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Regitze R. Void: 1937-1999

This issue of the Bulletin of Magnetic Resonance is dedicated

to the memory of Gitte.
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Regitze R. Void: 1937 -1999

Gitte Void died in an accident in Cambridge,
England on April 11. The news, spread rapidly by e-
mail, stunned and saddened the worldwide NMR
community, who admired Gitte for her many
scientific accomplishments and adored her for her
personal warmth and charm. I was asked to prepare
this personal reflection for the Newsletter.

Gitte Shoup showed up in my lab at the National
Institutes of Health in 1965, eager to work with
NMR, a technique that she had become familiar
with in graduate school in Denmark, and one that she
could see as a fascinating area for her research. The
imagination, resourcefulness and research drive that
characterized her later career were immediately
apparent. She spent over five years in a joint
research program at NIH and at the National Bureau
of Standards, where she learned from Tom Farrar a
great deal about then new Fourier transform
methods. She made important discoveries on C-
13 relaxation processes, nucleoside hydrogen
bonding and internal rotation in amides, while also
developing improved methods for studying C-13
NMR.

In 1971 Gitte went to San Diego to marry and work
together with Bob Void. For many years their lab
was an outstanding center for developing new
NMR methods and for investigations of dynamics
and structure of molecules in isotropic liquids, liquid
crystals and solids. During recent years,
Gitte concentrated on studies of membrane-bound
peptides. She and her coworkers were
especially successful in investigating magnetically
aligned phospholipid bicelles and laying the
groundwork for the widespread use of these systems
in structural NMR studies.
Gitte served ISMAR very well as Treasurer for nine
years, not only handling fiscal matters but also

serving as a sparkplug for stimulating
activities within the Society. She was a long-term
member of the Board of Trustees of the ENC. Most
people find the chairmanship of one ENC a task they
wouldn't repeat; Gitte is the only person to agree to
organize two ENC's! She was also to chair the
forthcoming Gordon Conference on Magnetic
Resonance.

Gitte was an excellent scientist, a conscientious
mentor, an outgoing and dedicated spokesperson for
NMR, and a close friend to many of us in the
NMR community. Her vibrant personality made her
an unforgettable figure at many conferences. We
miss her.

Ted Becker
National Institutes of Health
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Thanks from the Editor

David G. Gorenstein

The Bulletin of Magnetic Resonance has served as
the house journal for the International Society of
Magnetic Resonance for 20 years. It has also served
as a quarterly review journal dealing with all aspects
of magnetic resonance. After 17 years as Editor of
the Bulletin, I believe it is time for new directions
for the journal and ISMAR, and I will be stepping
down with this issue. Over the years, the Bulletin
has published numerous ISMAR Proceedings issues,
Waterloo Summer School issues as well as many
superb review articles. Some of my fondest issues
included the Felix Bloch Memorial issue, the Richard
Ernst Nobel Prize issue and issues celebrating the
50th anniversaries of NMR and EPR.

I want to express my gratitude to past officers of
ISMAR, members of the Editorial Board and co-
editors for help with these issues and in particular
Dan Fiat who has been so supportive of the Bulletin
and ISMAR. I also want to thank the staff over the
years in Illinois, Indiana and Texas, including
Patricia Campbell, Donna Beiswanger, Jacky Luxon
and Debbie and Jennifer Gorenstein.

My hope is that the Bulletin and the new ISMAR
Newsletter will increasingly provide a new
electronic connection to its readers and ISMAR
members via the WEB. Lyndon Emsley has
established a new WEB site (http://www.ens-
lyon.fr/ISMAR/) for these purposes, and I hope
readers take advantage of this new medium.

Clearly as we move into the 21st century, the field of
magnetic continues as vibrant a field as it has ever
been. It has been an exciting adventure, and I have
appreciated the opportunity to help communicate
our field over these years.

Finally, I join with Ted Becker and the many
Mends and colleagues of Gitte Void, in expressing
my deep regret at her death last month. She worked
tirelessly as treasurer for ISMAR and the Bulletin
for the past nine years, always supporting our
efforts to be responsive to the magnetic resonance
community. She was a dear friend to many of us
and we will sadly miss her bright spirit.
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Recording Heteronudear Quantitative/-Correlation
Spectra with Internal Reference Peaks

F. Lohr, C. Perez, J.M. Schmidt, and H. Ruterjans
Institut fur Biophysikalische Chemie, J.W. Goethe-Universitat Frankfurt

Biozentrum N230, Marie Curie-Str. 9, D-60439 Frankfurt am Main, Germany

ure

Quantitative /-correlation pulse sequences are modified
to allow for determination of heteronudear 3 / coupling
constants from intensity ratios between cross peaks and
auto peaks within a single spectrum. A new phase cycling
scheme gives rise to internal reference signals by retaining
the magnetization which is not transferred between the two
coupled nuclei of interest The new method is used to meas-

H>), 3/(N,Ha
M), 3/(C',Hp), 3/(C\Ha

M), 3/(C',HN),
3 / (C',O, 3/(C',C»w), 3ma,V), and 3/(H»,C5)

coupling constants in a small I3C/15N enriched flavoprotein.

