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Abstract. In the post-genomic era, as more and more genome sequences are becoming known and hectic
efforts are underway to decode the information content in them, it is becoming increasingly evident that
flexibility in proteins plays a crucial role in many of the biological functions. Many proteins have intrin-
sic disorder either wholly or in specific regions. It appears that this disorder may be important for regula-
tory functions of the proteins, on the one hand, and may help in directing the folding process to reach the
compact native state, on the other. Nuclear magnetic resonance (NMR) has over the last two decades
emerged as the sole, most powerful technique to help characterize these disordered protein systems. In
this review, we first discuss the significance of disorder in proteins and then describe the recent devel-
opmentsin NMR methods for their characterization. A brief description of the results obtained on several

disordered proteins is presented at the end.
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1. Introduction

It has been the central dogma for long that the func-
tion of a protein is related to its significant and
unique state, which is a well-defined three-dimen-
sional structure called native structure. Pursuing this
goal, three-dimensional structures of several hundreds
of proteins have been solved using X-ray crystallog-
raphy, NMR spectroscopy and more recently elec-
tron microscopy. The Protein Data Bank (PDB) is
the single depositary for all these data. In February
2003 the number of entries for proteinsin PDB was
more than 18000."

Though the above paradigm about folded struc-
tures and functions remains valid, recent structural
and genomic data have clearly shown that not all
proteins have unique folded structures under normal
physiological conditions. There are about 15,000 pro-
teins in the Swiss Protein Database that have been
predicted to contain disordered regions of at least 40
consecutive amino acids®, PONDR VL-XT, an ago-
rithm in a series of predictors of natural disordered
regions (PONDRs) has been applied to about 30 ge-
nomes to assess for 3 40 consecutive residue disor-
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ders in proteins. The results were: bacteria= 6-33%,
archea = 9-37%, eukaryotes = 35-51%. With the growth
in the information on unstructured proteins, their
role in biological specificity, transport, regulation
and disease is being realized.**® A more complex
signaling and regulation network is perceived to be
a possible reason for the high occurrence of disorder
in eukaryotes.** A special term, ‘natively unfolded’,
was coined to describe the properties of tau pro-
teins™ and since then a large number of proteins be-
longing to this special class have been reported.’ A
detailed study on 91 known ‘natively unfolded’ pro-
teins has revealed that the mgjority of natively un-
structured proteins have 50 to 100 residues. A
typical natively unfolded protein is characterized
by: (a) a specific amino acid sequence with low
overall hydrophobicity and high net charge; (b) hydro-
dynamic properties typical of a random coil in poor
solvent or pre molten globule (PMG) conformation;
(c) low level of ordered structure; (d) the absence of
atightly packed core; (e) high conformational flexi-
bility; (f) ability to adopt relatively rigid conforma-
tion in the presence of natural ligand; and (g) a‘turn
out’ response to environmenta changes with structural
complexity increase at high temperature or at ex-
treme pH.*
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In view of these, Dunker et al proposed a protein
trinity paradigm,™ according to which biological
function was thought to be an interplay between
three thermodynamic states, namely ordered, molten
globule and random coil. In this view, not just the
ordered state, but any of the three states can be the
native state of a protein.'! Recently a Protein Quartet
Model (figure 1) has been proposed for generaliza-
tion of the structure—function paradigm.® According
to this, a biological function arises as a result of in-
terplay between four specific conformational forms,
namely, ordered forms, molten globules, premolten
globules, and random coails. It would not be an ex-
aggeration to assume an ensemble existence of all
the four states at any particular time, their relative
abundance being governed by basic thermodynam-
ics. Upon ligand binding or some signaling modifi-
cation, concentration of one state may increase at the
expense of the others. This can explain the fast regula-
tory steps involved in various biological functions.

From the functional point of view, intrinsically
disordered proteins have advantages like increased
binding specificity at the expense of thermodynamic
stability, regulation by proteolysis and the ability to
recognize a range of proteins. The large occurrence
of unstructured proteinsin multicellular metazoans™
has made researchers envisage that unstructured pro-
teins may be less sensitive to environmental pertur-
bations and, therefore, may impart stability to complex
regulatory networks that might otherwise be sensi-
tive to changes in cellular conditions.” Two kinds of
natively unfolded proteins can be distinguished: first,
those in which the unfolded protein performs bio-
logical functionsin its natively unfolded state®®***®
and, second, those in which a natively unfolded pro-
tein acquires a compact structure upon binding to its
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Figure 1. Protein quartet model proposed for generali-
zation of the structure—function paradigm.®

ligand or any co-factors (synergistic folding)."” Excel-
lent reviews have been written on this subject recently,
covering all the systems, so far discovered.>” %
With the increasing number of intrinsically unfolded
proteins and detailed information on their biological
function, need for an appropriate database was felt.
Thus, a web site http://DisProt.wsu.edu has been cre-
ated by a group in Washington state university for
deposition of data and advanced search on the pattern
of PDB.*

Detailed characterization of the unfolded state and
consequent identification of the folding initiation
sitesin a given protein provide valuable insight into
its folding mechanism.'® Well-formed or transient
residual structuresin the unfolded state are possible
candidates for folding initiation sites."® Unfolded or
partly unfolded states of globular proteins can be cre-
ated by use of denaturants, which disrupt the non-
covalent interactions and propel them to lose their
biological activity. This Sate is referred to as the ‘dena
tured state’. However, often, denaturation is not ac-
companied by complete unfolding of the protein,
and the denatured state is an ensemble of conforma-
tions between native and completely unfolded states.’
In the denatured state floppy molecular chains ex-
plore a far smaller number of different shapes than
is theoretically available to them, between 100 and
1,000 whereas many millions are possible. They are
like dancers executing a series of practiced moves
rather than thrashing about at random.

2. NMR methodsfor investigating unfolded or
partly folded proteins

In addition to its normal application for determination
of 3D structure at atomic resolution of folded proteins
in solution, nuclear magnetic resonance (NMR) spec-
troscopy is unparalleled in its ability to provide de-
tailled gtructural and dynamical information on unfolded
and flexible proteins.® The proton chemical shift
dispersion and line width give first-hand informa-
tion on the state of proteins; poor proton chemical
shift dispersion and broad lines are indicative of
disorder. Figure 2 shows the amide proton and °N
dispersions in the HSQC spectra for a properly folded
Sumo-1 (a) and for the same protein unfolded by
8 M urea (b). Clearly, the amide proton dispersion in
the unfolded protein is very narrow compared to that
in the folded protein. The **N chemical shift disper-
sion is, however, fairly good in both the states.
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Figure 2. Amide proton and **N dispersions in the HSQC spectra for a
properly folded SUMO (a) and for the same protein unfolded by 8 M urea (b).

