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ABSTRACT The investigation and understanding of the folding mechanism of multidomain proteins is still a challenge in struc-
tural biology. The use of single-molecule Forster resonance energy transfer offers a unique tool to map conformational changes
within the protein structure. Here, we present a study following denaturant-induced unfolding transitions of yeast phosphoglyc-
erate kinase by mapping several inter- and intradomain distances of this two-domain protein, exhibiting a quite heterogeneous
behavior. On the one hand, the development of the interdomain distance during the unfolding transition suggests a classical two-
state unfolding behavior. On the other hand, the behavior of some intradomain distances indicates the formation of a compact
and transient molten globule intermediate state. Furthermore, different intradomain distances measured within the same domain
show pronounced differences in their unfolding behavior, underlining the fact that the choice of dye attachment positions within
the polypeptide chain has a substantial impact on which unfolding properties are observed by single-molecule Férster resonance
energy transfer measurements. Our results suggest that, to fully characterize the complex folding and unfolding mechanism of
multidomain proteins, it is necessary to monitor multiple intra- and interdomain distances because a single reporter can lead to a
misleading, partial, or oversimplified interpretation.

SIGNIFICANCE The structural characterization of proteins on their way from a folded to an unfolded state and vice versa
is key in elucidating the underlying principles of protein folding. Férster resonance energy transfer measurements, in
particular on a single-molecule level, can give valuable structural information on the desired length scale of a few
nanometers. To overcome the intrinsic limitation of monitoring only a single intramolecular distance within the protein by
typical Forster resonance energy transfer measurements, we mapped five different intramolecular distances in
phosphoglycerate kinase. The obtained data revealed the appearance of additional folding and unfolding intermediates
and a more realistic and detailed picture about the unfolding process because we sample the energy folding funnel
landscape along different directions.

INTRODUCTION (native) state. A more detailed understanding of this process
was obtained thanks to the development of the theory of fun-
nel-shaped multidimensional folding energy landscapes (1).
With the support of these theoretical predictions, experi-
mental investigations based on single-molecule Forster reso-
nance energy transfer (SmFRET) spectroscopy and single
molecule force spectroscopy contributed significantly to

our current knowledge (2-7). The use of smFRET offers a

Deciphering how the amino acid code translates into func-
tional three-dimensional (3D) structures is the key to under-
standing how proteins really work. For this purpose, it is
crucial to understand how the polypeptide chain can migrate
from the manifold of unfolded states to a unique folded
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unique tool to map conformational changes within the pro-
tein structure, thus allowing one to observe the distribution
in populations. Although most of these studies dealt with
small single-domain proteins, more recently, studies with
multidomain proteins have attracted increasing interest (8—
13). Multidomain proteins exhibit, typically, a much higher
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complexity of the folding landscape than that of single-
domain proteins. More than 70% of the eukaryotic proteins
are composed of multiple domains, and hence, it is important
to expand the knowledge acquired from model single-
domain globular proteins to these more complex macromol-
ecules. When studying multidomain proteins, the question
arises whether the folding principles found for single-
domain proteins also apply for multidomain proteins.
Answering this question typically requires an expanded set
of measured data, and smFRET offers a unique ability to
measure, with a high accuracy, multiple distances between
attachment positions of the two involved fluorescent dyes
(14). To map all important conformational changes within
multidomain proteins during folding or unfolding transi-
tions, distances within each domain, as well as distances be-
tween the individual domains, need to be measured (8,9,15).
A common limitation in studies on multidomain proteins is
that they often manifest misfolding and aggregation of
unfolded or not correctly folded states (16-20). This issue
is intrinsically overcome by single-molecule techniques; in
fact, the low sample concentrations used in these techniques
minimize the chance of protein aggregation and, in addition,
allow for sorting out data from aggregates.

