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Abstract Magic-angle spinning solid-state NMR mea-

surements of 15N longitudinal paramagnetic relaxation

enhancements (PREs) in 13C,15N-labeled proteins modified

with Cu2?-chelating tags can yield multiple long-range

electron-nucleus distance restraints up to *20 Å (Nadaud

et al. in J Am Chem Soc 131:8108–8120, 2009). Using the

EDTA-Cu2? K28C mutant of B1 immunoglobulin binding

domain of protein G (GB1) as a model, we investigate the

effects on such measurements of intermolecular electron-

nucleus couplings and intrinsic metal binding sites, both of

which may potentially complicate the interpretation of PRE

data in terms of the intramolecular protein fold. To quan-

titatively assess the influence of intermolecular 15N-Cu2?

interactions we have determined a nearly complete set of

longitudinal 15N PREs for a series of microcrystalline

samples containing *10, 15 and 25 mol percent of the
13C,15N-labeled EDTA-Cu2?-tagged protein diluted in a

matrix of diamagnetic natural abundance GB1. The resid-

ual intermolecular interactions were found to be minor on

the whole and account for only a fraction of the relatively

small but systematic deviations observed between the

experimental 15N PREs and corresponding values calcu-

lated using protein structural models for residues furthest

removed from the EDTA-Cu2? tag. This suggests that

these deviations are also caused in part by other factors not

related to the protein structure, such as the presence in the

protein of intrinsic secondary sites capable of binding Cu2?

ions. To probe this issue we performed a Cu2? titration

study for K28C-EDTA GB1 monitored by 2D 15N-1H

solution-state NMR, which revealed that while for

Cu2?:protein molar ratios of B 1.0 Cu2? binds primarily to

the high-affinity EDTA tag, as anticipated, at even slightly

super-stoichiometric ratios the Cu2? ions can also associate

with side-chains of aspartate and glutamate residues. This

in turn is expected to lead to enhanced PREs for residues

located in the vicinity of the secondary Cu2? binding sites,

and indeed many of these residues were ones found to

display the elevated longitudinal 15N PREs in the solid

phase.
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Introduction

Magic-angle spinning (MAS) solid-state NMR spectroscopy

has recently surfaced as a valuable technique for investi-

gating, at the atomic-level, the molecular structure and

dynamics of non-crystalline biological macromolecules that

are not readily amenable to such analysis by other approa-

ches (McDermott 2009; Böckmann and Meier 2010; Renault

et al. 2010; Tycko 2011). One of the main outstanding

challenges for the structural analysis of biomolecules by

solid-state NMR is the relative dearth of unambiguous long-

range (C6 Å) distance restraints that can be derived from

measurements of dipolar couplings involving 1H, 13C, 15N

and other nuclei. This challenge can potentially be sur-

mounted for paramagnetic metalloproteins and diamagnetic

proteins intentionally modified at specific sites with cova-

lently-linked paramagnetic tags (Bertini et al. 2008; Otting
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2010) by performing measurements of nuclear paramagnetic

relaxation enhancements (PREs) and/or pseudocontact

shifts, which can be of significant magnitude even for nuclei

located up to *20–25 Å away from the paramagnetic center

(Bertini et al. 2001).

While paramagnetic NMR methods have been exten-

sively utilized for the detailed analysis of biomacromo-

lecular structure, dynamics and interactions in solution

(Kosen 1989; Bertini et al. 2001, 2008; Ubbink et al. 2002;

Jahnke 2002; Clore and Iwahara 2009; Otting 2010) the

great majority of the early NMR investigations of para-

magnetic biological solids have involved small molecule

metal coordination complexes (Chacko et al. 1983; Walter

and Oldfield 1987; Nayeem and Yesinowski 1988; Brough

et al. 1993; Liu et al. 1995; Ishii et al. 2003; Zhang et al.

2005) and selectively labeled proteins (Lee and Oldfield

1982; Liu et al. 1998; Spooner et al. 1999; Jovanovic and

McDermott 2005). More recently, however, multidimen-

sional MAS solid-state NMR techniques have been suc-

cessfully extended to uniformly 13C,15N-labeled peptides

and proteins containing paramagnetic centers (Pintacuda

et al. 2007; Su et al. 2008; Laage et al. 2009b; Wickra-

masinghe et al. 2007, 2009; Linser et al. 2009; Balayssac

et al. 2007, 2008; Bertini et al. 2010a, b; Nadaud et al.