Structural investigations on proteins by NMR are,
currently, amost invariably carried out using multi-
dimensional multinuclear experiments on doubly (N,
3C), and, often, triply (**N, **C, ?H) labeled protein
samples, produced by recombinant means (reviewed
in refs [21-23]). Commendable successes have been
achieved in the last decade and structures of several
hundreds of proteins have been determined to-date
to very high resolution. While the detailed descrip-
tion of the procedures is beyond the scope of this ar-
ticle, briefly, the structure determination protocol
involves the following general steps. (i) Resonance
assignment of the backbone and side chain atoms by
separate sets of triple resonance experiments which
employ sequential walk through the backbone and
along the side chains on the basis of one bond corre-
lations. The three-dimensional spectra are scanned
plane by plane and the peaks are identified in a self-
consistent manner and this leads to the assignment
of peaks to specific residues along the sequence of
the polypeptide chain. The major advantage of this
procedure is that these correlations are structure-

independent, are very sensitive to the large magnitudes
of the one-bond couplings, rely on dispersions in
3¢ and N chemica shifts which have generally
very wide range, and thus lead to unambiguous as-
signments in large proteins as well. (ii) Extraction of
structural parameters such as coupling constants, inter-
proton distances, and orientational parameters of in-
dividual N-H or C-H bond vectors in the molecule.
(iii) Calculation of the structural ensembles consis-
tent with the NMR structural parameters, by making
use of the distance geometry and simulated anneal -
ing protocols.

The conventional approaches mentioned above
have the following limitations in the context of high
speed demand from genomic data analysis and the
difficulties encountered with natively unfolded pro-
teins: (a) Repeated scanning through the °N planes
of the 3D spectrato locate peaks at the desired chemi-
cad shiftsis a very time-consuming process; (b) equiva
lence of carbon chemical shifts produces ambiguities;
(c) residue-type identification along the chain re-
quired to remove ambiguities is a slow process and
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requires many NMR experiments; (d) the sequential
walk stops whenever a proline is encountered and
then a new start has to be made from another point
along the sequence. However, a priori, no known
starting points are available in this exercise and they
have to be chosen almost randomly; their sequence-
specific identification comes at a much later stage.
As a consequence, assignments are often made in
short stretches and they have to be put together in a
self-consistent manner to get complete assignments;**
(e) finally, in such a procedure, the assignment of a
residue, say X, in the stretch PXP, where X is
flanked on both sides by prolines becomes impossi-
ble. NOE based procedures can be used,?® but these
require full-side chain proton assignments, which is
a long drawn process. For this reason, today there
are only a handful of detailed investigations on un-
folded proteins as compared to several hundreds on
folded proteins. Consequently, it is of immense cur-
rent interest and importance to develop methods
which circumvent the above problems and facilitate
rapid analysis of unfolded proteins. Pulse sequences
have been developed exploiting the better chemical
shift dispersions of *N and **CO. In this context, the
recent new developments made in our laboratory, which
include development of pulse sequences and novel
strategies based on N dispersion for resonance as-
signments and extraction of structural parameters,
have been the most successful. These have opened
up new frontiers and possibilities for the investiga-
tion of unfolded as well as partially folded proteins
in a high throughput fashion. These will be described
in some detail for the sake of completeness and ready
reference.

2.1 HNN and HN(C)N pulse sequences

These are three-dimensional triple resonance ex-
periments, which establish correlations between amide
protons and *°N atoms of neighbouring residues along
a polypeptide chain. Figure 3 traces the magnetiza-
tion transfer pathways through the two experimental
seguences.

The amide magnetization originating from the ith
residue is partly transferred in the end to the amides
ofi—1andi+ 1 residues. What remains on i itself
results in the diagonal peak and what gets trans-
ferred to the two neighbouring residues results in
cross peaks in the **N plane of the ith residue. Thus
the peaks appear at the following coordinates in the
two spectra.

HNN:
F1=Ni; (Fs, F2) = (Hi, Ni), (Hi-1, Ni-), (Hi+1, Nisa)
F2 = Ni; (Fs, F1) = (Hi, Ni), (Hi, Ni-1), (Hi, Ni+1)

HN(C)N:
F1=Ni; (Fs, F2) = (Hi, Ni), (Hi1, Ni-1)
F2 = Ni; (Fs, F1) = (Hi, Ni), (Hi, Nisa).

Itis clear that if any of the neighbouring residuesis
aproline, then that peak will not appear in the spectrum.

2.2 Peak patterns for proline and glycine
neighbours

We consider here triplets of residues since the HNN
and HN(C)N experiments display correlations among
three consecutive residues at a time. In the HNN
spectrum every Fi—F3; and F,—F3 plane contains the
diagonal peak (F1 = F2 = i) and two sequential peaks
toi —1andi + 1 residues. On the other hand, in the
HN(C)N spectrum, the F—F3 plane contains the di-
agonal (F1 = F, =) peak and one sequential peak to
i — 1 residue, whereas the F; — F3 plane contains the
diagonal peak and one sequential peak toi + 1 resi-
due. Thus, although the HN(C)N sequence generates
only i and i — 1 correlations, the Fi—F3 and F—F3
planes taken together help in identifying a triplet of
consecutive residues.

Analytical expressions for the intensities and signs
of the various diagonal and cross peaks have been
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Figure 3. Schematic diagram showing the magnetization
transfer pathway in the HNN and HN(C)N experiments.
Tns Te, Tec arethe delays during which the transfers indi-
cated by the arrows take place in the pulse sequences.?®
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derived earlier following product operator methods.?®
It turns out that the evolutions of the magnetization
components are slightly different for glycine and
non-glycine residues, because of the absence of the
C® carbon in the former. This results in different
combinations of positive and negative signs for the
various self- and cross-peaks in the different planes
of the 3D spectra. Further, the absence of an amide
proton for a proline results in the absence of the cor-
responding peak. In addition, >N chemical shifts
also display certain residue-type dependence.”’ Gly-
cines are distinctly upfield compared to others. In-
terestingly, the average values of the shifts for the
different residue types are similar in both folded and
unfolded proteins, though the spreads are more in
the folded proteins. Thus there are different patterns
of peaks for different triplets of residues containing
glycines and prolines; we hasten to add that chemi-
cal shift-based distinction is only a guideline.

