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Balls and Chains—A Mesoscopic Approach to Tethered Protein Domains
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ABSTRACT Many proteins contain regions of unstructured polypeptide chain that appear to be flexible and to undergo
random thermal motion. In some cases the unfolded sequence acts as a flexible tether that restricts the diffusion of a globular
protein domain for the purpose of catalysis or self-assembly. In this article, we present a stochastic model for tethered protein
domains under various conditions and solve it numerically to deduce the general and dynamic properties of these systems.
A critical domain size dependent on the length of the tether is presented, above which a spherical domain tethered to an
impenetrable wall by a flexible chain displays a restricted localization between two concentric half-shells. Results suggest that
the diffusion of such a spherical domain is effectively reduced in its dimensionality and able to explore the available space with
high efficiency. It also becomes clear that the orientation of the ball is not independent of the distance from the tethering point
but becomes more constrained as the linking tether is extended. The possible biological significance of these and other results

is discussed.

INTRODUCTION

With the development of high-throughput crystallographic
techniques, the structures of more and more proteins have
been elucidated (1). However, it should be kept in mind that
only the parts of proteins that have a rigid, reproducible
structure show up in x-ray pictures of crystallized proteins.
Only by comparing the DNA-predicted amino-acid sequence
with the crystallographic structure and images produced by
other imaging techniques such as NMR is it possible to
identify the existence of flexible chains of amino acids in
otherwise structured proteins. The number of proteins in
which flexible regions have been detected has increased
dramatically in recent years (2-5). (A survey of proteins with
disordered sequences can be found in (6).) In some cases,
it appears that flexible tethers serve to increase the local
concentration of catalytic or inhibitory domains (7-10).
Elsewhere, flexible loops or tethers seem to provide proteins
with a versatile allosteric mechanism for modulating their
activity (11) or promoting self-assembly of large structures
(12). Another completely different use of unstructured
polypeptide chains has been found in polymer brushes as a
means to mediate forces on the surface of microtubules (13)
and neurofilaments (14). While freely diffusing unstructured
polypeptide chains in the cellular medium are well described
by the Flory description of random coils, only very few
studies have attempted to examine more complicated models
of unstructured polypeptide chains (14,15) and in particular
the effects of attaching relatively big diffusing molecules to
the tethering chains (16).

One example of a well-characterized system employing
unstructured sequences of amino acids that display a variety
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of the aforementioned features is the bacterial chemotaxis
pathway in Escherichia coli. Proteins with unstructured se-
quences include the kinase CheA (17,18), the CheZ phos-
phatase (5), and the Tar and Tsr receptors (19). In the case of
Tar and Tsr, the flexible C-terminus binds, with its terminal
pentapeptide, to the enzymes CheR and CheB, which modify
the methylation state of the receptors during adaptation (see
Fig. 1). These flexible linkers are relatively short, comprising
not more than 35 residues. At one end, they are usually
attached to a relatively large immobile structure, the receptor
dimer—which is itself part of a large subcellular complex,
while the other end is either freely diffusing or linked to
globular protein. They therefore fit the description of a ball-
and-chain.

METHODS
Balls and chains

Our model consists of a flexible chain composed of 32 subunits equivalent
to a flexible polypeptide of 32 amino acids. The chain was attached at one
end to an impenetrable wall (tethering wall), which might correspond to a
biological membrane or a large protein complex. The other end was attached
to a freely diffusing ball, representing a structured globular domain. To ex-
amine how properties vary with the ratio of ball size to tether length, the
radius of the ball was varied while the tether was maintained at 32 subunits.
Fig. 2 shows two screenshots to illustrate the model system.

The mathematical analysis of flexible polymers is already highly
developed (20-22). Some of these methods have already been applied
successfully to the dynamics of protein folding (23) and to unstructured
charged polypeptides under confinement (15). In our case, Brownian
dynamics provides the most suitable mathematical description of the system.
Here, instead of solving the Newton equations of motion for all particles
in the system including the solvent, the interaction between solvent and
dissolved particles is subsumed into a random force acting on the dissolved
particle (for a more detailed account, see (24)). The ensuing stochastic
equation is called a Langevin equation, which we then solve numerically
using a slightly modified time-step adjusting Euler integration method.

doi: 10.1529/biophys;.105.078543



2384

/ Receptor

FIGURE 1 Example of a ball-and-chain configuration: CheR is tethered
to the C-terminus of a Tar-receptor in the E. coli chemotaxis receptor cluster
(34).

