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Abstract The Ran GTPase protein is a guanine nucleotide-
binding protein (GNBP) with an acknowledged profile in
cancer onset, progression and metastases. The complex
mechanism adopted by GNBPs in exchanging GDP for
GTP is an intriguing process and crucial for Ran viability.
The successful completion of the process is a fundamen-
tal aspect of propagating downstream signalling events.
QM/MM molecular dynamics simulations were employed
in this study to provide a deeper mechanistic understand-
ing of the initiation of nucleotide exchange in Ran. Results
indicate significant disruption of the metal-binding site
upon interaction with RCC1 (the Ran guanine nucleotide
exchange factor), overall culminating in the prominent shift
of the divalent magnesium ion. The observed ion drifting is
reasoned to occur as a consequence of the complex forma-
tion between Ran and RCC1 and is postulated to be a criti-
cal factor in the exchange process adopted by Ran. This is
the first report to observe and detail such intricate dynamics
for a protein in Ras superfamily.
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1 Introduction

Ran GTPase (Ran) is a small, 24 kDa eukaryotic protein
belonging to the Ras superfamily of small G-proteins [1].
It exerts its function in many aspects of cellular activity
[2]. Of the principal roles is the involvement in nucleocy-
toplasmic transport. Ran is also implicated in other cellular
events including spindle assembly, coordination of DNA
synthesis and nuclear envelope reformation. Ran is highly
over-expressed in various cancer cells such as epithelial
ovarian cancer and pancreatic cancer [3, 4]. It has been
shown that silencing Ran decreased cell proliferation and
cell adhesion in vitro [5]. Recently, El-Tanani et al. sug-
gested that mutation of Ran is associated with activation
of PI3K/Akt/mTORC1 and Ras/MEK/ERK pathways and
therefore is a potential target for treatment of cancers [6].
A fundamental aspect of finely tuned Ran regulation
is the ‘molecular switch’ mechanism, i.e. the cycling of
GTP (ON) and GDP (OFF) within the cell. In general, the
GTPase transitions through three states, i.e. a GDP-bound
state, an ‘empty’ state and a GTP-bound state [7, 8]. Main-
tenance and mediation of such a delicately equilibrated sys-
tem are achieved through association of the GTPase with
various accessory proteins. For the Ras superfamily, there
are two key proteins employed in regulation of the GTP-
bound/GDP-bound ratio. They are the guanine nucleotide
exchange factor (GEF; RCC1 for Ran) and the GTPase
activating protein (GAP; RanGAP for Ran). GEFs bind the
GDP-bound form, increasing GDP dissociation, whereas
GAPs bind the GTP-bound form and increase GTP hydrol-
ysis [9]. Another class of effector proteins are the guanine
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nucleotide dissociation inhibitors (GDIs; NTF2 for Ran)
[10]. These proteins bind the GDP-bound GTPase, essen-
tially ‘locking’ the protein in an inactive, GDP-bound state.
Their function in inhibiting GDP dissociation from the
GTPase precludes nucleotide exchange, ultimately imped-
ing GTP-mediated downstream signal transmission. For
signal transduction with the ultimate aim of cell cycle pro-
gression, the GTPase must be turned ‘on’, which involves
activation of the nucleotide exchange process. The initial
step of nucleotide exchange is approach of the GEF. The
GEF is then involved in disrupting the coordination of the
magnesium system in the Ras superfamily, thereby culmi-
nating in breakdown of interactions between protein and
the nucleotide system [11]. Unfortunately, the mechanism
by which Ran executes its role in nucleotide exchange is
not fully characterized or well understood. The most rele-
vant crystal structure available for Ran nucleotide exchange
is a complex of nucleotide-free Ran—RCC1 [12]. Resolu-
tion of this crystal structure provides a basis for nucleo-
tide exchange by comparison with other available crystal
structure information and coordinates. The crystal structure
revealed RCC1 is comprised of a seven-bladed B-propeller
and the Switch 2, a2 and o3 helices of Ran interact with
RCC1 along the top of its B-propeller. A B-wedge protru-
sion from RCC1 was proposed to prevent the Switch 1 from
adopting its GTP-bound conformation. This, although very
useful, does not provide a dynamic vision of the transition
between ON and OFF states. In attempting to understand
the exchange process adopted by Ran, it is worth consider-
ing the previous studies regarding nucleotide exchange in
other Ras superfamily members. Particularly, destabiliza-
tion of magnesium coordination was strongly implied in the
literature which was deemed as a determining factor in the
exchange process [13—15]. Despite this, there appears to be
significant diversity in the mechanistic action. For exam-
ple, it was proposed that loss of the metal ion precedes
major rearrangement of the Switch 1 region, which folds
up and moves away from the metal- and base-binding site
of an Mg?*-free form of GDP-bound RhoA. This jaw-like
mechanism was suggested to be necessary for exchange,
by increasing accessibility to the nucleotide. The interac-
tion between Cdc42 and DOCKY9 has also been discussed
[16]. Authors suggested that opening of the Switch 1 loop
aids exchange and also identified the a10 insert which ori-
ents into the nucleotide-binding site, utilizing a valine resi-
due to block the metal-binding site which in turn stabilizes
the nucleotide-free complex. Further nucleotide exchange
activity in the ARA7-VPS9a was reported, suggesting that
removal of the magnesium ion from the nucleotide-binding
site of the GEF-bound GTPase is effected by a so-called
‘aspartate finger’ which inserts into the nucleotide-bind-
ing site, causing removal of the ion and formation of an
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interaction with the P-loop lysine [17]. This destabilizes
the interaction of GDP with ARA7 GTPase. The nucleo-
tide exchange in Arf1 as catalysed by the GEF, ARNO was
reported, where computational modelling was employed to
recreate intermediates in the nucleotide exchange pathway
[18]. Previous reports imply the removal of magnesium as
a prerequisite for the GEF interaction [19, 20]; however,
the crystal structure of Arfl-GDP-BFA-GEF (e.g. PDB
ID: 159d) implies that the Mg”" ion is still present when
the GEF binds [21]. This agrees with the model of GDP—
GTPase-GEF containing the magnesium ion and subse-
quently promotes speculation about the specific mechanism
involved in removal of the Mg?" ion from the GEF-bound
GTPase [22]. The relocation of the magnesium ion in
RhoA was also discussed in another report where the repo-
sitioning of the ion between alpha and beta phosphates of
GDP was suggested as a step prior to nucleotide dissocia-
tion [23]. Taking into account the previous literature, it is
clear that the Ras superfamily displays significant diver-
sity in the mechanistic action of GEFs. With Ran being a
completely distinct family and comprising only a single
member, it is important to consider all aspects of nucleotide
exchange implied thus far, in addition to identifying possi-
bly unique features of this protein—protein interaction. This
study reports the first hybrid QM/MM molecular dynam-
ics simulation targeted at identifying aspects relating to the
nucleotide exchange of Ran.

