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NMR spectra of large biomacromolecules or complexes fre-
quently contain a significant number of overlapping peaks hamper-
ing or even preventing structural interpretation. Selective elimination
of peaks would greatly simplify this task. Paramagnetic agents
enhance the relaxation rates of nuclear spins and result in line
broadening of the corresponding signals in their vicinity. By

only signals of spins at the protein surface. Thus, by simple addition
of a soluble spin label NMR spectral editing can be achieved in a
structure- and dynamics-dependent manner.

Among the signals that were broadened beyond detection even
at concentrations as low as 5 mM Gd(DPTA-BMA) were the signals
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Therefore, by adding Gd(DPTA-BMA) we obtained spectra that
contain only signals of spins distant from the protein surface and
that show slow exchange. Subtracting the HSQC spectra recorded
with PA from the spectra without PA yielded spectra containing
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Figure 1. Section of 'N-HSQC spectra of 1 mM Ubiquitin. (A) 0 mM
Gd(DPTA-BMA), (B) 5 mM Gd(DPTA-BMA). (C) difference spectrum
of A and B.
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corresponding to residues of the disordered N-terminus. By contrast,
signals from the globular part of yUb remained essentially
unchanged (Figure 2). Signals of flexible tails or linkers that often
cause crowding in the region corresponding to the disordered regime
of the chemical shift (~8—9 ppm for 'HY) can effectively be
removed without affecting globular domains. For instance, we were
able to eliminate signals in the spectra of a 32 kDa scF,-antibody
fragment that belong to the linker region between the Vi and the
Vi, domains. Similarly, side-chain amide signals can also be
quantitatively removed from HSQC-type spectra. In addition to
spectral simplification, comparing signal loss for a particular residue
while stepwise incrementing the PA’s concentration thus permits
a qualitative classification of spins as surface exposed, close, or
distant to the surface. For yUb only few signals that correspond to
spins from the interior remained unaltered at 40 mM Gd(DPTA-
BMA).
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Figure 2. "N-HSQC spectra of 1 mM ubiquitin. Black: 0 mM Gd(DPTA-
BMA). Red: 5 mM Gd(DPTA-BMA). Signals attenuated at 5 mM belong
to the N-terminal His-tag (residues 1—23, largely unassigned), the C-
terminus (residue 97 to 99), and side chain signals.

We further applied this technique to NOESY spectra, where
spectral overlap often hampers unambiguous assignments. In '>N-
NOESY-HSQC spectra of the same samples already at 5 mM
Gd(DPTA-BMA) several NOE signals were broadened resulting
in beginning structure dependent simplification of the spectrum
(Figure 3). Signal attenuation in ’'N-NOESY-ladders again depends
on the surface exposure and exchange rate of the nuclear spins
involved and on the PA concentration.

In summary, we have shown that freely diffusing PAs can be
used not only to screen for intermolecular interaction sites* but
also to edit NMR spectra. Particular advantages are that editing
can be controlled by the concentration of PA added and that it has
a structural dependence of signals affected, i.e., the distance from
the solvent—analyte interface and the exchange rate. After analysis,
samples can conveniently be recovered dialysing the PA out. We
demonstrated that "N-HSQC-type spectra can easily be simplified
and divided into spectra containing surface-exposed and buried
spins. This approach can be expanded to other nuclei. We further
showed that flexible parts of a protein can be masked enabling
efficient structural analysis of globular domains. SEMPRE can also
be applied to NOESY-type spectra to reduce overlap and facilitate
assignment. Quantitative distance restraints for structure calculation,

however, are recommended to be extracted from unedited NOESY
spectra due to the number of different contributing parameters.
Overall, PAs present a convenient way to facilitate spectral analysis
of, in particular, proteins that are large, contain disordered regions,
or participate in transient interactions.
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Figure 3. Strips from '"N-edited NOESY spectra of 1 mM yUb for Gly
15 located in the disordered N-terminal tail, Val 49 located in the interior
of yUb, and the surface exposed Lys 71 without and in presence of 5 mM
Gd(DPTA-BMA). Location of the respective spins is shown in the panels
above the corresponding strips.

Acknowledgment. This work was supported by the Deutsche
Forschungsgemeinschaft (SCHW901/3-1).

Supporting Information Available: Sample preparation, NMR
spectra recording and assignments; additional spectra of yUb and
evaluation of concentration dependence of Gd(DPTA-BMA); SEMPRE-
SN-HSQC of a 32 kDa scF,-fragment. This material is available free
of charge via the Internet at http://pubs.acs.org.

References

(1) Bertini, I.; Luchinat, C.; Parigi, G.; Pierattelli, R. ChemBioChem 2005, 6,
1536-1549. (a) Esposito, G.; Lesk, A. M.; Molinari, H.; Motta, A.; Niccolai,
N.; Pastore, A. J. Mol. Biol. 1992, 224, 659-670. Pintacuda, G.; John, M.;
Su, X. C.; Otting, G. Acc. Chem. Res. 2007, 40, 206-212. Sattler, M.; Fesik,
S. W. J. Am. Chem. Soc. 1997, 119, 7885-7886.

(2) Gillespie, J. R.; Shortle, D. J. Mol. Biol. 1997, 268, 158-169. Gillespie,
J.R.; Shortle, D. J. Mol. Biol. 1997, 268, 170-184. Keizers, P. H. J.; Desreux,
J. F.; Overhand, M.; Ubbink, M. J. Am. Chem. Soc. 2007, 129, 9292-9293.

(3) Bernini, A.; Spiga, O.; Venditti, V.; Prischi, F.; Bracci, L.; Tong, A. P.;
Wong, W.; Niccolai, N. J. Am. Chem. Soc. 2006, 128, 9290-9291.
Respondek, M.; Madl, T.; Gobl, C.; Golser, R.; Zangger, K. J. Am. Chem.
Soc. 2007, 129, 5228-5234.

(4) Pintacuda, G.; Otting, G. J. Am. Chem. Soc. 2002, 124, 372-373.

(5) Bernini, A.; Venditti, V.; Spiga, O.; Ciutti, A.; Prischi, F.; Consonni, R.;
Zetta, L.; Arosio, L; Fusi, P.; Guagliardi, A.; Niccolai, N. Biophys. Chem.
2008, 737, 71-75.

(6) Banci, L.; Bertini, I.; Luchinat, C. Nuclear and Electron Relaxation; VCH:
‘Weinheim, 1991.

(7) Hiller, S.; Wider, G.; Etezady-Esfarjani, T.; Horst, R.; Wiithrich, K. J. Biomol.
NMR 2005, 32, 61-70.

JA905412Z

J. AM. CHEM. SOC. = VOL. 131, NO. 50, 2009 18017



