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Abstract: A novel strategy for fast NMR resonance assignment of ®N HSQC spectra of proteins is
presented. It requires the structure coordinates of the protein, a paramagnetic center, and one or more
residue-selectively *>N-labeled samples. Comparison of sensitive undecoupled >N HSQC spectra recorded
of paramagnetic and diamagnetic samples yields data for every cross-peak on pseudocontact shift,
paramagnetic relaxation enhancement, cross-correlation between Curie-spin and dipole—dipole relaxation,
and residual dipolar coupling. Comparison of these four different paramagnetic quantities with predictions
from the three-dimensional structure simultaneously yields the resonance assignment and the anisotropy
of the susceptibility tensor of the paramagnetic center. The method is demonstrated with the 30 kDa complex
between the N-terminal domain of the ¢ subunit and the 6 subunit of Escherichia coli DNA polymerase lII.
The program PLATYPUS was developed to perform the assignment, provide a measure of reliability of the
assignment, and determine the susceptibility tensor anisotropy.

Introduction for a paramagnetic metal ion, but &€ labeling and no NMR
data other than a minimum number of highly sensitivN

~ NMR spectroscopy is commonly used in pharmaceutical {5oc spectra. Besides resonance assignments, the anisotropy
industry to screen libraries of chemical compounds for ligands parameters of the susceptibility tensor of the metal ion are

binding to protein targets. Chemical shift changes observed in obtained, providing a basis for the measurement of important

"N HSQC spectra of*N-labeled proteins provide evidence of  jntermolecular restraints to define the orientation of binding
even weak binding interactions. Provided that the sequence-jigands3

specific resonance assignment of tild HSQC cross-peaks is

available, they a}lso yield informatign abput the binding ’si.te. complex between the N-terminal domain of theubunit,c186,
Resonance assignments of proteins with molecular weights 4 theg subunit ofEscherichia coliDNA polymerase I145

exceeding about 15 kDa are usually obtained by analysis of o 1 g A crystal structure 0£186 is availablé. The structure
'5N/A3C double- orN/**C/H triple-labeled protein samples with  seems to be maintained in solution and in complex withéthe
the help of 3D and 4D NMR experimeritsvailability of a subunit’” The active site contains two Mhions which can be

crystal structure of the protein is of little help in this process. replaced by a single lanthanide ion, as in the related domain of
In modern pharmaceutical research, however, the crystal DNA polymerase P

structure of the protein target is frequently known prior to NMR
resonance assignments. Here, we present a novel strategy for(z) (a) ubbink, M.; Ejdebek, M.; Karlsson, B. G.; Bendall, D. Structure

The assignment strategy was established with the 30 kDa

rapi nce- ifi ignmen H ross-peak 1998 6, 323-335. (b) Gochin, M.J. Biomol. NMR1998§ 12, 243-257.
apid seque (1:? Specilic assignme ‘““." SQC_: Cross-peaxs (c) Tu, K.; Gochin, M.J. Am. Chem. Sod 999 121, 9276-9285. (d)
of selectively™N-labeled proteins which explicitly relies on Gochin, M. Structure200Q 8, 441-452. (e) Nocek, J. M.; Huang, K.:

i _di ; Hoffman, B. M Proc. Natl. Acad. Sci. U.S.£00Q 97, 2538-2543. (f)
prior _knOWIGdge of the three dimensional Strucmr? of the Goodfellow, B. J.; Nunes, S. G.; Rusnak, F.; Moura, |.; Ascenso, C.; Moura,
protein. The method requires one or several selectiVly J. J. G.; Volkman, B. F.; Markley, J. LProtein Sci 2002 11, 2464

2470. (g) Gaponenko, V.; Altieri, A. S.; Li, J.; Byrd, R. A. Biol. NMR
2002 24, 43—148.

(4) DeRose, E. F.; Li, D.; Darden, T.; Harvey, S.; Perrino, F. W.; Schaaper,
R. M.; London, R. EBiochemistry2002 41, 94-110.

labeled protein samples and availability of a binding site

TAustrallan Natl_onal University. (5) Keniry, M. A.; Berthon, H. A.; Yang, J. Y.; Miles, C. S.; Dixon, N. E.
* Karolinska Institute. Protein Sci 200Q 9, 721—733.
§ University of Qeensland. (6) Hamdan, S.; Carr, P. D.; Brown, S. E.; Ollis, D. L.; Dixon, N.Sfructure
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Experimental Section

Protein Samples.The N-terminal domain of the subunit of E.
coli polymerase 1l containing the first 186 residuesl&6) was
expressed and purified as descrilfedsing a minimal medium
supplemented witht°N-labeled amino acids for the expression of
selectively’>N-labeled sampled.