Advantages of Brownian dynamics
In general, the Langevin equation has the form

or
”at

where v represents the friction coefficient. The right-hand side is a sum of
deterministic forces acting on the simulation units plus the random force
through the solvent (£ ™™°™). This force-based approach has a number of
advantages for our system. Firstly, every discrete object that is rigidly
structured, as, for example, an amino acid or a folded protein domain, can
be treated as one simulation unit regardless of its absolute size. This reduces
the number of simulation objects significantly compared for example to molec-
ular dynamics. Secondly, additional forces can be included easily, such as a
restriction of the angle between successive chain links. Furthermore, using a
force-based approach instead of random sampling lets the system exhibit the
correct dynamic development over time and allows its diffusion dynamics to
be interrogated. Together, these three features make it possible to simulate
rather large cellular systems in comparatively complex environments while
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keeping their dynamic evolution intact. The Langevin equation for the whole
system in the proposed model has the form

or;
__ ptether tether angle
ViE—fH_l _fi +fi
hardCore confining walls
+FC 4+ F
d .
+EM i=1...n, )

and includes four types of forces: the coupling forces between successive
links f '™’ an optional force to restrict the angle between successive links
£ ¢ the hardcore repulsion forces phardCore 5nd Feonfining walls 04 the
random force & ™™™ On the left-hand side, »; represents the friction
coefficient of the monomer and is calculated as the Stokes friction of a
sphere of radius a,

v = 6man, 3

with ) being the viscosity of the cellular medium chosen to be the same as
water. Fig. 3 illustrates the forces within the polypeptide chain.

For the coupling forces between successive links (£#°"°") (two of which
act on every link in the chain apart from the first and the last one) and the
force to restrict the angle between successive links, two types of forces have
been tested:

1), a conservative Hookean spring force of the form

£ = —k(v — o), o))

where k is the Hooke constant, v the actual value (either monomer length or
angle), and v, the equilibrium value; and
2), a finitely elastic nonlinear extensible (FENE)-potential of the form

(v —v)
=
(1— (v— vo))2

AVmax

ftether

®)

where Av,,, is the maximally allowed deviation from the equilibrium value
(again either monomer length or angle). Note that the overall difference
between Hooke and FENE potential is that the latter has upper and lower
limits to its extension.

The hardcore repulsion forces that prevent the chain from crossing itself
or any of the restrictive boundaries are calculated by taking the radial
gradient of the following hardcore potential:
C% forr <ry

=T , ©6)
0, forr > ry,

UhardCore _

FIGURE 2 Two snapshots of the simulation
with a ball of radius 2.7 nm (leff) and 0.3 nm
(right).
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FIGURE 3 Model of the polypeptide chain employed in this study.
Shown are the springs linking the monomers in a chain (f°™), the springs
that restrict the angle between successive links (F"€'°), and the range of the
hardcore-interaction force around each bead (F¢C°r),

FhardCore _ —VU (7)

Here, C is a constant adjusting the absolute magnitude of the potential, r the
distance from the center of the object (in case of the tethering wall from its
surface), 7y, the range of the potential, and 74,4 the actual hardcore radius of
the object. The interaction distance between objects rj,—haq has been
chosen to be a quarter of the radius of the object, though maximally 0.1 nm.

The random force £ ™™™ due to the interaction with the solvent is
calculated by drawing random numbers from white noise with a standard

deviation of
1
2vkT\?
= 8
- (2. .

where v is the friction constant for the monomer, k the Boltzmann constant,
T the temperature, and Az the numerical timestep of the simulation.

Model parameters

The chain in all simulations has 32 amino acids each represented by a sphere
with the radius of half the length of the peptide bond, 0.19 nm. The globular
domain at the end of the chain is represented by a sphere with a radius
varying between 0.3 and 6.0 nm. As can be seen above, the Hookean
potential is characterized by two parameters, the equilibrium value and the
Hookean spring constant, while the FENE-potential needs an additional
parameter—the maximally allowed deviation from the equilibrium value. Of
these, the equilibrium value for the monomer-length potential is given by the
length of the peptide bond, 0.38 nm, as indicated above.