2 Methods
2.1 Model generation

Two crystal structures were employed in the preparation
of RanMgGDP-RCC1 complex model including the crys-
tal structure of RanMgGDP (PDB ID: 3gj0) and the crys-
tal structure of the regulator of chromosome condensation,
RCC1 (PDB ID: 1al2) [24, 25]. The complex was mod-
elled using the PDB entry 1i2m (a complex of nucleotide-
free Ran—RCC1) as a template, which represents a complex
post-GDP dissociation. Because the structure of RCCl1
does not alter significantly upon complex formation with
Ran [12], RCC1 was superimposed onto the RAN in order
to generate the complex of RanMgGDP-RCCI. Firstly,
RCCI1 from PDB entry 1al2 was superimposed onto RCC1
from PDB entry 1i2m; Ran was then superimposed from
the 3gj0 PDB entry onto the 1i2m complex. A complex of
RanMgGDP bound with RCC1 was thus generated. The
complex was minimized using the Desmond software [26],
initially for 15 steps of SD minimization followed by a fur-
ther 845 step minimization by the L-BFGS algorithm (con-
vergence criteria set to 1.0 kcal/mol/A).
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The protein hydrogen atoms were removed in addition to
all solvent molecules, except for the four water molecules
coordinating the magnesium ion. Hydrogen atoms were
added and appropriate 9520 water molecules and 4 chlorine
counter ions were added to the RanMgGDP model system;
the RanMgGDP-RCCI1 system was solvated with 22,445
water molecules and neutralized with three sodium counter
ions. Prior to MD the model is minimized using the PMEMD
module in Amber with the ff99SB force field [27]. The system
is first minimized with restraints placed on solute atoms. This
minimization proceeds for 1000 steps of SD minimization
and then switches to the CONJ algorithm for a further 4000
steps. In this second minimization, there are no restraints
enforced and the model proceeds for 2500 steps of SD mini-
mization, followed by a further 5000 steps of CONJ minimi-
zation. The resulting structure is used as the input for the sub-
sequent MD simulations. A cut-off of 12 A was employed for
all non-bonded interactions in the minimizations.

2.2 Parameter preparation

Charges were calculated by optimizing a selected region by
HF method. Optimization was first performed for RanMg-
GDP, for which the region included GDP, the magnesium
ion and its complete first coordination sphere composing
four waters, T24 and GDP. K23 was also included in the
calculation as the large electrostatic contribution resides in
close proximity to the Mg?*—GDP system. Residues T24
and K23 were truncated to keep the side chains and pep-
tide backbones in the calculation. In total 91 atoms were
included in the geometry optimization, which was per-
formed with the Gaussian 03 program [28], using the
restricted HF method with the 6-31 g (d) basis set.

Geometry optimization of the RanMgGDP-RCCI1 fol-
lows the same procedure as that of the RanMgGDP system.
For this model complex, a larger region was chosen for
optimization (133 atoms), which included the magnesium
ion, GDP, the four coordinating water molecules, the side
chain of T24%* the side chain of K23R% as well as three
residues from the p-wedge of RCCl1 (D148RCC1, N149RCCl
and N150R€Ch) Amino acids were truncated similar to
those in the Ran calculation.

Charge calculation was carried out in two stages: first
electrostatic potential (ESP) charges for each atom were
calculated and then these were converted to restrained elec-
trostatic potential (RESP) charges [29]. RESP calculations
were performed using the RESP program as part of the
Amber suite of programs. The calculated charges for Mg—
GDP in RanMgGDP and RanMgGDP-RCCI1 systems are
listed in supporting information Table S1 and S2, respec-
tively. Denotation of the atoms is shown in supporting
information Fig. S1.

2.3 MD simulations

The minimized system was heated to 300 K over a period
of 50 ps. A weak restraint of 0.5 kcal/mol was placed
on solute atoms. The simulation was executed with the
PMEMD module of Amber, using periodic boundary
conditions for 50,000 steps with a time step of 1 fs. The
SHAKE algorithm was applied to all bonds involving
hydrogen atoms and a cut-off of 12 A was applied for non-
bonded interactions.

