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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 intrinsic disorder either wholly or in specific regions. It appears that this
disorder may be important for regulatory functions of the proteins, on the one hand, or, 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 survey the NMR methods available 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

The genome sequencing projects have provided
new opportunities and challenges to the fields of
structural biology and molecular biophysics.
Genomic sequence data provide one step toward
a broader and more complete understanding of the
molecular basis of life. The next stage of this
project is to characterize the structures and
functions of the corresponding gene products, and
to integrate this information in expanding our
understanding of structure-function relationships,
protein folding, evolution, and the general
principles of biology. All these fall under the scope
of structural genomics!®, which is the most
vigorously pursued area of research at the present
times. It is hoped that such an extensive
investigation will help discover hitherto unknown
biological functions and provide clues to the
occurrence and control of many diseases.

1.1 The Structure — Function Paradigm

It has been the central dogma since long that the
function of a protein is related to its significant and
unique state, which is a well-defined three-dimensional
structure called native structure. Pursuing this goal,
three-dimensional structures of several hundreds of
proteins have been solved using X-Ray crystallography,
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NMR spectroscopy and more recently electron
microscopy. Protein Data Bank (PDB) is the single
depositary for all these data. In February 2003 the
number of entries for proteins in PDB was more than
180007.

Though the above paradigm about folded
structures and functions remains valid, recent
structural and genomic data have clearly shown that
not all proteins have unique folded structures under
normal physiological conditions. The disorder can be
local as well as global. Local disorders have been
observed in many protein structures and they have
been functionally rationalized also®. In view of these,
Dunker et al. proposed a Protein Trinity paradigm?®,
according to which the 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 (Fig. 1) has been proposed for
generalization of the structure-function paradigm?.
According to this, a biological function arises as a
result of interplay between four specific
conformational forms, namely, ordered forms, molten
globules, premolten globules, and random coils. It
will not be an exaggeration to assume an ensemble
existence of all the four states at any particular time,
their relative abundance being governed by basic
thermodynamics. Upon ligand binding or some
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Fig.1 Protein Quartet Model proposed for generalization of the
structure-function paradigm®.

signalling modification, concentration of one state
may increase at the expense of the others. This can
explain the fast regulatory steps involved in various
biological functions.

1.2 The Natively Unfolded State

There are about 15,000 proteins in the Swiss
Protein Database that have been predicted to contain
disordered regions of at least 40 consecutive amino
acids'- 12, PONDR VL-XT, an algorithm in a series
of predictors of natural disordered regions
(PONDRs) has been applied to about 30 genomes to
assess for 240 consecutive residue disorders 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® ' 1*17, A more complex signalling
and regulation network is perceived to be a possible
reason for the high occurrence of disorder in
eukaryotes® 8. A special term ‘natively unfolded’
was coined to describe the properties of tau protein'®
and since then a large number of proteins belonging
to this special class have been reported!®. A detailed
study on 91 known ‘natively unfolded’ proteins has
revealed that majority of natively unstructured proteins
have 50 to 100 residues. A typical natively protein is
characterized by: (a) a specific amino acid sequence
with low overall hydrophobicity and high net charge;
(b) hydrodynamic properties typical of a random coil
in poor solvent or PMG conformation; (c) low level
of ordered structure; (d) the absence of a tightly
packed core; (e) high conformational flexibility; (f)
ability to adopt relatively rigid conformation in the
presence of natural ligand; and (g) a ‘turn out’
response to environmental changes with the structural

complexity increase at high temperature or at extreme
pHY.

1.3 Biological Importance of being Natively
Unfolded

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 proteins in multicellular metazoans?
has made researchers to envisage that unstructured
proteins may be less sensitive to environmental
perturbations and, therefore, may impart stability to
complex regulatory networks that might otherwise be
sensitive to changes in cellular conditions’>. Two kinds
of natively unfolded proteins can be distinguished: first,
those in which the unfolded protein performs biological
function in its natively unfolded state®!421:22 and,
second, those in which a natively unfolded protein
acquires a compact structure upon binding to its ligand
or any co-factors (synergistic folding)?*. Excellent
reviews have been written on this subject recently
covering all the systems, uptil now discovered!*1516.18,
With 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
created by a group in Washington state university for
deposition of data and advanced search on the pattern
of PDB.