Three samples were prepared withl-Leu, N-Phe, and!>N-Val (a) PCS (b) PRE (c) CCR (d) RDC
labeling, respectively. Complexes of all samples with unlabéled ) . . )

. - . . Figure 1. Schematic representations of the geometric dependence of the
_subumt were isolated by chromatogrgﬁﬁj[:omplexgs W't,h lanthanide four paramagnetic effects used in the present work for amide resonance
ions were prepared at 0.1 mM protein concentrations in a buffer of 20 assignment. (&8HN pseudocontact shift (PCS), (b) paramagnetic relaxation
mM Tris, 100 mM NaCl, and 0.1 mM dithiothreitol at pH 7.0 (NMR  enhancement (PRE), (c) cross-correlation between the Curie-spiidand
buffer) by the addition of 1.2 equiv of Lnglfollowed by six washes 5N dipole—dipole relaxation (CCR), and (d3H—'°N residual dipolar
with NMR buffer using an ultrafiltration device. The same protein coupling (RDC).

samples were used for measurements with different lanthanides, afterlSN HSOC . | hich if d
regeneration of the apo-protein complex by washing with NMR buffer QC spectrum in several ways which are manifested as

in the presence of 400 mM NaCl. The NMR measurements were changes in chemical shifts, line widths, and one-bond coupling

1
1
1
|
I
|
|
|
I
|
|
N

performed with 0.5 mM protein concentration in NMR buffer. constants:

NMR Measurements and Data Evaluation.All NMR data were (i) pseudocontact shifts (PCS) which change the observed
recorded at 23C on a Varian Inova 600 NMR spectrometer equipped chemical shifts due to interaction with the anisotropic suscep-
with a PENTA probe'H, 13C, *N, #P,2H) and operating at & NMR tibility tensor y of the paramagnetic cent&hi3
frequency of 600 MHZz*N HSQC spectra were recorded with a pulse
sequence without the refocusing INEPT period and without decoupling (pcs_ 1 . 3 .
during the acquisition time to measure the one-bdie 5N coupling - 12713 ’AXax(3 cos 1+ 2 Arn sin 6 cos 24
constant (Supporting Information). This scheme has the additional )

advantage of minimizing loss of magnetization due to paramagnetic

relaxation. Loss of magnetization was further minimized by shortening  (ji) paramagnetic relaxation enhancement (PRE) which is

the total INEPT period to 2.2 ms for the paramagnetic samples. The predominantly due to the Curie contributiéh:
following parameters were usedimax = 51 mMSs,tomax = 146 ms, 23

ppm sweep width in théH dimension, total recording time 5 and 16 k 3r

. : : . PRE _ r
h for diamagnetic and paramagnetic samples, respectively. The spectra A= = 4t + > 3)
were processed with the program Présasing a cosine window r 1+ wyry

function in both dimensions and two-fold zerofilling before Fourier ) )
transformation. (i) cross-correlated relaxation (CCR) between the Curie-

The antiphase line shape of each doublet observed intthe  spin and*H—'°N dipole—dipole relaxation®
dimension was fitted by Lorentzian line shapes, using the equation:

ccr_ 3 cogy—1 3r,
A — n =K 3 4”L'r + 2 2 (4)
AL r 1+ wity
_ A Aty
Lo = —vo— U2\ otz W V) resi i | i
14 472 (V Yo ) 14 472 (V Yo ) (iv) residual dipolar coupling (RDC) due to alignment of the
A= A+ molecule with respect to the magnetic fiéffe
whereL(v) is the peak intensity as a function of the frequenci the RDC __ _ C_’» .
amplitude of the low-field doublet component,the frequency of the Av =K Aan(B cos©® H+ 2 At sin” © cos 2p
center of the doublet] the scalar coupling constant, aadaind» the (5)

auto- and cross-correlated relaxation rates, respectively. The least-

squares fits were performed with the program KaleidaGraph (Synergy Where ¢, 6, ¢), (¢, ©, ®) define the position of the amide

Software, Reading, U.S.A.). proton and the N-H bond vector with respect to the metal center
Two versions of the code for the assignment were developed in C gnd the main axes of itstensor (Figure 1)Ayax = xz — (tx +

and in Mathematica (Wolfram Research). The C program, with the )2, Ayn = (1x — 7y), wn is the Larmor frequency of the

name PLATYPUS garamagnetitabeling forassignment witfterrific proton,; is the rotational correlation time, and the proportional-

yields of proteinsusing theirstructures), took less than one minute on ity factors are:2-16

a single processor 2 GHz PC for a typical run with floating assignments. )

Error estimates were obtained by separate routines in the programs,15y gertini, I.; Luchinat, CCoord. Chem. Re 1996 150, 1—256.

fitting assignments to structures generated by random addition of (13) ?ggtinkol.;zligsgi?gt, C.; Parigi, GProg. Nucl. Magn. Reson. Spectrosc.

structural noise. PLATYPUS is available upon request. 1) @) éuﬂ;n’ M. J. Magn. Resorll975 19, 58-66. (b) Vega, A. J.: Fiat, D.
Mol. Phys 1976 31, 347—351. Thedirect dipolar relaxation mechanism

Results (Solomon, I.; Bloembergen, N. Chem. Physl956 25, 261—266) can be
. . neglected for a fast-relaxing paramagnetic ion in a slowly tumbling
Paramagnetic ParametersThe presence of a fast-relaxing molecule.

P i i 15) (a) Ghose, R.; Prestegard, J.J-IMagn. Resonl997, 128 138-143. (b)
paramagnetic ion in the protein changes the appearance of thé Boisbouvier, J.; Gans, P.; Blackledge, M.; Brutscher, B.; Marion,JD.