Introduction

Quantitative /-correlation experiments are well-established
tools for the determination of vicinal coupling constants in
isotopically labeled proteins [1]. They have been successfully
applied to measure homonuclear /-couplings such as 3/(HN,Ha)
[2], V(Ha,Hp) [3], or 3 / (C\C) [4]. The two nuclei are corre-
lated in an 'out-and-back' manner yielding in-phase diagonal
and cross peaks the intensity ratio of which depends on the
magnitude of the active /-coupling. Heteronuclear coupling
constants have been obtained by comparing signal intensities
in two spectra recorded with and without evolution of the
relevant (passive) coupling in so-called spin-echo difference
experiments [5]. This method, however, fails in the presence
of scalar interactions with more than one nucleus of a species.
Alternatively, the chemical shifts of the different nuclei have
been spread into an additional (third) spectrum dimension
while actively (rather than passively) evolving the desired
/-coupling the value of which is finally encoded in the cross
peak intensity [6,7]. Magnetization components being not
transferred are cancelled by appropriate phase cycling leading
to 3D spectra void of 'auto' peaks, a fact which requires a
separate two-dimensional reference spectrum be recorded to
select for the said components [8]. Hence, the intensities of
cross peaks and auto peaks are measured in two spectra of
different dimensionality and taking the volume integrals is
therefore susceptible to errors. Otherwise, if peak heights are
evaluated, the different number of time domain data points and
acquisition times as well as the apodization function and the
effect of transverse relaxation in the third dimension have to be
accounted for correctly. Moreover, difficulties can aris% due to
changes of experimental conditions between the two data sets.

Recently, an elegant method has been described, permitting
the measurement of long-range ''N-'H coupling constants in a
single 3D experiment [9]. It relies on the rather uniform

'/(N,HN) interaction to provide internal reference peaks at the
expense of a moderate cross peak attenuation. Here we
propose a different strategy which does not require the
presence of one-bond and three-bond couplings to nuclei of the
same species and is therefore more generally applicable. The
critical modification made to the original pulse sequences only
involves the phase cycling scheme.

Results and Discussion

Apart from the homonuclear 3/(H°,Hp) coupling there are
five heteronuclear vicinal interactions that depend on the side
chain torsion angle x1 in amino acid spin systems (Fig. 1) via
Karplus-type relations ^/(C'.C1) is considered heteronuclear
here since carbonyl and aliphatic carbons are readily distin-
guished by semi-selective pulses). Determination of 3/(N,Hp),
3/(C',Hp), ^(N.C1), 3/(C',C0, and V(Ha,C) coupling constants
was accomplished by quantitative /-correlation experiments as
described previously [1,10-13]. Each of these experiments is
modified here to produce cross peaks as well as auto peaks in a
single spectrum. The evaluation is then based on intensity
ratios between cross and auto peaks of the same 3D spectrum
and is less prone to experimental error.

The underlying principle shall be described for the HNHB
experiment [6] depicted in Fig. 2A. After the initial INEPT
sequence [17] the density operator at point a is given by aa =
-2HNzNy. During the delay 8 which is adjusted to an odd

'NC*

X=H, C, OH, SH

Figure 1. Spin coupling topology of an amino acid residue
relevant for the xl torsion angle. Solid arrows indicate the
vicinal couplings investigated in this study.
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multiple of (2I/NH)'1, antiphase I5N coherence becomes in-
phase with respect to the amide proton directly attached to the
nitrogen but dephases with respect to long-range coupled
protons. Simultaneously, 15N chemical shifts evolve as a func-
tion of ti in a constant time fashion [18] but are disregarded in
the following. At time point b the relevant operators are

Ob = N x cos(ji/NHi5) Ilj COS(7C7NHJ5)

+2N y H' z sin(jc/NHiS) FIj COS(TL/NHJ5),

where Hj denotes a proton which has a vicinal coupling to the
nitrogen and U are further protons linked via 2J or 37. The
following lH 90° pulse converts the second term into heteronu-
clear multiple-quantum coherence, leaving the first term
unchanged, i.e.

