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Abstract In recent years paramagnetic NMR derived

structural constraints have become increasingly popular for

the study of biomolecules. Some of these are based on the

distance and angular dependences of pseudo contact shifts

(PCSs). When modulated by internal motions PCSs also

become sensitive reporters on molecular dynamics. We

present here an investigation of the domain–domain motion

in a two domain protein (PA0128) through time-modula-

tion of PCSs. PA0128 is a protein of unknown function

from Pseudomonas aeruginosa (PA) and contains a Zn2+

binding site in the N-terminal domain. When substituted

with Co2+ in the binding site, several resonances from the

C-terminal domain showed severe line broadening along

the 15N dimension. Relaxation compensated CPMG

experiments revealed that the dramatic increase in the 15N

linewidth came from contributions of chemical exchange.

Since several sites with perturbed relaxation are localized

to a single b-strand region, and since extracted timescales

of motion for the perturbed sites are identical, and since the

magnitude of the chemical exchange contributions is con-

sistent with PCSs, the observed rate enhancements are

interpreted as the result of concerted domain motion on the

timescale of a few milliseconds. Given the predictability of

PCS differences and the easy interpretation of the experi-

mental results, we suggest that these effects might be

useful in the study of molecular processes occurring on the

millisecond to microsecond timescale.
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Introduction

As structural investigations of proteins coded by newly

sequenced genomes progress, instances of partially struc-

tured proteins and multiple domain proteins having flexible

linkers have increased. In many cases this simply presents a

challenge to structure determination, but in other cases,

intramolecular motions enabled by flexible portions of a

protein may be biologically significant. There are sound

arguments for the importance of motions, particularly those

in microsecond to millisecond range, in processes such as

ligand binding, protein folding, and enzyme catalysis (Ei-

senmesser et al. 2005; Kovrigin and Loria 2006). These

arguments certainly extend to inter-domain motions in

multiple-domain proteins. Characterizing such motions in

terms of both amplitude and motional time scale is a

challenge that requires the identification of new and useful

sources of information. Here we present one source that

proves particularly useful in the investigation of inter-

domain motions. It stems from the modulation of pseudo-

contact shifts (PCSs) by protein domain–domain motions.

The motional modulations of PCSs manifest themselves as

additional exchange contributions to the transverse relax-

ation rates of nuclear spins, and lead to a quantitative

assessment of the time scale of motion.
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The target protein, PA0128 for this study is a protein of

unknown function from Pseudomonas aeruginosa (PA),

whose structure has been determined by the Northeast

Structural Genomics Consortium (NESG) (PDB: 2AKL;

NESG ID: paT1). An NCBI blast search had suggested that

PA0128 contained a Zn ribbon-binding motif

(8Cxx11Cxn
25Cxx28C) near the N-terminus. Subsequent

structure determination showed this to be part of a well-

defined N-terminal domain (residues 1 to 35) that was

connected by an unstructured region to a well-defined

C-terminal domain (residues 50–116). Four cysteines

from the 8Cxx11Cx13
25Cxx28C motif form a tetrahedral

Zn2+-binding site. RDC data from an aligned medium

indicated the existence of significant motions between two

domains (unpublished data), but further characterization of

this motion is lacking. It is possible to substitute the Zn2+ in

the binding site with Co2+ to produce a protein with a

strongly anisotropic paramagnetic site in the N-terminus.

This will aid the characterization of the molecular motion

through its modulation of paramagnetic PCSs.

Molecular motions in the microsecond to millisecond

range can perturb the local magnetic environments of nu-

clear spins and introduce time dependent resonance fre-

quencies, resulting in increases in nuclear transverse

relaxation rates. This phenomenon is often referred as

relaxation enhancement by chemical exchange. NMR

relaxation dispersion experiments can in principle provide

detailed descriptions of these dynamic processes (Ishima

and Torchia 2000; Palmer 2004). Conventionally, the 15N

single quantum transverse relaxation rates are measured as

a function of the delay (scp) between p pulses in the Carr–

Purcell–Meiboom–Gill (CPMG) sequences, or as a func-

tion of the radiofrequency spin-lock amplitude in a HSQC

experiment. In CPMG related experiments, the difference

between the measurement at a particular scp and the

relaxation rate in the fast pulsing limit represents the

contribution from chemical exchange. The repetition rate

of p pulses in the CPMG sequence, or the strength of the

spin-lock field needed to eliminate the exchange contri-

butions, defines the time scale of the molecular motion.