1.4 Unfolded State, Denatured State and Protein
Folding

Detailed characterization of the unfolded state and
consequent identification of the folding initiation sites
in a given protein provide valuable insight into its folding
mechanism?¢. Well-formed or transient residual
structures in the unfolded state can be possible
candidates for folding initiation sites?®. Unfolded or
partly unfolded states of globular proteins can be
created by use of denaturants, which disrupt the non-
covalent interactions and propel them to lose their
biological activity. This state is referred to as the
‘denatured state’. However, often, denaturation is not
accompanied by complete unfolding of the protein,
and the denatured state is an ensemble of
conformations between native and completely
unfolded states!®. In the denatured state floppy
molecular chains explore a far smaller number of
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Fig.2 Relation between hydrodynamic dimensions, R, and
molecular mass, M of denatured proteins produced by
urea ((J), and guanidine (A) and also of natively unfolded
proteins (@). Interestingly, all the three types of denatured/
unfolded proteins show a linear dependence with nearly
identical slopes and intercepts. The data used to plot are
taken from ref. [17] and fitting was performed using
Sigmaplot 5.

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
practicized moves rather than thrashing about at
random.

Fig. 2 shows the relation between hydrodynamic
characteristics and molecular mass of denatured
proteins produced by urea, and guanidine and also of
natively unfolded proteins. Interestingly, all the three
types of denatured/unfolded proteins show a linear
dependence with nearly identical slopes and
intercepts!’. This indicates that the study of urea and
guanidine denatured states of globular proteins and of
their pathway of renaturation, can provide valuable
insights into in vivo folding of natively unfolded proteins.

2 Experimental Methods other than NMR for
Studying unstructured Proteins

A number of physical techniques have been used
for characterization of unfolded proteins to different
degrees of detail?. In the following we give a brief
description of these various methods, and NMR
spectroscopy, which provides the maximal
information is dealt with separately in the next
section.

2.1 Protease Digestion

Protease digestion is one of the oldest techniques
to get insight into protein structure and flexibility?’. The
digestion of possible cut site on protein is dependent on

its flexibility and surface exposure. Proteolysis requires
at least 10 residue long unfolded region?.
Hypersensitivity to proteases is indicative of protein
disorder®. However, this technique lacks residue specific
resolution and requires use of other techniques for
correct interpretation of data.
2.2 X-Ray Crystallography

X-Ray crystallography has been the method of
choice for elucidation of 3D structures at atomic
resolution of structured proteins. About 80 % of the
structures deposited in Protein Data Bank are solved
by X-Ray diffraction’. Missing electron density in
the structure determined by X-Ray crystallography
implies a disorder in the protein. B-factors also
provide qualitative insights in to the dynamism in
proteins. For an intrinsically unfolded protein or the
denatured state of a globular protein, however, it is
almost impossible to obtain a single crystal for
detailed investigation.

2.3 Circular Dichroism

Circular dichroism (CD) provides secondary and
tertiary structural information on a globular basis*-°.
Far UV CD spectra from 190 nm to 230 nm provide
estimates of secondary structure while near-UV CD
show sharp peak from aromatic groups when protein
is ordered. The combined use of far UV and near
UV CD is used to distinguish whether a protein is
ordered, molten globule or disordered. With the
development of synchrotron based CD, it is possible
to get insight into the folding motifs*!. But CD lacks
residue specific information and is only semi-
quantitative. It fails to provide structural information
for proteins containing ordered and disordered regions.
Motional averaging limits the use of CD to investigate
the structural propensities in the denatured state.

2.4 Size Determination

Determination of stokes’s radius also helps in
detection of disorder present in a protein. This
hydrodynamic parameter is determined by gel-filtration,
viscometery, SAXS, SANS, NMR spectroscopy,
sedimentation and dynamic and static light scattering.
The molecular volume, V is given as

MV

V= NO
where, M is molecular weight, V4 is the specific
volume of a pure sample of the protein and N,, is the
Avogadro’s number. Abnormally large radii for a given
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number of residues indicate presence of disorder. Itis
well documented that hydrodynamic radii of globular
proteins increase by 15-20 % upon transformation to
molten globule state®2,

2.5 Fluorescence Spectroscopy

Fluorescence spectroscopy provides valuable
information on the local structural features around a
fluorophore and more importantly on the dynamics in
the disordered proteins. Line shape, quantum yield
and position of A_,_ in the emission and excitation
spectra, fluorescence and anisotropy life time of
fluorophore present on a protein probe the
environment of the fluorophore, which in turn reflects
on the structure and dynamics of proteins?3,
Tryptophan is an intrinsic fluorophore present in
proteins and in case where it is absent or the number
of tryptophans is large, protein is labelled with
synthetic fluorophore for fluorescence measurements.
Fluorescence resonance energy transfer (FRET)
between an acceptor and a donor which are
synthetically attached at specific sites on the protein
can be used to derive the distance between the two.
Time resolved measurement of FRET provides
additional insight into the dynamics of unfolded
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proteins. Analysis of FRET data, however, becomes
difficult when there are several donor-acceptor pairs
present on the protein®* %,