2007, 2009, 2010) for a variety of applications including

measurements of long-range structural restraints in the

form of pseudocontact shifts (Balayssac et al. 2007, 2008;

Bertini et al. 2010a, b) and PREs (Nadaud et al. 2007,

2009, 2010).

In our previous studies of paramagnetic analogs of the

B1 immunoglobulin binding domain of protein G (GB1)

modified at specific residues with covalently-bound EDTA-

Cu2? tags, we have demonstrated that quantitative mea-

surements of site-resolved longitudinal 15N PREs by MAS

solid-state NMR methods can yield multiple 15N-Cu2?

distance restraints up to * 20 Å (Nadaud et al. 2009,

2010). Accurate interpretation of such 15N PRE measure-

ments in terms of the intramolecular protein fold relies on

the ability to effectively suppress the effects of intermo-

lecular electron-nucleus couplings, which is typically

achieved by diluting the 13C,15N-labeled paramagnetic

protein in a matrix of its diamagnetic natural abundance

counterpart (Balayssac et al. 2007, 2008; Nadaud et al.

2007, 2009). Here, we present a set of experiments aimed

at the thorough evaluation of the influence of residual

intermolecular 15N-Cu2? couplings on the analysis of

longitudinal 15N PRE data in proteins using the EDTA-

Cu2? K28C mutant of GB1 as a model system. In addition,

we probe for the presence of intrinsic Cu2? protein binding

sites in K28C-EDTA GB1 by solution-state NMR spec-

troscopy, and consider the influence of such sites on the

measurement and interpretation of PRE data in the solid

phase.

Materials and methods

Protein sample preparation for solid-state NMR

Natural abundance GB1 and uniformly 13C,15N-labeled

K28C mutant of GB1 were expressed according to previ-

ously published protocols (Nadaud et al. 2007, 2009, 2010)

using Escherichia coli BL21(DE3) with Luria–Bertani and
13C,15N-enriched minimal medium, respectively, followed

by gel filtration chromatography purification. The EDTA-

Cu2? side-chain was introduced into K28C-GB1 using

thiol-disulfide chemistry, by reacting the protein with N-[S-

(2-pyridylthio)cysteaminyl]EDTA (Ebright et al. 1992;

Ermácora et al. 1992) (Toronto Research Chemicals) pre-

loaded with 1.1 molar equivalents of Cu2? (Nadaud et al.

2009). Diamagnetic control 13C,15N-labeled K28C-GB1

containing an EDTA-Zn2? side-chain was prepared in

analogous fashion.

Protein microcrystals for solid-state NMR analysis were

prepared as described previously (Nadaud et al. 2009), by

co-precipitating the 13C,15N-enriched EDTA-Cu2? and

EDTA-Zn2? proteins with natural abundance GB1 using

microdialysis at 4�C and a precipitant solution containing

2-methylpentane-2,4-diol, isopropanol, and deionized

water in a 2:1:1 (v/v) ratio. For both EDTA-Cu2? and

EDTA-Zn2? proteins a series of samples were prepared

with EDTA-Cu2?/Zn2?:GB1 molar ratios of ca. 1:3, 1:6

and 1:9, corresponding to ca. 25, 15 and 10 mol percent of

the 13C,15N-EDTA-Cu2?/Zn2? protein, respectively. In the

following, the K28C-GB1 EDTA-Cu2?/Zn2? protein

samples described above will be referred to as 28EDTA-

Cu2?/Zn2?-25, 28EDTA-Cu2?/Zn2?-15 and 28EDTA-

Cu2?/Zn2?-10. For each sample a total of * 5 mg of

protein microcrystals were packed into a 1.6 mm zirconia

rotor (Agilent Technologies), corresponding to *1.2, 0.7

and 0.5 mg of 13C,15N-labeled protein for the 28EDTA-

Cu2?/Zn2?-25, 28EDTA-Cu2?/Zn2?-15 and 28EDTA-

Cu2?/Zn2?-10 samples, respectively. The amounts of
13C,15N-labeled proteins were confirmed by a quantitative

comparison of the spectral intensities with a control sample

containing a known amount of 13C,15N-28EDTA-Cu2?.

Solid-state NMR spectroscopy

Experiments were performed on a three-channel 11.7 T

Varian spectrometer operating at frequencies of 499.8 MHz

for 1H, 125.7 MHz for 13C and 50.6 MHz for 15N, equipped

with a 1.6 mm FastMASTM probe. The MAS rate was set to

40 kHz, regulated to ca. ± 20 Hz using a MAS control unit,

and the effective sample temperature was maintained at

*5�C using a variable temperature stack and control unit.

