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ABSTRACT. Solution NMR spectroscopy represents a powerful tool for examining the structure and function
of biological macromolecules. The advent of multidimensional (2D-4D) NMR, together with the widespread
use of uniform isotopic labeling of proteins and RNA with the NMR-active isotof¥dsand!3C, opened

the door to detailed analyses of macromolecular structure, dynamics, and interactions of smaller
macromolecules<~25 kDa). Over the past 10 years, advances in NMR and isotope labeling methods
have expanded the range of NMR-tractable targets by at least an order of magnitude. Here we briefly
describe the methodological advances that allow NMR spectroscopy of large macromolecules and their
complexes and provide a perspective on the wide range of applications of NMR to biochemical problems.

Solution nuclear magnetic resonance (NM&)ectroscopy  majority of macromolecular complexes of biochemical
represents a powerful tool for examining the structure and interest are significantly larger than 25 kDa. Indeed, although
function of biological macromolecules. The advent of much can be learned by examining macromolecules in
multidimensional (2D-4D) NMR, together with the wide-  isolation, mechanistic insights are often only gained upon
spread use of uniform isotopic labeling of proteins and RNA studying functional higher-order assemblies with partner
with the NMR-active isotoped®N and*®C, opened the door  molecules.
to detailed analyses of macromolecular structure, dynamics NMR studies of large molecules and complexes are
and interactions of smaller macromolecules~25 kDa). complicated by the increased linewidths associated with
Work on these proteins and nucleic acids has been veryslower tumbling and the spectral overlap from the large
fruitful and has allowed us to learn much about structure  number of unique signals. Over the past 10 years, advances
function relationships, but is inherently limited, as the in NMR and isotope labeling methods have expanded the

range of NMR-tractable targets by at least an order of
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albeit limited, solution to this problem is to increase the sequences commonly used for macromolecules (reviewed in
overall molecular tumbling rate by recording NMR spectra ref 2).

at elevated temperatures. This can be highly effective for ~ As mentioned above, the second obstacle to NMR of large
thermostable macromolecule8—6), with the caveat that  macromolecules and assembilies is that the number of signals
behavior at physiological temperatures should be obtainedincreases with molecular weight; this complexity increases
by extrapolation. Another ingenious approach to reduce the likelihood of resonance overlap, making it difficult to
tumbling rates involves encapsulating hydrated proteins in obtain site-specific information. For many proteins, the
low-viscosity solventsq); while promising, this approach  overlap problem is not as onerous as one might expect, as
has not yet met with widespread use, as the encapsulatiomanalysis of genomic data suggests that the majority of
process is technically challenging and system dependent. proteins assemble into symmetrical oligomeric structures

A generally applicable approach to minimizing spspin (15). Because of the molecular symmetry, corresponding
interactions that lead to fagt relaxation is to dilute théH nuclei from each monomer (“protomer”) have equivalent
spins through uniform deuteratio8, 9). For a protein, the ~ €nvironments and contnbute.to a mutual signal. Thus, spectra
approach is straightforward, requiring only that it be pro- from such large oligomeric complexes have only the
duced in cultures grown on deuterated media (typicatyQ complexity of the protomer. Nevertheles_s, |f_th_e spectra are
and?H-glycose provide the hydrogen and carbon atoms, and t00 complex, an emerging approach to simplifying the NMR
15\-ammonium serves as the nitrogen source). Then, uponSPectra is to make use of proteittf and RNA (L7) splicing
transferring the protein into protonated solvents (He;0), methods that allow for “segmental labeling” of specific

the exchangeable protons on the amides will be observed infégions of a protein or RNA with NMR active isotopes.
aH-15N heteronuclear correlation spectrum, without being Because signals are not observed from the unlabeled seg-