3 NMR Methodology of Investigating Unfolded
or Partly Folded Proteins

In addition to its nmormal application for
determination of 3D structure at atomic resolution
of folded proteins in solution, Nuclear Magnetic
Resonance (NMR) spectroscopy is unparalleled in
its ability to provide detailed structural and
dynamical information of unfolded and flexible
proteins®. The proton chemical shift dispersion and
line width give first-hand information on the state
of proteins; poor proton chemical shift dispersion
and sharp lines are indicative of disorder. Fig. 3
shows the amide proton and '*N dispersions in the
HSQC spectra for a properly folded HIV-I protease
(A) and for the same protein unfolded by 6 M
guanidine hydrochloride (B). Clearly the amide
proton dispersion in the unfolded protein is very
narrow compared to that in the folded protein. The
5N chemical shift dispersion is, however, fairly
good in both the states.
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Fig.3 Amide proton and N dispersions in the HSQC spectra for a properly folded HIV-I protease (A) and for the same protein

unfolded by 6 M guanidine hydrochloride (B)™
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3.1 Resonance Assignment

Sequence specific resonance assignment is the first
step in detailed NMR characterization of proteins. With
the advent of ultra high field spectrometers,
developments in NMR methodology, and advancements
in isotope labelling techniques many proteins have been
assigned. The assignment procedure has followed
either the NOESY based approach?’ or the triple
resonance experiments based heteronuclear approach?
or combinations thereof. These have been reviewed
extensively in the past®*“*and we do not wish to repeat
that here. Briefly, the assignment procedure, in general,
involves sequential walk along the backbone of the
chain, making use of HY, C*, CP, and C’ chemical shifts
in the different planes of the 3D spectra®® *. The side
chains are assigned using a different set of
heteronuclear 3D experiments. Sequential and long
range NOE connectivities add further support to the
assignments and also provide structural informations.
However, this protocol has difficulties with unfolded or
partly folded proteins because of poor chemical shift
dispersions of proton and aliphatic carbon atoms. Even
so0, a few proteins have been successfully investigated
following these same strategies as have been used for
folded proteins. N and *C filtered three and four
dimensional NOESY and TOCSY based techniques
were used in all these investigations. However, this is
extremely slow and error prone. Thus, new
methodologies are appearing in the literature which
exploit the relatively better >N and *C’ chemical shift
dispersions in unfolded proteins. We describe here only
those methods, briefly, for ready reference and utility.
These techniques provide the backbone HY and °N
assignments and following them the other carbon and
proton assignments can be readily obtained from the
standard 3D experiments commonly used for the folded
proteins®-43,

N'” (t2) _’HNIH (t3)

N, () —H" ()

Fig.4 Schematic diagram showing the magnetization transfer
pathway in the HNN experiment. T, and T, are the delays
during which the transfers indicated by the arrows take
place in the pulse sequences*

3.1.1 HNN

HNN is a three dimensional triple resonance
experiment which employs the magnetization transfer
pathway as shown in Fig. 4. This basic transfer pathway
was also used earlier by other authors®. However, several
improvements in the implementation of the pathway
resulted in substantial gains in sensitivity and spectral
resolution*® and also resulted in special features extremely
useful from assignment point of view.

The HNN spectrum has the following
characteristic features: First, the experiment exploits
the N chemical shift dispersions which are generally
very good, along two of the three dimensions, second,
the spectrum directly displays sequential amide and
N correlations between three consecutive residues
along the polypeptide chain, and, third, the sign
patterns of the diagonal and sequential peaks
originating from any residue are dependent on the
nature of the adjacent residues, especially the
glycines and the prolines. Fig.5 shows the
characteristic patterns for the various distinct triplets
of residues. These lead to so called ‘triplet fixed
points’ which serve as starting points and/or check
points during the course of sequential walks, and
explicit side chains assignment becomes less crucial
for unambiguous backbone assignment. Fig. 6 shows
a schematic walk protocol through the HNN
spectrum and an experimental demonstration is
shown in Fig. 7. These features significantly enhance
the speed of data analysis, reduce the amount of
experimentation required and thus result in a
substantially faster and unambiguous assignment*’.
The HNN technique has been further extended to
four dimensions by including C*labelling along one
of the four dimensions (unpublished results).

3.1.2 HN(C)N

HN(C)N is again a three dimensional triple
resonance experiment which employs the magnetization
transfer pathway as shown in Fig. 8. This basic transfer
pathway was also used earlier by other authors*!,
However, again, several improvements in the
implementation of the pathway resulted in substantial
gains in sensitivity, resolution and special spectral
features*s.