After heating the system was subject to 1 ns conven-
tional equilibration, where the system is allowed to stabi-
lize at a pressure of 1 bar, over 1 ns. Using the PMEMD
module, a time step of 1 fs was employed and periodic
boundary conditions were applied. All restraints were
removed, the SHAKE algorithm was applied to all bonds
involving hydrogen, and a cut-off of 12 A was used for the
non-bonded interactions.

2.4 Hybrid QM/MM

Following equilibration, the system was subject to a fur-
ther 1 ns equilibration using mixed QM/MM simulation
techniques with the sander module of Amber. In the QM/
MM calculation the magnesium ion, GDP, Thr24 and four
coordinating water molecules were treated by PM3 method
[30, 31]. The QM region was truncated to include the first
coordination sphere of the divalent ion (Fig. S2). The total
charge of the QM region is —1. The system was allowed
to evolve and stabilize at a pressure of 1 bar for 1 ns with
a time step of 2 fs. Both periodic boundary conditions and
the SHAKE algorithm (for all bonds involving hydrogen)
were applied. There was no restraint placed on the sol-
ute atoms. The boundary was treated via the link atom
approach and a cut-off of 8 A was used for non-bonded
electrostatic interactions with an adapted implementation
of the PME method.

After classical and hybrid QM/MM equilibration, the
system was advanced to a QM/MM production simula-
tion. The RanMgGDP complex was allowed to evolve over
15 ns under the QM/MM simulation protocol using the
sander module. The system is set up with periodic bound-
ary conditions and run for 15 ns, using a time step of 2 fs.
The SHAKE algorithm is applied to all bonds involving
hydrogen. There was no restraint placed on solute atoms
and a cut-off of 8 A was used for non-bonded electrostatic
interactions.

Parameters used in RanMgGDP simulations are the
same as those applied to simulations of the RanMgGDP—
RCC1 model. The RanMgGDP-RCC1 system was allowed
to evolve over 20 ns under the QM/MM simulation proto-
col, using a time step of 1 fs.
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3 Results and discussion
3.1 Evolved stability of Ran from MD simulations

Because the N-terminal region of the Ran protein was flex-
ible throughout the simulation, RMSD calculations were
carried out for Ran, excluding the first seven residues.

Figure 1a shows the RMSD fluctuation in the alpha car-
bon atoms of the residues 8-207 in Ran throughout the
15 ns QM/MM production simulation. The simulation sta-
bilizes at approximately 8 ns, remaining stable thereafter.

Figure 1b illustrates the fluctuation in alpha carbon
RMSD throughout the RanMgGDP-RCC1 simulation. It
can be seen that the complex system evolves to an RMSD
of approximately 2 A in the first 15 ns of simulation and
then stabilizes, except that a sharp fluctuation in alpha car-
bon RMSD was observed towards the end of the production
simulation. This fluctuation may correspond to conforma-
tional rearrangements of the complex system.

>

3.2 Conformational promiscuity

MD simulations with the RanMgGDP complex were executed
to monitor the dynamic evolution of the species, as predicted
in an aqueous environment. Starting from a well-defined crys-
tal structure, we anticipate a fairly stable evolution during
simulation, presupposing that the simulated protein is unlikely
to undergo major rearrangements within the strict definition of
simulation protocol. Indeed, this supposition holds true based
on the RanMgGDP simulation, where results indicate a very
stable system which refrains from dramatic rearrangement.
Based on the premise of system stability, it is of considerable
importance to highlight the stability of the usually ‘ill-defined’
magnesium and GDP throughout the QM/MM MD simula-
tion. This justifies the parameters for magnesium and GDP
and the starting model used for the MD simulations.

The secondary structure of RanMgGDP-RCC1 model is
shown in Fig. S3. Switch 1 comprises residues 29-46 and
Switch 2 comprises residues 67—76. The P-loop, composed
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Table 1 Distance between magnesium and the B-phosphate oxygen
of GDP at time, ¢

Time, ¢ (ns) Frame Distance (A)
5 0 2.41
18.500 3700 2.50
18.505 3701 2.45
18.510 3702 2.53
18.515 3703 2.51
18.520 3704 2.53
18.525 3705 2.58
18.530 3706 471
18.535 3707 5.59
18.540 3708 541
18.545 3709 5.99
18.550 3710 5.86
22.745 4548 7.02

of residues 17-25, was suggested to stabilize the nucleo-
tide. The tip of the B-wedge comprises residues 147-150;
among them, the two asparagines N149 and N150 are the
most significant protruding residues. B-factors infer regions
of flexibility and regions which are well ordered. The resi-
due B-factors were calculated for the RanMgGDP simu-
lated structure (Fig. S4). We observed the Switch 2 region
exhibits considerable motion. In particular, the side chain of
K71 is very flexible according to the B-factor calculation.
This is reasonable considering the charged aliphatic lysine
side chain and the polar solvent environment to which it is
exposed. The Switch 2 region is known to be one of the
most dynamic regions in Ras superfamily proteins and so
increased B-factors in this region is not unexpected. Minor
increases in B-factors are also observed for other regions
in Ran; specifically, residues 34-38, 95-113, 127-143 and
179-207. Residues 34-38 comprise a section of the Switch
1 region in Ran, a region which is known to be extremely
flexible. Residues 95-113 incorporate the helix a3 region
in Ran. This region is exposed to the solvent environment
and in this respect, it is reasonable to assume that there will
be a level of flexibility in this region. Similarly, residues
127-143 reside close to the guanine nucleotide-binding site
and incorporate helix a4 and so can react to conformational
changes in and surrounding the GDP ligand.

