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ABSTRACT: The invariance of NMR residual dipolar couplings (RDCs) in denatured forms of staphylococcal
nuclease to changes in denaturant concentration or amino acid sequence has previously been attributed to
the robustness of long-range structure in the denatured state. Here we compare RDCs of the wild-type
nuclease with those of a fragment that retains a folded OB-fold subdomain structure despite missing the
last 47 of 149 residues. The RDCs of the intact protein and of the truncation fragment are substantially
different under conditions that favor folded structure. By contrast, there is a strong correlation between
the RDCs of the full-length protein and the fragment under denaturing conditions (6 M urea). The RDCs
of the folded and unfolded forms of the proteins are uncorrelated. Our results suggest that RDCs are
more sensitive to structural changes in folded than unfolded proteins. We propose that the greater
susceptibility of RDCs in folded states is a consequence of the close packing of the polypeptide chain
under native conditions. By contrast, the invariance of RDCs in denatured states is more consistent with
a disruption of cooperative structure than with the retention of a unique long-range folding topology.

Whether in a test tube or a cell, protein folding starts from
denatured states (1, 2). Structure that persists in denatured
states has the potential to affect protein stability (3), and to
facilitate or hinder protein folding (1, 4). Partially formed,
unfulfilled structures in denatured proteins may play roles
in misfolding processes such as amyloid fibril formation (5,
6). Moreover, modeling the mechanisms by which proteins
become structured requires information about the initial
denatured states in protein folding.

It is increasingly accepted that structure persists in
denatured proteins and that the “random coil” model is a
poor approximation for unfolded proteins (3, 7, 8). Neverthe-
less, fundamental questions remain about the type and
amount of structure present. Foremost among these questions
is whether long-range structure persists under denaturing
conditions. Standard NMR methods typically show evidence
for only short-range structure (9-12). Indirect support for
long-range structure comes from relaxation data that identify
segments of unfolded polypeptides connected through com-
mon dynamic properties (13-17). If the chain were a random
coil, the motion of different segments would be uncorrelated.
Nevertheless, a structural description of the dynamics
described by NMR relaxation data remains elusive. More
direct evidence for long-range structure has been obtained
for the intrinsically unfolded state of an SH3 domain (18).
Distance contacts were detected using HSQC-NOESY-
HSQC experiments in conjunction with perdeuterated protein
samples. Perdeuteration extends the distance sensitivity of
NOE spectroscopy from∼5 to ∼10 Å (18). Long-range

distance contacts were identified, and an ensemble of
structures was calculated for the unfolded form of the SH3
domain (18). Subsequent studies, however, led to a down-
ward revision of the number of long-range distance contacts
in the unfolded SH3 domain (19). An alternative way to
probe long-range distance contacts is with paramagnetic spin-
labels, which are sensitive to distance contacts as large as
∼20-25 Å (20). Paramagnetic probes were used to identify
long-range distance contacts in the unfolded∆131∆ fragment
of staphylococcal nuclease (SN),1 and these restraints were
used to model the structure of the denatured fragment (20).
The paramagnetic labeling approach has also shown evidence
for long-range structure in the denatured states of protein L
(21), apomyoglobin (22), and acyl-coenzyme A binding
protein (23). Features that complicate the spin-labeling
approach include the fact that distance contacts are transient
in nature. Like the NOE, relaxation of spins by paramagnetic
labels will be dominated by the distance of closest approach.
As such, the observed paramagnetic effects are subject to
dynamic averaging, which in principle could include averag-
ing between the unfolded protein and a small population of
the native protein.

Following the pioneering work of Shortle’s group, residual
dipolar couplings (RDCs) have become part of the repertoire
of tools used to investigate structure in denatured proteins
(24). RDCs for bonded pairs of NMR sensitive nuclei such
as1H and15N depend on the angular orientation of the bonds
relative to the spectrometer magnetic field (25, 26). In
solution, dipolar couplings are averaged to very small values
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by the rapid and nearly isotropic tumbling that is typical of
globular proteins. The intrinsic rotational diffusion anisotropy
of proteins can be amplified by immersing the solutes in
one of a number of anisotropic matrices such as bicelles,
stretched or compressed gels, or phage particles (25). These
matrices impart a weak net magnetic alignment on the solute.
To retain the sharp signals typical of solution NMR, the
degree of alignment is tuned so that the dipolar couplings
have a magnitude that is∼104-fold smaller than in solid-
state NMR (26). In contrast to the distance contact informa-
tion provided by NOE spectroscopy or paramagnetic spin-
labels, RDCs provide information about angles of individual
bonds in the overall alignment frame of the molecule. RDCs
are exquisitely sensitive to local geometry, and consequently
have become a valuable tool for NMR structure refinement
(27, 28). They are sensitive to long-range structure in the
sense that for a rigid structure the RDCs must satisfy both
individual bond angles and parameters related to the overall
anisotropy of the molecule, specifically, the axial and
rhombic components of the molecular alignment tensor. The
latter parameters determine the distribution of RDCs ob-
served for a given solute (29, 30). The situation becomes
considerably more complicated, however, if a molecule is
composed of multiple independent domains. The hallmarks
of a protein with independently oriented domains are that
(i) a single alignment tensor may fail to simultaneously
satisfy all the RDCs and (ii) the magnitudes of RDCs can
show systematic differences between independent domains
(31-33).