An established model-system for studying the folding of
multidomain proteins is given by phosphoglycerate kinase
from yeast (yPGK), a key enzyme in glycolysis. The 45-
kDa yPGK is composed of two structurally homologous do-
mains, the N- and the C-terminal domains. Both are con-
nected by a well-conserved hinge region, as shown in
Fig. 1. Each domain consists of a core of six parallel strands
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of B-pleated sheets surrounded by four a-helices. The heli-
ces are connected to the central (-strands by S-turns and
unstructured loop regions. The C-domain exhibits, in addi-
tion, a pair of anti-parallel §-strands toward the C-terminal
end, whereas the last 12 residues of the C-terminal domain
fold back into to the N-domain (21). Interestingly, yPGK
fragments, which represent only one single domain (either
the N- or the C-terminal one), can fold into native-like struc-
tures, even if they exist as isolated domains (22,23). In the
past, chemical- as well as heat- and cold-induced unfolding
of yPGK has been studied extensively using traditional
bulk methods, including circular dichroism (CD), trypto-
phan fluorescence, stopped-flow fluorescence, and FRET
(22-26). More recently, these studies were also extended
by single-molecule measurement (13,27,28). To obtain a
more detailed picture about the conformational changes of
yPGK, we pursued our previous smFRET studies. For this
purpose, we constructed additional mutants and measured
the evolution of both intradomain and interdomain distances
as a function of chemical denaturant concentration. These
experiments allowed us to advance toward a more detailed
understanding of the complexity of the multidomain pro-
tein-unfolding transitions.

MATERIALS AND METHODS
Protein expression, labeling, and purification

All cysteine double mutants of the gene of phosphoglycerate kinase from
Saccharomyces cerevisiae were generated as described in (27). Briefly,
the natural cysteine C97 was replaced by a serine, and a pair of cysteine

N-Domain Mutant
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FIGURE 1 (Lefty A 3D structure of yPGK
(PDB: 1QPG) with the N-terminal domain (resi-
dues 1-185) highlighted in red, the C-terminal
domain (residues 205-415) highlighted in blue,

Interdomain Mutant
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C-Domain Mutant

and the hinge region (residues 186-204) high-
lighted in green. Black spheres indicate positions
at which natural amino acids are replaced by cyste-
ines. In total, three different interdye distances are
depicted: interdomain distance Q135C-S290C, in-
tradomain distance in the N-terminal domain S1C-
QI35C, and intradomain distance within the C-
domain T202C-D256C. (Right) yPGK structures
of the three mutants are shown with AVs (red
and blue volumes) localized at respective dye
attachment positions for the three mutants. For
each mutant, the C,-distances of the mutated cys-
teines, the distance obtained from AV calculations,
and the interdye distances obtained experimentally
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from the position of the smFRET peak are given.

Rg% =33A To see this figure in color, go online.
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residues were incorporated by site-directed mutagenesis at corresponding
positions; for details, see Table S1. Additionally, all corresponding single
cysteine mutants were prepared for control measurements. The mutated
genes were integrated into the pET15b expression system (Novagen;
EMD Millipore, Merck KGaA, Darmstadt, Germany), thereby adding a
hexa-histidine tag and a six-amino-acid-long thrombin cleavage site to
the N-terminus of the protein sequence for purification purposes. All
yPGK variants were expressed and purified from the cytoplasm of Escher-
ichia coli BL21-CodonPlus(DE3)-RIL (Stratagene, La Jolla, CA) by
NiNTA affinity chromatography. Far-ultraviolet CD spectroscopy and an
enzymatic activity assay were performed to validate the secondary structure
and the catalytic activity of the PGK variants (see Figs. S1 and S2; Table
S4). After flash freezing in liquid nitrogen, proteins were stored at
—80°C. The labeling strategy reported in (27,29) was followed. Briefly, a
10-uM PGK solution was incubated in a reducing environment at 4°C for
16 h with a fivefold excess of both the maleimide-functionalized dyes
(C2-Alexa647 and C5-Alexa488; Sigma-Aldrich, St. Louis, MO) with a
1:1 concentration relation for both dyes. The labeled protein was separated
from free dye by size exclusion chromatography using a Sephadex G25 me-
dium (Sigma-Aldrich). After this purification step, the double-labeled pro-
tein fraction was isolated by anion exchange chromatography employing a
MonoQ5/50GL (GE Healthcare Life Science, Uppsala, Sweden) on an
automated high-performance liquid chromatography system (AKTA Ex-
plorer 10; GE Healthcare Life Science, Uppsala, Sweden). Finally,
double-labeled PGK was stored at 4°C for a maximum of a few days before
usage.

cDh

CD measurements were performed using a Jasco J-1100 spectropolarimeter
equipped with a Peltier temperature controller (JASCO Deutschland GmbH,
Pfungstadt, Germany). The spectra were acquired in the range 190-250 nm,
and the background spectrum of the corresponding buffer was subtracted.
Samples were prepared in 10 mM MOPS buffer at pH 7.5 with a nominal con-
centration of ~3 uM. All the measurements were performed at room temper-
ature in a quartz cell having a pathlength of 1 mm.