The most notable aspect of the RanMgGDP-RCCI1 simu-
lation was the obvious relocation of the divalent magnesium
ion. From the alpha carbon RMSD graph for RanMgGDP-
RCC1 (Fig. 1b), considerable fluctuations were observed
around 14—15 ns and between 19 and 21 ns. Up until 15 ns,
the system is involved in initial system stabilization, where
the RMSD of the alpha carbon atoms deviates to approxi-
mately 2 A. After approximately 15 ns, the system settles
into a relatively stable state, up until the point of magnesium

shifting at approximately 18.5 ns. It is likely that the increased
fluctuation is a result of the system adapting itself with the
newly acquired location of magnesium and its coordinating
partners. In this study, we focused on the residues surround-
ing the Mg>*-binding site as well as those surrounding the
Switch 1 of Ran and the $-wedge in RCCI1, because they are
significant to Ran guanine nucleotide exchange.

The B-factors calculated for the core residues (i.e. res.
8-177) of Ran in the RanMgGDP-RCC1 protein (Fig. S5)
imply the most significant motion appears to be in resi-
dues 25-50 and 120-140. These regions correspond to the
Switch 1 (res. 29-46) as well as the base-binding site and
the a4 helix region (res. 122—126 and res. 132—140, respec-
tively). The Switch 1 is known to be flexible and the motion
in the base-binding site is a result of the complex genera-
tion and motion surrounding the GDP ligand. The a4 helix
resides on the RCC1-binding interface and the motion in
this region is a result of complex formation. The calculated
B-factors for RCC1 disclosed a region (res. 230-245) with
increased flexibility compared to other residues (Fig. S6),
which is a flexible, solvent-exposed RCC1 loop, located
opposite to the Ran-interacting surface.

3.3 Conformational rearrangement: the fate
of magnesium

Table 1 shows the distance evolution of magnesium and
the B-phosphate oxygen of GDP between 18.500 and
18.550 ns. The distances for the first and last frames of
the trajectory are also included as a reference. Signifi-
cant disruption of the metal-coordinating conformations
was observed in the simulations. The magnesium ion
was observed to move away from the GDP ligand. Prior
to the ion shift, the distance between magnesium and the
B-phosphate of GDP remains very stable around 2.5 A. The
shift appears to occur rapidly and the Mg?* ion continues
to depart from the GDP g-phosphate oxygen atom after the
initial ion—nucleotide bond cleavage. Therefore, we pro-
pose that the guanine nucleotide exchange in Ras super-
family proteins occurs through disruption of the interaction
between magnesium and its ligating partners.

Figure 2 shows the motion of various elements throughout
the simulation. Specifically, this depicts the evolution of GDP,
E70R% EA6R™ the magnesium ion and the four coordinat-
ing water molecules over a period of 22.745 ns (Fig. 2). The
bond cleavage between magnesium and GDP occurs after
18.525 ns (Fig. 2). To monitor this shift, the conformational
changes in the residues surrounding this region are inspected
throughout the simulation, specifically after 15 ns when the
system appears moderately stabilized. A residue, E70R" of
Switch 2, shows considerable deviation when the magnesium
ion is about to depart and seems to play significant role in the
final interaction breakdown between the Mg>*—~GDP system

@ Springer
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Fig. 2 Snapshots of the RanMgGDP-RCC1 complex interface resentation. Ran Swl is shown in yellow ribbon, Ran Sw2 in blue
throughout the 22.5 ns MD. Magnesium is depicted as a purple ribbon and RCC1 B-wedge in red ribbon
sphere and the amino acids, GDP and waters are shown in stick rep-
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(Fig. 2). This residue is involved in a water-bridged hydro-
gen bond and salt bridge interactions and is thus important
in retention of the metal-coordination system [32]. The car-
boxylate side chain of residue E708" orients into the metal-
coordination site at the beginning of the simulation (Fig. 2).
Thus, contacts are established between the metal ion and the
coordinating waters, which is important for maintenance of
the octahedral coordination observed in the Ran protein.
Major disruption of this metal-coordination site is
observed after 18.500 ns and this coincides with a ‘flip” of
the glutamate side chain away from the metal-coordination
site (Fig. 2). The side chain of E70R%* ‘flips’ between 18.515
and 18.525 ns preceding the shift of magnesium. This result
is interesting in that it implies that the “flip’ is the determin-
ing factor in the interaction breakdown between magnesium
and GDP. Despite the interaction with the metal-coordi-
nated system being lost, the side chain of E70%*" does not
appear to compensate this by further interactions with other
solute molecules. Although it is clear that the magnesium
system relocates during the simulation and that the side
chain “flip’ of residue E70R*" is a major factor contributing
to the final bond cleavage between magnesium and GDP,
it is important to rationalize the post-shift location of this
species. Visual analysis identified a residue, E46%%", which
proved to be important in permitting the successful transi-
tion of this magnesium-coordinated system (Fig. 2). The
side chain of residue E46R" is located far from the metal-
coordination site at the beginning of the simulation. As the
system evolves, the overhanging Switch 1 loop appears flex-
ible, permitting reorientation of the E46R™ side chain to
approach the magnesium centre occurring from 17.700 ns
onwards (Fig. 2). As with the ‘flip’ of the side chain of
E70R™, this reorientation precedes the relocation of magne-
sium. Initially the terminal carboxylate group manoeuvres
towards the P-loop region followed by gradual relaxation
of the aliphatic chain towards the same region. The motion
of this residue is suggested to be crucial for relocation of
the magnesium system. Indeed, completion of a successful
transition requires preparation of a suitable site in which
residence can be assumed. Therefore, we propose that the
conformational changes associated with this residue form
the basis of a complementary metal-binding site. Upon relo-
cation of the metal system, several significant contacts are
established. The most notable is probably the salt bridge
formed between the ion and carboxylate oxygen of E46R™",
In addition to this, E46R*" also forms water-bridged hydro-
gen bonds to the metal. The transition of E46R" is stabilized
by the concerted reorientation of K378 in the Switch 1
motif. Residue K378 maintains a strong salt bridge inter-
action with the carboxylate of E468* during the simulation.
Two residues seem be important for ensuring efficient
metal relocation, namely T24 on the Ran P-loop and D65
on the Ran Switch 2. Residue T24%*" is included in the