RDCs, comparable to those seen in native proteins, were
first observed by Shortle’s group for the denatured∆131∆
fragment of staphylococcal nuclease oriented in bicelles or
gels (24, 34, 35). These findings have been confirmed by
the observation of RDCs in denatured forms of eglin C (36),
protein GB1 (37), acyl-CoA binding protein (38), apomyo-
globin (39), and three additional proteins from our lab studied
in the presence of 6 M urea: the all-â OB-fold protein CspA,
the mixedR+â OB-fold protein LysN, and the GCN4-p
coiled coil (A. T. Alexandrescu, C. O. Sallum, and W. M.
Matousek, unpublished observations). RDCs have the po-
tential to shed new light on the structural properties of
denatured states by providing hitherto unavailable angular
information. Except for eglin C (36), and the relatively simple
R-helix formed by the S-peptide fragment of ribonuclease
A (40), RDCs in denatured proteins do not appear to agree
with the RDCs of the corresponding native states (24, 37,
39). The disagreement between RDCs of native and dena-
tured states of the same protein could be due to (i) differences
in structure, (ii) differences in overall alignment, (iii)
differences in localized motions that affect theS order
parameters and hence the magnitudes of RDCs, and (iv)
segmentation of the unfolded polypeptide chain into multiple
domains with noncoincident alignment tensors.

RDCs for the denatured∆131∆ fragment of SN were
attributed to the persistence of a nativelike topology in the
denatured state (24, 34). The evidence that a nativelike
topology persists in the denatured nuclease comes from
paramagnetic spin-labeling studies of the∆131∆ fragment
(20, 24, 36). The RDCs of denatured staphylococcal nuclease
were shown to be nearly invariant with changes in denaturant
concentration, pH, and perturbations of the amino acid
sequence (24, 34, 35). The conservation of RDCs over a wide

range of denaturant conditions, and when the polypeptide is
truncated by as much as 20%, was interpreted as a reflection
of the resilience of structure in the denatured state (35). The
topology of the denatured state was hypothesized to be
determined by local steric interactions between the main
chain and the various genetically encoded side chains (35).
This novel model of the denatured state has been considered
by some of the most authoritative theoreticians in protein
folding (41-44).

Because there are a number of folded forms known for
staphylococcal nuclease, the protein provides a unique
opportunity to examine how RDCs are affected by perturba-
tions in different native and denatured states. Here we show
that the subtle differences in structure between SN (45) and
SN‚T (46), the ternary complex of SN with Ca2+ and the
inhibitor pdTp, are comparable to the differences reported
between denatured forms of the protein. Still larger differ-
ences in RDCs are observed when wild-type SN is compared
to the folded SNOB fragment (47) which is missing the last
47 of 149 residues. In contrast, the two proteins give very
similar RDCs in 6 M urea, confirming previous reports about
other denatured forms of staphylococcal nuclease (24, 35).

Our results argue against the presence of long-range
structure in SN under strongly denaturing conditions. Whereas
in folded proteins changes in one part of the structure affect
sites distant in the polypeptide chain, the invariance of RDCs
in the denatured state suggests a lack of cooperatively
stabilized structure. We propose that the RDCs observed in
denatured proteins could reflect the presence of localized
anisotropic structures that are independent of global structural
constraints.

EXPERIMENTAL PROCEDURES

Materials.Staphylococcal nuclease (SN) was purified from
Escherichia colistrain T7/MG containing plasmid pSNWT11a
(48), a gift from J. Flanagan (The Pennsylvania State
University, State College, PA). Expression and purification
of 15N-labeled SN were carried out as previously described
for the∆131∆ fragment of the protein (10), except that the
E. coli culture was grown at 28°C, and the temperature was
increased to 37°C only after induction of the nuclease gene
with IPTG. The highly active wild-type SN is toxic to cells,
andE. coli cells quickly lose the plasmid harboring the DNA
and RNA-hydrolyzing enzyme at the higher temperature (D.
Shortle, personal communication). Cell growth at 37°C is
not a problem with less active mutants of nuclease such as
the SNOB fragment. The SNOB fragment was expressed in
E. coli HMS174 (DE3) cells using a pET11a-derived vector
designed in the Shortle lab (47). 15N-labeled SNOB was
expressed and purified as previously described (47).

The inhibitor pdTp was a gift from B. Garcia-Moreno and
D. Karp (Johns Hopkins University, Baltimore, MD). Pf1
phage was purchased from ASLA Biotech Ltd. (Riga,
Latvia). The apparatus used to prepare stretched gels and
NMR tubes for gels were purchased from New Era Enter-
prises (Vineland, NJ). Electrophoresis-grade acrylamide and
bisacrylamide were from Bio-Rad. CaCl2 and “ultra-grade”
urea were from Sigma-Aldrich. Concentrations of urea stock
solutions were determined from refractive index measure-
ments (49).

Phage Alignment.Samples aligned with Pf1 bacteriophage,
strain LP11-92 (ASLA Biotech Ltd.), were prepared in a total
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volume of 360µL and had a final phage concentration of
15.5 mg/mL. We found that under these conditions SN and
SNOB are insoluble, but that the proteins readily dissolve if
NaCl is included at a final concentration of 0.47 M. Nuclease
is highly positively charged (pI 9.9), and high salt concentra-
tions presumably reduce the number of strong electrostatic
interactions with the negatively charged phage particles (50).
The phage-aligned and isotropic control samples in the
presence of 0.47 M salt had1H-15N HSQC chemical shifts
that were nearly identical to those of the protein in the
absence of salt. The inclusion of 0.47 M salt in the phage
medium used for alignment thus does not appear to signifi-
cantly affect the structure of SN. This is also supported by
the agreement of the RDC data sets for SN and SN‚T with
their respective X-ray structures. The only region in SN that
appears to be perturbed by salt and/or phage is the loop
segment between residues 113 and 118 (see the text). For
the phage alignment experiments, SN and SNOB concentra-
tions were 0.3 mM, the pH was 7.6, and the temperature
was 25°C.