Am. Chem. Sod999 121, 7700-7701. (c) Madhu, P. K.; Grandori, R.;

(9) Senn, H.; Eugster, A.; Otting, G.; Suter, F.;'¥Nch, K. Eur. Biophys. J. Hohenthanner, K.; Mandal, P. K.; Mer, N. J. Biomol. NMR2001, 20,
1987 14, 301—306. 31-37. (d) Pintacuda, G.; Hohenthanner, K.; Otting, G.7lely N. J.
(10) Hamdan, S.; Bulloch, E. M.; Thompson, P. R.; Beck, J. L.; Yang, J. Y; Biomol. NMR2003 27, 115-132.
Crowther, J. A,; Lilley, P. E.; Carr, P. D.; Ollis, D. L.; Brown, S. E.; Dixon, (16) (a) Tolman, J. R.; Flanagan, J. M.; Kennedy, M. A.; Prestegard,Brdd.
N. E. Biochemistry2002 41, 5266-5275. Natl. Acad. Sci. U.S.AL995 92, 9279-9283. (b) Barbieri, R.; Bertini, I.;
(11) Gintert, P.; Dsch, V.; Wider, G.; Wthrich, K.J. Biomol. NMR1992 2, Lee, Y.-M.; Luchinat, C.; Velders, A. Hl. Biomol. NMR2002 14, 365~
619-629. 368.
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1207 &.('Hyppm 2y
76 75 74 73 72 “uﬁ?'ﬁ 0 120
where yy and yy are the proton and nitrogen magnetogyric |
ratios, ryn the N—H distance (1.03 A)yo the vacuum perme- LT
ability, Bo the magnetic fieldfi Planck’s constant divided by o L176
27, kg the Boltzmann constantig the Bohr magneton the P L1134
temperatureg; the g-factor, J the total spin momenandSthe ’ ol " 125
order parameter of the molecular alignment. In general, any e
magnetic anisotropy of the diamagnetic molecule is much 0L
smaller than the anisotropy of the paramagnetic metal ion and 0o
can be neglected in the present context. Therefore, the axes o 00~ 195
the y tensor can be assumed to coincide with those of the 130
alignment tensor and the anisotropy parameters are the same¢| 3 11 9 7
except for a scaling factor which includ&!2 In the present 62(1H)/ppm

work, & was set to 0.9 for all amide protons. ) )
. . Figure 2. Antiphase doublets 3PN HSQC spectra recorded with 0.5 mM
All four paramagnetic parameters are readily measured by aqueous solutions dfN-Leu-labeleck186 in complex with unlabeled at

comparison of undecouplé@N HSQC spectra recorded in the  25°C and pH 7.0. Shown is the superposition of two spectra recorded with
presence and absence of a paramagnetic metal ion (Figure 2)_I.Dy3Jr (yellow and blue peaks) and in the absence of a paramagnetic metal

. . . - ion (red and black peaks). Straight lines connect pairs of diamagnetic and
Line shape fitting of the antiphase doublets observed irfithe paramagnetic cross-peaks. Dashed lines identify the two most strongly

dimension yields the line width and frequency positions of each shifted paramagnetic cross-peaks for which the diamagnetic partners could
doublet component, and hence PCS, PRE, CCR, and RDCnot be identified by simple visual inspection. A cross section through the

; ; ;. doublet atd; = 115 ppmd, = 7.4 ppm is shown in the insert together with
values (Figure 2, insert). Conversely, all four paramagnetic the individual fitted components (dashed lines). PCS values are obtained

parameters can be accurately predicted from the three-fom the chemical shifts, PRE results in overall line broadening, CCR effects

dimensional structure of the protein once the electrgriensor result in differential line broadening between the two doublet components
anisotropy and the correlation timeg are known. Therefore, of the'H NMR signal, and RDCs are manifested by the altered separation
the resonance assignment can be obtained from a compari-Of the doublet components.
son of the experimental with predicted paramagnetic param-

oters way (Figure 2), resulting in corresponding ambiguities in their

PCS values and other paramagnetic parameters. These were
Experimental Measurements. Spectra were recorded for ~fesolved as discussed below.

three samples of186, selectively labeled witFPN-Leu, 15N- For accurate measurement of PCS values, diamagnetic
Val, and 1N-Phe, respectively, and complexed with the Samples of the186-6 complexes were prepared with¥an
unlabeled subunit. Figure 2 shows a superposition of tfé the metal binding site. With few exceptions, however, ¢

HSQC spectra of thé&°N-Leu labeled sample, recorded in the HSQC spectra recorded without any lanthanide ion were closely
presence and absence of ¥y 186 contains 17 leucine similar to those of the L% complexes and significant differ-
residues, but only eightN HSQC cross-peaks could be detected €Nces in chemical shifts were observed only in il

for the 15N-Leu labeled sample in the presence offDyJ = dimension. _ _

15/, gy = 45),12 since resonances of tABIN spins within 14 A Algorithm for Resonance Assignment.Provided that the

