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Directional Selection Precedes Conformational Selection in Ubiquitin—

UIM Binding**
Dong Long and Rafael Briischweiler*

In recent years, the mechanistic description of proteins under
physiological conditions has evolved from a static view of
their average structures!'! to an energy landscape-based view
of dynamic ensembles?® that accounts for the intrinsic
dynamic nature of protein molecules.™ In the case of
a protein—protein recognition event, the conformational
ensembles of both binding partners are often skewed
toward the ensembles in their bound state, a process known
as conformational selection or population shift."%!!l This
process has been studied recently for ubiquitin for which
realistic molecular ensembles of its free state have been
determined by the combination of NMR data with computa-
tional modelling,"**¥ accelerated molecular dynamics simu-
lations (AMD),' and extended MD.!! Such ensembles were
shown to reproduce the structural heterogeneity displayed by
ubiquitin when bound to various different proteins, as found
in crystal structures, in general support of a conformational
selection mechanism.!'>""! During the approach of a ubiquitin-
interacting motif (UIM),'® which is a conserved short a-
helical motif for ubiquitin recognition by Hrs protein, the
gradual reshaping of the energy landscape of ubiquitin from
its free state to the UIM-bound state was found to set in
already at nanometer distance, using an energy-based
reweighting method.!"

Protein—protein recognition proceeds through several
stages that cause the two proteins undergoing independent
overall translational, rotational and internal motions to form
a composite unit, whose parts move in a highly concerted
fashion. To better understand the factors that govern the
efficiency of this process, we address herein the following
questions: 1) is there a directional preference of UIM with
respect to ubiquitin over a certain distance range? 2)In
addition, is there an orientational preference of UIM?
3) Which parts of ubiquitin dominate the UIM-induced
population shift at the individual residue level?

In the molecular reference frame of ubiquitin, the position
and orientation of UIM is uniquely specified by six param-
eters, r, 0, ¢, a, B, y, where the spherical coordinates (r, 6, ¢)
define the direction and distance of the center of UIM with
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respect to the center of the ubiquitin and the three Euler
angles (a, 3, y) describe the orientation of UIM, defined by
a rotation about its center when fixed at location (r, 0, ¢) (see
the Supporting Information, Figure S1 for an illustration of
the six parameters). Although this parameterization depends
on the choice of the molecule used as the reference system,
which is ubiquitin herein, analogous conclusions can be
obtained when choosing UIM as the system of reference. In
the presence of an intermolecular interaction Vi, the
probability density pgq(0,¢) of a given direction (60, ¢) of
UIM with respect to ubiquitin at a fixed distance r follows the
Boltzmann relationship, as shown in Equation (1):
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where kg is the Boltzmann constant and 7 is the absolute
temperature (see the Supporting Information for the com-
plete expression of [Eq. (1)]). Equation (2) is the electrostatic
potential between ubiquitin and UIM, dominating the
intermolecular interaction energy at large distances.

Vinter = %:f‘I[qj/(srr[/) (2)

q; and g; are the partial charges of individual atoms of
ubiquitin and UIM, respectively, and r; is the corresponding
distance between the two atoms. f is the electric conversion
factor and ¢, is the dielectric constant (see the Supporting
Information for further details). The integral in Equation (1)
represents a Boltzmann-weighted average over all possible
internal orientations of UIM at the fixed distance r and
direction (6, ¢). Figure 1 depicts pg(0,¢) of Equation (1) by
color-coded spheres, showing the directional preferences at
a range of distances. At distances r—oo, intermolecular
interactions essentially vanish and all directions (0, ¢) will
assume equal probability. On the other hand, when UIM
approaches ubiquitin within approximately 10 nm distance,
the intermolecular electrostatic interaction energy Vi
between UIM and ubiquitin becomes non-negligible com-
pared to kg7 and starts to bias the directional distribution of
UIM. As a consequence, the directional distribution of UIM
relative to ubiquitin becomes more and more anisotropic, as
can be seen in Figure 1 and Figure 2 for the distance range
from 15 nm to 4.5 nm.

