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High-Resolution Nuclear Magnetic Resonance
Applied to Biophysics and Molecular Biology:
Highlights and Challenges

Gerhard Wider

Abstract—The development and success of nuclear magnetic  NMR measurements not only provide structural data but

resonance (NMR) methods in biological research depend on high- reach much further and can supply information on dynamics,
field superconducting magnets with outstanding homogeneity and conformational equilibria, folding of proteins and intra-as

excellent long term stability. In biological and biomedical research I int | lar int fi 2171, A
NMR provides a means for studying crucial questions at a molec- Well @s intermolecular interactions [4]-{7]. Among many

ular level, including three-dimensional structures at atomic reso- Other applications these capabilities have led to a powerful
lution, dynamics and folding as well as a drug discovery and drug method for drug discovery in pharmaceutical industry [8],

design. Today, NMR with biological macromolecules in solutionis to a technique for detailed studies of structural and dynamic
one of the principal experimental techniques of structural biology, aspects of the hydration shell of macromolecules [7], and to

despite the fact that very large molecules cannot readily be inves- the di f idual struct in th d letel
tigated. With recent NMR methological and biochemical advances '€ dISCOvery ot residual structure in the assumed compietely

this size limit could be extended several times. unfolded reference state in protein folding studies [9].
Index Terms—brug design, NMR spectrometer, polypeptide, Nevertheless, 3-D structures of proteins are by far the most
protein structure, superconducting magnets, TROSY. prevalent applications, and protein NMR spectroscopy in struc-

tural biology will comprise the bulk of this article. The applica-
tion in structural biology has not only made NMR such a major
|. INTRODUCTION technique for biological studies, but also utilizes many concepts
N THE half century since its discovery, nuclear magnetignd principles used in NMR applied in molecular biology and
resonance (NMR) has become the single most powerfipphysics and is thus a good example to discuss the methods
form of spectroscopy in both chemistry and structural biologgxploited in solution NMR of biological molecules [7], [10].
The dramatic technical advances over the past 10-15 yearsthe foundations of successful applications of NMR are
which continue apace, have established NMR as a magpectra that resolve the resonance lines of individual nuclei in
technique in biological sciences. Physicists may take tihge molecules under investigation. The necessary resolution is
view that not much is new in NMR, since its principles wer@btained with multidimensional NMR experiments measured at
described 40 years ago [1]. However, this view ignores hdwgh magnetic fields. A prerequisite for the detailed analysis of
those principles are applied in practice to a range of problemgi® enormous information content of multidimensional NMR
biology and chemistry, which has required exceptional efforgpectra are individual assignments of resonances to specific
integrating chemical physics, instrumentation developme@oms in the molecule. For this task general methods based on
new algorithms, and stable isotope labeling strategies. multidimensional NMR measurements are available.

The first NMR spectrum of a protein was recorded about With increasing molecular size it becomes harder to obtain
10 years after the discovery of NMR signals, but it was anothgatisfactory resolution and sensitivity, due to fast relaxation
25 years before the technology had advanced to the podfitthe signal. Up to now only very few detailed NMR studies
where the resonances of an entire protein could be assignewese performed with molecules larger than 30-40 kDa. New
individual atoms and the prospect of a complete structure detgrethods will be discussed which improve sensitivity with
mination by NMR became feasible [2], [3]. NMR spectroscopkarge molecular systems by the use of the interference between
began to make major contributions to biology only when #ifferent relaxation mechanisms, a technique that is realized in
developed the capacity to solve macromolecular structurd®OSY (transverse relaxation-optimized spectroscopy) [11],
In molecular biology and pharmaceutical research, atonfit2]. TROSY works best at high polarizing magnetic fields
resolution three-dimensional (3-D) structures of biologic4t22 teslas) and enables the recording of high-resolution NMR
macromolecules provide the necessary basis for a detaigctra of macromolecules and multimolecular assemblies with
understanding of molecular functions and intermoleculanolecular weights larger than 100 kDa [13], [14].
interactions, and a foundation for protein engineering and drug

