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The nuclear Overhauser effect (NOE) is the most important and most
informative experimental parameter for structure determination by NMR
in solution, as its sensitive dependence on internuclear distances can be
recast into 3D structural information about proton—proton distance
relationships.' In this manuscript we use unassigned NOESY spectra to
probe the structural compactness of individual residues in 3D protein
structures. The approach is based on our NMR autocorrelation analysis
for studying protein foldedness in solution.? It merely requires a 1D protein
'H spectrum S(w) to compute the autocorrelation function C(w). It was
shown that C(w) is related to the distribution function of resonance
frequency differences and provides an efficient way to observe protein
structural stability in solution. Additionally, the relationship between C(w)
and the topological complexity, quantified by the relative contact order,’
revealed that this approach can also be used to qualitatively assess a
protein’s fold.? Here we apply this methodology to the analysis of protein
3D NOESY spectra. Interproton NOEs observed in NOESY spectra
provide information about resonance frequencies of spins located in the
surrounding and thus the structural complexity of the spatial environment
at a particular site in the protein.
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Figure 1. Experimental traces from a 3D "N NOESY-HSQC (top) and
autocorrelation functions (obtained by self-convolution, see text, bottom)
obtained for A12 (left) and Asn71 (right) of the 17.7 kDa mitochondrial matrix
protein cyclophilin D (CypD).

Our strategy is as follows: Individual traces Sj(w) from a 3D SN
NOESY-HSQC are taken along the indirect F; (NOE) dimension at
frequency positions of the different amide groups (backbone residue
position i) of the protein. The Sj(w) trace is then convoluted with itself
yielding the autocorrelation function Cj(w) of the NOESY-trace for
residue position i. Figure 1 shows experimental 3D "N NOESY-HSQC
traces (Alal2 and Asn71) obtained for the protein cyclophilin D
(CypD), a 17.7 kDa mitochondrial matrix protein involved in opening
of the mitochondrial permeability transition pore.* For comparison,
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the individual Ci(w) are normalized (w = 0) and numerically smoothed
(£2). It can be seen that significantly different NOESY-HSQC traces
and respective autocorrelation functions are found for residues located
on the surface (Asn71) or in the hydrophobic core (Alal2) of CypD.
Particularly noteworthy is the fact that in general the autocorrelation
function Cij(w) has a better signal-to-noise than the corresponding
spectral data set. For quantification we take the spectral entropy as an
information measure, which is defined as the integral:

J C@)+In C() dw

Since individual NOESY traces are also determined by intramo-
lecular NOEs and thus depend on the amino acid type, we calculated
amino acid specific average entropy values. For the analysis of the
spatial environment of a given residue, the differential entropy value
S, (deviation from the amino acid type specific average entropy value)
is used. Significantly different (differential) entropy values S, can be
expected for surface exposed residues or residues in hydrophobic core
regions of the protein. In Figure 2 experimental differential S, values
obtained for CypD are shown as a function of residue position.
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Figure 2. Differential spectral entropy S, as function of residue position for
CypD. Differential S, values are defined as differences to average residue type-
specific S, values. Large positive differential S, values are indicative of residue
positions comprising loosely packed side chains, whereas negative differential
S, values are indicative of core regions of the protein structure with tightly
interacting side chains. The location of residues displaying positive (red, green)
and negative (blue) differential S, entropy values are mapped onto the 3D
structures of CypD. For residues displaying very large differential S, values
(red), the side chains are also indicated.

The structure of CypD consists of nine 3-strands forming a 3-barrel
structure, and it is best viewed as a sandwich of two roughly orthogonal
[-sheets, in which the first sheet is composed of strands /3, to 55 (L5-
Al12, Q15-L24, L51-S52) and Sy (1156-Q163), whereas the second
sheet is formed by strands f34 to 37 (R55-157, M61-A64, V97-M100,
F112-C115). B is part of both 5-sheets. As can be seen from Figure
2 there is a significant correlation between differential entropy values
S, and the location in the 3D structure. Residues displaying negative S,
values (shown in blue) are consistently found in the second [-sheet,
whereas residues with positive S, values (shown in green) are found either
in the first S-sheet or in the two a-helices (capping the S-barrel). Residues
displaying maximal positive S, values are found in exposed areas with
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no significant secondary structure elements and their side chains pointing
toward to the solvent. These findings indicate that the spectral entropy
obtained from individual NOESY traces provides a sensible measure for
the spatial surrounding of individual sites in a protein.

