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1. Introduction

In this review, we shall outline the basic principles
of circular dichroism (CD) and indicate the types of
structural information relevant to the study of the
folding and unfolding (or denaturation) of proteins
which can be obtained. We shall then describe a
number of studies of these processes, using systems
ranging from small peptides to complex multi-do-
main and multi-subunit proteins, which will indicate
the particular contribution which CD can make in
conjunction with other structural techniques. Finally,
the way in which this information has been used to
help formulate models for protein folding will be
outlined.

1.1. Basic principles of CD

CD refers to the differential absorption of the left
and right circularly polarised components of plane-
polarised radiation. This effect will occur when a
chromophore is chiral (optically active) either (a)
intrinsically by reason of its structure or (b) by being
covalently linked to a chiral centre or (c) by being
placed in an asymmetric environment. In practice
radiation is split into the two circularly polarised
components by passage through a modulator (usually
a piezoelectric crystal such as quartz) subjected to an
alternating (50 kHz) electric field. The modulator will
transmit each of the two components in turn. If, after
passage through the sample, the components are not
absorbed (or are absorbed to the same extent), combi-
nation of the components would regenerate radiation
polarised in the original plane. However, if one of the
components is absorbed by the sample to a greater
extent than the other, the resultant (combined compo-
nent) radiation would now be elliptically polarised,
i.e., the resultant would trace out an ellipse (Fig. 1).
In practice, the CD instrument (spectropolarimeter)
does not recombine the components but detects the
two components separately; it will then display the
dichroism at a given wavelength of radiation ex-
pressed as either the difference in absorbance of the
two components (AA = A — Ag) or as the ellipticity
in degrees (8) (6=tan"'(b/a), where b and a are
the minor and major axes of the resultant ellipse (Fig.
1). There is a simple numerical relationship between
AA and 6 (0 in degrees), i.e., 0= 3298 AA.
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Fig. 1. Origin of the CD effect. (a) The left (L) and right (R)
circularly polarised components of plane polarised radiation: (1)
the two components have the same amplitude and when com-
bined generate plane polarised radiation; (II) the components are
of different magnitude and the resultant (dashed line) is ellipti-
cally polarised. (b) The relationship between absorption and CD
spectra. Band 1 is not chiral; band 2 has a positive CD spectrum
with L absorbed more than R; band 3 has a negative CD
spectrum.

In practice in most biological work, the observed
ellipticities are of the order of 10 millidegrees (i.e.,
the difference in absorbance between the two circu-
larly polarised components of the incident radiation is
of the order of 3 X 10™* absorbance units). It is
therefore clear that careful attention must be paid to
the experimental conditions to ensure that meaningful
data are obtained (Section 2.2). A CD spectrum is
obtained when the dichroism is measured as a func-
tion of wavelength (Fig. 1). As discussed in more
detail in Section 2.1, the CD spectra of proteins can
give insights into a number of aspects of protein
structure, and when used in combination with other
structural techniques can play an important role in
examining the processes of the folding and unfolding
of proteins. A number of excellent reviews of CD
have been published (e.g., [1,2]) and recently a com-
prehensive multi-author treatise has appeared [3].
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1.2. The folding and unfolding of proteins

The biological properties of a protein depend on its
three dimensional structure and the way in which that
structure can be influenced by chemical and physical
factors (ligands, pH, temperature, etc.). Although the
structures of over a thousand proteins are now known
as a result of the application of techniques such as
X-ray crystallography or high resolution NMR, much
less is known about the pathway of protein folding. It
is clear that in vivo such folding (and assembly in the
case of multi-subunit proteins) takes place both
rapidly (on time scale of seconds) and efficiently
(i.e., with little or no by-products such as aggregated
protein). The most useful approach to examining the
process of protein folding has been to study the
refolding of proteins after unfolding; the extent to
which this in vitro approach is a suitable model for
protein folding in vivo has been discussed at length
[4,5]. Tt is clear that at least for a number of small
proteins both the rate and efficiency of refolding are
compatible with those presumed to occur in vivo. For
larger multi-domain or multi-subunit proteins the rate
of refolding can be much slower and the efficiency of
the process relatively low, with formation of aggre-
gates a common competing process. This suggests
that, in vivo, there are various factors which can
improve the folding process in terms of rate and
efficiency. Since about the mid-1980s the role of a
number of such cellular protein factors, generally
termed collectively ‘molecular chaperones’, has been
elucidated (for reviews see [6-8]). It has become
clear that the folding of any given protein, especially
one which is translocated from its site of synthesis,
involves the sequential action of a number of differ-
ent chaperones.

Deciphering the mechanism of protein folding and
hence establishing the detailed relationships between
sequence and three dimensional structure is not only
of considerable intrinsic biological interest (the pro-
cess has been termed ‘the second half of the genetic
code’), but is also of considerable technological and
clinical importance. In many cases, the overexpres-
sion of recombinant proteins leads to the formation of
‘inclusion bodies’ containing the desired protein in
an aggregated insoluble form [9]. Recovery of the
protein in an active state involves solubilisation in a
denaturing agent (usually urea or guanidinium chlo-

ride (GdnHC1)) followed by refolding under carefully
controlled conditions; this can often be the most
difficult step in the entire production process [10]. In
addition refinements in the chemical methods of pep-
tide synthesis have allowed ‘designed’ proteins of
moderate size (up to about 100 residues) to be pro-
duced in reasonable yield [11]; this approach offers
the advantage that unnatural amino acids such as
norvaline can be incorporated into proteins. There is
thus a pressing need: (a) to understand the process of
protein folding, (b) to be able to predict the three
dimensional structures of proteins from their amino
acid sequences, and (c) to be able to calculate the
effects of changes in the amino acid sequence on the
structure, and hence on the properties of the protein.
The clinical relevance of understanding protein fold-
ing pathways is well illustrated by the fact that a
number of disease states (e.g., cystic fibrosis, scurvy,
maple syrup urine disease, «,-antitrypsin deficiency)
may be linked to the formation of misfolded proteins,
which can then lead to incorrect assembly or mislo-
calisation [12,13].

As a result of extensive studies, mainly on the
refolding of small proteins, a number of important
insights into the folding pathways of proteins have
been obtained, with the delineation of some structural
features of intermediates which may be involved and
the measurement of the rates of key processes. CD
has played an important role in much of this work, as
outlined in Sections 4.3 and 4.4.

The native three-dimensional structures of proteins
are of only relatively limited stability (typical values
are 20-60 kJ mol™") [14]; this is a consequence of
the relatively close balance between those forces
(hydrophobic, hydrogen bonding, ionic bonding and
van der Waals’ forces) tending to promote a folded
structure and the entropic factors which favour the
unfolded state. Detailed measurements of the unfold-
ing of proteins are important in order to define the
range of conditions under which native-like biologi-
cal properties are retained. Measurements of the
structural changes in proteins by denaturants such as
urea or GdnHCI can be used to establish the validity
of models for unfolding, and in favourable cases can
give quantitative estimates of the free energy differ-
ence AG°(H,O) between the folded and unfolded
states. These estimates could be used for instance to
give a direct assessment of the effect of an amino
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acid substitution on the stability of a protein (Section
3.3), and hence an insight into the role of that amino
acid in crucial interactions which stabilise the folded
state. Finally, studies of the unfolding of proteins and
peptides may also reveal information on the proper-
ties of partially folded intermediate states, which
could be relevant in understanding the pathway of
folding (Sections 3.4, 3.5 and 3.6).

2. Structural information and spectroscopy

2.1. Structural information on proteins available from
CD

One of the strengths of CD is that various aspects
of protein structure can be measured. Studies of the
far-UV region (typically 240 nm to 190 or 180 nm)
can be used to assess quantitatively the overall sec-
ondary structure content of the protein. In this region,
the absorbing group is principally the peptide bond.
There is a weak but broad n — 7 * transition centred
around 210 nm and an intense 7 — 7" transition
about 190 nm. In the near-UV, the aromatic amino
acid side chains (phenylalanine, tyrosine and trypto-
phan) absorb in the range 250 to 290 nm; the tertiary
folding of the polypeptide chain can place these side
chains in chiral environments, thus giving rise to CD
spectra which can serve as characteristic fingerprints
of the native structure. In model compounds contain-
ing a disulfide bond, the dihedral angle of this bond
can often be deduced from the appearance of the CD
spectrum in the 240 to 290 nm region. In the case of
extensively disulfide bonded proteins, there can be
difficulties in performing such analyses because of
the overlap of the disulfide signals with others from
the aromatic side chains [1,2,15-17]. Finally, non-
protein components or cofactors, such as flavins,
haem, pyridoxal 5'-phosphate, etc., may absorb in
regions of the spectrum well separated from those of
amino acids and peptide bonds; the CD signals in
these regions can be used to provide detailed infor-
mation on the environment of these chromophores.
Each of these aspects will now be discussed in turn.