of the metal ion were broadened beyond detection. Similarly, @sSignment is known for at least= 5 pairs of paramagnetic
only 6 out of 12 and 6 out of 10 cross-peaks could be observed and corresponding diamagnetic cross-peaks, the orientation and
for the 15N-Val- and5N-Phe-labeled samples, respectively, in the anisotropy values of thetensor can be readily determined
the presence of y. The PCS effect for each cross-peak is from egs 2 and 5 on the basis of the three-dimensional protein
similar in the!H and®N dimension, since théH and'®N spins ~ Structure, either by singular value decompositfoor by

of each amide group are located at similar positions with respectmul'udlmensmna}l least-squares minimization of the difference
to the paramagnetic center. Therefore, the cross-peaks are shiftelétween experimental and back-calculated PCS and RDC

along nearly parallel diagonal lines, allowing the identification values:> Similarly, the rotational correlation time can be fitted
of pairs of diamagnetic and paramagnetic cross-p&aksthe from the set of experimental PRE and CCR data. Once these
case of thel®N-Leu labeled complex with T¥, only the constants have been determined, the paramagnetic effects for

diamagnetic partners of the two most strongly shifted peaks all cross-peaks can be back-calculated from the structure.

(Leu57, Leu176) could not be identified unambiguously in this 1 "€ COrrect assignment is assumed to be the one with minimal
difference between experimental and predicted paramagnetic

(17) (a) Allegrozzi, M.; Bertini, I.; Janik, M. B. L.; Lee, Y.-M.; Liu, G.; Luchinat, data:
C.J. Am. Chem. So@00Q 122 4154-4161. (b) Bertini, I.; Janik, M. B.
L.; Lee, Y.-M.; Luchinat, C.; Rosato, A]. Am. Chem. SoQ001, 123 (18) Losonczi, J. A.; Andrec, M.; Fisher, M. W. F.; Prestegard, JJ.HMagn.
4181-4188. Reson.1999 138 334-342.
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Q= z k, Z (d er? — d;arll)z (9) based on these thr_ee_ labeled samples also remained unchanged
5 o ' ’ when random variations of up to 10% were added to the
experimental daté®

with summation over then cross-peaks observed for the An important point for the optimization is the choice of the
paramagnetic protein and the= 4 different types of para-  constantsk, which determine the relative contribution of the
magnetic datal, described above, each of them weighted by a different paramagnetic effects to the target func@riro find
constantk,. In calculatingQ, differences below a predefined — weighting constants such that each of the four types of
uncertainty threshold were set to zero to account for errors in paramagnetic data contributed with comparable weight to the

the experimental data. final target functiorQ, four different runs of initial optimizations
An exhaustive analysis of ail possible assignments becomes Were performed, where each type of paramagnetic data was used
intractable for large numbers of cross-pe#&Consequently,  individually without any of the other data. In this way, a

we developed an algorithm which finds the best assignment with minimum valueQp was obtained for each type of data. The
a limited number of steps independent of the size of the assignments made by these optimizations were mostly incorrect
experimental data set. In our approach, for an initial seg of ~and disregarded. The constakisvere subsequently chosen so
tensor anisotropy and orientation as well as the correlation time that each residu#&, had a comparable value. Numerical values

7, the assignment is first optimized according to an algorithm Of the constantk, employed in the present work are included
known as the “Hungarian method for' m|n|ma| cost assign_ Wlth Table 1. The thresh0|d Values, beIOW WhICh dlfferel’lces

ment”2! y tensor anisotropy and orientation, as well as the Petween experimental and predicted data no longer contributed
correlation timer;, are subsequently calculated by gradient to Q, were defined by the experimental inaccuracies.

minimization of the residua® (eq 9), while the assignment is Table 1 shows that the experimental .and pred?cted data agreed
continuously optimized at each step of the minimization. In this most closely for the PCS data, reflecting the high accuracy of
way, fitting of the paramagnetic parametegst¢énsor andr;) the experimental data, while the other paramagnetic restraints
and assignment are achieved Simultanous|y_ primarily served to resolve aSSignment ambiguities for residues

with similar PCS values. This result was expected, since PCS
g data are less sensitive with respect to local reorientation of the

N—H bonds than CCR and RDC data, while PRE data depend
¢ on the reproducibility of the sample properties and magnetic
field homogeneity between measurements with different samples.
Such experimental uncertainties could explain why the experi-
mental PRE values were generally found to be much larger than
the back-calculated data. In any case, the definition of the
residual Q (eq 9) ensures that the relative magnitude of the PRE
values matters more than their absolute values. The agreement
between experimental and back-calculated data was much better
for the other paramagnetic parameters (Table 1). In principle,
RDC data would be expected to yield the same tensor anisotropy
axes as the PCS data, but RDC values are more difficult to
measure accurately and can be compromised by nonuniform,
residue dependent order parametérgeq 8).