Recently, the relaxation rates of multiple quantum coher-

ences have also emerged as a sensitive probe for the study

of correlated motions and the contributions of minor con-

formations in proteins (Dittmer and Bodenhausen 2004;

Fruh et al. 2001; Kloiber and Konrat 2000; Korzhnev et al.

2004; Lundstrom et al. 2005; Majumdar and Ghose 2004).

However, in virtually all of these applications, the origin of

chemical shift modulation has been very short range (for

example, local conformational change, titration of proxi-

mate charged groups, or movement of adjacent aromatic

rings). Moreover, molecular motions may not result in

chemical shift changes, making motion at certain sites

‘‘invisible’’ to relaxation dispersion experiments.

Consequently, multiple relaxation rates involving several

nuclei are usually measured in order to accurately char-

acterize a dynamic process (Korzhnev et al. 2005; Korzh-

nev et al. 2004). The situation with paramagnetic

perturbations is different.

In recent years paramagnetic NMR derived structural

constraints have been demonstrated to provide comple-

mentary information to classic diamagnetic NOEs and

torsion angle constraints in the structure determination of

biomolecules (Bertini et al. 2002b; Hansen et al. 2003;

Tolman et al. 1995). Constraints obtained from PCSs,

paramagnetic relaxation enhancements (PREs), residual

dipolar couplings (RDCs) and cross-correlated relaxation

between Curie–spin and dipole–dipole interactions produce

long-range structural information, which are difficult to

obtain in conventional NMR experiments. In combination

with NOE derived constraints they can improve both the

quality of the structures and the efficiency of structure

determinations (Bertini et al. 2001a; Bertini et al. 2002a;

Pintacuda et al. 2004a; Prestegard et al. 2004). In addition,

PREs and RDCs have shed new light on intermolecular

interactions and molecular dynamics (Bax and Grishaev

2005; Bertini et al. 2004; Bouvignies et al. 2005; Fischer

et al. 1999; Iwahara and Clore 2006; Tang et al. 2006;

Tolman et al. 1997; Volkov et al. 2006).

PCSs originate from the dipolar interaction between the

nuclear spin and the average induced magnetic moment of

electrons (Bertini et al. 2001c). For metals with a high

magnetic susceptibility anisotropy such as Co2+, an orien-

tationally dependent induced moment will arise in the

presence of a magnetic field. The effect of this moment on

the field seen by nearby spins does not average to zero and

PCSs result. PCSs depend on the distance between the

paramagnetic center and the nuclear spin as well as the

orientation of the vector connecting them to the suscepti-

bility tensor as described by the Eq. (1)

dpcs ¼ 1

12pr3
½Dvaxð3 cos2 h� 1Þ þ 3

2
Dvrh sin2 h cos 2u�

ð1Þ

where Dvax and Dvrh are the axial and the rhombic aniso-

tropies of the magnetic susceptibility tensor, and h and u
are the polar coordinates of the nuclear spin with respect to

the principal axes of the magnetic susceptibility tensor.

Like NOEs, PCSs are distance dependent, but affect nu-

clear spins over a relatively long range because of their 1/r3

as opposed to 1/r6 dependence. When a spin of interest

moves between two or more positions, PCSs will, in gen-

eral, be different at each position. Numerical simulations

suggest the differences, particularly at high field, could be

significant even for spins 20 Å distant. Although PCSs do

not depend on the strength of the magnetic field on the ppm
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scale, they increase linearly with field strength on the Hz

scale, and it is chemical shift modulation on the Hz scale

that contributes to the decay of the transverse magnetiza-

tion when the exchange process is in the microsecond to

millisecond range.

