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Abstract

We demonstrate a novel methodology to disrupt the symmetry in the NMR spectra of homodimers. A paramagnetic
probe is introduced sub-stoichiometrically to create an asymmetric system with the paramagnetic probe residing
on only one monomer within the dimer. This creates sufficient magnetic anisotropy for resolution of symmetry-
related overlapped resonances and, consequently, detection of pseudocontact shifts and residual dipolar couplings
specific to each monomeric component. These pseudocontact shifts can be readily incorporated into existing
structure refinement calculations and enable determination of monomer orientation within the dimeric protein.
This methodology can be widely used for solution structure determination of symmetric dimers.

Solution structures of symmetric protein dimers are
difficult to solve using conventional NMR techniques,
because it is often impossible to distinguish between
intra- and intermolecular NOEs. The problem is ex-
acerbated in head-to-head dimers. Two general ap-
proaches have been proposed to circumvent this prob-
lem. The first relies on asymmetric isotope labeling
and filtered NOESY experiments (Leupin et al., 1990).
The labeling schemes vary from selective deuteration
(Arrowsmith et al., 1990; Weiss, 1990) to asymmet-
ric 13C (Folkers et al., 1993; Starich et al., 1996) or
asymmetric '3C and N labeling (Handel and Do-
maille, 1996). The second approach is to define a
target function describing contributions from intra-
and intermolecular NOEs and to computationally ob-
tain the proper orientation of the monomeric sub-
units within the dimer (Nilges, 1993; O’Donoghue
et al., 2000). This methodology has been success-
fully used for structure calculations of dimers (Clore
et al., 1994; Lodi et al., 1994) and higher order sym-
metric oligomers (O’Donoghue et al., 2000). How-
ever, when the size of the protein dimer is such that
deuteration is necessary, observation of HN to side-
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chain or side-chain to side-chain intermolecular NOEs
becomes problematic and HN to HN intermolecular
NOE:s are rare. To overcome this problem we intro-
duce a method to obtain unambiguous, long-range
intermolecular restraints, and we illustrate their use for
symmetric dimer structure determination.

The strategy is based on introduction of a paramag-
netic anisotropic susceptibility (PAS) into the structure
of an otherwise symmetric protein dimer. The para-
magnetic probe is incorporated by modification of
a unique cysteine residue with thiol-reactive EDTA.
Binding of subequimolar amounts of a paramagnetic
metal creates an asymmetric system with the paramag-
netic probe residing on only one monomer. Measure-
ment of pseudocontact shifts (PCS) (La Mar et al.,
1978) and residual dipolar couplings (RDC) (Arne-
sano et al., 2000; Barbieri et al., 2002; Biekofsky
et al., 1999; Tolman et al., 1995) for each monomer
within the dimer provides long-range distance and
orientational restraints for proper positioning of the
molecules with respect to each other. The presence of a
paramagnetic reference frame provides valuable long-
range structural information in metal-binding proteins
(Bertini et al., 2001a,b; Gochin, 1998, 2000; Hus
et al., 2000; Ubbink et al., 1998). However, introduc-
tion of paramagnetic probes into non-metal binding
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Figure 1. "N TROSY spectrum collected at 900 MHz on 2H, 1SN, 13C enriched ILV labeled sample of STAT4NT-EDTA-Co?t. Spectral
widths were 16 kHz and 3.2 kHz in the direct and indirect dimensions, respectively, and the number of ¢/ increments was 128. The insert in
the upper left corner shows an expanded region corresponding to the boxed area in the middle of the spectrum. The peaks belonging to the
paramagnetic species are colored red and green to represent the intra- and intermonomer PCSs, respectively.

proteins has not yet been widely used (Donaldson
et al., 2001; Feeney et al., 2001; Gaponenko et al.,
2000). We show for the first time that it is possi-
ble to obtain long-range structural information specific
to each monomeric component of a symmetric dimer
using paramagnetic probes.

This approach is demonstrated on the N-terminal
domain of STAT4 (STAT4nT), which forms a 28kDa
symmetric dimer (Baden et al., 1998). Backbone (*C,
BC, C/,N, HN) and ILV-methyl resonance assignments
for STAT4nT have been made previously (S. P. Sarma
and R. A. Byrd, unpublished results; Zwahlen et al.,
1998). All NMR experiments were performed on Var-
ian INOVA 600, 800 and 900 MHz spectrometers.
Data were processed and analyzed using NMRPipe
(Delaglio et al., 1995).