<Jc = N x

-2NyH'y sin(7t/NHi5) Oj COS(JL/NHJ5).

In t2 the second term becomes modulated with the proton
chemical shifts and the discrimination of positive and negative

frequencies is accomplished by recording two FIDs for each t2

value with the phase fa of the preceding proton pulse alternat-
ing between x and y [19]. Usually the first term is cancelled by
a phase inversion of one of the proton 90° pulses flanking t2
along with the receiver. Here this two step phase cycle is
applied only to the. imaginary part of the t2 increments (fa = y)
but not to the real part (fa = x). As a result, the fraction of the
nitrogen magnetization that has not been transferred to any
long-range coupled proton gives rise to a signal of constant
amplitude (apart from a slight decay due to transverse 15N
relaxation) in the real part and of zero amplitude in the imagi-
nary part of each t2 increment. After complex Fourier transfor-
mation these signals appear symmetric about the F2 carrier
position at zero frequency (i.e. as axial peaks) with opposite
phase with respect to cross peaks. The procedure is somewhat
related to the quantitiative HMBC, where a separate 'pseudo
2D' reference spectrum was recorded in a similar way [20].

15

H I I I ; • M2

N • i 4 i « 4 l i
G,

i • i • i • ^1'
I f | T|TgT'|-t'[T'^9l t.

G,xa b A c
I I I !

G2G3 G3G4 G+ Gg

G

Figure 2. Improved pulse sequences of the HNHB (A) and the HN(CO)HB (B) experiments. Narrow and wide bars denote 90°
and 180° pulses, respectively. Proton decoupling in B is achieved with a 4.2 kHz DIPSI-2 [14] sequence while nitrogens are
decoupled by a 0.75 kHz GARP [15] modulation. The proton carrier is placed on the water resonance throughout sequence A but
is temporarily switched to the center of the amide region in B. Sine-shaped carbonyl pulses, applied at 176 ppm, have a duration
of 124 us. Pulses on aliphatic carbons are shifted to 46 ppm by phase modulation [16] with their length adjusted to avoid excita-
tion in the 13CO region. The delays x, x', T" , TJ, and e = TN are adjusted to 2.3, 2.5, 0.7, 5.4, and 28 ms, respectively. \ is a short
delay to compensate for the duration of the l5N and 13C 180° pulses in the first t2 increment. The 5 delays are set to 48.6 ms in A
and to 26 ms in B. Quadrature in F2 is achieved by changing the phase fa in the States manner. Different phase cycles were used
for the hatched 90° pulses (x or <j>5) and the receiver (fa or fy), depending on whether the real (fa = x) or the imaginary (<t>4 = y)
part is recorded. Phase cycling: (A) fa = y,-y, fa = 2(x),2(-x), fa = 4(x),4(y), <t>5 = 8(x),8(-x), fa = y,fa = R,-R, 4>i = R,2(-R),R and
(B) fa = y,-y, <|)2 = 2(x),2(-x), <t>3 = 4(x),4(-x), <t>5 = 8(x),8(-x), fa = x,fa = y, fa = R,-R, ft = R,2(-R), R, where R = x,2(-x),x. All
gradients are sine-bell shaped and have the following durations and strengths: (A) Gi = 1.5 ms, 10 G/cm; G2 = 1 ms, -39.4 G/cm;
G3 = 0.5 ms, 5 G/cm; G4 = 0.5 ms, 4 G/cm; Gs = 0.5 ms, 8 G/cm (all along z); (B) G, = 1 ms, 10 G/cm (y); G2 = 1 ms, -39.4 G/cm
(z); G3 = 0.5 ms, 4 G/cm (x) 5 G/cm (y); G4 = 0.5 ms, 5 G/cm (x) 4 G/cm (y); Gs = 0.5 ms, 8 G/cm (z) (directions are indicated).
For each ti increment N- and P-type signals are recorded alternately by changing the sign of G2 along with phases fa (A) or fa
(B). Axial peaks in F l are shifted to the edge of the spectrum by inverting fa (A) / fa (B) and the receiver for each ti value.
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3D heteronuclear/-correlation
F3<

/
i

/

'

•

y

2D reference spectrum
F24

3D with preservation of axial peaks

/ .

•

A

c : 1
lliilillliitilBy

F2

Q2=0

Figure 3. Schematic representation of quantitative
./-correlation spectra with the modification proposed here
(bottom) and their relation to the conventional approach (top).