Paramagnetic centers exist natively in paramagnetic

metalloproteins, and can be introduced artificially into

other proteins with the addition of metal-binding tags

(Dvoretsky et al. 2002; Gaponenko et al. 2002; Ikegami

et al. 2004; Jensen et al. 2004; Ma and Led 2000; Pinta-

cuda et al. 2004b; Wohnert et al. 2003). In the present

study we introduced a paramagnetic center, Co2+, into

PA0128 by substitution in a site normally occupied by

Zn2+. 15N single quantum relaxation rates were measured

with relaxation-compensated CPMG sequences for both

Zn2+ and Co2+ forms of the protein (Loria et al. 1999). We

found that for a portion of the C-terminal domain the

magnetization decay rates show pronounced dependence

on delays between p pulses in the Co2+ form but not in the

Zn2+ form. We interpret the exchange contributions seen in

the Co2+ form as arising from time-dependent modulations

of the PCSs by domain–domain motions on the millisecond

time scale.

Materials and methods

E. coli strain BL21-(Gold DE3) encoding the PA0128

clone were grown in 1 l of 2X M9 minimal medium con-

taining 15NH4Cl as the sole nitrogen source supplemented

with thiamine, and biotin only. The cells were grown at

37�C to an OD600 of 1.0, the culture was then divided into

2 flasks. One flask was supplemented with ZnSO4 to a final

concentration of 20 lM, the other flask was supplemented

with CoCl2 to a final concentration of 20 lM. Protein

expression was induced with 1 mM isopropyl b-D-thioga-

lactoside and the temperature was reduced to 15�C. The

cells were allowed to grow overnight before harvesting.

The PA0128 proteins were purified using Ni-NTA affinity

chromatography. All buffers used in purification of the zinc

and cobalt versions of PA0128 contained 10 lM of either

ZnSO4 or CoCl2, respectively. The final NMR buffer was

10 mM sodium phosphate, 450 mM NaCl, 10 mM DTT,

pH 6.5, 0.01% NaN3, 1 mM benzamidine, 1x protease

inhibitor mixture (Roche) and 10 lM of either ZnSO4 or

CoCl2.

All NMR data were recorded at 25�C on either 14.1 or

21.1 T instruments (INOVA 600 or 900) with room tem-

perature probes, using a sample of the Zn2+ form of

PA0128 at 0.25 mM and a sample of the Co2+ form of

PA0128 at 0.4 mM. The 15N R2 relaxation data were ac-

quired using the gNhsqc pulse sequence from BioPack

(Varian Inc.) with a variable delay (s) before 15N evolution.

683 and 128 complex points were obtained along the direct

and indirect dimensions, respectively, at a series of s values

of 10, 30, 50, 70, 90, 110 ms. FIDs were apodized with a

standard cosine function in both dimensions and zero filled

to 1024 t2 points and 256 t1 points before applying a

Fourier transform. The R2 rate constants were calculated

with the rate analysis function panel in NMRView (version

5.0.4), which implements a two-parameter exponential fit

using the Levenberg–Marquardt method.

The 15N relaxation dispersion data were measured at

21.1 T at scp delays of 1, 5, 10 and 64.5 ms for the Zn2+

loaded form, and at scp delays of 1, 5, 10 and 21.5 ms for

the Co2+ loaded form. For short scp values of 1, 5 and

10 ms the relaxation-compensated CPMG pulse sequence

was employed (Loria et al. 1999). For long scp values of

21.5 and 64.5 ms the Hahn-echo sequence was used (Millet

et al. 2000). Two time points were recorded to determine

the relaxation rate constants for each scp delay. One point

was at zero. Another point, which was duplicated three

times, was at 20 and 60 ms for Co2+ and Zn2+ bound

PA0128, respectively. In total 48 2D spectra were acquired

with (98 · 1024) complex points and spectral widths of

2800 and 14524 Hz along indirect and direct dimensions.

32 scans per increment were taken for each indirect point at

a 3 s recycle delay.

