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Abstract. Most of fundamental studies on protein
folding have been performed with small globular
proteins consisting of a single domain. /n vitro many of
these proteins are well characterized by a reversible
two-state folding scheme. However, the majority of
proteins in the cell belong to the class of larger multi-
domain proteins that often unfold irreversibly under
in vitro conditions. This makes folding studies difficult
or even impossible. In spite of these problems for
many multi-domain proteins, folding has been inves-

tigated by classical refolding. Co-translational folding
of nascent polypeptide chains when synthesized by
ribosomes has also been studied. Single molecule
techniques represent a promising approach for future
studies on the folding of multi-domain proteins, and
tremendous advances have been made in these
techniques in recent years. In particular, fluores-
cence-based methods can contribute significantly to
an understanding of the fundamental principles of
multi-domain protein folding.
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Introduction

In prokaryotic and even more in eukaryotic cells the
predominant fraction of the whole proteome belongs
to the class of multi-domain proteins [1]. However, for
methodical reasons, our existing knowledge about
mechanisms and principles of protein folding results
mainly from studies on smaller single-domain pro-
teins. In particular, competing side reactions such as
misfolding and aggregation of non-native states makes
folding studies on larger multi-domain proteins often
difficult or even impossible under in vitro conditions.
Despite these problems, a number of multi-domain
proteins have been investigated in experimental
folding studies (see reviews [2-4] and references
therein). Keeping in mind that domains are stable
globular substructures of a polypeptide chain that
generally represent autonomous folding units, it is
obvious that folding of multi-domain proteins is

characterized by an additional hierarchical level in
the folding process that is absent in single-domain
proteins. Although individual domains of multi-do-
main proteins seem to fold by the same basic
principles as small single-domain proteins, there is at
least one major feature that makes multi-domain
protein folding quite different. Domain-domain in-
teractions, which are absent in small single-domain
proteins, can play a central role in protein stability, in
protein folding kinetics, and in protein misfolding. In
particular, the nature of domain interfaces and the
length of the interdomain linker region determine
whether or to what extend domain interactions have
an impact on protein folding [3, 5].

From studies performed so far, there is evidence that
individual domains of multi-domain proteins fold
independently when the interaction between the
domains is weak [3]. In other cases where the domains
interact more extensively, cooperative folding proc-
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esses of adjacent domains are observed [6, 7]. It is
assumed that stronger domain-domain interaction
during folding may result in higher rates of misfolding
and aggregation. Because of this, refolding of larger
multi-domain proteins in vitro is inefficient in many
cases [8]. However, in particular by employing co-
solvent-assisted folding (sugars, osmolytes), artificial
chaperone systems (detergent, cyclodextrin), and in
vitro chaperonin systems (e.g., GroEL/GroES) in-
creased folding efficiencies have been achieved with
numerous multi-domain proteins [9, 10]. Even more
efficient folding was observed for de novo synthesized
multi-domain proteins where individual domains are
synthesized sequentially and, apparently, also fold
sequentially [8]. In contrast to single-domain proteins,
for multi-domain proteins characteristic in vivo con-
ditions such as the presence of molecular chaperones
and co-translational folding seems to play a crucial
role for an efficient folding process [11, 12]. Although
valuable details about co-translational folding of
multi-domain proteins have been gathered in the last
few years [11, 13, 14], knowledge about in vitro
conditions at which proper refolding of multi-domain
proteins takes place is still of interest, since these
conditions provide the experimental basis for most
classical folding studies on multi-domain proteins.

In this review recent results and insights from folding
studies on multi-domain proteins are summarized and
discussed. In addition, special attention is drawn to
some elaborated experimental approaches that ap-
pear promising for elucidating new and advancing
knowledge about multi-domain protein folding.

