properties of flexible macro- 
molecules are averages over the values calculated for each 
possible conformation. Formally, if we describe individu- 
al conformations by means of a set of internal coordinates 
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q~, q2, ..., then both the considered property P (ql, q2, ..-) 
and the potential energy, V(q~, q2, ...) would be functions 
of the internal coordinates. Then, the observed value of 
the property would be the average 

( p )  = ~'" "~ P(ql,  q2, ...)e-V(q"q ..... )/kr dZ 
~ '"S  e-V(q"q . . . . .  ) / kT  dz 

where the multiple integral corresponds to the set of inter- 
nal coordinates, and dz is the differential of volume, i.e., 
the product of the dq's with the appropriate metric factor. 
As a particular example, let us consider the simple case of 
a segmentally flexible macromolecule with two elongated 
subunits having revolution symmetry. A typical example 
is a broken rod, as in Fig. 1 a. A single internal coordinate 
suffices, namely the angle ~ between the subunit axes. 
Then the observable properties are given by 

i P (~) e- vt~)/kr sin (~) d~ 
( e )  = o (5) 

i e-V(~)/kT sin (a) d~ 
0 

Usually the ( . . . )  brackets are not written, because it is 
obvious that some properties of flexible macromolecules 
are averages. 

This is in summary the rigid-body treatment for flexi- 
ble macromolecules. This treatment is indeed absolutely 
rigorous for equilibrium properties such as macromolec- 
ular dimensions (radius of gyration), total-intensity light 
or x-ray scattering, steady-state electric birefringence or 
dichroism, and many others. For hydrodynamic proper- 
ties, the rigid-body treatment is just an approximation 
that can be very useful if it is used carefully. The transla- 
tional diffusion coefficient and the intrinsic viscosity are 
properties that reflect the overall dynamics of the macro- 
molecule and can be calculated this way within a few 
percent of the exact values (Wegener 1985). For properties 
that depend on rotational diffusion, however, much cau- 
tion has to be used in the application of the rigid-body 
treatment. Within this treatment, a longest relaxation 
time can be defined as the conformational average of 
Eq. (4): 

l/Zrb = (6D - 2A). (6) 

For very stiff macromolecules, which present minor con- 
formational fluctuations over a most stable conforma- 
tion, ~b will dominate most of the decay of electric bire- 
fringence or dichroism (Hagerman and Zimm 1987) or 
that of correlation functions in dynamic light scattering. 
If the particle is moderately flexible, this may not be valid. 
A rigid-body approach to such decay curves (Lewis et al. 
1988) in which one would average curves calculated for 
instantaneous conformations of the particle may be 
rather incorrect. 

3. Harvey-Wegener treatment 

3.1. Instantaneous coefficients 

Segmentally flexible particles have more than six degrees 
of freedom. Resistance and diffusion tensors F. and @ of 

higher dimensions are defined for any instantaneous con- 
formation of the particle, and Eq. (1) still holds. Harvey 
and Wegener (Harvey 1978, 1979; Harvey and Cheung 
1979; Harvey et al. 1983; Wegener 1980, 1982b; Wegener 
et al. 1985) proposed a treatment whose first aim is to 
define and calculate instantaneous, conformation depen- 
dent, N and N tensors. The second aspect is the connec- 
tion of these tensors with observable properties. This as- 
pect was incompletely or incorrectly treated in the origi- 
nal work, and is one of the targets of in the present article. 

There are some differences between the treatments of 
Harvey and Wegener. They differ initially in the choice of 
the coordinates that represent the degrees of freedom• 
Harvey uses the six coordinates for rigid translations and 
rotations of the particle in its instantaneous confor- 
mation, and adds the required coordinates for internal 
motions (bendings and torsions)• Wegener uses three co- 
ordinates for rigid, center-of-mass translation plus three 
individual rotations for each segment. It is possible to 
transform N from one system of coordinates to the other 
(Harvey etal. 1983; Garcia de la Torre etal. 1985; 
Mellado et al. 1988). The Wegener treatment has been 
presented for the most general case of a particle with any 
number of segments, which must be allowed to undergo 
any type of internal motion• The treatment of Harvey has 
been presented for the particular case of two segments 
and one joint which can act either as a universal swivel, 
or as a hinge allowing only bending (in-plane flexing) but 
not torsions. Here the formalism of Wegener will be fol- 
lowed because it is more general. 

Let us consider a general segmentally flexible particle 
composed by n segments connected by some number of 
universal swivels. One of them, labeled O, is arbitrarily 
chosen as a common reference• The only initial restriction 
on the type of particle is that the segments do not form 
any closed loop. The particle is diffusing freely in space, 
and its motion is referred to a laboratory-fixed system of 
coordinates. The number of degrees of freedom for n 
linked segments is 3 n + 3. Accordingly the E and @ ten- 
sors are of dimension (3 n + 3) x (3 n + 3), and can be par- 
titioned into 3 x 3 blocks in a manner similar to that 
shown in Eq. (2). The generalized Einstein relationship 
can be written now as 

/ D o ,  H ][-~(1) T ~ O ,  tr 
l[~(n) T 

• ' '  J J O ,  tr  

. . .  

. . . . . .  j 

~ ( n ,  n) 
• • ~ r r  / 

• ~ ( 1 ) T  ~ ( n )  T ~ _ 
~ O , l r  • • ~ O , t r  ~ 1 

~ ( 1 , 1 )  ~ ( 1 , n )  | 
r r  • ' ~ r r  | 

J 
( 7 )  

The tt blocks correspond to the overall translational dif- 
fusivity, measured at point O. The rr blocks correspond to 
the rotational diffusivity of each individual segment, and 
the tr blocks couple translation and rotation. All the 
blocks are referred to the common, laboratory-fixed sys- 
tem of coordinates. The O subscript indicates that the 
corresponding block depends on the choice of O. 
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All the dynamic information (deterministic mobility or 
Brownian diffusivity) is contained in the blocks of 9 ,  
which in turn should be obtained from the blocks of -~. 
The calculation of the latter is one of the main problems 
of the treatment. If one wishes to include rigorously in the 
calculation the hydrodynamic interaction (HI) between 
the segments (as one should in principle), the only way is 
to model the segments as assemblies of beads, and the 
calculation of blocks of -~ is carried out using a rather 
involved procedure. 