broadened by spinspin interactions with carbon-bound ments of _the molecules, this approach simplifies the NMR
protons. The benefits of uniform deuteration are offset for SPectra without the loss of context that comes from studying
some purposes by the fact that much of the macromolecule@n isolated domain.
becomes “signal silent,” thereby prohibiting detailed struc-
tural analysis. However, alternative labeling protocols in- MAPPING BINDING INTERFACES
volving the use of metabolic precursors allows for selective  one of the most common applications of biomolecular
protonation of specific groups (€.g., methyls), allowing these NMR spectroscopy involves  identifying the recognition
to be monitored in concert with the backbone amid®s ( determinants between macromolecules and their ligands (for
11). Because methyl groups are usually localized in the some recent reviews, see réf8—20). Revelation of these
hydrophobic cores of proteins, connecting secondary struc-specificity determinants is critical for understanding and
tural elements, such perdeuterated/selectively methyl-proto-manipulating signal transduction networks, disease-related
nated samples make it possible to obtain highly informative enzymes, patterns of gene expression, and the whole host
distance restraints while still benefiting from the advantages of macromolecule-mediated bio|ogica| processes. Unfortu-
of reduced spifrspin relaxation 12, 13). nately, deciphering the structural details of these interactions
An important methodological advance has been the de novo is generally time-consuming, expensive, and trac-
development of TROSY-based NMR techniques (TROSY: table only for a few tightly interacting partners, while many
TransversdRelaxationOptimized Yoectroscoly) (14), which biologically relevant interactions are necessarily weak to
directly address the line width problem through spin ma- ensure reversibility. NMR spectroscopy can often be applied
nipulation. Briefly, in conventional heteronuclear correlation to such systems to quickly determine the binding interface
spectra [e.g., a heteronuclear COSY, or HSQI%)|( of interacting partners without the need for de novo structure
correlations between spins (e.g., &N nucleus and its determination. Importantly, these methods are often ap-
attached'H) are obtained by making use of the one-bond Pplicable for both strongly and weakly interacting systems
scalar () coupling between them. These scalar couplings and can be applied to large macromolecular complexes (300
cause splitting of the signals from each nucleus into a serieskDa).
of “multiplet components” with different relaxation proper- Spectral Perturbation Mapping-he resonance frequency
ties. To increase sensitivity and avoid the complexity (chemical shift) of an NMR-active nucleus is determined by
resulting from having multiple peaks from each correlation its local electronic environment. Importantly, when the
of interest, the splittings are usually refocused (“decoupled”) electronic environment of a nucleus is changed by some intra-
in HSQC spectra so that only a single signal is obtained for or intermolecular event, the chemical shift of the nucleus
each'M—1°N pair; as a consequence, relaxation properties will change. Because of this, the chemical shifts of protons
are averaged among the multiplet components. The TROSY (and other nuclei) in ligand-binding interfaces of macromol-
breakthrough came from the realization that for slower ecules are exquisitely sensitive to binding events and can
tumbling molecules, narrow lines and higher sensitivity could be used to monitor binding and identify the interacting
be obtained by retaining only the slower relaxing component structural motifs. Spectral perturbations are manifested in
of the multiplet, while discarding the other, faster-relaxing one of two ways: a “shift” in the resonance frequency, or a
components. The resulting TROSY spectra exhibit higher site-specific signal broadening due to intermediate exchange.
sensitivity, narrow lines, and the simplicity of a decoupled Analysis of these spectral perturbations in a site-specific
spectrum, but the signals are offset from the “isotropic” manner is commonly referred to as “chemical shift mapping”
chemical shift by one-half the one-bond coupling constant (18—20).
(~90 Hz for the amide HN). This TROSY principle has Spectral perturbations are usually identified by recording
been incorporated into the broad range of NMR pulse two-dimensional (2D) heteronuclear correlation spectra [e.g.,
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spectrum of the free molecule, removing size as a consid-
eration for one of the binding partners8-20).

Analysis of binding-induced spectral perturbations has
proven useful for mapping macromolecular interactions in
many large macromolecular complexes. For instance, NMR
studies of the outer surface protein A (OspA) of the Lyme
disease-causing spirochet@grrelia burgdorferj in a 78-
kDa complex with the Fab domain of a monoclonal antibody
of clinical interest identified the residues in OspA that form
' the epitope recognized by the antibody (Figure22) (These
data provided the basis for rational design of vaccines against
Lyme disease. Although standard correlation spectroscopy
ment. Shown is the overlay of two 2D heteronucléat-1N was used (HSQC), interpretable NMR spectra were obtained
correlated NMR spectra of afiN-labeled macromolecule, in the by deuteration of the OspA protein and by recording spectra
absence (black) and in the presence (red) of its ligand. For a protein,at elevated temperatures to increase the molecular tumbling
the signals in these spectra are dominated by the backbone amideggtea