octahedrally composed first coordination sphere of the
Mg*" ion and close to the guanine nucleotide. Steadfast
maintenance of the interaction between T24R%*" and mag-
nesium is evident throughout the simulation. It is proposed
that retention of the interaction between magnesium and
T24Ra throughout the simulation acts as a chaperone for
the magnesium relocation. Residue D65 is also pro-
posed to chaperone the metal system during relocation. The
convenient location of this residue, at the beginning of the
Switch 2 motif and close to the Switch 1 loop, is postulated
to be critical for the effective relocation of the magnesium
ion. The carboxylate side chain maintains salt bridge and
water-bridged hydrogen bond interaction with magnesium
which is in turn coordinated to the GDP. The salt bridge
interaction is also sustained throughout the ion shift. This,
together with T24R™ can effectively function as an ‘esca-
lator’ between the guanine nucleotide-binding site and the
Switch 1 region, where contact with the magnesium coordi-
nation centre is maintained throughout the simulation.

It is also important to consider the influence of the
B-wedge. N149RCCl and N150RC! are in close proximity to
the metal-coordination centre. The nucleotide and its sur-
rounding Ran residues (e.g. K23%* and E70%") provide
significant electrostatic character to the metal-binding site.
It is likely that the incoming B-wedge serves to dilute this
strong electrostatic character. The neutralizing effect is pro-
vided by two asparagine residues N149 and N150 at the tip
of the B-wedge (Fig. 2). These polar but neutral side chains
orient close to the di-phosphate and function to detract a
portion of the electronegativity manifested by GDP. The
neutralizing effect is further enhanced by the terminating
amino functionalities of the asparagine residues. Further-
more, we postulate that the relocation of E46R™ provides
substantial electronegative character to enable comfortable
relocation of the divalent ion, effectively compensating for
the diminished electronegativity in the guanine nucleotide-
binding site. Figure 2 illustrates the interference of the
B-wedge residues in the Switch 2/P-loop interface in Ran.
In addition to the electrostatic contribution, the B-wedge
residues also provide a sterically challenging environment.
Early accommodation of N149R“C! between the P-loop
and Switch 2 interface is apparent. Convenient insertion
of the prominent $-wedge between the P-loop and Switch
2 regions increases the distance between these two motifs,
driving them apart (Fig. 2). The distance between these two
motifs increases such that tension on the magnesium sys-
tem which stretches over these regions is created. D18R"
of the P-loop in Ran is identified to be crucial in the cor-
rect positioning of the B-wedge. From the simulation, we
observed the formation of a strong salt bridge interaction
between D18R* and R147RCC! on the B-wedge in RCCl,
which may contribute significantly to the retention of the
GEF. In view of the location and strength, it is possible that
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light a plausible continuation of this exchange mechanism, based on literature reports

it acts as the linchpin for complex interaction, hinging both
Ran and RCC1 interfaces. K718 nested on the Switch 2
motif, is flexible and solvent exposed; interestingly, it was
found to form a salt bridge with the carboxylate side chain
of E200RC! which is close to the B-wedge. Although these
interactions do not directly intrude on the metal site, they
are likely important in maintaining the strong complex
interaction between Ran and RCC1 proteins.

At this stage, it is worth summarizing the cooperative
nature of the observed simulation results. In particular, the
ion shift is indispensable in effecting the exchange process,
and a concerted mechanism which permits the occurrence
of this shift is outlined. Indeed, initiation of this process
must first involve the approach of the GEF, RCCI1, to the
(correct) Ran interface. Convenient and direct insertion of
B-wedge residues into the P-loop/Switch 2 interface of Ran
is important for two reasons. Firstly, it is postulated that the
residues in the P-loop and Switch 2 regions are crucial for
defining effective complex formation. Binding of RCC1 to
Ran in an irregular orientation likely renders the complex
unproductive by the strict definition and evolution of pro-
tein architecture. Specifically, we propose that the strong
salt bridge formed between D18R%" and R147RC! is critical

@ Springer

in creation and maintenance of this protein—protein interac-
tion. Secondly, the steric imposition originating from inser-
tion of the pronounced B-wedge disrupts the finely tuned
balance between the P-loop and Switch 2 components. In
particular, N1498CC! and N1508“! encroach on the metal-
binding site and directly interact with the residues on the
P-loop and Switch 2. This disrupts the electrostatic and
steric balance experienced within the metal-binding site.
Specific interaction of N149R“! with E70R*" strains the
octahedrally coordinated magnesium system, whilst E46R"
reorients its side chain carboxylate above the P-loop/
Switch 2 interface in order to prepare suitable environment
to accommodate the metal ion. It appears that both a culmi-
nation of the increased hydrogen bond interaction between
N1498CC! and E70R* and the increase in space and elec-
tronegative character introduced above the metal-binding
site result in the ‘flip’ of E70R" side chain, which could be
viewed as ‘releasing the lock’ on magnesium coordination.