The HN(C)N spectrum shows HN-UN
correlations between three consecutive residues
i—1,iand i + 1 in the different planes of the 3D
spectrum. Under the choice of standard experimental
data acquisition parameters, the patterns of peaks
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Fig.5 Schematic patterns in the F -F, planes at the F, chemical shift of the central residue in the triplets mentioned on the top of

each panel, in the HNN spectra for various special triplet sequences of categories I-IV. 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 respectively. In all cases the peaks are aligned at the F, (H") chemical shift of the central

residue?’

depending on whether the i th residue is a glycine or
otherwise are shown in Fig. 9. From these, it is clear
that whenever there is a glycine or a proline, there is
a distinct change in the sign patterns. These serve as
triplet fixed points as in the case of HNN spectrum.
The sequential walk through the HN(C)N is
schematically shown in Fig. 10. It relies exclusively

on the (F,, F,) planes of the HN(C)N spectrum and
the special peak patterns described above serve as
start points and/or check points during the sequential
walk®2. The essential ingredients of the sequential
walk protocol are indicated as, ‘start’, ‘continue’,
‘check’ and ‘break’ in the Figure. An illustrative
application is shown in Fig. 11.
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Fig.6 The protocol for sequential walk through the HNN
spectrum using an illustrative sequence PGXZB where X,
Z, B can be any residue other than glycine and proline.
Pairs of F -F, and F,-F, (light shaded) planes belonging to
the three residues, G, X and Z are stacked in an appropriate
alignment so that the F -F, plane of one residue stacks
over the F-F, plane of the neighbouring residue. Squares
are diagonal peaks and circles are sequential 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 vertical line at the amide position of
a particular residue goes from the diagonal peak to the
sequential peak in the F -F, plane and identifies the "N
chemical shift of the sequentially connected residue (G to
X, X toZ and Z to B in the G, X and Z planes respectively),
whereas, the horizontal line going from the F,-F, plane to
the F-F, plane of a given residue 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*’

v

3.1.3 3D (H)N(CO-TOCSY)NH, 3D(H)CA(CO-
TOCSY)NH and 3D (H)CBCA(CO-TOCSY)NH
Three heteronuclear 3D NMR experiments namely,
(H)N(CO-TOCSY)NH, (H)CA(CO-TOCSY)NH and
(H)CBCA(CO-TOCSY)NH which make use of
favourable *N chemical shift dispersion in *C, N
labelled unfolded proteins have been developed. The
magentization transfer pathways employed by these

are shown in Fig 12. They exploit the slow transverse
N relaxation of unfolded proteins and use carbonyl
carbon homonuclear isotropic mixing to transfer
magnetization sequentially along amino acid sequence.
The backbone carbonyl carbons have long transverse
relaxation, since they have no directly bound protons
and relax almost exclusively due to chemical shift
anisotropy (CSA) making them good choice for
magnetization transfer through the backbone using *J ...
mediated isotropic mixing. These approaches have been
successfully used to obtain assignment of recombinant
human prion protein, hPrP(23-230).

3.1.4 3D (HCA)-CO(CA)NH

3D (HCA)-CO(CA)NH experiment correlates
carbonyl carbons with amide >N and 'H nuclei of the
i and i+ residues®. The magnetization transfer
pathway of this experiment is shown in Fig 13. It uses
the well dispersed *CO resonances and provides a
means for sequential assignment of backbone
resonances in analogy to the HNCA experiment, i.e.,
pairs of CO chemical shifts are linked by common
correlations to amide proton and nitrogen chemical
shifts. This has been used for obtaining resonance
assignment in apomyoglobin under different unfolding
conditions, relying on favourable dispersions of N and
BCO chemical shifts*>>7, Further improvement in
resolution of peaks has been obtained by extending to
the fourth dimension in 4D (H)CACOCANH spectrum,
with C* chemical shifts.

3.2 Structural Propensities and Residual Structures
in Denatured Proteins

3.2.1 Secondary Chemical Shifts and CSI

'H* and C chemical shifts of C’, C* and CP are
useful indicators of secondary structure in folded
proteins®**®! as they are primarily determined by the
backbone ¢, y dihedral angles®. In order to detect the
presence of residual structures in unfolded proteins,
chemical shift deviations from random coil values for
BCe 13CBand 3C’ resonances are calculated. A
positive deviation of *C*and *C’ chemical shifts from
their random coil values is indicative of presence of
helical segment while converse is true for *CPchemical
shifts. However, there are more than one set of random
coil values published in the literature and these differ
because of the experimental conditions used in arriving
at those values. Wishart ez al. 1995 used 1M urea, pH
5 and 25 °C for their experiments on the peptides chosen,
whereas Schwarzinger et al.5>% derived another set
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Fig.9 Schematic peak patterns in the F,-F, planes of HN(C)N spectrum and the corresponding different triplets of residues. In every
strip the peaks occur at the HY chemical shift (F,) of the central residue in the triplet indicated on the top. B and X can be any
residue other than P and G; Z can be any residue other than P. Squares are diagonal (F,=F,) peaks and circles are sequential peaks.
Filled and open symbols represent positive and negative signs respectively. The patterns involving G and P serve as start and /or
check points during a sequential assignment walk through the spectrum. The pattern, which does not involve a G or a P, is the most