and thus each peak corresponds to an individual amino acid. Note

that one of the signals is unaffected by the presence of the ligand. N @nother spectacular example that demonstrated the
The other two peaks are implicated as being in the intermolecular @bsence of an “intrinsic” size limitation for NMR, TROSY-
interface by the perturbations produced by the ligand: either a shift based NMR methods succeeded in capturing the interaction
in the po.sition'(chemical shift) of the signa] or broadening and petween the oligomeric subunits of the 900 kDa di-
reduced intensity through enhanced relaxation. heptameric chaperone complex, GroEL/GroES, by observing
the effect of GroEL on the NMR spectra of the smaller 72
kDa subunit, GroES23) (Figure 3). In this study, GroES
was uniformly labeled withH®N and?H, while the GroEL
was not labeled. The symmetric homo-heptameric nature of
the GroES/L complex contributed to the success of the study
by simplifying the spectra to that of the 10 kDa GroES
protomer. NMR studies of this large macromolecular as-
sembly were then taken a step further, by studying the
FiGURE 2: OspA antigen identified from spectral perturbations. Chaperone-assisted folding of &h-labeled protein (DHFR)
Amino acid residues of th@orrelia burgdorferi OspA protein bound to the unlabeled GroES/L compled).

whose backbone amide resonances are affected by binding to a Because of its versatility and simplicity, spectral perturba-
clinically important antibody are highlighted as spheres. Red tjgn mapping is perhaps the most widely used NMR

indicates residues strongly affected, and yellow indicates small . . S . .
effects; blue indicates residues excluded from analysis due toteChmque for determining binding interfaced8¢20);

15N -

I
H

Ficure 1: Schematic of a spectral perturbation mapping experi-

overlap. Figure reproduced with permission from2&f Copyright
1998 Elsevier.

HSQC Q1) or TROSY (4)] of free and ligand-bound

however, it is important to bear in mind the nature of the
information obtained. Most commonly, a limited set of
signals is monitored (e.g., backbone amides or side chain
methyl groups); thus, although shift perturbations may

macromolecules (Figure 1). To obtain the binding interfaces identify interfacial residues, the structural basis for the
of two interacting proteins for which resonance assignmentsinteraction must generally be indirectly inferred. In addition,
are available, the experiment must be repeated with theconformational changes that accompany ligand binding can
labeling scheme reversed. For tightly binding molecullges (- result in spectral perturbations for residues far from the
< 10 uM), their complexes must yield interpretable NMR binding interface, complicating identification of the inter-
spectra. On the other hand, for weakly associating ligands, molecular interface (e.g., r&b). Another common compli-
spectral perturbations caused by binding are observed on thesation is that the macromolecular interactions can often lead
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Ficure 3: NMR studies of the 900 kDa GroES/GroEL compl@8); TROSY-basedH—15N correlated NMR spectra of the GroES 72
kDa heptamer alone (left) and in complex with the (unlabeled) GroEL variant, SR1 (right). Middle, models of free GroES and GroES/
GroEL complex based on the crystal structure. Figure adapted fro2B8nefth permission. Copyright 2002 Nature Publishing Group.
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Ficure 4: Intermolecular NOEs observed in the 40 kDa complex between EIN and B&RThe strips are from 3D heteronuclear
edited/filtered NOESY spectra of two differently labeled complex samplési® solutions. (a}*C/A*N-Labeled EIN bound to unlabeled
HPR. (B) *3C/**N-Labeled HPR bound to unlabeled EIN. Thus, in panel a, the interproton NOEs are observed betw@€rbthend
protons of HPR and th&C-bound protons in EIN, whereas in panel b, NOEs are observed bef#@émund protons of EIN an&C
bound protons of HPR. Reproduced from B&with permission. Copyright 1999 Nature Publishing Group.

to severe line-broadening through enhanced relaxation,interacting pairs of protons. In this approach, termed “cross-
leading to loss of some of the signals of interd$t Although saturation” 29) or “saturation transfer”30), the binding

the focus of this section is in the use of the approach to mapinterface is determined from changes in the peak intensities
interfaces, chemical shift perturbations can also be helpful in 2D heteronuclear correlation spectra (HSQC or TROSY)
in generating structural models of macromolecular complexesfrom one of the binding partners when signals on the other
when combined with other structural information. partner are excited (saturated) with radiofrequency pulses.