In the subsequent second 8 period the events of the first
one are reversed, yielding '

Oi = -2HN,Ny COS2(jrJNHi8) rij COS2(7L/NHJ8)

+2HNJSTy cos(QHit2) sin2(7t/NHi8) 1 } COS2(TL/N H J8).

Finally, the antiphase nitrogen magnetization is converted into
observable proton magnetization using a gradient selected,
sensitivity enhanced reverse INEPT step [21,22]. The same
procedure was applied to the HN(CO)HB [7] pulse sequence
shown in Fig. 2B. Insertion of a relay step via carbonyl
carbons leads to a dependence of signal intensities on the
evolution of 13C'-'H couplings during the delays 8.

The three-dimensional spectra thus obtained contain the
same cross peaks as the original quantitative /-correlation
experiments but, as illustrated in Fig. 3, the recording of
two-dimensional reference spectra is no longer necessary, as
the corresponding peaks are already present in the F1.F3 plane
at the center of the F2 axis. Coupling constants can be calcu-
lated from the ratio of cross peak and axial peak volumes
which equals -tan2(jrJ8), where / is the desired three-bond
coupling constant and 8 is the delay in the pulse sequences for
its evolution. Note that integrated signal intensities rather than
peak heights have to be measured due to the different
linewidths of cross peaks and reference peaks along the F2
dimension.

The application of the modified HNHB and HN(CO)HB
experiments to Desulfovibrio vulgaris flavodoxin, a bacterial
redox protein consisting of 147 amino acids and a non-
covalently bound flavin mononucleotide cofactor, is demon-
strated in Fig. 4. The strips along F2 contain several cross
peaks involving protons scalar coupled to the 13N and 13C

spins, respectively, of a particular residue and an auto peak at
the 'H carrier frequency providing the desired reference inten-
sity. The coupling constants 37(N,Hfl) and ' / (CEP) are impor-
tant to the stereospecific assignment of the P-protons and to
the determination of %' dihedral angles. Additional signals in
the HNHB spectrum are due to intraresidual 2J(N,Wi) and
interresidual VCNJTVi) couplings, while additional signals in
the HN(CO)HB spectrum are due to intraresidual V(C',Haj)
and V(C',HNi) and interresidual 37(C',Ha

itl) and 2/(C',HN
i+I)

couplings. The three-bond couplings are relevant to the \|f and
(j) torsion conformation.
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Figure 4. Sections from F2/F3 slices of HNHB (A) and HN
(CO)HB (B) spectra of flavodoxin. The slices are taken at the
I5N (Fl) chemical shifts of the residues indicated at the top (A)
or the respective sequentially following residues (B). Positive
and negative intensities are respresented by solid and broken
contours, respectively. The level spacing factor is 21/2and 2 for
positive (cross peaks) and negative levels (axial peaks),
respectively. Peaks labeled with an asterisk are aliased in F2.
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Pulse schemes for the determination of coupling constants
between backbone 1SN or 13C nuclei and aliphatic y-carbons
are depicted in Fig. 5. They include a magnetization transfer
between nitrogens and y-carbons of the same residue (HNCG)
[10,12] or of the preceding residue in the carbonyl-relayed
HN(CO)CG [11,12]. The new phase cycling scheme applies to
the 90° pulses on aliphatic 13C spins, again retaining axial
peaks as internal reference. Care has been taken in the present
implementations to prevent any dephasing of the water mag-
netization by Bo field gradients [24] or by RF inhomogeneity
during proton composite-pulse decoupling [25]. Strip plots
from both spectra are shown in Fig. 6. The intensity ratios of
cross peaks involving nC resonances and axial peaks depend
on the x'- r e l a t ed ^(N.C) and 37(C',C) couplings, re-

A ,

spectively, while the intensity of interresidual 13CP cross peaks
in the HN(CO)CG correlates with the f-angle [20]. Except for
the very weak cross peak between Ilel48-15N and Alal47-13Cp

of flavodoxin (Fig. 6A) signals corresponding to 3J(N,CKi)
interactions relevant to the determination of \|/- angles were not
observed in the HNCG as they are invariably small [10].

