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Abstract

Examples of protein sequences that can adopt multiple native states are recently accumulated. Characterization of the

protein multiple conformations will have important implications for our understanding of the relationship between structure and function,

and their folding kinetics. In present review, the experimental evidence for the existence of multiple conformations in the native state of

proteins, the molecular basis and the biological significance of multiple conformations of proteins are focused.
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It has been accepted that amino acid sequence of
a protein contains the information necessary to define
its fold and that a globular protein in its native state
adopts a single, well-defined conformation!'!. How-
ever, the polypeptide chain may fluctuate between
preferred conformations with amplitudes and angles
up to 50 A and 20°, respectively. This observation
suggests that the adage “one sequence, one conforma-
tion” is not strictly true. Recently, examples of se-
quences that can adopt multiple native states are e-

[2=10] " Characterization of the multiple con-

merging
formations will have important implications for our
understanding of the relationship between structure

and function and folding kinetics of proteins.

1 Evidence for the existence of multiple con-
formations in the native state of proteins

The direct evidence for multiple conformations of
proteins has come from nuclear magnetic resonance
(NMR) studies in the case of staphylococcal nucle-
ase. Dobson et al. used magnetization transfer
(MT)-NMR to demonstrate the presence of at least
two native forms of nuclease in equilibrium and to
study their interconversion with the unfolded state
under the conditions of the thermal unfolding transi-
tion?). The experiments revealed that two distinct
native forms of the protein fold and unfold indepen-

dently and that they could interconvert directly or via

the unfolded state. Although the spectra of the differ-
ent forms suggested that they were structurally simi-
lar, the MT experiments showed that the kinetics of
folding and unfolding were quite different.

The multiple folded conformations of calbindin
Dg,, were characterized by two-dimensional (2D) 'H
NMR spectroscopy'>'. The 2D 'H NMR approach is
a unique method for studying multiple forms of pro-
teins in solution because it provides the identity of the
specific residue(s) in chemical equilibrium, as well as
the information on the relative concentration, the rate
of interconversion, and the extent of differences in
the local and global conformations. The NMR spectra
resolved major and minor resonance in a ratio of 3:1,
and the exchanged process was slow on the NMR

time scale with a value in the range of 107" s ' ~

1072571,

Furthermore, the conformational heterogeneity
in the native state of globular proteins has also been
found in crystalline state. Two crystalline forms of
adenylate kinase from pig muscle have been reported,
which can be interconverted depending on the pH of
B2 14 the case of calbindin ngm,
the temperature factors of the second calcium-binding
domain were higher than that of the first one, and
very high values were observed in the loop that
bridges the two domains (containing Pro-43). High

the medium

temperature factors may be associated with conforma-
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tional heterogeneity.

However, the high-resolution detection of multi-
ple forms of globular proteins by NMR and crystallo-
graphy was limited by the need of proper size of pro-
tein samples and the availability of high quality crys-
tals. There is literature reporting that the evidence
for multiple folded forms of protein could be obtained
from electrophoresis, chromatography and spectrome-
try. Russell et al. [ reported that the higher Mr
values of rabbit muscle adenylate kinase determined
from gel filtration were obtained in the presence of
dithiothreitol (DTT), and at higher pH and higher

substrate concentrations. Furthermore, Zhang et

a]. [14-16] reported that the time course of 8-anilino-1-
naphthalenesulfonic acid (ANS) binding to adenylate
kinase was a biphasic process. The burst phase ended
in the dead time of the stopped-flow apparatus (about
15ms), whereas the slow phase completed in about
10 min. A kinetic approach was used to explore the
mechanisms of the fluorescence building. The results
clearly revealed the existence of at least two native
forms of adenylate kinase in equilibrium in solution.
One form (denoted by N;) rapidly bound to ANS,
whereas the other (denoted by N,) did not. Nj bind-
ing with ANS caused the burst phase of fluorescence.
N, was slowly converted to N; and then bound to
ANS, resulting in the slow phase of fluorescence.
The result that the fraction of the burst phase de-
creased and that of the slow phase increased with in-
creasing ANS concentration excluded the possibility of
the conformational changes during adenylate kinase
binding with ANS. The unfolding processes of the
tertiary and secondary structures of adenylate kinase
were both biphasic. Meanwhile, the protein-ANS
complex showed a monophasic unfolding process. The
results could not be interpreted as the formation of an
unfolding intermediate because the amplitude of the
burst phase remained constant during the adenylate
kinase unfolding process. The data demonstrated that
the ratio of two forms of adenylate kinase was 0.7
0.3 and the changes of the pH in the solution or the
presence of substrates would shift the equilibrium to
fit the new conditions.