Polyacrylamide Gels.Gels for RDC measurements were
prepared from a stock solution of 40% (w/v) acrylamide and
2% (w/v) N,N′-methylenebisacrylamide, to a final acryla-
mide:bisacrylamide ratio of∼5:1 (v/v of stock solutions).
Cylindrical 7.5% gels (500µL) were cast using the 600 MHz
Gel NMR Kit (New Era Enterprises) to a diameter of 6 mm.
The gels were dialyzed three times in distilled water, dried
overnight at 32°C, and rehydrated by being soaked overnight
in solutions of 0.3-0.5 mM protein in a 85% H2O/15% D2O
mixture. The slightly higher D2O concentration of 15% was
used to facilitate locking on the D2O signal of the aligned
samples. Native SN and SNOB were in 20 mM acetate buffer
at pH 4.9 and 5.3, respectively. Denatured SN and SNOB
samples were in 6 M urea at pH 3. Once rehydrated with
protein solutions, the gels were gently pushed into open-
ended 600 MHz gel NMR sample tubes from New Era
Enterprises, as described in the manufacturer’s instructions.
The bottom end of the tube was sealed with a plug, and the
top was sealed with the plunger provided in the kit. NMR
data were collected at 25°C for the folded proteins and at
32 °C for the denatured proteins.

NMR Spectroscopy.All NMR data were collected on a
Varian Inova spectrometer operating at 600 MHz. NMR
assignments for folded SN, SN‚T, and SNOB were obtained
from the BioMagResBank. Denatured SN and SNOB in 6
M urea at pH 3 and 32°C were assigned by extending
published assignments for SN at pH 3.0 and 32°C in the
absence of urea (51). Starting from the published assign-
ments, we used a series of HSQC spectra in increments of
∼1 M urea to follow the titration of SN peaks from 0 to 6
M urea. Assignments for denatured SNOB were obtained
by comparison to the spectrum of the full-length SN, and
also made use of published1H-15N HSQC assignments for
a 1-110(G88W) fragment of SN in the presence of 6 M
urea at pH 4.9 and 32°C (52).

1JHN splittings were measured using twice the frequency
difference in hertz between corresponding peaks in1H-15N
HSQC and TROSY spectra (53). We previously measured
1JHN splittings from spectra that selectively recorded the top-
right and bottom-right (TROSY) components of coupled1H-
15N quartets (40). For large molecules, the relaxation
properties of the top-right component are unfavorable,

resulting in large sensitivity losses. We found that pairs of
HSQC-TROSY spectra (53) are a more effective way to
measure1JHN splittings. The spectra were acquired with 1024
× 256 complex points for the folded proteins and 1024×
512 complex points for the denatured proteins. Spectra were
typically zero filled to 2048× 2048 points to allow accurate
cross-peak picking and15N frequency measurements with
Felix 2000.1 (Accelrys). RDCs were calculated from the
difference in 1JHN values between isotropic and aligned
samples (RDC) 1JHN,isotropic - 1JHN,aligned) (38).

To obtain estimates for the uncertainties in RDCs, we
obtained duplicate or triplicate measurements of1JHN,aligned.
Uncertainties were then calculated as the average over these
replicate measurements (Table 1). In most cases, the
uncertainties in1JHN were on the order of∼1.0 Hz. Larger
uncertainties were obtained for folded SN in pf1 phage
particles or gels, but the range of RDC values for these
samples was almost 3 times as large. In most cases, RDC
measurements were repeated as much as 4-6 months after
the original experiments, and then once again back to back.
The RDCs of denatured samples in 6 M urea exhibited little
if any change over a period of months. Differences for RDC
measurements separated by months were comparable to the
differences between RDC data sets collected back to back.
For folded SN in pf1 phage, there was evidence for small
changes in the sample over time. A mean error of 1.8 Hz
was obtained between data sets collected 6 months apart
compared to an error of 0.8 Hz for data collected 1 day apart.
The uncertainty quoted in Table 1 for folded SN aligned in
pf1 phage particles may thus be overestimated.

Module (54) and PALES (55) were used for the structural
analysis of RDCs.

Table 1: Summary of RDC Data Statistics, Fits to the Wild-Type
Nuclease Structure, and Correlations

RDC data seta
no. of
points

range/mean error
(Hz)b

Q-factor for
fit to structurec

f_SN‚T (pf1) 65 -15 to 27/ND 0.28
f_SN (pf1) 63 -29 to 40/1.5 0.19
f_SNOB (pf1) 74 -21 to 21/0.5 0.75
f_SN (gel) 58 -29 to 33/1.1 0.25
f_SNOB (gel) 66 -10 to 10/ND 0.81
d_SN (gel) 66 -16 to 3/0.5 0.95
d_SNOB (gel) 41 -10 to-1/0.3 0.93

correlation
no. of
points R-valued

F (correlation
probability)

f_SN vsf_SN‚T (pf1) 48 0.90 <0.0001
f_SN vsf_SNOB (pf1) 46 0.63 <0.0001
f_SN vsf_SNOB (gel) 30 0.67 <0.0001
d_SN vsd_SNOB (gel) 33 0.86 <0.0001
f_SN vsd_SN (pfl/gel) 33 -0.21 0.25
f_SN vsd_SN (gel) 32 -0.16 0.36
f_SNOB vsd_SNOB (pf1/gel) 30 0.10 0.62
f_SNOB vsd_SNOB (gel) 30 -0.10 0.61

a The italic charactersf andd indicate proteins in their folded and
denatured forms, respectively. The parentheses indicate whether the
sample was aligned using polyacrylamide gels or pf1 phage particles.
b The range of RDC values in the given data set and the mean error of
the RDC estimated from replicate (duplicate or triplicate) measurements.
c The RDC data were fit to X-ray structures of wild-type staphylococcal
nuclease. TheQ-factor [Q ) rms(RDCexp - RDCcalc)/rms(RDCexp)]
tends to zero as the fit between experimental RDCs and those calculated
from a structural model improves.d Pearson’s correlation coefficient.
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RESULTS