design.
II. NMR WITH BIOLOGICAL MACROMOLECULES
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signal is recorded, due to its high sensitivity. Further, interac-
tions of the protons contribute a major part of the information
content of the NMR spectra. A complete analysis of the appro-
priate NMR spectra of a macromolecule provides the basis for
a detailed analysis of its structural and dynamic properties at
atomic resolution. However, usually proton resonances cover a
very small frequency range<L0 ppm of the'H resonance fre-
quency), and with increasing size of the molecules an individual
observation of the many proton resonances gets more and more
difficult even in multidimensional spectra. A detailed analysis of
molecular properties at atomic resolution based exclusively on
'H NMR is possible only for molecular weights smaller 10 kDa.
When the resonances can no longer be separatédispec-
trum, the heavy atoms to which the protons are attached are used ™
for the separation. Most protons in biological macromolecules - .
are directly attached to carbons or nitrogens, and the resonance 125+ ’ 0 B & pt ® !
frequencies of these nuclei are used to distinguish hydrogen pro-
tons with overlapping resonance frequencies. Unfortunately, the 10 9 8
natural abundance of the necessary spin 1/2 nidieand!3C 1H Resonance Frequency (ppm)
is only 0.37% and 1.1%, respectively, far too low to obtain an
acceptable sensitivity of the experiments. Thus the moleculgg. 1. Two-dimensional (2-D) NMR spectrum showing through-bond
must be isotope enriched witAN and/or'3C to at least 90%. correlations between nitrogeri*(N) and attached hydrogertH)) nuclei of

: mide groups in a protein. Every amide group gives rise to one resonance in the
Spectra of large molecules not only suffer from Slgn%D spectrum. The locations of the amide groups in the polypeptide backbone

overlap. With increasing molecular weight faster relaxatiofte sketched in the chemical formula on the right hand side of the figure.
will result in poor sensitivity. Relaxation leads to broad signal®e arrows indicate that each peak in the NMR spectrum corresponds to one
and unreasonably long measuring times for decent specgﬁhg?ﬁgo;gﬁl?ﬁfzﬁéttui 'ﬁﬁf&iﬂ?ﬁ?%ﬂiﬁ?ﬁiﬁ éefsrgr’:]agc]i frequencies
It had long been realized that substituting deuterons for pro-
tons would lengthen the relaxation times, since protons are
usually the major source of relaxation. Thus macromolecult protein. For example, from the spread of the resonances and
deuterated to a certain degree will give greater signal than e completeness of their number it can be concluded that the
corresponding protonated molecules. This difference beconfégtein has a three-dimensional fold and does not have excep-
important for systems larger than about 25 kDa. Since protoi@nal dynamic features.
are the main source of information, samples with differing A key feature exploited in NMR spectroscopy is the fact that
degrees of deuteration may be necessary. Recently niw individual nuclear spins interact with each other. Different
methods were introduced which reduce relaxation using NMiRiclei in a molecule can thus be correlated. Nuclear interac-
techniques based on interference effects of different relaxatiions are either “direct,” through-space, or “indirect,” through-
mechanisms. Details of this approach will be discussed laterdond. Through-space interactions are the basis for the nuclear
this article. Overhauser effect (NOE), which for example permits distance
Atypical biological macromolecule (e.g., a protein) generateseasurements between hydrogen nuclei. Through-bond interac-
hundreds or thousands of NMR resonance lines iikl@pec- tions are transmitted via polarization of bonding electrons and
trum. These must be distinguished from one another if NMRhown as scalar spin—spin coupling.brcoupling. Multidimen-
analysis is to succeed. A conventional one-dimensional (1-Bipnal NMR experiments that correlate spins viecoupling
spectrum depending on one frequency variable does not have referred to as COSY-type experiments, and those based on
the necessary resolving power. For successful applicationsN®DEs as NOESY-type experiments [7]. The detailed analysis of
NMR in biological sciences the development of multidimenspectra of biological macromolecules is based on through-bond
sional NMR experiments was mandatory [15]. Further, the intesnd through-space correlations, which can directly be extracted
pretation of NMR data requires correlations between differefrtom multidimensional NOESY and COSY experiments [3].
nuclei, which are implicitly contained in 1-D spectra but oftefhe spectrum shown in Fig. 1 is an example of a COSY-type
difficult to extract. Multidimensional NMR spectra provide botrexperiment.
increased resolution and correlations that are easy to analyzevlost spectra measured with biological macromolecules have
Fig. 1 shows a two-dimensional NMR spectrum in which'the two or three dimensions. The spectra can have only proton di-
and the attache®N nucleus in an NH-group are correlated withmensions or combinations of other nuclei with protons. For ex-
each other and give rise to one resonance in the 228,jH] ample, a 3-D spectrum can be obtained by correlating the amide
spectrum. The two frequency axes indicate'thieand the'®N  groups represented in the spectrum of Fig. 1 withcthearbon
resonance frequencies (chemical shifts) of the NH-group. muclei attached t&°N. The«-carbon corresponds to the carbon
Fig. 1 the individual NH-groups of a protein are represented lwhere the group R is attached in Fig. 1. The different resonance
one resonance line each. This spectrum provides a unique fiequencies of these carbon nuclei are used to spread the reso-
gerprint of the protein and contains information on the state n&nces from the 2-D plane into a third dimension.
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I1l. NMR IN STRUCTURAL BIOLOGY