Apart from the monomer-length restriction, the model has an optional
force to limit the angle between two successive monomers in the chain. It
seems sensible to include such a restriction into the model since it has been
experimentally shown that in random polypeptide chains, the angle between
successive links is quite heavily restricted (dependent on the type of amino
acid). In a general description of polypeptides, the restriction on the angle
between successive monomers is described by the Ramachandran plots.
Here, the two degrees of freedom of rotation (¢, ) at every a-carbon in the
chain are used to define regions of allowed conformations. Using geometric
calculations, it is possible to relate each pair of (¢, ) to a single angle 6
between successive links loosing information about the actual positions of
the side chains in three dimensions. Considering allowed and disallowed
regions in the Ramachandran plot, it is then possible to formulate a restric-
tion for & as well. The main question to answer is whether the introduction of
such a heavily simplified restriction on the angle into the model adds to its
explanatory power.
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Testing the model

Atomic force microscopy (AFM) measurements on single molecules (25,26)
provide a wealth of experimental data on single polypeptide chains.
Generally, a protein is attached to an immobile surface at one end and to the
AFM on the other. The latter is then slowly moved away from the surface to
exert a pulling force onto the protein. Experiments have been performed on
proteins known to have elastic properties such as titin from skeletal muscle
(27) or P-selectin/ligand complexes (28) but increasingly also on other
proteins like ubiquitin to gain a deeper understanding of protein folding
dynamics. In some proteins, the tertiary structure unravels in a series of
stages, giving rise to a distinctive sawtooth pattern (29) (see experimental
AFM-data on ubiquitin from the Fernandez Laboratory at Columbia
University in Fig. 4 (plus symbols)).

To our knowledge, no AFM-experiments have been performed on
random polypeptides lacking structure, so a direct comparison of simulation
results with force-extension data over a full range of forces cannot be made.
We can nevertheless compare our model with the AFM data on proteins in
the high force regime, where it might be expected that none of the secondary
structure remains. This regime is apparent beyond the last peak in the
sawtooth pattern in Fig. 4. We find that our model can fit the data with good
accuracy, apart from slight deviations at very high forces shortly before the
end of the polypeptide chain detaches from the tip of the AFM.

To make this fit, the equilibrium length of the linear spring was set to
0.38 nm, to represent the known length of a peptide bond. The equilibrium
angle between successive bonds was set to 109°, consistent with the mean of
the probability distribution of 8, calculated from the Ramachandran plots as
explained above. We found that the choice of a FENE potential for the
spring length improved the quality of the fit (the largest deviation in length
was chosen to be 0.3 nm) but that a simple Hookean angular spring was
sufficient. The two spring constants were treated as fitting parameters and the
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FIGURE 4 MePSim simulation fit for the last sawtooth of a force extension
curve for Ubiquitin (with thanks for the data provided by J. Fernandez). The
experimental curve (+) shows the characteristic sawtooth pattern, originating
from the breaking of bonds in the tertiary structure under increasing tension.
None of the MePSim simulations of a random polypeptide coil of the same
length show this pattern (since they are random coils). Nevertheless, simu-
lations with strong angular restriction (light gray line) fit the last peak in
position and gradient, which originates from pulling the completely unfolded
polypeptide. This last portion of the curve is shown in more detail in the inset.
It can be seen that up to ~21 nm, the weakened parameters (dark gray line) are
statistically indistinguishable from the strong parameters while keeping the
strong linear spring and releasing the angular restriction (black line) entirely
leads to a difference in force-extension behavior already under 20 nm.
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best fit was achieved with a linear spring constant of 35 N/m and an angular
spring constant of 45 N/rad.

The angular restriction is essential. As shown in Fig. 4, if the chain is
freely jointed, the force rises much less rapidly at large extensions. Indeed, a
76-residue chain (which corresponds to the number of residues in ubiquitin)
with a peptide bond length of 0.38 nm could be extended to a full contour
length of 28.9 nm, if no angular restriction were imposed. The force would
rise significantly only as this value of the extension is approached. We con-
sider that a chain of links with angular restrictions is a more appropriate
statistical model of an unstructured polypeptide than the wormlike chain,
which is often used to fit elasticity data. The wormlike chain models the
polymer as a continuously bending elastic rod. While it provides a good
fit to the data using the contour length and a bending modulus as fitting
parameters, the value of the contour length obtained is artificial; it does not
correspond to the total length of all the peptide bonds along the chain.
Recent analytical results also suggest that discrete-chain models such as the
freely-rotating chain and the elastically jointed chain can be used to better
explain high-force stretching responses in AFM experiments (30).