3.4 Implications for nucleotide exchange

Based on the available crystal structures in the litera-
ture [33] and our simulation results, the mechanism for
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initiation of RCCIl-mediated nucleotide exchange in
RanGTPase is proposed (Fig. 3) and the seamless perpetu-
ation of this process within the cellular environment is
hypothesized.

Overall, our simulation results imply that prominent dis-
ruption (of the P-loop/Switch 2 interface) by the p-wedge
is not significant enough for instantaneous relocation of
magnesium. We propose that attempts to equilibrate the
electrostatic distribution and alleviate the steric challenge
surrounding the metal-nucleotide site ultimately culminate
in the ion shift, as the system reacts to the conformational
changes upon complex formation (and evolution). In gen-
eral, the initiation of nucleotide exchange in Ran can be
analogized as a ‘disappearing act’ performed by the mag-
nesium ion. The interaction of the p-wedge with Ran inevi-
tably creates a sterically unfavourable environment, which
strains the P-loop/Switch 2-balanced magnesium coordina-
tion system. It is likely that these impositions cause disrup-
tion to the finely tuned electrostatic character of the mag-
nesium coordination system and the residues involved in
the guanine nucleotide-binding site. This culminates in the
orchestration of complete interaction breakdown between
the Mg>*—GDP system.

It appears that a flip in residue E7 is involved in
final breakdown of the interaction between Mg>*—GDP.
Initially, the magnesium system is stabilized in the active
site by residues of the P-loop (e.g. T24%%") and Switch 2
(e.g. D658 and E70R™). Insertion of B-wedge residues
between the P-loop/Switch 2 interface perturbs the metal-
binding site, encumbering the stable octahedral coordi-
nation. N149RCC! appears critical for the disruption, as it
forms a hydrogen bonding interaction with E708%", which
removes a portion of the electronegativity initially provided
by this residue. The interaction between the backbone of
N150RCC! and G20R*" also contributes to destabilization of
the metal-binding site. This interaction, together with a cul-
mination of the competition between N149RCland E70R*
and the steric effect imposed by insertion of N149RCC!
between the P-loop and Switch 2, ultimately result in col-
lapse of the interaction between E70%*" and the Mg *-coor-
dinated system (by removal of the E70R*" side chain from
the metal-binding site). Preparation of a suitable relocation
site is achieved through reorientation of residue E46%" to a
position above the metal-binding site. The conformational
shift is critical to provide an increased level of electroneg-
ativity into this region and the relocation is stabilized by
a salt bridge interaction with K378 In order to maintain
a stable octahedrally coordinated metal system, the ion
and coordination sphere relocate to the vicinity of Switch
1. The strong interaction maintained between the ion and
residues T24R% and D658 indicates that the metal sys-
tem retains a level of stability but with threatened loss of
its ‘comfortable’ octahedral coordination. Both T24R*" and

ORan

D65R appear critical for the relocation, acting as ‘escala-
tors’ or ‘hinges’ in chaperoning the metal system from the
guanine nucleotide-binding site to the Switch 1 region in
order to compensate for the loss of interaction between
E70R" and the metal-coordination system. The attractive
carboxylate-rich environment and the abundance of space
above the guanine nucleotide-binding site both appeal to
the threatened octahedrally coordinated magnesium, and
thus, the constraints within the GEF-bound P-loop/Switch
2 interface are alleviated to some extent. Subsequent to
the ion shift, both D65%*" and E46%*" are within sufficient
distance to form meaningful salt bridge interactions with
the magnesium-coordinated system. The ion relocation
causes loss of interaction between magnesium and GDP
which is proposed to drastically reduce the affinity of Ran
for GDP [34]. The reduction in affinity is suggested to be
a major determinant in the interaction breakdown between
the nucleotide and Ran. Given that release of magnesium
decreases Ran affinity, it is possible that the phosphate ter-
minus provides significant contribution to GDP-binding
energy. It is suggested that loss of metal interaction causes
the phosphate to ‘peel’ away from Ran, a process which
may be aided by interaction with N150R“C!. Phosphate
removal is likely accompanied by dislocation of the adjoin-
ing ribose and guanine motifs. The metal may completely
dissociate from Ran after the shift, whereas it is also possi-
ble that the metal temporarily resides in the Switch 1 region
during the nucleotide exchange process. In this situation,
the relocation of the magnesium system not only allevi-
ates spatial constraints in the P-loop/Switch 2 interface but
also allows more space for the incoming GTP, post-GDP
dissociation. With this, and the fact that the magnesium
ion has strong association with the Switch 1 region post-
shift, the events following GDP dissociation can be sur-
mised. An incoming GTP molecule, as required for correct
nucleotide exchange, is expected to bind into the guanine
nucleotide-binding site and interact with the magnesium
upon initial coordination. The location of the magnesium
is useful for the incoming GTP molecule, being larger
than the GDP molecule. Because of the interaction of the
metal ion with the Switch 1 residues, it is postulated that
magnesium moves to re-associate with the nucleotide into
the catalytically important site upon GTP association. The
interactions gained with Switch 1 through pre-exchange
are strong enough to be maintained in the post-exchange
ion relocation, which effectively pulls the Switch 1 region
down with the metal, enveloping the guanine nucleotide-
binding site (e.g. PDB ID: 2bku) [35]. The encapsulation
by Switch 1 introduces steric interference with the interface
residues of RCC1. Indeed, complete closure of the Switch
1 loop over GTP would clash with the RCC1 protein [12]
and so it is hypothesized that this is the terminating factor
in the nucleotide exchange process. Specifically, closure of
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Fig. 4 Switch 1 conformations in various Ran-related complexes in the Ras superfamily