Tryptophan fluorescence

Fluorescence emission spectra were recorded with protein solutions (pro-
tein concentration: 0.05-0.1 mg/mL) in 5-mm path length quartz cuvettes
(104F-QS; Hellma, Muehlheim, Germany) using a QuantaMaster40 spec-
trometer from Photon Technology International (Lawrenceville, NJ).

With excitation wavelengths of 295 nm, we obtained emission spectra
that are dominated by tryptophan emission. All emission spectra (recorded
between 300 and 450 nm) were corrected for background intensities as
measured with pure buffer solutions. Unfolding transitions were analyzed
by determining the wavelength of the emission intensity maximum (Ap,ax)
as a function of GndHCI concentration (Fig. S1 d).

smFRET measurements and data analysis

smFRET measurements were performed with a MicroTime 200 confocal
microscope (PicoQuant, Berlin, Germany) equipped with a red (640 nm)
and a blue (485 nm) diode laser (LDH-D-C 640B and LDH-D-C 485B; Pi-
coQuant), and with a UPLSAPO 60x/1.2 NA water-immersion objective
from Olympus (Hamburg, Germany). The emitted photons were collected
by the microscope objective, passed through a dual-band dichroic mirror
(XF2401; Omega Optical, Brattleboro, VT), focused on a 100 um pinhole,
and split into four detection channels by a further dichroic mirror (T600pxr;
Chroma Technology, Bellows Falls, VT) and by two polarizing beam
splitter cubes (Linos Photonics, Gottingen, Germany). The red photons
were filtered by an appropriate emission filter (HQ 690/70M; Chroma Tech-
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nology, Bellows Falls, VT) and focused on two SPAD detectors
(SPCMCD3307M and SPCM-AGR-14; Perkin Elmer, Wood Bridge, On-
tario, Canada). The blue photons were filtered by a bandpass emission filter
(XF 3003 520DF40; Omega Optical, Battlesboro, VT) and detected by two
silicon avalanche photodiodes (7-SPAD; PicoQuant). The lasers were oper-
ated at 20 MHz with pulsed interleaved excitation (30) by means of a com-
puter-controlled PDL828 Sepia-II-Laser Driver (PicoQuant). The counts
were processed with a HydraHarp-400 time-correlated single-photon count-
ing acquisition unit (PicoQuant). smFRET measurements were performed
with an average number of acceptor molecules within the detection spot
of <N> ~0.03. This condition was achieved by precisely measuring the
concentration of the stock solutions by fluorescence correlation spectros-
copy performed on the same setup. The yPGK buffer contained 50 mM
MOPS, 50 mM NaCl, and 0.005% Tween20 (Sigma-Aldrich) at pH 7.5.
For the unfolding experiments, specific amounts of GdnHCI1 were added.
The actual concentrations of denaturant solutions were determined by
refractive index measurements (31). Additionally, a photoprotection cock-
tail (1 mM Trolox, 10 mM cysteamine) was added to all solutions. In sam-
ple solutions with highly diluted protein molecules (a few picomolars), one
can obtain energy transfer efficiencies for every single molecule by
applying a burst analysis (32,33). The measured time traces give access
to photon bursts originating from single molecules appearing as dips in
the interphoton lag and could be selected by choosing a suitable threshold
value (34). For each selected burst, donor and acceptor photon counts (Fp,
F,) after donor excitation were accumulated and corrected. For bursts with
Fp + Fa > 20, we calculated the energy transfer efficiency