Spectra were processed with NMRPipe (Delaglio et al. 1995)

and analyzed using home-built software.
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Residue-specific amide 15N longitudinal relaxation rate

constants, R1, were determined for the 28EDTA-Cu2?/

Zn2? samples using the 2D NCO-S3E based pulse scheme

shown in Fig. 1 and described in detail previously (Nadaud

et al. 2010), with ten values of the relaxation delay, s,

ranging from *0 to 4 s. Briefly, 1H-15N cross-polarization

(Pines et al. 1973) was achieved by using *60 kHz 15N

field applied with a tangential ramp (Hediger et al. 1995),

*100 kHz 1H field, and contact time of 0.9 ms. The

SPECIFIC CP scheme (Baldus et al. 1998), employing

*15 kHz 15N field, *25 kHz 13C field with a tangential

ramp, and 7 ms contact time, was used to transfer mag-

netization from 15N to 13CO spins. 13CO-13Ca J-decoupling

during 13CO detection was accomplished using the S3E

element (Laage et al. 2009a), and XiX (Detken et al. 2002)

and WALTZ-16 (Shaka et al. 1983) decoupling schemes

were applied at field strengths of *12 kHz and *3.3 kHz,

respectively, on the 1H and 15N channels as shown in Fig. 1

(see the figure caption for additional pulse scheme details).

The recycle delays employed were set to three times 1H T1,

i.e., *0.4 s and *1.3 s for the 28EDTA-Cu2? and

28EDTA-Zn2? samples, respectively, and the total exper-

iment times used to record the residue-specific 15N R1

trajectories ranged from *60 h to *240 h for the

28EDTA-Zn2?-25 and 28EDTA-Cu2?-10 samples,

respectively. For each residue in K28C-GB1 the longitu-

dinal 15N PRE (also denoted in the following as C1
N) was

obtained by calculating the difference between the 15N R1

values for the 28EDTA-Cu2?-25/15/10 samples and

28EDTA-Zn2?-25, found by modeling the individual

relaxation trajectories as single exponential decays. Note

that, as expected, for the diamagnetic 28EDTA-Zn2?-25/

15/10 samples the 15N R1 rates were found to be inde-

pendent within experimental error of the dilution ratio for

the 13C,15N-labeled EDTA-Zn2? tagged protein (data not

shown). Thus, the 15N PRE calculations used the 28EDTA-

Zn2?-25 data having the highest signal-to-noise ratio.

Cu2? titration of K28C-EDTA GB1 monitored

by solution-state NMR spectroscopy

The binding of Cu2? to K28C-EDTA GB1 was probed by

using a series of samples each consisting of an aqueous

solution of 0.40 mM 15N-K28C-EDTA GB1 and 7% D2O

at pH 7.0, containing increasing amounts of CuCl2. The

CuCl2 concentrations used were 0, 0.08, 0.16, 0.24, 0.32,

0.40, 0.48, 0.56, 0.64, 0.72 mM corresponding to

Cu2?:protein molar ratios of 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2,

1.4, 1.6, 1.8, respectively. For each sample in the series, a

gradient and sensitivity enhanced two dimensional 15N-1H

heteronuclear single quantum coherence (HSQC) NMR

spectrum (Kay et al. 1992) was recorded at 25�C on a

600 MHz Bruker DMX spectrometer, equipped with a

room temperature probe with triple-axis gradients. Data

were processed with NMRPipe (Delaglio et al. 1995) and

analyzed using Sparky version 3.113 (Goddard and Kneller

2006).

Results and discussion

Evaluation of the influence of intermolecular electron-

nucleus couplings on the measurement of longitudinal
15N PREs in proteins

The interpretation of longitudinal 15N PRE measurements

in the solid phase in terms of the intramolecular protein

fold relies on the ability to account for or effectively sup-

press the effects of intermolecular electron-nucleus cou-

plings. In our previous experiments on paramagnetic

EDTA-Cu2? GB1 analogs (Nadaud et al. 2009, 2010) this

was achieved by preparing microcrystalline samples con-

sisting of *25–30 mol percent of the 13C,15N-labeled

EDTA-Cu2?-tagged protein diluted in a matrix of its nat-

ural abundance diamagnetic counterpart—a compromise

between the dilution factor and reasonably high spectral

signal-to-noise ratio. While this approach was generally

successful in attenuating the intermolecular PRE effects it

also became apparent that for a subset of residues for which

the available protein structural models suggested the

presence of very small longitudinal 15N PREs

Fig. 1 2D NCO-S3E based pulse scheme used to determine the

residue-specific longitudinal 15N relaxation rate constants. Narrow

and wide black rectangles correspond to 90o and 180o pulses,

respectively, and all pulses have phase x unless indicated otherwise.

