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Native-state dynamics of the ubiquitin
family: implications for function
and evolution
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Protein dynamics are integral to protein function. In recent years, the use of computer
simulation to understand the molecular motions of proteins has become widespread.
However, there are few such studies which compare the dynamics of proteins that are
structurally and functionally related. In this study, we present native-state molecular
dynamic simulations of four proteins which possess a ubiquitin-like fold. Three of these
proteins are thought to have evolved from a common ancestral ubiquitin-like protein and
have similarities in their function. A fourth protein, which is structurally homologous but
which appears to have a different function, is also studied. Local fluctuations in the native
state simulations are analysed, and conserved motions of the C-a backbone atoms are
identified in residues which are important for function. In addition, the global dynamics of
the proteins are analysed using the essential-dynamics method. This analysis reveals a
slightly higher degree of conservation in dynamics for the three proteins which are
functionally related. Both the global and local analyses illustrate how nature has optimized
and conserved protein motions for specific biological activity within the ubiquitin family.
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1. INTRODUCTION

The dynamic properties of proteins are now well
known to play important roles in protein function.
Many different aspects of protein function can be
affected by protein dynamics. For example, protein—
protein recognition (Gohlke et al. 2004), protein—-DNA
interactions (Kalodimos et al. 2004) and enzyme-
substrate binding and enzyme activity (Rasmussen
et al. 1992; Vitagliano et al. 2002; Cui et al. 2004) are
all determined, in part, by the conformational
flexibility of the protein backbone as well as specific
side chains. It is, therefore, important to characterize
not only the structure of a protein but also its
dynamic properties as well. While X-ray crystal-
lography provides an excellent method for the
determination of high-resolution structures, it gener-
ates a static picture of a protein and, in general,
provides little information on protein dynamics.
Experimentally, a number of different nuclear mag-
netic resonance (NMR) techniques have been used to
obtain information on the molecular motions within
proteins on several different time-scales. The number
of proteins on which such studies can be performed,
however, is limited. The use of computer simulations
to probe protein motions, using existing structural
information, is, therefore, proving extremely fruitful.
However, in order to extract useful information about
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the dynamics observed during the course of these
simulations, mathematical models must be employed.
Two of these models are normal mode analysis (NMA;
Brooks et al. 1995) and essential dynamics (Amadei
et al. 1993).

In NMA, the motion of the protein is assumed to be
harmonic. The technique looks mainly at vibrational
motion while ignoring all other types of motion. In
NMA, the potential energy function is approximated as
a sum of quadratic terms, which describe atomic
displacement (Brooks et al. 1995). The coefficients of
these terms represent force constants, which can be put
into a matrix. If one adds the atomic masses to this
matrix, one can set up a matrix equation to calculate
the vibrational modes of the molecule. This then
becomes an eigenvalue problem. For a system with
N atoms, there are 3N—6 eigenvalues and eigenvectors,
which specify the normal modes of the system. The
advantage of NMA is that it gives us insight into
macromolecular motion without the need of a mol-
ecular-dynamics (MD) trajectory. This makes it less
computationally intensive than looking at native state
dynamics using MD simulations.

The method of essential dynamics looks at the
positional fluctuations of atoms rather than motion
confined to a harmonic potential (Amadei et al. 1993).
It is used in conjunction with MD simulations. This
method divides the conformational space of a protein
into two subspaces, an essential subspace and a
physically constrained subspace (Amadei et al. 1993).
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Figure 1. Structure of the four ubiquitin-like proteins: (a) ubiquitin, (b) UBX, (¢) ThiS and (d) MoaD.

The essential subspace is described by the anharmonic
motion of the positional fluctuations of the atoms.
The motion in the remaining subspace is defined by a
narrow Gaussian distribution.

The essential-dynamics method represents a princi-
pal-component analysis of the atomic fluctuations of
the protein. The first step is the generation of non-mass
weighted coordinate matrix. For an N-atom system,
this will have 3N columns and at least 3N+ 1 rows. This
matrix, which we will call A, represents the movement
of atomic positions from an average value throughout
the course of the simulation. The covariance matrix of
A, which we will call C, is defined by the following
equation:

C=A"A, (1.1)

where T is the transpose of the matrix. The transpose is
found by exchanging the rows and columns of a matrix.
The eigenvectors of the covariance matrix are the
principal components. This then turns into an eigen-
value problem:

