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Abstract

Five singly spin labeled side chains at surface sites in the C-terminal domain of RGL2 protein have been analyzed to investigate the general
relationship between nitroxide side chain mobility and protein structure. At these sites, the structural perturbation produced by replacement of a
native residue with a nitroxide side chain appears to be very slight at the level of the backbone fold. The primary determinants of the nitroxide side
chain mobility are backbone dynamics and tertiary interactions. On the exposed surfaces of a-helices, the side chain mobility is not restricted by
tertiary interactions but appears to be determined by backbone dynamics, while in loop sites, the side chain mobility is even higher. For a better
understanding of the changes in the EPR spectral line shape, molecular dynamics simulations were performed and found in agreement with EPR

spectral data.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Knowledge of the structure and dynamics of proteins
provides a powerful means to understand key aspects of their
function. Site-directed spin labeling (SDSL) has emerged as an
effective approach to obtain topographical and dynamical
information about both water-soluble and membrane proteins
[1-7]. Spin labeling is typically accomplished by cysteine-
substitution mutagenesis followed by reaction with a sulfhy-
dryl-specific nitroxide reagent. The one most commonly
employed is a methanthiosulfonate derivative that generates
the disulfide-linked nitroxide side chain, named R1 (Scheme 1),
although other side chains have been employed for specific

purposes [8].

Abbreviations: RGL2, RalGDS like protein-2; SDSL, site-directed spin
labeling; EPR, electron paramagnetic resonance; MD, molecular dynamics;
RBD, Ras binding domain.
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The EPR spectrum of a spin labeled side chain in a protein
encodes information about dynamical modes of the nitroxide.
Such information is important because the nitroxide motion
reflects a variety of structural and dynamical features of the
protein itself, such as backbone dynamics, bond rotational
isomerization within the side chain, modulated by tertiary
interactions with its environment and Brownian diffusion.
Analysis of the EPR spectrum provides a direct experimental
measure for side chain solvent accessibility, determined from
the collision frequency of the nitroxide with paramagnetic
probes in solution [3], polarity of the local environment deduced
from features of the spectrum at low temperature [9], and side
chain mobility estimated by the inverse central linewidth and by
the spectral second moment [5,10]. While nitroxide side chain
accessibility and mobility provide local structural information,
global information can be obtained from the introduction of a
second paramagnetic center and subsequent determination of
interspin distance through detection of magnetic spin—spin
interaction [11-17]. The combination of local and global
information from SDSL-EPR can provide adequate constraints
to model the structure of a protein at the level of the backbone
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Scheme 1. Structure of the R1 side chain, indicating the dihedral angles y;—ys.

fold. The SDSL-EPR method has been fruitfully used to
determine the structure in bacteriorhodopsin [3,18—20], rho-
dopsin [21-26], colicin El [27], T4 lysozyme [10,11] and the
Streptomyces lividans K" channel [6,28], to cite only some
examples.

RGL2 (RalGDS like protein-2) is a member of the RalGDS
family which was isolated as a potential effector for Ras and
Ras analogue Raplb [29,30]. Like the other members of the
family, RGL2 contains a carboxyl-terminal domain which
binds the GTP ligated form of Ras proteins and an amino-
terminal CDC25 homology domain, which has the structural
features of a guanine nucleotide exchange factor. On the basis
of this two-domain structure, it has been suggested that the
members of the RalGDS family are able to couple
transduction pathways regulated by Ras or Ras-related
proteins with pathways regulated by other small G-proteins.
The C-terminal RGL2 fragment which regulates the interac-
tion with Ras proteins contains a region encoding 90 amino
acids (RGL2-90) that presents a very high homology with the
Ras binding domains (RBDs) of RalGDS family members. On
the basis of this evidence, one can suppose that RGL2-90 is
the domain of RGL2 directly involved in the interaction with
Ras. Therefore, information about structural and dynamical
features of RGL2-90 will allow characterization of the Ras
binding features of RGL2. In this study, the internal motion of
the side chain and the relation between side chain mobility
and protein topography of RGL2-90 has been investigated in
a manner that reveals the general relationship between
structure and EPR line shape. The Electron Paramagnetic
Resonance (EPR) analysis has been combined with Molecular
Dynamics (MD) simulations. In fact, when attached to a
specific protein residue, probe restriction should be well
modelled by molecular dynamics simulations. The extent of
the narrowing of the nitroxide EPR spectrum is optimally
sensitive to the amplitude of nanosecond rotational motions
[31-33].