The situation is simpler if one makes the approxima- 
tion of neglecting hydrodynamic interaction between the 
subunits in the segmentally flexible macromolecule. W e  
can make the further simplifying assumption that the seg- 
ments are spheres, ellipsoids, cylinders or, in general, bod- 
ies having cylindrical symmetry. If one of such segments 
is free in solution, its hydrodynamics can be expressed in 
terms of four coefficients corresponding to translations 
along the symmetry axis and perpendicular to it, f,, II and 
f~, ±, and rotations around the symmetry axis and around 
a perpendicular axis, f~. II and f,. ±. Expressions for these 
coefficients are available for ellipsoids (Cantor and 
Schimmel 1980; Richards 1980) as well as for long and 
short cylinders (Tirado and Garcia de la Torre 1979, 1980, 
1984; Garcia de la Torre 1989). They are all we need for 
the calculation of ~, for a given conformation, as de- 
scribed in the next subsection. Then the components of 

el (1) 
e3(1) 

( X ~ O  3($2) p(4) 

1 ($1) ".d' ] = ~ ~ - " ° ' "  M 
2S1 / t ~  ~ ' "  k_,/" , " I ro(,,3) ) 

( ) p(1), p(2), p(3) e1(4 ) 
e3 (4) 

a 

1 
( ) PO),P(Z) 

Is 6 

~ l l l  5 "x_) 

p(13) k,...,) 13 

b 

Fig. 2. a Schematic myosin model illustrating the vectors in the 
Wegener treatment. Biological notation for the subunits is indicated 
in parentheses. The reference joint, O, and the subunit endpoints p(0 
are indicated. Subunit vectors e~ ° and e~ i) are shown for subunits 1 
and 4. The only non-zero r~ j, vector, namely r~ 3 , is shown, h Hypo- 
thetical model for a tetrameric myosin filament (Rau 1993), showing 
the placement of the O and p(0 points. Note length vectors for 
subunits 3, 6, 7, 8 and 11; the only non-zero r~ ~ vectors coincide with 
one of them (see text) 

are finally calculated by numerical inversion, as indicated 
in Eq. (7). 

3.2. Calculation details 

We summarize here the procedure for calculation of the 
instantaneous diffusion tensors ~ and -~ in the Wegener 
coordinates, assuming first that hydrodynamic interac- 
tion between segments is neglected, and next particulariz- 
ing for the case of symmetric segments (Wegener 1982 b). 

A particular joint, 0 is selected for reference. For each 
of the n segments, the "end-point", p~0, is one of the ends 
of the segment (actually, one of the joints linking it to the 
particle), which must be taken as that closest to point O. 
A common arbitrarily oriented system of coordinates is 
fixed in the laboratory. Individual systems of coordinates 
are also attached to each segment, with unitary vectors 
e~ i~," e~ ~ and e3,~ with e 3~ along the end-to-end line of the 
segment, and pointing from P") to the other end. Consid- 
ered as an independent body, the segment has friction 
tensors ,~Ii), -,,=(° and N~ (see Eq. (2)). Then, Wegener 
(1982) expresses the blocks of N in the given, instanta- 
neous conformation of the segmentally flexible particle 
a s :  

n 
.~ = ~ ~(J) 

tt ~mtt (8)  
i=1 

'~'(O!tr = Z(~?tr 2U ~ U 2 '  i ) .  =( j )  '-"tt (9)  
j = l  

=(,,,) =(,) u g , 0 .  =,J). (1o) h'~O,rr = ~ P ,  rr - -  ~ t t  
j = l  

~O,  rr P, tr P, tr 

- u y ,  o.  Ir' u Y  'j' 
rn=l  

where Eq. (11) holds for i # j .  The matrix U~ j is defined as 

0 - o 3  o0~ ) 
Uo " ' i )= 03 0 1 - (12) 

- - ~ 2  01 

In Eq. (12), 0~, q2 and 03 are the coordinates (in the labo- 
ratory system) of a vector r~ defined as follows: go from 
the endpoint p(o of the i -  th segment to the origin O. If 
segment j is in the path, then r~'J)= lj, where lj is the 
length (end-to-end distance) of element j, and is directed 
along the end-to-end axis o f j  from pU) to the other end- 
point. Otherwise r~ 'j) = 0. By construction, r~' 0 = 0. Also, 
ifr~ 'j) # 0 then rg ' °  = 0. Both r~ "J) = 0 and r~ 'i) = 0 if seg- 
ments i and j are on different branches or opposite sides 
of O. We note that Eqs. (8) (12) are the same as Eq. (10) 
of Wegener (1982b) except for changes in notation and for 
a difference in the way of expressing cross products. 

Let us consider as an example a four-segment model of 
the myosin molecule (Fig. 2a), with two fragments $1 
(i = 1,2) and Qne fragment $2 (i = 3), joined at O, and the 
i = 4 fragment, LMM, joined at the other end of $2. The 
P~) points of the first three segments must coincide with 
O, and p(4) would be the LMM-S2 joint. Then, one finds 
that all the r~, J)'s are zero except r~o 4' 3), which would be the 



S2 vector. A more complex example is shown in Fig. 2b, 
which corresponds to a tetrameric myosin filament (Rau 
1993; Rau et al. 1993). This model supposedly has 13 
subunits and 6 joints. With the choice for point 0 made 
in Fig. 2 b, the only non-zero vectors are 

The second assumption in Wegener's formalism is that 
the segments have symmetry of revolution. Then, the fric- 
tion tensors of a segment referred its own system of coor- 
dinates (primed symbols) take simple forms. For instance, 
for translation 

where f,, ll and f,, . are the translational friction coeffi- 
cients of the free segment for motions along the axis and 
perpendicular to it, respectively. The situation is similar 
for rotation, determined by coefficients f,, for rotation 
around the segment axis and f,, , for rotation around a 
perpendicular axis that passes through the center of the 
segment. The rotational friction tensor (at P) is 

and the coupling tensor: 

In Eqs. (13)-(15), a is the distance from the midpoint of 
segment i to its endpoint P"). It is implicitly assumed, 
following Wegener (1982 b) that the end-to-end line coin- 
cides with the symmetry axis. 

To be used in Eqs. (9)-(ll), these tensors must be 
referred to the laboratory fixed system of coordinates. 
This is done pre- and post-multiplying them by the matrix 
A, which transforms the coordinates of the segment-fixed 
system to the lab-fixed system: 

The summary of the procedure is as follows. First, for 
each subunit, the two translational and the two rotational 
coefficients are calculated using standard formulas for 
ellipsoids or cylinders. Then the three friction tensors for 
each segment are calculated in the segment system of 
coordinates (Eqs. (13)-(15)) are transformed to the com- 
mon system (Eq. (1 6)). The summations over the segments 
in Eqs. (8)-(11) are carried out to build the blocks of 9 
which are arranged as in Eq. (7), and finally inverted to 
obtain the blocks of 9. 