The comparison with the high-force AFM data establishes that the
discrete-link model can describe the elasticity of an unstructured polypeptide
chain. In this article, we are interested in the thermal equilibrium regime,
where the chain is much less extended. Simulations of a chain of 76
monomers tethered to a ball on one end and to a wall on the other show that
extensions >15 nm are extremely infrequent. For the range of extensions
that typically occur at equilibrium, variation of the values of the two spring
constants over an order of magnitude does not significantly alter the quality
of the fit. Weaker springs permit greater fluctuation at the scale of individual
monomers, but do not change the statistical properties of the molecule as
a whole. For simulation purposes, the increased fluctuations are helpful
because they greatly reduce the amount of CPU time required to simulate a
given interval of real time. We therefore found it advantageous to use Hooke
constants of 3 N/m and 12 N/rad, respectively, for the linear and angular
springs. As shown in Fig. 4, there is no difference in the force-extension
curve using these weaker values of the spring constants for extensions <21
nm, so this modified model is appropriate for the equilibrium regime. We
emphasize, however, that the angular restriction remains important in the
equilibrium regime; without it, the force-extension relation deviates from the
best-fit curve when the extension exceeds 18 nm.

Definition of variables

In this article, emphasis has been laid on the system properties at
equilibrium. These comprise the end-to-end chain length of the tether and
its radius of gyration, together with the position of the tethered ball and its
orientation (Fig. 5). Note that the end-to-end chain length and radius of
gyration refer to the tether alone, not the ball attached to its end. The
orientation of the ball has been defined generally in relation to the end-to-end
length vector of the tethering chain and is given as the angle between this
vector and the vector through attachment point and center of the ball

A

wall

radial
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(orientational angle x in Fig. 5). Accordingly, a low y-value is equivalent to
the ball facing away from the tethering point while a high value means that
the ball faces toward the tethering point. The orientation is biologically
relevant since for a chemical reaction to take place it is not enough for the
two reacting partners to come close to each other but also that their active
sites come to face each other in close proximity and with the correct
orientation. A different definition for the orientation is used to characterize a
ball touching the wall. The angle ¢ between the orientation vector dyyien and
the normal vector characterizing the wall d,; defines the areas on the
surface of the ball that touch the wall most often.

Throughout the article, the subset of conformations where the surface
of the ball is closer to the wall than 0.1 nm is referred to as ‘‘touching
conformations.’’ In addition to the static properties, the diffusion behavior of
the ball has been analyzed. In general, diffusion rates have been measured
as average square displacement over time. All simulations have been run
representing 10 us of real-time.

RESULTS

The properties of freely diffusing chains predicted by our model,
including the distributions for end-to-end chain length, radius of
gyration, and diffusion behavior conform to the classic predic-
tions of the Flory analysis of homopolymer chains. However,
the tethered system exhibits a number of changes (Fig. 6).
Tethering the chain to an infinite wall breaks the symmetry of the
spatial distribution of chain monomers around the tethering
point and exerts an entropic pressure toward more outstretched
conformations. The end-to-end chain length distribution is
therefore shifted toward longer lengths while the radius of
gyration is also slightly shifted toward higher values or more
outstretched conformations. These effects are much more pro-
nounced when the ball is present. Because of its size, the ball
prohibits certain conformations of the tethering chain, mainly
those where the terminal (tethering) monomer is buried within
the contours of the current conformation. In this case, there is, in
general, insufficient space to accommodate the ball. The effect
of eliminating all these chain conformations which are, on
average, characterized by a shorter end-to-end chain length is to
displace the distribution toward more outstretched con-
formations. Moreover, due to its interaction with the wall, the
ball exerts an additional force on the chain, stretching it away
from the wall toward more extended conformations. This can
also be seen from the distribution of the radius of gyration, which
is also shifted toward higher values.

FIGURE 5 Variables used in the analysis, charac-
terizing the properties of the tether alone (identifier r)
and taking into account the domain attached to the
end of the tether (identifier d). The orientational angle
x between the Fend_to_end and Eorien[ is large when the
ball faces toward the tethering point and small when
it faces away from it. This convention is always used
when talking about orientation. The orientational
angle ¢ between :ioriem and Ziwnll is important when
analyzing the orientation of the ball in relation to the
wall.