Different Forms of Staphylococcal Nuclease Used for RDC
Studies.NMR residual dipolar couplings (RDCs) for dena-
tured nuclease were previously reported to be nearly invariant
with changes in denaturant concentration or truncation of
the polypeptide chain by as much as 20% (24, 35). The
conservation of RDCs was attributed to the robustness of
long-range structure in the denatured state (35). In this work,
we compare the response of RDCs to perturbations of native
and denatured states. In the presence of Ca2+ and the
substrate analogue inhibitor pdTp, SN forms a ternary
complex which we will designate SN‚T. The X-ray structures
of the SN apoprotein [PDB entry 1EY0 (56)] and of the
ternary complex SN‚T [PDB entry 1SNC (46)] are very
similar, with an rmsd of 0.67 Å over 133 residues. Significant
differences between the structures are restricted to parts of
the active site loops that participate in Ca2+ or inhibitor
binding (residues 18-22, 38-53, 83-87, and 112-116).
The apoprotein shows slightly increased backbone dynamics
compared to the complex (14).

The wild-type SN was also compared to a very unusual
mutant fragment called SNOB. The SNOB fragment corre-
sponds to residues 1-103 of the 149-residue wild-type SN,
and contains two rare “global suppressor” mutations, V66L
and G88V (47). Although SN unfolds with a cooperativity
characteristic of a single protein domain (1), the SNOB
fragment retains a well-defined tertiary structure in the
absence of the C-terminal third of the chain. The NMR
structure of SNOB (47) suggests that the V66L and G88V
global suppressor mutations stabilize structure in the fragment
by reinforcing the hydrophobic core of the protein’sâ-barrel.
This five-strandedâ-barrel is a conserved structural motif
in the OB-fold family of proteins, and its relatively autono-
mous folding may reflect a role in the evolution of OB-fold
proteins (47, 57). OB-fold proteins combine the conserved
five-strandedâ-barrel structural motif with more variable
elements of structure (58, 59). In the three nonhomologous
OB-fold proteins studied so far in our lab, the conserved
â-barrel is more stable to partial unfolding than the noncon-
served elements of structure (59). The structures of SN and
SNOB have an rmsd of 4.0 Å over 95 residues. If disordered
loops outside of the conserved cores of the two proteins are
excluded, SN and SNOB agree to an rmsd of 1.9 Å over 60
residues (residues 10-35, 55-76, and 89-100). Backbone
flexibility as measured by NMR relaxation parameters is
much more pronounced in SNOB than in SN. The portions
of the structure that are packed against the two C-terminal
R-helices in the wild-type SN show the largest flexibility
increases in SNOB (14). Chemical shift differences between
SN and SNOB are also larger than between SN and SN‚T
(Figure 1A,B).

In addition to native forms of the protein, we also
compared RDCs for SN and SNOB unfolded in 6 M urea.
Denatured SN shows large amplitude backbone dynamics,
and the degree of main chain flexibility is highly variable
along the length of the polypeptide chain (14). The chemical
shift differences between SN and SNOB in 6 M urea are
small relative to those between the folded forms of the
protein (Figure 1C).

Structural Analysis of RDCs in Folded Nuclease.Figure
2 shows fits of RDC data to X-ray structures of nuclease.

Figure 3 shows the principal axes of the alignment tensors
obtained from the fits, overlaid on the structures.

FIGURE 1: Superposition of NMR spectra for different forms of
staphylococcal nuclease: (A) SN (black) and SN‚T (red), (B) SN
(black) and SNOB (red), and (C) denatured SN (black) and
denatured SNOB (red) in the presence of 6 M urea. All spectra
were collected at 25°C. The pH values for the samples were 5.8
for SN, 6.1 for SN‚T, 5.9 for SNOB, and 3.0 for denatured SN
and SNOB.
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In the case of SN‚T, the data were fit to the 1.65 Å
resolution 1SNC structure (46). Even though an older
structure (2SNS) of the ternary complex has a better
resolution of 1.5 Å, a better fit was obtained with the 1SNC
structure. The sole exception is residue V114, which is a
pronounced outlier and was not included in the fit (Figure
2A). V114 gives acceptable fits to other nuclease structures,
so the discrepancy appears to be an artifact of the 1SNC
structure. Fits of the RDC data to other structures gave
similar results, a good fit overall, except for one or two strong
outliers (for example, K84 in the 2SNS structure). Because
it exhibited better agreement with the RDC data, we chose
to use the 1SNC structure for analysis.

The X-ray structure with the best agreement with the RDC
data for unbound SN is the 1.9 Å resolution 1KDB structure
(60). As with SN‚T, there are X-ray structures with better
resolution than 1KDB (e.g., 1EY0 has a resolution of 1.6
Å), but the 1KDB structure gives the best agreement with
the SN RDC data. The 1KDB structure is of a K116E single-
site mutant that changes the conformation of the loop
betweenR-helices 2 and 3, which includes the site of the
mutation. This region shows the strongest outliers in fits of
the RDC data to the SN structure. Because of these factors,
we decided to omit the three residues (Y113, V114, and
N118) flanking the K116E mutation from the analysis of
RDCs for SN (Figure 2B).