Site-directed paramagnetic labeling was achieved
by modification of the cysteine residue 107 with S-
(2-pyridylthio)-cysteaminyl-EDTA (Toronto Research
Chemicals). After an extensive reduction with DTT,
the 'N/13C/?H-labeled protein was transferred into
50 mM Tris (pH 8.0), 150 mM NaCl, and 1 mM
EDTA using a P10 buffer exchange column (Bio-
Rad). S-(2-pyridylthio)-cysteaminyl-EDTA was added
to 100 wM protein solution to a final concentration
of 1 mM. The conjugation reaction proceeded for
three days in the dark at room temperature (Ebright
et al., 1992). The reaction products and excess thiol-
reactive EDTA were removed by buffer exchange in an
Amicon concentrator (Millipore) into 20 mM sodium
acetate (pH 5.25), 25 mM NaCl, 90% H,0/10% D-O.
The completeness of the conjugation reaction was de-



termined using electrospray mass-spectrometry. The
protein was concentrated to 0.8 mM in monomer.

To assess possible structural perturbations caused
by thiol-reactive EDTA, 'H-15N correlation spectra
were collected for native STAT4nT and for the EDTA-
modified protein. Few chemical shift differences were
observed between the native and modified proteins
(data not shown). The largest differences were of the
order of 0.1 ppm for HY in the region surrounding
the C107 site. These results are consistent with very
minor local structural perturbations introduced by the
conjugation reaction.

We have utilized cobalt, bound to the ligated
EDTA, as a paramagnetic probe to introduce suf-
ficient magnetic anisotropy allowing observation of
resonances belonging to individual monomeric com-
ponents of the STAT4nT dimer. Co?t was used, in-
stead of other metal ions or lanthanides (Arnesano
et al., 2000), in order to minimize broadening and
maximize the number of observable resonances. Sub-
stoichiometric binding was accomplished by addition
of 300 uM CoCl; to the 0.8 mM (monomer) pro-
tein sample. The asymmetry is readily apparent in
the TROSY-HSQC spectrum (Figure 1), where the
number of signals increases to reveal three species in
solution: the Co**-free, diamagnetic species and two
non-equivalent monomeric species. The asymmetry
arises due to non-equivalent PCSs to residues within
the monomer bearing the paramagnetic Co>* (referred
to as the intramonomer) compared to PCSs to the same
residue across the interface in the other monomer (re-
ferred to as the intermonomer). The sample conditions
should generate a ratio of 1:0.6:0.6 for the diamag-
netic:intramonomer:intermonomer resonances, in the
absence of relaxation effects. Due to paramagnetic
relaxation enhancement, the intensities of the PCS res-
onances are reduced to varying degrees, with typical
ratios of 1:0.3:0.3. It should be noted that full satu-
ration with Co?t would result in a single, symmetric
species, where the observed PCS at any site would
be the sum of effects from two centers (Biekofsky
et al., 1999) with a different PAS, thus rendering the
shifts less useful for structural restraints, compared
to the asymmetric species. Resonances from the fully
saturated species were very weak in the spectra in Fig-
ure 1 due to relaxation effects. A three-dimensional
HNCO experiment was also performed at 900 MHz.
The PCSs were measured as differences between the
diamagnetic chemical shifts and those representing the
paramagnetic species, and chemical shift differences
as small as 0.02 ppm could be reliably measured. A
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Figure 2. Correlation between observed and calculated intra-
monomer PCSs for HN protons in STAT4NT-EDTA-C02+. The
calculated PCS values were obtained in a least squares minimization
procedure using (A) the NOE-derived structure and (B) the crys-
tal structure. The linear correlation coefficients are 0.93 and 0.92,
respectively.

total of 78 PCSs were measured for HN protons in the
dimer.