common one occurring through the sequential walk™
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Fig. 10 The schematic sequential walk protocol through the F -F, planes of the HN(C)N spectrum of a protein. 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. 9 and the residue identified on the top of each strip identifies the central residue of the
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Fig. 11 Anillustrative stretch of sequential walk through the HN(C)N spectrum of the FKBP protein. A sequential peak in one plane joins
to the diagonal peak in the adjacent plane on the right. Note that the panels of G62, V63, G69 and V70 constitute the check points
in this sequential walk. The numbers at the top identify the F, chemical shifts, which help identification of the diagonal peaks™
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Fig. 12 Magnetization transfer pathway in the three-dimensional triple resonance experiment (A) (H)N(CO-TOCSY)NH, (B) (H)CA(CO-
TOCSY)NH and (C) (HYCBCA(CO-TOCSY)NH. The arrows indicate the transfer of magnetization through the pulse sequences™
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Fig. 13 Magnetization transfer pathway in the three-dimensional
triple resonance experiment (HCA)-CO(CA)NH. The
arrows indicate the transfer of magnetization through the
pulse sequence™

of values from peptide spectra recorded in 8M urea,
pH 2.3 and 20 °C so as to obtain a better data set for
their apomyoglobin protein. Schwarzinger et al.® also
observed that corrections will have to be applied for
sequence effects and provided a set of rules for these
corrections. 3C* and 3C’ secondary chemical shifts
are better indicators of backbone conformational
propensities than *CP secondary shifts.

3.2.2 H"-H* Coupling Constants

Coupling constants provide valuable secondary
structural information in proteins. The *Jyy ,,, coupling
constant is sensitive to the dihedral angle ¢, and thus
provides a probe for backbone conformational
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preferences®. B-structures are characterized by large
HN-H* coupling constant values in the range 8-10 Hz,
while o-helical structures are characterized by values
in the range 3-5 Hz. In unfolded proteins, however, the
heterogeneity and conformational averaging leads to
average values of 6-7.5 Hz%. Nonetheless, values
significantly different from these average random coil
values would indicate definite propensities for the
structures.

The most common method for measuring the HY-
H" coupling constants relies on the HNHA experiment
or the HNCA-J experiment®. In the former the coupling
constants are derived from the ratios of the diagonal 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 peaks, 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 also contribute to the uncertainties in intensity
measurements in HNHA. Recently these coupling
constants have been measured from a high resolution
'H-N HSQC spectrum, where this information
is contained in the fine structure of the correlation
peaks®® 7. This requires less time for data acquisition
and analyses and is well suited for unfolded proteins
where lines are very sharp.

3.2.3 Amide Proton Temperature Coefficient

The temperature dependence of the HY chemical
shift, that is temperature coefficient, provides an
estimate 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 > 1 ppb/K, indicates
the involvement of these residues, at least transiently,
in hydrogen bonding. The HY temperature coefficients
cannot distinguish between intra- and inter-molecular
hydrogen bonds, which can complicate the analyses in
aggregated form of unfolded proteins.

3.2.4 Hydrogen Exchange

An H—D HX experiment checks if any of the
assigned amide protons shows protection from
hydrogen exchange. This is an extremely useful
parameter to understand the compactness and
hydrogen bonding in disordered or partially folded

proteins. The exchange reaction is generally described
by the following model:

ko
(N —H), % (N—H),, —£= 5 N—D)

cl

The protein is believed to be in two sets of
conformations, closed and open, in equilibrium with
each other. However, solvent exchange occurs only
from the open state of the protein. The exchange
characteristics are a reflection on the solvent
accessibilities of the individual amide protons in the
folded protein, on the one hand, and on the folding/
unfolding equilibria on the other’ 7. The hydrogen
bonded amide protons exchange much slower
compared to the non-hydrogen bonded ones. Thus
hydrogen-deuterium (H/D) exchange studies give
considerable insight into structure, stability, folding,
dynamics and intermolecular interactions in protein
systems in solution. Under conditions where k_, >>
k,, . the measured exchange rate k,, is K_k, where
K,, is the equilibrium constant for structural opening
and k _is the intrinsic exchange rate. Then the free
energy change for structural opening is given by

op?

AGy, =—RT In (%:)
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 exchange directly
with the solvent in the native state. Accordingly, the
unfolding free energy values measured at the various
amide sites would actually reflect a series of different

unfolding events through the structure of the protein.