Cx = Jx, (1.2)

where 4 is the eigenvalue associated with the eigen-
vector . For an N-atom system, there are 3N
eigenvectors and associated eigenvalues. Equation
(1.2) can be simplified to the following:

(C—x =0, (1.3)

where I is the identity matrix. The solution to equation
(1.3) can be obtained by diagonalizing the covariance
matrix. The diagonal matrix, D, of the covariance
matrix is defined by the following:

D=U"'CU (1.4)

The matrix U contains the eigenvectors, and D is a
matrix of the corresponding eigenvalues. The eigen-
vector with the highest eigenvalue is considered the first
principal component, the eigenvector with the second
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highest eigenvalue is considered the second principal
component and so on. The eigenvectors represent the
direction of motion, and the eigenvalues represent
the amount of motion along the eigenvectors. The
dynamics of a protein can thus be analysed by
projecting its atomic motion during a MD simulation
onto its first two to three principal components
(Amadei et al. 1999a). Essential dynamics is a powerful
tool for monitoring protein dynamics in phase space
since the observed motion is unconstrained and
represents the atomic fluctuations of the protein.
Essential dynamics has been used to look at the
native-state fluctuations of proteins (Ceruso et al.
1999; Merlino et al. 2003; Merlino et al. 2004) as well
as thermal denaturation trajectories (Roccatano et al.
2003). It has also proven useful in the identification of
protein folding transition state ensembles (Marianaya-
gam & Jackson 2004).

In this paper, the native-state dynamics of four
proteins with a ubiquitin-like fold are analysed using
all-atom molecular dynamic simulations. The struc-
tures of the four proteins—ubiquitin (Vijay-Kumar
et al. 1987), UBX (Buchberger et al. 2001), ThiS (Wang
et al. 2001) and MoaD (Rudolph et al. 2001)—are all
shown in figure 1. They all adopt the ubiquitin-like
B-grasp fold, in which a highly curved mixed B-sheet
packs against an a-helix to form the hydrophobic core
of the protein. The four proteins come from different
organisms—ubiquitin and UBX are mammalian pro-
teins, whereas MoaD and ThiS are bacterial proteins.
Despite the fact that they have relatively little sequence
homology, it has been proposed that ubiquitin, ThiS
and MoaD are evolutionarily related, having evolved
from a common ubiquitin-like ancestor (Rudolph et al.
2001; Wang et al. 2001).

Ubiquitin is involved in tagging proteins for
degradation by the proteasome by forming a covalent
link through its C-terminus with the target protein.
The two C-terminal glycine residues are essential for
this function and for the activation of ubiquitin by
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cofactor enzymes (Jentsch & Pyrowolakis 2000). ThiS
and MoaD also have a conserved C-terminal double
glycine motif. ThiS is a sulphur carrier protein that
is involved in thiamine biosynthesis in prokaryotes
(Wang et al. 2001). It is also enzymatically activated
through its C-terminal region (Wang et al. 2001). MoaD
is part of a complex that is involved in molybdenum
cofactor biosynthesis in various organisms including
humans (Rudolph et al. 2001). It binds to the complex
through its C-terminal double glycine motif in a similar
manner to the way in which ubiquitin tags proteins
targeted for degradation (Rudolph et al. 2001). In
contrast, although the UBX domain of human FAF1 is
structurally similar to ubiquitin (Buchberger et al.
2001), it lacks the double glycine motif at its
C-terminus and is, therefore, thought to have a
different function. In addition, whereas ubiquitin,
ThiS and MoaD are full-length proteins, UBX is a
domain from a larger protein. The UBX domain has
now been found in a number of proteins, some of which
have been implicated in ubiquitin-mediated degra-
dation pathways. However, the exact function of
these proteins and the UBX domain remains unknown
(Buchberger et al. 2001).

In this study, we use MD simulations in conjunction
with an essential dynamics analysis to look for
conserved dynamics within the family. The backbone
dynamics are observed by monitoring average C-o root
mean square deviation (r.m.s.d.) over time, and
individual C-a root mean square fluctuations (r.m.s.f.)
per residue. Chain compactness is also probed by
monitoring the radius of gyration for each of the
proteins over time. The motions of the four proteins in
phase space are compared by carrying out an essential
dynamics analysis on the atomic motion. This motion is
then visualized by projection onto the first two
principal components determined from essential
dynamics. The similarity in the motions between the
four proteins can be determined by calculating the root
mean square inner product (r.m.s.i.p.) of the first
10 eigenvectors (see §2). The analysis reveals impli-
cations for the role of evolution and function in protein
dynamics.

