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Collapsed But Not Folded: Looking with
Advanced Optical Spectroscopy at Protein
Folding
Jçrg Enderlein*[a]

Protein folding, that is, the organization
of proteins into a highly ordered three-
dimensional structure under native con-
ditions is one of the most interesting
and fundamental topics of contemporary
biophysical research. The core question
is how an initially random conformation
of a polypeptide chain of a protein finds
its final native structure among the bil-
lions and billions of possible conforma-
tions. This is also known as the Levinthal
paradox[1] originally formulated by Cyrus
Levinthal in 1969: Even if each possible
conformation of a typical protein is
probed within only picoseconds or
nanoseconds, it would take longer than
the age of the universe for hitting on
the correctly folded structure. To solve
Levinthal’s paradox it was postulated
that proteins fold along specific path-
ways (older view), or follow one of many
parallel paths down the now famous
protein folding funnel that funnels a pro-
tein’s conformation towards its final cor-
rect and stable fold (modern statistical
mechanical view). However, the details
of this funnelling remain an active area
of discussion and research. Two extreme
views can be distinguished: The first
view assumes that the final conforma-
tion is attained by a more or less step-
wise formation of secondary structure
across the protein’s polypeptide chain
that finally folds up into the correct terti-
ary structure. The other extreme as-
sumes that first the protein’s polypep-
tide chain hydrophobically collapses into

a compact but totally unstructured glob-
ule state which then converts more or
less slowly into the folded structure.

Recent research has shown that the
truth lies somewhere in the middle
(Figure 1).[2] Hydrophobic collapse into a
compact but still denatured state (the
molten globule[3]) is indeed an important
intermediate step in folding, but it al-
ready involves the presence of residual
secondary structure. This structure, even
when minimal in extent, seems to be an
important aid in the further nucleation

and formation of the final folded struc-
ture. Thus, an important intermediate
step of folding between a completely
unfolded state and the final fully formed
native structure is the collapsed state of
a protein, where secondary structure ele-
ments such as short a-helices and/or b-
sheets are already present but no tertiary
large-scale structure has yet formed.

The core challenge of experimentally
observing and studying this state is that
under equilibrium conditions close to
the native conditions of the protein the
overwhelming majority of protein mole-
cules is already in its final folded state
and only a very small number of mole-
cules will be in the pre-folded collapsed
state. This makes ensemble measure-
ments and studies of the collapsed but
not yet folded state under equilibrium
native conditions rather difficult. Two ex-
perimental solutions to this problem are
feasible: One can either study the
system far from equilibrium using stop-
flow techniques, or one can use single-
molecule spectroscopy for looking at in-
dividual protein molecules and thus find-
ing rare events of collapsed but not yet
folded molecules among the large
number of folded protein molecules.[4]

Both approaches have been used in a
recent paper by Hoffmann et al.[5] to in-
vestigate the collapsed state of the small
cold shock protein CspTm. For this pro-
tein, equilibrium and time-dependent
collapse have been studied at near
native conditions using single molecule
spectroscopy.[6] In the paper of Hoffman
et al. , this collapsed but unfolded state
is now studied in more detail (see
Figure 1).

The first method used by the authors
is single-molecule Fçrster resonant
energy transfer (smFRET).[7] In this
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Figure 1. Pathway from the denatured, complete-
ly unfolded (D) state of a protein to the native,
completely folded state (F) leads over a collapsed
state (C) which still behaves like a random coil
but may already contain secondary structural ele-
ments such a short a-helical or b-sheet structural
elements. It is important to mention that states
(D) and (C) represent manifolds of many different
conformations, whereas state (F) is usually repre-
sented by a single well-defined conformation.
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method, the protein is site specifically la-
belled at two different positions along
the peptide chain with two different flu-
orescent dyes. The fluorescence emission
spectrum of one of both dyes (donor) is
chosen in such a way that it overlaps
with the absorption spectrum of the
other dye (acceptor). Then, when the
donor is photoexcited and finds the ac-
ceptor in close proximity, the excited
state energy can be efficiently transfer-
red from the donor to the acceptor by
radiationless electromagnetic coupling.
This leads to a measurable fluorescence
emission signal from the acceptor which
is ideally not excitable by the light
source used for donor excitation. Be-
cause this so-called Fçrster resonance
energy transfer (FRET) strongly depends
on the distance between both dyes (to
the sixth power), its efficiency can be
used for gauging the distance between
the dyes and thus the distance between
the labelling sites in the protein. An im-
portant specificity of the FRET measure-
ments by Hoffmann et al. is not to look
at the average signal of a large ensem-
ble of protein molecules but on the
FRET signal of individual molecules (i.e.
smFRET[7]). This allows for identifying and
specifically selecting molecular sub-popu-
lations with different distances between
labelling sites (Figure 2). This is especially
important if one is interested in studying
sub-populations which comprise only a
small fraction of the total number of
molecules, as is the case for the col-
lapsed but not folded state of a protein
under close to native conditions.