Four categories of triplets of residues may be dis-
tinguished: (1) PXZ, ZXP, PXP, (I1) PXG, PGX, PGG,
GXP, GGP, XGP, PGP, (lll) XGZ, GXZ, ZXG,
GGZ, XGG, GXG, GGG and (1V) ZXZ¢twhere X, Z
and Z¢can be any residue other than proline and
glycine. Caegory | has prolines but no glycines, cate-
gory Il has combinations of glycines and prolines,
category Il has glycines but no prolines, and cate-
gory IV is a general one, not containing glycines and
prolines, and has been included to be able to distin-
guish the special patterns from the general pattern.
The expected peak patterns for each of the above
cases in the F1—F3 planes of the HNN and HN(C)N
spectra, at the F, chemical shift of the central resi-
due, under the optimally chosen experimental condi-
tions of magnetization transfer delays (Ty = 28-32
ms, Tc = 28-32 ms, see figure 3) are schematically
shown in the figure 4. In each of the planes, the
peaks occur aligned at the amide (F3) chemical shift
of the central residue. The choice of the relative °N
chemical shifts of Z, Z¢and X residuesis quite arbi-
trary. In reality, the positions of the positive and
negative peaks can get altered as per the relative
chemical shifts. The important things to consider
are: (i) the sign of the self or the diagonal (F1 = F,)
peak, and (ii) the signs of the sequential peaks rela-
tive to that of the diagonal peak. The patternsin fig-
ure 4 can be readily understood from the following
salient features of the HNN and HN(C)N spectra.

In the HNN experiment which generates correla-
tionsfromitobothi —1andi + 1residues, thesign
of the self peak for glycine is always opposite to that

of any other residue; the actual signs depend upon
how the spectra are phased. We have chosen the diago-
nal of glycine to have a negative sign. In order to
emphasize this sign distinction, the diagonal peaks
are shown with a different symbol (square) in the figure.
This enables unambiguous discrimination between
triplets having G and triplets having X as the central
residues. For example, the patterns for PGX and PXG
in HNN seem similar, but in the former the diagonal
peak is negative and the sequentia is positive, whereas
the reverse is true in the latter case. The sign of the
sequential peak at i — 1 position will be positive or
negative depending upon whether that residue is glycine
or otherwise. Similarly, the sign of the sequential peak
toi + 1 residue will be positive or negative depending
on whether the ith residue is glycine or otherwise.

In the HN(C)N experiment which generates i to
i — 1 correlations the signs of the self and sequential
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Figure 4. Schematic patternsin the F;—F3 planes at the
F, chemical shift of the central residue in the triplets
mentioned on the top of each panel, in the HNN (a) and
HN(C)N (b) spectra for various special triplet sequences
of categories |-V (seetext). X, Z, Z¢is any residue other
than glycine and proline. Squares are the diagonal peaks
and circles are the sequential peaks. Filled and open
symbols represent positive and negative signals respec-
tively. In all cases the peaks are ali%ned at the F3 (HY)
chemical shift of the central residue.
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peaks are always opposite. The actual signs are dic-
tated by whether the i — 1 residue is a glycine or
otherwise, and of course by the phasing of the spectra.
Again we have chosen the diagonal to be negative
for aglycine a i —1 position. Consequently, in the F—
F; plane at F, chemical shift of residue i, the signs
of thei andi + 1 peaks are dictated by the nature of
theresidues at i — 1 and i positions respectively.
Comparison of the patternsin HNN and HN(C)N
spectra enables ready discrimination of thei — 1 and
i + 1 neighbours and this provides directionality to
the assignment. The patterns in HN(C)N resolve some
of the possible ambiguitiesin the HNN patterns and
vice-versa. For example, ZXP and PXZ can be readily
distinguished from the HN(C)N spectrum, whereas
they look similar in the HNN spectrum. Similarly,
PGG and GGP patterns are similar in HNN, but are
digtinctly different in HN(C)N. PGP and XGP would
look similar in HN(C)N, but they can be readily dis-
tinguished from the HNN spectrum, and so on.

2.3 Assignment strategies based on HNN and
HN(C)N

The correlations and the peak patternsin HNN and
HN(C)N spectra allow development of efficient as-
signment protocolsin labeled proteins. Figure 5 shows
schematically the protocols we have derived from
these two experiments. While an F,—F; plane at the
F, chemical shift of residue i in the HNN spectrum
displays self and sequential correlations to >N chemi-
cal shiftsof i —1 and i + 1 residues at the amide posi-
tion of i, the F—F3 plane at the F, chemical shift of i
displays the three correlations at their respective
amide positions; note that both F; and F, dimension
have >N chemical shifts. In any given F1—Fs plane
distinction between the peaksof i —1andi + 1 resi-
dues can be obtained by comparing with the identi-
cal plane in the HN(C)N spectrum. This leads to a
new strategy for rapid assignment of the amide and
*N chemicd shifts of the individua residues, sequence
specifically, as shown in figure 5a.% In figure 5b a
simplified version is shown where H" identification
from the Fo—F3 planes has been implicitly assumed.
The sequential walk can start from any of the triplet
fixed points, identifiable as per figure 4.

Figure 5¢c shows a similar protocol that is based
exclusively on the HN(C)N experiment. The essen-
tial ingredients of the sequential walk protocol are
indicated as, ‘start’, ‘continue’, ‘check’ and ‘break’ in
the figure. A vertical line makes a connection from

the diagonal (F.1 = F;) of the ith residue to the se-
quential peak identifying the *N chemical shift of
the i + 1 residue and then the adjoining horizontal
line connecting to the diagonal of the i + 1 residue
identifies the amide chemical shift of that residue.
The sequential assignment proceeds from the N-
terminal toward the C-terminal of the protein.*

The HNN and HN(C)N sequences described above
have been extremely successful in enabling rapid
resonance assignments in many different types of
proteins. Table 1 lists the proteins which have been
assigned either completely or partially under differ-
ent experimental conditionsin our laboratory. Detailed
characterizations of these proteins will be the sub-
ject matter of future investigations. It is interesting
to see that the methodology has been successful for
some folded proteins as well, even though it was
originally thought that due to faster transverse re-
laxation rates in folded proteins, the signal losses
during the pulse sequence may be too large. All the
above success has been achieved within a period of
2 years, which must be looked at in the background
of previous efforts of 15 years which had resulted in
the assignment of less than 15 proteins. Asillustra-
tions for the experimental HNN and HN(C)N spec-
tra and the assignments, we show the sequential
connectivity patterns in a few proteins in figure 6.
The fingerprint HSQC spectra of these proteins along
with the assignments are shown in figure 7.

