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Abstract: Metal ions play an important role in the catalysis and
folding of proteins and oligonucleotides. Their localization
within the three-dimensional fold of such biomolecules is
therefore an important goal in understanding structure—
function relationships. A trilateration approach for the local-
ization of metal ions by means of long-range distance
measurements based on electron paramagnetic resonance
(EPR) is introduced. The approach is tested on the Cu’*
center of azurin, and factors affecting the precision of the
method are discussed.

M etal ions are often crucial for the folding and structural
integrity of biomolecules, and they are centers of catalysis in
metalloproteins'’! and some ribozymes.”! To understand how
these biomolecules perform their function, it is important to
know the location of the metal ions in the biomolecular
structure. X-ray crystallography can provide this information
with high precision. However, it is not always possible to grow
crystals of a biomolecule, and in some cases only the metal-
free structure can be crystallized. It is also not always possible
to crystallize different conformational states of biomolecules
that they adopt during folding or function. Another suitable
method is high-resolution nuclear magnetic resonance
(NMR) spectroscopy. It can be applied in solution and
delivers the structure and dynamics of diamagnetic and
paramagnetic biomolecules at an atomistic level, but is
limited to biomolecules smaller than about 70 kDa.”! If the
metal ion to be localized is luminescent, also fluorescence
resonance energy transfer (FRET) might be applied.”
Nevertheless, there are still examples where the position of
the metal ion in a biomolecule is not determined, for example,
copper binding sites in amyloid precursor protein or man-
ganese binding sites in ribozymes.”! Therefore, complemen-
tary to these methods, we report herein a concept for the
localization of paramagnetic metal ions by means of electron
paramagnetic resonance (EPR) spectroscopy. EPR is very
powerful in detecting and characterizing paramagnetic spe-
cies including paramagnetic metal ions.”! Compared to the
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methods above, EPR does not require crystallization of
biomolecules, can be applied in solution, is not restricted by
the biomolecular size and does not require a reference
sample. The idea of the EPR-based approach is similar to the
global positioning system (GPS) that can locate an object on
the surface of the Earth by measuring distances to a number
of GPS satellites: Here, the position of a metal ion in
a biomolecular structure can be determined via distance
constraints measured between this ion and a number of spin
labels attached to the surface of the biomolecule by site-
directed spin labelling.”! The attached spin labels act as
reference points in the molecular coordinate system of the
biomolecule. Their approximate coordinates can be obtained
from computational spin labeling programs, as for example,
MMM,® mtsslWizard,”» or PRONOX,' and the distance
constraints can be measured by EPR techniques, which
explore the dipolar interaction between pairs of electron
spins.'!l The most common method for distance measure-
ments in the range of 1.5-8 nm is pulsed electron—electron
double resonance (PELDOR or DEER).['Y

Recently, a nitroxide-labeled lipid in soybean seed lip-
oxygenase-1 was localized by trilateration,” and two EPR-
derived distance constraints were used to narrow down the
location of a Cu®" ion in the EcoRI endonuclease-DNA
complex.™ Yet, up until now the precision of the approach
has not been tested, and there have been no reports on an
EPR-based trilateration of a metal ion in a biomolecule.
Metal ions introduce an additional complexity to the
approach, because orientation selectivity of the PELDOR
experiment and spin density delocalization may have to be
taken into account. Therefore, we test in this work the EPR-
based trilateration approach on the Cu?" ion in the soluble
blue copper protein azurin (Figure 1a). The results are
compared with the crystallographic data and the precision
of the method and factors influencing it are discussed.

To perform the trilateration, six single cysteine mutants of
azurin were expressed, purified, and spin-labeled with (1-
oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methanethiosul-
fonate (MTSSL): T21C, T30C, T61C, D69C, T96C, and S100C
(Figure 1a; Supporting Information). All labeled mutants
showed the expected blue color, symmetric gel-filtration
peaks at elution volumes corresponding to monomeric azurin
(Supporting Information, Figure S1) and continuous-wave X-
band EPR spectra confirming the presence of only protein-
bound MTSSL spin labels (Supporting Information, Fig-
ure S2).

