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Abstract

Anisotropic magnetic susceptibility tensors y, of paramagnetic metal ions are manifested in pseudocontact
shifts, residual dipolar couplings, and other paramagnetic observables that present valuable long-range
information for structure determinations of protein-ligand complexes. A program was developed for
automatic determination of the y-tensor anisotropy parameters and amide resonance assignments in
proteins labeled with paramagnetic metal ions. The program requires knowledge of the three-dimensional
structure of the protein, the backbone resonance assignments of the diamagnetic protein, and a pair of
2D 'N-HSQC or 3D HNCO spectra recorded with and without paramagnetic metal ion. It allows the
determination of reliable y-tensor anisotropy parameters from 2D spectra of uniformly '’N-labeled proteins
of fairly high molecular weight. Examples are shown for the 185-residue N-terminal domain of the subunit €
from E. coli DNA polymerase III in complex with the subunit 6 and La*" in its diamagnetic and Dy> ",
Tb*>", and Er’ " in its paramagnetic form.

Abbreviations: 0 — subunit 0 of E. coli polymerase III; €186 — N-terminal 185 residues of the E. coli
polymerase I1I subunit €; PCS — pseudocontact shift; PRE — paramagnetic relaxation enhancement; RACS —
residual anisotropic chemical shifts.

Introduction

Nuclear magnetic resonance (NMR) spectroscopy
provides a rich source of structural information in
solution. Pseudocontact shifts (PCS) induced by
paramagnetic metal ions with an anisotropic mag-
netic susceptibility tensor x present particularly
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valuable data as long-range restraints for the
conformational analysis of chemical compounds
(Peters et al., 1996; Bertini et al., 2001b, 2002), 3D
structure refinements of proteins (Banci et al.,
1997, 1998; Bertini et al., 2001a; Gaponenko et al.,
2004), and the modeling of protein-protein
and DNA-ligand complexes (Ubbink et al., 1998;
Gochin, 1998, 2000; Gaponenko et al., 2002;
Goodfellow et al., 2002; Diaz-Moreno et al., 2005).
Besides giving rise to PCS, the anisotropic part of
the y tensor, Ay, causes weak alignment of the
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paramagnetic molecule in the magnetic field,
resulting in residual dipolar couplings (RDC;
Tolman et al., 1995; Barbieri et al., 2002; Wohnert
et al., 2003; Ikegami et al., 2004; Pintacuda et al.,
2004; Leonov et al., 2005) with concomitant long-
range structural information (Tjandra and Bax,
1997; van Dijk et al., 2005; Bertini et al., 2002).

PCS and RDC values are most readily measured
by the comparison of paramagnetic and diamag-
netic NMR spectra recorded of samples prepared in
a paramagnetic and diamagnetic state, respectively.
This can be achieved by attachment of a paramag-
netic or diamagnetic metal ion. Lanthanide ions are
a particularly attractive choice, since their chemical
properties are very similar while their paramagnetic
properties vary widely (Allegrozzi et al., 2000).
Lanthanide binding sites on proteins can be gener-
ated by derivatization of cysteine side chains with a
metal chelator (Gaponenko et al., 2002, 2004) or by
fusion with a lanthanide binding peptide sequence
(Ma and Opella, 2000; Wohnert et al., 2003).

As a drawback, measurement of PCS values
requires that both the paramagnetic and diamag-
netic NMR spectra are assigned. However, the
transfer of assignments from the diamagnetic to the
paramagnetic spectrum is straightforward only in
special situations, where the chemical shift changes
are small (Diaz-Moreno et al., 2005; Ubbink et al.,
1998). In general, the assignment of a paramagnetic
NMR spectrum is a non-trivial task since, besides
the usual problems of accidental overlap between
NMR signals, many resonances disappear due to
paramagnetic relaxation enhancements. The same
problems hinder the sequential assignments of
paramagnetic proteins by standard NOESY/TOC-
SY or triple-resonance techniques (Gochin, 1998;
Gaponenko et al., 2002; Goodfellow et al., 2002).