Tethered Protein Domains

0.045 ; ; 0.045 T T T T
0.04 1 0.04 ‘\ ]
& i
0035} ] 0.035 | ’ ¢ .
o .
003F ] 0.03 o e
E o) 2 _;!'8 :r+o .
= 0025 : 1 = 0025t 7S %% o
o) % 2 £ 5
3 i { 2 g 76 2 e
S oo ¢ B4 18 oot +o:+%, |
s O
Q o :%i a ;ro N o .
0015; oe © % 1 0015+ ) 1
o % F§ ¢ Toe
+Q
001 Of oot 1o 2 M
O¢ O ¢ tro .
0.005+ +& 0.005 Qe
0 0
2 2
gyration [nm?] rend-to-end [nm]

FIGURE 6 Distributions of radius of gyration (/eff) and end-to-end chain
length (right). Results for a freely diffusing chain of 32 residues (+), for the
same chain tethered to a wall (O) and with a ball of Ry,,;; = 2.7 nm attached
to its end (#). It can be seen that attachment to the wall leads to slightly longer
end-to-end chain lengths and more outstretched conformations while the
attachment of the ball considerably increases both end-to-end chain length
and radius of gyration.

These changes are expected to be dependent on the actual
size of the ball attached to the freely diffusing end of the
tethered chain. However, Fig. 7 shows that the end-to-end
length remains constant, within statistical fluctuations, once
the ball radius exceeds 1.2 nm. This represents a critical ball
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FIGURE 7 Influence of ball size on the end-to-end chain length of the

tether. Distribution averages with error are shown for 7¢,4.to-enq fOr a chain of
32 residues with balls of different radii attached to one end (I). The area
confined by the dashed lines indicates where the end-to-end chain length
becomes independent of the ball size. This area is entered once the ball
radius has reached 1.2 nm, as indicated by the solid line. Also shown are
distribution averages for ry.y (+) and rgia (A). The development of 7.y
and 7,qi demonstrates that the chain becomes successively stretched further
away from the wall.
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size above which the ball is excluded from the region
occupied by the chain. Comparison with Fig. 6 indicates that
the critical ball size is similar to the radius of gyration of the
free polypeptide chain. When the radius of the ball exceeds
the critical size, the average separation of the chain ends does
not vary, but the average direction in which the chain is
stretched changes as the radius increases. As shown in Fig. 7,
the mean normal component ry,; of the end-to-end vector
increases with the ball radius, while the radial component
I'tadial decreases. The wall exerts an entropic force on the ball,
pushing it away; consequently the chain gets increasingly
oriented normal to the wall as the ball gets bigger. The exis-
tence of this entropic force has recently also been established
by analytical methods (16).

Because a ball that exceeds the critical size is excluded from
the region of space occupied by both the chain and the wall, it
tends itself to occupy a localized region of space. Fig. 8
displays the probability distribution of the center of a ball of
radius 2.7 nm, in cylindrical coordinates. Evidently, the ball

-

dtethe ll!

Rba!l

dradial

FIGURE 8 Spatial density distribution for a tethered ball. Simulation
results and schematic sketch of the ball diffusion around the tethering point
in cylindrical coordinates 7drdz. On the x-axis, the distance from the center
axis is dpgial = \/X2+y? and on the y axis, the height above the wall is
dyan = 2. The step size in dy,q;q1 1S chosen so as to keep the volume between
successive values of dp,qia constant to avoid geometrical distortions in the
depicted densities. In the schematic sketch, one possible ball-and-chain
conformation has been depicted. Two effects can be seen: Firstly, the wall
prevents the center of the ball from coming closer to the wall than its radius,
in this case 2.7 nm. Secondly, most of the time the ball is localized between
two half-spheres around the tethering point and its center hardly ever comes
closer than ~3.7 nm to the tethering point.
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diffuses between two spherical half-shells centered on the
tethering point. The center of the ball is located with highest
probability at a distance of 6.3 nm from the tethering point and
>97% of all positions lie between the two half-shells with
radii 4.3 nm and 8.3 nm. The permitted locations are bounded
by a plane due to the interaction of the ball with the wall, as
illustrated by the schematic diagram in Fig. 8. It is clear that
the high degree of localization of the ball effectively reduces
the dimensionality of its diffusion, and that this could serve
a useful purpose in the case where the ball is a functional
protein domain. Note that in general, the thickness of the shell
depends on the length of the polypeptide chain, while the
mean distance of the ball from the tethering point depends on
both the chain length and the ball size, as will be described
later. Only balls that are larger than the critical size are effec-
tively confined in a two-dimensional shell. Smaller balls can
be enveloped by the chain, and so are not excluded from the
region immediately adjacent to the tethering point.