Reversible versus irreversible unfolding

A prerequisite for classical (re-)folding studies and for
identifying critical steps in the protein-folding path-
ways is the possibility of unfolding the protein of
interest reversibly. As mentioned above, refolding is
often hindered or slowed down by misfolding and
protein aggregation. In addition, proteins undergoing
irreversible unfolding in general cannot be used to
determine the thermodynamic stability parameter
that are typically obtained from equilibrium transi-
tions [15, 16]. Therefore, some effort has been put in
finding proper refolding conditions. For numerous
multi-domain proteins that exhibit no or very poor
refolding under standard in vitro conditions, environ-
mental conditions or special treatments have been
found that ensure proper or at least improved refold-
ing efficiencies. Typically standard techniques such
like intrinsic tryptophan fluorescence and CD spec-
troscopy are employed to follow unfolding and
refolding transitions (see for example [17-19]). In
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many cases the state of aggregation was also moni-
tored by size-exclusion chromatography, or by static
or dynamic light scattering (DLS), first because this
information is valuable for characterizing the unfold-
ing process, and second because heavy protein aggre-
gation can lead to artifacts in fluorescence and CD
spectra, which have to be considered in the data
interpretation [20, 21].

In the following, some established refolding ap-
proaches are briefly summarized. (i) Since the strong
tendency for aggregation of non-native states is one of
the major obstacles in multi-domain protein refolding,
special co-solvents (e.g., sugars, osmolytes) have been
employed in refolding studies for proteins that
notoriously unfold irreversibly. Glycerol is a very
efficient co-solvent and has been shown to increase
the refolding yield of unfolded multi-domain proteins
[10,22-25]. Often the type of treatment that is used to
induce unfolding [elevated or low temperatures,
pressure, chemical denaturants like guanidinium hy-
drochloride (GndHCI) or urea, alkaline or acidic pH]
also plays a crucial role in whether and to what extend
refolding takes place (see Fig. 1). (ii) In cells, acces-
sory proteins such as molecular chaperones (Dnak,
Dnal, or GroEL/ES) help to achieve proper protein
folding [26]. Thus, for in vitro experiments, purified
molecular chaperones were employed to facilitate
improved refolding of multi-domain proteins [27-29].
Inspired by the folding mechanism accomplished by
the GroEL/ES complex, a so-called two-step artificial
chaperone strategy was established using a refolding
system with detergent and cyclodextrin [30-32]. (iii)
In addition to the well-established approaches dis-
cussed above, in numerous cases protein-specific
refolding conditions have been identified for individ-
ual multi-domain proteins. For example, phosphogly-
cerate kinase shows a reversible thermal unfolding at
low concentrations of GndHCI, and an irreversible
transition in buffers without GndHCI (see [10, 33] and
Fig. 1C). Without the help of chaperones, under in
vitro conditions the firefly luciferase only refolds at
low temperatures and then at extremely slow refold-
ing rates [34]. Under most refolding conditions, o-
amylase from Bacillus licheniformis shows a distinct
protein aggregation that most probably hinders re-
folding ([10, 35-37], see also Fig. 1). At a midpoint
urea concentration (c,, = 2.4 M), reversible unfolding
and refolding was observed upon the variation of
calcium ions, which serve as co-factors for this three-
domain protein [38].

Although many theoretical and experimental studies
on the folding of multi-domain proteins have been
performed, it is still not fully understood why some
multi-domain proteins show reversible unfolding and
others not. In case studies on tandem-linked domains,
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Figure 1. For reversible and irre-
versible unfolding, typical transi-
tions are shown for different
unfolding conditions from two
multi-domain proteins. (A) Phos-
phoglycerate kinase (PGK) and
(B) a-amylase from B. lichen-
iformis (BLA). (C, D) Thermal
unfolding (solid symbols) was
measured in different buffers
[red symbols, buffer with 0.7 M
guanidinium hydrochloride
(GndHCI); blue symbols, native
buffer; green symbols, buffer
with 7M glycerol] and shows
pronounced difference in the re-

a-amylase from
Bac. licheniformis
(BLA)