An experimental example illustrating the validity of the approach
for intrinsically unstructured/disordered proteins is given with Os-
teopontin (OPN), a cytokine and cell attachment protein implicated in
tumorigenesis.”® Multidimensional NMR spectroscopy has shown that
quail OPN is highly flexible in solution and devoid of any significant
tertiary structure.” '3C chemical shift analysis, however, provided
evidence for the existence of local structural elements (ot-helix: Leu58-
Leu65; S-strand: around Thr119 and Val152-Ile158). Figure 3 shows
good agreement between residual structure (small S, values) and
reduced mobility (shorter SN 7, and larger/positive 7 values),
indicating that the proposed autocorrelation approach provides reliable
information about local compaction of the polypeptide chain in
unfolded protein states.
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Figure 3. Differential spectral entropy S, (top), NMR spin relaxation ("N 75)
(middle), and "N—"H" heteronuclear NOE, 7, (bottom) as function of residue
position for Osteopontin. Positive differential entropy values S, are indicative of
residues with loosely packed side chains and reduced local flexibility.

Overall, large positive differential S, values indicative of residue
positions comprising loosely packed side chains are paralleled by elevated
T, and negative 7 values. Flexible parts (elevated S, values) are found
within the following residue stretches 95—110, 130—140, 170—180, and
210—230, whereas considerable compaction of the polypeptide chain is
observed for 110—130, 145—170, and 180—200. This correlation offers
valuable possibilities for the studies of intrinsically unfolded proteins.
Deviations occur because S, values probe spatial surroundings and not
only local restrictions in mobility. While conventional NMR spin relaxation
studies only provide information about the local restriction of motions
(possibly as a consequence of local hydrogen bonding), the NOESY
spectral entropy provides additional and novel information about transiently
formed inter-residue contacts. The NOESY spectral entropy approach thus
nicely complements existing NMR methodology for studying structural
ensembles of natively unfolded proteins (e.g., RDC and PRE).'>'" An
obvious application of the approach is to use this information as a guiding
tool for the identification of spin label attachement sites in PRE experiments
of natively unfolded proteins.

Finally, the methodology was applied to a protein complex between
Q83, a lipocalin protein highly overexpressed in fibroblasts transformed
by the v-myc oncogene,'? and the siderophore Enterobactin, an Fe(IIT)-
chelator. Details are given in the Supporting Information. Interestingly,
chemical shift changes were not limited to residues located in the
neighborhood of the ligand but rather distributed over the backbone
and thus pointing to a restructuring of the protein upon ligand binding.
This plasticity was also seen in the changes of us—ms dynamics
(probed by CPMG), as both increased and decreased mobilities were

observed. Interestingly, the residues experiencing an increased ys—ms
dynamics suggest an additional hitherto unknown ligand binding site
in the lipocaline protein family. Figure 4 illustrates that also changes
in S, values were not localized to the ligand binding site but observed
at distant sites. Specifically, residues located in one-half of the -barrel
and experiencing a reduction in conformational flexibility (Figure 4,
blue) display significant S, changes (Figure 4, green). These findings
nicely illustrate the potential of the methodology to identify structural
adaption processes induced by ligand binding. Since NOESY data are
typically available in a protein ligand structural analysis, this informa-
tion can be obtained at no additional cost.

Figure 4. Differential conformational dynamics and differential entropy in Q83
upon binding of enterobactin. (Left) Differential exchange contributions to *N T,
relaxation (#s—ms mobility; red: increased and blue: decreased flexibility). (Right)
Residues displaying differential entropy S, values are color coded in green.

In summary, we presented a novel analysis tool for protein NOESY
data based on spectral entropy calculated from self-convoluted 3D
NOESY-HSQC data. Data obtained on stably folded as well as
intrinsically unfolded proteins indicated that the approach provides
information about local compaction of the polypeptide chain with
fruitful applications to characterizations of dynamical conformational
ensembles of intrinsically unstructured proteins. Applications to protein
complexes provide information about changes in side-chain packing
upon ligand binding and the existence of potential allosteric regulation
effects. The inherent sensitivity of the autocorrelation offers unique
possibilities. Experimental studies of protein and RNA kinetics using
this novel approach are currently underway in our laboratory.
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