Finally, %x information can be derived from 3J(Ha,Cr)
coupling constants. The HCGHA sequence presented in Fig. 7
essentially is the long-range 13C-'H correlation experiment
(LRCH) [13], supplemented with the WATERGATE scheme
[27], allowing its application to proteins in H2O solution.
Following the initial heteronuclear NOE-enhancement, I3C
magnetization is transferred to long-range coupled protons in
an 'out-and-back' manner. Our modified phase cycle applies to
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the two central 90° 'H pulses, similar to the HNHB
experiment. During the second half of the pulse sequence, 13C
magnetization antiphase with respect to directly bonded
protons builds up which is readily converted into observable
'H magnetization using a reverse INEPT prior to acquisition.
As shown in Fig. 8, the resulting spectra contain I3CV1Ha/IHr

(F1/F2/F3) cross peaks and axial peaks at F2 = 0. Due to the
long period of transverse I3C magnetization (60 ms) sufficient
signal intensity is obtained only for the slowly relaxing methyl
carbons and thus 3J0P,C) coupling constants can be measured
in valine, isoleucine, and threonine residues. Three-bond
couplings involving leucine and isoleucine 5-carbons as well
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Figure 6. F2/F3 strips from HNCG (A) and HN(CO)CG (B)
spectra of flavodoxin, taken at the 1SN frequencies of the
residues given at the top of each panel (A) or of the following
residues (B). Positive (solid lines) and negative (dotted lines)
contours are drawn on an exponential scale where each level is
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15N,13CO

JL
Figure 7. Pulse scheme employed to measure VOEF.C) and
37(HP,CS) coupling constants. Narrow and wide bars represent
90° and 180° pulses, respectively, applied along the x-axis,
unless otherwise noted. The proton carrier is set to the water
resonance at the beginning of the sequence, jumped to 5.15
ppm before the pulse labeled fo, and returned after the pulse
with phase x or (j>4. Low power rectangular 90° pulses in the
WATERGATE sequence have a duration of 1.5 ms. The I3C
carrier is positioned at 26 ppm. RF fields of pulses on "C"8 are
18 and 13 kHz for 90° and 180° flip angles, respectively.
Delays A, Tc, T and x' are adjusted to 10, 60, 1.9, and 1 ms,
respectively. The length of £ is 3.2 ms, such that JCH evolves
for a period of 23.6 ms ( = 3/'JCH) before t2, while being active
for 21.6 ms ( = 2.75/'JCH) with K = 4.2 ms after t2, where '/CH
is the one-bond coupling constant in methyl groups. Phase
cycling is as follows: <(>i = x, fa = x,y,-x,-y, <|>4 = 2(x),2(-x), <t>5

= 4(x),4(-x), fc = 4(y),4(-y), <t>r = 2(x,-x),2(-x,x), fc = x,2(-x),x,
-x,2(x),-x. The hatched pulse is applied along x for the real
part (<1>3 = x) and with phase §* for the imaginary part (<t>3 = y)
of each t2 increment. Quadrature detection in Fl is achieved by
States-TPPI [26] of (j>i. Durations and strengths of pulsed field
gradients are: Gi = 1 ms, 10 G/cm (x); G2 = 1 ms, 10 G/cm
(y); G3 = 0.8 ms, 17.5 G/cm (x) 12.5 G/cm (z).

as VOEF'.C2) couplings in isoleucines are relevant for the
determination of x2-angles. Note that vicinal interactions with
labile protons such as H1" of Thrl5 in flavodoxin can also be
detected, providing information about thex2I-angle.

Conclusions

A novel phase cycling scheme has been proposed for incor-
poration into a variety of heteronuclear /-correlation experi-
ments. Quantitative evaluation of heteronuclear coupling
constants takes advantage of internal reference signals located
in axial 2D planes of the 3D spectra without recourse to
separate calibration experiments.

Experimental

The HNHB experiment was carried out on a 4 mM sample
of 15N enriched Desulfovibrio vidgaris flavodoxin dissolved in
0.5 ml 10 mM potassium phosphate buffer (pH = 7.0). It was
recorded at a Broker DMX 500 spectrometer equipped with a
self-shielded z-gradient triple-resonance probe. All other pulse
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Figure 8. Expansions from HCGHA slices of flavodoxin,
taken at the I3C chemical shifts of the methyl groups specified
at the top. Cross peaks and axial peaks are distinguished by
dense (solid) and sparse (broken) contours, respectively. The
superscripts u and d denote upfield and downfield resonating
protons located in methylene or isopropyl groups, respectively,
indicating that stereospecific assignments are not available.

sequences were performed at a Bruker DMX 600 spectrometer
with xyz-gradient accessory, using a 1.4 mM 13C/15N labeled
flavodoxin sample. The temperature was set to 300 K.