The resonance assignment of paramagnetic
spectra is much facilitated if isotope-labeled proteins
are available, where pairs of diamagnetic and para-
magnetic peaks can quite readily be identified based
on the similarity of the PCS values of directly bonded
>N and "HY or '*C and 'H spins. In this case, the
resonances in °N- or '*C-HSQC spectra are dis-
placed along lines that are nearly parallel (Baig et al.,
2004; Pintacuda et al., 2004). In addition, the tem-
perature dependence of PCS can be exploited to
extrapolate from a given paramagnetic cross-peak to
the corresponding cross-peak in the diamagnetic
spectrum (Allegrozzi et al., 2000; Bertini et al.,
2001a). Assuming that the 3D structure of the pro-

tein and the position of the metal ion are known, five
PCS values are sufficient to define an initial set of Ay-
tensor parameters (axial and rhombic components
and Euler angles) that allows the prediction of PCS
values for all nuclear spins of the protein based on its
3D structure. Starting from the assignments of the
diamagnetic protein, the assignment of further
paramagnetic cross-peaks and refinement of the Ay-
tensor parameters can be achieved iteratively. This
strategy has been applied to small proteins in an
interactive manner and has been successful also
without measurements of the temperature depen-
dence of PCS (Babini et al., 2004; Baig et al., 2004).

For larger proteins, the determination of the Ay,
tensor from 2D '"N-HSQC spectra becomes non-
trivial due to limited spectral resolution which
makes it difficult to associate five diamagnetic peaks
confidently with their paramagnetic partners. First,
the PCS values of directly bonded "N and 'H spins
are not identical because of non-identical locations
with respect to the Ay tensor. Second, anisotropic
chemical shifts are only incompletely averaged due
to weak alignment of the paramagnetic protein in
the magnetic field (Bertini et al., 2002; Cornilescu
and Bax, 2000). This effect modifies the observed
paramagnetic shift for spins with significant chem-
ical shift anisotropy (John et al., 2005).

The challenge is illustrated by the complex
between the N-terminal 185 residues of the E. coli
DNA polymerase subunit €, €186, and the subunit
0 (DeRose et al., 2002, 2003; Hamdan et al., 2002).
€186 contains a site for binding of two divalent
metal ions that can be filled by a single lantha-
nide(III) ion (Frey et al., 1996; Brautigam et al.,
1999; Pintacuda et al., 2004). The diamagnetic
spectrum of ¢ 186, recorded of the 1:1 complex with
La’", displays 152 backbone NH cross-peaks,
whereas only 81 backbone NH cross-peaks were
found in the spectrum recorded with Dy** (Fig-
ure 1). The problem is confounded by the presence
of mobile polypeptide segments without structural
information and incomplete assignments for the
diamagnetic protein.

Here we present the program Echidna (efficient
x-tensor determination and NH assignment) that
uses the assigned NMR spectrum and the 3D
structure of a diamagnetic protein for simultaneous
determination of (i) the y-tensor anisotropy of its
paramagnetic counterpart and (ii) many of the
assignments of the paramagnetic NMR signals.
The program relies on a single pair of diamagnetic
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Figure 1. "N-HSQC spectra recorded with 0.6 mM aqueous solutions of the 30 kDa complex between the '"N/*H-labeled N-terminal
domain of the € subunit, €186, and the (unlabeled) 0 subunit of DNA polymerase III (DeRose et al., 2002, 2003; Hamdan et al., 2002) at
25 °Cand pH 7.2. The spectra were recorded using a Bruker AV800 NMR spectrometer. The superposition is shown of spectra recorded
with Dy** and La*" (red and black peaks, respectively). Solid lines connect selected pairs of diamagnetic and paramagnetic cross-peaks.

and paramagnetic HNCO or ""N-HSQC spectra
that are among the most sensitive 3D and 2D
NMR spectra that can be recorded of >N/'*C or
ISN-labeled proteins, respectively. In particular, it
is shown to produce reliable Ay-tensor parameters
from 2D ""N-HSQC data in situations where these
would be difficult to obtain manually. The program
is of particular interest for rapid structure deter-
minations of protein-ligand complexes with a
paramagnetic metal tag, where the Ay tensor of a
paramagnetic center provides a reference coordi-
nate system for both molecules in the complex.

Methods
Description of the algorithm

The program Echidna requires as input a
single pair of diamagnetic and paramagnetic

1>’N-HSQC or HNCO spectra, the assignment of
the diamagnetic spectrum and the protein struc-
ture. It provides efficient and fully automatic
determination of the y-tensor anisotropy
parameters and assignments of paramagnetic
resonances. The iterative process is illustrated in
Figure 2.