Fa

E=cr—"r ey
Fa + vFp

for each burst, where vy is a correction factor (for more details, see Table
S3). The corrected E-values obtained for each burst were finally histo-
gramed; depending on the number of available bursts, we chose ~20 bins
for the whole range of E-values. By using the pulsed interleaved excitation
scheme, it is possible to eliminate the donor-only peak, a typical artifact
originated from proteins labeled only with the donor fluorophore (30). A
detailed description of the data evaluation is given in (28). The obtained
FRET histograms for yPGK molecules were fitted individually with one
or two Gaussians, in which the obtained peak-positions of the Gaussians
correspond to the mean FRET efficiencies <E>. The latter was used to
determine the measured interdye distance (measured Rpp)

1
1— <E> /6
Rpy = | ——— X Ry, 2)

where Ry represents the Forster radius. To achieve the most reliable interdye
distances Rpa from smFRET measurements, we explicitly considered the
impact of high GndHCI concentrations in the employed buffer solutions
on the donor and acceptor quantum yields. The latter were determined
with corresponding single cysteine mutants in control measurements, ac-
cording to a methodical approach described in (35) (see Table S2). Further-
more, we performed accessible volume (AV) calculations of the dyes
tethered at a selected position within the yPGK structure (36). The resulting
interdye distances (calculated Rp,) based on the 3D x-ray structure (Protein
Data Bank, PDB: 1QPG; see (37)) and on the AV calculations were
compared to those measured by smFRET with yPGK in the native state
(see Table S4). All data analyses were performed with self-written
MATLAB (R2015b, 64-bit; The MathWorks, Natick, MA) scripts or using
OriginPro (9.0.0G, 64 bit).

RESULTS

To map multiple inter- and intradomain distances during
GndHCL-induced unfolding, we aimed to produce various



double cysteine mutants of yPGK. In total, nine double
cysteine constructs were chosen for expression (see Table
S1). After a scrupulous validation of the mutants in terms
of conserved enzymatic activity, conserved structure, and
avoidance of artifacts, we were able to perform successful
smFRET measurements for five constructs, which are dis-
cussed in the following subsections in more detail (see
Fig. S1; Table S1).

Comparison of inter- and intradomain distances

We started our analysis with three double cysteine con-
structs that mapped one interdomain distance and two intra-
domain distances (Fig. 1). The global equilibrium stability
of theses mutants against GndHCI was investigated by CD
and fluorescence spectroscopy. The obtained data could be
described by a two-state transition model, quantifying the
equilibrium stability in terms of half-transition concentra-
tion Cy,, (see Fig. S1; Table S4). The stability for all the
cysteine double mutants is slightly lower as compared to
that of the wild type, but the different mutants show a
comparable behavior. For the investigated double cysteine
mutants, transfer efficiency histograms were obtained
from smFRET measurements, performed as a function of
GndHCI concentrations (Fig. 2). As shown in the left panels
of Fig. 2, the interdomain mutant (ID1) exhibits a classical
two-state transition behavior, which we observed already in
a previous sSmFRET study with the same mutant (27).

The native state and the unfolded state population are
well separated in the histogram; upon unfolding, the native
state population at <E> ~0.75 is progressively transferred
to the unfolded state population (at <E> ~0.2-0.35). The
half-transition concentration of GndHCl obtained from
the single-molecule data agrees reasonably well with the
C,,»-value we obtained from ensemble measurements (see
Fig. S3; Table S4).