Relaxation dispersion curves for R2(1/scp) were fit to a

fast-limit equation for two exchanging sites:

R2ð1=scpÞ ¼ R2ð1=scp !1Þþ
Uexsex½1� ð2sex=scpÞ tanhðscp=2sexÞ� ð2Þ

where R2(1/scp fi ¥) is the averaged relaxation rate con-

stant for in-phase and antiphase 15N magnetization;

Uex ¼ ð-1 � -2Þ2p1p2; -i and pi are the Larmor frequen-

cies and populations for the nuclear spin at site i; sex is the

lifetime for the exchange process; and scp is the delay

between pulses in the spin-echo pulse train.

Results and discussion

Substitution of Zn2+ with Co2+ in the binding site of

PA0128 leads to significant resonance broadening in

HSQC spectra (Fig. 1). At magnetic fields employed in this

study both dipole–dipole and Curie–dipole spin relaxation

mechanisms may be active. Co2+ atoms coordinated with

four sulfur ligands are likely to be in a high-spin state with

an electron spin relaxation time on the order of 10–11 s

(Bertini et al. 2001c). The rotational correlation time of

PA0128 is estimated to be about 5 ns from amide nitrogen

T1s and T2s of the Zn2+ form. Using these correlation times,

the ratio of the relaxation contribution from the Curie–

nuclear spin interaction to the contribution from the
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electron spin–nuclear spin interaction is estimated to be 3

and 1.4 at magnetic fields of 21.1 and 14.1 T, respectively

(Mispelter et al. 1993). Regardless of the mechanism, 24

out of 30 resonances from the N-terminal domain ob-

servable in the Zn2+ sample were not detected in the HSQC

spectrum of the Co2+ sample. These correspond to sites that

are less than 15 Å away from the metal. The remaining six

resonances are unfortunately either overlapped with other

resonances, or shifted too far from positions in the Zn2+

form to allow unambiguous assignments. In the future,

direct detection of 13C or 15N nuclei may be utilized to

observe and assign N-terminal sites (Bermel et al. 2006),

which will allow the determination of the magnetic sus-

ceptibility tensor and the study of the amplitudes of do-

main–domain motions with RDCs (Bertini et al. 2004;

Fischer et al. 1999; Rodriguez-Castaneda et al. 2006).

However, our focus here is on the C-terminal domain.

Resonances from the C-terminal domain and the linker in

the Co2+ sample are not extensively broadened and are only

slightly shifted. About half of them can be identified based

on the assignments for the Zn2+ form. The observed

PCSs are relatively small for 15N, ranging from –0.421

to 0.268 ppm and are even smaller for 1H, ranging from

–0.068 to 0.063 ppm. For observable resonances, the PCSs

for 15N and 1H are expected to have similar values on the

ppm scale (Bertini et al. 2001b). The unusually small 1H

shift in the current study is believed due to the domain–

domain motion having effects in different motional

regimes for 1H and 15N nuclear spins as explained further

below.

Comparing HSQC spectra collected at 600 and

900 MHz, several resonances exhibited severe line broad-

ening in data recorded at 900 MHz on Co2+ loaded

PA0128, while little difference was observed for these

resonances in data recorded on the Zn2+ loaded form. This

broadening appears to occur in both 15N and 1H dimen-

sions. An example is shown in Fig. 2. Spectra (a) and (c)

were recorded on the Zn2+ form, and spectra (b) and (d)

were recorded on the Co2+ form. Resonances T39 and I85

are significantly broader and weaker at 900 (Fig. 2d) than

at 600 MHz (Fig. 2b), while their linewidths are very

similar in spectra Fig. 2a and Fig. 2c. Although increases

in proton linewidths might be explained by contributions

from the field squared dependent Curie–spin relaxation,

significant increases in 15N linewidths were unexpected.

Because both the dipolar and Curie paramagnetic broad-

enings depend on the square of the gyromagnetic ratio of

the nuclear spins (Bertini et al. 2001c), the paramagnetic

relaxation enhancements are expected to be ~100 times

more effective for 1H than for 15N spins. If the observed

dramatic increases in the 15N linewidths solely came from

paramagnetic relaxation enhancements, the proton lines

would be broadened beyond detection. Thus, the resonance

broadening along 15N dimension must come from other

sources.

