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ABSTRACT: The nature of the earliest steps of the initiation of the folding
pathway of globular proteins is still controversial. To elucidate the role of
early closure of long loop structures in the folding transition, we studied the
folding kinetics of subdomain structures in Escherichia coli adenylate kinase
(AK) using Förster type resonance excitation energy transfer (FRET)-based
methods. The overall folding rate of the AK molecule and of several segments
that form native β strands is 0.5 ± 0.3 s−1, in sharp contrast to the 1000-fold
faster closure of three long loop structures in the CORE domain. A FRET-
based “double kinetics” analysis revealed complex transient changes in the
initially closed N-terminal loop structure that then opens and closes again at
the end of the folding pathway. The study of subdomain folding in situ
suggests a hierarchic ordered folding mechanism, in which early and rapid
cross-linking by hydrophobic loop closure provides structural stabilization at
the initiation of the folding pathway.

Identifying the key interactions that lead the fast protein
folding transition via the early reduction of chain entropy is

critical to the mechanistic understanding of the folding
process.1,2 Compaction (collapse) detected by FRET-based
methods is the first folding event to occur, even in the
intermediate free refolding of two-state folders.3,4 Chain
collapse is a solvent-induced nonspecific response to a change
in system conditions (common to any polymer molecule),5 yet
fast formation of specific interactions might lead to early
intermediates that already contain specific loose subdomain
structures.6−8 In particular, nonlocal interactions can be very
effective in reducing the conformational space occupied by the
ensemble, which is still mostly disordered. Therefore, much
effort has been focused on characterization of the transient
subdomain structures formed early in the folding transition.
Such structures induce constraints upon the random search for
specific intramolecular interactions and, thus, guide the folding
chain toward productive routes, prior to the rate-limiting step
of folding. Major progress was made in studies of the structures
of the transition state ensembles (TSE), which in many cases
include the main features of the native topology of the chain
fold.9−11

When considering possible mechanisms of stepwise structure
formation in the folding transition, the “bottom-up” model
seems to be the most intuitive.12,13 In this mechanism, local
interactions (LIs) between near neighbor residues along the
chain are assumed to form first and stabilize short structural
elements, such as secondary structures. Those elements then
coalesce to form higher-level contacts. The alternative
mechanism assumes that the less probable nonlocal interactions

(NLI) between monomers separated by 10 or more residues
along the chain are an essential component of the initial folding
steps. The relative importance of local versus nonlocal
interactions in directing the mechanism of folding has been
investigated for many years, mainly by means of simulations
and theoretical arguments.14−18 Most studies concluded that
the initial steps of the folding mechanism are dominated by LIs,
while the nonlocal ones provide nonspecific stabilization of the
compact conformers19−24 and the folding nucleus.25,26 The
question of whether LIs or NLIs are more important or
dominant in the initiation of folding or for determination of the
direction and rate of the folding transition remains unanswered.
In 1995,27 we proposed that closure of a small number of

long loop segments by NLIs between clusters of mostly
nonpolar residues at their ends occurs as part of the initiation of
the folding transition.28 In the context presented here, we refer
to loops that are longer than the Ω-loops that are thought to be
short (n ≤ 16).29 In that “closed long loops” hypothesis, we
assumed that the NLIs that close the loops do not depend on
the secondary structures of the interacting clusters. Further-
more, this model proposes that the early closed loops
sufficiently restrict the conformational space and form
ensembles of conformations that then proceed to the TSE
and the folded ensembles.30

In this study, we applied trFRET-based methods in an
attempt to trace the time course of closure of long loops and
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the formation of β strands in the CORE domain, during the
refolding transition of adenylate kinase (AK) from Escherichia
coli (Figure 1). This was done to test the hypothesis that a small
number of long loops form early in the folding transition, even
prior to the formation of secondary structure elements.28,31 The
trFRET-based “double kinetics” method32−34 was developed
for the detection of transient intramolecular distance
distributions in the fast collapsed state of globular proteins
and during the full folding transition.35−37 AK is a 214-residue
single-chain, three-domain protein that catalyzes the transfer of
a phosphoryl group between ATP and AMP. The native
topology of the CORE domain of AK is defined by seven long
loops. The residues at opposite termini of each loop segment
form a strong hydrophobic node, as judged by the number of
contacts between them. In the past, we have found that the
long loop enclosing the whole AMPbind domain is closed within
the mixing dead time of the double kinetics device.37 In this
study, we wished to trace the course of structure formation in
selected segments of the protein backbone. Six representative
structural elements were studied. We show here that loop
structure elements were already formed within the dead time of
the mixing device (1 ms), but at that time, the β strands tested
had not yet reached their native conformation.

