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Site-directed spin-labeling electron spin resonance (SDSL-ESR) is a promising tool for membrane protein
structure determination. Here we propose a novel way to translate the local structural constraints gained
by SDSL-ESR data into a low-resolution structure of a protein by simulating the restrictions of the local
conformational spaces of the spin label attached at different protein sites along the primary structure
of the membrane-embedded protein. We test the sensitivity of this approach for membrane-embedded
M13 major coat protein decorated with a limited number of strategically placed spin labels employing
high-throughput site-directed mutagenesis. We find a reasonably good agreement of the simulated
and the experimental data taking a protein conformation close to the one determined by fluorescence
resonance energy transfer analysis [P.V. Nazarov, R.B.M. Koehorst, W.L. Vos, V.V. Apanasovich, M.A. Hem-
minga, FRET study of membrane proteins: determination of the tilt and orientation of the N-terminal
domain of M13 major coat protein, Biophys. J. 92 (2007) 1296–1305].

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

To identify the biological functions of proteins, it is imperative
to know their three-dimensional structure. In this context, the
least understood class of proteins are the integral membrane pro-
teins [1,2]. Although they represent 30–40% of all expressed se-
quences, they amount to less than 1% of proteins of known
structure [3]. Thus membrane proteins remain an enormous chal-
lenge in structural biology.

The progress of high-resolution structural studies of membrane
proteins using the two common techniques, NMR and X-ray dif-
fraction, has been limited because both approaches are restricted
by technical and practical difficulties [4]. As a result, there is an ur-
gent need for new biophysical methodologies that can provide de-
tailed structural information. Among the more modern biophysical
techniques, site-directed spin-labeling electron spin resonance
(SDSL-ESR) appears to show a high potential to further advance
the field [5–10].

The basis of this technique is a high-throughput site-directed
mutagenesis to introduce unique cysteine residues at desired loca-
tions in the protein. As site-directed mutagenesis is becoming an
ll rights reserved.
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increasingly powerful tool in protein preparation, the usefulness
of SDSL-ESR in membrane protein studies grows tremendously
[7]. An additional advantage is that the membrane proteins can
be examined in their native membrane environment, such as
reconstituted lipid bilayer systems under their physiological
conditions.

Our objective is to present the basic ideas of a new method tai-
lored to transfer the SDSL-ESR data into structural information. To
demonstrate the power of our analysis, we use the M13 major coat
protein, a small reference membrane protein, and we decorate it
with a limited number of strategically placed spin labels. We ex-
tract the experimental free rotational space of the spin labels at-
tached to the protein as published previously [11–13]. Here we
develop a molecular model to describe local conformations of the
protein in a lipid environment in terms of the available free rota-
tional space for the spin label, showing that our method provides
a new advance for spin-label ESR spectroscopy in the determina-
tion of protein structures.

2. Methodology

For a membrane-embedded protein, the conformational space
of a spin-labeled side chain is determined by three main factors:
(i) the local rotations of the spin-label side chain attached to the
protein backbone, (ii) the restrictions of the rotamers by the back-
bone and side chains of the neighboring amino acid residues, and
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(iii) the restrictions imposed by the surrounding lipids. These ef-
fects are illustrated in Fig. 1. In our conformational modeling, it
is assumed that at room temperature the backbone motion is slow
on the ESR time scale and significantly slower than the motion of
the side chains [14]. Thus the protein fold on a timescale beyond
several nanoseconds is defined by series of pairs of dihedral angles
u and w. Possible dihedral angle pairs are restricted due to steric
clashes of the backbone atoms by taking into account the minimal
interatomic distances (van der Waals distances, contact distances)
[15,16]. The bond lengths and angles are fixed to the values re-
ported in the literature [17,18], as there is no need to resolve the
individual conformation at the atomistic resolution. Instead, we
want to detect the shape of the restricted conformational space
that is experimentally measured by ESR. For each amino acid posi-
tion including the spin-labeled cysteine side chain, the full confor-
mational space of a side chain is generated by discrete rotations
around the single bonds (Fig. 1A and B). The torsion potentials
are modeled by a discrete set of equiprobable but not equidistant
rotational states, such that their density increases with the depth
of the torsion potential at a given angle.

The statistical weight pi of a certain conformation of spin label i
is given by:

pi ¼
0;backbone overlap
1;no backbone overlap
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where the product in the central factor runs over all neighboring
amino acid residues that share the space with the conformations
of the spin label.