folding (open symbols) behavior.
For BLA, only in buffer with 7 M
glycerol significant refolding is
observed, while for PGK glycerol
as a co-solvent, and a buffer with
0.7M GndHCI ensures proper
refolding. (E, F) GndHCl-in-
duced unfolding (solid symbols)
is reversible (refolding: open
symbols) only for PGK. Most
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it has been demonstrated that sequence diversity of
neighboring domains, properties of the domain con-
nectivity between neighboring domains, and domain
interactions in general can have a profound influence
on folding routes, on folding kinetics and thereby on
the reversibility of unfolding [3, 5, 39]. Another
important issue is the role of B-sheet like structures
as structural elements of native proteins or sheet
structures formed transiently during the folding
process [40]. Numerous studies have shown that f3-
sheet like structures lead to a higher probability of
forming random inter-domain and intermolecular H-
bonds. They increase the chance of conformational
scrambling or of protein aggregation, and in particular
the formation of amyloid-like fibrils (see [41] and
references therein). Obviously, all these processes
strongly determine whether unfolding transitions are
reversible or irreversible.

1
GndHCI [M]

N

Refolding versus co-translational folding

Co-translational (or biosynthetic) protein folding has
been studied intensively in the past, in most cases with
multi-domain proteins [13, 14, 42-46]. The major
difference of co-translational folding with respect to
refolding of full-length polypeptide chains is the
vectorial appearance of the nascent polypeptide
chain, which in principle leads to a subsequent
vectorial folding process. In addition, the growing
nascent polypeptide chain remains bound to the
ribosome during the folding process [43]. Related to
these differences, for co-translational folding, a more
rapid folding, different folding pathways, and higher
yields of folded protein were observed. It is assumed
that the differences between co-translational folding
and refolding are more relevant for larger multi-
domain proteins than for single-domain proteins. An
important question is how does co-translational fold-
ing ensure more effective and productive folding than
refolding from full-length polypeptides [43, 45]. First,
during synthesis and protein folding, the elongating
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nascent chain remains anchored to the ribosome and
has less rotational and translational freedom. This
restriction can significantly reduce intermolecular
collisions with other (in particular also not folded)
proteins and thereby suppress aggregation. Second, in
contrast to refolding, folding of N-terminal and C-
terminal regions is separated spatially and temporally
during sequential synthesis (Fig.2). Most probably
this prevents non-native and unwanted interactions
that often leads to off-pathway folding intermediates
or aggregates. Sequential folding can be even more
effective when the synthesis rate is slowed down at
specific critical positions in the polypeptide sequence.
For example, pauses after domains or -sheets would
allow proper co-translational structure formation,
before subsequent structure elements appear that
might cause aggregation during the folding process. It
is assumed that codon usage is responsible for differ-
ent synthesis rates at specific regions within the
protein sequence. Third, several chaperones (e.g.,
trigger factor and DnaK in bacterial systems) act
already during translation on the nascent chain and
prevent misfolding or aggregation. For example, the
trigger factor binds to the ribosome before a chaper-
one-nascent chain interaction is observed. Although
this process is only poorly understood, it is assumed
that this type of chaperones is most efficient only in co-
translational folding [8]. Finally, all these properties
seem to ensure that, in co-translational folding, non-
productive off-pathway intermediates and kinetic
traps are avoided.