The distance between the Cu®*' ion and MTSSL were
measured for each of the six mutants by the four-pulse
PELDOR technique (Supporting Information). To achieve
a large modulation depth, the PELDOR experiments were
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Figure 1. a) The structure of azurin (PDB 1E67) and the chosen
mutation labeling sites (pink spheres). b) The crystal structure of the
azurin mutant T21R, (PDB 4BWW) with the two different conforma-
tions of MTSSL overlaid." The distance vectors connecting the Cu**
ion with the oxygen atom of MTSSL in T21R, are shown by arrows.
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Figure 2. Hahn echo-detected field swept X-band EPR spectrum of
azurin mutant T21R, shown together with the simulated excitation
profiles of the 18 ns pump pulse and the 16-32 ns detection pulses.

performed by applying the pump pulse on the maximum of
the nitroxide spectrum and the detection pulses at frequencies
160, 220, 440, and 560 MHz higher than the frequency of the
pump pulse. Owing to the narrow excitation bandwidth of the
pulses (Figure 2), the detection pulses select in dependence of
the frequency-offset different spectral components of the
copper spectrum and therefore different orientations of the
dipolar distance vector connecting the copper ion with the
nitroxide.'" This orientation selection has to be taken into
account in the analysis.

The background-subtracted PELDOR time traces of the
six azurin mutants are compiled in Figure 3a. All of the time
traces exhibit prominent dipolar oscillations and have mod-
ulation depths similar to the modulation depths observed for
Cu**/nitroxide model systems."® The period of the oscilla-
tions and the modulation depth vary between the different
frequency offsets, owing to the orientation selectivity and the
limited bandwidth of the EPR resonator, which leads to
longer pump pulses and therefore smaller modulation depths
at larger offsets.

Owing to the orientation selectivity, distance distributions
cannot be accurately extracted from a single PELDOR time
trace. Therefore, we applied three alternative methods of data
analysis. In the simplest method, the distances are estimated
from the perpendicular component (v, ) of the Pake doublet,
which is obtained after Fourier transformation (FFT) of the
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Figure 3. PELDOR data of the six azurin mutants. a) The background
corrected PELDOR time traces (black) overlaid with their fits obtained
from the PeldorFit program (red). b) The FFTs of the time traces. The
positions of the v, frequencies are marked by asterisks. c) The
distance distributions obtained with FFT (red dashed), DeerAnalysis
(green), and PeldorFit (black).

PELDOR time traces and averaging over the four FFTs for
each mutant (Figure 3b). In the second method, the time
traces recorded with different frequency offsets are summed,
again to reduce the orientation selectivity, and then analyzed
by Tikhonov regularization as implemented in the Deer-
Analysis program.””! The accuracy of the distance distribu-
tions obtained by this approach depends on the efficiency of
the orientation averaging. This efficiency is usually small for
broad EPR spectra of metal ions. The third method uses the
PeldorFit program,' which fits the four PELDOR time
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Table 1: PELDOR-derived Cu**-MTSSL distances and their predictions from the molecular simulations.

Mutant  FFT FFT, average DeerAnalysis DeerAnalysis, average  PeldorFit PeldorFit, average mtss|Wizard
[A][al [A][a] [A][b] [A][b] [A][b] [A][b] [A][C]
T21R,®  21.5,5.1;29.2,1.3 253,3.7 21.7,1.0;27.3,1.4 238,29 21.5,0.3;28.4,0.8 249,35 24
T30R, 21.4,2.4;252,13 233,19 20.6,1.1;24.8,0.8 21.3,1.9 21.2,0.4; 245,06 21.7,13 25
T61R, 19.5,1.9;26.8,6.1 23.1,45 18.0,1.7;25.3,2.6 18.9,3.2 18.9,1.0;23.8,3.2 19.6,23 21
D69R, 21.5,1.3 215,13 20.5, 1.1 20.5, 1.1 20.6,1.3 20.6,1.3 20
T96R, 23.0,1.7;26.7,3.0 248,24 22.6,1.0;26.1,0.7 23.0,1.5 22.7,0.4; 255,13 236,15 24
S100R, 324,738 324,78 30.4,1.0 30.4,1.0 30.8,0.9 30.8,0.9 33