3.2.5 Nuclear Overhausser Effect

Nuclear Overhausser effect (NOE) provides inter
atomic distance information in unfolded proteins as it
does in folded proteins. It provides information on the
secondary structures and other long-range interaction
present in proteins. The d (i, i+1), dy (i, i+1)
and dBN(i, i+1) NOEs provide the information on ¢
and y dihedral angles preferences while medium range
d (s i+2), d (i, i+3) and dg (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 point to definite
presence of structural elements in an ensemble of
disordered protein conformations. 3D NOESY-HSQC
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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 resonances
experiments have been developed, which exploit the
dispersion of N and *C‘ 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.

3.2.6 Paramagnetic Relaxation

Paramagnetic relaxation probes like nitroxide,
which enhance nuclear spin relaxation by their
paramagnetic centre, enable measurement of long-
range distances. This approach has been used for
characterization of long-range structural elements in a
denatured state of staphylococcal nuclease’”” and
apomyoglobin®. Conformational averaging may bias
this approach towards underestimation of contact
distances.

3.2.7 Residual Dipolar Couplings

Residual dipolar couplings (RDC) between nuclei,
observable in partially aligned molecules in dilute
orienting media, cause a significant improvement in the
precision of structure determination of biological
macromolecules in aqueous solutions. In addition 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 useful in defining
domain orientations in multi-domain proteins. The
historical developments, theoretical basis and the
applications to different protein and nucleic acid
segments have been recently reviewed *'. Although
there are complexities involved in converting RDCs
measured in unfolded proteins into sets of orientational
constraints®, the structural information given by RDCs
is independent of distances. The approach has been
successfully used for characterization of topology of
urea denatured staphylococcal nuclease. The
measurement of RDCs has indicated the presence of
long range native like structures unaffected by local
dynamism. Many of the residues were found to maintain
arelatively fixed orientation with reference to a single
reference axis.

3.3 Ensembles of Structures in the Unfolded State

Though various NMR parameters as listed above
provide useful residue-level insight into the secondary

structures and structural propensities in unfolded states
of proteins, the calculation of 3D structures remains
an almost utopian task, as, measured NOEs, J-
couplings and RDCs are ensemble averaged quantities
of rapidly inter-converting conformers that do not have
as simple a relationship with structures(s) as in folded
proteins. Choy and Forman-Kay®® have developed an
algorithm called ENSEMBLE for calculation of
ensembles of structures. It optimises the population
weights assigned to each structure on the basis of
experimental properties derived from NOEs,
J-couplings, 3C chemical shifts, translational diffusion
coefficients and tryptophan environment obtained from
NMR and fluorescence spectroscopy. The approach
was applied to drkN SH3 domain and five sets of state
ensembles were calculated with all having similar
average hydrodynamic properties. The percentage of
residues in the 3 region decreased by 10% while there
was 50 % loss in the B strand content. It also indicated
presence some residual native and non-native
structures.

3.4 Dynamics

NMR is unequaled in its ability to provide
information on residue specific dynamics in proteins.
Inunfolded proteins, a restricted motion indicates higher
propensity to form structure or presence of residual
structure. The longitudinal and transverse relaxation
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®35, While all the three
relaxation parameters are sensitive to motions on a
picosecond to nanosecond time scale, the "'N-'H NOE
is the most sensitive, to these high frequency motions
of the protein backbone. On the other hand, transverse
relaxation is very sensitive to slow time scale (micro-
to millisecond) motions and conformational 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 nucleation sites of protein folding. It can also
throw light on residues interacting with their ligands.

Model-free approach is the commonly used
approach for analysis of relaxation data of folded
proteins® 87, This is based on the assumption of
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separability of internal and globular motions. Thus,
dynamics is described in terms of an overall rotational
correlation time T_, an internal correlation time T, and
an order parameter S? 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
systems. 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®>38, Three spectral density functions J(0),
J(o,) and J(w,) are calculated as described by
Lefevre et al.®. Of these, J(®,) is largely determined
by heteronuclear NOEs and is most sensitive to higher
frequency motions of the protein backbone. J(®,) is
dominated by R, and J(0) is dominated by both R,
and R,. Thus, J(0) is sensitive to both nanosecond
time scale motions and contributions from slower
micro- to millisecond exchange processes. Assuming
a linear correlation between J(0) and J(w,) two
empirical parameters o and B are calculated from
the slope and y-intercepts. These are then used to
calculate the time constants characterizing various
motions of the protein by solving the following cubic
equation in T%:

20007 + 5P + 2 (- )T+ 5B=0
where ® is the larmor frequency of *N nuclei. A similar
analysis can be performed for J(0) and J(®,,) relation.