By placing FRET dye pairs at different
label positions along the protein’s pep-
tide chain, the authors could map the
distances between these position pairs
under varying concentrations of the de-
naturing chemical guanidin hydrochlo-
ride (GdnHCl), using the single molecule
approach for selectively looking only at
molecules that are in a collapsed but un-
folded state. Thus, it was possible to
map this state under varying conditions
(i.e. GdnHCl concentrations). The first
paper applying smFRET measurements
for studying the collapsed state of a pro-
tein was published by Sherman and
Haran[8] where the authors successfully
analyzed their experimental findings by
applying models derived for the coil–

globule transitions of macromolecules.
Hoffman et al. extended the smFRET ap-
proach by putting acceptor–donor pairs
at many different but specific sites
within the CspTm molecules, thus map-
ping the collapsed state in a systematic
way. The found behavior of the col-
lapsed state was amazingly well de-
scribed by a random Gaussian chain
model, which is the simplest model for
describing long polymer chains without
intrinsic structural organization. In the
Gaussian chain model, the protein is as-
sumed to behave similarly to a freely
jointed chain of links. The length of the
links is the only free parameter of the
model and is called the persistence
length of the protein. The found varia-
tion of this persistence length with vary-
ing GdnHCl concentrations, and its inde-
pendence on the sites of labelling sug-
gests an isotropic collapse of the protein
when switching from a completely un-
folded to the collapsed state.

In a step further, the authors used
single-molecule selective fluorescence-
lifetime measurements for independently
checking these results. As a result of the
excitation energy transfer from a donor
to an acceptor molecule during FRET,
the donor fluorescence lifetime is re-
duced in a FRET-efficiency (and thus in-

tradye distance) dependent manner.
Thus, lifetime measurements are able to
provide similar information on FRET effi-
ciencies as intensity measurements of
donor and acceptor fluorescence. Com-
bining intensity with lifetime information
helps to eliminate potential errors in
FRET efficiency determinations, and the
consistency of the results from both ap-
proaches in the study of Hoffman et al.
is a strong case for the validity of the
found Gaussian chain behavior of the
collapsed unfolded state.

To check whether this random Gaussi-
an chain behavior is signifying the com-
plete absence of structure in the col-
lapsed state of the protein, the authors
applied a second powerful technique:
measuring circular dichroism (CD) of the
kinetically populated collapsed state. Ki-
netic population refers to rapid dilution
of the protein from high to low GdnHCl
concentration, which can be used in
combination with a sufficient time-re-
solving spectroscopic method for study-
ing intermediates during folding. A few
microseconds to milliseconds after dilu-
tion the protein has already collapsed
but is no yet folded, thus allowing for
the investigation of the collapsed state
on a macroscopic ensemble level. Rapid
dilution is achieved by fast fluid mixing
of a protein solution containing a high
concentration of GdnHCl with an aque-
ous buffer. Mixing is performed within a
specifically designed microfluidic chip,
providing characteristic mixing/dilution
times on a millisecond time scale. For
some recent publications applying this
technique for following the fast kinetics
of protein collapse see, for example,
ref. [9] .

For studying protein secondary struc-
ture by CD, the spectral region between
190–230 nm is of special interest, where
the absorption of the amide group
probes the protein backbone and leads
to distinctive signals for random coils, b-
sheets, and a-helices. Whereas the spec-
tral region around 220 nm is important
for measuring a-helical structures, b-
sheet structure shows prominent CD
signal around 200 nm. Hoffmann et al.
used synchrotron radiation as light
source for CD measurements (SRCD),
thus being able to record of CD signals
across a continuous wavelength region

Figure 2. Principle of the single-molecule ap-
proach to FRET measurements: Instead of meas-
uring an average FRET value of an ensemble (thin
vertical line), FRET values are measured on a mol-
ecule by molecule basis and their distribution is
plotted (red line). The resulting probability distri-
bution for the FRET efficiency can then be decom-
posed into contributions of different sub-popula-
tions (blue and green lines). Subsequently, one
can selectively study the behavior of only a single
sub-population of interest (e.g. that represented
by the blue line), even if this sub-population
comprises only a small fraction of the total en-
semble.
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from 200 to 250 nm (although conven-
tional spectrometers also allow to mea-
sure within this spectral region). Measur-
ing at different positions of the micro-
fluidic mixer, they recorded CD spectra
at different times after collapse initiation.

What they found for the collapsed but
still unfolded state of CspTm was the
presence of a significant content of b-
sheet structure (ca. 20% of that of the
folded state) but only a negligible
amount of a-helical structure (below 3%
of that of the native state). Thus, the re-
markable result of their combined
smFRET and SRCD measurements is that
the collapsed state is, on one hand, well
described by a simple random Gaussian
chain model, but has, on the other hand,
already a high content of secondary
structure. Similar results had been ob-
served before for proteins under strongly
denaturing conditions, but have not yet
been seen for the collapsed state under
close to native conditions. Although the
study does not yield a more detailed pic-
ture of the particular organization of the
b-sheets within the collapsed unfolded
state, the applicability of the Gaussian
chain model means that the average
length of the b-sheet structural elements
has to be shorter than the determined

persistence length (ca. 0.39 nm under
native conditions).

Two other recent publications nicely
complement the paper of Hoffman et al. :
In ref. [10], Merchant et al. combine
smFRET measurements with molecular
simulations to study the collapsed but
still unfolded state of the same CspTm
protein. And in ref. [11], Mukhopadhyay
et al. investigate with smFRET the col-
lapsed state of the prion protein Sup35.
All these studies represent important
steps towards a better understanding of
the fleeting but important collapsed un-
folded state of proteins under close to
native conditions, which is the crucial in-
termediate between the completely un-
folded state and the completely folded
structure.
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