3.3. Translational diffusion 

The dependence of translational tensor, Do,,,, and there- 
fore of the macroscopic diffusion coefficient D,, on the 
point 0 at which they are referred complicates formally 
the treatment of translational diffusion. On the other 
hand, it is well known that this property is least sensitive 
to modeling and theoretical refinements. While the prob- 
lem of the proper reference point was unclear, it was 
speculated that the rigid body treatment (Harvey et al. 
1983; Iniesta et al. 1988) could be a good approximation. 
When Wegener (1985) finally solved rigorously that prob- 
lem it turned out that the rigid-body results were indeed 
excellent. For a completely flexible broken rod with 
L/d = 20, the rigid-body results differs only by 0.3% from 
the exact one, the difference being negligible in compari- 
son with typical experimental errors. Therefore, we disre- 
gard the description of translational diffusion in the Har- 
vey-Wegener treatment since the rigid-body treatment is 
perfectly valid for this property. 

3.4. Rotational diffusion 

The rotational diffusivity of each individual fragment, i, 
can be expressed in terms of the D$') tensor. As for rigid 
bodies, this is diagonalized to obtain the eigenvalues and 
eigenvectors. It turns out that one of the eigenvectors goes 
along the symmetry axis of the subunit, and the corre- 
sponding eigenvalue, Dz)ll, is given by 

which is the same as for the free segment. The two other 
eigenvalues correspond to end-over-end rotations, and 
depend intricately on the instantaneous geometry of the 
particle. For the simplest case of two subunits, the eigen- 
values can be identified with rotations of the subunit 
within the instantaneous plane of the particle and out of 
it, and are denoted D? and D:!,, respectively. 

All this description corresponds to a particular, instan- 
taneous conformation of the segmentally flexible particle. 
The observed properties will be averages over all the pos- 
sible conformations, which are equally probable since, as 
commented above, the treatment assumes the absence of 
restoring forces that would restrict bending and torsion. 
As one would expect, D!flll is independent of conforma- 
tion. The two other eigenvalues are found to be close to 
each other for a given conformation, and their depen- 
dence on conformation is rather weak. This is illustrated 
for the case of a broken rod with two arms in Fig. 3. Then 
it seems valid to express the end-over-end diffusivity by 
means of a single value, D!f),, which is the conformational 
average (denoted as (. . .)) of the mean of DI? and Dz!,: 

D!f'l = (f (012 -k Dz?,)). (18) 

The immediate problem is how the conformational aver- 
age can be evaluated. This is easily done for the simplest 
case of two subunits: one would calculate the properties 
as a function of a, and the average is expressed as a partic- 
ular case of Eq. (5) with V = 0 
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Fig. 3. Instantaneous values of the rotational coefficients DII, Din 
and Dout of the two identical arms of a broken rod with length-to-di- 
ameter ratio, L/a = 20, versus the angle between arms, cc Results 
from Mellado et al. (1988), with hydrodynamic interaction (HI) (con- 
tinuous curves) and without HI (dashed curves). The specific unit used 
for the coefficients is irrelevant; note essentially the magnitude of the 
HI effect and the e-dependence. A 4-20% bar centered at the no-HI 
value for e = 0 is displayed 

For more complex particles, Wegener describes a method 
to select a few representative conformations, which would 
be the only ones included in the averaging. His method 
has the disadvantage of being formally complex and diffi- 
cult to program. As the time required for evaluating one 
conformation is so short in present computers, one could 
think of an alternative procedure in which a sample con- 
taining a moderate number (a few hundred) conforma- 
tions is generated by simple Monte Carlo procedures, and 
the average is carried our over the sample. This idea has 
been applied in the calculation of the radius of gyration 
(Solvez et al. 1988). 

The perpendicular, end-over-end rotational diffusion 
coefficient, and all the individual values of which it is the 
average, have the interesting property of being bracketed 
by two bounds, n(O and n(o as 

~ f i x e d  ~ f r e e  

D(o < D (° < D (i) (20) 
f i x e d  - -  r ,  I - -  f r e e  " 

The upper bound is the end-over-end rotational diffusion 
of the subunit if it were free in solution, given by Df~ee 
=kBT/f~,  ±. The lower bound corresponds to rotation 
with one of the ends fixed, and is given by Dfixed=~BT/ 
(f~, 1 + a2 f,, _), in terms of quantities defined in subsection 
3.2. If one subunit in a segmentally flexible macro- 
molecule is much larger that the rest, it will dominate the 
rotational behavior with a D~.± very close to Dfree. In 

contrast, if the subunit is much Smaller than the rest of the 
n(0 if it is terminally molecule, its n(0 will be close to ~f~xod 

anchored (Iniesta and Garcia de la Torre, 1987). 
Now, according to Wegener (1982b), the contribution 

of the subunit i to the property whose dynamics is being 
observed will involve three relaxation times, which are 
given by the same expression as for a free axially symmet- 
ric body, in terms of the D~i)II and _~,n(°± coefficients so 
calculated: 

z~ ') = 1/6 D~)± (21) 

~n(i) ~ (22) 

zff) = 1/(4 D~011, + ,'~ n(i)~,, 1,~ • (23) 

For a macromolecule composed of identical, equivalent 
segments the (i) index can be suppressed. If the electro-op- 
tic or spectroscopic properties of the subunit have axial 
symmetry, the only relevant relaxation time will be the 
longest one (Eq. (21)) hereafter indicated as ZHW- In the 

~u) for case on non-identical subunits, there will be one onw 
each of them. 

3.5. Hydrodynamic  interaction effects 

As described above, the original Harvey-Wegener treat- 
ment neglects hydrodynamic interactions between sub- 
units (but not within each subunit). If one wishes to in- 
clude rigorously in the calculation the hydrodynamic in- 
teraction (HI) between the segments (as one should in 
principle), the only way is to model the segments as as- 
semblies of beads (this is so because HI between non- 
spherical elements is enormously complicated). 

Essentially, most of the aspects of the Harvey-Wegener 
treatment described so far are valid with HI. The HI 
effects are considered at the beginning of the procedure, in 
the calculation of the components of the friction tensors, 
Nt~, N(i) and N(0 Instead of the simple forms described P ,  t r  P ,  r r  • 

in Eqs. (13)-(16), in the HI case these tensors are calculat- 
ed using more complex equations that can be found in the 
literature (Wegener 1982a; Garcia de la Torre et al. 1995; 
Mellado et al. 1988). The rest of the procedure is identical 
to the no-HI case. 