2 Molecular basis of multiple conformations

The molecular basis of multiple conformations is
not unique. In most cases, proline isomerization will
lead to the conformational heterogeneity of proteins.
Proline residues play specific roles in determining pro-
tein structure; they act as N-terminal caps to a-he-
lices, as helix termination signals, and as corner

residues in B-turn sequences. Moreover, c¢is and
trans conformations of Xaa-Pro bonds have compara-
ble energies, leading to a 10% ~30% population of
cis Xaa-Pro in the unfolded assemble and an about
6% frequency of cis Xaa-Pro bonds in native pro-
teins!'? "2 Some studies have demonstrated that
some proteins show isomerization about an Xaa-Pro
peptide bond in the native state, which gives rise to
structural heterogeneity in the native statel2%7:9:10]
According to the NMR studies of SNase, the struc-
tural heterogeneity can be ascribed to the isomeriza-
tions of the Lysll6—Pr0117[2’4’24~26] and His46-
Prod7 peptide bonds'®!. For native wild-type SNase,
the predominant configuration (about, 90%) of the
Lys116-Prol17 peptide bond is assigned to cis, and
the minor configuration (about 10%) is assigned to
trans. For the His46-Pro47 peptide bond, the major
configuration ( about 80%) is assigned to trans
whereas the minor configuration (about 20% ) is as-
signed to cis. The heterogeneity in the native state
was eliminated by the substitution of Gly for
Pro117(2728]  The isomerizations about these two
peptide bonds of SNase occur independently and pro-
duce the four different native conformers®!.

In addition, the rate constant of the slow phase
reaction of the ANS binding to rabbit muscle adeny-
late kinase was accelerated about 2. 4-fold in the pres-
ence of 2. 0 pmol/L peptidyl prolyl cis/trans-iso-
merase, suggesting that the domain movement during
ANS binding to adenylate kinase involves proline iso-
merization. The activation energy of the slow phase
was determined to be 74.6 kJ/mol, which is compa-
rable to the activation energy of proline cis/ trans-iso-
merization (about 80 kJ/mol)!*1.

Furthermore, X-ray analysis of different crystal
forms of proteins and peptides occasionally showed
the occurrence of isoforms with different disulfide

B1]  Recently, two conformational iso-

bond chirality
mers were observed in the 'H NMR spectra of the ba-
sic pancreatic trypsin inhibitor (BPTI) and of a mu-
tant protein with Gly 36 replaced by Ser, BPTI
(G36S). The two conformers were different in the
chirality of the disulfide bridge formed by Cys 14 and
Cys 38. In BPTI, the population of the minor con-
former increased from about 1.5% at 4 'C to 8% at
68 ‘C . In BPTI (G36S), the population of the minor
conformation was about 15% of the total proteinm].

In earlier work, slow local conformational equi-
librium in peptides and proteins was also shown to in-
volve 180° flips of aromatic rings about the CB-Cy



Progress in Natural Science Vol.12 No.3 2002

163

bond®*3*) It was reported that multiple conforma-
tions did exist for the 7~ 64 peptide fragment of the
CS domain of human a3-chain type VI collagen in so-
lution, and that the origin of the multiple conforma-
tions in the central B-sheet was a reorientation of the
Trp 21 ring. The rate of this reorientation was (1.01
+0.05)s ! at 303 K, as determined by 2D-NMR,
and the population of the minor conformation was
found to be (6.4 +0.2)% at 303K. It seems that all
Kunitz-domain proteins with a tryptophan in position
21 will exist in a major and a minor conformation,
slowly exchanging on the NMR time scale 7371
Flexible surface-loops in protein structure are
thought to play an important role in substrate binding
and molecular recognition. Crystal structures have
shown that, for a number of enzymes and antibodies,
substrate and/or antigen binding causes a conforma-
tional change of a surface-loop either from an “open”
to a “closed” form to partially cover the bound sub-

strate[38~4l],

or from a “partially closed” form to
“open” form, resulting in an induced fit for the anti-
gen or ligand binding[42’43]. However, some data dis-
agree with a long-held assumption that the loop clo-
sure is ligand gated. The results have revealed that
the loop motion is not ligand gated, but a natural mo-
tion of the protein, and the population ratio between
loop open and closed forms is shifted by the presence
of ligand. In the case of loop-6 in triosephosphate iso-
merase, the population ratio changes from 10 : 1
(without ligand bound) to 1 : 10 ( with ligand
bound) 144! . Similarly, the open and closed forms of
wild type cytochrome ¢ peroxidase (CCP) are in con-
stant equilibrium in solution even in the absence of
ligand observed directly with protein crystallography
and characterization with solution kinetics!®!. The
loop open conformer in the native form of CCP leaves
an empty binding pocket to which ligand can bind.
The binding of ligand selects this open conformer and
shifts the loop close-open equilibrium toward the loop
open conformer. The binding of ligand does not
“cause” the loop to open; but, because the ligand
binds to the open conformer, it selects this conformer
and shifts the equilibrium to the open conformer.
This binding only appears to be induced fit because of
the equilibrium shift; before ligand addition, a small
amount of the protein pre-exists in the open con-
former as shown by the pre-equilibration kinetics.