2.1.1. The far-UV CD of proteins (peptide bond
dichroism)

It has been known for many years that the different
forms of regular secondary structure found in pep-
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Fig. 2. Far-UV CD spectra associated with various types of
secondary structure: solid curve, a-helix; long dashes, anti-paral-
lel B-sheet; dots, type I B-turn; dots and short dashes, irregular
structure [23].

tides and proteins exhibit distinct far-UV CD spectra
(Fig. 2). The task of taking any observed spectrum
and deducing the contributions of the different struc-
tural forms would thus appear to be limited to the
solution of a (large) number of simultaneous equa-
tions using data over the far-UV. In practice, this has
turned out to be more difficult for the following
reasons. Firstly, it is clear that aromatic amino acid
side chains (especially tryptophan) can contribute to
the far-UV spectrum (Section 2.3) [2.18.19]. Sec-
ondly, disulfide bonds can contribute to the spectrum
[1,2,15—-17]. Thirdly, the characteristics of the spectra
can depend on the length and regularity of structural
elements in peptides and proteins [20]. More recent
approaches have been based on sophisticated curve-
fitting procedures involving sets of spectra of well-
characterised proteins of known secondary structure.
The coNTIN procedure introduced by Provencher and
Glockner [21] involves the direct analysis of a CD
spectrum over the range from 240 to 190 nm as a
linear combination of the CD spectra of 16 proteins
whose structures have been determined to high reso-
lution by X-ray crystallography. The approach avoids
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the problem of defining reference spectra and pro-
vides a flexible analysis of actual protein spectra. In
the CONTIN procedure, greater weight is automatically
given to those proteins in the reference set whose
spectra more closely resemble the protein being anal-
ysed. In the variable selection method of Manavalan
and Johnson [22], the selection of appropriate spectra
can be made by the investigator. In any case, it is
clear from Fig. 2 that the analysis of far-UV CD
spectra can be undertaken more confidently when
data are available in the range down to 180 nm or
even beyond [23]. In practice, with many biological
systems it can be difficult to acquire data of suffi-
ciently high quality below 190 nm, or even 200 nm if
other absorbing components are unavoidably present.
(The intense radiation available from synchrotron
sources offers one possible way of obtaining data at
these low wavelengths [24], although such applica-
tions are still in their infancy). If data from wave-
lengths only above 200 nm are available, it is still
possible to make fairly reliable estimates of the a-
helical content of peptides and proteins from the
ellipticities at 208 and 222 nm [25], the wavelengths
corresponding to the characteristic double minima of
the a-helix spectrum (Fig. 2). It should be pointed
out, however, that the value of the mean residue
ellipticity for an a-helix at 222 nm can be influenced
to a significant degree by the length of the helix and
the dynamical motion of the protein [20]. The analy-
sis of far-UV CD spectra has been extensively re-
viewed [23,26-28].

2.1.2. The near-UV CD of proteins (aromatic amino
acid dichroism)

The near-UV CD of proteins arises from the envi-
ronments of each aromatic amino acid side chain as
well as possible contributions from disulfide bonds,
or non-protein cofactors which might absorb in this
spectral region. Small model compounds of the aro-
matic amino acids exhibit CD spectra because the
chromophore is linked to the nearby chiral a-carbon
atom. In the case of proteins in their native states, the
side chains of these amino acids will be placed in a
variety of asymmetric environments characteristic of
the tertiary structure of the folded protein. The analy-
sis of near-UV CD spectra has been discussed in
detail [1,29-31]. Each of the aromatic amino acids
tends to have a characteristic wavelength profile:

tryptophan, a peak close to 290 nm with fine struc-
ture between 290 and 305 nm; tyrosine, a peak
between 275 and 282 nm (the fine structure at longer
wavelengths may be obscured by that from trypto-
phan); phenylalanine, sharp fine structure between
255 and 270 nm [29]. Three factors tend to influence
the intensities of aromatic cd bands: (i) the rigidity of
the protein, with the more highly mobile side chains
having lower intensities; (ii) interactions between
aromatic amino acids, which are especially signifi-
cant if the distance between them is less than 1 nm;
(iii) the number of aromatic amino acids. Proteins
with large numbers of such amino acids can have
smaller than expected CD bands because of can-
celling effects of positive and negative contributions,
as in the case of aspartate carbamoyltransferase [32].

The contributions of individual aromatic amino
acids to the near-UV CD spectrum of a protein can
be assessed by examining the CD spectra of suitable
mutant proteins. This approach was adopted by Craig
et al. [33] to show that of the four tyrosines and one
tryptophan in interleukin 18, the major contributions
were made by Trp-120 and Tyr-68. Freskgard et al.
[19] used a similar approach to evaluate the contribu-
tions of each of the seven tryptophan residues in
human carbonic anhydrase II, using a range of mu-
tants in which each tryptophan had been replaced in
turn. The fact that the mutant enzymes retained sub-
stantial activity (at least 34% of the wild type) indi-
cated that the structures were likely to be very similar
to wild-type enzyme. Each tryptophan was found to
make distinctive contributions to the near-UV CD
spectrum; when these were summed algebraically the
resulting spectrum was qualitatively similar to that of
the wild-type enzyme. In this case each of these side
chains was found to make significant contributions
not only to the near-UV but also to the far-UV CD
(Fig. 3), varying between +2500 and — 1500 deg.
cm?® dmol ™' at different wavelengths. The contribu-
tions are particularly significant in the case of car-
bonic anhydrase where the ellipticity in the 220 to
230 nm region does not exceed —4000 deg. cm?
dmol ~'. This example serves to emphasise the need
to exercise care in the interpretation of far-UV CD
spectra of proteins of low helical content, particularly
when mutations involving aromatic amino acids are
involved. In view of the various factors involved, it is
hardly surprising that near-UV CD spectra of proteins
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are not readily amenable to detailed interpretation in
terms of tertiary structural features. Nevertheless,
near-UV CD spectra can be very useful ‘fingerprints’
for comparisons of tertiary structures between related
proteins, e.g., wild-type and mutant proteins (Section
2.3), and have been invaluable in studies of the
‘molten globule’ state of proteins (Section 3.5).

2.1.3. The near-UV / visible CD of proteins (cofactor
/ ligand dichroism)

CD in the near-UV, visible and near-IR can give a
great deal of information on the environments of
cofactors and other protein-bound ligands. In many
cases, the free cofactor or ligand is optically inactive,
but on binding to the protein becomes immobilised in
an asymmetric environment, thus giving rise to CD
signals in a characteristic absorption region. The CD
spectra of complexes formed between carbonic anhy-
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drases and a range of (intrinsically optically inactive)
azosulfonamide inhibitors was used to explore de-
tailed differences between the active sites of different
isoenzymes [34]. Changes in the CD signal due to the
bound cofactor or ligand can be used to report on the
loss of integrity of the binding site during unfolding
of the protein. For example, the GdnHCl-induced
dissociation of the pyridoxal 5'-phosphate cofactor
from phosphorylase b could be readily monitored by
the loss of ellipticity at 335 nm [35]; this was com-
plete at a concentration of denaturant (0.8 M) at
which only very small changes in the secondary and
tertiary structure of the enzyme had occurred as
indicated by the far- and near-UV CD respectively. In
a number of studies, the CD spectra of cytochrome
P-450 enzymes over the range from 350 to 450 nm
have been used to examine the hydrogen bonding and
polarity characteristics of the active site haem group
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Fig. 3. CD spectra of carbonic anhydrase II. (a) and (c) Near-UV and far-UV CD spectra respectively of wild-type enzyme. (b) and (d)
Contributions of Trp-5 ( ), Trp-16 (---), and Trp-97 (- - -) to the near-UV and far-UV CD spectra respectively, as deduced
from the spectra of appropriate mutants in which the tryptophan had been replaced by another amino acid [19].
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[36] and the interactions between reductase and P-450
domains in the BM3 flavocytochrome system [37]
(Fig. 4). The visible and near-UV CD spectra of
solubilised light harvesting complexes from photo-
synthetic bacteria (such as Rhodopseudomonas aci-
dophila) show a number of peaks due to the
carotenoid and bacteriochlorphyll components) (Fig.
5). The spectrum in the 800 to 850 nm region pro-
vides a sensitive probe for interactions between
neighbouring bacteriochlorophyll molecules in the
complex [38]. Detailed analysis of the three dimen-
sional structure of the light harvesting complex [39]
shows that the carotenoid components are distorted
by twisting from planarity, thus providing an explana-
tion for the appearance of a CD signal (Fig. 5) from
the otherwise optically inactive species (R.J. Cogdell,
personal communication).

2.2. Experimental aspects of CD

In this section we shall give a brief outline of some
of the important experimental aspects of obtaining
CD data; this is important in appreciating the condi-
tions under which reliable data can be obtained.
Further details of these aspects can be found in a
number of review articles [1,23,40,41].

The light source for most CD instruments is a

xenon arc, which gives good output over the range of
wavelengths (178 to 1000 nm) used for virtually all
studies on proteins. It is necessary to flush the instru-
ment with N, gas in order to remove O, from the
lamp housing and the sample compartment so as (a)
to prevent ozone formation and to minimise damage
to the optical system, and (b) to allow measurements
to be made below 200 nm. In a N, atmosphere, the
lower wavelength limit is close to 180 nm; in order to
record data below this wavelength, vacuum UV tech-
niques or the use of high intensity synchrotron radia-
tion sources [24] are necessary.