Clearly, differences between the crystal structure and the
solution structure o€186 in the complex witl® would present
a potential source of wrong assignments. A good criterion for
Q values the reliability of the individual assignments is thus presented

' ) ) . ) by their resilience toward randomly introduced structural

For the paramagnetic cross-peaks with ambiguous diamag-q,angeg2 This was achieved by a Monte Carlo routine which
netic partner, the apparent paramagnetic parameters Wergyonerated 1000 new structures from the crystal structure by
determined for all possible pairings of diamagnetic and para- gimtaneously reorienting the-\H bond vectors, translating
magnetic cross-peaks, and all different combinations were testeolthe N-H groups, and translating the Ehion in a random

during the_ﬂttlng procgdure. For those cross-peaks, m|n_|m|zat|on manner. Using Gaussian distributions of the added structural
of the residualQ provided not only the resonance assignment . \\ith standard deviations ofN = 15° and o’ = ot =

of the paramagpetic cross-peaks, but also the identification ofo_3 A, respectively, the assignments of most cross-peaks were

their diamagnetic partners. _ _ reproduced for more than 99% of the 1000 randomized
Error Estimates. The resonance assignments obtained for stryctures (Table 2). Table 2 further shows that availability of

the eight paramagnetic cross-peaks measured fortheeu- more than one selectivelifN-labeled sample improved the

labeled Comglex remalngd unchanged when additional datareliability of the resonance assignments, with only two assign-

measured fof"N-Val- and**N-Phe-labeled186-6 complexes  ments (Val 38 and Val 82) reproduced in as few as 75% of the

with Dy3" were included in the fit. The resonance assignments yandomized structures.

Besides providing a criterion for the reliability of individual

19) Forsberg, J. H.; Delaney, R. M.; Zhao, Q.; Harakas, G.; Chandrdnoig. H i ; H

(19) Chem.lg% 34 3705_3y715_ Q R assignments, addition of structural noise also provides a means

(20) Zweckstetter, MJ. Biomol. NMR2003 27, 41—-56.
(21) Kuhn, H. W.Nav. Res. Logist. Quartl955 2, 83—-97. (22) Zweckstetter, M.; Bax, AJ. Biomol. NMR2002 23, 127—-137.

To improve the convergence to the global minimumf
for this local optimization strategy, minimizations are starte
at trial points from a five-dimensional grid search, where the
grid points represent different magnitudes and orientations o
the main components of thg tensor with respect to the
molecular framem grid points are generated by systematic
variation of the tensor components, whenex n!.

In our experience, the cost function hypersurface is suf-
ficiently smooth that initialization of axial and rhombic com-
ponents to any values betweerr¥m? and 1031 m3, and 1033
m?3 and 510732 m3, respectively, and systematic rotation of the
main components of thg tensor in 20 steps around the
molecular frame axes is sufficient to locate the global minimum
in Q. For example, in the case of By, m= 2916 (= 18 x 18
x 9) was used, initializing the search to axial and rhombic
components of 10?2 m? and 1032 m®, respectively. The
algorithm does not test all conceivable resonance assignments
but only optimizes the assignments initially suggested for the
m grid points, followed by a minimization path with minimum

2966 J. AM. CHEM. SOC. = VOL. 126, NO. 9, 2004
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Table 1. Experimental and Back-Calculated Paramagnetic Effects PCS (6P¢S), RDC (DRPC), PRE (Autocorrelated Relaxation APRE), and
CCR (Cross-Correlated Relaxation 5CR) for the Three 15N-Labeled Samples of €186 in Complex with Unlabeled 620

PCS (ppm) RDC (Hz) PRE (s79) CCR (s}
OLa aDy aPCSexp 0" Jia (J+D)Dy DRDCexp DRy Ala /‘LDy ;LPREexp APRE Mia Moy 77CCRexp n COR

L43 8.87 10.04 1.17 119 —925 —-87.6 4.9 2.0 69.1 109.3 40.2 224 132 21.4 8.2 19.7
L57 8.77 11.64 2.87 2.87 —942 858 8.4 4.9 83.6 162.1 78.6 220 9.4 10.0 0.6-12.4
L73 7.38 10.03 2.65 271 -916 —957 —41 57 91.7 158.3 66.6 57.7 8.8 33.9 25.1 32.5
L74 6.92 8.63 1.71 1.81 —92.1 -1005 -84 9.1 74.8 137.0 62.2 28 4.4 29.5 25.1 22.9
L95 9.53 842 —-111 -113| —-91.8 —-96.0 —-42 —41 98.0 1514 534 46.6 15.0 20.7 5.7 0.9
56 -8.2 —13.8 —29.7
6.3 50-13 -18
6.9 —-3.2 -101 -—30.7

F72 7.04 9.39 2.35 2.16 —90.7 -—100.8 -10.1 -10.0 848 1979 1132 50.1 5.7 6.3 0.6 114
F79 9.81 11.19 1.38 136 —93.2 —-945 -13 -04| 1181 206.7 88.4 36.7 17.0 45.9 28.9 26.5
10.1 151 5.0 19.2
. . . . . . . . . . ) 9.4-151 -245 78
F124 7.48 6.64 —0.84 -0.78| —90.5 —93.2 27 —4.2 829 175.9 93.0 9.3 57-119 -17.6 —156
F138 8.65 9.32 0.67 0.66 —90.6 —77.2 13.4 15.0 74.1 123.2 49.0 14)5 10.7 32-75 —-9.6