2. Experimental procedures
2.1. Materials

The vector pGEX-4T-3, BL21 E. coli strain, glutathione-
sepharose 4B resin and isopropyl B-D-thiogalactoside (IPTG)

were from Amersham Pharmacia Biotech Ltd. (UK). Protease
inhibitors were from Sigma Chemicals and Calbiochem (San
Diego, CA, USA). The spin label C;oH;sNO3S, (1-oxyl-
2,2,5,5-tetra-methyl-pyrrolidine-3-methyl)methanethiosulfo-
nate was from A.A. Reanal (Budapest). Hi-Trap Desalting
columns were from Amersham Pharmacia Biotech. Sucrose was
from Sigma Chemicals.

2.2. Plasmid construction

The RGL2-90(647-736) coding sequence was amplified by
PCR using primers that created a BamHI site at the 5’ and an
EcoRI site at the 3’ end, and then ligated into BamHI/EcoRI
digested pGEX-4T-3 vector.

Cys-less RGL2-90 was created by PCR by substituting the
unique native cysteine (C649) with serine. Single cysteine
mutants of RGL2-90 lacking native cysteine were produced
starting from Cys-Less RGL2-90 by site-directed mutagenesis
performed by a two-step PCR amplification using the
appropriate mutagenesis primers and then ligated into pGEX-
4T-3. All constructs were verified by sequencing.

2.3. Protein expression and purification

BL21 E. coli cells bearing the pGEX constructs were
grown at 310 K in 2xYTG medium containing ampicillin
100 pg/ml to an absorbance of 0.6—0.8 (600 nm). Protein
expression was induced by adding IPTG (1 mM final
concentration) and incubating for 2 h at 310 K. The cell
suspension was then centrifuged at 7700xg for 10 min at
277 K and the pellet was resuspended in PBS containing the
following protease inhibitors: PMSF (1 mM), AEBSF (1 mM),
E64 (28 pM), PepstatinA (10 pM), Leupeptin (10 pM) and
Benzamidine (I mM). Lysozyme (100 pg/ml) was then added
to the cell suspension, which was incubated in ice for 40 min
and frozen at 253 K. After thawing, cells were lysed by
sonication. To avoid precipitation, TritonX100 (20% in PBS)
was added to a final concentration of 1% and incubated for
30 min with gentle agitation. The cell suspension was
centrifuged at 12,000xg at 277 K for 30 min. The supernatant
was mixed with glutathione-sepharose 4B according to the
manufacturer’s instructions. GST was finally cleaved by
incubating fusion proteins bound on matrix with thrombin
for 4 h at room temperature under mild agitation. Slurry was
centrifuged at 1000xg for 5 min at room temperature and the
supernatant was stored at 277 K.

2.4. Spin labeling of RGL2-90 mutants

Wild-type and single-cysteine RGL2-90 mutants (250 pM)
were incubated with methanethiosulfonate spin label in 20 mM
Mes/150 mM KCI/1 mM EDTA, pH 7.5. The reaction was
allowed to proceed at room temperature overnight. Hi-Trap
Desalting columns were used to remove unreacted spin label.
Protein solutions were concentrated to 250 pM using a
SpeedVac SC110 concentrator (Savant). When necessary,
sucrose was added to a final concentration of 40% w/v.
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2.5. EPR measurements

X-band EPR measurements were performed on an Elexsys
E-500 spectrometer (Bruker, Germany). Protein samples of 5 ul
(=250 pM) were loaded in quartz capillaries (0.84 mm o.
d.x0.6 mm i.d.) sealed at one end. All spectra were acquired
using a 2-mW incident microwave power, 1G field modulation
amplitude and modulation frequency of 100 kHz. Scan width
was 100 G and the acquisition parameters were chosen to
improve the signal-to-noise ratio without generating line
broadening.