2.4 Extraction of y constraints from HN(C)N
spectra

One- and two-bond heteronuclear couplings, *J(N—
C?) and 2J(N-C?) have assumed importance in re-
cent years due to the observation that these show
corrdlationsto they torsion angles along the protein
backbone.**** Wirmer and schwalbe® described a
Karplus-type reation: ‘J(N-C*) = Acos’y + Bcosy + C,
using data on two proteins, staphylococcal nucle-
ase® and ubiquitin® and the empirical constants A,
B, C have vaues 96098, —09799, 17040 respectively.
The correlation coefficient was 0)85. Wienk et al*
observed similar correlations in three proteins, fla-
vodoxin, xylanase, and DFPase. These suggest that
1J(N—C?) can be very useful for restraining the y
torsion anglein structural calculations. From the ex-
tensive data on the different proteins published, it
appears that for 1J(N-C?) greater than 110 Hz, y
can be restrained to the range (120°, 200°) and for
couplings less than 11 Hz the correlation is rather



NMR of unfolded proteins

(a) Sequence: -PGXZB-

®) g ® @
o ®c
vg B
g _:... X »f] X X
= (TA »BZ
F @) N F; @Y) g
() Sequence: -G,G;X X XX X X,P-
Oy Ky Ke Ky G, Xe X Xy
+§a,
* -
X . X, % E
=Ixr w
Xy 1 X, ]
" o, X, X
| san | | Contime J\  cmeck } | Break |
Fy (H®)

Figure 5. (&) The protocol for sequential walk through the HNN spectrum using an illus-
trative sequence PGXZB where X, Z, B can be any residue other than glycine and proline.
Pairs of F;—F3 and Fo—F3 (light shaded) planes belonging to the three residues, G, X and Z
are stacked in an appropriate alignment so that the F;—F3 plane of one residue stacks over
the F,—F3 plane of the neighbouring residue. Squares are diagonal peaks and circles are se-
guential peaks. Filled and open symbols are positive and negative peaks respectively. Note
that the sequence chosen includes the PGX and GXZ special triplets and the signs of the
peaks have been drawn accordingly. The dashed line indicates the sequential walk. The ver-
tical line at the amide position of a particular residue goes from the diagonal peak to the se-
quential peak in the F.—F; plane and identifies the N chemical shift of the sequentially
connected residue (G to X, X to Z and Z to B in the G, X and Z planes respectively),
whereas, the horizontal line going from the F1—F; plane to the F—F3 plane of a given resi-
due enables identification of the amide chemical shift of the sequentially connected residue.
Note that the diagonal peaks in one plane become sequential peaks in the vertically
neighbouring plane. (b) A simplified schematic diagram in which the H" identification
from the F—F3 planes isimplicitly assumed, and the sequential walk is shown in the F1—F;
planes.?® (c) HN(C)N based protocol for sequential walk through the polypeptide chain. An
arbitrary amino acid sequence is chosen to illustrate the start, continue, check and break
points during the sequential walk. The peak patterns are drawn as per the schematic in fig-
ure 3 azngd the residue identified on the top of each strip identifies the central residue of the
triplet.
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Figure6. Sequential connectivity patternsfor afew proteins: Illustrative sequential walks
through the F,;—F3 planes of HNN spectra are shown. (a) Unfolded TFR-PR-Linker precur-
sor protein of HIV-1 Protease,'® (b) folded SUMO'® and (c) folded FKBP. Black and red

contours are positive and negative peaks respectively. The numbers at the top of the F1—F;
strips indicate the F, chemical shifts.

loose in the range (—60°, 120°) (see figure 5 in ref.
[32]). This information, in conjunction with the f
dihedral constraints one would derive from the vici-
nal H'-H? coupling constants and the NOE distance

information, augments a great deal the inputs for
structural calculations.

We have developed an approach based on the
HN(C)N experiment for estimation of one bond N-
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Table 1. Proteins investigated by HNN and HN(C)N
pulse sequences.

No. Protein

HIV-1 protease tethered dimer: 22 kD

HIV-1 protease tethered dimer, unfolded: 22 kD
HIV-1 PR precursor: 18 kD (intrinsically unfolded)
FK 506 binding protein (FKBP): 12 kD

Small ubiquitin like modifier (SUMO): 10 kD
Small ubiquitin like modifier (SUMO), unfolded: 10 kD
Barstar, unfolded: 10 kD

Bargtar, aggregated (molten globule at low pH): 160 kD
11 GTPase Effector Domain (GED): 15 kD, oligomerises
12 LC8: dyenin light chain, 8 kD folded

13 LC8 unfolded

oO~NO U WN P

C? J-couplings in medium size labeled proteins,
which seem to show good correlations with y tor-
sion angles along the protein backbone. The approach
uses the ratio of the intensities of the sequential and
diagonal peaks in the F—F; planes of the HN(C)N
spectrum. While the theoretical details of this analy-
sis have been published elsewhere,® suffice it to
give the salient features here. Under the generally
applicable experimental conditions, the ratio (R) of
the intensities of the cross peak to the diagonal peak
in the Fo—F3 plane of the spectrum is given by:

R = tan’2p pi1T,

where, pi = 'J(C3—N;) and the experiment is performed
with the settings of delaysas Ty =ten = T.

3. Structural propensities and residual
structuresin denatured proteins

3.1 Secondary chemical shifts and CSl

'H? and ™*C chemical shifts of C¢ C* and C° are useful
indicators of secondary structure in folded proteins®>®
as they are primarily determined by the backbone f ,
y dihedral angles.* In order to detect the presence
of residual structures in unfolded proteins, chemical
shift deviations from random coil values for =*C?,
3¢ and *C resonances are calculated. A positive
deviation of **C* and **C¢chemical shifts from their
random coil values isindicative of presence of heli-
cal segment while converse is true for *C° chemical
shifts. However, there are more than one set of ran-
dom coil values published in the literature and these
differ because of the experimental conditions used

in arriving at those values. Wishart et al*® used 1 M
urea, pH 5 and 25°C for their experiments on the
peptides chosen, whereas Schwarzinger et al**** de-
rived another set of values from peptide spectra re-
corded in 8M urea, pH 2>8 and 20°C so as to obtain
a better data set for their apomyoglobin protein.
Schwarzinger et al*? also observed that corrections have
to be applied for sequence effects and provided a st
of rules for these corrections. *C* and **C¢ secondary
chemical shifts are better indicators of backbone con-
formational propensities than *C° secondary shifts.

3.2 H"-H? coupling constants

Coupling constants provide valuable secondary stru-
ctural information in proteins. The ®Junna coupling
constant is sensitive to the dihedral angle f, and thus
provides a probe for backbone conformational pref-
erences.”® b-structures are characterized by large
H"-H? coupling constant values in the range 8-10 Hz,
while a-helical structures are characterized by val-
ues in the range 3-5 Hz. In unfolded proteins, how-
ever, the heterogeneity and conformationa averaging
leads to average values of 6-7°% HZ*. Nonetheless,
values significantly different from these average ran-
dom coil vaues would indicate definite propensities
for the structures.

The most common method for messuring the H"-H?
coupling constants relies on the HNHA experiment*®
or the HNCA-J experiment.*® In the former the cou-
pling constants are derived from the ratios of the di-
agonal to cross-peak intensities in the different *°N
planes of the 3D spectrum, and in the latter they are
measured from peak multiplet structures. While
these work well for folded proteins with well-resolved
peeks, they have serious problems for unfolded proteins
where chemical shift dispersion is poor and reliable
estimation of the peak intensities or separations is
difficult. Relaxation losses al so contribute to the un-
certainties in intensity measurements in HNHA. Re-
cently these coupling constants have been mesasured
from a high resolution *H=""N HSQC spectrum, where
this information is contained in the fine structure of
the correlation peaks.*’™* This requires less time for
data acquisition and analyses and is well-suited for
unfolded proteins where lines are very sharp.