The 1H, 13C and 15N carriers were placed at 4.7, 175, and 120 ppm,

respectively (additional experimental parameters are given in the

‘‘Materials and methods’’ section). The S3E 13CO-13Ca J-decoupling

scheme, with the delay d = 2.25 ms, consisted of two separate

spectra recorded with selective rSNOB 180o pulses (Kupce et al.

1995) of 250 ls duration applied to the 13CO spins at the frequency of

175 ppm (filled black shapes) and 13Ca spins at the frequency of

55 ppm (filled gray shapes) in either position a or b. The spectra were

processed as described by Laage et al. (2009a). The following phase

cycles were employed to record spectra a and b. Spectrum a:

u1 = 2(x), 2(-x); u2 = x, -x; u3 = y; w = x; receiver = x, -x, -x,

x. Spectrum b: u1 = 2(x), 2(-x); u2 = x, -x; u3 = y; w = -y;

receiver = x, -x, -x, x. Quadrature in the 15N dimension was

achieved by alternating phase u2 according to the States method

(States et al. 1982)
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(C1
N B 0.05 s-1), the experimentally determined PRE

values systematically exceeded the corresponding pre-

dicted ones, by as much as *0.2–0.3 s-1 in several cases.

To assess the degree to which residual intermolecular
15N-Cu2? interactions can be expected to be responsible for

such discrepancies we have performed systematic mea-

surements of longitudinal 15N PREs for a series of samples

of a model protein, 13C,15N-labeled EDTA-Cu2? K28C

mutant of GB1, diluted in a matrix of natural abundance

GB1 at ratios of *10, 15 and 25 mol percent. In Fig. 2 we

show representative 2D 15N-13CO correlation spectra

recorded for the 28EDTA-Cu2?-25 and 28EDTA-Cu2?-10

samples, where the resonance assignments have been

established previously (Nadaud et al. 2010) and verified

here using 2D and 3D solid-state NMR chemical shift

correlation experiments. From these data it is evident that

the combination of high MAS rate, optimized low power

pulse scheme and short recycle delays yields high resolu-

tion and sensitivity spectra within several hours for sam-

ples containing as little as *75 nmol (*0.5 mg) of
13C,15N-labeled protein. In order to determine the residue-

specific longitudinal 15N relaxation rates for the 28EDTA-

Cu2?-25/15/10 samples, a series of 2D 15N-13CO correla-

tion spectra analogous to those shown in Fig. 2 were

recorded for each sample as a function of the relaxation

delay, s (see Fig. 1). Representative relaxation trajectories

for residues L7, A24, G41 and E42 in 28EDTA-Cu2?-25/

15/10, located in different regions of the protein, are shown

in Fig. 3 along with the corresponding trajectories for the

diamagnetic 28EDTA-Zn2?-25 control sample. A qualita-

tive inspection of these data reveals that while for certain

residues (L7 and A24) the intermolecular PRE contribu-

tions appear to be negligible as evidenced by the nearly

identical relaxation trajectories, for others (G41 and E42)

the relaxation trajectories for the least dilute EDTA-Cu2?

sample (28EDTA-Cu2?-25) differ noticeably from those

obtained for samples containing 10 and 15% of the
13C,15N-EDTA-Cu2? protein due to the attenuation of

residual intermolecular 15N-Cu2? interactions.

The residue-specific 15N PREs were calculated accord-

ing to C1
N = R1(Cu2?) – R1(Zn2?), where the R1 values for

the EDTA-Cu2? and Zn2? tagged proteins were obtained

by fitting the relaxation trajectories to single exponential

decays. The results are listed in Table 1 and summarized in

Fig. 4, where the PREs determined for the 28EDTA-Cu2?-

25/15/10 samples are plotted as a function of residue

number and mapped onto the tertiary structure of GB1.