Eight scans per FID were accumulated in the HNCG and
HCGHA experiments, whereas 16 scans were acquired other-
wise. Total recording times were 63 h (HNHB), 74 h (HN(CO)
HB), 36 h (HNCG), 68 h (HN(CO)CG), and 42.5 h (HCGHA).
All data sets were processed with the XWIN-NMR program
(Bruker). Since the lineshapes of cross peaks and axial peaks
are identical along Fl in all spectra, peak volumes were deter-
mined by 2D integration in the F2/F3 slices at the maximum
intensity in Fl or from the sum of two adjacent slices.
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Introduction
Molecular internal mobility gains increasing importance
in modeling macromolecular structure on the basis of
NMR spectroscopy. Of particular utility are dipolar-
relaxation effects that probe the reorientation of bond
vectors between specified pairs of nuclei. Modern
stable-isotope enrichment techniques applied to proteins
alleviate sensitive determination of heteronuclear
relaxation-rate constants involving 15N being now used
in routine studies on molecular motion in solution [1].
Simple models of N—H bond-vector reorientation are
usually fit to a set of 15N longitudinal and transverse
relaxation times, Tx and T2, respectively, as well as 15N-
{'H} nuclear Overhauser enhancement (NOE) effects.
Series of internal-fluctuation order parameters S2 and
associated life times t are then determined in the context
of the so-called Lipari-Szabo analysis [2,3]. However, it
is only on a per-residue basis that details on local
angular dynamics along the protein chain are retrieved,
whereby critical assumptions on the global constants of
the overall molecular-tumbling correlation time tc, the
N-H bond length rNH, and the nitrogen chemical-shift
anisotropy AaN must be made.

The information content in relaxation data is not yet
exhausted in these standard procedures, and
characterization of molecular mobility might be
improved by a novel self-consistent relaxation-data
evaluation strategy. Self-consistency entails the joint
interpretation of all available relaxation rates from, for
example, the majority of amino-acid residues in a
protein. Redundant information inherent to large sets of
related relaxation-rate constants is then exploited not
only to assess local N-H bond reorientation but also to
refine initial estimates of global properties critical to
relaxation. The concept involves simultaneous least-
squares regression of model parameters while refering
to experimental relaxation rates, using the extended
Peng-Wagner type of spectral-density mapping [4,5].

Most critically, accurate values emerge for the global
factors persistent to all spectral densities, without prior
assumptions on xc, rNH, and Aa^, respectively.

Theory
To a first approximation, molecules in solution tumble
isotropically with overall reorientational correlation
time xc giving rise to the spectral density
./(GO) = (2/5)xc(l + CO2T;2)-I. Subject to a magnetic
field of proton Larmor frequency <BH, relaxation of
nitrogen nuclei senses the spectral-density function at
the five frequencies / 0 = / ( 0 ) , JN = ./(<%),
J'H = /(coH), JA = / ( © H - C O J , ) , and
Jx = /(coH + ooN). The predominant nitrogen
relaxation processes in a 15N-enriched protein are
dipole-dipole (DD) interaction of the amide 15N nucleus
with the attached proton, and, to a lesser extent,
chemical-shielding anisotropy (CSA) due to the
planarity of the peptide linkage. The dipolar portion is
affected by the interatomic distance rNH, while the
chemical-shift anisotropy A<j = |cr±-C||| depends on
the magnetic flux density Bo, finally leading to the
interaction constants
£DD = (l/8)(Y2Y2/r6H)(/z/2Ji)

2(|X0/47i)2 and
, respectively.

Experimental parameters measured to probe the N-H
dipole reorientation are single-spin nitrogen
longitudinal and transverse relaxation rates, /?(NZ) and
/?(NX ) , respectively, as well as the HN-cross
relaxation rate R(HZ -> N z) . These are supplemented
by the rates of HN-antiphase relaxation /?(HZNX y ) ,
HN-longitudinal 2-spin order /?(HZNZ), and H-
longitudinal relaxation R(HZ).
The system of simultaneous equations relating
relaxation rates and spectral densities casts into a matrix
equation, also known as spectral-density mapping [4,5],
so that the set of rates determined for each residue at a
single field strength is given by
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where coefficients involving c = + ^
CSA

and
d = t,DD indicate the relative contributions of power-
spectral density to NH dipolar interaction and N-
chemical shift anisotropy. While relaxation interference
due to cross-correlation of dipolar and CSA interaction
is experimentally excluded, leakage pathways ascribed
to potential homonuclear proton-dipolar interaction is
accounted for by the non-specific compound relaxation
rate p H H - ^.r^HJ(J0 + 3 / H + 6/2 H) .