It has been demonstrated unequivocally that co-
translational folding takes place for many proteins.
Furthermore, it was shown that proteins can become
fully folded and enzymatically active while they are
bound to the ribosome through a C-terminal exten-
sion of about 30 amino acids that spans the ribosomal
tunnel [13, 14, 47]. However, relative little is known
about structural and dynamical details of the nascent
polypeptide chain at specific steps during co-transla-
tional folding. To date, structural and dynamical
information on proteins or parts of proteins that
remain linked to the ribosome is mainly provided by
fluorescence and NMR spectroscopy. For example,
Johnson and coworkers [48] showed that for specific
polypeptide sequences helix formation can take place
already inside the ribosomal tunnel. More recently,
structural and dynamical properties were investigated
at different stages of the polypeptide elongation for a
single-domain protein (apomyglobin), where release
from the ribosome was inhibited [49]. In this study
using dynamic fluorescence depolarization, different
independent nascent chain motions were detected
that reveal information on the folding status (e.g.,
protein compactness) and on interactions with the
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Figure 2. For the two-domain module of the Semliki forest virus
protein (SFVP), (A) refolding of full-length proteins (149 residues)
and (B) synthesis coupled (co-translational) folding of the protein
are presented. Elcock [44] analyzed the folding of this protein by
molecular simulation methods that yield folding coordinates for
the N-terminal domain (Qy), for the C-terminal domain (Qc), and
for the interface region between both domains (Qqyr). In both
graphs it is shown how the values of Qy, Qc, Qunr evolve during
folding (“Q” is a general folding coordinate defining the fraction of
native residue-residue contacts that are present for given con-
formations with values starting from zero for the unfolded state to a
value of one for the native structure). The colored spheres
represent the population points in the conformational space as
determined during 100 folding trajectories (large red symbols
represent highly populated states; ~100%). For refolding of the
full-length protein (A), native contacts for the N-terminal domain
and for the C-terminal domain are formed in parallel. After the
structure formation of the domains is completed, native interface
contacts are formed. For synthesis-coupled folding (B) a different
picture emerged. Here, first native contacts in the N-terminal
domain are formed. After this, native contacts of the C-terminal
domain and native interface contacts between both domains are
formed in a concerted manner. Adapted with permission from [44].

ribosome. In another approach using NMR spectro-
scopy, a tandem immunoglobulin domain repeat (Ig2)
was investigated [50]. With the construct used in that
study, the N-terminal domain was found to be natively
folded, while the C-terminal domain remained largely
unfolded. In this particular case, the C-terminal
domain adopted an unfolded state most probably
because a terminal B-strand was missing in the
construct. A more elucidating and straightforward
approach would be to measure directly trajectories of
the nascent chain during co-translational folding in
time-resolved studies. Unfortunately, protein biosyn-
thesis is a rather asynchronous process, which limits
the sensitivity and the resolution of any kind of
measurement in an ensemble of synthesizing ribo-
somes, either in the cell or in cell free systems.
Obviously, single-molecule techniques would be the
method of choice for this kind of studies, but studying
co-translational folding at single-molecule level is still
in its infancy [51, 52].

Although folding on the ribosome in general repre-
sents a natural method of protein folding in the cell,
post-translational folding (or refolding) is a natural
process as well. Protein unfolding and refolding also
takes place in the cell completely decoupled from
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biosynthesis. In addition, the fundamental question of
the equilibration between a specific sequence of an
unfolded polypeptide chain with the corresponding
native three-dimensional protein structure is not fully
answered yet. In any case it is valuable to study protein
folding in refolding experiments with full-length
polypeptide chains, even if folding routes between
refolding and co-translational folding differ [53].

Working at low protein concentrations and the
perspective of single-molecule studies

Essentially two major techniques have been estab-
lished in the last decade to study protein folding on the
single-molecule level, dynamic force spectroscopy
(e.g., atomic force microscopy, optical tweezers) and
fluorescence-based methods [54, 55]. In the case of
force spectroscopy, numerous studies on multi-do-
main repeat structures have been performed. In these
experiments proteins are attached at both ends to
surfaces and an external force is applied by increasing
the distance between the two tethered ends. Unfold-
ing and refolding is monitored by following the
applied force as a function of the polypeptide chain
length. For example, the unfolding of individual
domains was identified in multi-domain repeat struc-
tures (see [56] and references in [54, 55]). With the
advent of bright and more photostable fluorescent
dyes and with enormous methodical and technical
improvements, the field of high-resolution fluores-
cence spectroscopy and microscopy has made tremen-
dous advances. In particular, single-molecule fluores-
cence studies have become a key technique, not only
in protein folding, but also in molecular and structural
biology [57-59].