These data show that: (1) as expected, the largest PREs

(colored in red in the plots and structures) are associated

with a-helical amino acid residues *24–32 closest to the

EDTA-Cu2? tag, and (2) several residues distant from the

paramagnetic tag, most prominently D40-W43, display

anomalously elevated PRE values for the 28EDTA-Cu2?-

25 sample. While the dilution of the 13C,15N-EDTA-Cu2?

protein in the diamagnetic matrix to *10–15 mol percent

has no significant effect on the largest PREs for the a-helix

residues, it is evident that it leads to some attenuation of the

PREs for amino acids in strands b1–b4 and intervening

loops, located further away from the paramagnetic Cu2?

center. In order to rapidly visualize the effectiveness of the

dilution procedure in suppressing the residual intermolec-

ular 15N-Cu2? couplings, in Fig. 5 we show correlation

plots which compare the 15N PRE data recorded for

28EDTA-Cu2?-25 and 28EDTA-Cu2?-15 with those for

the most dilute 28EDTA-Cu2?-10 sample. From this

comparison it is clear that the smallest PREs

Fig. 2 15N-13CO solid-state NMR chemical shift correlation spectra

of a 28EDTA-Cu2?-25 and b 28EDTA-Cu2?-10 samples recorded at

11.7 T and 40 kHz MAS frequency using the 2D NCO-S3E pulse

scheme (Laage et al. 2009a). The spectra in panels a and b were

recorded in *2 and *6 h, respectively, with t1,max(15N) = 25.6 ms

and t2,max(13C) = 30 ms, and processed with 81�-shifted sine-bell

window functions in F1 and F2. The resonance assignments have been

established previously (Nadaud et al. 2010)
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(C1
N \ 0.1 s-1)—which are expected to be subject to the

most significant contamination by intermolecular effects—

determined for the 28EDTA-Cu2?-10 sample are quite

similar to the corresponding values for 28EDTA-Cu2?-15

and systematically smaller than those for 28EDTA-Cu2?

-25. For the subset of PRE values corresponding to

C1
N \ 0.1 s-1 in 28EDTA-Cu2?-10 a quantitative com-

parison yields average PRE deviations, DC1
N, between the

28EDTA-Cu2?-25/15 and 28EDTA-Cu2?-10 samples of

0.030 ± 0.023 s-1 and 0.011 ± 0.016 s-1 for 28EDTA-

Cu2?-25 and 28EDTA-Cu2?-15, respectively, where

for each residue the PRE differences were calculated

as DC1
N = C1

N(28EDTA-Cu2?-25/15) – C1
N(28EDTA-

Cu2?-10). Altogether, the data in Figs. 4 and 5 indicate

that: (1) residual intermolecular 15N-Cu2? couplings do

contribute to a small degree to elevated 15N PRE values

observed for a subset of residues distant from the para-

magnetic tag for the least dilute 28EDTA-Cu2?-25 sample,

and (2) these residual intermolecular couplings are effec-

tively quenched by diluting the 13C,15N-EDTA-Cu2? pro-

tein in the diamagnetic matrix to *10–15 mol percent.

Characterization of intrinsic protein metal binding sites

and their potential impact on 15N PRE measurements

A closer inspection of the data in Fig. 4 suggests that

residual intermolecular 15N-Cu2? interactions are not the

sole factor responsible for the anomalous systematic

increase in the measured 15N PREs for certain residues in

28EDTA-Cu2?. For instance, while the most dilute

28EDTA-Cu2?-10 sample clearly displays attenuated PRE

values for residues D40-W43 relative to 28EDTA-Cu2?-25

these residues continue to display considerable 15N PREs,

in the *0.05–0.15 s-1 range [corresponding to 15N-Cu2?

distances of *14–17 Å according to calculations using the

Solomon-Bloembergen equation (Solomon 1955; Bloem-

bergen and Morgan 1961)], which are highly unlikely to

report on their proximity to the EDTA-Cu2? tag and hence

the protein structure. To gain further insight into this issue,

in Fig. 6 we compare the experimentally observed 15N

PREs for 28EDTA-Cu2?-25/15/10 with the corresponding

values calculated from structural models of 28EDTA-Cu2?