2. METHODS

All simulations were carried out using the GROMOS 96
forcefield (van Gunsteren et al. 1996) within the
GROMACS software package (Berendsen et al. 1995).
The native-state simulations were run for 2ns at a
constant temperature of 298 K and a constant pressure
of 1 atm. The temperature and pressure were regulated
by weak coupling to an external bath (Berendsen et al.
1984). Electrostatics were dealt with using a 8 A
coloumbic cut-off. The simulations were run from the
crystal structures of MoaD (Rudolph et al. 2001) and
UBQ (Vijay-Kumar et al. 1987) and from an average
structure of the 20 lowest energy NMR structures of
UBX (Buchberger et al. 2001) and ThiS (Wang et al.
2001). Each structure was fully solvated with SPC
water (Berendsen et al. 1981) in a cubic box with a 20 A
edge length. The structures were equilibrated in two
steps: first, the structures were energy minimized using
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Figure 2. Evolution of structural properties over time for
ubiquitin: (a) C-a r.m.s.d. and (b) radius of gyration, R,.

steepest descents for 1000 steps and, second, a position-
restrained MD run was carried out which holds
the protein atoms fixed and allows the solvent
to equilibrate around the solute. The atoms in the
system were given initial velocities according to a
Maxwellian distribution. The system was allowed to
evolve according to Newton’s equations of motion, with
the equations being integrated every 2 fs. The progress
of the simulations was monitored by calculating several
structural parameters over time: C-a r.m.s.d., radius of
gyration (R,) and C-o r.m.s.f. per residue for the
native-state simulations only. Each of these structural
properties were calculated within GROMACS.

The essential dynamics method was described in the
introduction and it is also described in detail elsewhere
(Amadei et al. 1993). The essential dynamics analysis
was carried out, using programs within GROMACS, on
the atomic fluctuations of the four proteins during the
course of the simulation. Comparison of the motions
spanned by the first 10 eigenvectors from each
simulation can be carried out by calculating the
r.m.s.i.p. between the first 10 eigenvectors of each
trajectory (Amadei et al 1999b). The r.m.s.i.p. is
defined as

rol—

n

(2.1)
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Figure 3. The C-a r.m.s.f. per residue for the four proteins: (a) ubiquitin, (b) UBX, (¢) ThiS and (d) MoaD.

Table 1. Structural properties for the four ubiquitin-like proteins.
(Columns three, four and five represent average values. Columns six and seven are the net displacements along each eigenvector.)

protein number of residues  C-o r.m.s.d. (A) R, (A) C-o. r.mus.f. (A)  eig. 1 net (A) eig. 2 net (A)
ubiquitin 76 2.5 11.6 1.2 —16 5
UBX 82 2.9 12.1 1.3 —53 —28
ThiS 66 2.8 11.0 1.3 —23 -7
MoaD 81 2.7 11.6 1.3 —14 1

where v 4, and v p;are the ith and jth eigenvectors from a
set of eigenvectors A and B. The r.m.s.i.p. measures the
overlap of the motions for each protein in the subspace
spanned by the first 10 eigenvectors. The r.m.s.i.p. was
calculated between each of the proteins used in this
study. The r.m.s.i.p. was also computed for the
individual proteins by splitting the trajectories in half
and comparing the first 10 eigenvectors from each half
of the trajectory.

3. RESULTS AND DISCUSSION

To check the stability of the simulations, the C-a
rm.s.d. and R, were calculated and monitored for all
four proteins over the course of the simulation. The
data obtained for ubiquitin was typical of all four
proteins and are shown in figure 2. The plot of C-a
r.m.s.d. versus time (figure 2a) clearly shows that there
is an initial spike, after which the system appears to
reach an equilibrium value which does not change with
time. This profile is similar to that obtained for the
other proteins (data not shown). In other native-state
simulations of ubiquitin, similar results have been
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reported (Alonso & Daggett 1998). In our case, the
average C-o r.m.s.d. is somewhat higher (2.5 A) than
previous simulations (1.8 A), which we attribute to the
fact that these simulations used a shortened construct
of ubiquitin (residues 1-72), which does not contain the
flexible C-terminal region included in our studies. The
R, remains constant throughout the simulation for
ubiquitin (figure 2b) and the three other proteins (data
not shown), indicating that the relative compactness of
the protein is maintained. Average values for C-a
r.m.s.d. and R, for all four proteins are given in table 1.