[a] Distances are given in the form of mean value, error (for calculation of errors, see the Supporting Information). [b] Distances are given in the form
of mean value, standard deviation. [c] Distances averaged over all generated MTSSL conformers are given. [d] Distances calculated from the crystal

structure are 22.1 A and 30.3 A.

traces with one set of parameters and provides a geometric
model of the spin pair, taking orientation selection into
account (Supporting Information).

The distances obtained by these three methods are shown
in Figure 3¢ and Table 1. Interestingly, bimodal distributions
were found with all three methods for mutants T21R;, T30R,,
T61R,, and T96R,. Since the wild-type azurin cannot be
labeled to any significance (Supporting Information, Fig-
ure S2), a second labeling site as reason for the second
distance can be excluded. At the same time, the pronounced
bimodal distance distribution found for mutant T21R, fits to
the crystal structure of this mutant, revealing the presence of
two MTSSL conformations (Figure 1b).'") Moreover, the
Cu?’-MTSSL distances calculated for these conformations
are in very good agreement with the distances determined by
PELDOR (Table 1). In the three other mutants, the second
distance peak appears only as a shoulder, but also for these
cases the presence of two MTSSL conformations is the most
likely explanation. Note that the presence of distinct MTSSL
conformations has been found also for other proteins.'”!

To convert the obtained distances into single-value
distance constraints required for the trilateration, the corre-
sponding mean distances and standard deviations were
calculated (Table 1). Along with the distance constraints,
the trilateration requires the coordinates of MTSSL within
the molecular frame of azurin. As the reference coordinate
system, the crystal structure of the metal-free (apo) form of
azurin (PDB 1E65) is used. Models of MTSSL attached to the
protein surface are created within this coordinate system by
means of the program mtsslWizard (Supporting Information,
Figure S8). Owing to the intrinsic flexibility of MTSSL, many
conformers are created for each site. Therefore, to perform
the trilateration, the coordinates of MTSSL at each individual
site were averaged over all conformers.

Finally, the trilateration problem is solved by means of the
program mtsslTrilaterate®™ using the distance constraints
from PeldorFit and the MTSSL coordinates from mtsslWizard
(Supporting Information). The position of the Cu*' ion
obtained from the calculations is shown within the azurin
structure in Figure 4 a. It is drawn as an ellipsoid with a center
set to the most probable coordinates and semi-principal axes
set to the doubled standard errors (20, 95% confidence
level). To compare this solution with the crystallographic
position of the Cu*" ion, the structure of metal-bound azurin
was superimposed onto the apo structure. The superposition
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Figure 4. The trilateration of the Cu®* ion in azurin overlaid with a) the
crystallographic position of Cu*" and b) its spin density distribution
(the spin densities on the Cu and S atoms are shown in percent). The
calculated 20 area of the Cu®" ion location is depicted by an orange
ellipsoid, and the corresponding crystallographic position is shown by
a blue sphere. The amino acid site chains comprising the binding site
are shown as ball-and-stick models.

revealed high similarities between both structures (RMSD of
0.22 A for 741 atoms), meaning that the binding site is
preserved in both structures. As one can see from Figure 4a,
the trilateration result places the Cu®" ion within the binding
site comprised of residues H46, H117, C112, and M121. Yet,
a small shift of the calculated Cu*' position from the
corresponding crystallographic site towards the residue
C112 is obtained. The value of this shift amounts to 2.6 A
and is the error of the trilateration result. However, it has to
be kept in mind that PELDOR is sensitive to the spin density
distribution and about 60 % of the spin density is located on
the sulfur atom of residue C112 and only 35 % reside on the
Cu’" ion.P! As a consequence, the obtained distances
correspond to the distribution of the spin density, the
midpoint of which is shifted from the Cu*" ion towards the
sulfur of C112 by 1.5 A (Figure 4b). This explains the shift of
the obtained solution towards residue C112. The offset
between the center of the trilateration result and the weighted
average position of the spin density is 1.9 A.In principle, the
spin-density distribution can be taken into account already at
the stage of the distance calculation,!'® but if the structure of
the binding site is not known, this is not possible to achieve.