The first factor in Eq. (1) indicates that the conformations of the
spin-labeled cysteine side chain, which overlap with the backbone
are completely rejected (Fig. 1C and D) as the motion of the back-
bone is much slower than the motion of the side chains. However,
the overlap with the neighboring amino acid side chains (Fig. 1E
and F) is assumed to be ‘‘soft” rather than ‘‘hard”, as the wobbling
Fig. 1. Schematic illustration of the conformational space of the spin-label side chain
simplicity, the protein is assumed to be in a perfect a-helical conformation and embed
positions 9 and 46; the spin label is attached to a cysteine residue at position 25. (A) T
around the four single bonds. (B) Unrestricted spin label conformational space (shown in
(C) Steric overlap of the spin label with the protein backbone reduces the set of possible
with the protein backbone (forbidden conformations are shown in yellow). (E) The wobb
acid residues (indicated in orange). (F) The available spin label conformational space after
acid residues. The soft interaction with the neighboring amino acids is indicated by a cont
amino acid side chains, conformations that are perpendicular to the membrane no
conformations. (H) The final available spin label conformational space subject to all thr
of the side chains is fast on the ESR time scale. This is taken into
account by the second factor in Eq. (1), which describes the reduc-
tion of the statistical weight by the ratio of the number of overlap-
ping conformations and the number of all possible conformations
of the neighboring side chains that are allowed by the backbone
overlap check. Finally, the statistical weight of each conformation
of a side chain of the spin label is also decreased by restrictions
due to adjacent lipids. The aligning effect of the lipids is parameter-
ized by the angle # between the membrane normal and the direc-
tion of the side chain of a particular conformation (which is defined
as the direction from the Cb to the oxygen atom of the nitroxide)
and in a first approximation described by (1 � sin#) (Fig. 1G and
H). This is provided by the third factor in Eq. (1). This factor is a
simplification, based on the following requirements: (1) there are
no restrictions in case of a parallel orientation with respect to
the lipids; (2) as soon as there is a non-zero angle, there should
be a non-zero first derivative effect; (3) at a direction perpendicu-
lar to the lipids, the restriction should be strongest; (4) the deriv-
ative of this perpendicular effect should be zero again: there is not
a very large difference whether lipid molecules are perfectly or
nearly perpendicular to the side chains. The most simple and effec-
tive function that meets those criteria is the (1 � sin#) function.
Since the side chain of the 3-maleimido proxyl spin label, which
is used in the ESR experiments, is twice as large as compared to
amino acid side chains, the aligning effect of the lipids on the other
amino acid side chains can be ignored. Based on similar arguments
we did not take into account the restrictive effects of amino acid
side chains on one another.

Thus, the conformational space of a spin label at a specific site
on a membrane-embedded protein will be sensitive to its local
environment. For membrane-embedded M13 coat protein, the
location of the protein relative to the lipid bilayer is defined by
locking the positions of the amino acids that were experimentally
determined to be at water–lipid interface [19,20]. Note that this
kind of description is proposed to describe the time-averaged
SDSL-ESR experimental data and cannot be compared to the much
more time-consuming molecular dynamics approach, which on the
other hand would actually resolve the time evolution of the
conformations.
for membrane-embedded 3-maleimido proxyl spin-labeled M13 coat protein. For
ded in a bilayer of 1,2-dierucoyl-sn-glycero-3-phosphocholine between amino acid
he spin label attached to a cysteine residue has four free rotations (v1, v2, v3, v4)
red) resulting from the free rotations of the side chain around the four single bonds.

conformations. (D) The available spin label conformational space after steric overlap
ling spin label shares space with the wobbling side chains of the neighboring amino
steric overlap with both the backbone and the side chains of the neighboring amino
inuous yellow–orange–red color scale (see inset). (G) As the lipids tend to orient the

rmal are highly restricted, which further reduces the set of allowed spin label
ee types of restrictions.
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Recently we have introduced a method of analysis of ESR spec-
tra of site-directed labeled proteins, which provides information
about the conformational space of the spin-labeled sites [11–13].
The conformational space of a spin label is quantified by the nor-
malized free rotational space X, which measures the effective solid
angle of the cone left for spin label wobbling. This parameter can
also be deduced from molecular modeling of the restriction in
the rotational space of the side chains (Fig. 1), by interpreting the
results of the modeling in terms of a cone model [12,13]. For this,
we calculate the average direction of the nitroxide N–O bonds
using the statistical weights of the conformations. The averages
are converted into two cone angles #0 and u0 that characterize
the anisotropy of the rotational space. From the cone angles we fi-
nally compute the simulated normalized free rotational space X as
follows:

X ¼ #0u0

ðp=2Þ ; ð2Þ

which can then be compared to the experimental values of X [12].
In summary, the free rotational space of a spin label is an attrac-

tive parameter to consider for protein structure analysis, as it will
be affected by its local environment as given by the primary se-
quence, fold of the protein backbone, adjacent protein domains
in a tertiary protein structure and, for membrane proteins, the
phospholipids in which the protein is embedded. All computer
models were realized as Delphi classes using the Borland Delphi
6.0 environment. The Pascal classes and the software are available
from the authors upon request.
3. Results

The protein modeling was tested by comparing the simulated
free rotational space of a membrane-bound M13 major coat pro-
tein to recently published experimental data [12] (Fig. 2, red trian-
gles). For this protein, consisting of 50 amino acid residues, 27
single cysteine mutants were available. They span the whole pri-
mary sequence of the protein and they cover almost the complete
Fig. 2. Sensitivity of the free rotational space to the primary sequence, variations of the pr
labeled M13 coat protein. The histograms of the relative frequency of a given value of X (c
dark blue is the highest frequency within the set of 5000 modeled near helical structures
the ‘free’ protein (A) and for the protein in a lipid environment (B). The red triangles cor
related to the original a-helical protein model (u = �57� and w = �47�) as defined in [1
range of values of the free rotational space X of the 3-maleimido
proxyl spin label for the protein reconstituted in phospholipid
bilayers consisting of 1,2-dierucoyl-sn-glycero-3-phosphocholine
[11,20].