The R, values vary between 11 and 12 A typical for
proteins of this size assuming a spherical conformatlon
(Creighton 1984), and are in good agreement with
the R, reported for other native-state simulations of
ubiquitin (Alonso & Daggett 1998). These results
demonstrate that no major structural change is taking
place during the simulation, confirming that the protein
remains within a native-state ensemble.

Figure 3 shows the C-a r.m.s.f. for each residue for
the four native-state simulations. The data show that
the majority of the amino acids stay within 2-3 A of
their positions in the crystal or NMR structures. As can
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be seen for ubiquitin (figure 3a), the major fluctuations
occur in the last two residues comprising the conserved
double glycine motif. This is also the case for
ThiS (figure 3¢) and MoaD (figure 3d). The high degree
of conformational freedom exhibited by these residues
is most probably necessary for forming the protein—
protein interactions essential for protein function. This
is similar to MD results on the cell-cycle regulatory
proteins Ras and Raf, which form an active complex. In
this case, flexibility in both the unbound proteins was
shown to be necessary for mediating the interaction
between them (Gohlke et al. 2004).

The inherent flexibility of the C-terminal glycines in
ubiquitin can be gleaned from the crystallographic
B-factors (figure 4a), which are high for these two
residues. Interestingly though, the C-terminal glycines
of MoaD do not have high B-factors (figure 4b); this
maybe a result of the fact that the structure of MoaD
was solved as part of a larger complex (Rudolph et al.
2001). The inherent flexibility of these residues is only
revealed by the native-state simulations reported here,
demonstrating the importance of such simulations in
interpreting structural data in terms of function.

In addition to the C-terminal residues, another
putative protein interaction site has been identified
in ThiS (Wang et al. 2001). This consists of a solvent
exposed hydrophobic patch comprising residues Ile40,
Leub8 and Phe60 (Wang et al. 2001). A similar patch,
consisting of residues Leu8, Iled4 and Val70, is found in
ubiquitin and is also thought to be necessary for protein
interactions, in this case with the proteasome (Wang
et al. 2001). An analysis of the dynamics in this area

60
40 ]
20 ]

O 4

_20 4

_40 4

_60 4

_80 4

~100-80 —60 —40 20

40 A

20 1

0_

-20 A4

—40 -

80 —60 —40 —20 0 20 40 60

eigenvector 1 (A)

Figure 5. The motion of the four proteins in phase space projected along their first two principal eigenvectors: (a) ubiquitin,

(b) UBX, (¢) ThiS and (d) MoaD.
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shows a moderate amount of flexibility. It is interesting
to note, however, that they show the same C-o r.m.s.f.
of 1.2 A. Whether this is functionally significant, and
therefore demonstrates an optimized mobility for
binding surfaces, remains to be shown.

In contrast to the data shown for ubiquitin, ThiS
and MoaD, the UBX domain shows different beha-
viour. Although fluctuations are observed at both the
N- and C-termini for the UBX domain (figure 3b),
these are significantly less than those observed for
ubiquitin, ThiS or MoaD. The UBX domain does not
contain the double glycine motif nor has it yet been
implicated directly in any conjugation events in which
the C-terminus of the protein is covalently modified.
Thus, the UBX domain is functionally distinct from
the other proteins and shows different dynamic
behaviour. Thus, there is a correlation between the
observed dynamics of these proteins and their
function.

So far, we have seen locally correlated motion that
is linked to the function of three of the four
ubiquitin-like proteins. In order to see whether
there is globally correlated motion among the four
proteins, a principal-component or essential-dynamics
analysis was undertaken on the atomic motion of
the proteins during the course of the simulation.
The motion of the four proteins projected along their
principal components or eigenvectors is shown in
figure 5. To see if there is any correlated motion
between the proteins, the r.m.s.i.p. of the first 10
eigenvectors from each of the simulations was
computed. These values are shown in table 2. The
r.m.s.i.p. measures the degree of overlap or similarity
of eigenvector sets (see §2). A r.m.s.i.p. of 1 indicates
the sets are identical, while a value of 0 indicates
that the eigenvectors are orthogonal (Amadei et al.
19990). As expected, the highest degree of overlap
occurs within the individual trajectories for each
protein. The average overlap in the dynamics of
proteins in the ubiquitin family is 0.48. The greatest
overlap is between functionally related proteins with
ubiquitin and ThiS having an overlap of 0.55, and
MoaD and ThiS having an overlap of 0.54. It is
interesting to note that MoaD and ThiS have the
highest sequence identity out of the four proteins
studied (29.5%). This is reflected in the fact that
ThiS and MoaD are thought to have diverged from
the common ancestral ubiquitin protein at roughly
the same time (Wang et al 2001). These results
suggest that the dynamic properties of the proteins
have been conserved along with sequence. Our
results are similar to those of other studies which
have also used essential-dynamics analysis to com-
pare the molecular motions of two members of the
pancreatic-like superfamily (Merlino et al. 2003). In
this case, the native-state dynamics of RNase A was
compared with human angiogenin, with which it
shares 33% sequence identity. Similar motions were
observed and a r.m.s.i.p. of 0.6 reported (Merlino
et al. 2003). The proteins of the ubiquitin family
studied here show slightly less correlated motion
despite structural and functional similarity; this is
probably owing to their lower sequence homology.
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Table 2. The calculated r.m.s.i.p. between each of the
proteins.