3.3 Amide proton temperature coefficient

The temperature dependence of the H“ chemical
shift, that is temperature coefficients, provides an es-
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timate of the involvement of the amide proton in
hydrogen bonding.**>* Random coil temperature
coefficients determined for residue X in a series of
GGXGG unstructured peptide models at pH 5 over the
temperature range 278 to 318 K are around —8 ppb/K.*
Lowered temperature coefficients of the residues
showing a deviation of 3 1 ppb/K, indicates the involve-
ment of these residues, at least transiently, in hydro-
gen bonding. The H" temperature coefficients cannot
distinguish between intra- and inter-molecular hydro-
gen bonds, which can complicate the andyses in aggre-
gated form of unfolded proteins.

3.4 Hydrogen exchange

An H® D HX experiment checks if any of the as-
signed amide protons shows protection from hydro-
gen exchange. Thisis an extremely useful parameter
to understand the compactness and hydrogen bond-
ing in disordered or partially folded proteins. The
exchange reaction is generally described by the fol-
lowing model:

(N-H)a %R (N-H)op %50 (N-D).

The protein is believed to be in two sets of confor-
mations, closed and open, in equilibrium with each
other. However, solvent exchange occurs only from
the open state of the protein. The exchange charac-
teristics are areflection on the solvent accessibilities
of the individual amide protons in the folded pro-
tein, on the one hand, and on the folding/unfolding
equilibria on the other.>*** The hydrogen-bonded
amide protons exchange much slower compared to
the non-hydrogen bonded ones. Thus hydrogen-deute-
rium (H/D) exchange studies give considerable insight
into structure, stability, folding, dynamics and intermo-
lecular interactions in protein systems in solution.
Under conditions where kg > Kqp, the measured ex-
change rate ke, is Kopkic Where K, is the equilibrium
constant for structural opening and k.c istheintrinsic
exchange rate. Then the free energy change for
structural opening is given by

DGiix = —RT In (Kex/krc).

Several studies suggest that the most stable residues
exchange following a global unfolding, while the
residues with intermediate stability exchange due to
local fluctuations in the native state or following a
partial unfolding, and the least stable residues ex-

change directly with the solvent in the native state.
Accordingly, the unfolding free-energy values mea-
sured at the various amide sites would actually re-
flect a series of different unfolding events through
the structure of the protein.

3.5 Nuclear Overhauser effect

Nuclear Overhauser effect (NOE) provides inter-
atomic distance information in unfolded proteins as
it doesin folded proteins. It provides information on
the secondary structure and other long-range
interaction present in proteins. The dan(i, i + 1),
dnn(i, T+ 1) and dan(i, i + 1) NOEs provide the
information on f and y dihedral angles preferences
while medium range dan(i, i + 2), dan(i, i + 3) and
don(i, i+ 3) NOEs indicate the presence of
secondary structures. Though an uphill task to
assign due to poor resonance dispersion,
distributions of structures, anisotropic tumbling and
spin diffusion, the long-range NOEs do point to
definite presence of structural elements in an
ensemble of disordered protein conformations. 3D
NOESY-HSQC and 3D HSQC-NOESY-HSQC are
routinely used for NOE connectivities, but overlap
of proton resonances limits their use for unfolded
proteins.**  For overcoming these problems,
NOESY -based triple resonance experiments have
been developed, which exploait the dispersion of °N and
3C resonances to help resolve ambiguities in aliphatic
'H and **C chemical shifts.*® However, quantitative
interpretation of NOE in unfolded proteins is
difficult due to conformational averaging.

3.6 Residual dipolar couplings

Residual dipolar couplings (RDC) between nuclei,
observable in partially aligned molecules in dilute
orienting media, cause significant improvement in
the precision of structure determination of biologi-
cal macromolecules in aqueous solutions. In addi-
tion to providing new constraints, which enhance the
experimental structural input, the RDCs are unique in
defining the orientations of specific dipole—dipole
vectors in the molecular frame and thus provide
long-range constraints. This becomes especially use-
ful in defining domain orientations in multi-domain
proteins. Historical developments, theoretical basis
and the applications to different protein and nucleic
acid segments have been recently reviewed.>® Al-
though there are complexities involved in convert-
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ing RDCs measured in unfolded proteins into sets of
orientational constraints,”’ the structural information
given by RDCs is independent of distances. The ap-
proach has been successfully used for characteriza-
tion of topology of urea denatured staphylococcal
nuclease. The measurement of RDCs has indicated
the presence of long range native-like structures un-
affected by local dynamism. Many of the residues
were found to maintain arelatively fixed orientation
with reference to a single reference axis.

3.7 Ensembles of structures in the unfolded state

The various NMR parameters listed above, which
provide useful residue-level insight into the secon-
dary structures and structural propensities in unfolded
states of proteins, are actually ensemble averages of
many 3D structures. Choy and Forman-Kay®® have
developed an algorithm called ENSEMBLE for calcu-
lation of ensembles of structures. It optimises the
population weights assigned to each structure on the
basis of experimental properties derived from NOEsS,
J-couplings, **C chemical shifts, translational diffu-
sion coefficients and tryptophan environment obtained
from NMR and fluorescence spectroscopy. The ap-
proach was applied to drkN SH3 domain and five
sets of state ensembles were calculated with all having
similar average hydrodynamic properties. The results
indicated presence of some residual native and non-
native structures.

4. Dynamicsin unfolded proteins

NMR is unequaled in its ability to provide informa-
tion on residue specific dynamics in proteins. In un-
folded proteins, a restricted motion indicates higher
propensity to form a structure or the presence of re-
sidual structure. Longitudinal and transverse relaxa-
tion rates (R, and R,) of backbone *°N nuclei as well
as the ®°N—'H steady-state heteronuclear NOE are
useful probes of protein backbone dynamics and
overall molecular tumbling motions.>*™*® While all
the three relaxation parameters are sensitive to mo-
tions on a picosecond to nanosecond time scale, the
*N—'H NOE is the most sensitive, to these high fre-
guency motions of the protein backbone. On the other
hand, transverse relaxation is very sensitive to slow
time scade (micro- to millisecond) motions and confor-
mational exchange, in addition. Negative values of
heteronuclear NOEs indicate the occurrence of
large-amplitude motions on a sub-nanosecond time

scale, which are very frequent in unfolded proteins.
Similarly, high R, values suggest the presence of
significant conformational exchange contributions
in proteins. A detailed analysis of relaxation data
provides important insight into the possible nuclea-
tion sites of protein folding. It can also throw light
on residues interacting with their ligands.