The program comprises the following steps:

(a) Selection of diamagnetic peaks. The 'H
NMR resonances of protons close to the para-
magnetic center are broadened beyond detection
due to paramagnetic relaxation enhancement
(PRE). Therefore, Echidna disregards any dia-
magnetic peak for which the amide proton is lo-
cated within a sphere of radius rquof centered at
the metal ion position. Assuming that no cross-
peaks can be observed if the PRE effect exceeds
70 Hz, the (user defined) cutoff distance can
be estimated from the equation for Curie spin
relaxation
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where vy is the proton magnetogyric ratio, yg the
vacuum permeability, B, the magnetic field, kg
the Boltzmann constant, 7 the temperature, ug the
Bohr magneton, g. the electron g-factor (gj for
lanthanides), S the total spin quantum number
(J for lanthanides), 7, the rotational correlation
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Figure 2. Flow diagram of the Echidna algorithm.
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time of the molecule, and oy the Larmor frequency
of the proton.

(b) Preliminary assignment of an initial subset of
signals (diagonal search). To a first approximation,
3¢, >N and 'HN spins of a given peptide bond
experience comparable paramagnetic shifts (mea-
sured in ppm). Therefore, in the presence of a
paramagnetic center, the cross-peaks are displaced
from their position in the diamagnetic spectrum
along lines which are diagonal or nearly diagonal.

This principle is used as the starting point for
assigning a first subset of peaks. For each dia-
magnetic peak, a search for a possible paramag-
netic partner is performed in diagonal directions
within a user-defined bandwidth w (Figure 3, sha-
ded areas). Only those peak pairings are retained,
where a single paramagnetic peak is found for a
given diamagnetic starting peak within the band-
width w and vice versa (case i in Figure 3). No peak
pairings are accepted if the paramagnetic peak lies
outside the bandwidth (case ii), or more than one
paramagnetic peak can be paired with a diamag-
netic peak (case iii). Too narrow bandwidths lead
to few peak pairings, since paramagnetic and dia-
magnetic peaks often are not displaced along
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Figure 3. Schematic representation of the superposition of a
diamagnetic (black) and a paramagnetic (grey) '"N-HSQC
spectrum. Assignments of paramagnetic peaks are made only if
single pairs of paramagnetic and diamagnetic peaks are found
within a user defined bandwidth (shaded).



strictly diagonal lines, whereas case (iii) becomes
dominant for bandwidths that are too wide.

(c) Coarse grained vy tensor search. The initial
assignments are used to derive a first set of
pseudocontact shifts Aég&fn = Opara,n — Odia,n» Where
Opara,n and dgi, , are the chemical shifts measured
for the paramagnetic and diamagnetic peak of
residue n, respectively. They depend on the
anisotropy of the y tensor and are independent of
the isotropic part of the y tensor. Therefore, the
program only needs to determine the parameters of
the y-tensor anisotropy that is represented by the
traceless Ay tensor. The axes of the Ay tensor also
define the axes of the full y tensor. Starting from
the metal position provided with the structure
coordinates, a set of at least five Aéexp , values is
needed to estimate the y-tensor anisotropy
parameters, including the axial and rhombic com-
ponents Ay.. and Ay, respectively (Ayax =y-—
(xx+%y)/2 and Ay, = (xx—x,), Where x, x, and .
denote the Cartesian components of the y tensor)
and the three Euler angles «, 5, and y that define its
orientation with respect to the molecular frame.
The program varies these five tensor parameters in
a five-dimensional grid search in order to find the
minimum of the cost function Q:

5PCS _ AéPCS

2
Q ZZ( expkn Calkn) :zn:q”
)

where Ay is the error tolerance specific for each
type of nucleus k (typical values are Ay=0.1 ppm,
An=0.2 ppm and Ac=0.2 ppm) and

1 3
Aéf&ﬁi,n = W AXax (3 COS2 ek,n — 1) + E

k.

is the back-calculated pseudocontact shift. ry,,
Oy.»» and ¢y, define the position of the nucleus k in
residue n with respect to the paramagnetic center
and the main axes of its y tensor.