To obtain reliable CD data, it is important to pay
attention to the instrument and to the sample. As far
as the instrument is concerned, regular maintenance
and calibration with a suitable chiral standard such as
15-(+)-10-camphorsulfonic acid is essential. In view
of the relatively small size of the signal a number of
experimental parameters are adjusted in order to im-
prove the quality of the data. These include: the time
constant, the scan rate, the number of scans and the
bandwidth. In most cases, suitable ‘steady state’ CD
spectra in the near and far-UV can be obtained using
a time constant of 2 sec, a scan rate of 10 nm/min,
accumulation of two to four scans and a bandwidth of
2 nm or less [40].

It is important that the sample of protein should be

CD (mdeg)

gL

350 400

500 550 600

Wavelength (nm)

Fig. 4. The near-UV /visible CD spectrum of BM3 flavocytochrome. The solid line shows the CD spectrum of the intact flavocy-
tochrome; the dashed line shows the CD spectrum of the stoichiometric mixture of the separately expressed P-450 and reductase domains

of the enzyme [37].
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homogeneous and should be freed of highly scatter-
ing particles by either centrifugation or passage
through a suitable filter (e.g., 0.2 wm). The total
absorbance of the sample should not exceed about
one unit, otherwise the spectral noise will become
excessive and, above a certain point, an automatic
cutoff may operate leading to an apparent decline of
the CD signal to zero. It is essential to minimise
absorption due to other components (buffers, support-
ing electrolytes, solvents etc.) in the mixture. Most
problems arise in the far-UV and the absorption
characteristics of many commonly used buffers and
other reagents have been extensively studied [40].
Phosphate, borate and low molarity (20 mM) Tris
have low absorbances above 190 nm in cells of path
length 0.1 cm or less; these buffers can between them
give suitable coverage of pH values from 6 to about

80

9.5. Buffers which are appropriate for pH values
from 4 to 6 usually contain carboxylate groups which
have high absorbance below 200 nm. In such cases it
is important to work with as dilute a buffer solution
as is required to maintain the pH, and to run appro-
priate ‘blank’ CD spectra to ensure that the buffer
components do not lead to excessive noise or other
artifacts in the spectra. One point often overlooked is
that CI™ ions absorb strongly below 195 nm; thus
NaCl is not recommended as a component of a buffer
solution for CD work. Fluoride and sulfate salts are
much more appropriate to maintain the ionic strength,
if necessary.

In order to be able to estimate the secondary
structure content of a protein from CD it is essential
to know the protein concentration accurately (to
within at least +5%, and preferably better). The
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Fig. 5. The visible /near-IR CD spectrum of the light harvesting complex LH2 from Rhodopseudomonas acidophila. The complex was
solubilised in buffer containing 0.1% LDAO. The inset shows spectra of a solubilised preparation to which 50% (v /v) glycerol had been
added. The solid and dashed lines represent spectra recorded at 20°C and — 150°C respectively.
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most reliable methods are those which can be cali-
brated against absolute values such as A,q, measure-
ments calibrated with reference to amino acid analy-
sis data [42]. For far-UV CD, where the dichroism of
the peptide bond is being measured, it is the molar
concentration of these bonds which is required; this
can be obtained by dividing the concentration in mass
terms (i.e., mg/ml) by the mean residue weight
(strictly speaking, mass) or MRW. The MRW is
obtained by dividing the molecular mass by N — 1,
where N is the number of amino acids in the
polypeptide chain. For most proteins, the MRW is
about 110, but can deviate significantly from this
value if the amino acid composition is ‘unusual’ or if
the protein undergoes extensive post-translational
modifications.

When CD data are expressed in terms of ab-
sorbance, the units are those of the difference in
molar absorbance Ae = €, — €5, i.e.,, cm™' M~

In terms of ellipticity, the mean residue ellipticity
[6],., at a wavelength A is quoted in units of
deg.cm®.dmol ' and is given by:

[6],1 » = MRWE/10dc

where 6, is the observed ellipticity (degrees), d is the
path length (cm) and ¢ is the concentration (in units
of g/ml).

Reservations have been expressed as to whether
mean residue ellipticity is an appropriate unit for
expressing the amplitude of the near-UV and visible
CD signals of a protein, since only a small number of
aromatic amino acids or prosthetic groups contribute
to the CD signals in these regions. In such cases, it
may be appropriate to express the data in terms of the
molar concentration of intact protein, rather than of
the repeating unit. At any wavelength, the numerical
relationship between values in the two sets of units
is:

[6],,., = 3298 Ae

The amount of protein required for CD measure-
ments can be gauged from the need to keep the
absorbance less than about one unit. Typical cell path
Iengths for far-UV CD work are in the range 0.01 to
0.05 cm and protein concentrations are in the range
0.2 to 1 mg/ml. Depending on the design of the cell
being used, the volume of sample required can range

from about 1 ml to as little as 50 wul. Thus the
amount of protein required to obtain an acceptable
far-UV CD spectrum can be as little as 10 ug, but
generally 100 to 500 pg sample is required in order
to explore the optimal conditions for recording spec-
tra. The CD signals in the near-UV and visible
regions of the spectrum are much weaker than those
in the far-UV, reflecting the much lower molar con-
centrations of the relevant chromophores compared
with that of the peptide bonds. For measurements in
these spectral regions it would be fairly typical to use
a protein concentration of 0.5 to 2 mg/ml and a path
length of 0.5 to 2 cm. The amounts of protein
required for such experiments are thus of the order of
several mg.

It should be noted that very useful information can
be obtained by recording CD spectra at low tempera-
tures (typically down to that of liquid N,, i.e., 77 K)
by use of mixed solvent systems or water/glycerol
‘glasses’. The resolution can be considerably en-
hanced at low temperatures [1,29] (Fig. 5) and it may
also be possible to examine the structures of individ-
ual ‘frozen’ conformational states which would
rapidly interconvert at higher temperatures.

2.3. Strengths and weaknesses of CD as a structural
technique

The purpose of this section is to evaluate CD as a
structural technique, principally by comparison with
X-ray crystallography and high-resolution NMR.

X-ray crystallography [43,44] requires crystals
which diffract to sufficiently high resolution, and the
availability of one or more isomorphous heavy atom
derivatives; either of these requirements can take
several weeks if not months. The X-ray structure of a
protein, although providing detail at the atomic level,
is essentially a static picture and can only afford
limited insights into the dynamic aspects of protein
structure, which may well be crucial to function.

The study of proteins by NMR requires high con-
centrations of sample (0.5-2 mM; i.e., 10-40 mg/ml
for a 20 kDa protein) and a number of proteins are
either not sufficiently soluble under these conditions
(Section 3.5) or show a tendency to aggregate. For a
complete determination of the structure, the individ-
ual resonances must be assigned and this requires
multi-dimensional NMR techniques with (expensive!)
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multi-isotope ('H, "°C, °N) labelling [45,46]. Using
the highest magnetic field strengths currently avail-
able, full structural determinations are limited to pro-
teins of molecular mass up to about 30 kDa. How-
ever, it should be emphasised that the NMR approach
is capable of giving a wealth of information on both
the structure and dynamics of proteins.

The principal advantages of CD derive from the
speed and convenience of the technique. Compared
with X-ray crystallography and NMR, CD measure-
ments can be carried out rapidly; thus good quality
spectra in the far and near-UV can each be obtained
within 30 min. Far-UV CD studies, in particular,
require only small amounts of material (Section 2.2)
and since the technique is non-destructive, it is usu-
ally possible to recover most or all of the solution
and hence conduct multiple experiments on the same
sample. The ability to use cells of path lengths differ-
ing by several orders of magnitude means that it is
relatively easy to study a very wide range of protein
concentrations. For example, the changes in the far-
UV CD spectrum of a 58-residue DNA-binding pep-
tide derived from transcription factor GCN4 [47] over
a 1000-fold range of concentrations could be inter-
preted in terms of a dimeric species with a high
a-helical content (70-73%) dissociating into two un-
folded polypeptide chains (Section 4.4). It was also
possible to show that the model helix—turn—helix
peptide (Section 4.4) did not undergo a concentra-
tion-dependent association over a 40-fold range of
concentrations. In addition, CD studies can be per-
formed over a wide range of experimental conditions,
including pH, temperature and (with suitable atten-
tion to the requirement to avoid excess absorption or
scattering of the incident radiation) in both solution
and the solid state. Developments in instrumental
design have now also made it possible to use stopped
flow CD to study structural changes in proteins which
occur on the timescale of a few milliseconds [48—50].
The low time constants required (typically of the
order of 1 ms) lead to much greater levels of noise;
however, the accumulation of data from a number of
replicate experiments can produce results of good
quality. The application of stopped flow CD measure-
ments in both the far-UV and the near-UV has been
of considerable value in helping to define structural
changes occurring during some of the early steps in
protein folding (see Sections 4.3 and 4.4).