Progressive folding of aprotein is associated with
significant changes in its internal dynamics at al time
scales (pico to milliseconds). The fully unfolded state
is highly dynamic with motions occurring mostly on
pico second time scales. Any restriction in the motions
implies transient ordering of the polypeptide chain.
As the protein starts to fold, more and more struc-
ture forming-breaking events (milli to microsecond
time scale) occur, and these lead to increase in the
slow motions. Thus a systematic monitoring of these
graded changes in the motional characteristics, as
also in the residual structures along the polypeptide
chain, under different conditions of denaturation, pro-
vides very valuable information on the hierarchy of
folding propensities in a protein.

Mode-free approach is the commonly used gpproach
for analysis of relaxation data of folded proteins.”"®
This is based on the assumption of separability of inter-
nal and globular motions. Thus, dynamics is descri-
bed in terms of an overall rotational correlation time
tm, aninternal correlationtimet., and an order para-
meter & describing the amplitude of the internal
motions. It provides correlation between dynamics
and a set of intuitive physical parameters. However,
the model-free approach has limitations with regard
to unfolded proteins because of anisotropic tumbling
and multitude of uncorrelated motions in these sys-
tems. On the other hand, another approach, namely,
reduced spectral density analysis, which assumes a
distribution of correlation times, is more appropriate
for analysis of the >N relaxation data for unfolded
proteins.**® Three spectral density functions J(0),
J(wn) and J(wy) are calculated as described by Le-
févre et al.** Of these, J(wy) is largely determined
by heteronuclear NOEs and is most sensitive to
higher frequency motions of the protein backbone.
J(wy) is dominated by R; and J(0) is dominated by
both R; and R;. Thus, J(0) is sensitive to both nano-
second time-scale motions and contributions from
slower micro- to millisecond exchange processes.
Assuming a linear correlation between J(0) and J(wn)
two empirical parameters a and b are calculated
from the slope and y-intercepts. These are then used
to calculate the time constants characterizing vari-
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ous motions of the protein by solving the following
cubic equation in t:%

2awit® + 5bwit? + 2(a — 1)t +5b = 0,

where wy is the larmor frequency of **N nuclei. A
similar analysis can be performed for J(0) and J(wy)
relation.

A general framework for studying dynamics of
folded as well as unfolded states of protein has been
presented by Prompers et al.* This does not require
the separability assumption. The approach, named
isotropic reorientational eigenmode dynamics (iRED),
depicts correlated dynamics of different polypeptide
parts together with mode-specific correlation times.

Cross-correlated dipole-dipole spin relaxation is
used to explore molecular dynamics and structural
properties.”®®° It provides information directly on
the dynamics of the interacting spins, if their rela-
tive orientations are known. More recently *H°-**C"
dipole—dipole cross-correlated spin relaxation has
been used to probe dynamics of unfolded proteins.™
The dipole-dipole cross-correlated spin relaxation
rate for two '*H-"C dipoles, Gici,1ca, in the CH:
group is obtained from the CBCA(CO)NNH spec-
trum. Guci,ucz Can be written in terms of spectral
densities, which are evaluated in the context of a
particular motional model.”" Gicy,hez is given by the
relation

Gucnhcz = H025/T)In{4 " 1y(T) "~ Io(T)/I(T)};

where |y, Ip and I are the intensities of the upfield,
downfield and central components of the *C triplet
respectively, and T is the duration of the **C con-
stant time evolution during which cross-correlated
spin relaxation occurs.”® A large |Gicy,mez] is an in-
dication of slow motion. Buried residues also ex-
hibit large values.

5. Survey of the unfolded protein systems
studied

The number of proteins which have been investi-
gated in the unfolded state till date is rather small
compared to that for folded proteins, because of the
technical difficulties in the analysis of their spectra
and complications in the interpretation of the NMR
data. In the early days the same techniques as were
used for the folded proteins were used for unfolded
proteins as well and this had limited success for rea-

sons aready elaborated in earlier sections. An ex-
cellent review has appeared recently covering the
state of affairs with regard to the NMR applications
to study unfolded proteins.” It is envisaged that the
newer methods, coupled with technological ad-
vances would facilitate larger number of investiga-
tions in the years to come. In the following, we
briefly discuss the results obtained in the few pro-
teins studied so far.

5.1 The phage 434 repressor protein

This was the first protein for which sequence specific
backbone assignment was obtained in the unfolded
state.”*™ Comparing the assignment at O M urea and
7 M urea, coexistence of both the native and un-
folded forms was observed at 42 M urea having ex-
change life times of ~ 1 s. Deviation from random
roil chemical shifts indicated the presence of some
residual structure. Using the high density of NOE
constraints for segment 53 to 60 in the protein,
structure calculation was done for the segment. The
structure showed similar features as in folded pro-
tein and the hydrophobic cluster was preserved. The
authors speculated that the segment could be a pos-
sible nucleation site for folding of this protein.”

5.2 Fibronectin binding protein

A 130-residue fragment (D1-D4) taken from a fi-
bronectin-binding protein of Staphylococcus aureus,
which contains four fibronectin-binding repeats and
is unfolded but biologically active at neutral pH, has
been studied extensively by NMR spectroscopy. The
secondary chemical shifts, ®Jun_+a couplings and ab-
sence of long range NOEs were indicative of lack of
persistent secondary and tertiary structures. *°N re-
laxation analysis was done to understand the differ-
ences in dynamical properties of residues in different
domains. It was finally concluded that the sequence
involved in binding has a high propensity for popu-
lating the extended conformation. This is likely to
allow a number of both charged and hydrophobic
groups to be presented to fibronectin for highly spe-
cific binding.”

5.3 Lysozyme

Structural and dynamical properties of oxidized and
reduced forms of hen lysozyme in 8 M urea were
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studied.”” Resonances for the residues near the di-
sulfide bridges were absent due to line broadening
in oxidized form indicating slow motions. Deviation
from random coil behaviour was observed for resi-
dues W62, W63, W108, W11 and W123 on the basis
of amide and H* chemical shifts and high Ry, re-
laxation rate, indicating the presence of hydrophaobic
clusters. A number of medium range NOEs were
observed in the region corresponding to A, B, D,
and C-terminal 31, helicesin the native protein. This
suggested that the oxidized form could resemble a
molten globule.”” Hennig et al measured J(C¢ C9),
3J(N, €9, 3J(C¢ C@ and 2J(C¢ C°) coupling con-
stants in denatured hen lysozyme in 8 M urea pH
2%0."® It provided insight into the side chain c; tor-
sion angle population in the denatured state. The
fractional populations of the —60°, 60° and 180° ¢,
rotamers were derived from the measured coupling
constants. This provides information on the side-chain
conformational preferences, which depends on
the variations in the electrostatic and steric proper-
ties of the side chains. H" and H? chemical shifts
and R; rates indicated the presence of extensive hy-
drophobic clusters in the denatured state of lyso-

zyme.”