(d) Refinement of the Ay-tensor parameters. The
discrete grid search and its computationally highly
efficient implementation provides rapid access to
approximate values of tensor parameters that
minimize the cost function Q (Eq. (2)). Starting
from the best Ay tensor found in the grid search,
the tensor parameters are further refined by Powell

83

minimization of Q with respect to the five tensor
parameters and, optionally, the position of the
paramagnetic ion r;,,. In our experience, a discrete
grid search in which Axax and Ay, are varied from
0 to 15,000 ppm A> and 0 to 10,000 ppm A?,
respectively, in steps of 1,000 ppm A3, and «, B,
and vy are varied in steps of 5° (corresponding to a
total of 32,940 rotations) followed by continuous
function minimization presents a good tradeoff
between computing time and the ability to locate
the global minimum of the cost function. The
program internally uses the Ay parameters in
ppm A? units that differ from Ay in SI units (m?)
by the factor 12n x 107°°. A single iteration of
coarse grained grid search followed by minimi-
zation typically takes less than 1 min on a desk-
top PC.

(e) Full assignment with the Hungarian method.
Once a set of Ay values has been determined in step
(d), the program predicts Ad"“® values for all 'HY,
N, and (if applicable) '*C’ nuclei in the protein and
generates a complete assignment table according to
the algorithm known as the “Hungarian method for
minimal cost assignment” (Kuhn, 1955). This
algorithm associates pairs of paramagnetic and
diamagnetic cross-peaks, finding a global matching
that minimizes the general distance measure Q
(Eq. (2)) over the entire set of possible assignments
(Carpaneto et al., 1980; Hus et al., 2002).

(f) Assignment filter. Not all the assignments
made in step (e) are used in further iterations. A
pair of resonances is only included in the assign-
ment table, if the weighted squared deviation of
calculated and experimentally observed pseudo-

Ay sin® Oy, cos 2401(,,1} (3)

contact shift (the individual contribution ¢, from a
residue 7 to the cost function Q) is smaller than 2:

A(sPCSkn - Aépcli n ’
qnzlz< wia i) o)

This condition identifies signals contained within
an ellipse of axes Ay and Ay (or, in the case of 3D
data, an ellipsoid with the axes Ay, AN, and Ac) that
is centered at the calculated peak positions. The
total number of pairs assigned by this criterion is
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recorded. Since correct tensor parameters are more
likely to result in a large number of assigned para-
magnetic peaks, the number of peak pairs found by
the algorithm can be used as a quality measure of
the y-tensor parameters determined in step (d).

Steps (c)—(f) are repeated for further refinement
of the Ay-tensor parameters. The refinement stops
as soon as a user-defined maximum number of
iterations is reached (typically 4).

(g) Consistency check of the results. Steps (c)—(f)
are repeated with randomly selected subsets com-
prising a user-defined number of peak pairings
from the initial assignments made at step (b).
These additional cycles reduce the impact of
incorrect initial assignments. In our hands, best
convergence was achieved when the number of
peak pairings in each subset exceeded the mini-
mum number (five); incorrect assignments present
in the initial subset often were eliminated in the
subsequent refinement steps. From all cycles, the
program retains the Ay-tensor parameters result-
ing in the largest number of peak pairings assigned
by the criterion of Eq. (4).

(h) Calculation of residual anisotropic chemical
shifts (RACS). In calculating the chemical shifts of
the paramagnetic peaks, the program includes
correction terms that account for incomplete
averaging of the anisotropic chemical shifts of "H,
5N and '3C’ spins due to paramagnetic alignment
of the molecule with the external magnetic field:
AéRACS _ Z 5£SA.ii C082 HZ’”A// (5)

ij

k.

where 6554 and 47 (i, j = 1, 2, 3) are the diag-
onal elements of the chemical shift anisotropy
(CSA) tensor 6,§SA of nucleus k and the molecular
alignment tensor A in their respective principal
axes systems, and 0};’;,, is the angle between the
principal axes i of 5,§SA and j of A for nucleus & in
residue n. At a magnetic field strength of 18.8 T
the effect can be as large as 0.2 ppm for °N and
13C* spins (John et al., 2005). Values for o™ "
and 6" were taken from Cornilescu and Bax
(2000) and assumed to be uniform for all residues,
whereas values for 5SSA’” are calculated from the
diamagnetic isotropic '*C’ chemical shift accord-
ing to Markwick and Sattler (2005). Any align-
ment of the diamagnetic protein is neglected and
the alignment tensor of the paramagnetic protein
is calculated using (Bertini et al., 2002)