In many biological situations, tethered protein domains
perform a function either directly on the surface to which
they are linked, or by moving a substrate close to the surface.
It is therefore important to know where and in which
orientation (refer to Fig. 5) a tethered ball makes contact with
the wall. Fig. 9 compares the distribution of positions (in the
x-y plane) of the ball in 1), all conformations; and 2), the
subset of touching conformations. It is clear that the tethered
ball makes contact with the adjacent wall on a ring, defined
by the intersection of the two half-spheres with the plane of
exclusion due to the wall. The radius of the ring increases
with ball radius (Fig. 9).

Having established in which positions the ball makes
contact with the wall, Fig. 10 correlates the orientational angle
X With diee; for a ball of radius 2.7 nm. The upper plot takes
into account all conformations while the lower plot displays
the distribution only for touching conformations. The distri-
bution for all conformations shows a clear negative correla-
tion between distance and orientation—the more stretched
the chain, the more aligned are the tethering and orientation
vectors. It also shows that for the ball center to come closer to
the tethering point than ~5.5 nm, the chain has to wrap around
the ball (at least partly) and alignment between tethering and
orientation vectors becomes virtually impossible. It is inter-
esting to note that the touching conformations are character-
ized in general by shorter distances (lower dcq,e;) and sharper
orientational angles (higher y). Excluded by both the ball and
the wall, the chain has to partly envelop the ball, especially
when the ball makes contact with the wall close to the
tethering point. These conformations are characterized by a
shorter 7pg-to-ena and therefore dieqe, and at the same time by
sharper orientation angles (see the schematic sketch in Fig. 8
for an illustration of a touching conformation).

How can the influence of the ball size on orientation and
the distance between ball center and tethering point be
quantified? And how does the ball size affect the touching
conformations and their different properties? Looking at the
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FIGURE 9 Distribution of ball positions over x-y plane for three different
ball sizes. The position of the ball center over the x-y plane is shown for all
conformations on the left and for touching conformations on the right. It
becomes clear that the points of contact between ball and wall are distributed
on aring around the tethering point. The average radius of this ring increases
with ball radius.

schematic sketch in Fig. 8, the ball is excluded by the chain
from a hemispherical region surrounding the tethering point
of radius . We might expect r to be similar in magnitude to
the average end-to-end separation of the tethering chain in
absence of the wall. Then the average tethering distance
dtether is giVCI’l by

dtelher = Rba]l +r. (9)

The average radius of the ring around the tethering point
on which the ball touches the wall (see Fig. 9) can then be
calculated using simple geometric principles

Aragial = (2Rbullr + ’”2)1/2- (10)
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FIGURE 10 Ball orientation y versus distance between ball center and
tethering point. Above, the dependence is shown for all conformations,
below for touching conformations only. It shows clearly that, in general, the
ball orientation becomes more aligned with the tethering vector the further
away the ball diffuses from the tethering point. Sharp angles, on the other
hand, appear only for short distances and are more likely in touching
conformations.

For balls whose radius greatly exceeds the radius of gyra-
tion of the polypeptide chain, the following scaling laws hold:

<dtelher> NRball ) ( 1 1 )
<dradial>~(Rballr)//z- (12)

Similar scaling laws have been derived using different
methods (16). That the radial distance increases much more
slowly than the average distance of the ball from the
tethering point can be understood by considering the angle s
in the schematic sketch in Fig. 8. This angle becomes more
and more restricted as the size of the ball increases, limiting
the radial deviation in position. This observation also
explains why the chain becomes more oriented in the normal
direction with increasing ball size, as remarked in Fig. 7.

The dependence of diegner and diaqia On the ball size, as
measured from the simulations, is shown in Fig. 11. Using
Egs. 9 and 10 to fit the simulation data with a single
parameter, r, reveals that although dimer can be fitted well
with 7 = 4.2 nm (which corresponds well with the mean end-
to-end separation of the chain in Fig. 6), the same value
predicts too-high average radii of the ring of touching
conformations. Two effects contribute to this shift toward
smaller radii. First, it is clear from Fig. 8 that sampling the
conformation space along the wall results in a probability
distribution that overemphasizes short distances. Secondly,
as can be seen in the lower panel from Fig. 11, the touching
conformations are characterized by a lower degree of align-
ment of the ball and the chain. These two effects combine to
give a shorter effective length parameter r = 3.6 nm with
which the data can be fitted reasonably well. Note that the
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FIGURE 11 Characteristic values for diffusion volume and ball orienta-
tion over ball radius. Above, the average radius of the half-shell ., and
the average radius of the ring of touching conformations d,4;,- Below, the
average orientation angle (y), defined as in Fig. 5 and its 1o environment. It
becomes clear that die,e, can be well fitted by Ry, + 7 with r = 4.2 nm. The
same parametric value, though, does not fit d,q;, very well. Only when
taking into account the shorter distances and sharper orientation angles for
the touching conformations justifying a lower value for » = 3.6 nm, the
model produces a good fit.

quality of the fit deteriorates for balls of radius below the
critical size, as expected since the ball is not then excluded
from the region occupied by the chain.