2.6. Molecular dynamics simulations

The RGL2-90 sequence was homology-modeled onto the
NMR structure of mouse RIf-RBD (PDB ID 1rlf) using the
homology module of the Swiss-Pdb Viewer 3.7 [34]
programme. To model a particular spin labeled mutant, the
wild-type C649 was replaced by a serine and the amino acid of
interest was mutated with a cysteine. The spin label was reacted
with this single cysteine in order to obtain the R1 side chain
(Scheme 1). In the case of the wild-type system, the spin label
was attached to the native cysteine in position 649. Each
structure was validated with the PROCHECK software [35]
available on the Protein Data Bank website.

Energy minimization, MD and data analysis were performed
using GROMACS software [36]. Before performing the
molecular dynamics simulations, the position of the inserted
R1 side chain was minimized in order to have a reliable local
starting structure. All mutants were then solvated in a cubic box
of water to form a box large enough to contain the protein and
0.7 nm of solvent on all sides. Periodic boundary conditions
were used. Since the wild-type protein is positively charged,
when necessary the mutants were neutralized by adding the
appropriate number of chloride ions as counterions. After
solvation and neutralization, all configurations were energy
minimized with the steepest descent method for 1000 steps, to
remove bad Van der Waals contacts. A simulation of 10.0 ns
was performed with these mutants, using SPC water as solvent
[37] and GROMOSS87 force field [38], allowing all the polar
hydrogen atoms to be included in the calculation. The force
field was implemented for the spin label chain with parameters
(kindly given by Dr. Ileana Stoica, Cornell University)
calculated at the ab initio level using Gaussian 98 software.
All simulations were performed with a weak coupling time
(0.1 ps) [39] to a bath at a constant temperature of 300 K.
Protein, solvent and eventual counterions were coupled to the
bath individually. Pressure coupling was also applied to a
pressure bath with reference pressure of 1 bar, using a coupling
time of 1.0 ps.

A cut-off for non-bonded interactions of 1.0 nm was used in
all simulations. The SHAKE algorithm [38] was used to
constrain all bond lengths, allowing an integration time step of
2 fs. For the water molecules, the SETTLE algorithm was used
[40] to constrain the bond length as well as the bond angle.

Molecular dynamics were analyzed excluding the first
1.5 ns in order to consider only the more stable fragment of

simulations. The root mean square deviations (rmsd) for the five
mutants calculated over the entire molecular dynamics simula-
tions do not exceed 3.0 A (data not shown).

3. Results

Since a crystal or NMR structure of RGL2-90 is unavailable,
it was necessary to perform a homology modelling structure.
Using the BLAST server, the best template to use was the RBD
domain of the RalGDS family member RIf (PDB ID I1rlf) [41]
that shares a sequence identity of 95% with RGL2-90. Since a
protein structure provides a close general model for other
proteins with which its sequence homology is >50% [42], one
can infer that the homology modelling structure of RGL2-90
(Fig. 1) is a good starting model for molecular dynamics
simulations.

Wild-type RGL2-90 contains only one native cysteine
(C649) that was labeled and mobility parameters were
determined. Four single cysteine mutants of RGL2-90 (where
the native cysteine was substituted by a serine) were then
produced starting from Cys-less RGL2-90 and each of them
reacted with the spin label to generate proteins containing one
nitroxide side chain. Thus, a total of five side chains were
analyzed in the present work, two of these at the solvent
exposed a-helix surface (C649S/R682R1 and C649S/K686R 1
mutants), two in loop motifs (C649S/K666R1 and C649S/
L703R1 mutants) and the last one with the reporter group at the
N-terminal side of the native protein (C649R1), all represented
in Fig. 1. Temperature dependence of the EPR spectra was also
investigated to determine whether new modes of motion were
excited by an increase in temperature or weather weak
interaction could be detected by a decrease in temperature.
Fig. 2 shows the root mean square fluctuations (rmsf) relative to

ARG 682

Fig. 1. Ribbon structure of RGL2-90 showing the location of analyzed residues.
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Fig. 2. Root mean square fluctuations for all the mutants.

the starting conformation of protein, backbone and side chain
for all the mutants analyzed.