Switch 1 down over the nucleotide-binding site signals the
end of nucleotide exchange and interactions gained from
this, between Ran and nucleotide, are sufficient to force the
disengagement of the RCC1 protein. Indeed, the post-GDP
dissociation hypothesis proposed here agrees with the con-
cept of unsuccessful nucleotide exchange. In the nucleus,
both GDP and GTP are present. It is therefore possible
that upon initial GDP dissociation another GDP molecule
could, in theory, associate. The lack of tri-phosphate is
surmised to be insufficient in reaching the magnesium ion
located by the Switch 1, and therefore, no valuable interac-
tion would be established. In this case, the Switch 1 region
would not ‘close’ and terminate nucleotide exchange; how-
ever, the GDP would simply dissociate and the process is
perpetuated until a GTP associates and the exchange is
successful.

A crystal structure of nucleotide- and magnesium-free
Ran-RCCl is available (PDB ID: 1i2m) which implies
the absence of the GDP and metal prior to completion of
exchange [12]. It is possible that, in addition to the disso-
ciation of GDP, the interaction of magnesium and Ran may
also be lost before an Mg?*—GTP system is invited into the
binding site. It should be noted that the Switch 1 region in
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the crystal structure is not resolved. In particular, residues
which are postulated to be involved in stabilizing the post-
shift location of magnesium in this research are missing in
the crystal structure. Therefore, we suggest Mg?* is drift-
ing during the nucleotide exchange, although the possibil-
ity of complete Mg>* loss cannot be excluded.

In agreement with the results obtained in the present
research the literature strongly implies destabilization of
the magnesium coordination as a determining factor in the
exchange process. Early literature concerning RhoA implies
the loss of magnesium prior to the Switch 1 conformational
change (i.e. closed to open) and GEF interaction [22, 36],
but this cannot be the case for Ran. The Switch 1 region
sandwiches the nucleotide in the GDP-bound form of RhoA
(PDB ID: 1cc0); however, in the GDP-bound form of Ran
the Switch 1 adopts the ‘open’ conformation (Fig. 4) [37].
Moreover, the Switch 1 ‘jaw’ in Ran is ‘open’ prior to GEF
interaction (Fig. 4), as confirmed by the RanGDP-NTF2
complex (PDB ID: 1a2k) [38]. It is possible that RanGDP-
NTF2 (PDB ID: 1a2k) is involved in preparing the template
for the ion shifting. This hypothesis is drawn from various
crystal structures (PDB IDs: la2k, 3gj0 and 1i2m). The
structure of RanGDP-NTF2 represents a structure of Ran
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which is involved in the process of nucleocytoplasmic trans-
port and precedes the exchange process. Furthermore, the
NTF2 and RCC1 Ran-binding interfaces overlap, so NTF2
must dissociate prior to RCCI interaction. The Switch 1
loop in all three complexes displays the ‘open’ conforma-
tion (Fig. 4), so it clear that the Switch 1 loop is ‘open’ prior
to GEF interaction. The fact that the Switch 1 motif adopts
the ‘open’ conformation prior to GEF interaction indicates
that Ran employs a nucleotide exchange mechanism dis-
similar to that of RhoA. Ran also appears to adopt a differ-
ent nucleotide exchange mechanism than that represented
in the Cdc42-DOCK9 and ARA7-VPS9a complexes [16,
39], which may be caused by the different GEF proteins. In
addition, it is postulated that the Cdc42-DOCKO9 requires a
specific 10 motif which functions to block the magnesium-
binding site and the ARA7-VPS9a interaction requests uti-
lization of an ‘aspartate finger’ in forcing the removal of the
ion. In our simulation results, the asparagine residues at the
tip of the B-wedge insert close to the metal-coordination
site; however, they do not appear to directly block the metal-
binding site. Furthermore, an aspartate (or glutamate) resi-
due responsible for the magnesium destabilization and/or
loss was not observed.

Relocation of the metal ion concerning the RhoA-GEF
mechanism has been suggested in recent literature [23].
Indeed, this corroborates with observations reported in this
work, despite the direction of relocation being dissimilar. The
difference between the ion drifting reported in the RhoA—
GEF complex and our study can be rationalized by the dif-
ference in their Switch 1 conformations. In the RhoGDP
structure, the Switch 1 region is folded down over the guanine
nucleotide- and metal-binding site, i.e. the closed conforma-
tion (Fig. 4). As such, the region above the metal-binding
site is significantly congested when compared to that of Ran,
where the Switch 1 loop manifests an ‘open’ conformation
in the GDP-bound state. It is surmised that the observed ion
relocation between the alpha and beta phosphates of GDP in
RhoA is due to the lack of available space above the metal-
binding site, in addition to the apparently sufficient electron-
egativity provided by the alpha phosphate of GDP.