V38 9.69 9.75 0.06 0.04 —93.7 —87.0 6.7 —1.9| 103.7 185.4 81.6 438 176 49.0 31.4 29.3
V39 9.03 9.51 0.48 0.44 —93.8 —96.0 —22 —6.9| 1049 1257 20.8 158 301 25.1 -5.0 17.4
V58 10.86 15.54 4.68 469 —93.6 —-1002 —-6.6 —9.1| 110.0 194.2 84.2 642 195 39.6 20.1 22.9
V82 7.52 741 —-0.09 -0.10| —-901 —-976 —-75 —6.3 773 1294 522 239 6.9 31.4 24.5 12.4
V127 8.77 781 —-0.96 -088| —925 —-99.6 —7.1 -—10.0 75.4 113.1 376 204 107 —-1.2 -—119 -19.2
V133 7.69 7.92 0.23 0.2% —93.3 —91.2 2.1 3.0/ 1181 1351 16.8 558 151 -6.3 -—-21.4 -—-275
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aFor each of the four paramagnetic properties, four columns report the experimentally measured values bt DgE" complexes, the net paramagnetic
effect and the value calculated from the crystal structure after optimization of resonance assigrieTesar, and, parameters, using the data from all three
samples. The assignment obtained is reported on the® ldficertainty thresholds of, respectivel§f0.025 ppm42 Hz, 438 s and+12 s were used
for the four classes of measurements. The values of the weighting factors used in eq @pwere:1.0 ppnT?, kepc = 0.01 HZ 2, kpre = 0.00025 3, kecr
= 0.00057 &

Table 2. Robustness of the Resonance Assignment against Table 3. y Tensor Anisotropy Parameters and Uncertainty of y
Structural Noise, when Using Only Data from the 1°N-Leu-Labeled Tensor Orientation Obtained from One, Two, and Three
Sample (column 1), after Addition of the Data from the Selectively Labeled Samples of €186—6 Complexed with Dy3*
15N-Phe-Labeled Sample (column 2), and Using the Combined ; ; ; - ;
Data from the 15N-Leu-, 15N-Phe-, and 15N-Val-Labeled Samples Aax A o ARQS  AQ
(column 3)2 Npeaks® ~ (1072m3)  (107%2m?) (ns) (deg)  (deg)
laa 923 3aa I5N-Leu 8 46+02 1.2+06 11.1+25 18 253
15N-Leu,Phe 14 4501 06+01 164+33 0.7 11.2
L43 0.89 0.99 0.99 15N
L57 0.98 0.99 0.99 N-Leu,Phe,val 20 4501 05+0.1 17.2+26 0.6 7.3
L73 0.94 0.99 0.99 ) .
L74 0.87 0.99 0.99 aTotal number of paramagnetic cross-peaks assigned and used for the
L95 1.00 1.00 1.00 fit of the y tensor anisotropy? Error ranges determined by running the
L113 0.97 0.98 0.99 assignment algorithm 1000 times after addition of structural noise to the
L114 0.97 0.98 0.99 crystal structure coordinates’(= o = 0.3 A ando"N = 15°). The
L176 0.99 1.00 1.00 rotational correlation times were determined from a fit of only CCR data,
as PRE values showed large discrepancies between experimental and back-
F72 0.99 0.99 calculated data (Table 19rmsd of thez-axis of they tensor relative to the
F79 0.97 0.97 mean orientation after addition of structural noi$&um of the rmsd values
F86 1.00 1.00 for the threey tensor axes relative to the respective mean orientations.
F111 0.99 0.99
F124 0.99 0.99 L .
F138 0.97 0.98 structural uncertainties are assumed, while theand y-
V38 0.75 components are more variable (Figure 3).
V39 0.94 An independent test of the reliability of the assignment
e 5% procedure was performed on published data of -CN
V127 1.00 myoglobin15¢.16aThis complex contains low-spin Fewith a
V133 0.89 highly anisotropicy tensor resulting in large PCS and ap-

! S . (Preciable RDC values. All the correlation signals that are present
aThe frequency of the assignment for each residue is reported, as obtaine

15 i i i
in 1000 calculations performed after addition of structural noise to the protein " the™N HSQC spectrum Of_ dlamagnetlc_ G(mV_OQIOb'n can
structure coordinates and angles, as well as the lanthanide coordinates, usine observed in paramagnetic €yoglobin. Using PCS and

GﬁUSSian‘, distributions with standard deviatiaris= ¢-" = 0.3 A and RDC values from the amide resonances of Ala, Asp, GIn, and
o =1 Glu, respectively, the assignment algorithm provided correct
of assessing the precision of the fittetensor anisotropy (Table  assignments in all cases, even when only single-residue types
3). As expected, availability of more than one selectitly were considered. PRE and CCR data were disregarded for most
labeled sample enhanced the reproducibility of the figtéeshsor of the resonances as PRE values in-@hlyoglobin are small,
anisotropy. In particular, availability of th&®N-Val-labeled and CCR data are compromised by second-order effects due to
sample reduced the uncertainty in the orientation ofittensor the contribution of magnetic anisotropy to the cross-correlation
axes (Table 3), although it contributed little to the reliability of procesd5d The protein contains 17 Ala, 14 Glu, 7 Asp, and 5
the assignments of tH&N-Leu and'®N-Phe cross-peaks (Table GIn residues. It is remarkable that data from as few as five
2). A graphical view of the orientation of thetensor axes shows  residues, as in the case of GlIn, could yield correct assign-
that the main axis of the tensor is well defined even when larger ments.
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Figure 3. Orientation of the principal axes of the electronic susceptibility tegsof Dy3" in the e186—6 complex obtained after fitting PCS and RDC

values of thé"*N-Leu labeled complex alone (top panel), #id-Leu and the®>N-Phe labeled complexes combined (middle row), and¥NeLeu, °N-Phe,

and 1N-Val labeled complexes combined (bottom panel). The orientations of the tensor axes are visualized with respect to the reference system of the
crystal coordinates (PDB code 1J53) using Saursdaumsteed projectiots(z-axis: red;y-axis: greenx-axis: blue). Increasing levels of structural noise