Figure 2C shows a fit of the RDC data for SNOB to
residues 1-103 of the X-ray structure for wild-type SN
(1KDB). The fit for the SNOB RDC data is much poorer
than that for SN‚T and SN. Similar results were obtained
when the RDC data for SNOB were fitted to the NMR
structure of SNOB. The largest residuals for the fit to the
X-ray structure are clustered to distinct regions of the protein.
The first region is between residues 39 and 63 (Figure 2C).
This consists of a long disordered loop and anR-helix
betweenâ-strands 3 and 4 (47). Both of these elements of
structure pack against the two C-terminalR-helices of SN,
which are missing in the SNOB structure. The second region
is between residues 64 and 80. This region encompasses the
fourth strand of theâ-sheet (residues 70-75) and a dynami-
cally disordered loop betweenâ-strands 4 and 5 (47). The
two regions, particularly residues 39-63, increase the scatter
of the fit and weaken correlations to the RDC data.
Interestingly, experimentally determined RDCs for the flex-
ible regions in SNOB span a greater range of values (from
-21 to 21 Hz) than those predicted on the basis of the
structure (from-13 to 10 Hz) when all the data are used in
the analysis. The larger-than-expected RDCs for the unstruc-
tured loops in SNOB suggest that the flexible parts of the
molecule exhibit intrinsic anisotropy that is distinct from that
of the globular core of the molecule.

Modeling experiments with Module further support this
hypothesis. Module makes it possible to subdivide a structure
and fit the RDC data for segments separately (54). If the
segments are rigidly linked, alignment of the principal axes
of the individual segments can be used to model the change
in relative orientation between the segments. Applying this
procedure to residues 64-88 of SNOB results in a displace-
ment of strandâ4 from the rest of the barrel structure, which
would preclude hydrogen bonding with strandâ5 and
completion of the native OB-foldâ-barrel structure. When

FIGURE 2: Fits of RDC data obtained from samples oriented in
pf1 phage particles to native state X-ray structures. (A) RDC data
for SN‚T fit to the X-ray structure of the ternary complex (1SNC)
(B) RDC data for SN fit to the X-ray structure of the apoprotein
(1KDB). (C) RDC data for SNOB fit to residues 7-103 of the
X-ray structure of the intact nuclease apoprotein (1KDB). The red
points for SN and SN‚T were outliers not included in the fits (see
the text). The blue and purple points for SNOB are RDCs from
two highly flexible segments in the protein. The lines show the
fits to all the data (red) and the data excluding the two flexible
loops (black). The quality of RDC fits to structures can be described
by theQ-factor [Q ) rms(RDCexp - RDCcalc)/rms(RDCexp)]. The
Q-factor decreases toward zero as the agreement between experi-
ment and model improves (69). The Q-factors for the fits were
0.28 for SN‚T, 0.19 for SN, and 0.75 for SNOB with all points
(0.46 for the partial fit indicated by the black line).
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this structure is stored and used as an alternative model for
the experimental RDC data, the fit for residues 64-88
remains as poor as with the original native structure. This
behavior is a hallmark of a molecule with multiple segmental
alignment tensors (32, 33). It might seem counterintuitive
for disordered segments of a protein to have sufficient
anisotropy to give RDCs comparable or larger than those in
a folded globular protein. Collapse of a protein to a folded
globule structure should minimize anisotropy as a protein
comes close to achieving a spherical shape. On the other
hand, partially folded incomplete structures will have a
greater chance to deviate from globular structures, which is
borne out by the sizable RDCs observed for a number of
proteins under denaturing conditions. The tendency to adopt
anisotropic structure in partially folded proteins will be
balanced by an increase in internal dynamics, which will
have the effect of decreasing the sizes of RDCs.

Figure 3 shows the principal axes of the alignment tensors
for the three folded forms of nuclease superimposed on their
structures. The alignment tensors of SN‚T (Figure 3A) and
SN (Figure 3B) are similar, but have small differences. The
alignment tensor of the SNOB fragment (Figure 3C) shows
large differences compared to the alignment tensors of the
two intact proteins.

In addition to pf1 phage particles, RDC data for SN and
SNOB were obtained using axially stretched 7.5% polyacry-
lamide gels as an alignment medium. The results from the
gels are in excellent agreement with those from the pf1 phage
system (Table 1). As with the phage data, RDCs for SNOB
aligned in gels fall into two classes. The RDCs for the rigid
â-barrel core agree with the nuclease structure, and give a
Q-factor of 0.54, anR-value of 0.85, and a slope of 0.72.
By contrast, the RDC data for residues 38-80 give aQ-factor
of 0.87, anR-value of 0.41, and a slope of 0.18. The RDCs
predicted for the flexible portion of the molecule when all
the data are fitted to the structure (-4 to 5 Hz) were smaller
than those observed experimentally for the flexible regions
(-8 and 9 Hz).

The gel and phage data are internally consistent, and
strongly suggest that the discrepancies between the RDC data
for SNOB and SN reflect intrinsic differences in structure
and dynamics as opposed to interactions with the alignment
media. Interestingly, in the gel system, the SN loop segment
between residues 114 and 118 agrees with the 1KDB

structure, which is not the case with samples oriented in
phage. This suggests that the aberrant RDCs for this segment
with the phage system (Figure 2B) may be due to specific
interactions with phage, or due to the high salt concentrations
(∼0.5 M) needed to measure RDCs for nuclease in the phage
medium.

In gels, solutes achieve a weak net alignment through steric
hindrance. With the phage systems, solutes are oriented
through a combination of electrostatic and steric effects (25,
34, 55). Nevertheless, the RDC data obtained for nuclease
in the phage and gel systems are correlated. TheR-values
for the correlations are 0.87 and 0.70 for SN and SNOB,
respectively. These correlations indicate that the alignment
tensors and hence the alignment mechanism in the two media
are not unique (25, 34). At the high salt concentrations
needed to dissolve the nuclease in the phage system, steric
hindrance rather than electrostatics may dominate alignment
with the rodlike pf1 phage particles.