constructed based on the atomic coordinates of GB1 using

Xplor-NIH (Schwieters et al. 2003). On the whole, rea-

sonable agreement is obtained between the experimental

PREs and those predicted by the protein structural mod-

els—note that the seemingly significant deviations seen for

a few C1
N values C0.2 s-1 are in fact largely inconse-

quential for applications to protein structural studies due to

the very strong dependence of the PRE value on the 15N-

Cu2? distance in this regime (e.g., the difference in 15N-

Cu2? distances corresponding to PRE values of 0.2 and

0.6 s-1 is only *2 Å). On the other hand, notable sys-

tematic deviations between the observed and calculated

C1
N values are seen for a cluster of measurements corre-

sponding to calculated C1
N B 0.05 s-1, as already

observed in the context of our previous studies (Nadaud

et al. 2009, 2010). Most significant, however, is the finding

that although somewhat reduced for the 28EDTA-Cu2?-15

and 28EDTA-Cu2?-10 samples in comparison with

Fig. 3 Representative solid-

state NMR measurements of

backbone amide 15N

longitudinal relaxation rates, R1,

for 28EDTA-Zn2?-25 (black),

28EDTA-Cu2?-10 (blue),

28EDTA-Cu2?-15 (green) and

28EDTA-Cu2?-25 (red). The

relaxation trajectories were

recorded using the pulse scheme

shown in Fig. 1 by varying the

relaxation delay, s. Best-fits to

decaying single exponentials are

shown as solid lines
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28EDTA-Cu2?-25—the average differences between

observed and calculated PREs for a subset of residues with

calculated C1
N \ 0.05 s-1 were found to be 0.07 ±

0.05 s-1, 0.05 ± 0.04 s-1, and 0.04 ± 0.04 s-1 for

28EDTA-Cu2?-25, 28EDTA-Cu2?-15, and 28EDTA-

Cu2?-10, respectively—the systematic deviations between

the observed and calculated PREs persist for all the protein

samples regardless of the dilution ratio.

Considering the fact that the microcrystalline protein

samples in this and our previous studies were prepared

using a small, 1.1 molar equivalent, excess of Cu2? ions to

ensure complete occupation of the EDTA binding sites, one

potential source of the above noted discrepancies between

the measured and predicted PRE values could be the

existence of secondary, weaker-affinity Cu2? protein

binding sites often associated with aspartate, glutamate and

histidine residues (there are a total of 10 such residues in

GB1 corresponding to positions E15, E19, D22, E27, D36,

D40, E42, D46, D47 and E56). To directly probe for the

presence of such binding sites in K28C-EDTA GB1 we

performed a Cu2? titration study monitored by 2D 15N-1H

solution-state NMR as described in the ‘‘Materials and

methods’’ section. In Fig. 7 we show small representative

regions of 15N-1H HSQC spectra for K28C-EDTA GB1

recorded in the absence of Cu2?, as well as in the presence

of 1.0 and 1.2 molar equivalents of Cu2?. We find that for

the Cu2?:protein molar ratio of 1.0 the resonance intensi-

ties for a-helix residues (e.g., V29 and Q32 in the spectra in

Fig. 7) most proximal to the EDTA side-chain, i.e., the

primary high-affinity Cu2? binding site, are severely

attenuated due to large transverse PREs while signals for

the remaining residues are largely unaffected. On the other

hand, for super-stoichiometric amounts of Cu2?

([Cu2?]:[protein] C 1.2) additional residues far removed

from the EDTA side-chain begin to experience

Table 1 Backbone amide 15N longitudinal PREs, C1
N, determined

for the 28EDTA-Cu2?-25, 28EDTA-Cu2?-15, and 28EDTA-Cu2?-10

samples

Residue C1
N (s-1)