Cross-RelaxationWhile spectral perturbations allow bind- This altgrnate_saturation/detection of binding partners can
ing interfaces to be rapidly inferred, NMR spectra can also be readlly achlleved if the molequle whose spectrum is to be
be used talirectly map molecular interfaces. Through-space recorded is uniformly labeled withN and?H and the other
cross-relaxation between protons on interacting moleculesPartner is unlabeled (and therefore contaifi€-bound
provides direct evidence for their proximity in a complex. @liphatic protons). Then, in afH;O solution, saturating
The NOE, or nuclear Overhauser effect, results in a changeradiofrequency pulses applied to aliphatic proton resonances
in the intensity of the signal from one proton due to the Will only affect the unlabeled partner directly, and cross-
excitation and through-space transfer of magnetization from relaxation will alter the intensity of amideH-*N signals
a nearby protond < ~5—7 A); the magnitude of the NOE 0N the labeled partner that are wutmns—?_A. An adv_antz_ige
is inversely proportional to the sixth power of the distance ©f the method over spectral perturbation mapping is that
between the cross-relaxing protons (NOEL/r%). The most conformational changes away from Fhe mFermoIecuIar in-
unambiguous way of deciphering intermolecular contacts in térface do not provide potentially misleading effects. Im-
tightly bound macromolecular complexes is by recording Portantly, saturation transfer can be applied to larger, more
(and assigning) NOEs. However, even for smaller complexes, Weakly interacting systems than can NOE spectroscopy since
NOE spectra are generally too complicated to allow dif- N such cases the detepted macromolecule.|s only tran5|ently
ferentiation of intramolecular and intermolecular NOEs from Pound and therefore yields a spectral quality corresponding
chemical shift information alone. Unambiguous determina- {0 the free protein30—32). A nice example of mapping a
tion of intermolecular NOEs is therefore typically ac- binding interface using saturation trgnsfer is the 300 }(Da
complished in differentially labeled complexes using “isotope- complex of the A3 domain of von Willebrand factor with
filtered” NOE methodsZ6, 27), which involve alternatively ~ fibrillar collagen @2).
selecting or suppressing signals from protons attached to a
NMR-active heteronucleus (i.€3N and/or'3C). The power %ACROMOLECULE DYNAMICS
of the approach is well illustrated by the study of the 40 One of the greatest strengths of NMR spectroscopy is that
kDa phosphoryl transfer complex betwegscherichia coli it allows measurement of molecular motion at near-atomic
enzyme | and HPR2§) (Figure 4). Although extremely  resojution; indeed, studies of the dynamics of smaller
powerful, identification of direct intermolecular contacts from - macromolecules and domains has become common practice
NOEs can be time-consuming and technically challenging, (33). Although the functional importance of macromolecular
especially since suitable NMR spectra and assignments musiotions is now widely recognizec4), how motions on
be obtained for the entire complex. various timescales and amplitudes contribute to function

Cross-relaxation can also be used in a less laborious wayremains poorly understood. While most early studies of
to detect interfacial resonances, without the need to identify macromolecule dynamics were focused on smaller proteins,
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Ficure 5: Two dynamically distinct states &. coli PagP in a 50 kDa enzymatically competent assembly with detergent mictd)e$a)

The TROSY spectrum of PagP in CYFOS-7 micelles revealed the presence of two different states of the protein (termed R and T), as many
backbone resonances exhibited two chemical shifts. (b) Differences in the relaxation dispersion profiles for Q139 in the R and T states
reveal that the two states of the enzyme are dynamically distinct. (c) Cartoon diagram of PagP color-coded according to the chemical shift
difference between the R and T states of the enzyme. Figure adapted frd® @bpyright 2004 National Academy of Sciences.