Comparisons of RDCs in Folded and Unfolded Nuclease.
Figure 4 compares the sequence profiles of RDCs in native
and denatured SN and SNOB. Whereas the native proteins
show both positive and negative RDCs with an average near
zero, the RDCs for the denatured proteins in stretched gels
are almost all negative. The prevalence of RDCs of the same
sign has been previously observed for a number of denatured
proteins (36, 38, 39, 61) and has been attributed to extended
conformations that align along the long axis of the orienting
media (38, 39, 61, 62). Thus, in a stretched gel, the
polypeptide chain would align longitudinally with the H-N
vectors perpendicular to the magnetic field. The couplings
expected for this type of mechanism would be predominantly
negative, as observed for denatured SN and SNOB (39).
Although couplings of the same sign have been noted for
the majority of denatured proteins studied thus far, we are
aware of at least three cases in which both positive and
negative couplings are observed: the protein eglin C in 8
M urea which shows a correlation between RDCs of the
native and denatured states (36), the acid-denatured form of
ACBP (38), and the protein CspA in the presence of 6 M
urea (A. T. Alexandrescu, unpublished observations).

The angular dependence of RDCs predicts that H-N bond
vectors at 90° to the spectrometer magnetic field should give
the largest negative values, while bond vectors parallel to
the magnetic field should give the largest positive values

FIGURE 3: Principal axes of alignment tensors obtained from the pf1 phage RDC data depicted in Figure 2. Alignment tensors were calculated
with Module (54). (A) SN‚T: Aa ) 11 × 10-4, Ar ) 4 × 10-4, R ) -87, â ) 118, andγ ) -35. (B) SN: Aa ) 16 × 10-4, Ar ) 5 ×
10-4, R ) -55, â ) 115, andγ ) -30. (C) SNOB: Aa ) -6 × 10-4, Ar ) -3 × 10-4, R ) -87, â ) 41, γ ) 25. The inhibitor pdTp
is shown in purple.
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(29). The presence of all negative RDCs in denatured forms
of nuclease suggests that all H-N vectors are distributed
along the equatorial section of a unit sphere (39, 61) and
precludes a nativelike protein structure. This can be tested
by setting all the RDCs observed for native SN in stretched
gels to negative values and fitting the new data set to the
native 1KDB structure. The parameters for the fit deteriorate
from anR of 0.97 and aQ-factor of 0.24 when the actual
values are used to anR of 0.58 and aQ-factor of 0.73 for
the synthetic data set with all RDCs set to negative values.
The poor quality of the fit occurs even though in the actual
data set for native SN two-thirds of the RDCs are negative.

A random flight Gaussian chain model (62) and a valance
chain model (63) have been proposed to explain the uniform
signs of RDCs in most denatured proteins studied to date.
In these models, the denatured state behaves like an extended
chain that orients along the longest dimensions of the
orienting medium. The models predict RDCs of the same
sign, with a flat sequence profile that decreases at the ends
of the chain (62, 63). The RDCs of denatured nuclease are
almost all negative, and there is a leveling off of the RDCs
at the chain ends as predicted by the model. On the other
hand, the sequence profiles for denatured SN and SNOB are
more complex than the flat profile predicted for a random
flight chain (Figure 4C,D). The fine structure observed in
the RDC data of both denatured SN and SNOB is consistent
with the presence of nonrandom structure (61, 63).

For stiff chains, the magnitudes of RDCs are expected to
level off with an increase in segment length (62, 63). By
contrast, the RDCs of denatured SNOB are nearly coincident
with those of the longer SN chain (Figure 4). This suggests
that the persistence length of structure in denatured SN must
be shorter than the entire chain.

RDCs for native and denatured SN both measured in
stretched 7.5% polyacrylamide gels are uncorrelated (Figure
5), in agreement with previous results (24). There is also no
correlation between the RDC data for native and denatured
SNOB in 7.5% gels (R ) -0.1, F ) 0.6; data not shown).
To date, a weak correlation between the RDCs of a native
and denatured protein has been reported for only eglin C
(36). The absence of a correlation need not imply a difference
in structures. A change in alignment tensor caused by a
substantially different orientation of the same structure could
give rise to different RDCs (64). We thus attempted to fit
the RDC data for denatured SN to the X-ray structure of
native nuclease, 1KDB, with Module (54). The fits demon-
strated a lack of correlation between the RDCs of the
denatured state and the best-fitting alignment tensor obtained
for the native SN structure (R) 0.13,F ) 0.30, andQ-factor
) 0.96). Comparable correlations were obtained with
alternative structural models, including unrelated folds such
as a TIM-barrel structure (PDB entry 1TIM), structures with
random dihedrals, and structures with all dihedrals set to the
R-helix or â-strand region ofφ-ψ space (not shown).

FIGURE 4: Sequence profiles of RDCs in (A) native SN, (B) native SNOB, (C) denatured SN, and (D) denatured SNOB. For the data in
panels C and D, the proteins were denatured in 6 M urea. The samples in panels A and B were aligned in pf1 phage, while the samples in
panels C and D were aligned in stretched gels. Uncertainty bounds (error bars in the plots) were estimated from replicate measurements.