Considering the biological context in which an active site
on a tethered globular domain must bind to a cognate site on
the wall, it is clear that the orientation of the ball relative to
the wall is important. Fig. 12 shows the distribution of the
orientation angle ¢ for touching conformations for ball radii
between 0.3 and 6 nm. As the size of the ball increases, the
angle at which it comes into contact with the wall becomes
more narrowly defined. This enhances the probability that
certain points on the surface of the ball contact the wall. The
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FIGURE 12 @-distributions for touching conformations and different ball
radii between 0.3 nm (black line) and 6 nm (lightest gray line). On the y-axis
is plotted an enhancement factor calculated by dividing the probability of
finding a tethered ball of given size with a certain orientation by the
probability of finding a freely diffusing ball with the same orientation. It
becomes clear that balls of different sizes attached to the same chain touch
the wall with different areas in relation to their attachment point to the chain.
Moreover, the orientation becomes increasingly narrowly defined the bigger
the radius of the ball.

enhancement factor plotted in Fig. 12 is the probability that
a tethered ball touches the wall with a certain orientation,
compared to the probability that a freely diffusing ball
touches the wall with the same orientation. Clearly, the tether
would enable an active site that is positioned in the right
location on the ball to interact more frequently with its
cognate site on the wall. The optimal location varies with the
size of the ball: for balls smaller than the critical radius, it is
directly opposite the tethering point; for large balls, it is quite
close to the tethering point.

Overall, we note that if the size of the ball exceeds a certain
critical value in the order of magnitude of the radius of
gyration of the tether, the characteristic static properties of the
system remain qualitatively unchanged: A diffusion space
that is enclosed between two half-shells around the tethering
point, an anticorrelation between the orientation y and the
diether, and the subset of touching conformations characterized
by shorter lengths and sharper orientation angles y.

Returning to the biological context, a globular domain
must often repeatedly and rapidly catalyze a reaction on a
surface. The system should therefore not only ensure a high
local concentration but also allow sufficiently fast diffusion.
In general, using a Stokes friction coefficient for the ball, the
diffusion velocity is clearly dependent on the ball size with
bigger balls diffusing much more slowly. Analyzing the
diffusion behavior of the tethered systems in comparison to
the freely diffusing ones shows two main differences.

Fig. 13 compares a freely diffusing ball of radius 2.7 nm
with a tethered ball and shows that the tethering affects the
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diffusion rate of the ball only very slightly at short times
(visible from the right shift in the lines in the double-log plot).
At long times, the mean-square displacement of the tethered
ball saturates at a maximum value dependent on the length of
the tethering chain. The time at which the ball reaches this
plateau, which may be interpreted as the time it takes to
explore the available volume indicated in Fig. 8, is dependent
on its diffusion rate and therefore its size. The ball of radius
2.7 nm reaches the plateau on a timescale of order 0.5 us.
Other balls above critical size reach their respective plateau
between 0.2 us (radius 1.2 nm) and 1.5 us (radius 6 nm).

BIOLOGICAL IMPLICATIONS

Considering the very simple nature of our model, what
implications does it have for naturally occurring proteins? As
an illustration, we considered the methylation system of
CheR tethered to the C-terminus of a Tar receptor within the
chemotactic receptor cluster of E. coli. X-ray crystallography
shows that the receptor has a high degree of a-helicity and
that its cytoplasmic domain is predominantly coiled-coil
(31). However, a region of 32 residues between the coiled-
coil structure and the C-terminus is believed to be flexible,
since it does not show in the crystallographic structure and is
highly variable in sequence between similar receptors and
organisms. CheR binds to the C-terminal pentapeptide which
has been shown to be essential for methylation. The meth-
ylation sites, which are the substrate of CheR, are located on
the coiled-coil body of the receptor at various distances from
the tethering point. CheR itself is a globular protein, which
to a first approximation can be modeled as a ball of 2.7 nm
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FIGURE 13 Comparative diffusion behavior in terms of mean-square
displacement over time. The diffusion of a freely diffusing ball of radius 2.7
nm (+) is compared to the diffusion of the same ball tethered to the wall by a
chain of 32 residues (O). Evidently, the tethering impedes the diffusion of
the ball on very short timescales and limits it at a maximal value. Above the
line at 1 =5 X 10° ps (0.5 ws), the diffusion of the tethered ball has reached
its maximal level of displacement.
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radius. These parameters (ball of radius 2.7 nm on a chain of
32 monomers) indeed guided our choice of model system.
The molecular configuration when CheR binds to substrate
therefore resembles one of the touching conformations of the
ball and chain as discussed above.