The principal limitation of CD is that it only
provides relatively low resolution structural informa-
tion. Thus, although far-UV CD can give reasonably
reliable estimates of the secondary structure content
of a protein, in terms of the proportions of a-helix,
B-sheet and possibly S-turns, it must be noted that
these are overall figures and do not indicate which
regions of the protein are of which structural type.
(The value of the information from CD can be en-
hanced if used in conjunction with secondary struc-
ture prediction algorithms based on protein sequence
[51]). At present, the development of CD theory is
insufficient to allow detailed interpretation of the
near-UV CD spectra in structural terms [1,29-31]
and thus by itself CD is unable to give insights into
the tertiary structure of a protein. However, even with
these limitations, CD can still play a very useful role
in structural work, especially when it is employed in
a complementary fashion with other structural tech-
niques. This is well illustrated by the studies of
protein unfolding and folding (Sections 3 and 4), and
is also evident in protein engineering studies. The
secondary and tertiary structural characteristics of a
range of mutant proteins can be assessed very rapidly
by CD; this would allow the rapid selection of those
mutants of altered structure which can then be char-
acterised by the more detailed structural techniques.
If the far-UV and near-UV CD spectra of the mutants
are superimposable on those of the wild type protein,
it can be concluded that the mutations have not
resulted in any significant distortion of structure, as
found for instance in inactive mutant forms of isoci-
trate lyase from Escherichia coli in which Cys-195
had been replaced by alanine or serine [52]. A slightly
different case is illustrated in Fig. 6, which shows the
CD spectra obtained for wild type and two mutant
forms (R23A and R23K) of the type II dehydro-
quinase from Streptomyces coelicolor. Both mutants
have less than 0.1% of the activity of wild type
enzyme, consistent with the proposal that this argi-
nine plays an essential role in catalysis [53]. The
far-UV CD spectra (Fig. 6a) of the three proteins
show that no changes in secondary structure have
occurred in the mutants. In the near-UV CD (Fig.
6(b)), the spectrum in the 288-300 nm region is
unaltered showing that the environment of the single
tryptophan in each subunit of the enzyme has not
been perturbed. However, there are significant
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changes in the region of the spectrum (275-285 nm)
characteristic of tyrosine residues, indicating that
changes in the environment of one or more of the
four tyrosines per subunit have occurred, consistent
with the fact that a tyrosine which appears to be
involved in catalysis (Tyr-28) is close to the essential
arginine (Arg-23).

A further limitation of CD is that in general it
gives no information on the quaternary structure of
proteins, unless the association of subunits is accom-

panied by changes either in the secondary structure of
the subunits (as in the case of the GCN4-derived
peptide mentioned above) or in the environment of
aromatic amino acid residues (this might be the case
if these were at an interface, for example). Tech-
niques such as gel permeation, light or X-ray scatter-
ing, or chemical cross-linking would be most com-
monly used in conjunction with CD measurements to
explore the relationships between quaternary and sec-
ondary or tertiary structures [4].
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Fig. 6. CD spectra of type II dehydroquinase from Streptomyces coelicolor. (a) far-UV CD spectra, (b) near-UV CD spectra. (———),
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3. Protein unfolding
3.1. Applications of cd in studies of protein unfolding

In this section the application of CD to study the
overall characteristics of the unfolding of proteins, as
well as to gain insight into the mechanisms of the
processes will be outlined using systems of increas-
ing complexity. Generally, the equilibrium aspects of
the unfolding process have been studied, but kinetic
data on unfolding can also be obtained.

3.2. Overall measures of protein stability

The unfolding of proteins is most commonly
brought about either by heat or by the addition of
denaturants such as urea or guanidinium chloride; in
some special cases unfolding can be brought about
simply by dilution, e.g., the GCN4-based peptide
where a helical dimer dissociates into an unstructured
monomer (Section 4.4). Changes in CD signals in
either the far-UV or the near-UV can be used to
monitor the loss of structure during unfolding; other
spectroscopic parameters which can be measured are
fluorescence and UV absorbance; alternatively ther-
mal unfolding can be monitored by differential scan-
ning calorimetry [54].

The information available from unfolding studies
can be of a general type, such as the temperature or
denaturant concentration at which 50% unfolding has
occurred. These parameters can be used to provide
comparative measures of stability either between dif-
ferent proteins (or mutants of the same protein) or in
the case of a single given protein, the effect of
modification or changes in environment. An example
of the latter case is provided by the formation of a
reduced imine complex at a single lysine side chain
in each subunit of the dimeric enzyme type I dehy-
droquinase from Salmonella typhi. Formation of this
derivative led to a remarkable increase in stability
towards unfolding by GdnHCI, with the mid point
being raised from 1.6 M to 4.5 M as monitored by
the loss of the CD signal at 225 nm [55]. This
increase in stability was also reflected in the T,
measured by differential scanning calorimetry from
56°C to 98°C. CD studies in the far and near-UV
showed that the increase in stability does not involve
any substantial changes in the overall secondary and

tertiary structures of the protein. Instead it seems to
be associated with a general restriction in the flexibil-
ity of the enzyme as indicated by a remarkable
decrease in the accessibility of the single tryptophan
in each subunit of the enzyme to the quenching agent
succinimide [55].

3.3. Quantitative estimates of the stability of the
folded state

In favourable cases it is possible to analyse the
unfolding curve mathematically in order to derive
estimates of the stability of the folded state relative to
the unfolded state of the protein [14,56]. 1t is impor-
tant to establish the characteristics of the unfolding
curve, in order to see whether a simple two state
model applies (i.e., N (native) = U (unfolded)). Thus
for instance the unfolding of barnase and RNase T1
by heat or denaturants obey the simple model as
shown by (1) the shape of the unfolding curve, (2)
the coincidence of the transition curves monitored by
a number of different parameters, and (3) the equiva-
lence of AH, and AH,_,. . In other proteins
unfolding is more complex; thus in the case of the
unfolding of bovine carbonic anhydrase B, the
changes in the CD in the aromatic region run ahead
of the changes in absorption spectroscopy or in opti-
cal rotatory dispersion (measuring secondary struc-
ture) [57]. It was suggested that unfolding of the
protein occurred in a set of successive, reversible,
unimolecular steps in which different types of struc-
ture were lost. A three state model was used to
describe the urea-induced unfolding of the @-subunit
of Trp synthase [58] monitored by changes in CD at
222 nm or absorbance at 286 nm. More recent studies
[59] on this system have indicated that the properties
of the equilibrium unfolding intermediate does not
retain an intact N-terminal domain, but rather has the
properties of a ‘molten globule’ (Section 3.5).

If a two state model is shown to apply, the free
energy change (AG) (equal to —RTIn([U]/[N]) is
evaluated at each [denaturant]. It is of course difficult
to gather accurate data outside the range from 10% to
90% unfolded protein (i.e., a range of +5.4 kJ /mol
around the mid point value). In order to evaluate the
stability of the folded form (i.e., AG*(H,0)), it is
necessary to extrapolate the data from the transition
range to a denaturant concentration of zero. The
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methods of performing this (often quite lengthy ex-
trapolation) have been discussed in detail [56]. A
linear extrapolation model gives values for AG°(H,0)
which are in satisfactory agreement with those de-
rived from calorimetric measurements for proteins
such as cytochrome ¢ and T4 lysozyme. However,
for other proteins such as a-chymotrypsin more com-
plex non-linear extrapolations based on alternative
models [60] are required. Studies on a number of
globular proteins give values of AG which are sur-
prisingly small (in the range +20 to +50 kJ /mol)
corresponding to the energy of only a few H-bonds;
this is taken to reflect the balance between the large
enthalpic and entropic terms in the folding process.

An analysis of the unfolding of barnase by urea
[61] has explored the determination of AG°(H,0) in
detail. In the case of this protein there was a signifi-
cant discrepancy (6.7 kJ/mol) between the
AG°(H,0) value obtained by linear extrapolation of
the urea unfolding data (36.8 kJ /mol) and that ob-
tained calorimetrically (43.5 kJ/mol). At 25°C,
urea-induced unfolding of the protein has a mid point
[urea] of 4.58 M. In order to obtain AG data over a
range of lower [urea), thermal unfolding of the pro-
tein was studied in the presence of concentrations of
urea up t0 4.5 M. The thermal unfolding was moni-
tored either by changes in ellipticity at 230 nm or by
differential scanning calorimetry. Under all condi-
tions tested the unfolding was found to be a fully
reversible process. The results showed that significant
deviation from linearity of the plot of AG vs. [urea]
occurred at low [urea]; the experimental data could be
fitted by including terms in [urea] and [urea]® in the
equation for AG. When this improved equation was
used the AG°(H,O) value obtained by urea denatura-
tion was in good agreement with that obtained calori-
metrically.