A general framework for studying dynamics of
folded as well as unfolded states of protein has been
presented by Prompers and Briischweiler®®. 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®*4. It provides information directly on the
dynamics of the interacting spins, if their relative
orientations are known. More recently 'HP-'3CP 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, Iy, yoo» in the CH, group is obtained
from the CBCA(CO)NNH spectrum. I';;, -, can
be written in terms of spectral densities, which are

evaluated in the context of a particular motional
model®. T, 4, iS given by the relation

I,(T
Dycrr v =~ (%) In {4 * Iy(T) * ICD(EI‘))z}

where I, I, and I are the intensities of the upfield,
downfield and central components of the '*CP triplet
respectively, and T is the duration of the *C constant
time evolution during which cross-correlated spin
relaxation occurs®. A large | Iy, yl is indication of
slow motion indicating some tertiary contacts. The
buried residues also exhibit large values.

4 ‘Residual structures’ in the Unfolded State:
Specific Cases

The number of proteins which have been
investigated 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
spectral 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 reasons already elaborated
in the earlier sections. It is however envisaged that
the newer methods, coupled with technological
advances would facilitate larger number of
investigations in the years to come. In the following,
we briefly discuss the results obtained in the few
proteins studied so far.

4.1 The Phage 434 Repressor Protein

This was the first protein for which sequence
specific backbone assignment was obtained in the
unfolded state®’®%, The assignments in 7 M urea were
obtained using 2D TOCSY relayed "N HSQC and
2D NOE relayed "N HSQC spectra. COSY was
used for assignment of other aliphatic 'H resonances.
Comparing the assignment at 0 M urea and 7 M urea,
coexistence of both the native and unfolded forms
was observed at 4.2 M urea having exchange life
time of about ~ 1s. 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 structural feature as in folded form
and hydrophobic cluster was preserved. The authors
speculated the segment as possible nucleation site for
folding of this protein®.
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4.2 Fibronectin Binding Protein

A 130 residue fragment (D1-D4) taken from a
fibronectin-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. A
combination of 3D NOESY-HSQC, 3D TOCSY-
HSQC and 3D HSQC-NOESY-HSQC experiments
was used to obtain sequence specific backbone
assignments. Assignment for D2-D3 was first obtained
to overcome the difficulties posed by high sequence
homology between different D repeats. The secondary
chemical shifts, *J, ., couplings and absence of long
range NOEs were indicative of lack of persistent
secondary and tertiary structures. !N relaxation
analysis was done to understand the differences in
dynamical properties of residues in different domains.
It was finally concluded that the sequence involved in
binding has a high propensity for populating the extended
conformation. This is likely to allow a number of both
charged and hydrophobic groups to be presented to
fibronectin for highly specific binding'®.

4.3 Lysozyme

Structural and dynamical properties of oxidized and
reduced forms of hen lysozyme in 8 M urea were
studied®’. N resolved NOESY and TOCSY based
experiments were used for backbone assignments in
both oxidized and reduced forms. Resonances for the
residues near the disulfide bridges were absent due to
line broadening in oxidized form indicating slow motions.
Deviation from random coil behaviour was observed
for residues W62, W63, W108, W11 and W123 on the
basis of amide and H* chemical shifts and high R,p
relaxation rate, indicating the presence of hydrophobic
clusters. A number of medium range NOEs were
observed in the region corresponding to A, B, D, and
C-terminal 3, helices in the native protein. This
suggested that the oxidized form could resemble a
molten globule!®. Hennig et al. measured *J(C’, Cy),
3J(N, Cy), 3J(C’, C*) and *J(C’, CP) coupling constants
in denatured hen lysozyme in 8 M urea pH 2.0'%. It
provided insight into the side chain Y, torsion 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 properties of the side chains.
HN and H* chemical shifts and R, rates indicated the

presence of extensive hydrophobic clusters in the
denatured state of lysozyme'®.

4.4 FKBP

Detailed structural characterization has been done
on the FK 506 binding protein (FKBP) unfolded in urea
and guanidine hydrochloride!®. Sequence specific 'H,
N and *C resonance assignments for FKBP in
6.3 M urea and 2 M guanidine hydrochloride were
obtained using 3D TOCSY-HSQC and 3D
H(C)(CO)NH-TOCSY!% experiments. The measured
C® and 'H chemical shift, HN-H* coupling constants,
chemical exchange and "N relaxation rates indicated
extensive conformational averaging for FKBP in 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® dependence 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. The
medium range NOEs patterns were different in the
FKBP in 2 M guanidine hydrochloride, possibly due to
dependence of the helix formation on the salt
concentration.