thanks to TROSY and advances in labeling technologies, Another impressive example of the functional insights
molecular motions are now being studied in larger macro- accessible from NMR studies of the dynamics of macromo-
molecules and their complexes, where motions can often belecular assemblies involves the 300 kDa cylindrical protease
directly studied in a functional contex8%—37). ClpP, a 14-subunit oligomer consisting of two (symmetrical)
Experimentally, the procedure for measuring macromo- heptameric rings44). Although backbone-amidéN spectra
lecular dynamics is dependent on the time scale of the of the oligomeric complex were of low quality, high-quality
molecular motions. Although most early studies of dynamics 13C methyl TROSY spectra could be recorded and used to
focused on fast time scale motions, many conformational study dynamics (assignments were obtained via mutagenesis).
changes involving catalysis, protein folding, and allosteric TROSY-based?H and '°C side-chain methyl relaxation
transitions, occur on somewhat slower timescales fron? 10 dispersion studies of ClpP showed that the interface between
to 102 s (microsecond to millisecond). NMR experiments the heptameric rings exchanges between two structurally
used to characterize motions on these timescales takedistinct conformations. By measuring the protein’s dynamics
advantage of the effect of such motions on the transverseover a temperature range from 0@ (where the correlation
relaxation rates (and therefore linewidths) of the affected time is >400 ns!) to 40°C, the thermodynamic activation
resonances3g, 39). The excess transverse relaxati®,, energy for the interconversion could be established. These
results from conformational exchange processes that tran-data supported a model for the exit of proteolyzed peptide
siently alter the chemical shifts of affected nuclei, resulting fragments from the center of the protease rings through
in dephasing of the magnetization. This dephasing effect cantransient opening of the interfacial helices, instead of through
be suppressed by properly tuned multiple pulse trains, eitherthe top or bottom of the ring4d).
through variable strength spin-lock field0f, or by applying
a series of refocusing pulses at a rate faster than the exchangS TRUCTURE DETERMINATION
process itself41). Measuring signal intensities in a series

of NMR spectra in which the strength of the refocusing field ~ NOES.A principal concept in structural biology is that of
is systematically varied yields a “relaxation dispersion” the structure-function relationship, and NMR is one of two

distinct conformations (states), fitting of the dispersion profile Mined at atomic resolution. The main source of NMR-derived
yields the exchange rates, populations, and chemical shiftStructural information remains interproton distances measured

differences between the states. from the NOE; NOEs between protons on different molecules
A nice example of functional insights from relaxation N @ macromolecular complex provide extremely valuable
studies of larger macromolecules involves Ehecoli outer information for defining the overall structure of the complex

membrane phospholipid transferase enzyme, PagP, in de{&-9., Figure 428). As mentioned above, enhanced spin
tergent micelles. Perdeuteration and TROSY-based backbonéPin interactions in larger, slowly tumbling molecules
amide relaxation measurements revealed flexible logps ( complicate recording high-resolution NOE spectra. Although
and dynamic interconversion between two states with dif- Iln_eW|dths can be _narrowed through uniform perdeuteration,
ferent dynamic behavior on the microsecond to millisecond this also results in a reduction of the number of proton
time scale (Figure 5/@). The dynamics measurements were distance restramt_s avqllable for. structure dgtermlnatlon.
able to link the structural features required for substrate However, for medium-sized proteins, deuteration at a level
recognition with the conformational changes required for Of 50—75% appears to be a good compromise, sufficiently
enzymatic catalysis (translocation, in this case). Although improving linewidths while retaining enough protons for
the E. coli PagP polypeptide is not exceptionally large by NOE measurements,(9).

NMR standards, in detergent micelles it has a rotational For larger macromolecules, overlap and fast relaxation
correlation time corresponding to a-560 kDa macromol- make complete assignments of side chain resonances difficult
ecule. to obtain. For proteins in this category, an effective approach
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Ficure 6: Residual dipolar couplings (RDCs). (a) One-bond RDCs
arise due to incomplete averaging of the orientation-dependentHowever, if the molecule is weakly constrained to have a
interaction of nuclei in partially aligned samples and is dependent preferred orientation relative to the external magnetic field,

on the anglé? between the external fiel®,, and the bond vector. . . .
(b) Measurement of the one-bond RDCs from differences in the the couplings no longer average to zero. The residual dipole

splittings observed between spectra from aligned (left) and isotropic dipole coupling between two sphfynuclei can be expressed
(right) samples (unpublished); the magnitudes of the splittings are as 61)
indicated in Hz. Data are for the trimeric form of the anti-TRAP

protein (76) (unpublished).
cogh—1
S T

is to focus only on assigning and measuring distances

involving the protein methyl groups and backbone amides, ) ) )