■ MATERIALS AND METHODS

Sample Preparation and Labeling. E. coli AK mutants
were constructed by site-directed mutagenesis, overexpressed,
and purified, as described previously.37,38 All variants were
derived from a cysteine free C77S AK gene. Donor only
mutants were prepared by labeling the single cysteine with
iodoacetamide. Donor-acceptor-labeled mutants were created
by separate reactions with one, two, or three of the following
reagents: (1) 5-iodoacetamidosalicylic acid, (2) 7-iodoacetami-
docoumarin-4-carboxylic acid, and (3) 5-({2-[(iodoacetyl)-
amino]ethyl}amino)naphthalene-1-sulfonic acid (IAEDANS).
Labeling conditions, removal of unlabeled protein, and
chromatographic purification procedures have been described

previously.39 An example demonstrating sample purity can be
found in Figure S5 of the Supporting Information.

Equilibrium Measurement. The protein sample concen-
tration was determined according to the absorbance spectrum
using the following molar extinction coefficients: ε278 = 16000
M−1 cm−1, ε308 = 3200 M−1 cm−1, ε340 = 16000 M−1 cm−1, and
ε336 = 5700 M−1 cm−1 for AK-DOIAA, AK-DASal, AK-DACca, and
AK-DAAEDANS, respectively. Absorbance spectra were recorded
using an AVIV model 17DS UV−vis−IR spectrophotometer
(Aviv Biomedical, Lakewood, NJ).
Far-UV CD spectra were recorded using an AVIV model 62A

DS CD spectropolarimeter (Aviv Biomedical). For each
sample, five scans were determined, and the results were
averaged. The protein sample concentration was 10 μM in 20
mM Tris-HCl (pH 7.8). CD measurements were taken using a
1 mm cuvette at 25 °C. The enzymatic activity was determined
for all mutants as described by Ratner et al.35 in the direction of
ADP formation (MgATP + AMP ↔ MgADP + ADP) by a
spectrophotometric assay based on a pyruvate kinase−lactate
dehydrogenase coupling system.40

The time-correlated single-photon counting (TCSPC)
method was used to measure the tryptophan fluorescence
decay time (see Table S3 of the Supporting Information). The
instrument, data collection, and analysis methodology have
been described previously.37 The protein sample concentration
was 15 μM in 20 mM Tris-HCl (pH 7.8) at 25 °C.

Stopped-Flow Experiments Monitored by Total
Fluorescence Acquisition. Kinetic measurements were
performed using a stopped-flow SFM 400 instrument (Bio-
Logic). Refolding experiments were conducted using two-step
dilution (double jump) to minimize the effect of proline
isomerization.38 A protein sample (15 μM) under folding
conditions [50 mM Tris-HCl (pH 8)] was first mixed (1:1)
with 4 M Gnd-HCl dissolved in 50 mM Tris-HCl (pH 8). After
a 3 s denaturation period, refolding was initiated with a second
dilution (1:5.5) against 50 mM Tris-HCl (pH 8). Tryptophan
excitation was set to the 297 nm line of a mercury arc lamp
using a monochromator. A bandpass filter (Semrock 357/44)
was used for measurements of tryptophan emission. Measure-

Figure 1. Ribbon diagram of the E. coli adenylate kinase highlighting the labeled chain segments and the subdomain structures that were labeled and
monitored by the FRET experiments. (A) Structure of the ligand free AK molecule (PDB entry 4AKE) in which structural elements are highlighted.
The N-terminal loop (loop I, residues 1−26) is colored red. β strands that were labeled are colored. Strand β1 is included in loop I (residues 1−6,
red). Strands β3 (residues 79−85, blue) and β4 (residues 104−110, green) form native interactions with β1 in the native structure. (B) Merged loop
structure: loop III (residues 1−86, magenta), which includes loops I and II and strands β1 and β3; and loop IV (residues 1−111, magenta dashed),
which includes loops I−III. Loop IV is closed by the segments forming strands β1 and β4. The pairs of black dots represent the interacting
hydrophobic clusters of residues located at the nodes of the labeled loops, and the connecting lines represent the native close contacts between those
clusters. All the elements that were studied are located in the CORE domain of AK.
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ments were taken using the μFC-08 cell (Bio-Logic) with a
dead time of 0.8 ms under the described experimental
conditions. All of the solutions used for stopped-flow
experiments were filtered through a 0.22 μm pore filter
(Millipore) and measured at 25 °C.
Determination of ETE Values during Refolding. Kinetic

measurements of each mutant were repeated at least six times,
averaged, and corrected for background noise. Measurements
on each set of mutants were repeated at least twice using
different preparations. The change in energy transfer efficiency
was determined using