6398 Biochemistry, Vol. 44, No. 17, 2005 Sallum et al.



Correlations of RDCs in Folded and Unfolded Nuclease.
Figure 6 shows linear correlations between different native
and denatured forms of SN. Parameters for these correlations
are summarized in Table 1. The RDCs of the apoenzyme,
SN, and the ternary complex SN‚T are strongly correlated
(Figure 6A), consistent with the similar X-ray structures of
the bound and unbound forms of the protein. Similarly strong
correlations withR-values above 0.8 have been observed
between RDCs of denatured forms of nuclease subjected to
different urea concentrations, changes in up to 10 sequence
positions, and truncation of 30 residues from either the N-
or C-terminus of the chain (35). A much weaker correlation
is seen between the folded forms of SN and the truncation
fragment SNOB, which is missing the last 47 residues in
the protein (Figure 6B). As described previously, the
differences between the RDCs of folded SN and SNOB are
likely to result from changes in both structure and dynamics.
As a control, we also looked at denatured SN and SNOB in
the presence of 6 M urea (Figure 6C). The two proteins in
their denatured states (Figure 6C) have more strongly
correlated RDCs than in their folded states (Figure 6B). We
performed replicate measurements of the data sets for native
and denatured SN and native and denatured SNOB to obtain
estimates in the errors of RDCs (Table 1). The replicate
measurements also allowed us to obtain uncertainty bounds
for the correlations in panels B and C of Figure 6. From
cross correlations of three data sets for native SN to two
data sets for native SNOB, we obtain six correlation plots
with an averageR-value and standard deviation of 0.46(
0.12. From cross correlations of three data sets for denatured
SN to each of three data sets for denatured SNOB, we obtain
nine correlation plots with an averageR-value of 0.85(
0.04. The correlations obtained for RDCs show the same
trend as correlations of chemical shifts between the proteins
(Figure 1). Pairwise comparisons of1HN shifts between the
different forms of nuclease gave the followingR-values: 0.99
for SN and SN‚T, 0.72 for folded SN and SNOB, and 0.93
for denatured SN and SNOB.

The principal axes of the alignment tensors for SN‚T and
SN are shown in panels A and B of Figure 3. There is a
slight change in the alignment tensor between SN‚T and SN,

and this accounts for the majority of the dispersion in the
correlation between SN and SN‚T (Figure 6A). When the
alignment tensor obtained from the best fit of the SN‚T RDC
data to the SN‚T X-ray structure (PDB entry 1SNC) is
imposed on the apo SN structure (PDB entry 1SNC), the
resulting correlation between the actual values for SN‚T and
those back calculated from the SN structure and the SN‚T
alignment tensor has anR-value of 0.99. By contrast, the
experimental SN‚T and SN RDCs correlate with anR-value
of 0.90 (Figure 6A). This suggests that the differences
between the two experimental data sets are primarily due to

FIGURE 5: Linear correlation of RDC data for native and denatured
SN, both aligned in stretched gels. At the 95% confidence level,F
is 0.37, indicating the absence of a statistically significant correla-
tion.

FIGURE 6: Linear correlation between RDC data sets for different
forms of staphylococcal nuclease. (A) Folded SN‚T and SN, both
oriented in pf1 phage particles. (B) Folded SN and SNOB, in pf1
phage particles. (C) Denatured SN and SNOB (6M urea) in stretched
gels. Error bars were estimated from replicate measurements, except
for SN‚T (y-axis in panel A) for which uncertainties were not
determined. For data points where error bars are not given, replicate
values were not determined.
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a change in alignment, rather than structure. For the very
similar SN and SN‚T structures, the slight difference in
alignment in the phage medium may be due to a difference
in the exposure of charged groups between the apoenzyme
and the enzyme in the ternary complex. The analysis
highlights that a correlation between two RDC data sets
requires both the structure and alignment to be conserved.

There are major differences between the RDCs of SN and
the SNOB fragment (Figure 6B). The increased dynamics
in the SNOB fragment are partially responsible for these
differences. Structural differences, as well as the difference
in the overall “shape” or rhombicity of SN and SNOB, are
additional factors contributing to the scatter in the RDC
correlation. A first-principle steric analysis with PALES (55)
of the orientation of SN and SNOB in bicelles predicts
intrinsically different RDCs (Figure 7). The simulations were
carried out for a bicelle medium rather than gels or phage,
because parameters for the former are more accurate (55).
Similar results, however, were obtained with simulations of
alignment in phage. The SNOB structure was modeled as
residue 1-103 of wild-type nuclease. Thus, the correlation
in Figure 7 is a conservative estimate of the minimum change
in RDCs that would result as a consequence of changes in
the rhombicity of the protein if the last 47 residues of the
wild-type nuclease were removed and the remainder of the
structure stayed exactly the same. In addition to SNOB, we
carried out similar simulations to examine the effects of
deletions of 30 residues from the N- or C-terminus of SN.
The deletions correspond to fragments that were reported
(35) to have denatured state RDCs that were strongly
correlated with those of a larger denatured fragment,∆131∆.
R-values of 0.98 and 0.97 were obtained experimentally for
the N- and C-terminal deletions, respectively (35). By
contrast, our simulations show that if the deletions did not
affect the remaining structure at all, the RDCs of the deletion
fragments would at best correlate with those of native SN
structures withR-values of only 0.67 and 0.80 due to the
change in rhombicity when 30 residues are deleted either
from the N- or C-terminus of the protein.

The relatively strong correlation of RDCs for denatured
SN and SNOB (Figure 6C) is at odds with models in which
the denatured state is a stiff chain, or a globular, expanded
version of the native state (35). If the denatured state had a
compact nativelike globular structure, the changes in rhom-
bicity that would result from truncation of the SN chain to
the shorter SNOB fragment should give differences in RDCs
larger than those observed between the denatured states of
SN and SNOB (Figures 6C and 7). If, on the other hand,
the denatured protein were an extended nonglobular but stiff
structure, the impact of a truncation on the anisotropy of
the chain, and hence on the magnitudes of the RDCs, should
be even greater (55). The simplest explanation for the
stronger correlations observed for the RDC values of the
denatured states of SN and SNOB is that long-range
structural constraints no longer dominate. Structural similarity
persists as borne out by the correlation of RDC values, but
only along short stretches of the polypeptide chain that appear
to be aligned independently of each other.