3.4. The unfolding of helices in model peptides

As well as obtaining data on the overall stability of
the folded structure of a protein, CD measurements
can provide important information relating to the
mechanism of the unfolding process (and hence on
the mechanism of the reverse process of protein
folding). Detailed analyses have been carried out of
the unfolding of peptide helices [62] by urea in order
to assess the contribution of this process to the

overall energetics of protein unfolding. The peptides
studied were based on repeating units of the sequence
Ala-Glu-Ala-Ala-Lys-Ala and ranged in length from
14 to 50 residues. Such peptides are known to form
monomeric helices in solution and the lack of hy-
drophobic cores and long-range tertiary interactions
allow attention to be focused exclusively on helix
unfolding. Unfolding was monitored by the change in
ellipticity at 222 nm, which could be related to the
helical content taking into account the chain length
dependence of the CD signal for a helix. Over a wide
range of urea concentrations there was found to be a
very nearly linear dependence of In s (where s is the
equilibrium constant for helix formation) on [urea).
When the slope (m) of this plot (which is a measure
of the dependence of the unfolding of helices on
[urea]) can be multiplied by the number of helical
residues in a variety of proteins, the values obtained
agree within a factor of 2 with the actual m values
obtained in the linear extrapolation procedures; not
surprisingly the agreement is better for those proteins
such as myoglobin and #rp aporepressor with high
helical contents. The results indicates that the interac-
tion between urea and peptide groups accounts for a
major part of the denaturing action of urea on pro-
teins.

3.5. The ‘molten globule’ state of proteins

CD studies provided some of the first convincing
demonstrations of a structural state of proteins inter-
mediate between the native and the unfolded form.
When incubated at pH 2, a-lactalbumin retains most
of its native secondary structure as shown by the
far-UV CD. However, under these conditions the
near-UV CD is very much reduced (Fig. 7) indicating
that native tertiary interactions are absent [63,64].
Studies of the Stokes radius (gel permeation) show
that at pH 2 the molecule is compact, leading to the
term ‘molten globule’ or ‘compact intermediate’. In
addition to the CD properties, a number of other
characteristics of this type of structure have been
described, including the lack of chemical shift disper-
sion in NMR and enhanced binding of the fluorescent
dye ANS [65]. Molten globule states may represent
important intermediates in protein folding pathways
[66-69] (Section 4.4), and it has been suggested that
they can be recognised by certain types of molecular
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chaperones [8,70]. For these reasons, the molten
globule state of a number of model proteins has been
widely studied. Two different approaches have been
used to show that the two domains of a-lactalbumin
can function independently. By using variants of the
protein in which selected cysteine residues were re-
placed by alanine and in which the residues corre-
sponding to the pB-sheet domain were replaced by
linker glycines, it was shown that the «-helical do-
main forms a helical structure with a native-like
tertiary fold. The corresponding variant containing
the B-sheet domain was largely unstructured [71];
however, binding of Ca®* to this domain led to the
formation of native-like structure, a process which
may well be the crucial event in the Ca®*-induced
folding of the molten globule state of the intact
protein [72). In a derivative of a-lactalbumin in
which two of the four disulfide bonds are retained,
the native structure and Ca®*-binding ability of the
B-sheet domain persist, whereas the a-helical domain
is unfolded [73].

CD in conjunction with NMR and binding assays
was used to provide evidence that the 14 kDa DNA
recognition subunit of DNA methyltransferase from
Agmanellum quadruplicatum was predominantly a
molten globule in the absence of DNA [74]. This
observation might provide an explanation of how
such proteins could achieve specificity of DNA bind-
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ing without requiring undesirably high affinity
[64,75]. A number of advantages of CD as a struc-
tural technique are illustrated by this work, namely
the ability to compare the structures of the protein in
the absence and presence of urea (the protein was
insufficiently soluble at the concentrations required
for NMR in the absence of urea), the demonstration
of secondary structure (far-UV CD) but not stable
tertiary structure (near-UV CD), and finally the abil-
ity to focus on the structural changes in the DNA on
binding since, at the wavelengths concerned (around
280 nm), the signal from the DNA in the complex is
much greater than that from the protein.

3.6. The unfolding of a simple protein, apomyoglobin

CD was used in conjunction with amide exchange
measurements to examine the unfolding pathway of
apomyoglobin [76]. It had already been established
that the unfolding of apoMb by acid did not follow a
two-state model, but rather that there was an interme-
diate (termed I,) which was maximally populated at
pH 4.2. This intermediate had the characteristics of a
molten globule, with about 70% of the helix content
of native protein (as judged by the ellipticity at 222
nm) but lacking a fixed tertiary structure (as indicated
by the low level of chemical shift dispersion in the
"H-NMR spectrum). In the presence of relatively
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Fig. 7. CD spectra of a-lactalbumin. (a) and (b) represent far-UV and near-UV CD spectra respectively. The solid and dashed lines

represent spectra obtained at pH 7 and pH 2 respectively [63,64].
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Fig. 8. The helical segments protected in the unfolding of
apomyoglobin [76]. The diagram was produced from the coordi-
nates for sperm whale myoglobin (5mbn.pdb) using the program
MOLSCRIPT [118].

small concentrations (up to 5 mM) sodium
trichloroacetate, the helicity (ellipticity at 222 nm) of
the intermediate is increased (by about 10%) and a
new intermediate state (termed I,) is formed. (At pH
2, where apoMb is fully unfolded, addition of salts
such as sodium chloride or sodium trichloroacetate
leads to the formation of molten globule-type states,
which can be shown by far-UV CD to differ in terms
of their helical content [77]). CD was used to show
that the I, and I, intermediates formed at pH 4.2
differed markedly in their stabilities towards denatu-
ration by urea with mid point values being about 1.5
M and 39 M respectively. Indeed I, is only
marginally less stable than native protein (the AG
values are 24.7 kJ/mol and 27.6 kJ/mol respec-
tively). From NMR amide protection experiments it
is clear that the secondary structure in I, is associated
with portions of the helices in the A-G-H subdomain
of the protein (Fig. 8). In the I, intermediate it
appears that these helices are further stabilised and, in
addition, helix B has begun to form. In complemen-
tary work, NMR amide protection and stopped flow
CD studies have been used to show that formation of
these helices may well reflect early steps in the
pathway of folding of the denatured protein [69].

3.7. The unfolding of more complex proteins

3.7.1. A two domain protein, phosphoglycerate ki-
nase

Phosphoglycerate kinase has a single polypeptide
chain of 415 amino acids, divided into two domains
each of approx. 200 amino acids which mostly corre-
spond to the N- and C-terminal halves of the se-
quence, although the C-terminal 15 amino acids
(401—415) form an integral part of the N-domain. In
order to assess the stabilities of the two domains of
the enzyme from yeast, advantage has been taken of
the fact that each can be produced in a folded form
using recombinant DNA techniques [78]. Using the
CD signal at 218 nm to monitor the loss of structure
caused by GdnHC]l, the unfolding of the intact en-
zyme and the isolated N- and C-domains was found
in each case to be symmetric, monophasic and com-
pletely reversible. When the results were analysed
according to the two-state model (Section 3.3), the
stabilities (AG%(H,0) of the intact protein, the N-do-
main and the C-domain were found to be 32.6, 18.8
and 16.7 kJ/mol respectively. Thus in terms of
thermodynamic stability, the intact protein behaves
essentially as the sum of its component domains.
However, there is evidence from the reactivity of the
single cysteine (Cys-97) in the enzyme that the N-do-
main is somewhat more flexible when isolated com-
pared with the intact protein, pointing to the presence
of at least limited interactions between the two do-
mains.

3.7.2. A two domain protein with multiple cofactors,
flavocytochrome P-450

The flavocytochrome P-450 BM3 from Bacillus
megaterium is a member of the cytochrome P-450
superfamily of monooxygenase enzymes. It is un-
usual in that it consists of two major domains each
containing a redox centre (haem and flavin) linked
covalently. The system offers a number of spectro-
scopic handles for CD. CD has been used to examine
the unfolding of the protein and its domains by
GdnHCl1 [79]. As measured by far-UV CD (225 nm)
most of the loss of secondary structure occurs in the
range 1 to 3 M GdnHCI. There is little difference
between the unfolding profiles for the intact BM3
and its constituent domains, indicating that there is
little mutual stabilisation of domains; a conclusion
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consistent with the results of differential scanning
calorimetry. CD in conjunction with absorption mea-
surements in the near-UV and visible regions were
used to show that loss of the redox cofactors from the
isolated domains had begun to occur by 1 M GdnHCI
and was complete by 2 M GdnHCl; at this concentra-
tion, loss of secondary structure had only occurred to
the extent of about 60%. The overall activity of the
enzyme or that of the isolated reductase domain is
lost by about 0.4 M GdnHCI; which is correlated
with the time-dependent removal of FMN from the
reductase domain (FAD removal is complete by about
1.5 M GdnHCI).

3.7.3. A multisubunit protein, tyrosine hydroxylase

The study of the thermal unfolding of a more
complex multisubunit enzyme is illustrated by the
case of rat tyrosine hydroxylase [80], a tetramer of
identical subunits each 56 kDa. Analysis of the far-UV
CD spectrum of the enzyme at room temperature
revealed helix and sheet contents of 55% and 22%
respectively. As the temperature was raised, the CD
signal at 220 nm was lost progressively preventing
the measurement of a well defined 7, ; since the
unfolding was irreversible, it was not possible to
obtain an estimate of the stability of the folded form
as would be the case for less complex proteins (Sec-
tion 3.3). Nevertheless, valuable information about
the effects of a variety of factors (such as the pres-
ence of polyanions or phosphorylation by protein
kinase A) on the stability of the enzyme could be
obtained from CD measurements at a single elevated
temperature.