With respect to our subject, multi-domain protein
folding, this has essentially two important implica-
tions. First, extremely low protein concentrations
(around nanomolar), as used for example in fluores-
cence correlation spectroscopy (FCS) studies, can
lower or even circumvent aggregation of unfolded
states. In principle, this can make refolding studies
feasible, which would be hampered by aggregation at
higher protein concentrations. Second, the application
of single-molecule techniques has an enormous po-
tential for studying the intrinsically heterogeneous
process of protein folding, not only for multi-domain
proteins [57, 58].

Since conventional techniques like intrinsic trypto-
phan fluorescence or CD spectroscopy give signals
that are too weak at extremely low protein concen-
trations, highly sensitive fluorescent dyes need to be
attached to the protein of interest. For protein folding
studies, FCS and energy transfer techniques [Forster
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resonance energy transfer (FRET) and photoinduced
energy transfer (PET)] have been mainly employed
[57, 58, 60]. FCS is an easily applicable technique that
needs only one fluorescent dye to be attached to the
protein of interest. The hydrodynamic radius (R;) of
the protein can be determined from the diffusion time
of the fluorescently labeled protein through the
confocal volume of a tightly focused laser beam [61—
65]. Typically, the native state is compact and exhibits
a smaller hydrodynamic radius as compared to the
more expanded unfolded state [66—68]. A similar
behavior is observed for PGK, which shows an
increase in hydrodynamics radius from 3.2 nm in the
native state to 5.9 nm at 2 M GndHCl in the unfolded
state (Fig. 3A). The radius of a refolded PGK reaches
the value of the native state, which indicates a high
degree of refolding. Another multi-domain protein
(BLA) exhibits an increase in hydrodynamic radius
upon unfolding at 4 M GndHCI (with R;, from 3.1 to
5.8 nm), but does not show a complete refolding.
However, the R, value obtained under refolding
conditions (~ 3.6 nm) indicates that at least a partial
refolding takes place at the extremely low protein
concentration (~1 nM) employed for FCS measure-
ments (Fig. 3B). This observation is in contrast to
measurements at higher protein concentrations (~1-
10 uM) at which GndHCl-induced unfolding of BLA
is strictly irreversible (see Fig. 1F, and [10]). For some
other a-amylases we observed much larger R, values
under refolding conditions, which is indicative for
extended aggregation, even at these rather low
protein concentration (Rosenkranz and Fitter, un-
published results). Recently, a similar observation was
presented in a FCS study with a two-domain protein
(rhodanese) under refolding conditions [69]. How-
ever, even for those proteins that aggregate in their
non-native state at low concentration in solution,
encapsulation techniques can help to avoid aggrega-
tion [70, 71]. If individual proteins are confined in a
void or in a capsule and thereby separated from each
other, aggregation in particular of unfolded proteins
cannot take place. Encapsulation of single proteins
into sol-gel polymer matrices, as well as into lipid or
polymeric vesicles has already been performed [72-
74]. In this respect it is important to minimize the
interaction of the protein with the confining material.
Unfortunately, for such encapsulated proteins, the
state of folding or unfolding cannot by analyzed with
FCS, since these proteins no longer diffuse freely in
solution, which is a prerequisite for FSC. However,
other single-molecule fluorescence-based approaches
can be employed in this case (see below).

Another advantage of FCS (but also for other
fluorescence-based single-molecule techniques) is
that not only highly dilute proteins can be studied,



Cell. Mol. Life Sci. ~ Vol. 66, 2009
1,24\ (A) ——PGK_native
Ny —— PGK_unfol
A PGK_refol
= 0,84
O]
£
o
€ 04
070- T AL Ty T T ::""'7
1E-3 0,01 01 1 10 100

time [ms]

Review Article 1677

—— BLA native
—— BLA_unfol
-BLA_refol

1E-3 0,01 0.1 1 10
time [ms]