The HI effect can be tested with bead models switching 
off the HI between beads belonging to different subunits, 
comparing the results with those for the case with HI 
between every pair of beads. Some illustrative results are 
described in Table 1. We note that the translational diffu- 
sion coefficient, D,, is remarkably influenced by HI; when 
this effect is neglected, the error in D, may be up to 40%. 
The Harvey-Wegener treatment without HI should not 
be applied, therefore, for the calculation of D~. Alterna- 
tively, D t can be evaluated using the simple, rigid-body 
treatment which, as discussed above, is nearly exact for 
this property. 

On the other hand, the HI effect is rather less impor- 
tant in the case of rotational coefficients. For D~, wich 
determines the longest relaxation time (Eq. (21)), the error 
is about 20% for compact structures, and smaller for 
more open structures made up of elongated segments, 
such as a long broken rod or a myosin molecule. Further- 
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Table 1. Ratios D (no HI)/D (HI) for various diffusion coefficients 

D t D± Dlr 

Broken dumbbell ~ 0.82 0.87 1.00 
Trumbbell b 0.52 0.75 1.00 
Short broken rod c 0.72 1.02 1.04 
Long broken rod d 0.76 0.93 1.02 

a Bead radii tr=0.25; distance from joint to bea d center b=l.  
(Garcia de la Torre et al. 1985) 
b Two beads at ends and one bead at the hinge, with a = 0.5 and 
b = 1. (Harvey et al. 1983; Diaz and Garcia de la Torre 1988) 
c.d Rods with L / a = 4  and 20 modeled with 4 and 20 touching 
beads, respectively, half of them at each arm (Wegener 1982; Mel- 
lado et al. 1988). 

more, Djl is practically the same with and without HI, so 
that the errors in the two other relaxation times that 
contain Oil are neglectable. Thus, we arrive at an im- 
portant conclusion in this regard: The effect of neglecting 
HI, which is one of the main drawbacks of the simplest 
version of the Harvey-Wegener treatment, is quite small 
in the case of rotational diffusion. 

3.6. In-plane bending 

As presented so far, the Harvey-Wegener treatment re- 
quires that the joints in the segmentally flexible molecule 
act as universal swivels, allowing unrestricted bending 
and torsions. There is a variation of the theory for a 
different, special case, in which torsions are forbidden and 
only free bending is allowed (Harvey 1979; Harvey et al. 
1983; Wegener 1980). The formalism has been worked out 
only for macromolecules with two subunits, such as the 
broken, hinged rod. (We prefer to reserve the hinged qual- 
ifier for this special case.) Instead of the nine degrees of 
freedom of the swivel-jointed rod, the hinged rod has only 
seven, of which six are those proper for a rigid particle, 
and the remaining one is that corresponding to bending 
in the particle's plane. 

Mellado et al. (1988) have shown that the Di, coeffi- 
cient of the hinged rod is the same as that for the swivel- 
jointed rod. However, Dout differs appreciably, and is not 
nearly constant as in Fig. 3, but instead shows a strong 
dependence on conformation. Finally, DII is much smaller 
for the hinged rod. This can be understood noting that, in 
the hinged rod, the rotation of one arm around its own 
axis requires that the other rotates in space describing 
a cone, within the subsequent increase in friction and 
decrease in diffusion. 

In short, the case of restricted or forbidden torsion 
adds further difficulties and it should not be treated by 
means of the Harvey-Wegener treatment. 

4. Brownian dynamics  simulation 

When existing theories of macromolecular dynamics are 
somehow unsatisfactory, one has the remedy of simulat- 
ing in the computer the Brownian behavior of macro- 

molecular models. The Brownian Dynamics (BD) simula- 
tion technique was pioneered by Ermak and McCammon 
(1978) and some of the first applications were made pre- 
cisely for semiflexible macromolecules (Allison and Mc- 
Cammon 1984a, 1984b; Diaz et al. 1987; Diaz and Gar- 
cia de la Torre 1988). A number of applications of BD for 
segmentally flexible and wormlike macromolecules have 
been published in the last five years. The description of 
the BD technique would merit a separate review, and it is 
outside the scope of the present paper. A succinct sum- 
mary of the procedure is presented here, and in the next 
section its particular applications to the present problem 
will be discussed. 

The models for BD simulation are bead models such 
as those described above. In the case of segmentally flex- 
ible macromolecules, each subunit is represented by one 
bead or by an array of beads. Rigid constraints or quasi- 
rigid connectors hold together the beads within a given 
subunit to preserve its rigid shape. The semiflexible joints 
are usually represented by a single bead that keeps the 
subunits connected but allows some degree of flexibility, 
characterized by the variability of the angle ~ between the 
subunit axes. Usually, a bending potential of the type 
V / k n T  = Q ( ~ - a o )  2 is assumed, where c~ o is the equilibri- 
um value of the intersubunit angle (see Fig. 1) and the 
constant Q gauges the flexibility of the joint. 

The Brownian dynamics of such models are simulated 
from the very first principles of Brownian motion, which 
are implemented in an algorithmic procedure. The posi- 
tion each bead in the particle, rk (k = 1,... N), after a time 
step, At, is obtained from the initial position, r ° ,  as: 

Fk ~ l "  k 1=1 t=l \ rk /I +Rk(At)(24) 

in terms of the forces E ° acting on each bead, the diffusiv- 
ities I)°t of the multi-bead system (eventually including 
HI) and the random displacements, R k (At) that are char- 
acteristic of Brownian motion. Initially the Ermak- 
McCammon (1978) algorithm was used, and recently a 
more efficient modification of the former has been devel- 
oped (Iniesta and Garcia de la Torte 1990). The repetitive 
use of the algorithm generates a Brownian trajectory, i.e. 
a time series of positions of each bead in the particle. 
From the trajectory, experimentally observed properties 
such a transient birefringence, dynamic light scattering 
and fluorescence depolarization can be simulated. This 
usually involves correlation functions or similar forms, 
C (t), of the type 

C (t) = ( F  (to, t o + t))to (25) 

F (t o, to + t) is a function of the positions of the particle at 
instants t o and t o + t, which is averaged over the choice of 
the initial along the trajectory. The result is function of 
the elapsed time, t, which is usually fitted to a single or 
multiple exponential decay: 

C(t)  = a t e x p ( - - t / z t )  + a z e x p ( - - t / z 2 )  + . . . .  (26) 

The a~ coefficients, and essentially the rotational relax- 
ation times, z~, are the primary results of the simulation. 
In addition to their comparison with experimental data, 
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these results, and particularly the longest relaxation time 
z 1 and the initial relaxation time, 

zi.i = (al  "c~- 1 + a2 z ;  1 +. . . ) -  1 (27) 

can be used to check the performance of theoretical ap- 
proaches such as the rigid-body and the Harvey-Wegener 
treatments. 