Compared to the interdomain distance, both of the intra-
domain distances exhibit a clearly different behavior upon
unfolding. As presented by the middle panels of Fig. 2,
the histograms for intradomain distance measurements ob-
tained from the N-domain mutant (N1), show, for native
conditions, a single peak with a FRET efficiency of ~0.5,
but an additional population at high FRET (representing,
therefore, a compact folding intermediate) appears at con-
centrations of denaturant below the C;,, (~0.67 M). With
increasing denaturant concentration, the statistical weight
of the compact folding intermediate first increases, then it
decreases again above 0.7 M GndHCl with a corresponding
increase of a low FRET peak at <E> < (.3, the latter cor-
responding to the unfolded state. Therefore, the high FRET
peak appears to behave as an on-path intermediate. In com-
parison to the previous cases, the intradomain distance
within the C-domain (C1) exhibits, at first glance, a stun-
ningly different behavior. As shown in the corresponding
histograms in Fig. 2 (right panels), in all the denaturing
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conditions, the population distribution is formed by a single
peak, whose position stays at a rather constant transfer effi-
ciency value of ~0.55 over the entire GndHCI concentration
range between 0 and 1.2 M. A small, but continuous, shift of
the unfolded state population toward small transfer effi-
ciency values above 1.2 M indicates a well-known dena-
turant-induced coil-globule transition (28,38). Obviously,
the behavior observed by monitoring these two specific in-
tradomain distances does not show the classical two-state
behavior. This deviation cannot be recognized from the
global unfolding of secondary structure elements as
observed by CD spectroscopy (see Fig. S1) because CD is
a low-resolution technique sensible to the amount of sec-
ondary structure elements. However, a possible explanation
might be given by the fact that, for this mutant, the number
of amino acid residues between the two dye attachment
positions is rather small (54, see Fig. 2). If we assume a
random-coil structure of the amino acid chain under unfold-
ing conditions, one can estimate the end-to-end distance of
this chain by vV<R?> = n x [?, where 1 gives a persistence
length (~0.65 nm) and n gives the number of amino acids
(39). A <R>-value of ~48 A obtained from this model is
close to the interdye distance Rpa_ynr Of 51 A measured
for the unfolded state (see Table S4).

Probing different intradomain distances within
the C-domain

To investigate folding events occurring within individual
domains in more detail, we intended to examine additional
intradomain mutants. Out of six additional trials, two further
mutants characterizing the C-domain were studied success-
fully (for details, see Fig. S1 ¢; Table S1). Compared to the
C1 mutant described in the previous section, both additional
intradomain distances show a clearly different behavior
upon GndHCl-induced unfolding (Fig. 3). The native state
of the first additional C2 mutant (see left panels in Fig. 3)
shows a major peak around an energy transfer value of
<E> ~0.3 and a pronounced shoulder toward higher
E-values. With increasing denaturant concentration, the
shoulder evolves into a more distinct peak at <E> ~0.7.
At the same time, the major native peak population exhibits
a continuing decrease in its statistical weight and a slight
shift toward higher energy transfer values, a feature that is
often observed because of salt-induced stabilization at low
GndHCI concentrations. Above a denaturant concentration
of ~0.7 M, the statistical weights of the population related
to the peak at <E> ~0.7 decreases with a corresponding in-
crease of a peak at <E> ~0.3, the latter representing the
unfolded state. In this specific case, the position of the native
state and that of the unfolded state are rather similar because
the distance between the labeling positions is already large
within the folded structure (Rpp ~56 /OX), being larger than
the Forster radius for the employed dye couple (Ry ~51-
53 1&); therefore, a further increase in the distance due to
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FIGURE 2 (Upper graphs) 3D structures of yPGK are shown with individual dye attachment positions for all three intermolecular FRET-pairs. Amino
acids and related structural elements localized between the attachment positions in the amino acid sequence are highlighted in red. For the intradomain mu-
tants, the enclosed structure elements (N1 mutant: 134 residues; C1 mutant: 54 residues) include N1 mutant with 4 $-sheets and 2 a-helices and C1 mutant
with 2 B-sheets and 2 a-helices. (Lower panels) Transfer efficiency histograms for each measurement at a specific GndHCI concentration are shown. The
solid lines over the histograms represent fits with one or two Gaussian peaks. To see this figure in color, go online.
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unfolding results in only a small effect on the FRET effi-
ciency (see also Table S4). The general behavior of the C2
mutant is, in part, similar to that observed for the intrado-
main distance of the N-domain (N1 mutant; see Fig. 2).

Finally, the other additional intradomain C-domain
distance mutant (C3 mutant; see right panels in Fig. 3) again
shows a classical two-state transition behavior, which was
already observed for the interdomain mutant (ID1 mutant,
Fig. 2). Here, the half-transition GndHCIl concentration
obtained from the smFRET data is slightly higher than
that obtained for the CI mutant from ensemble data
(Table S4).