Other proteins in the chemotactic pathway of E. coli also
possess flexible tethers of similar lengths. The methylation
system of the Tsr-receptor which also binds CheR has ~28
amino acids. The C-terminus of the phosphatase CheZ has
~32 residues in its flexible region and tethers CheY, which
in first approximation can be modeled as a ball of 1.5 nm
radius. Note that all of the above proteins are actually
dimeric, so that each carries two tethered balls, a further
complication. Other examples in prokaryotic and eukaryotic
systems suggest that chains of ~25-50 residues and balls
varying between 1.5 and 3.5 nm in radius are widespread.

Returning to the CheR-model system, we have shown that
in comparison to a freely diffusing protein domain, the
tethered domain stays in the region where it is needed, close
to the substrate (Fig. 8). Since the distribution given in the
figure is stationary over time, it can be translated into a local
concentration (probability of finding the tethered ball in a
given volume divided by the volume). Calculating the effec-
tive local concentration in this way gives concentration
values of the ball in touching conformations (1.8 nm < d,4ia
< 8.5 nm) in the order of 0.1-5.0 molar. This may be
compared to a concentration of ~0.2 uM estimated from the
number of CheR molecules per cell, which is much too low
to guarantee working methylation in the freely diffusing
regime (32). Thus, provided that the binding site of CheR
on the C-terminus of the receptor is within reach of the
methylation sites, tethering provides an extremely effective
way of enhancing the rate at which it encounters its substrate.

The question remains therefore to compare the distances
between beginning of the flexible part of the C-terminus and
the four different methylation sites on the Tar-receptor with
the reach of CheR tethered on the C-terminus.

Fig. 14 shows the methylation sites in relation to the
distance where the tethered ball touches the wall. This figure
aggregates the data from Fig. 8 in a different way and there-
fore shows at what distance our model predicts the tethered
CheR is most likely to be found. It can be seen that all four
methylation sites are clearly in reach of CheR tethered on the
C-terminus. It also shows in comparison with experimentally
measured probabilities of methylation on the four sites (33)
that our model overemphasizes the probability of methylat-
ing the sites close to the tethering point. Experimental data
suggests that, on the contrary, the sites furthest from the
tethering point (3 and 2) are methylated more strongly than
sites 4 and 1.

CONCLUSION

In this article, we have presented a simple model to assess
the general properties of globular protein domains (balls) on
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FIGURE 14 Probability distribution of touches on the wall versus the
distance from the tethering point. Since the system of the ball tethered to the
wall is rotationally symmetric, the probability has been averaged and
normalized over the planar angle. Shown as lines are the positions of the
methylation sites on the receptor body. It can be seen that all sites are in easy
reach of the tethered ball. This supports the notion that tethering CheR on the
receptor C-terminus makes it much more readily available to catalyze
methylation on the receptor body.

polypeptide tethers (chains). Although simple in concept,
our model serves to highlight several features likely to be
important in a biological context. Most markedly, we found
that the tethered ball diffuses in a well-defined restricted
region, or shell, around its tethering point. The orientation of
the ball becomes increasingly constrained the further the ball
is from its tethering point. Furthermore, we demonstrated
that using this simple model can explain certain properties of
the system of CheR tethered on the C-terminus of the Tar-
receptor in the chemoreceptor-cluster of E. coli qualitatively,
if not quantitatively.

The general analysis presented in this article indicates the
range of different effects that can occur in proteins con-
taining tethered domains. The exact ways in which these
effects are employed are expected to be highly dependent on
the system in question. Therefore, the next step should be a
closer examination of specific biological systems along the
lines presented in this study. The CheR-methylation system
should continue to prove an excellent study object because
of the wealth of data from ongoing experiments on how the
length and sequence of the tether affects the functioning of
the methylation system. Further work along these lines
should make an important contribution to our understanding
of this and other similar systems employing tethered protein
domains.
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