Simple examples of correlation functions are those 
for which the F function is of the form Pz(cos 0~) 
- (3 cos e 0 v -  1)/2, so that 

Cv (t) = (P2 (cos 0, (to, to + t))), o (28) 

where 0v is the angle subtended by two orientations of 
some vector, v, at times to and to + t. Such a vector can be 
the end-to-end vector, in the case of non-branched struc- 
tures. It can also be a vector along the main axis of any 
of the segments in the molecule, and then the correlation 
function is related to the fluorescence anisotropy decay 
for a probe attached to that particular segment. There are 
other, more involved correlation functions, related to 
electric birefringence, depolarized and polarized dynamic 
light scattering (Allison 1986; Allison et al. 1990; Allison 
and Nambi 1992) and viscoelasticity (Diaz et al. 1990). 

5. S imple  mode l s  

We now present results for two particularly simple models 
of segmentally flexible macromolecules, namely the trumb- 
bell and the broken rod. These models have been thor- 
oughly studied using both the theoretical approaches 
(rigid-body treatment and the Harvey-Wegener formalism) 
as well as the simulation technique. We describe only the 
general, qualitative aspects of the results, that are expected 
to be valid for any segmentally flexible macromolecule. 

5.1. The trumbbell  

The semiflexible trumbbell (Hassager 1974; Roitman and 
Zimm 1984a, b) is depicted in Fig. 1. It consists of three 
beads joined by two practically rigid connectors. The cen- 
tral bead acts a semiflexible joint, allowing restricted 
bending with an associated potential energy, as described 
above, given by V = kBT Q (~ - ~o) 2, where ~o is the equi- 
librium angle (% = 0 for the straight conformation), and 
Q is a dimensionless rigidity constant, with Q = 0 for the 
completely flexible model, and Q--* oe for the rigid case. 
Usually one takes % = 0, but semiflexible bent trumbbels 
have also been considered (Roitman, 1984). 

A number of theoretical results using various treat- 
ments (Harvey et al. 1983; Roitman and Zimm 1984a, b; 
Nagasaka and Yamakawa 1985) and results from BD 
simulation (Diaz and Garcia de la Torte 1988, 1994; Gar- 
cia de la Torte et al. to be published) are available. This 
allows a precise assignment of the differential relaxation 
times and other properties predicted by the theories to the 
various observable dynamic properties, in different time 
scales. 

A simple but relevant case is that of translational diffu- 
sion. In Fig. 4 we plot values of the Dt coefficient obtained 
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Fig. 4. Translational diffusion coefficients oftrumbbells with varying 
rigidity Q, normalized to the value for the completely rigid and 
straight structure. The continuous line represents results from the 
rigid-body treatment. The data points are BD simulation results 

with the rigid body approximation, along with BD simu- 
lation results calculated from the mean-square displace- 
ment of the center of mass through the Einstein formula, 
(rim) = 6Dt t  which (apart from statistical errors in the 
simulation) is free of any approximation. It is clear that 
the rigid body treatment performs very well for transla- 
tional diffusion. This is in part due to the low sensitivity 
of this property to conformation; in the case shown here, 
Dt changes less than 10% from the most flexible structure 
to the most rigid one. Thus, the present example makes it 
clear that the rigid-body treatment is completely ade- 
quate for translational properties such as the translation- 
al diffusion and the sedimentation coefficients. 

The BD results for rotational correlation functions, 
analyzed in terms of a multiexponential decay with differ- 
ent relaxation times, can be compared with the relaxation 
times predicted by the rigid-body and the Harvey-Wege- 
ner treatments. Here we do so for three correlations func- 
tions: 

Ce (t), of the type of Eq. (28) for the reorientation of the 
end-end vector, r13 
- Cb (t), of the type of Eq. (28) for the reorientation of any 
of segments or bond vectors, r21 or r23 
- C a (t), for depolarized dynamic light scattering (DDLS), 
which is also valid for transient electric birefringence of a 
molecule with permanent dipole moments (see Allison 
1986; Allison and Nambi 1992). 

The functions are normalized so that at zero time, 
C (0) = 1. 

A plot of these functions (not shown) for the most 
flexible model, with Q = 0  shows a salient feature: the 
segment and DDLS functions, C b (t) and C a (t), are nearly 
coincident over two decades of decay. These decays are 
essentialy monoexponential, with a correlation time that 
turns out to be equal to the Harvey-Wegener longest re- 
laxation time, ZHw (Eq. (21)). On the other hand, the end- 
to-end function Ce (t) seems to decay at long times with a 
relaxation time equal to the rigid-body value, except for 
the behavior at short times. Indeed, the initial behavior 
(at very short times) of the all three functions, shown in 
Fig. 5, follows the same rate, given by ZH-w 1 . For an inter- 
mediate rigidity, Q = 0.5, the full decay curves are pre- 
sented in Fig. 6, which illustrates well the meanings of the 
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Fig. 5. Short-time behavior of the correlation functions C e (t)(e), 
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Fig. 6, Long-time behavior of the correlation functions Ce(t ) (e), 
Cb(t ) (b), and Cd(t ) (d) for Q = 0.5. Time is in arbitrary units. The 
discontinuous lines mark the initial slope of the three curves, equal 
to Zffw 1 and the final slope, equal to %-b 1 

two relaxation times: at long times, all the decays follow 
a rate equal to z~ l ,  while at short times the decay rate is 
Zn-w t . For  very rigid trumbbells, most  of the decay is dom- 
inant by Z,b; the initial region is hardly noticed. 

The parameters  that can be most  precisely determined 
from the decays are the longest relaxation time, ~1, and its 
corresponding amplitude, a t . These results are plotted in 
Fig. 7 for trumbbells of varying flexibility. For  the various 
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Fig. 7. Longest relaxation time z 1 (0 and its amplitude in Ce(t ) (e), 
Cb(t ) (b), and Cd(t ) (d). The data points are z 1 values normalized to 
the value for the Q --* oe limit The (t) curve is the prediction from the 
rigid-body treatment 

decays, z~ is the same and coincides with the calculated 
z,b. However, the relative amplitude varies remarkably 
from one property to other. For  instance, for Q = 1, %b 
determines the whole Ce (t) decay, while it only con- 
tributes 86% and 56%, to Cd( t )and  Cb(t), respectively. 