3.1. Comparison between EPR spectra in solution and in 40%
sucrose

As the molecular weight of the protein is 10 kDa, the
correlation time in solution would be around a few nanoseconds
at 298 K. This motion can widely average the hyperfine tensor
of the nitroxide at room temperature. The motion of a nitroxide
side chain is reflected in the EPR spectral line shape and is
related to different correlation times (rotational diffusion of the
protein and side chain internal motion). To examine the motion
of the nitroxide relative to the protein, it is desirable to reduce
the contribution of protein rotation to the spectrum. The EPR
spectra were therefore recorded in 40% w/v sucrose solution.
The addition of sucrose increases the motion of the protein
without affecting the rotation mobility of the side chain at room
temperature [10].

The EPR spectra of the mutants C649S/K666R 1 and C649S/
R682R1 are reported in Fig. 3 as representatives of the two
structural categories analyzed, the loop region and a-helix,
respectively. The EPR spectra with sucrose at room temperature
have been compared (dotted line) with the corresponding EPR
spectrum at 273 K without sucrose in both cases (Fig. 3). The
C649S/K666R1 spectra are characterized by the classical
features of a totally mobile system in both solutions (with and
without sucrose). In the case of C649S/R682R1 EPR spectra
(Fig. 3), two well resolved components due to different rotamers
are evident (see the discussion below). The appearance of the
two rotamers for the R1 side chain from the EPR spectra in
sucrose at room temperature is evident for the a-helix in respect
to the residue in loop. In both cases, the presence of a small
amount of free spin label, especially in the spectra of a-helix
residue, has to be considered.

3.2. Mobility of nitroxide side chain at solvent-accessible
surfaces of o-helices

On the basis of the analysis of the homology modelling
structure, two sites (R682R 1 and K686R 1) were selected so that
the nitroxide side chain did not come into contact with other
parts of the protein.

C649S/K666R1

C649S/R682R1

Fig. 3. EPR spectra of C649S/R666R 1 and C649S/R682R 1 mutants in solution
at 273 K compared with the corresponding spectra at room temperature in 40%
sucrose solution (dotted line).

310 K
298 K
B
Ww»_} 273 K

Fig. 4. Variable temperature EPR spectra for the mutant C649S/R682R1 (scan
width 100 G). Two spectral components are labeled a (immobile component)
and  (mobile component). The presence of a small amount of free spin label is
evident.
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310 K

298 K

273 K

i

Fig. 5. Variable temperature EPR spectra of mutant C649S/K686R 1. Scan width
100 G. Two spectral components are labeled a (immobile component) and 3
(mobile component). The presence of a small amount of free spin label is
evident.

400

The site R682R1 is located in the middle of helix A and its
EPR spectra at variable temperature are reported in Fig. 4. The
spectrum at 310 K shows an isotropic motion, but as the
temperature decreases the appearance of two well-resolved
components, one corresponding to a nitroxide population of
lower mobility (labelled o) and the other of higher mobility
(labelled B) can be appreciated. A small percentage of these two
populations is already visible at low field at room temperature and
is completely resolved in the sucrose solution at room
temperature (see Fig. 3). The appearance of these two populations
is not expected, considering the apparent lack of interaction with
the nearest neighbour side chain and the existence of multiple
bonds in R1, about which free rotation could occur. Rotation
about the disulfide is restricted by a high potential barrier (7 kcal/
mol) [43,44] and rotation about the Ca—Cf bond is hindered by
the interaction of the B-carbon with the backbone of the
preceding turn. However, the rotations about the Cp-S,, S,—
Ss and Sz—C, bonds are expected to give rise to a high mobility
(Scheme 1). Mchaourab et al. [10] demonstrated that, at internal
helical sites, the rotation about the C;;—S., bond is restricted by the
presence of disulfide. Thus, the motion that averages the
nitroxide magnetic interactions in R1 is the apparent rotation
about the terminal bond ()s) in the side chain while effective
rotations about the C;—S, bond must be largely restricted.
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Fig. 6. Time evolution of the dihedral angles x; and y, for C649S/R682R1.
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Fig. 7. C649S/R682C conformation 1 (y;=188 and y,=52) and 2 (%;=57 and
%2=76). The atoms are color coded: red for oxygen, blue for nitrogen, grey for
carbon, white for hydrogen and yellow for sulphur. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

The K686R1 site is a fully solvent-exposed C-terminal
residue of helix A and it is not expected to have tertiary
contacts or other interactions. Variable temperature EPR
spectra (Fig. 5) show high mobility and isotropic motion
with the appearance of two populations only at 273 K. As the
absence of a neighbour side chain at i+4 is not expected to alter
the mobility at this site, the relative mobile spectra observed are
due to thermal fluctuations in the backbone around these
regions.