The remaining error arises from errors in the distance
constraints and the MTSSL coordinates. As the exact values
of the distances and coordinates are unknown, these errors
cannot be easily quantified and separated from each other.
Nevertheless, to estimate the error of the MTSSL coordinates,
the experimental distances obtained from the PeldorFit
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analysis were compared to the corresponding values pre-
dicted by mtsslWizard for the crystal structure of metal-bound
azurin (Table 1). This comparison revealed an average
deviation of 1.5 A, which is in the same range as found in
benchmark studies of the computational spin-labelling pro-
grams.®* The error of the PeldorFit analysis is below 1 A for
the distances corresponding to the prominently populated
MTSSL conformer, but can increase up to 3 A for the weakly
populated conformer (Supporting Information, Table S3).
Furthermore, to estimate the error that the different
PELDOR data analysis methods introduce into the distance
constraints, the trilateration was performed alternately with
distances obtained from the three different methods outlined
above (Table 1). Using DeerAnalysis yields a solution devi-
ating by 2.7 A from the Cu®* crystallographic site and thus
having a similar precision as the solution found for the
PeldorFit-derived distances. With the distances derived from
the FFT approach, this difference increases up to 4.2 A
(Supporting Information, Figure S9). This result shows the
importance of an accurate PELDOR data analysis.

Another parameter that influences the precision of
trilateration is the number of spin label sites/distance
constraints. To reveal this dependence, the trilateration was
performed for 6, 5, and 4 constraints (Supporting Informa-
tion, Figure S10). The results of the experiment show
a gradual decrease of the error for the calculated Cu®"
position from 4.4 A for 4 constraints down to 2.6 A for 6
constraints. Moreover, the average 20 of the calculated Cu"
coordinates decreases from 2.9 A down to 1.7 A, and thus
rendering the solution more localized. As a result, increasing
the number of constraints improves the precision of trilatera-
tion, but requires longer experimental time. Beyond the
number of used spin labels, their position with respect to the
metal binding site and with respect to each other also affects
the result of trilateration. The most reliable solution is
achieved when all spin labels are evenly distributed on the
protein surface.

Furthermore, the quality of the protein structure or its
model has an impact on the trilateration result. To test this, we
created a homology model of azurin using the structure of the
related blue copper protein auracyanin as starting structure
(PDB 2AAN, 30% identical amino acids, RMSD of 1.26 A
between both structures) for the SWISS-MODEL server®
(Supporting Information). This test revealed that the calcu-
lated position of the Cu*" ion is again very close to the binding
site (error of 2.0 A, 20=1.6 A; Supporting Information,
Figure S11) and shows that minor imperfections in the model
structure are tolerated.

In conclusion, the EPR-based trilateration approach for
metal ions in biomolecules has been successfully tested for the
Cu" center in azurin. The calculated position of the Cu*" ion
is within the metal binding site and has a difference to the
corresponding crystallographic position of 2.6 A. The
obtained precision of the method is affected by the spin
density distribution of the metal center, the accuracy of the
MTSSL models, and the number and position of the distance
constrains. The error related to the spin density distribution
might be further reduced by combining the trilateration
approach with electron nuclear double-resonance experi-
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ments. This approach can be transferred to other metal ions,
including high-spin metal ions such as Fe*" or Mn. It can be
also useful for correlating the position of metal ions found by
X-ray crystallography with EPR spectroscopically identified
metal ions.’®! And last but not least, it can be applied for
localizing metal ions in folding intermediates or in conforma-
tional states of biomolecules. In these cases, models of the
biomolecular structure, perhaps constraint by nitroxide—
nitroxide distance measurements, would be a prerequisite.
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