The resolution afforded by the 3D HNCO spec-
trum permits identification of previously assigned
diamagnetic species and assignment of the associ-
ated paramagnetically shifted resonances to specific
residues. To assign each shifted resonance to a spe-
cific monomer, we utilize the fact that the distances
from the unpaired electron to HN, N, and C’ are long
and, thus, the difference between the electron-H?I and
electron-COj;_; vectors is very small. Therefore, to
a first approximation, the sign and magnitude of the
PCSs for residues i and i — 1 in the same monomer are
nearly equal, which assists the grouping of PCSs to a
specific monomer and enables some unambiguous as-
signments directly. The second step in the assignment
is a least squares optimization of the PAS orienta-
tion with respect to the coordinates of the STAT4nT
derived from either the crystal structure (Vinkemeier
et al., 1998) or the NOE-based structure of STAT4NT
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(S. P. Sarma et al., unpublished results) using the
unambiguous assignments from the HNCO spectrum.
The initial value of the PAS was assumed to be axial
with Axax = 1.7 x 10731 m3, similar to the value
determined previously for barnase modified with thiol-
reactive EDTA-Co?t (Gaponenko, 2000). Since the
PAS depends on the nature of the paramagnetic metal
probe and the crystal field, this is a reasonable assump-
tion. The third step involves a least squares selection
of those PCSs that are predicted to be intramonomer
based on the derived PAS orientation. This discrim-
ination does not require a high-resolution structure
and can readily be accomplished with an approximate
structure based on limited NOEs (Allegrozzi et al.,
2000). Observed PCSs were significantly different
for each monomer within the symmetric dimer, ex-
hibiting the opposite sign for most of the residues;
hence, the sub-stoichiometrically introduced PAS cre-
ated a truly asymmetric system. Good correlation
between observed and calculated intramonomer PCSs
for the crystal- and NOE-derived monomer struc-
tures are shown in Figure 2. Similar correlations were
found for the intermonomer PCSs, which confirms the
equivalence of the two monomer structures within the
dimer.

Following PCS assignment, the measured shifts
were used in a least squares minimization procedure
that optimized the orientation of the cobalt induced
PAS tensor with respect to the atomic coordinates of
the monomer from either the crystal structure or the
NOE-based solution structure of STAT4nT. The fol-
lowing target function was minimized with respect to
the axial component of the PAS:

Apc = Z (Agpc - A8p0)2a (1)

where A8 and AS pe are the observed and calculated
PCS values, respectively. We utilized the following
equation to calculate A3 :

_ Py 2 3Py . 2
Alpe = 33 (3 cos” 0 — 1) + - sin ecos(Zgo;,
(2)

where P, and P,; are the axial and rhombic com-
ponents of the PAS, r is the distance between the
unpaired electron and the observed nucleus, and 6 and
¢ are the polar angles describing the orientation of the
electron-nucleus vector in the PAS tensor frame. The
optimized value was found to be axially symmetric
with Axax = 1.56 x 103! m3, which confirms the
validity of the initial assumption (vide supra).

The PCS can be incorporated into the structure
refinement protocols as orientational and distance re-
straints, since they follow approximately the same
functional form as RDCs (e.g., Equation 2, Bax and
Tjandra, 1997). The PCSs were used as unambigu-
ous intermolecular restraints in restrained molecular
dynamics and simulated annealing protocols to ob-
tain the orientation of the two monomers in the dimer
observed in solution. The resulting dimer structure
satisfies the PCS restraints to a high degree (Fig-
ure 3). It is also possible to use the absence of PCS
as a structural restraint, similar to the case of 'H-'H
RDC:s (Tjandra et al., 2000). A detailed analysis of the
resulting dimer structure will be presented elsewhere.

In addition to the structural information obtained
from the PCSs, asymmetric introduction of para-
magnetic probes presents a unique opportunity for
measurement of RDCs specific to each monomeric
component of a symmetric dimer. Paramagnetic align-
ment has been used extensively for metalloproteins
(Arnesano et al., 2000). The degree of alignment is
proportional to the square of the applied field; hence,
use of the highest applied magnetic field is quite
valuable. Residual dipolar couplings for HN-N bond
vectors in the asymmetric STAT4AnT were measured
in an IPAP HSQC experiment (Ottiger et al., 1998)
at 900 MHz. An example of the measured RDCs
(E49) is shown in Figure 4, and a total of 46 HN-N
RDCs were measured in the dimer. In this case, the
RDC alignment tensor does not lie along the symmetry
axis, which is the common occurrence for symmetric
dimers in orienting media (Drohat et al., 1999), and
emphasizes the significance of our approach.