350

When the R1 side chain spectra of these two mutants are
compared, it is clear that in position 682 the a population
(immobile component) is greater than in position 686. In fact, in
this last position, the two components appear only by freezing
the sample.

Molecular dynamics simulations support EPR data. In fact,
data obtained from C649S/R682R1 MD simulation (see Fig. 6)
show two distinct orientations of the disulfide group,
corresponding to two conformations of the side chain.

Conformation 1 (y;=188 and x,=52) corresponds to a
situation in the N—O moiety that is hydrogen bound to the
amide group of native lysine 686, while conformation 2 (y; =57
and x,=706) is stabilized by the interaction with the carbon side
chain of lysines 685 and 686 (Fig. 7).

Temperature dependence of C649S/R682R1 clearly reveals
the two natures of the spectrum (Fig. 4), where one component
is essentially immobilized and clearly distinct from the other
more mobile one. At higher temperatures, the more immobi-
lized species disappears leaving an apparently single population
of spins (see also Fig. 3 where the two populations are visible at
room temperature in sucrose). For C649S/K686R1 mutant,
molecular dynamics simulations support EPR data; in fact, the
root mean square fluctuations (rmsf) for this side chain are
higher than for R682R1 site (see Fig. 2). Observation of the
evolution of x; and y, angles calculated over the MD simulation
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Fig. 8. Time evolution of the dihedral angles y; and y, for C649S/K686R1.
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(see Fig. 8) shows that the angles for C649S/K686R1 have a
range of mobility similar to C649S/R682R 1. Diversities consist
in a different orientation due to the different position in
sequence compared to C649S/R682R1, and in a more stable
geometry of both the principal conformer (y; =66, x,=287) and
the minor one (y; =184, y,=175), although the EPR spectra of
C649S/K686R1 reflect a more mobile situation. Differences in
the EPR spectra can therefore be attributed to the backbone
fluctuations that have more freedom in position 686 than in
position 682.

Regarding the R1 side chains in the a-helix, we can therefore
conclude that the spectral line shapes reflect motion features of
different positions. The residues located in the middle of a helix
are characterized by less mobility, and sometimes, as in this
case, by stabilization of specific conformers, while the residues
at the C-terminal position reveal greater freedom of motion.

3.3. Mobility of nitroxide side chains in loops

Loop regions in proteins connect regular secondary
structural elements. In the present study, two different mutants
(C649S/K666R1 and C649S/L703R1) and the native domain
(C649R 1) have been analyzed. The EPR spectra shown in Fig.
9a, b and c panels indicate that the nitroxide is endowed with
high mobility in all three cases. Motion is similar to that
revealed in the mutant at the C-terminal helix site 686. The
increased mobility with respect to the internal helix site 682 can
arise from a combination of both the decrease in steric
constraints imposed on nanosecond rotation about the C,—Cp,
bond in a helix, and large amplitude of fluctuations of the
backbone in the nanosecond regime. EPR line shape of the
spectrum of C649R1 reflects greater mobility compared with
those of K666R1 and L703R1. This is because the native

a) b)

310K _._J /\f—

298 K J ﬂﬁ

273K

cysteine 649 is the third residue in the sequence and so the
backbone has more freedom of motion.

The L703R1 residue is the typical loop residue, with no
tertiary interaction and is solvent-exposed. It is inserted in a
loop connecting two secondary structures (3-sheet C and p-
sheet D). Analysis of the EPR spectra shows that, also in this
case, the motion is isotropic and, in particular, its mobility is
intermediate between that of C649R1 and K666R1.

Despite the fact that the backbone root mean square
fluctuations for L703R1 are similar to those of C649R1, EPR
spectra monitor a less mobile situation due to tertiary
interactions with the neighbour side chain, although weak.