thereby removing the difficulty of assigning resonances and Where the maximal dipolar couplin@max, depends on the
NOEs for all carbon bound protons (esp. methylen&g) ( mtern_uclgar distance and magnetic suscgptlpltlles of the
13). The approach is successful because such labelinghuclei, 6 is the angle between the magnetic field and the
schemes provide optimal relaxation properties while retaining internuclear vector, and the brackets denote averaging of the
vital structural information connecting methyl groups, which  orientation of the bond relative to the external field (Figure
typically occupy hydrophobic cores and connect structural 6A). This equation is usually expressed in a form that relates
elements. The approach requires production of proteins in how the orientation of eaqh internuclear vector is averaged
which the only protons are those on methyl groups and by the (anisotropic) tumbling of the macromolecule:
backbone amides, with deuterium in place of all other carbon-

bound_protons. The introduction of methods for_efficiently D= Da[(3 codf — 1)+ §R sin? 0 cos 2 )
recording methytmethyl NOEs and implementation of the 2

methyl-TROSY effect in NOESY experiments have been

important developments for solution structure determination Here,Da is the principal component of the dipolar coupling
of large macromoleculesto—48). tensor and is determined by the degree to which the molecule

Molecular Orientation: RDCsThe relative orientations IS aligned with respect to the magnetic fieftand¢ describe
of interacting macromolecules, or of separate domains of athe orientation of the internuclear vector within this molecular
large macromolecule, involve spatial relationships that often alignment frame, an& is the rhombicity (anisotropy) of the
cannot be defined with traditional short-range structural alignment. Although RDCs could be measured between any
information obtained from NOEs and dihedral angles. Over NMR-active nuclei, because internuclear distances between
the past decade, development of methods for measuringdirectly bonded atoms are relatively fixed, the one-bond
residual dipolar couplings (RDCs) between NMR-active RDCs are most commonly used (e.g., the backboréNH
nuclei in partially aligned molecules have allowed NMR of proteins, or the HE-C1' in DNA and RNA). Thus, RDCs
spectroscopists to obtain information relating the relative allow one to determine the relative orientations of individual
orientations of individual bond vectors, and by extension, bonds in the molecule and can serve to orient domains
domains in a macromolecular assemig,(50). A tremen- relative to each other in the absence of other information.
dous advantage of this approach is that for domains of known Because the RDC does not describe a unique orientation
structure, orientations can be determined from a few easily (multiple values of) and¢ can yield equivalent RDCs), the
obtained resonance assignments alone. However, it shouldalignment tensor cannot usually be determined unambigu-
be noted that in its most commonly used form, the RDC ously from a single series of experiments. Instead, RDCs
provides orientation restraints, but no translational (distance)should be measured under conditions that cause the macro-
restraints, which must come from other sources. molecule to align differently with respect to the magnetic

Dipolar couplings arise from interactions between two field (49, 50). For axially symmetric oligomeric macromol-
NMR-active nuclei in the molecule (Figure 6). Although ecules on the other hand, the alignment tensor is independent
dominant in solid-state NMR spectra, in solution these of the alignment medium, is axially symmetriR in eq 2 is
couplings average to zero due to fast isotropic tumbling. zero) and is collinear with the symmetry axis (Figure 7). In
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global fold, NOEs were recorded on a sample with3C
labels in the methyl groups of ll&(), Leu and Val {H and

12C elsewhere). Using a series of three-dimensional and four-
dimensional (3D and 4D) TROSYNOESY experiments, a
set of distance restraints consisting of 748-HHN, 428
CHs;—CHs; and 415 CH—-HN distances were obtained,
amounting to an average of 2 distance restraints per residue.
To obtain convergence of the global fold, distance restraints
were supplemented with restraints from RDCs, torsion
angles, chemical shifts, and secondary structure prediction
(58).

Membrane ProteinsThe study of membrane proteins by
NMR is challenging primarily because it is usually necessary
Ficure 8: Solution structure of the 724 residue (81.4 kDa) malate to mcorporate the protein into membrane-mimicking d(_ater-
synthase enzyme determined using NOEs involving only backbone gent micelles1). Consequently, even for smaller proteins,
amide protons and methyl groups, residual dipolar couplings, and the resulting proteirmicelle complexes have an effective
chemical shift informationg8). Left, ensemble of 10 low-energy  mpglecular weight beyond 50 kDa. Despite the caveats
structures (1Y8B.pdb). Right, cartoon representation of the lowest ;o ntioned above concerning data sparcity for NOEs measur-
energy structure. .