4. Protein folding
4.1. Protein folding: general considerations

As discussed in Section 1.2, understanding the
mechanism of protein folding is one of the major
challenges of molecular biology. For nearly 30 years,
since Levinthal pointed out that if the folding of a
protein involved a sampling of all possible conforma-
tions available to it, the process would take an impos-
sibly long time [81], it has been clear that protein
folding must involve specific pathways. Amongst the
stages which must occur during the folding of pro-

teins are the formation of elements of recognisable
secondary structure (helices, sheets, turns, etc.), the
collapse of the extended polypeptide chain to form a
more compact state in which non-polar side chains
are largely buried away from the solvent, the forma-
tion of the distinct long-range interactions which
characterise the native tertiary structure and are a
prerequisite for the formation of specific binding and
catalytic sites, and the association between subunits
in oligomeric proteins [4,5,82,83]. Whether a single
all-embracing model for protein folding exists is still
a matter of debate (Section 4.5). The task for the
experimental scientist is to employ a variety of tech-
niques to gather structural and kinetic data which
allow models for folding to be proposed and tested.

4.2. Experimental approaches to protein folding

By far the most detailed insights into the kinetics
and mechanism of protein folding have come from
studies of refolding, in which a mature protein is
unfolded (usually by high concentrations of urea or
GdnHCI, Section 3.2), and then refolding is initiated
by rapid dilution of the denaturing agent. Thus a
typical experiment might involve incubating a protein
in 6 M GdnHCI, and performing a 60-fold dilution
into buffer to initiate refolding. It is important to
show that (a) the protein is completely unfolded prior
to dilution and (b) that the residual concentration of
denaturant after dilution (0.1 M in this example) has
a negligible effect on the protein. For these purposes,
CD in the near and far-UV together with studies of
biological activity provide useful data; these tech-
niques can also be used to measure the extent of the
refolding of the protein.

In order to establish the mechanism of refolding it
is necessary to study the time scale of the regain of
structure from the denatured state, and to correlate
these data with the rate of regain of biological activ-
ity. The regain of secondary structure is often moni-
tored by far-UV CD and protection against amide
hydrogen exchange (using NMR); that of tertiary
structure by near-UV CD and fluorescence. The re-
gain of quaternary structure can be monitored by
rapid cross-linking with glutaraldehyde or by subunit
hybridisation [4,83]; light scattering which would be
useful in principle can be subject to artifacts caused
by formation of aggregates. In view of the rates of
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the various processes, it is usually necessary to use
rapid kinetic methods (stopped or quenched flow) as
well as manual mixing methods (dead time typically
10-15 sec) in order to probe as much of the refolding
process as possible. Stopped flow methods typically
have dead times in the range 2 to 10 msec, and
involve dilutions of 11-fold (e.g., 6 M to 0.55 M
GdnHCI, achieved by mixing of 1 volume of dena-
tured protein with 10 volumes of buffer). Larger
degrees of dilution using stopped flow techniques
have been used but require considerable attention to
factors such as the need to ensure rapid complete
mixing; there can also be mechanical difficulties
associated with driving syringes of very different
sizes. The application of CD in conjunction with a
number of other techniques has given some very
useful insights into protein folding and allowed the
formulation and testing of models, as outlined below.

4.3. The nature of early folding intermediates

Stopped-flow CD has been extensively used to
examine the properties of the early intermediates in
protein folding. In the first studies of this type [84], it
was shown that during the refolding of denatured
ferricytochrome ¢ and fB-lactoglobulin the native el-
lipticity in the far-UV was regained within the dead
time of the instrument (estimated as 18 msec); by
contrast the ellipticity in the visible region (ferricy-
tochrome ¢) or the near-UV ( B-lactoglobulin) was
only regained over a period of minutes. These results
were taken to indicate that within 20 msec an inter-
mediate had formed in which a substantial proportion
of native secondary structure was present; however,
this intermediate had little stable tertiary structure.
Similar results have been obtained for a number of
other proteins including a-lactalbumin [85] and
apomyoglobin [69]; these indicate that a high propor-
tion of native secondary structure formation occurs
within the dead time of the stopped flow CD experi-
ment (which has been reduced in later instrumenta-
tion to about 5 msec). In a study of the refolding of
native and mutant forms of staphylococcal nuclease,
it was found that a transient kinetic intermediate
formed within 10 msec [86]. This intermediate pos-
sessed only about 30% of the native ellipticity at 225
nm; in conjunction with hydrogen exchange experi-
ments it was shown that this relatively low amplitude

reflected formation of the 5-stranded [-sheet struc-
tural core of the N-terminal domain of the enzyme,
with the helices (which contribute the bulk of the CD
signal at 225 nm) formed at a later stage [87]. An
extremely useful review of the use of stopped flow
CD has been given by Kuwajima [50].

Further characterisation of the properties of early
folding intermediates has involved the use of the
fluorescent probe, ANS. For example studies of the
3,-subunit of tryptophan synthase [88] and the highly
helical trp aporepressor protein [89] indicated that for
both proteins a state had been formed within the dead
times (13 and 5 msec, respectively) in which a high
proportion of the native secondary structure had been
formed (as indicated by the far-UV CD) and in which
a significant proportion of the non-polar surface had
been buried, as indicated by the large increase in
ANS fluorescence compared with free ANS.

In the case of the [,-subunit of tryptophan syn-
thase, the ANS fluorescence passed through a maxi-
mum after about 1 sec and then slowly declined; this
behaviour was interpreted in terms of the formation
and decay of a ‘molten globule’ intermediate which
bound ANS to a greater extent than either the un-
folded or the native protein (Section 3.5). In the case
of the rrp aporepressor further increases were ob-
served in the far-UV CD signal over a 5 sec period;
these were accompanied by a further increase in ANS
fluorescence. This increase was shown to be most
probably due to the binding of the probe to the
tryptophan binding site in the protein, since in the
presence of the tryptophan analogue indole acrylic
acid (which binds 100 fold more tightly than ANS),
there is a marked decrease in ANS fluorescence after
the initial dead time rise. Taken together with data on
the changes in tryptophan fluorescence during refold-
ing (where no burst phase is observed), a scheme for
the refolding of the #rp aporepressor was proposed
involving later folding and association reactions of
the intermediates to form the remaining secondary,
tertiary and quaternary structure.

On a cautionary note it should be mentioned that
Engelhard and Evans [90] have shown from studies
on carbonic anhydrase and «-lactalbumin that experi-
ments involving the use of ANS fluorescence to
monitor the refolding of proteins have to be inter-
preted with caution. Markedly different kinetic pat-
terns were observed in the cases when ANS was
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present from the start of refolding from those when,
using a pulse method, the probe was only introduced
at chosen time intervals after refolding had been
initiated. This indicated that interactions between the
probe and the protein could interfere with the folding
process itself. The conclusion reached by Engelhard
and Evans was that states capable of binding ANS
(probably resembling molten globules) were popu-
lated during refolding; the conventional experiments
with ANS present throughout the folding did not
allow accurate measurements of the kinetics of for-
mation and decay of such states [90].

Some of the most detailed studies on protein fold-
ing to date have been those on the refolding of hen
egg white lysozyme [17,91,92]; it should be noted
that in these studies the four disulfide bonds of the
enzyme are kept intact. In addition to stopped flow
CD and fluorescence, pulsed amide hydrogen ex-
change labelling has been used to define those re-
gions of the protein where secondary structure and
tertiary interactions had formed at various stages of
the refolding process. Taking advantage of the exten-
sive NMR spectral assignment of lysozyme, it is
possible to use the hydrogen exchange technique to
monitor the fate of more than 50 amides (nearly half
the total in the protein) during refolding. From these
experiments it is clear that there are two classes of
amides with distinct protection kinetics; about 50%
of the amides are protected within 200 msec, the
remainder are only protected after 1 sec. The finding
that most of the rapidly protected amides are within
the a-domain of lysozyme (containing the 4 a-
helices), and the more slowly protected amides pre-
dominantly in the B-domain (containing the B-sheet)
might be construed as indicating that the folding of
these two domains is a sequential process. However,
the fact that biphasic kinetics of protection are ob-
served for both domains indicates that the folding
process involves multiple pathways of folding with a
variety of structured intermediates. Additional in-
sights into the folding of lysozyme have been ob-
tained from stopped flow CD measurements in the
far- and near-UV (Fig. 9). The near-UV results (289
nm) show that the native ellipticity at this wavelength
develops in a single kinetic process, with a rate very
similar to the protection of amides in the B-sheet
domain. Since the majority of the tryptophan side
chains are in the a-domain, where the amides are
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Fig. 9. The refolding of lysozyme after denaturation in GdnHCl
[91,92]. (a) Refolding monitored by changes in the ellipticity at
225 nm. The mean residue ellipticities of denatured and folded
protein samples are — 1500 and — 14000 deg.cm?.dmol™", re-
spectively. (b) Refolding monitored by changes in the ellipticity
at 289 nm. The mean residue ellipticities of denatured and folded
protein are 0 and 100 deg.cm®.dmol ™' respectively.

protected faster, this indicates that the partially folded
intermediate form of this domain has the character-
istics of a molten globule, with the tryptophan side
chains not yet having adopted their native orienta-
tions. The kinetics of the changes in CD signal at 289
nm are also very similar to those of the development
of a binding site for a fluorescent derivative of
chitobiose which is a competitive inhibitor of the
enzyme.