The observations presented in Fig. 2 are better eluci-

dated with more quantitative measurements based on

CPMG experiments. The 15N transverse relaxation rates

were first measured using a very short delay, 1.25 ms be-

tween p pulses for both Co2+ and Zn2+ loaded PA0128.

Under these conditions, exchange contributions from slow

motions to R2 should be minimal. The experimental data

are plotted in Fig. 3. The average R2 for the Zn2+ form at

600 MHz is 8.3 s–1; this agrees with the expected rate for a

protein of this size. The average values for the Co2+ form at

600 and 900 MHz are 15.4 and 17.3 s–1, respectively.

Ratios of amide nitrogen R2s at 900 to those at 600 MHz

for the Co2+ form ranged only from 1.01 to 1.26. This is

108
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132

15
N

 (
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m
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7.28.810.4

1H (ppm)

7.28.810.4
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(a) (b)Fig. 1 2D 15N-1H HSQC

spectra recorded on Zn2+ (left)

and Co2+ (right) loaded PA0128

at 900 MHz
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consistent with Curie–spin paramagnetic relaxation making

little contribution to the 15N R2s. The small field depen-

dence is consistent with larger 15N CSA contributions to

the transverse relaxation at higher field. However, there is a

rather uniform enhancement of 15N R2s in comparing Co2+

to Zn2+ data at 600 MHz. This is unexpected (Fig. 3),

because both dipole–dipole and Curie–dipole paramagnetic

relaxation enhancements should have little effect on the

R2s of amide nitrogen for observable resonances. One

possible contribution to this more global R2 difference

between the Co2+ and Zn2+ forms could originate from

delocalization of unpaired electron spin density onto the

2pz orbitals of the 15N nuclei; this mechanism, which de-

cays more slowly with distance has previously been high-

lighted in a study of the paramagnetic longitudinal rates of

heteronuclei (Ma et al. 2000; Mispelter et al. 1993).

However, even if this is the origin, the measured 15N R2s

for residue T85, 15.9 and 19.9 s–1 at 600 and 900 MHz,
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Fig. 2 Expanded regions of 2D
15N-1H HSQC spectra recorded

on Zn2+ (left) and Co2+ (right)

loaded PA0128. Spectra (a) and

(b) were recorded at 600 MHz;

Spectra (c) and (d) were

recorded at 900 MHz. Excess

line broadening along 15N

dimension was observed on the

Co2+ loaded sample at 900 MHz

40 8020 60 120100
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R
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of
 1

5 N
 (

s-
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Fig. 3 15N transverse relaxation rates. u: Zn2+ loaded PA0128 at

600 MHz; e: Co2+ loaded PA0128 at 600 MHz; m: Co2+ loaded

PA0128 at 900 MHz
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respectively do not explain the pronounced field depen-

dence of the resonance linewidth. Therefore, other mech-

anisms such as exchange broadening are pursued.

Broadenings from these mechanisms have recently been

shown to be very sensitive to minor populations in

exchanging systems (Iwahara and Clore 2006; Korzhnev

et al. 2004) and may offer the sensitivity to transient do-

main contacts that we seek. Below we investigate possible

chemical exchange contributions to the resonance

linewidths.

The 15N transverse relaxation rates, R2(scp) were mea-

sured as a function of delays between p pulses with the

relaxation-compensated CPMG sequences (Loria et al.

1999; Millet et al. 2000). These experiments explicitly

average the evolution of the 15N transverse magnetizations

between in-phase and anti-phase coherences, allowing

measurements of exchange processes over a broad time

scale. Figure 4a shows the differences, DR2(scp), in the

measured R2(scp) values with scps of 1 and 5 ms as well as

the differences with scps of 1 and 64.5 ms for the Zn2+

loaded form. The experimental uncertainty was ± 1.5 s–1,

which included systematic errors associated with mea-

surements using two separate sequences, but the relatively

large errors were mainly due to the sensitivity limitations.