Method
The evaluation strategy proposed exploits redundant
information inherent in a large set of relaxation rate
constants. As the set of the six 15N-related relaxation
rates never can adopt all possible value, combinations,
local angular mobility is assessed from the unique
pattern in a few relaxation rate values already [8,9].
Nevertheless, overdetermination in multiple
experiments allows more complicated models of motion
to be applied. In the context of a rigid molecular model,
the six experimental determinants are opposed to a
single adjustable global correlation time xc, thus giving
rise to five degrees of freedom. At the expense of two
degrees of freedom, internal NH bond mobility
according to the model-free approach is assessed in
addition. However, as perceived from the coefficient
matrix, both transverse-relaxation rates /?(NX y) and
R(HzNxy) show a very similar dependence on the
spectral density, such as to reduce the available
information in the data set. Measurements at various
field strengths add only limited information to the data
set as no new spectral-density function is sampled.
Advantage is taken here from linking redundant
relaxation properties in the manifold of amino-acid
residues in the studied molecule using a self-consistent
analysis. In other words, residues are no longer analyzed
separately. Redundant relaxation information in this
way forms a pool of excess degrees of freedom, which,
apart from fitting descriptors of local dynamics, allows
for refining initial estimates of a number of global
parameters critical to relaxation as well.
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Figure 1. Matrix arrangement in iterative simultaneous back-
calculation of self-consistent model parameters of m amino-
acid residues based on 3 x 6 relaxation rates each. Mixing
coefficients and spectral densities Jo for fields of 500,600, and
800 MHz are merged into one row and column, respectively.

Figure 1 depicts the crucial data array organization of all
relaxation-rate values related to the NH directors in the
polypeptide. So far, variation of order parameters and
internal-motion correlation times only affect the
respective matrix rows, i.e. those entries associated with
a specific residue. Data redundance is exploited by
realizing that variation of global properties like the
overall rotational correlation time, the NH bond length,
and the CSA factor give rise to simultaneous changes in
all entries in the R matrix. Thus, self-consistent
relaxation-rate evaluation is driven by the effect of
redistributing fit deviations over the complete array.
Transformation of spectral density into relaxation rates
is accomplished by applying the coefficient matrix to all
residue-related data sets at the same time, in shorthand
notation R = CJ = JCL Multiple-field relaxation
measurements allow to concatenate data into bigger
arrays R and J while the C matrix becomes block-
diagonal as depicted.

Experiments and Relaxation Data
The method is exemplified with recombinant 15N-
enriched bovine-heart fatty-acid-binding protein (FABP,
pi 5.1 isoform, 133 aa, 15 kDa) which specifically binds
C16 and C18 fragments [10]. Rate constants of auto-
relaxation of longitudinal (Nz, 2NZHZ, and Hz) and
transverse (Nx and 2NXHZ) magnetization components
as well as those of heteronuclear NOE cross-relaxation
(HZ-»NZ) originate from a variety of heteronuclear
HSQC-type pseudo-3D NMR experiments [5-7] carried
out in aqueous solution at 310 K and at three different
proton Larmor frequencies (500, 600, and 800 MHz).
Each relaxation rate was accurately determined from
least-squares exponential fits to at least 8 multiplet
intensities collected at experimental delay periods from
3 to 800 ms, depending on the type of experiment.
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Table 1: Self-Consistent FABP-Mobility Parameters from the Analysis of Nitrogen Relaxation Rates0

Model -,2

isotropic
44405
24211
23181
23173
23108
23085

axial symmetry
23048
23026

P

1

101

201

202

203

. 211

204

206

[ns]

5.59
6.07
6.14
6.14
6.13
6.12

6.49
6.54

*c2

[ns]

—
—

—

—

—
—

5.95
5.91

(Sf)
%

100. ± 0.0
88.3 ±5.1
87.2 ± 5.2
85.8 ± 5.2
82.9 ± 5.3
82.8 ± 5.2

83.0 ± 5.3
83.0 ± 5.3

<T;>

[ps]

—
—

28 ± 45
25 ± 43
54 ± 327
54 ± 326

56 ± 346
55 ± 340

rNH

[pm]

—
—

—

101.6
101.4
101.4

101.4
101.4

AaN {RJ 0,<D

[ppm] [s1] [deg]

— — —
— — —
— — —
— — —

168.57 — —
168.58 4.7 + 4.0 —

168.72 — —
168.78 — 12, 18

a% » summed squared deviation in the relaxation rate constants in = 1800 observables) weighted by their experimental errors, p,
number of model parameters so that n — p is the number of degrees of freedom, xc and %c2, principal and two-fold degenerate
molecular rotational correlation times of the oblate rotor, S2 and x, order parameters and correlation times of internal motion given
as averages over the 100 residues included in the fit, rNH, apparent length of the covalent polypeptide backbone amide NH bond,
AaN, nitrogen chemical-shift anisotropy, Rex, chemical-exchange rates given as average over selected residues to which they apply,
0,O, tilt angles between the principal-axis systems of rotation-diffusion and the inertia tensor obtained from cartesian coordinates.