4.5 Apomyoglobin

Structural and dynamic properties of sperm whale
Apomyoglobin have been extensively studied in
different denaturing conditions>>%’. Sequence specific
resonance assignments for Apomyoglobin denatured
under low salt condition at pH 2.3 was obtained using
(HCA)-CO(CA)NH spectrum which uses the superior
BC’ chemical shift dispersion. The HNCO spectrum
was used to distinguish interresidue and intraresidue
peaks in (HCA)-CO(CA)NH spectrum. Standard
TOCSY-HSQC, CBCA(CO)NH and C(CO)NH-
TOCSY spectra were used for confirmation of the
assignment. The presence of small population 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 sequence corrected *C* and *C’
secondary shifts, motional 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 its
helix destabilizing mutants®’. Standard triple resonance
3D experiments in conjunction with 3D HSQC-
NOESY-HSQC were used to obtain assignments.
Secondary chemical shifts, HY - HY NOEs,

i+1
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temperature coefficients revealed the presence of large
native like helical regions 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 4.1 of helix destabilizing
mutant of apomyoglobin revealed significant differences
in the distribution of helical segments in the protein.
Though the overall helical content in other regions was
same, a loss of helical structure was observed in the
regions where destabilizing mutation was made. The
acid denatured state of apomyoglobin has also been
studied by paramagnetic spin labelling. Nitroxide
coupled to mutant cysteine residues were used as
probes of chain compaction and long-range tertiary
contacts. Even in the highly denatured form, the protein
had transient compact states in which there were native-
like contacts between the N and C-terminal regions,
though central region had random coil conformation®.

In the urea (8M) and low pH denatured state of
apomyoglobin, clusters of small amino acids such as
glycine and alanine led to increased backbone mobility,
suggesting their role as molecular hinges. Also local
hydrophobic interactions persisted which caused some
restriction of backbone motion on picosecond to
nanosecond time scale!%.

The quench flow and CD experiments revealed
altered folding pathway for the N132G/E136G mutant
of apomyoglobin®. Pressure dependent folding studies
on Apomyoglobin have revealed the existence of
equilibrium mixture of native, intermediates, molten
globule and unfolded conformers. The spectral changes
were observed to be reversible with respect to pressure
changes. Finally, loss of partial molar volume was found
to parallel loss of conformational order'”’.

4.6 Barnase

Barnase, a small extracellular ribonuclease from
Bacilllus amyloliquefaciens has been characterized
in its pH, urea and temperature denatured forms®.
Sequence specific assignments for a small portion of
the protein were obtained by following the exchange
of ’N-'H heteronuclear magnetization at the transition
point (pH 2.4) and further assignments were obtained
from the standard triple resonance 3D experiments and
NOESY-HMQC spectra. Transient structure formation
in a small region was concluded in the pH denatured
state by analysis of chemical shifts, NOEs and
exchange rate®. Comparison of the different denatured
states indicated 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 P-sheet regions were
speculated as initiation points in the folding of barnase.

4.7 Barstar

Barstar, an intracellular inhibitor of barnase, gets
reversibly denatured in presence of 3 M urea at 278
K!8, Standard 3D triple resonance and NOE based
experiments were used for resonance assignment. The
presence of some residual structure was inferred on
the basis of chemical shifts, NOEs and coupling
constants. On the basis of these the first and second
helices were thought to be the potential initiation sites
for the folding of barstar.

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 residues in 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, but with 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.

4.8 Annexin

Detailed characterization of partially folded D2
domain of annexin I 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 dynamical
behaviour of the interconverting structures.

4.9 Chymotrypsin Inhibitor 2

5N relaxation and molecular dynamics (MD) have
been used to get an insight into the folding pathway of
Chymotrypsin inhibitor 2 (CI2) at atomic resolution!!!,
The unfolded state of CI2 at 6.4 M guanidium
hydrochloride contains some residual native helical
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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 nucleation-
condensation mechanism.

4.10 Fibronectin Domain

Meekhof et al. have attempted to map the
energy landscape for the third fibronectin type III
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 residues indicating
intramolecular hydrogen bonding. Few nascent turn
like structures were also observed. On the basis of
the dynamics data it was concluded that the deviation
from random coil behaviour does not imply the
formation of stable structural elements, but indicate
conformational propensities only.

4.11 Staphylococcal nuclease

Extensive work has been done on the unfolded state
of staphylococcal nuclease’*82113 Measurement of
residual dipolar couplings (D) in urea denatured
uniformly *H and N labelled protein oriented in
strained polyacrylamide gels presents a high correlation
among the dipolar couplings for individual residues
indicating a native like spatial positioning and orientation
of chain segments. A systematic decrease in correlation
coefficient was observed with increase in urea
concentration in the plotsof D, in urea against D, in
water. Some long range interaction similar to native
were also found to be present inthe 8 M urea denatured
form. Steric repulsion between the residues or
weekened long range interactions 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 .
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