(0" = o', ando™N as described in the main text) added to the crystal structure illustrate the sensitivity of the tensor parameters with respect to structural
deviations between crystal and solution structures. The data in this figure were calculated with the assignments fixed to those of Table letdheccelera
computations. The plots were generated with Mathematica.

For comparison, resonance assignment1@6—6 was also with Dy3* (Supporting Information). The Ge complex thus
performed using exclusively PCS and RDC data. While omis- resulted in the unambiguous assignment of six additional cross-
sion of the PRE and CCR data significantly decreased the peaks of the'>N-Leu labeled sample, by use of the algorithm
robustness of the assignments, with frequencies of less than 0.4escribed above.
for some of the residue assignments, the preferred assignment
was still the same as for the full data set (Supporting Informa- Hisission

tion).
Completeness of AssignmentsJsing Dy?* as the paramag- This assignment strategy yields resonance assignments with
netic metal ion precludes the assignment of thBbeHSQC selectively labeled samples much faster than conventional

cross-peaks which are broadened beyond detection. Additionalmethods, as only two-dimension®N HSQC spectra need to
cross-peaks can, however, be assigned by the use of differenbe recorded and evaluated. The resonance assignments estab-
lanthanides. For example, the complex witt¥Chas ay tensor lished in the present work agree with previous resonance
with 10-fold smaller anisotropy and less paramagnetic relaxation assignments of thel86—6 complex, as far as they have been
enhancement than the complex with®ydue to the smaller  published’ The earlier resonance assignmentsb86 relied
magnetic momentJ(= %, g; = 3/4).1217 All 17 15N HSQC on expensivé>N/13CH-labeled samples in addition to selec-
cross-peaks could thus be observed in the-Leu labeled tively labeled samples, higher sample concentrations, and higher
€186—60 complex in the presence of &e The eight cross-peaks temperature$.The sensitivity of the method is illustrated by
with large PCS values in the presence of3Dyvere barely the fact that adequat®N HSQC spectra could be recorded
shifted in the presence of €g while the cross-peaks which  overnight with 0.5 mM samples of the 30 kDa complex, using
are strongly shifted by Cé are from amides close to the metal a NMR spectrometer equipped with a conventional probehead
center which did not yield observable cross-peaks in the complexoperating at room temperature.

2968 J. AM. CHEM. SOC. = VOL. 126, NO. 9, 2004



Fast Resonance Assignment of Paramagnetic Proteins ARTICLES

Figure 4. Stereoscopic view of experimentally determined iso-surfaces corresponding to pseudo-contact stiifta@f5, and+0.2 ppm, respectively,
superimposed onto a ribbon representation of the structue&88 in complex with Dy*. Positive and negative PCS values are indicated by blue and red
colors, respectively. The NH groups of Leu (blue), Phe (pink), and Val (orange) residues are shown in a ball-and-stick representation. The figure was
generated with Molmot®

Selectively®N-labeled samples are easier to prepare than assignment of the diamagnetic cross-peaks can be improved by
deuterated samples and are particularly inexpensive to make ifuse of different lanthanides which reduce the magnitude of the
the protein can be expressed in a cell-free expression sydtem. pseudocontact shifts.

While most proteins do not contain a natural lanthanide binding  Our assignment strategy relies on the availability of the
site, different methods are available to attach lanthanide ions coordinates of the three-dimensional protein structure and is,
site-specifically to diamagnetic proteifsl7.2426 | anthanide in this sense, related to a recently proposed protocol where many
ions are ideally suited for the present application, as they haveresidual dipolar couplings were measured and compared to
similar coordination properties but very different electron spins predictions based on the protein structure to obtain resonance
and y tensor anisotropie¥. Furthermore, the large isotropic  assignment3 Compared to the measurement of small residual
susceptibilities of lanthanide ions prevent the observation of dipolar couplings, the determination of paramagnetic data from
magnetic anisotropy effects close to the metal ion, so that CCR 15N HSQC cross-peaks is much simpler. Furthermore, pseudo-
effects can be measured without interference from second-ordercontact shifts are less affected by structural variations than
effects!®d Use of different lanthanides thus provides a straight- residual dipolar couplings. Paramagnetic data thus afford
forward route to resonance assignments of amide groups locatedesonance assignments with remarkable reliability even when
at different distances from the paramagnetic center. For lan- available data are restricted to a single selectiveltlabeled
thanide ions with small paramagnetic effects such a%"Ce sample with a single paramagnetic metal ion. A criterion for
however, the RDC, PRE, and CCR effects are small and maythe reliability of the assignment of individual cross-peaks is
be difficult to measure compared to PCS values. The analysisprovided by a straightforward Monte Carlo procedure which
of the y tensor in calbindin B, complexed to different  checks the robustness of the assignment against the addition of
lanthanides showed that the directions (but not the magnitudes)structural noise.