The MD simulation data on C649S/K666R 1, the first residue
in the loop between R-sheets A and B, show that the R1 side
chain forms hydrogen bonds for 68% of the simulation (data not
shown) and makes many contacts with neighbouring residues.
In particular, the observed displacement of the side chain atoms
suggests that R1 moves coherently with the backbone.

Furthermore, the root mean square fluctuations of the
backbone in position 666, together with those in positions
649 and 703, are significant. Therefore, the origin of its
isotropic spectrum might be prevalently due to the high
fluctuations of the backbone. In conclusion, despite the
differences in the steric constraints imposed on the C,—Cp,
rotation, C-terminal helix and loop sites have very similar
spectra. This suggests that the major contribution to the mobility
at these surface exposed sites at room temperature comes from
the backbone flexibility.

4. Discussion

To provide an overview of the relationship between struc-
ture and mobility, it is convenient to define semiempirical

c)

Fig. 9. Variable temperature EPR spectra of the R1 side chains in a loop: (a) C649R1, (b) C649S/K666R1 and (c) C649S/L703R1. Scan width 100 G.
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parameters of mobility derived from EPR spectra: namely the
spectral breadth, here represented by the spectral second
moment ((H?)), and the inverse of peak-to-peak first derivative
width of the central resonance (Ab@pl) [8]. The numerical
values of these quantities at X-band are mainly determined by
the degree of averaging of magnetic tensor values. As the
frequency of nitroxide rotational motion is reduced, the second
moment and the line width increase. Fig. 10 shows a plot of the
reciprocal second moment versus the reciprocal central line
width for the spectra of R1 side chains representing loop and
helix sites. As it is evident in Fig. 10, mobilities are consistent
with the tertiary fold of RGL2-90 and there is a linear
correlation between the two parameters.

The high isotropic mobility of R1 at solvent exposed loop
sites can be explained chiefly on the basis of backbone
dynamics, together with the increased freedom of rotation about
the C,—Cp bond in loops compared to internal helical residues.
Likewise, the mobility of R1 at solvent exposed C-terminal
helix sites can be accounted for by backbone thermal
fluctuations. Molecular dynamics simulations of the solution
structure suggest that these regions possess considerable
backbone motion (see Fig. 2).

The origin of the relatively restricted mobility of R1 at
solvent exposed helix surfaces is of some interest because
interactions with neighbour side chains are weak. As previously
stated [10], replacement of the disulfide in the R1 side chain by
a thioether linkage results in a state of high mobility. This
indicates that the restricted mobility has its origin in the
disulfide bond, which interacts sterically with the hydrogen
bound to C,, and not simply in backbone dynamics, such as
those observed in MD simulations. The spectral line shape at
682 site suggests two spin populations. Resolution of these two
populations implies an activation barrier for interconversion
between populations of at least 7 kcal/mol [10] that constitutes
the potential barrier to rotation of disulfide. In this context, the
two populations are well resolved thanks to the presence of the
disulfide atoms and interactions, shown by molecular dynamics
simulations, with amide groups of Lys 685 and Lys 686. These
two contributions seem to stabilize the two R1 conformers.

The overall conclusion of the present work is that the
position-dependent variation in the EPR line shape of R1 side
chain provides a fingerprint of the protein tertiary fold that is
consistent with expectations based on data obtained with
molecular dynamics simulations. The fact that the results
correspond to the structure of the native protein also suggests
that the level of structural perturbation, introduced by the R1
side chain, on the protein fold is minimal. The mobility of the
R1 side chain in proteins is apparently dominated by tertiary
interactions and internal backbone dynamics. The R1 side chain
has a relatively unique class of spectral line shapes that identify
tertiary interactions. Thus, SDSL-EPR is a powerful tool to map
unknown protein structures. In addition to tertiary contact
interactions, EPR spectra are clearly modulated by internal
fluctuations of the backbone. Assignment of line shape features
to this source may be difficult or ambiguous in the case of
tertiary interactions or at buried sites, but can be made with
some confidence at surface exposed sites.

/
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pp

Fig. 10. Reciprocal second moment versus reciprocal central line width
calculated from EPR spectra of R1 at the analyzed sites.

The synergistic use of EPR line shape changes combined
with molecular dynamics simulations leads to a univocal
interpretation of structure and dynamics in solution of
biochemically relevant moieties in proteins.
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