5.4 FK 506 binding protein

Detailed structural characterization has been done
on the FK 506 binding protein (FKBP) unfolded in
urea and guanidine hydrochloride.** Measured C*
and 'H chemical shifts, H"-H® coupling constants,
chemical exchange and N relaxation rates indi-
cated extensive conformational averaging for FKBP
in 68 M urea. The presence of medium range NOEs
indicated presence of helical conformation for some
residues. This disagreement between NOE and other
parameters was explained considering the r® depend-
ence of NOE; short *"H—"H distances corresponding
to a particular secondary structure give strong NOEs
even when present in a relatively small population
of molecules while other parameters are averaged
values. Medium-range NOES patterns were different
in FKBP in 2 M guanidine hydrochloride, possibly
due to dependence of helix formation on the salt
concentration.

5.5 Apomyoglobin

Structural and dynamic properties of sperm whale
apomyoglobin have been extensively studied in dif-

ferent denaturing conditions.®*~®® Sequence specific

resonance assignments for apomyoglobin denatured
under low salt condition at pH 2>8 was obtained using
(HCA)-CO(CA)NH spectrum which uses the supe-
rior **C¢chemical shift dispersion. Presence of small
populations of native-like helix in two out of three
helical regions stabilized in the molten globule state
was concluded on the basis of downfield-shifted se-
quence-corrected *C* and **C¢ secondary shifts, motio-
nal restriction from N relaxation data and slow
amide proton exchange rate.*®

Detailed studies have also been done on the pH 4
molten globule state of apomyoglobin®' and also on
its helix-destabilizing mutants.* Secondary chemi-
cal shifts, Hy — H }\; NOEsS, temperature coefficients
revealed the presence of large native like helical re-
gions and this was supported by the dynamics data,
especially R, and corresponding J(0) values which
are sensitive to slow motions.®® Study of molten
globule state at pH 4% of helix destabilizing mutant
of apomyoglobin revealed significant differencesin
the distribution of helical segments in the protein.
Though the overall helical content in other regions
was the same, loss of helical structure was observed
in regions where destabilizing mutation was made.
The acid denatured state of apomyoglobin has also
been studied by paramagnetic spin labeling. Nitroxides
coupled to mutant cysteine residues were used as
probes of chain compaction and long-range tertiary
contacts. Even in the highly denatured form, the pro-
tein had transient compact states in which there were
native-like contacts between the N- and C-terminal
regions, though the central region had random coil
conformation.®*

In the urea (8 M) and low pH denatured state of apo-
myoglobin, clusters of small amino acids such as
glycine and aanine led to increased backbone mobi-
lity, suggesting their roles as molecular hinges. Also
local hydrophobic interactions persisted which caused
some restriction of backbone motion on picosecond
to nanosecond time scale.®

5.6 Barnase

Barnase, a small extracellular ribonuclease from Ba-
cilllus amyloliquefaciens has been characterized in
its pH, urea and temperature-denatured forms.*”*®
Transient structure formation in a small region was
concluded in the pH denatured state by analysis of
chemical shifts, NOEs and exchange rate.*” Com-
parison of the different denatured states indicated
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that pH/temperature and urea denatured barnase are
more “unfolded” than the pH denatured protein. The
residual native and non-native structures in helical
and b-sheet regions were speculated as initiation
pointsin the folding of barnase.

5.7 Barstar

Bardar, an intracdlular inhibitor of barnase, gets rever-
sibly denatured in presence of 3 M urea at 278 K.*®
The presence of some residual structure was inferred
on the basis of chemical shifts, NOEs and coupling
constants. The first and second helices were thought
to be the potential initiation sites for the folding of
barstar.

Structural characterization by NMR of barstar in
8 M urea has been reported at pH 6%5 and 25°C.%
Complete backbone resonance assgnments of the urea
unfolded protein were obtained using the recently
developed three-dimensional NMR techniques of HNN
and HN(C)N. The conformational propensities of the
polypeptide backbone in the presence of 8 M urea,
have been estimated by examining deviations of sec-
ondary chemical shifts from random coil values.
Segments that are helical in native barstar, were
found not to populate the helical conformation in the
unfolded state. Similarly residues belonging to b-
strands 1 and 2 of native barstar, do not appear to
show any conformational preferences in the unfolded
state. On the other hand, residues belonging to the
b-strand 3 segment, show weak non-native helical
conformationd preferences in the unfolded date, indi-
cating that this segment may possess a weak prefer-
ence for populating a helical conformation in the
unfolded state.

Barstar is also known to form a molten globule-
like A form below pH 4. This form exists as a soluble
160 kDa aggregate of sixteen monomeric subunits,
and appears to remain homogenous in solution. Its
flexible region has been recently characterized.®® New
assignment methodology based on HNN and HN(C)N
was used to obtain sequence specific assignment for
20 residuesin its N terminal flexible region. Chemical
shifts, temperature coefficients, exchange rate and
dynamics data suggest that the A form of barstar is
an aggregate with a rigid core, and the N-terminal 20
residues of each of the monomeric subunits in a
highly dynamic random coil conformation which
shows transient local ordering of structure. The N-
terminal segment anchored to the aggregated core
exhibits a free-flight motion.

5.8 Annexin

Detailed characterization of partially folded D2 do-
main of annexin | was done using N relaxation
data obtained at three magnetic fields, 500, 600 and
800 MHz.%° Dynamical behaviour of different types
of residual structures was explained on the basis of
Lorentzian distribution of correlation times, which
was used for representation of relaxation data. This
approach yields a clearer picture of unfolded state
dynamics than the model-free approach, which uses
discrete correlation times. High values of the width
of the distribution highlight the heterogeneous dy-
namical behaviour of the interconverting structures.

5.9 Chymotrypsin inhibitor 2

®N relaxation and molecular dynamics (MD) have
been used to get an insight into the folding pathway
of chymotrypsin inhibitor 2 (Cl2) at atomic resolu-
tion.*® The unfolded state of Cl2 at 64 M guanidium
hydrochloride contains some residual native helical
structure along with hydrophobic clustering in the
centre of the chain. The lack of persistent non-native
structure in the denatured state reduces barriers that
must be overcome, leading to fast folding through a
nucl eation-condensation mechanism.

5.10 Fibronectin domain

Meekhof et al have attempted to map the energy land-
scape for the third fibronectin type 111 domain from
human tenascin (TNfn3) through measurement of °N
backbone dynamics and other structural parameters
in 5 M urea® Secondary chemical shifts indicate
local preferences for the a-regions. Notable clusters
of protected amides were observed for acidic resi-
dues indicating intramolecular hydrogen bonding.
Few nascent turn like structures were also observed.
On the basis of the dynamics data it was concluded
that deviation from random coil behaviour does not
imply the formation of stable structural elements,
but indicates conformational propensities only.