Observed HN-N RDCs exhibited magnitudes up
to 4.5 Hz, indicating a relatively small degree of
alignment even at 21 T. This is consistent with pre-
viously reported values of RDCs in other paramag-
netic systems aligned with transition metals (Tolman
et al., 1995). Optimization of the alignment tensor
orientation with respect to the atomic coordinates of
STAT4nT using the observed RDCs revealed that the
alignment tensor and the PAS tensor are oriented very
similarly within the molecular frame, as expected.
The deviation was only 9°, which is within the ex-
perimental error. The optimized alignment tensor was
axially symmetric with Ayax = 1.01 x 1073 m3,
which is 30% smaller than the value deduced from
PCSs. A similar ratio of PAS and RDC alignment
tensors derived from the same protein molecule has
been reported previously (Banci et al., 1998; Bax
and Tjandra, 1997; Demene et al., 2000). The dif-
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Figure 3. Correlation between observed and calculated PCSs for
HN protons in the STAT4NT—EDTA—C02Jr dimer. The calcu-
lated PCS values were obtained from the dimer structure using
XPLOR-NIH. Intramonomer PCSs are shown in red and inter-
monomer PCSs are shown in green. The linear correlation coeffi-
cient is 0.99.

ference may be due to two factors: (1) It has been
demonstrated that the alignment tensor determined
from RDC:s is often underestimated by 15-20% (Clore
et al., 1998; Tjandra et al., 1997); and (2) the under-
estimation of the alignment tensor may also have a
contribution from dynamic frequency shifts resulting
from cross-correlation effects Ghose and Prestegard
(1997). Nevertheless, it has been shown that such
underestimates have a very minor effect on structure
calculations (Clore et al., 1998; Tjandra et al., 1997).

The relative orientation of the two monomers
within the dimer may be determined using RDCs
alone, independent of the PCSs. The resulting orienta-
tion of the two monomers is the same as that obtained
based on PCSs. Furthermore, the PCSs and RDCs may
be used jointly in structure refinement. As an example,
the dimer structure was calculated using both PCS and
RDC restraints, and the quality of the orientation is il-
lustrated by the correlation of observed and calculated
RDCs (Figure 5), where the data for both monomers
is included.

In cases where ligation of a natural cysteine re-
sults in structural perturbations or when there is no
free cysteine residue, it would be possible to engineer
single cysteine mutations into other sites within the
protein, as is common in fluorescence spectroscopy.
Introduction of additional sites for ligand attachment
also provides a direct means of obtaining multiple sets
of long-range structural restraints, which improves the
accuracy of structures determined using this method
and has been done for STAT4nT (unpublished re-
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Figure 4. Example of HN-N RDC measurements in a >N IPAP
HSQC experiment at 900 MHz. The figure shows resonances
for Glu 49 of STAT4NT—EDTA—C02Jr representing the diamag-
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Figure 5. Correlation between observed and calculated
RDCs for HN-N bond vectors in the symmetric dimer of
STAT4NT-EDTA-C02+. The calculated RDCs were obtained using
XPLOR-NIH structure refinement protocols. Intramonomer RDCs
are shown in red and intermonomer RDCs are shown in green. The
linear correlation coefficient is 0.93.

sults). This approach is similar to that suggested for
RDCs using multiple steric alignments in different lig-
uid crystalline environments (Ramirez and Bax, 1998)
or the substitution of different paramagnets within
metalloproteins (Arnesano et al., 2000).

In conclusion, we have created an asymmetric
system in a naturally symmetric dimer by introduc-
ing PAS at a single site within the dimer. This al-
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lowed observation of PCSs and RDCs specific to each
monomeric component of the dimer. The measured
PCSs and RDCs provided valuable distance and orien-
tational restraints to properly position the monomeric
subunits with respect to each other within the dimer.
The proposed methodology may be generally applica-
ble to solving symmetry problems in dimeric proteins
and is of even greater significance for higher mole-
cular weight dimers when perdeuteration is required.
A limitation of this approach occurs for proteins with
multiple structurally important cysteine residues. In
this case, alternative approaches to attachment of the
metal binding ligand might be sought.
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