able upon perdeuteration, tremendous progress has been

these cases, the measured RDC depends only on the angl@ade in the past few years, enabling NMR-based structure
6 of each bond with the molecular symmetry a6&+55). determlnatlon of sever@rbarrel membrane_ proteins as well

A variety of methods for generating the desired weak aso-helical membrane proteins (reviewed in ré&and63).
alignments have been implemented, including the use of It should be noted that the use of paramagnetic spin labels
strained polyacrylmide gels, phospholipid bilayers, PEG/ 10 provide adqunal distance restraints (via distance-
alcohol mixtures, and filamentous phad®,(50). The most depgndent (elaxat|on enhancement, PRE) has emerged as a
common means of measuring residual dipolar couplings is Particularly important developmené4—66).
by recording spectra in which the alignment-dependent RDCs For instance, the global fold of the outer membrane
are observed by their effect on the splittings that arise from protein, OmpA, in DPC micelles could determined from only
the alignment-independent one bond scalar couplitlys, 90 distance restrains (46"HHN and 42 H'—H* obtained
That is, spectra are recorded on isotropic (control) and from 3D H'-NOESY-TROSY data) and dihedral angle
aligned samples in which the observed signals are allowedrestraints obtained from secondary structure prediction
to be split by the one-bond scalar coupling, and then the (Figure 9) 67). Notably, the structural characteristics of the
magnitude of the splittings are compared; the difference in S-barrel fold made it possible to define the global fold from
measured splitting between the isotropic and aligned samplegeadily detected M-H" NOEs between neighboring strands;
is the RDC (Figure 6B). A number of multidimensional it is unlikely that for other types of structures such sparse
approaches have been proposed to measure RDCs; foinformation would result in a well-defined global fold.
obtaining the N-H RDC in large macromolecules, measuring  Significant improvements in the resolution of the structure
the difference in peak positions between HSQC (decoupled)could be achieved by addition of 320 long-range restraints

and TROSY (coupled)56), or TROSY-HNCO based
experiments have been shown to be reasonably effe&ifye (
Large Monomeric Proteind he largest monomeric protein

obtained from PRE experiments with spin labels attached at
11 different positions in the protein6%) and through
measuring RDCs in micelle samples aligned in strained

structure solved by NMR to date is that of malate synthase polyacrylamide gels@2).

G (MSG), an 81.4 kDa enzymé&8) (Figure 8). The structure

RNA. Greater disorder and degeneracy in comparison to

was obtained by first assigning the backbone and methyl sideproteins complicate NMR studies of larger nucleic acids and
chain resonances of the 732-residue protein using perdeutheir complexes. However, paralleling the advances in NMR
terated, specifically protonated samples and a set of 4Dof larger proteins, isotope labeling strategies have allowed

TROSY-based NMR experimentsg, 60). To determine the

investigation of RNAs whose spectral complexity would have

Ficure 9: Solution structure of thg-barrel OmpA membrane protein in phosholipid micellé®, €5, 67) determined using chemical shift
information and M—HN and HN—H> NOEs (left), and after including paramagnetic relaxation (PRE) restraints (middle), or RDC restraints
(right). Reproduced from ref2 with permission. Copyright 2006 Elsevier.
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previously been prohibitive 7/, 7§. For example, by
implementing segmental and residue-specific isotope labeling
strategies, the solution structure of domain Il of the hepatitis
C virus IRES (internal ribosome entry site) RNA was
determined using both conventional and RDC restraints .
(Figure 10) (7, 68). Although the domain adopts an
extended structure, inclusion of the orientation information
frqm R.DC restraints enabled precise def_|n|t|on of _the Ficure 10: Solution structure of the HCV IRES domain 11 RNA
orientation of the top and bottom of the domain. Comparison getermined by NMR without (left) and with (right) inclusion of
of the NMR spectra from the isolated 64 nt domain with the RDC restraints §8). Reprinted with permission from ref 68.
spectrum of the segmentally labeled intact (100 kDa) IRES Copyright Nature Publishing Group 2003.

showed that the isolated domain adopts the same structure
as in the larger context.