B3

— P A
SugknT~* (©)

The angles 07, for the individual peptide groups
are recalculated from the coordinate file for every
refinement step of the Ay tensor, and the resulting

residual anisotropic chemical shifts ASRL<S are

added to the calculated pseudocontact shifts Adgo>
to yield the Adty5 , values of Eq. (4). For improved
computational sﬁeed, the Aé?ﬁcs correction was
not included in the tensor grid search (Eq. (2)).

(1) Output. The output of the program provides
the best Ay tensor parameters and writes an assigned
peak list of paramagnetic resonances in Sparky
format (Goddard and Kneller, 2004) to facilitate
manual inspection of the generated assignments. In
addition, PCS values, residual dipolar couplings,
residual anisotropic chemical shifts, and longitudi-
nal and transverse Curie relaxation rates are re-
ported for all residues for which cross-peak
assignments are available for the diamagnetic pro-
tein to support further experimental validation of
the automatically generated assignment of the

paramagnetic NMR data.

Results and discussion

In order to establish reference assignments of €186
in complex with § and Dy*", Er**, or Tb®*, we
recorded HNCO spectra of '"N/'*C-labeled sam-
ples. The improved spectral resolution afforded by
the 3D NMR spectra allowed the straightforward
manual assignment of most of the paramagnetic
cross-peaks (see Supporting Information). Using
the same 3D data, Echidna closely reproduced the
Ay-tensor parameters and nearly all proposed
assignments agreed with the manual assignments
(Table 1). In the case of near-axially symmetric
tensors, as in the case of the £186/0/Dy> " complex,
significant variations were limited to Ay, and the
angle y as expected. Remarkably, Echidna also
reproduced the Ay values using exclusively the '°N
and 'H chemical shifts from the HNCO spectra.
This indicates that acceptable tensor parameters
can be obtained without expensive '*C-labeling
(Allegrozzi et al., 2000; La Mar et al., 2001).

To assign 2D '"N-HSQC data, the program
compensates for the shortage of diamagnetic-
paramagnetic peak pairs unambiguously identified



Table 1. Ay-tensor parameters derived from pairs of 3D HNCO and 2D '""N-HSQC spectra by the program Echidna®
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Protein Number of Assigned Peaks® Ay (10732 m?®)  Axen (10722 m’)  w (deg) f(deg) 7y (deg)
£186/0/Dy** (3D manual)® 64 40.5 4.5 27 78 2
£186/0/Dy*" (3D Echidna)°  46(1) 394 4.0 27 79 23
€186/0/Dy* " (2D Echidna)®  37(2) 40.0 5.8 25 78 14
€186/0/Er** (3D manual) 80 -10.3 —4.0 23 91 42
€186/0/Er** (3D Echidna) 78 (0) -10.5 -4.3 24 90 41
£186/6/Er** (2D Echidna) 77 (4) —-11.1 -4.0 24 90 41
€186/0/Tb>" (3D manual) 66 27.2 5.6 20 84 1
€186/0/Tb>" (3D Echidna) 63 (0) 27.8 5.9 20 84

€186/0/Tb*" (2D Echidna) 56 (2) 27.7 3.7 19 84 3

aThe Euler angles o, f, and y refer to the crystal coordinates 1J53 for €186 (Hamdan et al., 2002).°Number of incorrectly assigned
peaks in parenthesis.® Note an error in Pintacuda et al. (2004), where the Ay-tensor parameters were reported 9 times too small.

in the first iteration by forming random sub-
groups of peak pairs from an initial pick that
includes erroncous pairings. The number of peak
pairs identified in the first iteration can be con-
trolled by the bandwidth parameter. In the case of
€186, a maximum number of initial peak pairings
was obtained using a bandwidth of about 0.1 ppm,
but 10-20% of these assignments were incorrect
(Figure 4). In contrast, a bandwidth of 0.35 ppm
resulted in no incorrect assignments in any of the
initial sets, but too few (less than five) peak pair-
ings were made for the '*N-£186/0/Dy* " complex.