5.2. The broken rod 

The broken rod is a paradigmatic case of a segmentally 
flexible macromolecular  model. Since the pioneering 
work of Yu and Stockmayer (1967), this model has re- 
ceived continuing attention; the successive developments 
for rigid and semiflexible macromolecules have been cus- 
tomarily applied to broken rods. The interest in the mod- 
el is twofold. F rom the experimental point of view, it can 
be representative of a variety of biopolymers, such as the 
myosin rod (Harvey and Cheung 1982) or hinged synthet- 
ic polypeptides (Matsumoto et al. 1975). Theoretically, 
the broken rod is simple and useful to characterize devia- 
tions from the straight-rod behavior. 

The broken rod has a diameter d and a total length L, 
which is divided into two arms of lengths L1 and L 2. The 
maximum deviations from the rigid, straight rod, take 
place for the symmetric case with L t = L 2, which will be 
the only one shown hereafter. As for the trumbbell, the 
bending potential is assumed to be quadratic in the 
departure of the a angle from the equilibrium value ao 
(usually ~o = 0). Thus the potential is given by V =  
k~TQ ( a -  0 ~ 0 )  2 where Q is the rigidity constant. 

Equilibrium properties of the broken rod are calculat- 
ed using the rigid-body treatment. This includes not only 
the radius of gyration but also other properties such as 
the Kerr  constant, which determines the static birefrin- 
gence in an electric field (Frederick and Houssier 1973; 
Mellado and Garcia  de la Torre 1982; Iniesta and Garcia  
de la Torre 1989). As noted above, the rigid-body treat- 
ment is reasonably valid for overall dynamic properties 
such as the translational diffusion coefficient, D,, the in- 
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Fig. 8. Variation of the properties of semiflexible rods of equals arms 
with the rigidity parameter Q. The plotted values are actually the 
ratios property (Q ~oo)/property (Q), and correspond to L/d = 48 
although, for all the properties these ratios change very slowly with 
L/d. Key for properties: D,, translational diffusion coefficient; Ro, 
root-mean-square radius of gyration; p/], intrinsic viscosity; Tau, 
relaxation time; K - i ,  specific Kerr constant for induced dipole; 
K -  p, the sane, for permanent dipole 

trinsic viscosity, [7], and a relaxation time z,b. The influ- 
ence of the partial flexibility of the rod in these properties 
is illustrated in Fig. 8 (Iniesta et al. 1988; Iniesta and Gar-  
cia de la Torre 1989). I t  is interesting to note that, of the 
two equilibrium properties, the Kerr  constant is the one 
that changes most  on going from the rigid limit to the 
completely flexible one. In regard to the dynamic proper- 
ties, it is evident that Dt is extremely insensitive to flexibil- 
ity (as noted for the trumbbell), while the z,b relaxation 
time presents the largest variations. The ratio of the val- 
ues for totally rigid (Q ~ m )  and totally flexible (Q = 0) 
rods, ;o " f r i g i d / ' r f l e x i b l e  • o o,b /~,b ~ 2. This was semiquantitatively pre- 
dicted by Yu and Stockmayer (1967). 

The Harvey-Wegener treatment can be easily applied 
to the broken rod, calculating the characteristic relax- 
ation time Znw. Wegener (1980) . . . . .  t,~n -rrig id/'r flexible ~ A 

~ 1  - ' ~  ~ H W  / ~ H W  ~ -v~ 

in apparent  disagreement with the Yu-Stockmayer pre- 
diction. Hydrodynamic  interaction between arms is not 
responsible for the difference, as its influence on Znw is 
about  10% (Wegener 1982a). Brownian Dynamics simu- 
lation have been used to clarify this discrepancy (Iniesta 
et al. 1991; Garcia  de la Torre et al., in preparation). Fig- 
ure 9 shows the decay of C a (t) for broken rods of varying 
flexibility (Ca (t) for the broken rod is equivalent to C b (t) 
for the trumbbell;  now the pertinent vector is that going 
from the joint to the end of the arm). At long times, the 
decay rate (slope in the semilogarithmic plots) is greater 
for greater Q, reflecting the larger overall size of the par- 
ticle. However, at the very beginning of the decay, all the 
curves show the same initial slope. Figure 10 displays 
three decay functions for the same rod, with Q = 0.5. For  
the three properties, the final decay rate is the same and 
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Fig. 9. a Decay function Ca (t) for broken rods with L/d = 11 and 
equal arms, plotted versus reduced time t*. Curves from bottom to 
top correspond to Q = 0, 0.5, 1, 2 and 5. b Short time behavior of 
the same decays 
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Fig. 10. Decay functions for three properties: arm vector C, (t) (a), 
end-to-end vector, C e (t) (e), and depolarized dynamic light scatter- 
ing, Ce(t ) (d), for Q = 0.5. The slope and the long-dashed and short- 
dashed lines are, respectively, ZH-w 1 and z,~ 1 
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Fig. 11. Decay functions for a broken rod with L/d = 11 and Q = 0 
and a wormlike rod with the same Lid and a persistence length such 
that the radius of gyration is the same for the both models 

coincides with zrb, while the initial decay rate is, in the 
three cases, coincident with ZHw. 

Other properties of broken rods, such as dynamic light 
scattering (Zero and Pecora 1982; Moro and Fujiwara 
1986) and rheological behavior (Jorquera et al. 1990), 
have been calculated theoretically. It is hoped that Brow- 
nian Dynamics will be soon extended to these properties, 
in order to verify the theoretical predictions. 

Although the case of wormlike macromolecules is out- 
side the scope of this article, it is interesting to include 
here a comparison between broken and wormlike rods. 
Conformational and overall properties of the two models 
have been analyzed comparatively (Garcia Molina and 
Garcia de la Torre 1984), and the comparison has been 
now extended to decay functions (Garcia de la Torre, in 
preparation). Figure 11 shows three decay functions for 
the freely hinged rod (Q = 0) and a wormlike rod having 
the same contour length, L, and the same radius of gyra- 
tion. Thus, the longest relaxation times z t are very similar 
for the two models. However, the initial decay for the 
central bond vector, and for depolarized dynamic light 
scattering, are remarkably faster for the wormlike rod. 
Indeed, for the particular case in Fig. 11, ~ini is about twice 
as short for the wormlike model as for the broken rod. 
This may open an efficient way to ascertain the flexibility 
mechanism of semiflexible macromolecules. 