(The values on the diagonal are calculated by splitting the
individual trajectories in half and calculating the overlap
between each half.)

ubiquitin UBX ThiS MoaD
ubiquitin 0.71 0.43 0.55 0.49
UBX 0.73 0.46 0.42
ThiS 0.70 0.54
MoaD 0.74

UBX has almost no sequence homology to ubiquitin,
while the sequence identity of ThiS is very low
(14%). It is interesting to note that UBX, which is
not functionally related to the other three proteins,
shows the least overlap in terms of its molecular
motions with the other three (table 2). These results
support the idea that there is a strong link between
protein dynamics and protein function.

The native-state simulations represent how a
macromolecule behaves at its free-energy minimum.
Owing to the structural complexity of proteins, there
are many conformations or sub-minima that make up
this global minimum. The essential dynamics analysis
shown in figure 5 shows the amplitudes of the motions
of each protein at its energy minimum. The net
displacement of each of the proteins along their first
two eigenvectors is shown in table 1. Ubiquitin, ThiS
and MoaD all have similar displacements along their
two principal eigenvectors, whereas the displacement
for UBX is quite different. In figure 6, backbone
representations of the four proteins are shown; the
shaded regions are those sections of the protein that
contribute most to motion along the first eigenvector.
The regions shaded in red and magenta have the
highest contribution, while those shaded in blue
contribute to a lesser degree. It is interesting to note
that the C-terminal region of ubiquitin, ThiS and
MoaD contribute the most to motion along the first
eigenvector, whereas in UBX, the N-terminus shows
the largest contribution. The essential-dynamics
analysis reinforces the idea that the UBX domain
demonstrates quite different dynamic behaviour to the
other three proteins. In other cases, it has been shown
that proteins with similar native structures display
similar dynamics (Keskin et al. 2000). Here, however,
we have clearly demonstrated for four ubiquitin-like
proteins that global dynamics are influenced by
function as well as by structure.

In this study, we have investigated the dynamics of
four proteins in phase space. It is important to take
into account that these simulations are run for 2 ns.
Ideally, a more complete picture of the dynamics can
be obtained if the simulations are run for longer.
However, figure 6 helps to rectify the problem by
showing any correlated motions between the proteins.
Another consideration is how the use of a coloumbic
cut-off might affect the results of the essential
dynamics analysis. However, it has been shown that
using either a cut-off or a particle mesh Ewald
summation to deal with electrostatics produces similar
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(b) _ /

Figure 6. Backbone representations of the four proteins:
(@) ubiquitin, (b) UBX, (¢) ThiS and (d) MoaD. The shaded
regions of the structure correspond to regions, which
contribute most to motion along the first eigenvector. Red
and magenta indicate the largest contributions, blue indicates
a smaller contribution, and the unshaded regions indicate no
significant contribution to motion along the first eigenvector.

results in the essential dynamics analysis (Merlino
et al. 2003).

4. CONCLUSIONS

The data presented here show a clear correlation in
the dynamics of three proteins in the ubiquitin family.
There is a high degree of correlated motion in both the
local and global dynamics of the functionally related
proteins: ubiquitin, ThiS and MoaD. In contrast, a
lower degree of correlation is observed with the UBX
domain, a structural but not a functional homologue
of ubiquitin. Together, our results suggest that protein
dynamics have been optimized during evolution for
protein function and that structural similarity
between proteins does not necessarily imply dynamic
similarity.
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