By contrast the results from stopped-flow CD in
the far-UV reveal a complex picture (Fig. 9). Within
the dead time of the instrument (about 5 msec) about
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80% of the native ellipticity at 225 nm has been
regained. In a second phase, essentially complete
after 80 msec, the signal at 225 nm increases to about
150% of the native value. The CD signal returns to
the native value in a third phase (of half-time 300
msec). From these results it is clear that a large
proportion of secondary structure is formed very
quickly (within 2 msec) by which time there is only a
very small degree of amide protection in the labelling
exchange experiments. This suggests that such pro-
tection arises from the stabilisation of already formed
helices (see below). The apparent ‘overshoot’ of the
far-UV CD in the second phase of the process has
been examined in detail [17]. The most likely expla-
nation for the overshoot is contributions from side
chains, of which the largest component comes from
disulfide bonds, with only a small contribution from
aromatic side chains. The sign of the CD signal of
disulfide bonds in the far-UV is critically dependent
on the —C—-S-S-C- dihedral angle; thus the large
negative ellipticity at 225 nm observed during the
early stages of folding of lysozyme could arise from
four disulfide bonds with dihedral angles close to 90°
in the P (right-handed helix) chiral conformation [93]
and has been observed in a number of disulfide cyclic
peptides of various lengths containing a proline
residue [94].

Guijarro et al. [95] have examined the relationship
between the hydrogen exchange method and far-UV
CD in assessing the degree of secondary structure
formation in early folding intermediates. In addition
to the work mentioned above on lysozyme, studies on
the refolding of cytochrome ¢ and interleukin 18
[96,97] had both indicated that far-UV CD revealed
that a much greater proportion of secondary structure
had been formed within 4 msec than that estimated
by hydrogen exchange. The system examined by
Guijarro et al. [95] was the 101 amino acid C-termi-
nal proteolytic domain (F2) of Escherichia coli tryp-
tophan synthase 8 chain which on the basis of its
rate of folding to generate a native like far-UV CD
signal and its ANS binding properties had been previ-
ously proposed to resemble a typical early intermedi-
ate in protein folding [98]. CD in conjunction with
FTIR showed that 45% of the residues of F2 were
involved in secondary structural elements. However,
the NMR spectrum of F2, particularly in terms of line
broadening, absence of structure induced chemical

shifts and absence of NOEs in the amide region,
indicated that the isolated F2 adopts a number of
structures which are in rapid equilibrium with each
other. The hydrogen exchange protection factors, es-
timated from one-dimensional NMR are less than 60
for the majority of protons and probably closer to 10.
Low protection factors of these magnitudes would
account for the lack of protection seen at the very
early time points in protein folding.

The above studies have shown that a compact
molten globule-like intermediate possessing the ma-
jority of the native secondary structure is formed on
the millisecond time scale, i.e., within the dead time
of stopped flow instruments. The relationship be-
tween the rate of hydrophobic collapse and the rate of
secondary structure formation has until recently re-
mained unresolved. However, studies by Agashe et
al. [99] on the refolding of barstar (an 89 amino acid
protein which is a powerful inhibitor of barnase) after
GdnHCl-induced unfolding have allowed the situa-
tion to be resolved at least for this protein. The
compactness of the molecule was measured by the
efficiency of energy transfer between the tryptophan
side chains (there are three distributed at both ends of
its bundle-like structure) and dansyl groups attached
to the cysteine side chains. Using this approach, it
was possible to show that the collapse of the polypep-
tide chain to a compact form had occurred within 4
msec after the start of refolding of barstar. This burst
intermediate was able to bind ANS, but showed
essentially none of the secondary structure (far-UV
CD) or tertiary structure (near-UV CD or intrinsic
tryptophan fluorescence) of the native protein. Both
secondary and tertiary structures were regained in
slower biphasic processes. The generality of the con-
clusions reached for barstar remains to be established.

4.4. Structural elements in protein folding

Intermediates in protein folding are intrinsically
difficult to study since they may be present in only
small concentrations and for short periods of time.
An alternative approach has been to study the be-
haviour of relatively small model peptides which
have been designed to form isolated elements of
secondary structure. It is then possible to study the
structures and rates of formation of these peptide
systems without the complications caused by subse-
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quent processes. Far-UV CD has been probably the
most widely used technique to study the structure of
such model peptides, along with FTIR and NMR (for
a review see [100]). One of the first studies dealt with
a peptide consisting of the N-terminal 13 amino acids
of bovine ribonuclease, which was shown by far-UV
CD to be capable of forming an a-helix in aqueous
solution. The extent of helix formation was greater at
low temperature, at high ionic strength and in the
presence of organic solvents such as trifluoroethanol
[101]. The apparent discrepancies between the deter-
minations of secondary structure by NMR and CD
may in part derive from the fact that the CD signal is
based on contributions from all chromophores
throughout the peptide and thus provides a measure
of the average helix character of the peptide. By
contrast, NMR identifies secondary structure on a
residue by residue basis in terms of strong NOEs.
The strength of CD signals is also reduced in shorter
helices and by ‘fraying’ of the ends of the helices
[100].

The formation of B-sheet structures in short pep-
tides is much less well documented, but an example
is found in a peptide based on an 18-residue sequence
of bovine S-antigen. On the basis of CD and FTIR
the peptide at pH values between 4 and 9.5 adopts an
intermolecular [B-sheet structure stabilised by salt
bridges between the peptide chains [102].

Further developments of this type of study have
involved linking such elements of structure together.
Oas and Kim [103] designed a model for a proposed
intermediate in the refolding of bovine pancreatic
trypsin inhibitor (BPTI) (Section 4.5) composed of
two peptides (16 and 14 residues in length) linked by
a disulfide bond. This new peptide was shown by CD
to have a folded structure and detailed NMR mea-
surements showed that it possessed the secondary and
tertiary structural features found in the corresponding
regions of the intact BPTI molecule.

Fezoui et al. [104] designed a 38-residue peptide in
which secondary structural elements could be linked;
this could represent a model for a helix—turn—helix
folding intermediate. The peptide had the following
sequence and is depicted in Fig. 10 in the helical
wheel format:

succinyl-DWLKARVEQELQALEARGTDSNAE-

LRAMEAKLKAEIQK-NH,

The peptide was designed to form two 17-residue

helices, with a four-residue linker (turn) sequence,
which is shown above in bold. The side chains of the
hydrophobic residues in the interface between the
helices (underlined) were arranged to interact in a
manner similar to that observed in coiled-coil pep-
tides. The turn residues (GTDS) were chosen as
consensus residues from pS-turn regions involving
four consecutive amino acids in protein structures. G
and S act as strong helix-breaking and good N-cap-
ping residues.

Gel permeation chromatography showed that the
designed peptide was monomeric in solution. No
differences in the ellipticity at 222 nm were observed
over the concentration range from 5 uM to 200 uM,
or in the chemical shifts in NMR over the range from
200 uM to 5 mM, indicating that over the entire
range, the peptide remained in a monomeric form.
The CD spectrum showed that the peptide had a high
proportion of a-helix, estimated at around 60%. This
value is somewhat lower than expected ((34 /38) X
100%, i.e., 89%) which might reflect the end fraying
effect referred to above. By monitoring the CD spec-
trum, the peptide was shown to undergo a gradual
unfolding as the temperature was raised from 5°C to
90°C, but residual structure was still present at the
high temperature. The process was fully reversed as
the temperature was decreased. The lack of a sharp
unfolding transition is characteristic of a number of
coiled-coil states and the molten globule states of
certain proteins. NMR studies showed that the helices
were formed as expected and assoctated with each
other in the expected anti-parallel fashion (Fig. 10).
The residues GTDS were also shown to form a turn
structure. Thus by all the criteria assessed the peptide
had the expected structural properties and thus resem-
bled a protein folding intermediate. Further studies of
this model peptide system, including studies of the
rate of formation of, and association between, the
helices could give insights into the interplay between
secondary structure formation and longer range inter-
actions in protein folding.