3 Biological significance of multiple confor-
mations

It is of great interest to elucidate the influence of

multiple conformations on protein activity.

In the previous study, the catalysis and inhibi-
tion kinetics of adenylate kinase was re-examined on
the basis of multiple conformations of the enzyme[45] .
The results demonstrated that one isoform of the en-
zyme could bind to the substrates in the forward reac-
tion such as MgATP and AMP, and the inhibitor P!,
P>-bis ( adenosine-5’-) pentaphosphate ( ApsA ),
while the other isoform could bind to the substrates in
the backward reaction, such as MgADP and ADP.
As a consequence, ApsA acted as a competitive in-
hibitor for the forward reaction and a mixed noncom-
petitive inhibitor for the backward reaction, which
strongly supported the suggestion that two native
forms of adenylate kinase be involved in the catalytic
reactions. Further experiments indicated that both
conformations distinguished by the ANS probe of
adenylate kinase were activel*®] .

The difference in the conformation of multiple
conformers of protein may lead to the difference in
their functional properties. Cardiotoxins (CTXs) are
involved in the depolarization of the excitable mem-
branes and are hypothesized to act on membrane pro-
teins involved in transmission of Na® and Ca®" cur-

[47]

rents'" - . They also induce cell lysis and stimulate the

activity of tissue lipases!*®!. The lytic activity of
CTXs is associated with their binding to and damag-
(49:50] " The interaction of the P-
type cardiotoxin Il from Naja oxiana snake venom
(CT II ) with perdeuterated dodecylphoscholine

(DPC) was studied using 'H-NMR spectroscopy and
[51

ing of cell membranes

!, The structure of micelle-
bound CT Il was found to be similar to the “major”
form of CT Il in agueous solution, with the Val7-
Pro8 peptide bond in the trans—configuration[SZ]. No
“minor” form having the cis-configuration of the
bond was found in the micelle-bound toxin'*'!. What
is the functional role of the “minor” form is unclear

diffusion measurements

now.

Some evidence showed that the multiple confor-
mations involving loop movement play an important
role in the protein activity. Many observations sug-
gest that the conformational changes in loops are
needed for enzymatic catalysis[53~55].

phate isomerase is one of the first proteins for which

Triosephos-

large conformational changes in a loop region be
demonstrated. However, the loop motion of “open”

to “closed” conversion is not ligand-gated but a natu-

[44]

ral motion of the protein***. The relative energies of
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the two stable states of the loop do depend on the
presence of the ligand, and the rate for the most evi-
dent motion between the “open” and “closed” states
is closely matched to the catalytic turnover rate. It is
reasonable to suggest that the population ratio for the
two states of the loop and the energetic barrier for
opening and closing have crucial effect on the catalytic
process of triosephosphate  isomerase,  since
triosephosphate isomerase is a reversible enzyme, and
the reactants and products are very similar. Howev-
er, to extend the conclusion to other enzymes needs

more experimental measurements.

There were also examples showing that no sig-
nificant relations are present between multiple confor-
mations and protein functions. Although the loop 190
~ 195 opening and closing were determined to be the
source of multiple conformers of CCP and related to
the binding of cytochrome ¢, the idea that the loop
opening is involved in the electron transfer process
was disfavoured. In fact, the loop opening kinetics
(calculated half-life >3>10% s) appeared to be too slow
for the electron transfer. There were no reported
structures of the ES form, indicating that the B-fac-
tor of loop 190~ 195 was increased. The structure of
the CCP-cytochrome ¢ complex did not show the B-
factor of loop 190 ~195 being significantly altered®! .

Similar results were found in BPTI and in human
a3-chain type VI collagen C-terminal domain (C5 do-
main) . In the former, it was observed earlier that se-
lective reduction of the Cys14-Cys38 disulfide bond
resulted in virtually unaltered binding affinity to
trypsin, the strictly local changes coupled with the
disulfide flips made a significant influence on the
21 In the lat-
ter, the C5 domain was high homologous to the BP-

functional properties rather unlikely!

TI. Examination of the crystal structure of the
trypsin/BPTI complex suggested that a reorientation
of the Trp2l ring had little or no effect on the in-
hibitory activity!®®).
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