The application of NMR in structural biology of proteins shall
serve as a very successful example for the use of NMR in bi
logical sciences. With the near completion of the human genor
project the method will find an even broader field of application
since all the proteins coded by the genes will now be studied.
many cases it will be necessary to know the 3-D structure of
protein to understand its function. The two main techniques th
can provide structures of macromolecules at atomic resoluti
are X-ray diffraction and nuclear magnetic resonance. Where
X-ray crystallography requires single crystals, NMR measur:
ments are carried out in solution under nearly physiological co
ditions. The important role that NMR plays in structural biology
is illustrated by the fact that there are more than 2000 NM
structures in the protein data bank [16], including proteins, ni
cleic acids, protein-nucleic acid complexes, and carbohydrat:

Since the publication of the first complete NMR solutior
structure of a protein in 1985 [17], tremendous technologic
advances have brought nuclear magnetic resonance sf
troscopy to the forefront of structural biology. Innovations ir
magnet design, electronics, pulse sequences, data analysis,
computational methods are facilitating the study of systems
ever-increasing complexity and molecular weight.

Fig. 2. Different representations of the NMR structure of the folded domain
of the human prion protein in solution [25]. Top: Bundle of 20 NMR structures
defining the conformational space of the protein that is obtained from the

" : : tructure calculation. Only the polypeptide backbone is shown without any
The p”nC|pleS of a NMR structure determination can be SurE\dechains. Bottom: Ribbon (left) and atom (right) representation of the average

marized as follows (Flg 1) preparation of the protein SOIUtiO@tructure calculated from the bundle of structures (top).
the NMR measurements, the assignment of NMR signals to in-
dividual atoms in the molecule, identification of conformationadmino acid can be distinguished due to the conformation-depen-
constraints (e.g., distances between hydrogen atoms), anddbgt frequency shifts.
calculation of the 3-D structure on the basis of the experimentalMost NMR measurements are performed in agueous solution.
constraints. These five steps are briefly described in the fqihe 'H resonance of water is located in the center of the
lowing. frequency range and interferes with the recording lafpro-
tein spectra. Since many NMR measurements with biological
macromolecules rely on the presence of exchangeable protons,
An efficient protein structure determination by NMR requireespecially NH protons, the use of;D is counterproductive.
a highly purified protein preparation. The pH, ionic strengthvieasuring the!H spectrum of a protein at a typical concen-
and temperature often can be adjusted to mimic physiologi¢edtion of 1 mM dissolved in KO requires special NMR tech-
conditions or to further optimize the solubility, since concemigues to massively reduce the enormous water resonance [7].
trations of at least 0.3 mM are required. For molecular weighisprerequisite for a successful application of such techniques is
larger than 10 kDa isotope enrichment'oN and/or'*C nu- a highly homogeneous static magnetic field across the sample.
clei to a level close to 100% is required for an efficient structure
determination. For stable isotope labeling the protein is usuaffy Assignments
overexpressed in a bacterial system by growing the bacteriain &or a detailed analysis of the information content of
minimal medium containin@?’c and or*®N labeled nutrients. NMR spectra nearly complete assignments of signals in the
For systems larger than 30 kDa deuteration and/or specific isgrectra to individual atoms in the molecule are a requirement.
tope labeling may be necessary [18]. The assignment procedure for protein spectra takes advan-
tage of the sequential arrangement of the amino acids in a
polypeptide chain. The spins in the individual amino acids
The foundations of NMR structural studies are high qualitgre grouped into spin systems using COSY-type spectra, and
NMR spectra recorded with good sensitivity and spectral resgpin systems belonging to adjacent amino acids are connected
lution. The necessary multidimensional NMR spectra are massing triple resonance' i—'*C—®N]-COSY (Fig. 4) and/or
sured on NMR instruments operating with magnetic fields largErH—*H]-NOESY spectra. A comparison of the sequentially
than 14 T, which corresponds to a proton resonance frequemcglered spin systems with the known amino acid sequence of
of 600 MHz or higher. Fortunately, the chemical shift is veryhe linear polypeptide permits the assignment of the sequence
sensitive to the microenvironment of a particular nucleus. Thysgsition to every spin system, and thus complete sequence
in a folded protein resonances from multiple copies of the samspecific resonance assignments are obtained [3], [19].