Assuming the chemical exchange contributions were

eliminated at a scp of 1 ms, DR2(scp) represents their con-

tributions to the relaxation decays. For most backbone 15N

resonances in the Zn2+ bound form of PA0128, DR2(scp)s

were within the experimental error. A few residues

including residues 4 at the beginning of the N-terminus,

residues 13 and 65 from the loop region, and residues 16,

17, 31, 68, 69, 102, 103 and 110 at the beginning or end of

an a-helix or b-sheet, showed some exchange broadening

(Fig. 4a). However, much larger differences, DR2(scp) in

the measured R2(scp) values were observed with scps of 1, 5

and 21.5 ms on the Co2+ form (Fig. 4b). The experimental

uncertainties here were ± 2.0 s–1. Observable resonances

from residues 79 to 110 all showed significant differences

except for residue 83. Residue 85 exhibited the largest

difference. These are clearly indicative of chemical

exchange contributions.

The relaxation dispersion curves for residues 80, 81, 84

and 85 from the Co2+ loaded sample are plotted in Fig. 5.

For comparison, the dispersion curves for these residues

from the Zn2+ sample are also plotted. The exact form of

the relaxation dispersion curves depends on a model for the

motion that modulates chemical shifts. It is appropriate to

start with one of the simplest models, a two state model.

Data from the Co2+ loaded sample were, therefore, fit to

Eq. 2 (see methods section) to quantitatively extract ex-

change parameters. The fitting results are listed in Table 1.

Interestingly, the lifetime of the exchange for all sites falls

on a time scale of a few milliseconds, suggesting the

effects come from a single correlated motion. Modulation

of the metal g-tensor by slow conformational dynamics at

the metal binding site (Clore et al. 1991) can be discounted

because relaxation dispersion data for three observed cy-

steines from the Zn2+ binding site do not indicate the

existence of such slow conformational exchange (residue

11, 25 and 28 in Table S1). Modulation could also be

caused by the Co2+ exchanging between bound and free

states, but this is unlikely for PA0128. The Co2+ affinity is

quite high since storage in the presence of 10 lM Co2+ did

not reduce the bound metal content, and in all acquired

HSQC spectra, there were few, if any, resonances which

correspond to the unloaded form of PA0128. We therefore

prefer a model in which inter-domain motion is the source

of modulation.
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Fig. 4 Differences in the 15N transverse relaxation rates measured at

several scp values, DR2(scp), are plotted against the residue number.

(a) Zn2+ loaded PA0128 at 900 MHz. m: DR2(scp) = R2(5 ms)–

R2(1 ms); M: DR2(scp) = R2(64.5 ms)–R2(1 ms). (b) Co2+ loaded

PA0218 at 900 MHz. m: DR2(scp) = R2(5 ms)–R2(1 ms); M:

DR2(scp) = R2(21.5 ms)–R2(1 ms)
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In Fig. 6b, residues with and without exchange contri-

butions in the Co2+ form are colored in red and green,

respectively. Interestingly, residues not exhibiting

exchange contributions form a continuous surface at one

side of the C-terminus, while the assigned residues from

the remaining C-terminal domain all show exchange con-

tribution except one, residue 83. Residues 80 to 87 are

localized to a single b-strand region. Therefore, we propose

the exchange contributions come from a domain motion

that samples a range of more extended conformers, but

includes sampling of a conformer that has close contacts

between the N-terminal domain and this beta strand.

Moreover, this domain–domain motion is on the time scale

of a few milliseconds. We propose that it is this motion that

produces time-modulations of PCSs which, like normal

chemical exchange, introduces the observed resonance

broadenings. The two-state model is an over simplification

for this particular exchange process, but the relatively steep

distance dependence of the PCSs would make shifts for all

extended conformations very similar, and the localization

of perturbed resonances would suggest a single, or small

number of, preferred close-contact states.