Results and Discussion
Molecular motion in FABP was studied dn the basis of
extensive 15N-relaxation data subject to self-consistent
rate evaluation. Based on a selection criterion of the
mean Tx/T2 ratio and ±3 standard deviations thereof,
100 non-glycine and non-proline residues were included
in non-linear regression of a total of 1800 experimental
rate constants. To match back-calculated and
experimental relaxation rates, only the overall rotational
correlation time t c was initially adjusted with the
underlying assumption of a rigid isotropic rotor model
[11]. In the following instances, the model complexity
was increased as to make use of the large number of
degrees of freedom available to study the effect of
abandoning various simplifications initially made.

Molecular reorientation correlation time
From self-consistent 15N-relaxation rate evaluation,
overall molecular reorientation of a hypothetically
spherical FABP molecule would occur with an isotropic
correlation time of xc = 6.12 ± 0.40 ns. However, the
study also revealed that FABP more likely possesses
axial symmetry [12] of an oblate rotor with an axis-
length ratio of 1:0.9:0.9 and respective correlation times
of tc = 6.54 ± 0.60 ns and xc2 = 5.91 ± 1.26 ns, the latter
value being associated with the degenerate axes. Neglect
of internal NH bond mobility would have yielded a
significantly faster reorientation with xc = 5.59 ns from

which it is stated that the NH bond vectors experience
angular and/or radial fluctuation.

Order parameters ofNH bond fluctuation
Considering a bond vector (of fixed length) librating
within a cone of rotational symmetry about a mean local
orientation (0), its motion is conveniently
characterized by the angular order parameter given by

1

= <p2(coseaP))f

where P2(x) is the second-rank Legendre polynomial
and 6ap is the jump angle difference between any two
orientations of the NH bond vector with associated state
probabilities pa and pp. Accordingly, radial fluctuations
are described by time-averaged radial order parameters

c2 _ /r-3 \2/r-6 \-l

The formal separation of angular and radial changes in
the NH bond geometry [13] affects the dipolar
relaxation rates in a manner that R °= S%Sf. Since
adjustment of any of the two order parameters may fully
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Figure 2. Protein fold of FABP, view of the fatty-acid binding
pocket, and orientation of the oblate-disk model of the
diffusion tensor. Picture created from X-ray coordinates [14]
(2HMB) using RasMol by Roger Sayle, University of
Edinburgh.
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Figure 3. Order parameters and local correlation times of NH
bond reorientation in individual amino-acid residues of FABP
as obtained from self-consistent relaxation rate evaluation.

compensate for effects from the other, both values
cannot be fitted independently. In our analysis, only
values of S2, were associated with individual amino-acid
residues, while S2 was considered a global parameter
being however completely absorbed into the value of the
NH bond distance determined.
All of the angular order parameters S2, are in the
expected range of 0.7-0.9, i.e. re-orientation angles are
10-20°, and hardly correlate with secondary structure
pointing out that internal mobility is likely to be uniform
along the protein chain. The details obtained under the
different model assumptions are summarized in Table 1.

Internal motion correlation times
Nuclear relaxation is most sensitive to motional
processes on the nanosecond time scale of molecular
reorientation [13]. Internal mobility on a shorter time
scale reduces the relaxation efficacy by the S2 order
parameters discussed above.

Having the effect of overall tumbling properly modelled
and subtracted from the spectral-density function, the
remaining portion superimposed on /(co) is due to
internal mobility. This is conveniently expressed in
terms of the associated time correlation function [2,3]

C(0 = S2 + ( l -S 2 )exp( - f /x )

from which the average residence time of NH bond
orientation x is retrieved.
However, x values vary wildly in the analysis with mean
and median values of approximately 50 and 15 ps,
respectively, indicating that internal NH bond mobility
in FABP is of significantly higher frequency and occurs
on a picosecond time scale far off the molecular
tumbling time. A connection with secondary structure is
not perceived.