Minor and Kim [105] have examined the extent to
which the tendencies of individual amino acids or
sequences of amino acids reflect local preferences or
longer range factors. Although a number of studies
have examined the local aspect, the longer range
factors are less well understood. An 11-residue se-
quence, AWTVEKAFKTF, (termed the ‘chameleon’
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sequence) was designed which folds as an a-helix
when in one position but as a B-sheet when in
another position of the 57-residue peptide (the IgG-
binding domain of protein G (GB1). The sequence
was designed to replace a-helix residues 23-33
(AATAEKVFKQY) or pB-sheet residues 42-52
(EWTYDDATKTF) of GBI, to yield chameleon-a
or chameleon-f respectively. In each case, the hy-
drophobic nature of the residues which constitute the
interface between each of these secondary structure
elements and the core of the peptide was preserved.
The NMR spectra (NOE patterns) of chameleon-a
and chameleon-8 were very similar to those of GBI,
indicating that the structures of all three proteins
were essentially identical, and in particular that the
11-residue had adopted the expected «-helical or
B-sheet conformation in the two chameleon proteins.
In addition the two chameleon proteins displayed the
expected biological activity (i.e., binding to Fc) but
with 10-30-fold reduced affinity compared with GB1,
probably as a result of mutation of important inter-
face side chains. Far-UV CD (ellipticity at 218 nm)
was used to monitor the thermal unfolding of the
chameleon proteins. Both showed reversible coopera-
tive unfolding with mid points at 62°C and 40°C for
chameleons-a and -8 respectively, characteristic of
compact single domain globular proteins. An 11-re-
sidue peptide consisting of the chameleon sequence
(Ac-AWTVEKAFKTF-NH,) was shown by CD and
NMR to be unfolded in solution. This clearly indi-

succinyl

cates showing that the secondary structure formed by
the sequence in the chameleon proteins must be
specified by long-range, rather than local interactions
and emphasises the importance of the tertiary struc-
tural context in protein folding. A similar type of
conclusion could be drawn from work on three pep-
tide fragments (16 to 18 amino acids in length) from
the protein B-lactoglobulin [106]. In the structure of
the (predominantly B-sheet) protein, two of the frag-
ments (11-28 and 61-77) correspond to B-strands,
whereas the third (127-142) forms an a-helix. In
aqueous solution all three peptides showed little sec-
ondary structure, but the addition of high concentra-
tions of trifluoroethanol gave rise in each case to
marked a-helical structure as shown by CD and
NMR measurements. Clearly the results obtained on
small fragments of proteins in the absence or pres-
ence of structure-promoting solvents cannot always
be extrapolated to the secondary structure of the
native protein.

Peptides based on leucine zipper proteins represent
simple model systems for studying the folding and
association of proteins [107]. The synthetic 33-re-
sidue peptide GCN4-p1, derived from the yeast tran-
scriptional activator GCN4 forms a stable bimolecu-
lar coiled-coil structure, with the ellipticity at 222 nm
indicating that there is essentially 100% helix. The
loss of the CD signal at 222 nm was used to monitor
the GdnHCl-induced unfolding of this peptide at a
number of different peptide concentrations from 6 to

N22 K33

S21 /

Fig. 10. Representation of the model helix—turn—helix 38-residue peptide [104] in the helical wheel format. The wheels run in opposite
directions to reflect the fact that the helices are anti-parallel to each other. The helices have been depicted so that the hydrophobic side

chains (underlined) form the interface between them.
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37.5 uM (expressed as monomers). From the results
it was clear that the midpoint of the transition in-
creased with peptide concentration (from 1.89 M to
2.58 M GdnHCl over the range stated). These results
were analysed successfully in terms of a model in
which a folded dimer was in equilibrium with two
unfolded monomers (N, = 2U); at 5°C and pH 7.0,
the value of AG°(H,0) is 43.8 kJ /mol dimer. The
transition was found to be reversible on dilution of
the GdnHCI. Using stopped-flow CD measurements
at 222 nm (data collected over a period of 2 sec), the
rate of refolding was found to be strongly dependent
on the peptide concentration. Using a 10-fold dilution
of GdnHCI (5 M to 0.5 M), the data over the stated
range of peptide concentrations was found to fit the
model 2U — N,, with a second order rate constant of
22X 10° M~ s7!, There was no significant regain
of the CD signal within the dead time of the instru-
ment (estimated as 5 msec). It is reasonable to sup-
pose that some partially folded monomeric intermedi-
ate must be formed as a prerequisite for productive
dimerisation. This might, for example, involve helix
formation to generate hydrophobic interfaces required
for association. However, since the data are very well
fitted by the two state model, this indicates that
partially folded intermediates are not sufficiently sta-
ble relative to the unfolded form to be significantly
populated and hence detectable by CD during fold-
ing; this would be consistent with the rather low
value of the second order rate constant which is some
3 orders of magnitude lower than would be expected
for diffusion controlled association of peptides of this
size.

4.5. General comments on protein folding models

From studies of the type described in Sections 4.3
and 4.4 it is clear that CD has an important role to
play in providing structural and kinetic information
about the pathway(s) involved in protein folding.
Measures of overall secondary structure and the for-
mation of native-like tertiary interactions from the
far- and near-UV CD respectively have been comple-
mented by a variety of other techniques which can
examine the structural state of intermediates on a
residue by residue basis (such as hydrogen-exchange
NMR methods), or which can examine the formation
of distinct local structural features such as substrate

or inhibitor binding sites or epitopes. From all this
work, various proposals concerning plausible models
for protein folding can be made [1,5,108,109], though
it is still unresolved whether any single model can
apply universally.

It is now clear that some (generally small) proteins
can fold from a denatured state extremely rapidly
with no detectable kinetic intermediates. The cold
shock protein CspB from Bacillus subtilis is a 67
residue protein whose tertiary structure consists of a
S-stranded B-barrel. Both the equilibrium unfolding
and kinetic refolding behaviour (as monitored by
changes in the fluorescence of the single tryptophan)
conform perfectly to a two state model [110]. The
small 4-helix bundle protein acyl Coenzyme A bind-
ing protein shows analogous folding behaviour [111].

However, in probably the majority of proteins
studied to date, the process of refolding appears to
involve the participation of one or more kinetic inter-
mediates. In such cases, two main types of model
have been proposed. One such model is a ‘frame-
work’ one, in which acquisition of the final structure
of a protein is seen in terms of a sequence of events
beginning with very early formation of secondary
structural elements which then coalesce into a com-
pact molten globule-like form. The formation of na-
tive tertiary interactions (and with it the biologically
active molecule) develops slowly from this compact
molten globule. An alternative ‘hydrophobic col-
lapse’ model places greater emphasis on an early
collapse of the extended polypeptide chain to bury
the non-polar side chains. This reduction in confor-
mational space would be presumed to aid the subse-
quent formation of the native secondary and tertiary
structures; however, in the case of cytochrome c, it
has been shown that the ‘collapse’ process is likely to
be the rate-limiting step in folding, and that once
collapse has occurred folding occurs rapidly in an
apparent two-step process [112]. In all models, forma-
tion of quaternary structure is seen as a very late
event. The subunit recognition sites must be in essen-
tially their native-like state before association occurs,
since the latter process is known to be highly specific
[4,5,83].

In those cases where observations show that com-
pact states with substantial secondary structure are
formed very early, usually within the dead time of a
stopped-flow experiment, it is difficult to resolve the
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question of whether a ‘framework’ or ‘collapse’ fold-
ing model applies. In the case of the refolding of
barstar (Section 4.3), it is clear that hydrophobic
collapse precedes formation of significant secondary
structure [99], but the generality of this conclusion
remains to be established. It is possible that the
nature of the initial event(s) in the folding of these
proteins may be explored by using conditions (such
as higher residual denaturant concentrations) at which
the relative stabilities and rates of formation of vari-
ous intermediates in the pathway are altered.

It is often assumed that intermediates in a folding
pathway occur in a linear sequence. While this may
be true for many proteins e.g., barnase and chy-
motrypsin inhibitor 2 [113], the work on lysozyme
and the trp aporepressor (Section 4.3) indicates that
folding can proceed via a number of parallel path-
ways each with distinct intermediates. One possible
source of heterogeneity in folding pathways is the
slow rate of cis = trans isomerisation of Xaa-Pro
peptide bonds, as in the examples of ribonucleases A
and T1 [114]. In other cases, of which the classic
example is the oxidative refolding of BPTI, some
intermediates act as kinetic traps. Thus the intermedi-
ate in which two (30-51 and 14-38) of the three
native disulfide bonds have been formed accumulates
during refolding, but does not lead directly to the
native protein. Instead slow intramolecular rearrange-
ments occur to give the (30-51,5-55) intermediate
which yields native protein by completion of the
14-38 disulfide bond [115]. Kinetic traps have also
been observed in the folding of ribonuclease T1 and a
lysozyme derivative with one of the four disulfide
bonds broken [108].

The final paragraph of this review must address
the question of the relevance of the studies in vitro on
the refolding of (mainly) small proteins to the process
of protein folding during biosynthesis. Clearly the
latter process involves several new factors such as the
possibility of co-translational folding and the effect
of post-translational modifications such as disulfide
bond formation, glycosylation and proteolytic pro-
cessing, as well as translocation to a variety of intra-
and extracellular destinations. It is not surprising that
in the cell a range of additional factors such as
chaperone proteins (e.g., those of the Hsp70 and
chaperonin families) and enzymes such as protein
disulfide isomerase [116] and peptidyl proline iso-

merase [114] are now known to be involved in ensur-
ing that protein folding is both rapid and efficient
[6-8]. Analysis of these more complex processes will
build on the insights obtained from the study of the
refolding of small model proteins, but will require the
application of an array of sophisticated cell biological
techniques. CD is probably of relatively limited use
in the analysis of folding processes involving com-
plex mixtures of proteins, unless it is possible to
focus on distinctive signals from the protein of inter-
est. While this is unlikely to be feasible in the
far-UV, it might well be so in the near-UV if some of
the other components lacked aromatic amino acids,
for example. This could be the case for complexes
involving the chaperonin GroEL, which lacks trypto-
phan residues [117].
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