The lack of observed resonances from the N-terminal

domain prevented us from determining the magnetic sus-

ceptibility tensor of the Co2+ site, and from quantitatively

analyzing the variations in PCSs. However, in two previous

studies, the axial anisotropies of the susceptibility tensor

for Co2+ in pseudotetrahedral binding sites were reported to

be –3.2 · 10–32 and –4.8 · 10–32 m3 (Bertini et al. 1991;

Harper et al. 1993). Taking the average value of –4.0 ·
10–32 m3 and assuming the magnetic susceptibility tensor is

axial symmetric, a nuclear spin at a single close approach

site 18 Å removed along the axial direction would have a

PCS of 0.36 ppm. If the second site is taken to represent a

set of conformers with larger distances (‡28 Å) along the

axial direction, or a set of conformers that are 22 Å away

(a)

(b)
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Fig. 5 Relaxation dispersion curves for PA0128 at 900 MHz.

Unfilled symbols: Zn2+ form; filled symbols: Co2+ form. (a) triangle:

T80; circle: K81. (b) triangle: N84; circle: I85. For the Co2+ form,

dashed lines represent the fits to the experimental data points. The

fitting results are given in Table 1. For the Zn2+ form, solid lines are

drawn along experimental data points to improve visualization

Table 1 Relaxation dispersion parameters for Co2+ bound PA0128

Residue sex (ms) Fexsex (s–1) R2(1/scp fi ¥) (s–1)

T80 2.28 ± 0.65 10.2 ± 1.5 25.6 ± 0.8

K81 4.28 ± 1.44 18.6 ± 4.2 26.4 ± 1.0

V82 6.20 ± 6.19 19.4 ± 17.9 26.8 ± 1.5

N84 1.27 ± 0.79 7.5 ± 1.9 23.3 ± 1.4

I85 3.11 ± 0.34 31.4 ± 1.9 23.5 ± 0.8

Fig. 6 Ribbon representations of the NMR solution structure of

PA0128. (a) Residues showing exchange contributions in the Zn2+

form are colored in red. (b) Residues with and without exchange

contributions in the Co2+ form are colored in red and green,

respectively. The K83 sidechain was removed for visualization
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from Co2+ but 35� off the tensor axial direction, the PCS

would be small (£0.1 ppm). This PCS difference can result

in significant exchange contributions. Assuming a 3 ms

exchange lifetime and populations of 20% and 80% at two

sites, a 0.26 ppm shift difference would have an exchange

contribution of 10.3 s–1 to the 15N transverse relaxation

rate at 900 MHz. This is in line with our observations and

provides support for our interpretation.

The exchange contribution to 1H transverse relaxation

can also be estimated from above exchange parameters.

Domain–domain motion on the time scale of 3 ms is in the

intermediate to slow range on the 1H chemical shift time

scale for sites having the 1H PCS differences larger than

0.2 ppm. For those resonances, the observed proton

chemical shifts correspond to that expected for more highly

populated states where two domains are well separated in

extended conformers. Consequently, much smaller 1H

PCSs are detected and are different from values measured

along 15N dimension. Also in this regime, the exchange

contribution becomes less dependent on the magnetic field,

and does not show the quadratic dependence seen for fast

exchange (Millet et al. 2000). In fact, for very slow ex-

change, it is independent of the field strength. This explains

the observation that the proton linewidths only increase

modestly for resonances that showed significant exchange

contributions along the 15N dimension at 900 MHz.

Thus, for cases where exchanges remain in the rapid

regime, enhanced transverse relaxation by time-modulated

PCSs provides new opportunities for the study of molecular

structure and dynamics. PCS differences resulting from

molecular motion are predictable, making experimental

results more amenable to interpretation. Through their ef-

fects on spin relaxation they are sensitive probes of tran-

sient contacts between remote parts of biomolecules. These

contacts may not lead to specific models but can be very

useful in screening sets of hypothesized structures. Their

sensitivity to the time scale of the molecular motion and

their predictable geometric dependence might allow studies

of microsecond to millisecond correlated motions which

have been difficult to investigate with more traditional spin

relaxation studies.
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