28EDTA-Cu2?-

25

28EDTA-Cu2?-

15

28EDTA-Cu2?-

10

Q2 0.062 ± 0.006 0.043 ± 0.013 0.020 ± 0.007

Y3 –a – –

K4 0.079 ± 0.010 0.051 ± 0.008 0.024 ± 0.010

L5 0.038 ± 0.007 0.013 ± 0.010 0.026 ± 0.015

I6 0.041 ± 0.006 0.041 ± 0.006 0.014 ± 0.005

L7 0.048 ± 0.006 0.036 ± 0.009 0.040 ± 0.013

N8 0.037 ± 0.006 0.033 ± 0.007 0.023 ± 0.012

G9 0.052 ± 0.008 0.018 ± 0.009 0.015 ± 0.008

K10 0.090 ± 0.012 0.047 ± 0.014 0.035 ± 0.014

T11 0.063 ± 0.009 0.030 ± 0.013 0.038 ± 0.014

L12 0.065 ± 0.007 0.033 ± 0.013 0.018 ± 0.013

K13 0.034 ± 0.007 0.028 ± 0.013 0.009 ± 0.011

G14 0.041 ± 0.008 0.024 ± 0.010 0.015 ± 0.012

E15 0.055 ± 0.009 0.036 ± 0.013 0.011 ± 0.015

T16 – – –

T17 0.063 ± 0.019 0.008 ± 0.018 0.019 ± 0.023

T18 0.027 ± 0.020 0.040 ± 0.021 0.019 ± 0.016

E19 0.063 ± 0.013 0.080 ± 0.013 0.047 ± 0.024

A20 0.080 ± 0.011 0.080 ± 0.016 0.070 ± 0.017

V21 0.130 ± 0.013 0.117 ± 0.020 0.127 ± 0.021

D22 – – –

A23 – – –

A24 0.315 ± 0.024 0.32 ± 0.03 0.32 ± 0.04

T25 0.85 ± 0.06 0.97 ± 0.08 0.73 ± 0.07

A26 0.243 ± 0.015 0.227 ± 0.013 0.187 ± 0.015

E27 0.211 ± 0.014 0.213 ± 0.016 0.18 ± 0.03

C28 0.45 ± 0.06 0.42 ± 0.05 0.36 ± 0.07

V29 0.50 ± 0.03 0.44 ± 0.05 0.43 ± 0.06

F30 0.242 ± 0.011 0.271 ± 0.020 0.22 ± 0.03

K31 0.43 ± 0.03 0.36 ± 0.03 0.34 ± 0.03

Q32 0.56 ± 0.04 0.66 ± 0.08 0.58 ± 0.09

Y33 0.196 ± 0.011 0.205 ± 0.021 0.173 ± 0.012

A34 0.126 ± 0.010 0.133 ± 0.013 0.148 ± 0.014

N35 0.187 ± 0.012 0.170 ± 0.012 0.166 ± 0.021

D36 0.133 ± 0.008 0.151 ± 0.021 0.140 ± 0.019

N37 0.069 ± 0.009 0.077 ± 0.014 0.051 ± 0.018

G38 0.059 ± 0.009 0.043 ± 0.012 0.014 ± 0.017

V39 0.076 ± 0.009 0.035 ± 0.015 0.052 ± 0.019

D40 0.182 ± 0.015 0.134 ± 0.017 0.12 ± 0.03

G41 0.266 ± 0.019 0.14 ± 0.03 0.14 ± 0.05

E42 0.155 ± 0.012 0.074 ± 0.012 0.062 ± 0.017

W43 0.187 ± 0.012 0.144 ± 0.024 0.120 ± 0.024

T44 0.095 ± 0.014 0.077 ± 0.016 0.056 ± 0.025

Y45 0.075 ± 0.009 0.062 ± 0.013 0.063 ± 0.016

D46 0.067 ± 0.006 0.050 ± 0.008 0.030 ± 0.013

Table 1 continued

Residue C1
N (s-1)

28EDTA-Cu2?-

25

28EDTA-Cu2?-

15

28EDTA-Cu2?-

10

D47 0.042 ± 0.011 0.051 ± 0.011 0.059 ± 0.014

A48 0.057 ± 0.008 0.051 ± 0.010 0.052 ± 0.016

T49 0.036 ± 0.011 0.011 ± 0.013 -0.030 ± 0.017

K50 0.062 ± 0.015 0.039 ± 0.016 0.044 ± 0.024

T51 0.055 ± 0.008 0.043 ± 0.008 0.000 ± 0.011

F52 0.037 ± 0.007 0.028 ± 0.019 0.025 ± 0.015

T53 0.056 ± 0.012 0.042 ± 0.013 0.033 ± 0.020

V54 0.034 ± 0.013 0.008 ± 0.015 0.027 ± 0.014

T55 0.050 ± 0.007 0.031 ± 0.006 0.037 ± 0.017

E56 0.109 ± 0.010 0.055 ± 0.009 0.035 ± 0.011

a PRE value could not be determined due to spectral overlap
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progressively increasing PRE effects due to the presence of

Cu2? ions, which is indicative of the existence of sec-

ondary Cu2? binding sites in the protein. Analysis of the

HSQC spectra reveals that residues most strongly affected

at the higher Cu2? concentrations indeed correspond to

Asp and Glu as well as others located in their immediate

spatial vicinity (e.g., Y3, E19, A20 and D40 in Fig. 7). This

finding is consistent with the previously discussed solid-

state NMR results, where many of the same residues were

found to display the anomalously elevated longitudinal 15N

PREs. It is important to note here that only a minute

fraction of the available secondary Cu2? binding sites is

likely to be occupied at any given time in the microcrys-

talline protein samples employed in the current study, with

the Cu2? ions in fast-exchange equilibrium with these

binding sites and able to freely diffuse through the hydrated

crystal framework. Nevertheless, the availability of such

sites combined with the slight excess of Cu2? used during

sample preparation can locate paramagnetic Cu2? ions

within a few Å of the protein backbone for a small fraction

of protein molecules. This in turn would generate extre-

mely large PRE effects for the residues involved, with the

overall result being the systematic elevation of the exper-

imentally determined longitudinal 15N PRE values for

those sites.