The experimental free rotational space X was compared with
the value of X obtained from the simulation of the restrictions of
the side chain rotational spaces (Fig. 2). For simplicity, we assumed
a membrane-embedment of the protein based on a recently pub-
lished model, using an a-helical protein with a tilt angle of 18�
with respect to the membrane normal and with membrane cross-
ing points at positions 9 and 47 [19,21,22]. To analyze the effect of
protein conformation and membrane-embedment on the simu-
lated free rotational space X, we generated a number of 5000 dif-
ferent helical structures of the protein with dihedral angles / and
w uniformly distributed around the values for an a-helix:
�57 ± 30� and �47 ± 30�, respectively. The X values related to
the original a-helical protein model (u = �57� and w = �47�) are
indicated with white triangles in Fig. 2. The observed variation in
X values represents the effect of the various amino acid residues
in the primary sequence of the protein. In one set of simulations,
we left out the lipid effect in Eq. (1), showing the variation of X
for a ‘free’ protein (Fig. 2A). At all spin label positions along the
primary sequence of the protein the simulated X values were sum-
marized into frequency histograms (see the cyan–blue histograms
of the relative frequency of a given value of X in Fig. 2). As can be
seen, the calculated restrictions from the simulated helical struc-
tures produce a wide range of X values that nicely cover the exper-
imental data (red triangles). In a second simulation approach, the
effect of the lipids was included. In this case, there is a reasonably
good agreement between the SDSL-ESR experimental data and the
simulated data for all spin label positions (Fig. 2B). The deviating
positions 25–29 most likely indicate that the simulated structure
did not produce locally a secondary structure motif that would suf-
ficiently restrict the conformational space of the spin label. We will
address this problem by introducing an optimization procedure in
our calculation, which would tune the backbone dihedral angles
and in fact eventually would produce an optimized ensemble of
best-fitting structures.
otein secondary structure and the effect of the lipids for membrane-embedded spin-
olor-coded by continuous shades of blue, such that cyan is the lowest frequency and

; see text) at an amino acid position along the primary sequence are plotted both for
respond to the experimental values of X. The white triangles indicate the X values
9,21,22].
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4. Conclusions

The key factor to the efficiency of our computational approach
is the adjusted spatial and temporal resolution of the molecular
modeling guided by the characteristic scales of the spin-label ESR
experiments. The ESR experiment is insensitive to the exact atomic
coordinates, but it enables us to track the rotational conformations
of the amino acid side chains. With this in view, the simulation
algorithm is designed to optimize its runtime without compromis-
ing the level of detail of the analysis. Since ESR spectroscopy is very
sensitive to the available space of the fast rotational motion of the
spin label attached to the protein, the rotational conformational
space of the side chain can be taken as the most strategic unit in
our protein modeling. The proposed search of the conformational
space for each spin-labeled protein mutant requires a new approach
in the modeling strategy as the standard modeling techniques and
molecular dynamics simulations are not ideally suited for such an
ESR data analysis and consequently are not realistically applicable
within the computer time frames possible.

The next step will be to set up an optimization algorithm that will
enable to find the best possible structures of the protein based on the
X data. In this respect, the backbone dihedral angles will be contin-
uously changed and the local restrictions will be recalculated, there-
by optimizing the secondary structure of the protein. The goodness
of fit to the experimental data will guide the optimization procedure
through the search space towards more favorite structures. At the
end of the optimization, more than one structure can produce
equally good fits to the experimental X data, indicating a set of al-
lowed global protein conformations. Such a method is comparable
to the distance geometry approach employed in two-dimensional
solution NMR spectroscopy that also results in a family of structures
[23]. Based on our experience with evolutionary optimization meth-
ods [24,25], the estimated time frame for the structure optimization
for a protein of size of 150 amino acid residues and 50 different single
cysteine mutants will be about 4 weeks using twenty 4-GFLOP pro-
cessors, which makes this approach highly competitive compared to
other high-resolution methodologies.

As compare to well-established ESR tools of structure determi-
nation, such as accessibilities and distance constraints, our method
provides an alternative approach. Our method has the advantage of
providing direct information about the local secondary structure at
physiological temperatures (i.e., room temperature) with singly la-
beled protein samples, without changing the sample conditions. In
the case of accessibility experiments relaxation agents, such as Ni2+

ions or oxygen, need to be added to the sample. To determine dis-
tance constraints, two spin labels need to be engineered at the pro-
tein and for spin echo ESR experiments the sample has to be cooled
to a low temperature (around 50 K) [7].
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