DISCUSSION

Most of the previous smFRET studies on denaturant-
induced unfolding exhibit bimodal FRET efficiency distri-
butions. This is related to an unfolding process with two
well-separated populations in the FRET efficiency histo-
gram, the native state and the unfolded state. Such a
behavior was observed mainly for single-domain proteins
(see, for example, (40-43)) but also for some multidomain
proteins, like for maltose-binding proteins (8) and rhoda-
nase (44). In our study, only two mutants exhibit a clear
two-state unfolding behavior. For the three intradomain
distances measured within the C-domain, only the C3
mutant exhibits a two-state behavior (Fig. 3), whereas the
C1 and the C2 mutants (Figs. 2 and 3) manifest a clearly
different trend. We can, therefore, state that (at least for
yPGK) whether a two-state behavior is observed depends
not only on the investigated domain (or protein) but also
on the attachment positions that are employed to follow
the denaturant-induced conformational changes. In contrast
to our findings, some earlier studies, in which multiple inter-
dye distances were mapped within one and the same protein,
reported that all denaturant-induced distance changes qual-
itatively exhibit the same classical two-state unfolding
behavior (8,44,45).

To obtain a better understanding of the reason why the
investigated intermolecular distances exhibit such a
diverse behavior, we had a closer look at the compositions
and the topology of secondary structure elements of
yPGK. According to the structural classification of pro-
teins, yPGK belongs to the class of «/@-proteins (46). It
is well known that many multidomain proteins belong to
this class (20) (for example, the maltose-binding protein
(44) and rhodanese (8), for which the obtained smFRET
results differ from our findings, as already discussed
above). However, a recent SmFRET study on apoflavo-
doxin (47), a single-domain «/@-protein, reports that
GndHCI1 induced structural changes similar to those
observed for the N1 mutant (Fig. 2, middle panels) and
for the C2 mutant (Fig. 3, left panels). In all these cases,
the corresponding FRET histograms exhibit an additional
population that shows up at <E>-values larger than that
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of the native state. This population appears at rather low
denaturant concentrations and continuously diminishes
above the 0.7 M GndHCI, approximately the value of
Ci2. In the case of apoflavodoxin, the authors attribute
this additional population to a compact molten globule
(MGQG) state, which represents, for this protein, a misfolded
off-pathway intermediate (47). In general, MGs are
compact and exhibit some native-like secondary structure
but lack a native-like tertiary structure. They can exist as
stable species in substantial portions of molecules under
mildly denaturing conditions, such as low GndHCI con-
centrations (48). Strikingly, our data and that of apoflavo-
doxin revealed an MG state characterized by shorter
intramolecular distances and, by this, a more compact
state as compared to the native state. According to the
best of our knowledge, potential experimental artifacts
that would lead to the rather small observed interdye
distances at unfolding conditions (for example, caused
by folding-dependent changes of the donor/acceptor quan-
tum yield or by other dye-related effects) can be ruled out
(see Fig. S4; Table S2). Furthermore, it is worth
mentioning that a previous kinetic refolding study with
yPGK reported on an MG state that was formed in the
early folding phase (49).

Finally, we will focus on the question of why specific
properties of the unfolding transition (e.g., number of
observable states) do not show up in the same manner in
all corresponding FRET histograms, for example, in those
histograms that were obtained from all three C-domain in-
tradomain distances. To elucidate this point, it is worth
examining the sequence of amino acids in between both
label positions. In particular, the length of this sequence
and the related secondary structure elements that are
formed by this sequence (red-highlighted structure ele-
ments in Figs. 2 and 3) may contribute, to some extent,
to the folding and unfolding behavior of the corresponding
mutant. Compared to all other mutants, the interdomain
ID1-mutant exhibits the longest sequence and also the
largest structural element sandwiched between both
dyes. However, it can be assumed that, for this mutant,
mainly the small hinge region (green-colored structure
element sandwiched between both domains of the yPGK
structure; see left graph in Fig. 1) controls the properties
of the unfolding and folding transition (27,29). Because
this hinge region is essentially formed only by one con-
necting a-helix, the unfolding of this helix can already
cause the observed transition. Out of all the mutants
analyzed, the one having the smallest structural element
enclosed between the two labeling positions is the C3
mutant. It includes only 34 residues and is mainly located
close to the surface of the C-domain (see Fig. 3). Because
this one and the interdomain mutant are the only ones that
show a two-state unfolding behavior, we can assume that
small (enclosed and not very heavily interacting with
neighboring structure elements) portions of secondary
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structures are related to unfolding transitions character- amino acids between the dye attachment positions has