5.11 Staphylococcal nuclease

Extensive work has been done on the unfolded state
of staphylococcal nuclease.®” %% Measurement of
residual dipolar couplings (Dun) in urea denatured
uniformly “H and *°N labeled protein oriented in
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strained polyacrylamide gels presents a high correla-
tion among the dipolar couplings for individual
residues indicating a native like spatial positioning
and orientation of chain segments. A systematic de-
crease in correlation coefficient was observed with
increase in urea concentration in the plots of Dyy in
urea against Dy in water. Some long range interaction
similar to the native, were also found to be present
in the 8 M urea denatured form. Steric repulsion be-
tween the residues or weakened long-range interac-
tions are possible reasons for this partially fixed
orientation. Earlier a de novo structure determination
of the same protein using paramagnetic relaxation from
14 extrinsic spin labels revealed that many features
of the folded arrangement of segment positions and
orientations persist in this denatured state.”

5.12 Plastocyanin

Potential folding initiation sites were speculated in
apo-plastocyanin on the basis of detailed structural
and dynamic characterization of its unfolded state
under non-denaturing conditions.” Though there was
comparative uniformity in backbone motions, the nano-
second timescale motional restriction for certain
segments in the protein was associated with transient
formation of non-native helical structures. Certain
bias towards b- and a-regions of conformational
space was also observed which is sufficient to re-
duce the search time for folding to a level reasona-
bly consistent with those observed in nature.

5.13 N-terminal SH3 domain of drk

The isolated N-termina Src homology 3 (SH3) domain
of Draosophila drk (drkN SH3 domain) exists in equilib-
rium between folded (Fexen) and unfolded states (Uexch)
in agueous buffer near neutral pH. This remarkable
feature has been used extensively to study this pro-
tein by NMR.%% The NMR spectra recorded on both
states simultaneously, exhibited an approximate 1 : 1
ratio of protein conformations.”® Interestingly, a sta-
ble turn at Leu-28 was observed in the unfolded
state but not in the folded state. Comparison of this
unfolded form with a denatured state in 2 M guanidine
hydrochloride showed that, while both are highly
disordered, these states are not identical and more
residual structure is present under non-denaturing
conditions.®® The spectral density function evaluated
a zero-frequency for the unfolded state of the domain
indicated that residues in the middle of the protein

sequence are considerably less mobile than those at
the termini.*® This suggested that the molecule does
not behave as an extended polymer and that concerted
motions of the centra portions of the molecule occur,
consistent with a reasonably compact conformation
in this region. NMR studies for non-native structure
in this region of the unfolded state of the drkN SH3
domain suggested that the free energy of the un-
folded state plays a crucia role in stability, high-
lighting the importance of the unfolded states for
understanding protein stability."® Denaturation aswell
as hydrogen-exchange experiments demonstrated a
non-native buria of the Trp ring within the core of the
unfolded state."®* These findings supported the pres-
ence of non-native hydrophobic clusters, organised
by Trp rings, within disordered states. Recently it
has been confirmed, by NOESY experiments, that
hydrophobic clustering does occur in the unfolded
state (Uexcn) Of drkN SH3 domain.'*

5.14 HIV-1 protease

NMR identification of local structural preferencesin
HIV-1 protease in the ‘unfolded state’ at 6 M gua-
nidine hydrochloride has been reported.”® Analyses
of the chemicd shifts reveded presence of loca struc-
tural preferences many of which were native like,
and there were also some non-native structural ele-
ments. Three bond H"-H? coupling constants that
could be measured for some of the N-terminal and
C-terminal residues were consistent with the native-
like b structural propensities. Unusually shifted *°N
and amide proton chemical shifts of residues adja-
cent to some prolines and tryptophans also indicated
presence of some structural elements. These conclu-
sions were supported by amide proton temperature
coefficients and NOE data. The preferred structural
propensity was in residues at the dimer interface and
this includes the cavity at the active site. A large
number of these residues are hydrophobic in nature
suggesting that hydrophobic clustering may be a strong
driving force for theinitid folding events of the protein.

It is also observed that glycines and alanines
cause enhanced conformational flexibilities and thus
may act as molecular hinges in the folding as sug-
gested earlier.*® As the denaturant concentration is
progressively reduced, partially folded species start
appearing and the protein beginsto acquire autolytic
activity. The investigations at 6 M and 5M gua-
nidine denaturing conditions, show that the dimeri-
zation domain, the flaps, and the hinges or the elbow
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Figure 8. Propensities of conformational transitions or folding events identified by
different colours on the basis of the magnitudes of the R, changes, displayed on the
structure of the native protein. Green residues have higher folding propensities than the

red ones.

of the protein have the highest propensity to con-
formational transitions.'® The residue-wise graded
propensities shown in colour-coded manner on the
native structure of the protein in figure 8 also sug-
gest a certain degree of local co-operativity in these
conformational transitions.'*

6. Futuredirections

In this review we have tried to describe the literature
on structural studies on unfolded proteins using NMR
as a tool. In the background of evolving concepts
regarding the structure—function paradigm, which
envisage involvement of various disordered states of
proteins, elucidation of the folding pathways of pro-
teins has become essential. In this context, total struc-
tural description of the species present at the two
ends of the folding funnel, so also of the intermedi-
ates needs to be provided.

The NMR methodologies, currently available, have
exploited mostly the nitrogen chemical shift disper-
sion for the study of unfolded proteins. However, it
is known that the carbonyl chemical shift dispersion
is also very good in both folded and unfolded pro-
teins. Considering this, and also that the carbonyls
have an advantage of longer transverse relaxation
times, and hence reduced loss of magnetization,

pulse sequences that use these nuclei need to be de-
veloped.

Recent years have witnessed a tremendous growth
in the knowledge base for the role of misfolded pro-
teinsin many diseases like Alzheimer’s, Parkinson’s
etc. Thus the study of unfolded proteins, misfolded
proteins, and partially folded proteins is bound to
provide useful insights into the origin of these diseases
and hence help in design of drugs against them.

It is known that many unfolded proteins including
intrindgcaly unfolded proteins (IUP's) have a tendency
to aggregate and precipitate. Under such circum-
stances, solution state NMR studies are impractical
and structural characterization has to be done in the
solid state. Here, solid state NMR becomes indis-
pensable. On the other hand, the methodologies in
solid state NMR of proteins are not as well devel-
oped as those for solution state studies, and there are
many challenges. Nevertheless, good progress has
been made in recent years, and structural re?orts
have appeared in few cases of folded proteins.'* A
significant effort islikely to be focused in this direc-
tion in the coming years.
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