IV. NMR STRUCTURE DETERMINATION

A. Protein Solution

B. NMR Measurements
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Fig. 3. Dependence on the static magnetic field of the full resonance linewidth at half height for NH groups in TROSY experiments calculateddseshree c
representing spherical proteins with molecular weights of 50 kDa, 150 kDa and 800 kDa. Relaxation due to spins otithidékthaoiety was ignored, which is

best approximated by a deuterated protein #OHolution. The solid and broken lines indicate the linewidth obtained with TROSY and conventional experiments,
respectively (the broken line for 800 kDa lies outside the range shown). Left: linewidth of the &lridght: linewidth of the amidé®N.

D. Conformational Constraints because NMR-derived constraints typically describe a range

For the determination of the structure of a macromolecuf Possible values and not all possible distances can be de-
geometric conformational information in the form of distancé§'mined, €.g., those larger than 0.5 nm are missing. For the
and/or torsion angles of chemical bonds have to be derived frgffucture calculation the NMR constraints are supplemented by
the NMR data. Through-space correlations provide the basis tgp known chemical structur_e of the prot_eln under investigation.
geometric information and are measured via the nuclear OvéR€ NMR structure calculation starts with a random, extended
hauser effect (NOE). The NMR method for protein structurgPnformation of the protq_n with steric restrictions represented
determination relies on a dense network of distance constraiR¥sth€ van der Waals radii of the atoms [20]. _
derived from NOEs between nearby hydrogen atoms in the Ioro_The structure calculation is repeated many tlmes to determine
tein [20]. NOEs connect pairs of hydrogen atoms separated?ﬂ/ensemb'e of structures consls_,te_nt Wlt_h the_: input _data set. A
less than 0.5 nm. In contrast to COSY-type experiments the rgp_o_d ensemble of structures minimizes V|ola_t|ons of input con-
clei involved in the NOE correlation can belong to amino acigir@ints and samples the complete conformational space allowed
residues that may be far apart along the protein sequence fpy,the constraints. For this reason NMR structures are repre-
close in space. sented by a bundle of structures (Fig. 2) that determines the

Additional conformational constraints can be obtainefr€cision of the structure determination. For practical work an
from scalar coupling constants. Further, chemical shift da@/erage or representative structure is derived from the bundle
especially fromt3C, provides information on the type of IocaI(F"g' 2) [20].
structure elements [21], and hydrogen bonds can be detected
via through-bond interactions [22]. When NOEs are scarce,

e.g., in partially deuterated proteins, additional constraints can

be obtained from residual dipolar couplings, which are relatedThe foundations of successful NMR studies are high quality
directly to the orientation of the internuclear vectors betwe&pectra with good sensitivity and resolution. When studying
the interacting nuclei relative to the molecular frame [23], [24]arger molecules in solution these basic requirements become
Most proteins in solution give rise to only extremely smaharder to fulfill. Large molecules tumble more slowly, which
dipolar couplings, and to enhance the effect they are weakbsults in faster spin—spin relaxation and consequently broader
aligned by adding proper additives to the aqueous solution. lines in the NMR spectrum. Thus the corresponding spectra
show poor resolution and sensitivity. In practice, it becomes
very hard to determine structures from proteins that have

There are several methods available which calculate timolecular weights above 30-40 kDa. Important advances in
Cartesian coordinates of the spatial molecular structures teatending this size limit have recently been made with the
are consistent with the set of constraints obtained from throduction of novel NMR techniques and new biochemical
NMR data [20]. It must be kept in mind that the experimentalpproaches [14]. Most importantly relaxation in large molecules
constraints do not uniquely describe one exact 3-D structuosuld be reduced with TROSY (transverse relaxation-optimized