Going even farther up the molecular weight ladder for
RNA, the solution structure of a 101 nt RNA from the core
encapsidation signal of the Moloney murine leukemia virus
(~35 kDa) was determined, both fre@df and in complex
with the nucleocapsid domain of the Gag polyproteif)(

To achieve this daunting feat, eight differently labeled RNA
samples were prepared, using nucleotide-specific labeling
(i.,e., A, C, G, U) of both the intact RNA and of smaller
domains. AlthougHH-C RDCs were used for refinement

of individual RNA fragments, due to experimental complica-
tions, their relative orientations could not be defined in the 2
absence of the proteir69). Ficure 11: Quaternary structure of the R state (liganded) of

Domain OrientationConformational changes that lead to  hemoglobin in solution§6). RDC measurements indicate that the

differences in the relative orientations of domains or subunits relative orientation of thew/3; anda,3, domains in solution differs

in multidomain complexes are often mechanistically impor- from either of two crystallographically observed conformations. The
tant. In manv such cases. crvstalloaraphically determined symmetry axes for the crystallographically observed structures are
: y » CIy grap y shown in green and black; the NMR-determined alignment axis

structures are plagued by the uncertainty that the observedies between these two. Figure reproduced from 56f with
orientations could be the consequence of crystal packingpermission. Copyright 2003 National Academy of Sciences.
forces {{1). For this reason, and because the lattice tends to
freeze out large-scale conformational changes, it is essentiasymmetric. Because the alignment tensor is coincident with
to be able to determine relative orientations of domains in the symmetry axis, the orientation of ACP relative to LpxA
solution. could be determined from RDC measurement$NfACP

In one of the first applications of RDCs to RNA structure bound to LpxA, without the need to obtain assignments for
analysis, partial resonance assignments and RDC datedhe larger molecule. With the known structures of ACP and
revealed differences in the global arrangements of the LpxA, a 3D model of the ACP-LpxA complex could be
acceptor and anticodon stemskafcoli tRNAVa in solution ~ quickly obtained from the RDC restraints together with
and in crystals 72). The implied adaptability of the RNA  chemical shift perturbations on ACP, and biochemical data
has important implications for charging by tRNA synthetases, identifying critical residues on LpxA.
recognition by EFG/EF-Tu and ribosome binding.

A particularly relevant example of the use of RDCs for CONCLUSION
domain orientation involves studies of the structural basis
for allostery in the classic model, hemoglobin, a heterotet-
rameric protein. Decades of biophysical data led to the
classical model of allostery by interconversion between
“relaxed” (R, high affinity) and “tense” (T, low affinity)
states. Because of its32 subunit composition, the molecule
exhibits C2 symmetry between the;5; and o5, dimers.
Experimentally measured RDCs were found not to fit either
of two crystallographically determined R-state structures but
indicate that in solution the average orientation lies roughly
halfway between them5¢) (Figure 11). Indeed, the same
approach allowed the conformational change involved in the
T — R transition to be monitored directlyr ).

ComplexesRDCs have proven useful in structural char-
acterization of several proteitprotein and proteinligand
complexes. One example is the 95-kDa complex between nckNOWLEDGMENT
acyl carrier protein (ACP) and the trimeric acyltransferase
protein (LpxA) (74). Although ACP is monomeric, upon The authors thank J. Ottesen, J. Wu, and R. Wilson (OSU)
binding to trimeric LpxA, the entire oligomer is 3-fold axially ~ for critical reading of the manuscript.

Over the past decade, advances in spectroscopic and
isotope labeling methods have expanded the range of NMR-
tractable biochemical problems by at least an order of
magnitude. The capacity of NMR spectroscopy to reveal the
three-dimensional structure of macromolecules is rivaled only
by X-ray crystallography. Although its capacity for structure
determination is importan?7g), NMR spectroscopy is unique
in its ability to illuminate, at atomic resolution, macromolecule/
ligand-binding sites, conformational changes, and macro-
molecular motions (dynamics). While the applicability of the
range of NMR tools to individual large molecules will
continue to be system-dependent, ongoing developments can
be expected to continue to expand the biochemical reach of
macromolecular NMR spectroscopy.
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NOTE ADDED IN PROOF

A strategy for assignment and structure determination of
large proteins without resorting to deuteration has recently 22
been described. The approach combiies°N-edited NOEs
with data from a limited set of through-bond correlation

experiments to obtain backbone and side-chain assignments

and has been shown to be effective for proteins up to 65
kDa (79).
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