The extent of the directional anisotropy can be quantified
by the information-theory-based collectivity measure « or the
geometric anisotropy measure ¢ (see the Supporting Infor-
mation). k ([Egs. (S5-S7)]), which can take values between 0
(maximal anisotropy) and 100% (isotropic distribution), is
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Figure 1. Probability densities [Eq. (1)] of the directional distribution of
the ligand UIM with respect to ubiquitin at distances A) r=8 nm,

B) 6.5 nm, C) 5.5 nm, and D) 4.5 nm. The backbone traces of ubiquitin
(black; PDB ID: 1UBQ) and UIM (magenta; PDB ID: 2D3G), shown
as solid lines, indicate the relative positions of ubiquitin and UIM in
the crystal structure of the complex (PDB ID: 2D3G). Dark blue on the
sphere represents directions with the lowest probability density (p)
and dark red with maximal probability density (ppm.), where pp../
Prenin="17.6.
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Figure 2. Directional anisotropy described by parameters A) «

[Eq. (S5)] and B) o [Eq. (S4)] as a function of the UIM-ubiquitin
distance r. For r< 4.5 nm, the simplified form of the interaction energy
[Eq. (S1)] is no longer accurate, and the corresponding o and « values
(gray dotted lines) are given for qualitative purposes to show the trend
of the change.

the effective percentage of directions sampled by UIM
relative to ubiquitin and o (see [Eq. (S4)]) is the length of
a vector representing the weighted average of all UIM
directions, each represented by a unit vector; o0=0 if the
directional distribution is isotropic and o=1 if it is fully
anisotropic. As shown in Figure 2, ¢ increases from 0.03 at
15nm to 0.32 at 4.5 nm, while x drops from 99.86% to
85.54%, over the same distance range.

Directional selection of UIM is thus a long-range process
that starts to be noticeable when the ligand is as far as 10 nm
away, and it becomes significant when UIM and ubiquitin are
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separated by 5nm or less. Remarkably, precisely those
directions are favored by the intermolecular interactions
that face the native binding interface of ubiquitin. Figure 1
shows that the associated “directional funnel” is very smooth,
facilitating ligand approach from those directions that are
most productive for correct binding to the binding interface of
ubiquitin. The probability distribution resembles the one of
a systematically scaled charge-dipole (Figure S3,54). Because
at 4.5 nm distance the population shift of internal conforma-
tions of ubiquitin is still marginal,"™ the directional selection
process represents the starting point of the ligand-induced
population shift by preceding the internal conformational
selection, eventually leading to the final complex.

Not only the direction of UIM, but also its orientation («,
B, v) may affect the intermolecular interaction energy Vi,
and thereby gives rise to a non-uniform probability density
with respect to (a, 3, y). To illustrate the dependence of Vi,
on the orientation of UIM, we rotated UIM independently
about the three axes (Figure S2). For this purpose, the center
of UIM was placed along the most favorable direction facing
the binding interface of ubiquitin at the fixed distance r=
4.5 nm, followed by rotations of UIM about one axis at a time.
The resulting probability distributions p(&) show very little
variation for rotations about axis 1, which connects the
centers of ubquitin and UIM, and axis 2, which is the axis of
the a-helix of UIM. A slightly larger variation is observed for
the rotation about axis 3 that is perpendicular to both axis 1
and axis 2. The magnitudes of changes are p,,./pPmin = 1.01,
1.14, and 1.62 for rotations about axes 1, 2, and 3, respectively,
which however are much smaller than the directional effect
(P(0,0)max/P(0,0)min ="7.6) at this distance (r=4.5 nm). This
suggests that, the effect of the orientational selection is
marginal at this distance range, while at the same time,
directional selection of UIM plays a significant role during
these early stages of molecular recognition. Orientational
selection of UIM, however, is expected to become important
at shorter distances, that is, at later stages of the recognition
process, when interactions other than electrostatic interac-
tions, such as van der Waals interactions, become important.