V. NMR WITH LARGE MOLECULES

E. Structure Calculation



744 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 12, NO. 1, MARCH 2002

HNCA TROSY-HNCA 3-D TROSY-HNCA and a conventional 3-D HNCA spectrum,
Y13 G14 Y15 H16 K121 Y13 GI14 Y15 Hi6 K121 I which were measured with a 110 kDa oligomeric protein under
i identical experimental conditions [13]. The tremendous differ-
ences in signal intensities in favor of the TROSY-type spectrum
are obvious. Only small parts, strips, of the complete 3-D spec-
trum are shown. In each strip two peaks are expected which cor-
respond to the twex-carbon nuclei adjacent to the amide group
represented by the strip. In Fig. 4 the strip for Lys 121 is in-
cluded as a control. As expected on the basis of the theory, the
two spectra show similar signal intensities only for this residue,
which is located at the flexible C-terminus of the polypeptide
chain and is thus much less affected by relaxation than the nu-
clei in the core of the protein.

For larger molecules there are more NMR active nuclei and
hence more resonance lines in the NMR spectra,; this increases
spectral overlap. New isotope labeling techniques promise to
alleviate the problem with spectral crowding [26]. Comple-
menting protein fragments are separately biosynthesized in
—_— bacteria vvjth and without isotope labeling, respectively, aqd
98 84 7.6 63 7.7 98 84 76 63 77 then combined to form a complete, segmentally labeled protein.

'H Resonance Frequency (ppm) The solution structure of only the labeled domain can then be

determined by NMR. By labeling a different protein domain in

Fig. 4. Comparison of a 3-D TROSY-HNCA and a conventional 3-D HNC. ; ; ;
spectrum. Both spectra were measured with identical experimental conditi%’;%Ch series of separate experiments, the structure of the entire

with an aqueous solution of a protein of 110 kDa molecular weight [13]. TH&rge protein may be obtained using TROSY techniques, even
HNCA experiment correlates the chemical shifts of theand the!*N of the  for proteins that would otherwise produce overcrowded NMR
amide group with the twex-carbons separated by one and two bonds. This §pectra

indicated by the schematic drawing on the right. Only small parts, strips, © . . . .
the complete 3-D spectrum are shown. For the presentation the 3-D spectrurd N€re are interesting biological systems that do not suffer

was separated into a stack 6H,'?CJ-planes along thé’N dimension. From from spectral crowding and are affected only by fast relaxation.

these [H,'*C]-planes 130 Hz wide strips were cut out which run parallel to th : : : _
13C axis. The strips are centered about the chemical shift of the amide pro%ﬂese systems can read"y be InveStlgated by TROSY-type

attached to thé>N represented by the plane. From both HNCA spectra, fiDlMR experiments. Such systems include symmetric oligomeric
strips are shown which represent the H—N-gdrrelations in the four sequential proteins, or isotope-labeled proteins contained in unlabeled
amino acids Tyr 13, Gly 14, Tyr 15, His 16 and in the C-terminal Lys 12 : ; :
as indicated at the top of each strip by the one-letter amino acid symbol. %ﬁége partlc-le_s, Sth as _nucleic acid gpmplexes, Fietergent
intraresidual correlation is marked withand the sequential correlation with Micelles or lipid vesicles. Sequence-specific NMR assignments
s. The broken lines indicate the connections of the intraresidual and sequerfigt such large structures have already been obtained [13], and
HNCA correlations in the spectrum and the chemical formula, respectively. TROSY-based NOESY-type experiments [28] for the collec-
tion of structural constraints are also available. Thus with this

spectroscopy [11], but also the potentially limiting spectr@pproach it also becomes feasible to determine the structures

crowding is addressed by biochemical methods [26]. of smaller membrane proteins in micelles using solution NMR.
TROSY promises a several-fold increase of the moleculd¥ith this potential NMR is again at the forefront of structural

size accessible with solution NMR. The method makes ubilogy, where membrane proteins are the next frontier.