100

Figure 3. Normalized autocorrelation curves as obtained from FCS measurements using a MicroTime 200 from PicoQuant, Berlin
(Rosenkranz and Fitter, unpublished results). Both proteins PGK (A) and BLA (B) were labeled with Alexa647 and were measured at
protein concentrations in the nanomolar range for three different folding states [native state, blue lines; unfolded state (2 M GndHCI for
PGK and 4 M GndHCI for BLA), red lines; refolded state (native buffer conditions), green lines]. For both proteins, the hydrodynamic
radius increases upon unfolding as seen by curves shifted to longer times. In the case of PGK, the refolded state reaches a hydrodynamic
radius that was observed already for the native state, which indicates a complete refolding. BLA exhibits only a partial refolding since the

curve for the refolded state is not fully back shifted.

but also proteins at extremely high concentrations or
in crowding media [75-77]. Only the fraction of
labeled proteins must be at low concentration to
provide a sufficiently strong signal fluctuation caused
by translational protein diffusion. Here the impact of
molecular crowding on protein stability and on
protein folding would be an interesting task to analyze
[78].

Using single-molecule fluorescence techniques, the
greatest amount of information on unfolded and
native states of proteins has been obtained from
FRET measurements. FRET between two fluoro-
phores, the donor and the acceptor, occurs when both
are at a distance of a few nanometer. This energy
transfer is due to non-radiative Coulombic dipole-
dipole interactions and has proven to be a powerful
spectroscopic technique for measuring distances in the
range 2—-8nm [79, 80]. Due to the fact that two
fluorescent dyes are attached at defined positions in
the protein structure, larger structural changes that
occur upon protein folding/unfolding are monitored
by measuring the energy transfer efficiency. Such
FRET measurements yield not only structural infor-
mation about the compactness of individual proteins
at defined equilibrium conditions (e.g., specific con-
centrations of chemical denaturant). They also pro-
vide valuable information on different subpopula-
tions, for example the folded or unfolded state, which
are present under the given conditions [57, 58, 81, 82].
Until now, studies have been performed mainly with
small single-domain proteins that behave as two-state
folders. Only very recently have single-molecule
FRET studies been performed with larger two-
domain proteins [83, 84]. In typical single molecule

studies using confocal microscopy, a tightly focused
laser beam in combination with confocal detection
defines a small volume out of which bursts of photons
are collected from individual traversing proteins. In
this set-up, the observation time for a single protein is
limited by the translational diffusion time of the
molecule through the detection volume. However, a
possibility of extended observation times (>millisec-
onds) would allow rare or slow dynamic events as well
as repetitive processes with one and the same mole-
cule to be monitored. This is of particular interest for
larger multi-domain proteins, which often exhibit
more complex and thereby slower folding or unfolding
transitions [85]. To achieve longer observation times,
proteins need to be immobilized. One requirement for
almost all single molecules studies with immobilized
proteins is to reduce, as much as possible, interactions
of the protein with the surfaces of the enclosing cavity
used for immobilization. In protein folding, perturb-
ing interactions of proteins with surfaces may signifi-
cantly alter the polypeptide structure and dynamics
and can give rise to artifacts in the obtained results
[58]. Several studies have demonstrated successful
confinement of proteins inside agarose gel matrices
[71, 86] or within surface-tethered vesicles [74, 87, 88]
without altering their structure and dynamics. Even
anchoring proteins directly to polymer-coated surface
with a specific single-point attachment has given
satisfactory results [89].