5.3. General consequences 

The comparison of the relaxation times calculated from 
the rigid-body treatment, with the decay functions for 
various properties, suggest the following general conclu- 
sions: 

1. zrb determines the long-time decay rate of all the stud- 
ied properties, coinciding therefore with z 1. Its value de- 
pends on the degree of flexibility. 

2. ZHw determines the initial decay rate of all the studied 
properties, and coincides therefore with Zin~. Although in 
the Harvey-Wegener treatment the particle is assumed to 
be freely jointed, this seems to be valid for any degree of 
flexibility. 
3. The relative contributions of the various components 
in the decays (coefficients a~ in Eq. (26)) depend strongly 
on the degree of flexibility, and vary from one property to 
an other. It may happen that the amplitude of the slower 
component is small and most of the decay is dominated 
by ~,w. The opposite may also happen, and in such a case 
the whole decay will be governed by rrb. These alterna- 
tives must be taken into account when comparing exper- 
imental data for two or more properties, and in the com- 
parison with the theoretical predictions. 
4. Different flexibility models with the same overall di- 
mensions have quite similar values of z 1 but quite differ- 
ent values of zi,~. This might be useful to ascertain the 
flexibility mechanism (continuous or discontinuous) of 
semiflexible macromolecules. 

6. Two typical systems 

6.1. Antibodies 

It has been assumed that the immunological function of 
antibodies is related to the partial flexibility of the im- 
munoglobulin molecules. These macromolecules have 
three well-defined subunits, two Fob and one Fc fragment, 
connected by a single joint so that the structure looks like 
to a T or a Y letter. From the earliest works, this joint was 
supposed to act as a semiflexible hinge, allowing internal 
motions of the fragments; actually the term "segmentally 
flexible macromolecule" was coined by Stryer and 
coworkers (Yguerabide et al. 1970) in their pioneering 
study of fluorescence anisotropy decay of immunoglobu- 
lins. The fluorescence decay for a probe attached to one 
of the three arms of the molecule must depend, in addition 
to the overall rotational diffusivity, on the internal mobil- 
ity of the arms. In later studies, the technique was applied 
to a variety of native and genetically engineered antibod- 
ies to characterize their varying flexibility (Oi et al. 1984; 
Dangl et al. 1988). 

In an attempt to correlate the observed anisotropy 
decay with internal semiflexibility, we carried out a Brow- 
nian Dynamics simulation study of one of the supposedly 
most flexible species, the human immunoglobulin IgG1 
(Diaz et al. 1990). The model was extremely simple: it just 
consists of four spheres, three for the two F,b and the F~ 
fragments, and a small one representing the hinge (see 
Fig. 12). The spheres are joined by quasirigid connectors. 
The partial flexibility of the molecule is associated with an 
intramolecular potential that is simply expressed (by 
analogy to the trumbbell) as: 

3 

V = kBT Z Q ( ~ -  ~, o) z (29) 
i = 1  

where the c~i's are the three interarm angles, whose equi- 
librium values are taken to be c~,0=120 °. As for the 
trumbbell, Q is a dimensionless rigidity constant, with the 
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Fig. 12. C b (t) functions simulated for the immunoglobulin model 
with the indicated values of the rigidity parameter Q. Here time is 
employed in physical units. The continuous lines are double-expo- 
nential fits, with the parameters listed in Table 2 

Table 2. Model parameters and simulation results for immuno- 
globulin 

Model parameters 
Bead number, i 1 2 3 4 

Radii, a i, nm 2.44 2.44 2.56 0.44 
Connectors/angles,  j 1 2 3 
Connectors, bj, nm 6.1 6.1 5.8 
Equilibrium angles, %,j,  degrees 120 120 120 

Overall properties 

Rigid model Flexible model 
((2 ~ ~ )  (Q = 0) 

Exptal RB BD RB BD 

R_, nm 6.0 6.3 6.3 5.7 5.0 
D~, 107 cm2/s 4.25 4.23 4,30 4.50 4.79 
[r/t, cm3/g 6.2 6.5 5.7 

C b (t), Brownian dynamics 

Q=50 Q=4 Q=I Q=O 

a 1 0.935 0.746 0.681 0.780 
z 1 (exptal: I00 ns) 202 151 109 64 
~2 8 11 9 

limits Q ~ m for the case of a rigid, Y-shaped molecule, 
and Q = 0 for the completely flexible structure. In addi- 
tion, a repulsive potential between the spheres was added 
to avoid unphysical overlapping during the simulation. 

The model parameters were taken from approximate 
dimensions of the immunoglobulin molecule, using also 
literature values for the volume and solution properties of 
the subunits. Thus the set of parameters listed in Table 2 
was selected. Before BD simulation, a preliminary rigid 
body calculation was carried out in order to test the mod- 
el parameters by comparing rigid-body results for overall 
properties with experimental data. Then BD trajectories 
were simulated, from which new results for the overall 

properties were extracted. It is clear from Table 2 that 
experimental values are well bracketed by the two limits 
of flexibility, suggesting the semiflexible nature of the 
molecule. 

The experimental fluorescence decay was associated 
with the simulated decay of Cb(t), were the pertinent 
"arm" vector is that going from the hinge to the center of 
one of the extreme beads. It may happen that the transi- 
tion moment vectors do not coincide with this axial direc- 
tion. However, in any case, the longest relaxation time of 
Cb (t) is comparable with the experimental one. Figure 12 
shows C b (t) functions for varying flexibility, from which 
the relaxation times listed in Table 2 were extracted. The 
experimental value, of about 100 ns, is again well within 
the two limiting cases. Regarding Q as an adjustable pa- 
rameter, a best fit between experiment and BD predic- 
tions is obtained for Q ~ 1. The amount  of internal mo- 
tion allowed by this partial flexibility is enough for the 
assumed role of the molecule in immune processes (Diaz 
et al. 1990). 

In a subsequent work, Diaz et al. (1993) used BD sim- 
ulation to predict a non-dynamic property, the solution 
x-ray scattering diagram, for the particular case of im- 
munoglobulin models. In this case, BD serves as a proce- 
dure to sample the conformational space of the molecule, 
thus illustrating another application of the simulation 
techniques for segmentally flexible macromolecules. 