of the fact that for some NMR transitions field dependent

minima in the relaxation are obtained. For example, for

15N-LH moieties measured at a static magnetic field-@4 T VI. CONCLUSION

(corresponding to a 1H frequency between 900 and 1000 MHz)

a substantial reduction of transverse relaxation can be achievet!MR finds widespread applications in biophysics and molec-

for both the'®N and the'H nuclei (Fig. 3). TROSY observes ular biology. Although this article focuses on structure determi-

exclusively these slowly relaxing transitions. Theory predictgation in solution using NMR, the methods, highlights, chal-

that TROSY experiments with suitably isotope-labeled systerdenges and limitations discussed are representative for many

can yield informative data for particles with molecular weightspplications in biology. There are some key requirements that

of several hundred thousand Daltons (Fig. 3). must be fulfilled to permit successful NMR studies of biolog-
Here the 3-D HNCA experiment shall serve as an examglgal macromolecules at atomic resolution. The molecule under

for the application of the TROSY technique [27]. The HNCAnvestigation must be highly purified, soluble to a concentra-

experiment correlates the resonance frequencies dfHhend tion of at least 0.3 mM without aggregation, and for molecular

the >N nuclei of an amide group with the intraresidual and theeights larger than 5 to 10 kDa stable isotope enrichment is re-

sequentially preceding-carbon nuclei. The correlation of eachguired.

NH moiety with the two neighboring-carbons (Fig. 4) allows  Although in this article little consideration was given to com-

sequential ordering of the amide groups, which finally results pounds other than peptides and proteins, the same methodology

sequence-specific assignments. Fig. 4 shows a comparison oéa be used with other biological macromolecules, in particular

@o
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nucleic acids and their complexes with proteins and drugs. In ad#1]
dition, although not discussed in this review, NMR offers unique
means of probing molecular motions on time scales of picosec-
onds to nanoseconds and microseconds to milliseconds [5], [6].

At the present time only a few atomic resolution NMR studiesl12]
of biological macromolecules with a molecular weight larger
than 30 kDa have been performed. One can anticipate, however3]
that in the not too distant future many more NMR studies of
larger molecules and molecular complexes will become avail-
able by the widespread use of TROSY, novel NMR experimentgi4]
and creative isotope labeling schemes. In addition, development
of higher magnetic fields and improved spectrometer hardwargs
will result in gains in resolution and sensitivity and will further
increase the potential of NMR and guarantee continued excite-
ment in biomolecular NMR studies in the immediate and morg
distant future.

[17]
ACKNOWLEDGMENT

The author thanks Prof. Dr. K. Wiithrich and all the memberi18
in his research group for the stimulating research environment.

[19]
REFERENCES
[20]

[1] A. Abragam,The Principles of Nuclear MagnetismLondon: Oxford
University Press, 1961.

[2] K. Wiithrich, G. Wider, G. Wagner, and W. Braun, “Sequential reso-

nance assignments as a basis for determination of spatial protein struc-

tures by high resolution proton nuclear magnetic resonankéyiol. [22]

Biol., vol. 155, pp. 311-319, 1982.

[3] G. Wider, “Structure determination of biological macromolecules
in solution using NMR spectroscopyBioTechniquesvol. 29, pp.
1278-1294, Dec. 2000.

[4] H.J.Dyson and P. E. Wright, “Insights into protein folding from NMR,”
Annu. Rev. Phys. Chemwol. 47, pp. 369-395, 1996.

[5] A.G. Palmer, “Probing molecular motion by NMRCurr. Opin. Struct.
Biol., vol. 7, pp. 732-737, 1997.

[6] L.E.Kay, “Protein dynamics from NMR,Biochem. Cell Biol.vol. 76,
pp. 145-152, 1998.

[7] G. Wider, “Technical aspects of NMR spectroscopy with biological
macromolecules and studies of hydration in solutioRfbgr. NMR
Spectrosg.vol. 32, pp. 193-275, 1998.

[8] S. B. Shuker, P. J. Hajduk, R. P. Meadows, and S. W. Fesik, “SAR by[27]

NMR: A method for discovering high affinity ligands for protein§ti-

ence vol. 274, pp. 1531-1534, 1996.

D. Neri, M. Billeter, G. Wider, and K. Wthrich, “Structure of the urea

unfolded 434 repressor determined by NMR in solutid®ciencevol.

257, pp. 1559-1563, 1992.

A. Bax and S. Grzesiek, “Methodological advances in protein NMR,”

Acc. Chem. Resvol. 26, pp. 131-138, 1993.