of the principal axes of thg tensor anisotropies are largely In principle, independent verification of the assignments could
conserved between different lanthanid@dnformation on the be obtained by further experiments which rely on the analysis
 tensor anisotropy axes of a strongly paramagnetic lanthanideof 15N HSQC spectra of5N-labeled proteins, including mea-
can thus be used to support the resonance assignment withsurements of the relaxation enhancement observed upon addition
weakly paramagnetic lanthanides. of an external relaxation proBeor of the effects of dipole

Notably, the present strategy tends to provide more reliable dipole cross-correlation on multiplet fine-structdfeThese
assignments of the paramagnetic spectrum than of the diamagexperiments, however, tend to be more limited in their informa-
netic spectrum, where spectral overlap would, in general, be tion content.
more pronounced. For example, the paramagnetic cross-peaks paramagnetic relaxation enhancements of ligand resonances
of Leu57 and Leul76 were shifted so far in the complex with py proteins tagged with nitroxide radicals have been shown to
Dy3* (Figure 2) that a choice of several diamagnetic cross- present a highly sensitive tool to screen for ligands in libraries
peaks yielded small residua@ (eq 9). In this situation, the  of chemical compound®. In principle, proteins tagged with

X X - - - G could be used in the same way. For the purpose of
(23) (a) Kigawa, T.; Yabuki, T.; Yoshida, Y.; Tsutsui, M.; Ito, Y.; Shibata, T.; . . R .
Yokoyama, SFEBS Lett 1999 442, 15-19. (b) Guignard. L.; Pursglove, ~ feésonance assignments of the protein, however, lanthanide ions

S.; Ozawa, K.; Dixon, N. E.; Otting, G:EBS Lett2002 524, 159-162. generating significant pseudocontact shifts are more suitable.
(24) Bentrop, D.; Bertini, I.; Cremonini, I.; ForseS.; Luchinat, C.; Malmendal,
A. Biochemistryl1997, 36, 11605-11618.
(25) (a) Dvoretsky, A.; Gaponenko, V.; Rosevear, PFRBS Lett2002 528 (27) Pintacuda, G.; Otting, G.. Am. Chem. So2002 124, 372—373.
189-192. (b) Griesinger, ook of Abstractsl0th Chianti Workshop on (28) Crowley, P.; Ubbink, M.; Otting, GI. Am. Chem. So@00Q 122 2968~
9

Magnetic Resonance, San Miniato (Pisa, Italy), May-38, 2003. 2969.

(26) (a) Ma, C.; Opella, S.J. Magn. Resar200Q 146, 381—-384; b) Wdhnert, (29) Jahnke, W.; Rdisser, S.; Zurini, MJ. Am. Chem. So2001, 123 3149-
J.; Franz, K. J.; Nitz, M.; Imperiali, B.; Schwalbe, H. Am. Chem. Soc 3150.
2003 125 13338-13339. (30) Koradi, R.; Billeter, M.; Wthrich, K. J. Mol. Graphics1996 14, 51—55.
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Even if only a few!>N HSQC cross-peaks are assigned by using  In conclusion, the assignment strategy described here prom-
only a single, residue-selectivelSN-labeled protein sample and  ises to contribute decisively to modern drug discovery, for the
only a single paramagnetic metal ion, these assignments mayidentification of ligand binding sites as well as for the structural
already provide sufficient information for the approximate characterization of ligand binding.

identification of the binding site of a small unlabeled ligand.
The anisotropy of the electronjctensor determined simulta-
neously (Figure 4) provides, in addition, long-range restraints
for the structural definition of intermolecular interactiohis

particular as pseudocontact shifts can be observed for distancege”()\NSh_ip within the Research Training Network on Cro;s-
up to 40 A from the metal binding sité? Correlation (HPRN-CT-2000-00092). G.O. thanks the Australian

When determination of thg tensor anisotropy parameters Research Council for a Federation Fellowship. Financial support
for studies of intermolecular interactions is the prime objective, Py the Australian Research Council and access to the NMR
the number of selectively labeled samples which must be facility at the Australian National University is gratefully
prepared can be kept to a minimum by a strategic choice of acknowledged.
labeled amino acids. The first sample should contain at least
five N-labeled amides sufficiently far from the metal ion to Supporting Information Available: 15N HSQC pulse se-
result in observable cross-peaks. The choicetdF-labeled quence andN HSQC spectra 0fN-Val- and5N-Phe-labeled
amino acids for subs_equent sample prep_ara}t_ions can t_hen be186-0 in complex with Dy* and of thelSN-Leu-<186—6
based on their potential to improve the reliability of the fit for complex with C&*; assignments obtained with the help of PCS

the .'n't'a"y determinedy tensor a”'so”‘?PV parameters. Th's, and RDC data only; pseudo-code of the algorithm. This material
choice depends on the number and position of the residues with. . . .

. . . is available free of charge via the Internet at http://pubs.acs.org.
respect to the tensor, whereas the amino acid type is of no

importance for the fit. JA039339M
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