DISCUSSION

The conservation of RDCs in denatured forms of staphylo-
coccal nuclease (SN) has previously been attributed to a
conservation of folding topology (35). The results of this
work suggest an alternative explanation. RDCs in denatured
states are conserved because the structure in the denatured
state is fragmented. A perturbation in one part of the protein
will thus not affect the alignment of a second disconnected
element of structure. By contrast, in a folded protein,
structure is cooperatively stabilized. A perturbation in one
part of the chain affects noncontiguous segments brought
together in the three-dimensional fold of the protein. Our
hypothesis is supported by analysis of RDC data sets for
other proteins in the BioMagResBank.1H-15N RDC data
are available for three folded forms of troponin C aligned in
pf1 phage particles (65): the apoprotein, the Ca2+-saturated
holoprotein, and the protein in complex with a 31-residue
peptide from troponin I (BMRB entries 4822-4824, respec-
tively). TheR-values for pairwise correlations between the
RDCs of the three different forms are in the range of 0.71-
0.81, whenn ∼ 50. These correlations are weaker than those
for various forms of denatured staphylococcal nuclease (cf.
Table 1 of ref35). A second example, a PDZ domain of
PTP-BL, has been characterized in two splice isoforms (66).
Although the isoforms differ by only a five-residue insertion,
their H-N RDCs in pf1 phage (BMRB entries 5131 and
5762) correlate with anR-factor of only 0.12 as a result of
a change in alignment rather than structure. The RDCs of
folded proteins thus appear to be very sensitive to relatively
subtle changes in structure and dynamics. By contrast, RDCs
are conserved in denatured proteins, as has been illustrated
in this work by the direct comparison of SN and SNOB in
both their folded and unfolded forms.

To obtain a good match between RDC data sets, subtle
details of the structure as well as its overall alignment mode
must be preserved. The conservation of alignment modes is
difficult to reconcile with a model of the denatured state in
which structure is fragmented and dynamic. For example, if
an element of short-range structure were roughly independent
of the rest of the polypetide chain, it would be improbable
for the segment to randomly adopt the same orientation under
different conditions. A conspicuous feature of the data for

FIGURE 7: First-principles steric PALES analysis (50) of the effects
of a hypothetical C-terminal truncation (SN residues 104-149) on
RDCs. Residues 104-141 of PDB entry 1KBD were deleted with
INSIGHT II (Accelrys), and residues 7-103 were used for analysis
with PALES (55). The simulation specified an alignment in a
concentration of bicelles of 5.6% and a radius of gyration for the
protein of 13 Å, calculated according to the formulaRgyr ) 2.2-
(N)0.38 (70).
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denatured nuclease is that all the RDCs have the same sign.
This constrains possible models. For example, the data do
not support a model in which the topology remains native,
but different segments of the polypeptide have RDCs
dampened to different extents by backbone dynamics (36).
Such a model would affect the magnitude of the RDCs but
not their sign. The presence of only negative RDCs is also
difficult to reconcile with a change in shape but not in
structure (36). In a rigid molecule, RDCs of uniform sign
would imply a uniform orientation of bond vectors. This
could be consistent with a fibrous structure such as an
extendedR-helix or â-sheet but is unlikely for a globular
protein. It has been proposed that the preponderance of RDCs
with the same sign is consistent with extended conformations
that align along the longest axes of the matrix used for
alignment (38, 39, 62, 63). Another factor that might come
into play is that structures need to be anisotropic to give
rise to RDCs. As such, the RDC may detect nonspherical
conformation in preference to compact conformations in the
denatured state ensemble. As previously mentioned, however,
the RDC data of denatured SN are more complex than those
predicted for an extended random coil (62, 63). There is no
correlation apparent between the RDC data of denatured SN
and two other denatured proteins in stretched gels (4, 39),
as might be expected for a simple homopolymer model of
the denatured state. Perhaps, as has been suggested (38, 39),
the complexity of the RDC data for denatured states is due
to an averaged superposition of extended and folded con-
formations. Finally, if proteins in their denatured states
aligned preferentially along the crevices of the alignment
media, it would imply that the media used for alignment
could affect the conformational properties of the denatured
state conformational ensemble (for example, by constraining
two extended segments in a parallel rather than random
orientation). To examine whether the anisotropic structure
necessary to observe RDCs is inherent to denatured proteins,
we measured RDCs for the protein CspA in 6 M urea using
the magnetic field dependence of1JHN splittings (67). The
RDCs we observed were greater than experimental error, and
comparable in magnitude to those seen by the same method
for native CspA (C. O. Sallum, D. Seo, E. Irimies, K.
Hallenga, R. A. Kammerer, and A. T. Alexandrescu,
manuscript in preparation). This result indicates that aniso-
tropic structure is inherent to denatured proteins. However,
it does not address whether the alignment medium could shift
the distribution of denatured state conformations. Experi-
ments that are sensitive to rare species in a protein’s energy
landscape may shed further light on this issue.

A hallmark of proteins with a well-defined tertiary
structure is that atoms are densely packed. A perturbation
of the structure affects multiple sites. Protein unfolding thus
occurs through a very cooperative transition. Once the protein
has been denatured, further changes in experimental variables
are gradual, a consequence of the loss of cooperatively
stabilized long-range structure. It has been hypothesized that
structure in denatured proteins is primarily determined by
steric interactions between side chains and the main chain
(8, 35). Such structure may well account for the anisotropy
that gives rise to RDCs in denatured states (35). Nevertheless,
computer simulations show that in the absence of a compact-
ing force such as the hydrophobic effect, or specific long-
range contacts, even very tight restraints of backbone dihedral

angles are insufficient to specify a unique folding topology
(68). While steric preferences for particular regions ofφ-ψ
space may be sufficient to ensure a locally stiff chain, even
a minute variance in dihedral angles would allow enough
slack in the polypeptide to result in globally heterogeneous
structures (68). Determining the persistence length of struc-
tures in denatured proteins remains a challenging and
important goal for future protein folding studies.
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