(21]

(23]

[24]

(25]

(26]

9]
(28]

(10]

745

K. Pervushin, R. Riek, G. Wider, and K. Wuthrich, “AttenuatBgdre-
laxation by mutual cancellation of dipole—dipole coupling and chemical
shift anisotropy indicates an avenue to NMR structures of very large bi-
ological macromolecules in solutionProc. Nat. Acad. Sci. USAwol.

94, pp. 12366-12371, 1997.

K. Pervushin, “Impact of transverse relaxation optimized spectroscopy
(TROSY) on NMR as a technique in structural biologQ)” Rev. Bio-
phys, vol. 33, pp. 161-197, May 2000.

M. Salzmann, K. Pervushin, G. Wider, H. Senn, and K. Wiithrich,
“NMR assignment and secondary structure determination of an
octameric 110 kDa protein using TROSY in triple resonance experi-
ments,”J. Am. Chem. Socvol. 122, pp. 7543-7548, 2000.

G. Wider and K. Withrich, “NMR spectroscopy of large molecules and
multimolecular assemblies in solutiorCur. Opin. Struct. Biol.vol. 9,

pp. 594-601, 1999.

] G. Wider, S. Macura, A. Kumar, R. R. Ernst, and K. Withrich,

“Homonuclear two-dimensionalH NMR of proteins. Experimental
procedures,J. Magn. Resonvol. 56, pp. 207-234, 1984.

16] F. C. Bernstein, T. F. Koetzle, G. J. B. Williams, E. F. Meyer, Jr., M. D.

Brice, J. R. Rodgers, O. Kennard, T. Shimanouchi, and M. Tasumi, “The
protein data bank: A computer-based archival file for macromolecular
structures,’J. Mol. Biol, vol. 112, pp. 535-542, 1977.

M. P. Williamson, T. F. Havel, and K. Wuthrich, “Solution conforma-
tion of proteinase inhibitor IIA from bull seminal plasma b nuclear
magnetic resonance and distance geomeiryiol. Biol, vol. 182, pp.
295-315, 1985.

] K.H. Gardnerand L. E. Kay, “The use of H-2, C-13, N-15 multidimen-

sional NMR to study the structure and dynamics of proteiAsfiu. Rev.
Biophys. Biomol. Structurevol. 27, pp. 357-406, 1998.

K. Withrich, NMR of Proteins and Nucleic Acids New York: Wiley,
1986.

P. Guntert, “Structure calculation of biological macromolecules from
NMR data,”Q. Rev. Biophysvol. 31, pp. 145-237, 1998.

S. Spera and A. Bax, “Empirical correlation between protein backbone
conformation and € and & '2C nuclear—-magnetic-resonance chem-
ical-shifts,”J. Am. Chem. Socvol. 113, pp. 5490-5492, 1991.

F. Cordier and S. Grzesiek, “Direct observation of hydrogen bonds in
proteins by interresidue’3 ¢ scalar couplings,J. Am. Chem. Sac.
vol. 121, pp. 1601-1602, 1999.

N. Tjandra and A. Bax, “Direct measurement of distances and angles in
biomolecules by NMR in a dilute liquid crystalline mediungtience

vol. 278, pp. 1111-1114, 1997.

J. H. Prestegard, “New techniques in structural NMR-anisotropic inter-
actions,”Nature Struct. Biol.vol. 5, pp. 517-522, 1998.

R. Zahn, A. Liu, T. Lihrs, R. Riek, Ch. von Schroetter, F. L6pez-Garcia,
M. Billeter, L. Calzolai, G. Wider, and K. Withrich, “NMR solution
structure of the human prion proteirPtoc. Nat. Acad. Sci. USAol.

97, pp. 145-150, 2000.

H. Yu, “Extending the size limit of protein nuclear magnetic resonance,”
Proc. Nat. Acad. Sci. USAol. 96, pp. 332—334, 1999.

M. Salzmann, K. Pervushin, G. Wider, H. Senn, and K. Wiithrich,
“TROSY in triple-resonance experiments: New perspectives for
sequential NMR assignment of large proteinBrfoc. Nat. Acad. Sci.
USA vol. 95, pp. 13585-13590, 1998.

K. Pervushin, G. Wider, R. Riek, and K. Withrich, “The 3-D
NOESY-['H,'3N,'H]-ZQ-TROSY NMR experiment with diagonal
peak suppressionProc. Nat. Acad. Sci. USAol. 96, pp. 9607-9612,
1999.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