6.2. Myosin and its fragments 

As commented above, myosin and the myosin rod frag- 
ment are typical (and controversial) cases of applicability 
of the theories for segmentally flexible macromolecules. 
Indeed, much experimental and theoretical effort has 
been devoted to detect the possible flexibility at the joint 
between the heads ($1 subfragments) and the rod, and, 
more importantly, at the region connecting the two sub- 
fragments ($2 and LMM) that make the myosin rod. 
While some works suggest that there may be a fairly large 
flexibility within the rod (Highsmith et al. 1982; Car- 
dinaud and Bernengo 1985; Iniesta et al. 1988), others 
indicate that the rod is nearly rigid (Hvidt et al. 1982, 
1984; Curry and Krause 1991). Even if the rod is some- 
what flexible, it is not clear whether flexibility is localized 
at a hinge or distributed along the rod contour, as in a 
wormlike rod. Thus the problem of myosin flexibility is 
not solved as yet, and this is mainly due to three reasons: 

a) The length of the rod, which is a sensitive parameter 
needed for the modeling or analysis of experimental re- 
sults, is not conclusively determined. A length of 144 nm 
is often quoted, but other values as large as 156 nm have 
been assumed by some workers. 
b) Remarkable discrepancies between different laborato- 
ries have been published, regarding essentially the rota- 
tional relaxation times. The differences arise from sample 
preparation and handling as well as from fitting of the 
observed decays (Cardinaud and Bernengo 1985; Hvidt 
et al. 1984; Curry and Krause 1991). 
c) Two different theoretical treatment have been applied: 
the rigid-body procedure (Garcia de la Torte and Bloom- 
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field 1980; Iniesta et al. 1988), and the Harvey-Wegener 
formalism (Wegener 1982 b). As is emphasized in the pres- 
ent review, the different relaxation times resulting from 
the two approaches have different physical meanings and 
are valid in different situations. This circumstance was 
unknown in the previous analyse of experimental results. 

Two useful properties that can be safely analyzed in 
terms of the rigid body treatment are R o and [t/]. In 
Table 3 we collect experimental values of these properties 
and the longest relaxation time, [t/]. Data  are taken from 
previous compilations (Garcia de la Torre and Bloomfield 
1981; Iniesta et al. 1988), with the addition of some newer 
values (Hvidt et al. 1984; Curry and Krause 1991). These 
values are compared with those calculated for assuming 
a rigid, straight rod, with various choices for the length. If 
the rod is partially flexible, the experimental R o and [~/] 
should be smaller than the results calculated for the rigid 
rod. We find that this is indeed the case, more noticeably 
for the isolated rod than for whole myosin, even for the 
shortest length. If the rod length were 156 nm, the amount  
of flexibility required to fit the experimental data would 
be quite large. In brief, there is evidence that the myosin 
rod has a considerable flexibility. Taking L = 150 nm, the 
results for myosin, rod can be fitted with Q values that 
depend slightly on the property, with an average of 
Q~0 .5 .  

Table 3 also lists the calculated %b, which should be 
associated to the experimental zl.  On the other hand, the 
Harvey-Wegener treatment can applied to the myosin rod 
and two whole myosin to assign relaxation times, ZHW, to 
each subunit (Wegener 1982b). Examples of the results 
are given in Table 4. We recall from our previous discus- 
sion of HI effects between different subunits that the in- 
clusion of such effects would lower ~i~w by roughly 10%. 

Commonly accepted experimental values for the 
longest z 1 had been 26 gs for the myosin rod and 38 gs for 
whole myosin (see Iniesta et al. 1988). These values are 
more or less (depending on length choices) smaller than 
the theoretical predictions for a straight, rigid rod, which 
had been interpreted in terms of some flexibility within 
the rod. Recently, Curry and Krause (1991) have ques- 
tioned the previous experimental value for whole myosin, 
claiming that a careful analysis of birefringence decay 
reveals two exponentials. The slower component has 
zl = 50 gs, and the faster one has r2 = 1 gs, with normal- 
ized amplitudes a 1 ~ 2/3, and a 2 ~ 1/3. The new estimate, 
zl = 50 gs is very close to the predictions for a straight 
rigid rod (Tables 3 and 4). On the other hand, the biexpo- 
nential form of the decay is clearly indicative of flexibility, 
although not necessarily only in the rod, since some con- 
tribution may come from a semiflexible attachment of the 
heads. 

It is interesting to note in Table 4 that for the myosin 
heads, ZHw ~ 0.26 ps, one or two orders of magnitude 
smaller than the relaxation times of the two other sub- 
units. If the myosin heads were rigidly attached to the 
molecule, the observed relaxation time in the fluorescence 
decay of a probe fixed to a head would be of the order of 
zrb, say 40 -50  gs. However, the experiments (Pads et al. 
1984; Kinosita et al. 1984; see Wegener 1982 b for earlier 
data) show the opposite: most of the decay is determined 

Table 3. Experimental data and rigid-body results for myosin 

Property, Exptal Rig id  R ig id  R i g i d  Semi- 
molecule L = L = L = flex 

144nm 150nm 156nm Q 

R o, nm, rod 38 41 43 45 
[r/], cm3/g, rod 265 290 355 370 
z 1, rod 33 37 41 
R,, nm, myosin 46 47 52 
It/I, cm3/g, myosin 245 245 294 
zl, myosin 53 59 

0.70 
0.42 

Table 4. Individual relaxation times (gs) for myosin subunits, with 
different choices for the lengths (/~) rodlike parts. Results from We- 
gener (1992b) 

Rod lengths 

L L L 
(rod) ($2)  (LMM) 

Myosin rod Whole myosin 

THW "~HW THW THW THW 
($2) (LMM) ($2) (LMM) (S1) 

1440 430 1010 2.8 20.4 5.2 21.4 0.25 
1440 720 720 9.5 9.5 15.1 9.9 0.26 
1560 430 1130 2.9 27.0 5.3 28.4 0.25 
1560 780 780 11.7 11.7 18.4 12.2 0.26 

1440 (rigid) 37.6 51.6 0.27 
1560 (rigid) 46.7 63.4 0.27 

by a relaxation time of 0.2-0.3 gs quite similar to ~nw- 
This suggest that the head-rod joint is remarkably flexi- 
ble. Thus, the hydrodynamic approach described here 
produces information complementary to, high-resolution 
X-ray studies that are being recently applied to myosin 
structure and function (Rayement et al. 1993; Xie et al. 
1994). 

In conclusion, the question about myosin flexibility 
(particularly in the rod) is not solved as yet. From the 
theoretical side, the situation seems now clear, since the 
validity of the rigid-body and Harvey-Wegener treat- 
ments have been established, and Brownian dynamics 
simulation can provide further insight. It is hoped that 
this will stimulate new, carefully analyzed experiments. 
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