Convergence strongly depends on the Ay ten-
sor used in the first iteration; not all starting
points converged to acceptable solutions. Inde-
pendent of the initial pairings made, the solutions
assigning the largest number of peaks in the
paramagnetic spectrum consistently produced

25 T T T T T

number of initial assignments

0 & o— oo 6 o

0 0.1 02 03 04 05
diagonal bandwidth/ppm

Figure 4. Number of total initial assignments made by the
diagonal search module of Echidna as a function of the
diagonal bandwidth w chosen (closed symbols), and number of
incorrect assignments among them (open symbols). The data
were calculated using the 'N and "H chemical shifts observed
for "*N/'3C-£186/0 in complex with Dy*" (diamonds), Er®™*
(circles) and Tb** (triangles), respectively.

very small percentages of incorrect assignments
(Figure 5). Therefore, the total number of as-
signed paramagnetic cross-peaks can be used as a
criterion to identify the best Ay tensor and the
most reliable assignment. Equally important, the
Ay tensor parameters derived from 2D '°N-
HSQC data were close to those determined from
the 3D HNCO data and insensitive with regard
to a few incorrect assignments in the last itera-
tion. The algorithm also proved to be remarkably
resilient with respect to uncertainties in the pro-
tein coordinates, provided a large number of
paramagnetic peaks could be assigned (see Sup-
porting Information).

The algorithm conservatively assigns the para-
magnetic NMR spectrum, attempting to minimize
the number of incorrect assignments. Therefore,
the number of assigned paramagnetic cross-peaks
is smaller than the number of observable peaks. A
similar number of paramagnetic cross-peaks was
assigned when the program was used with or
without correction for residual anisotropic chem-
ical shifts (RACS, Eq. (5)). Notably, however, use
of the RACS correction accelerated convergence
(data not shown).

As a starting point for additional interactive
assignments, Echidna also provides complete peak
lists of the diamagnetic cross-peaks shifted by the
finally determined PCS values. Most important,
however, Echidna delivers useful Agy-tensor
parameters in an automatic manner.

A previously reported program, Platypus,
achieves the determination of the Ay tensor together
with the assignment of both the paramagnetic and
diamagnetic ""N-HSQC spectra, using selectively
>N-labeled protein and knowledge of its 3D
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Figure 5. Number of incorrectly versus total number of
assigned paramagnetic cross-peaks. Results are shown for
Echidna runs starting from different subsets of initially selected
paramagnetic-diamagnetic '>N-HSQC peak pairs for complexes
of €186/0 with Dy**, Er*" and Tb>", respectively.

structure (Pintacuda et al., 2004). The Platypus
algorithm cannot be used, however, to assign '°N-
HSQC spectra of uniformly '"N-labeled proteins
because of the vast number of assignment possibil-
ities that make the problem computationally
unmanageable.

Since the Ay-tensor parameters determined with
Echidna are based on many pairings of diamag-
netic and paramagnetic cross-peaks, they tend
to be more accurate than those determined by
Platypus from a protein with a single '°N-labeled
amino acid type. Furthermore, uniformly '*N-la-
beled proteins are more generally available than
selectively '*N-labeled proteins. The convenience
with which Ay-tensor parameters can be deter-
mined with Echidna or Platypus considerably in-
creases the attractiveness of PCS data as long-range
restraints for the study of protein-protein and pro-
tein-ligand interactions. In addition, the alignment
tensor caused by the paramagnetism is closely
aligned with the Ay tensor (Bertini et al., 2002),
allowing the straightforward evaluation of residual

dipolar couplings measured in '°N-HSQC spectra of

samples with and without paramagnetic metal ion.
The Echidna software package is available

upon request from the communicating author.

Electronic supplementary material

Supporting Information Available: a compilation
of the 10 best Echidna results obtained with 2D
and 3D data with Dy3 *UECT, or TH T, respec-
tively; Echidna results obtained for the €186
structure with structural noise added; backbone
assignments of €186 in complex with 6 in the
presence of La*", Dy’ ", Er’", or Tb*", respec-
tively.

The supplementary material is available in
electronic format at http://dx.doi.org/10.1007/
s10858-006-9002-4.
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