The concept of the magnesium drifting observed in the
present work agrees with the rationale of the metal system
disruption by corresponding GEFs. We presume that the
incoming B-wedge in RCC1 has a neutralizing effect on the
magnesium-binding site, where the disruption causes desta-
bilization and subsequent relocation of the metal ion. In a
similar respect, relocation towards the alpha phosphate (as
in the case of RhoA), also indicates alteration of electro-
statics in the original metal-binding site upon GEF inter-
action, resulting in the shift of the metal towards a more
electronegative region [23]. We propose that the ‘disap-
pearing act’ performed by the magnesium ion is critical
for GDP dissociation and that the drastic conformational

difference reported for the Ran Switch 1 loop is the driv-
ing force for the Switch 1-directed nucleotide exchange in
Ran. Although it is theoretically possible that the Mg”*-
free form of Ran constitutes another intermediate in the
exchange process, in view of the conformation of the
Switch 1 loop prior to GEF-binding and the convenient
location of the ion drift, it is proposed that the ion initially
resides in the vicinity of the Switch 1.

In order to understand the complete picture of nucleo-
tide exchange mechanism of RanGTPase, we compared our
simulation observations with the available crystal structure
of Ran—-RCC1 (PDB ID: 1i2m) to rationalize the transition
between the model we obtained and the nucleotide-free
Ran—RCC1 complex. In the complex, the Switch 1 loop
is in an ‘open’ conformation with lack of defined coor-
dinates. That is, the residues 32-37 in the Switch 1 loop
(comprising residues 29-46%") were unresolved and miss-
ing in the crystal structure as well as residues 233-238 of
RCCI1. A common conception in the Ras-like GTPase
nucleotide exchange mechanism is the stabilization of the
nucleotide-free intermediate state by the interaction of the
P-loop lysine residue (K23R") and either the aspartate at
the beginning of Switch 2 or the glutamate at the end of the
Switch 2 motif [19, 23, 39]. In the Ran—RCCl crystal struc-
ture, K23R% forms a salt bridge interaction with D658 on
the Switch 2. Although in the MD study detailed in this
research, the interaction of K23R%" with either D658*" or
E70R™" is not observed, it is possible that this interaction
contributes to destabilization of GDP or it is gained upon
GDP loss to stabilize the nucleotide-free state. Another
difference in the reported guanine nucleotide exchange
mechanism of Ran and other Ras-like GTPases is the lack
of intrusion into the magnesium-binding site by residues
from the GEF. In some GTPases, residues of the GEF have
been reported to block the metal-binding site in the GDP-
bound—GTPase-GEF complexes [14, 16, 39, 40]. However,
this is not the case in the Ran—RCC1 complex interaction.
A likely reason for this difference is the binding interfaces
between the GTPase and its respective GEFs. Although
the RCC1 interacts with the guanine nucleotide and the
surroundings, the coverage is not significantly interfering
with the metal-binding site. The RCC1 protein only inter-
acts with the bottom face of Ran (PDB ID: 1i2m), whereas
other GEFs cover a more extensive interface encompassing
P-loop, Switch 1 and Switch 2 motifs (e.g. PDB ID’s: 1r8q,
31w8, 1bkd and 1foe) [21, 23, 40, 41].

In the Ran—RCCI1 crystal structure reported by Renault
et al., K71R% of the Switch 2 forms a salt bridge interac-
tion with D18R* of the P-loop [12]. In the models studied
within our work this interaction is not observed. Firstly, in
the MD simulated RanMgGDP structure, interaction formed
between K718 and the solvent environment is observed.
This is reasonable considering the solvent-exposed and
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RanMgGDP-RCC1 Mg?*-4H,0

Fig. 5 Comparison of the conformation of E708" and W104%" in the literature reported structures of Ran and the simulated model of Ran

polar nature of this residue. Upon generation of the RanMg-
GDP-RCC1 complex, this residue forms additional contacts
with RCC1, including a salt bridge between K71R" and
E200RC!, To rationalize the difference in the orientation of
this residue between the RanMgGDP/RanMgGDP-RCC1
complexes and the Ran—RCC1 nucleotide-free complex, we
suggest that the relocation of K718 occurs as a result of the
dislodged magnesium ion. This would effectively remove
a large portion of the electropositivity involved in stabiliz-
ing the guanine nucleotide within the binding site. Further-
more, in order to minimize GDP destabilization experienced
by the Mg>* ion drifting, the side chain of K71%* flips in
towards the metal-binding site. Since the nucleotide-free
complex suggests a salt bridge interaction between K718
and D18R& it is likely the loss of GDP may permit forma-
tion of this interaction.

@ Springer

The crystal structure of the nucleotide-free Ran—RCC1
complex implies a large conformational shift in residues
E70R™ and W104R" [12]. Although the MD study car-
ried out in the present research does not show the com-
plete conformational change in these two residues, as
defined in the literature [12], it is clear that residue E70R®"
is removed from the metal-binding site (Fig. 5). Com-
pared with the structure of the nucleotide-free Ran—RCCl1
complex, we suggest the Switch 2 likely continues to
depart from the metal-binding site. Further opening of the
Switch 2/P-loop interface may cause a clash between the
side chains of E70R*" and W104R", consequentially ‘flip-
ping’ the large aromatic side chain. It will be interesting
to uncover further aspects of this complex interaction, to
further decipher characteristics of nucleotide exchange in
Ran GTPase.
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4 Conclusions

MD simulations have been employed in deciphering
aspects of initiation of the nucleotide exchange process
adopted by Ran GTPase. This is the first report where
destabilization of the Mg?*—-GDP system in Ras-like
GTPases was observed through QM/MM MD techniques.
These results provide a theoretical basis for the mecha-
nism of initiation of nucleotide exchange in Ran. Further
to providing structural information surrounding this intri-
cate process, the novel methods employed in this research
also provide a paradigm for future implementation of these
modern techniques into investigating the biological process
for such complex systems.
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