For individual proteins encapsulated in surface-teth-
ered lipid vesicles kept at thermodynamic midtransi-
tion points (i.e., GndHCl,;,), multiple successive
unfolding/refolding transitions were observed with
FRET [87,90]. For a small protein (cold shock protein
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CspTm, single-domain protein, 67 residues) the tran-
sitions were too fast to be resolved, even with the
shortest integration time (~100 ps). Therefore, tran-
sitions appear in FRET trajectories as single steps for
complete folding or unfolding processes. In contrast, a
larger protein (adenylated kinase, two-domain pro-
tein, 214 residues) exhibits transitions on different
time scales. In particular, slower transitions (>1s)
show small and partial steps during individual unfold-
ing and refolding transitions (Fig. 4). This behavior
seems to represent a higher complexity of the folding/
unfolding process and is indicative for populated
intermediate states and for a higher roughness of the
funnel-shaped folding energy landscape [87]. Obvi-
ously, single-molecule FRET studies with surface-
immobilized proteins offer a large potential, in
particular for continuing studies on other, even larger
multi-domain proteins. Typically, the folding path-
ways of these proteins are populated by intermediate
states and transitions are slow enough that corre-
sponding FRET trajectories can disclose information
on folding and unfolding events. In particular, the
following subjects are worth more detailed study: (i)
In the past detailed single-molecule FRET studies
have been performed only with two-state folders. It
would be interesting to investigate proteins that
exhibit observable intermediate states and to answer
the question whether the intermediate states are
productive on-pathway conformations or off-pathway
traps. In principle, FRET trajectories from single-
molecule measurements can give an unambiguous
answer to this question, provided the intermediate
state is spectroscopically distinguishable from the
native and the unfolded state and all investigated
states live long enough to be characterized by a
sufficient number of emitted photons [58]. However,
even for faster interconverting species or for more
complex reaction schemes suitable approaches have
been developed to obtain valuable information on
dynamical processes from FRET data [91-94]. (ii)
Another important advance would be to follow
folding and unfolding transitions of individual do-
mains as part of a multi-domain protein. Such a goal
can be achieved in successive measurements with
alternating positions of donor and/or acceptor label-
ing in the protein structure. In this case individual
samples with a specific pair of label positions can yield
information on folding transitions of individual do-
mains and of the whole protein, respectively. A more
elegant way would be the use of a three-color FRET
(or higher order FRET) scheme, which in principle
can give information on the folding of two individual
domains simultaneously in one measurement (see for
example [95]). Using multi-color FRET allows not
only one distance but two or even more distances
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within the protein structure to be measured at the
same time [96, 97]. With this additional information,
folding of two separated domains can be monitored
during one measurement. (iii) The impact of environ-
mental conditions on folding pathways and on kinetics
is a further subject of interest. A promising step in this
direction is given by recently published work on
protein folding in the presence of molecular chaper-
ones during refolding [83, 84]. One of these studies
indicates that only a certain subpopulation of the
unfolded state ensemble, a partially structured folding
intermediate, is bound to the chaperone GroEL.
Finally, this subpopulation is released from the
chaperone in a native state-like structure upon
addition of ATP [83]. In similar studies the effect of
artificial chaperones or the presence of crowding
media can by studied. The goal would be to obtain
information on how protein folding is influenced by
pronounced intermolecular interactions or caging
effects. It is assumed that such effects are present in
the cellular interior, since 20-30 % of the total volume
is occupied by macromolecules [78, 98].
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Figure 4. Typical FRET trajectories as observed for two different
proteins (CspTm, adenylated kinase) showing unfolding and
refolding transitions at their thermodynamic GndHCI midpoint
concentrations. (A) CspTm shows fast transitions with single steps
between folded and unfolded states (green line). The inset displays
the corresponding donor signals (blue) and acceptor signals (red).
(B) For the larger adenylate kinase, the donor signal (green) and
the acceptor signal (red) show first a relative slow multi-step
folding process (ending at ~2 s) and subsequently a fast unfolding
process (at ~3 's). With permission from [87, 90].
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Summary

Due to their abundant occurrence in the cell, multi-
domain proteins and the folding of these proteins is an
important issue. Although in the future it will still be
possible, in principle, to answer many fundamental
questions on protein folding through studies on small-
er single-domain proteins, it is worth studying the
folding of multi-domain proteins in more detail.
Studies comparing classical refolding and co-transla-
tional folding of multi-domain proteins and the
application of recently developed single-molecule
techniques can contribute significantly to improve
our knowledge on this topic. In particular, single-
molecule fluorescence methods have been proven to
be a versatile tool to study protein folding. As outlined
in this review, this technique has reached a state of
development at which it can now be applied to more
complex reaction schemes that are assumed to occur
in the folding process of multi-domain proteins.
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