It was previously observed that the presence of UIM at
nanometer distances from the binding interface could effec-
tively induce a conformational population shift toward the
ensemble of the final bound state of ubiquitin.™® This
behavior was found to be robust with respect to the precise
direction of the ligand as long as it faces the binding interface
of ubiquitin.™ However, the contributions of individual
protein residues to this conformational population shift are
unknown. For this purpose, we delineated the residue-specific
contributions to the internal population shift by placing UIM
at 12 different positions facing the ubiquitin binding interface
(Figure S5). To evaluate the contribution of each individual
residue to the conformational population shift along the
pincer-like motional coordinate x, we calculated the Kull-
back-Leibler divergence (Dy; ),"”! which is a general measure
for the difference between two distributions in Equation (3):
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Figure 3. A) Delineation of residue-specific contributions to the con-
formational population shift of ubiquitin for a distance r=3.4 nm
between the centers of ubiquitin and UIM and a direction of UIM
facing the binding interface of ubiquitin (see Figure S5A). The Kull-
back-Leibler divergence Dy, was calculated for each residue according
to Equation (3). The magenta dashed line represents the Dy, reference
value for a non-interacting, neutral residue. Inset: ribbon diagram of
ubiquitin (PDB ID: 2D3G, chain A) color-coded by amino-acid specific
Dy« values. The yellow helix represents UIM in the crystal structure
(2D3G, chain P). B) Relative fluctuation amplitudes of Co. atoms along
the largest principal component mode.

where p,,(x) is the probability distribution of the conforma-
tional ensemble reweighted according to the interaction
between UIM and the entire ubiquitin (except for the tail
residues 73-76) and p,(x) is the corresponding distribution
when only the contribution of a specific residue k of ubiquitin
is included. x is the coordinate along the largest principal
component of the free ubiquitin ensemble (see the Supporting
Information for details). As shown in Figure 3, residues with
a Dy, ;. below the reference value 2.1 x 10~ for non-interact-
ing residues (defined in [Eq. (S17)]), show positive energetic
contributions to the overall population shift pattern. It is
interesting to note that Glu34, which belongs to helix al and
makes a large favorable contribution to the recognition, is
involved in the pincer-like motion, but it is not part of the
binding interface. Other residues, such as Lysl11, with Dy, >
2.1 x 107° contribute negatively to the overall population shift.
Indeed, we find that the amplitude of the overall population
shift may be decreased, owing to the significant opposing
effect of Lysl11 along certain directions (Figure S5C). While
the effect of individual residues on the net population shift
varies as a function of the relative position of UIM, the
general trends of the contributing residues, as well as their
cumulative effect, are conserved (Figure S5).

In conclusion, the early-stage interplay between ubiquitin
and UIM is dominated by long-range electrostatic interac-
tions at 5-10 nanometer distances. The first effect in
a ubiquitin-UIM encounter is directional selection, which
guides UIM toward the binding interface of ubiquitin as the
two molecules approach each other, enabling the subsequent
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internal conformational selection process. Interestingly, at
this distance range the orientational effect of UIM is notably
weak and the interplay is dominated by the directional effect.
The orientational selection of UIM is expected to be
controlled by van der Waals interactions in the late stages
of the binding process. A detailed analysis of the role of
individual residues for the internal conformational popula-
tion shift of ubiquitin revealed that the residues whose
positions are modulated by the pincer-like motion of ubig-
uitin contribute the largest energetic contributions, which can
be both positive and negative. They also include residues that
are not part of the binding interface. These results suggest that
binding of UIM to ubiquitin follows, on average, a specific
sequence of stochastic events starting with directional selec-
tion, followed by rotational selection accompanied by a con-
formational population shift. Together these processes pro-
mote the formation of the final complex of this model system.
It is expected that complex formation between ubiquitin and
other proteins also follows a sequence of selection events that
are specific to the charge distributions, shapes, and flexibilities
of the binding partners. Together these factors determine the
overall efficiency of the protein—protein binding process.
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