ized by a simple two-state mechanism. According to the also a small end-to-end distance of <R> ~38 A. Howev-
polymer chain model, the rather short sequence of 34 er, the measured interdye distance for this C3-mutant in
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the unfolded state is significantly larger (Rpa_unr ~54 A).
In contrast, the N1 and C2 mutants are characterized by
rather large enclosed structural elements with 134 and
88 residues, respectively. The respective end-to-end dis-
tances and their corresponding Rpa unevalues agree
much better than those for the C3 mutant (see Table
S4). Here, in both cases, the enclosed elements are local-
ized in the domain center and have more pronounced in-
teractions with neighboring structure elements, the latter
of which is not part of the enclosed structure. Because
in these cases, more potential intramolecular interactions
are involved, the observed unfolding process appears
more complex, and corresponding FRET histograms do
not only show two well-separated states but also the
appearance of an additional state (MG) and shifts of pop-
ulation peaks upon changing GndHCI concentrations.
Each histogram of these mutants was also fitted with
two Gaussians, but an unambiguous assignment of the
two observed populations to the native, the unfolded, or
the intermediate state is not straight forward (Fig. S3).
The obtained fittings of the histograms indicate that one
population is related to the intermediate state (see Pop;
in Fig. S3), whereas the second population peak (Pop,)
represents different states depending on the GndHCI con-
centration regime: at low concentrations (<0.6-07 M), it
represents the native state, whereas it represents the
unfolded state at the high GndHCl concentrations
(=0.6-0.7 M), in which additional pronounced gradual
shifts (see right panels in Fig. S3) with increasing dena-
turant concentrations are observed. Therefore, for these
two mutants, more than two states are involved, and the
Pop, populations and a distinct assignment of each popu-
lation to one corresponding state are not possible; in turn,
a simple fit to a two-state unfolding transition is not
possible. However, the curves of the relative population
fractions as a function of denaturant concentration (see
left panels in Fig. S3) qualitatively show inflection points
at values close to the half-transition concentration values
obtained by CD spectroscopy (0.65 and 0.6 M for the
N1- and the C2-mutants, respectively), confirming that
the behavior observed at the single-molecule level repro-
duces the global behavior. In a further case, the C1 mutant
shows practically no change of the interdye distance over
the whole range of GndHCI concentrations (at least up to
1.2 M GndHCI). This behavior is rather unique and was
already explained in the Results. Because this mutant in-
cludes an enclosed structure element that represents a sig-
nificant part of that from the C2 mutant (the residues 256—
290 are missing), we would expect a similar development
of FRET histograms like that of the C2 mutant. However,
for the C1 mutant, a potential intermediate state popula-
tion might be hidden in the measured histograms,
probably because of the fact that all occurring states
appear at transfer efficiency values that are very close to
each other.

One Distance Is Not Enough

CONCLUSIONS

Our approach to investigating denaturant-induced unfolded
states of yPGK by mapping multiple inter- and intradomain
distances highlights a rather complex unfolding behavior of
this two-domain protein. In addition to the well-known two-
state unfolding behavior, as detected by ensemble techniques
like CD spectroscopy and also by smFRET for the interdo-
main mutant (27), we observed for intradomain mutants
additional features differentiating these mutants from clas-
sical two-state transition. The data indicate that a compact
MG intermediate state is formed transiently in each of the
domains. Furthermore, our study clearly demonstrated that
the choice of dye attachment positions in the polypeptide
chain allows us to select which unfolding transition features
are observed. In the case of complex protein folding,
measuring different intermolecular distances gives us access
to different unfolding and folding features because different
distances allow us to slice the energy landscape along
different directions and to sample the energy funnel at
different depths. This may not only hold for multidomain
proteins but also for single-domain proteins because pro-
nounced differences in the FRET histograms appear already
when several intradomain distances are mapped within a sin-
gle domain. So, the complex folding and unfolding features
within one domain may be inherent to this domain, or they
may be caused by the presence of a neighboring (unfolded)
domain. However, the approach of mapping multiple inter-
molecular distances seems to be a key to discover hidden in-
termediates during folding and unfolding transitions.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2019.12.006.
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