Concluding remarks

Magic-angle spinning solid-state NMR measurements of

nuclear paramagnetic relaxation enhancements and

pseudocontact shifts in paramagnetic proteins can yield a

multitude of restraints that are suitable for applications to

protein structure determination (Balayssac et al. 2007,

2008; Bertini et al. 2010a, b; Nadaud et al. 2007, 2009,

2010). Given the long range nature of these restraints, their

quantitative interpretation in terms of the intramolecular

protein fold relies on the ability to properly account for or

effectively suppress the effects of intermolecular electron-

nucleus couplings. Here we have performed a systematic

Fig. 4 Backbone amide 15N longitudinal paramagnetic relaxation

enhancements, C1
N = R1(Cu2?) – R1(Zn2?), plotted as a function of

residue number and mapped onto the tertiary structure of GB1 (PDB

entry 1pga) for a, b 28EDTA-Cu2?-25, c, d 28EDTA-Cu2?-15 and e,

f 28EDTA-Cu2?-10. The location of the EDTA-Cu2? tag at residue

28 is indicated by a sphere. The magnitudes of the measured residue-

specific C1
N values are color-coded in the plots and structures as

indicated by the color bar on the right, according to the following

scheme: C1
N [ 0.15 s-1 (red), C1

N = 0.10–0.15 s-1 (green),

C1
N = 0.05–0.10 s-1 (cyan), and C1

N \ 0.05 s-1 (blue). Residues

for which a C1
N value could not be determined due to spectral overlap

(Y3, T16, D22 and A23) are colored in gray in the structures, and the

corresponding C1
N values are set to zero in the plots
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evaluation of the influence of such intermolecular cou-

plings on the measurements of longitudinal 15N PREs in

protein molecules intentionally modified with paramag-

netic Cu2?-chelating tags, using as a model system the

EDTA-Cu2? K28C mutant of B1 immunoglobulin binding

domain of protein G in the microcrystalline phase. In

summary, we found that for the protein sample containing

*25 mol percent of the 13C,15N-labeled EDTA-Cu2?

protein diluted in a matrix of its natural abundance dia-

magnetic counterpart the residual intermolecular 15N-Cu2?

couplings contribute to a relatively small, but measurable,

degree to 15N PREs determined for a subset of amino acid

residues; these residual intermolecular couplings were

effectively quenched by further diluting the 13C,15N-

EDTA-Cu2? protein in the diamagnetic matrix, to

*10–15%. These results are expected to be quite generally

applicable to structural solid-state NMR studies of other

proteins modified with paramagnetic tags with *15–20%

dilution of the paramagnetic 13C,15N-labeled protein in the

diamagnetic matrix likely providing the best compromise

between the dilution factor and spectral signal-to-noise

ratio, although the details of sample preparation will also

depend on the size of the paramagnetic tag and the packing

mode of protein molecules within microcrystals, fibers or

other immobilized assemblies.

Interestingly, we have also found that regardless of the

dilution factor a subset of residues distant from the EDTA-

Cu2? tag displayed experimentally measured longitudinal
15N PREs that were systematically elevated by relatively

small amounts with respect to values calculated using

protein structural models. These anomalously elevated

PREs are most likely caused by the availability in the

protein of secondary Cu2? binding sites, associated with

the side-chains of aspartate and glutamate residues, com-

bined with the small excess of Cu2? ions used during the

preparation of protein microcrystals in the current study.

The existence of these secondary binding sites was con-

firmed by Cu2? titration monitored by solution-state NMR,

and indeed many of the amino acid residues in the vicinity

of these sites were the same ones found to display the

Fig. 5 Comparison of the residue-specific 15N longitudinal PREs

determined for 28EDTA-Cu2?-10 with those for a 28EDTA-Cu2?-25

and b 28EDTA-Cu2?-15

Fig. 6 Comparison between the experimentally determined 15N

longitudinal PREs and corresponding values calculated from protein

structural models for a 28EDTA-Cu2?-25, b 28EDTA-Cu2?-15, and

c 28EDTA-Cu2?-10
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increased 15N PREs in the solid phase. These findings

suggest that the most accurate PRE measurements are

likely to be obtained for protein samples prepared with

stoichiometric or slightly sub-stoichiometric amounts of

paramagnetic ions relative to the concentration of the high-

affinity metal-binding tag.
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