=
−

E t
F t F t C

F t
( )

( ) ( )
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D

where FD(t) is the fluorescence intensity of the single
tryptophan in a DO mutant and FDA(t) is the fluorescence
intensity of the single tryptophan in a DA mutant. Ceq is a
constant factor for correction of small deviations between the
concentrations of the separately measured DO and DA traces.
Ceq was derived from the trFRET experiments under folding
conditions, which are equivalent to the end (plateau) of the
kinetics experiment.
Stopped-Flow Double Kinetics Experiment. The

system and data analysis used for the double kinetics
experiments were recently described.34,37

■ RESULTS

Overall Strategy: FRET-Based Monitoring of the
Pathways of Folding of Selected Subdomain Structural
Elements, in Situ. The experimental design utilizes a FRET-
based method for monitoring changes in intramolecular
distances between specifically labeled residues that report the
folding status of individual selected subdomain structural
elements. Subdomain structures of interest, either the ends of
native state closed long loops or the ends of segments that form
native state β strands, were labeled by excitation donor and
acceptor moieties. The first step was determination of the
segmental end-to-end distance distribution in each mutant
under folding and denaturing conditions at equilibrium. These
distributions were used as a reference for the evaluation of the
extent of folding of the labeled elements at each time point in
the kinetics experiments. Refolding was initiated by dilution of

a denaturant by the stopped-flow technique, and the time-
dependent FRET efficiency was monitored both by intensity
measurements (determination of the mean transfer efficiency,
⟨E⟩) and by trFRET using the double kinetics method, which
yields the transient distance distributions.37

Labeling Plan: Selection of Subdomain Structural
Elements To Be Monitored by FRET-Based Double
Kinetics Experiments. Six pairs of sites at the ends of
subdomain structures of interest were labeled in six sets of
mutants (Table 1): (a) the N-terminal loop [residues 1−24
(Figure 1a and Figure S1 of the Supporting Information)],
which is a typical elementary long closed loop structure; (b)
two other loop elements [residues 1−86 and 1−109 (Figure
1b)], which represent “merged” loop elements, i.e., long
segments (>40 residues) whose ends are in close contact,
stabilized by hydrophobic interactions that also enclose at least
one elementary loop within its boundaries (see Figure S1 of the
Supporting Information); and (c) three of the five β strands
that constitute the core (parallel) β sheet were labeled to study
the rate of folding of secondary structure elements [β1, residues
1−6; β3, residues 79−85; and β4, residues 104−110 (Figure
1a)].
The labeling strategy was based on incorporation of a single

tryptophan (at residue n) and a single cysteine (residue m) at
the ends of each element.39,41,42 The cysteine (residue m) was
then reacted with either 5-amidosalicylic acid (Sal), 7-
acetamido-coumarin-4-carboxylic acid (Cou), or AEDANS
[AK-DASal (n−m), AK-DACca (n−m), and AK-DAAEDANS (n−
m), respectively] to create FRET pairs. A sample of each Trp-
Cys mutant was reacted with iodoacetamide (IAA) and used as
the “donor only” mutant [AK-DONLY (n−m)]. The pairs had
critical Förster distances (R0) of 18, 22, and 24 Å for
tryptophan−salicylic acid, −AEDANS, and −coumarin pairs,
respectively. This allowed reliable determination of intarmo-
lecular distances in the range between 9 and 36 Å. Replacement
of any of the six N-terminal residues caused a loss of expression,
which is an indication of their importance for the folding
mechanism. To label the N-terminus of the AK molecule, we
extended the polypeptide backbone using a four-residue insert
(Met-Lys-Cys-Ala). The inserted Cys residue at position −2
was labeled in mutants designed to study the folding of the
closed loop structures and the β1 strand. Only surface-exposed
residues were mutated to minimize the possible perturbation of

Table 1. Labeling Plan and Structural Elements Studied as Part of the FRET Experiments

positionb acceptor dyec

segmenta D A Sal Cca AEDANS nomenclatured structuree

AK (1−6) −2 8 √ √ AK-DACca/EDANS (−2, 8) strand β1
AK (79−85) 86 79 √ √ √ AK-DASal/Cca/EDANS (86, 79) strand β3
AK (104−110) 111 102 √ √ AK-DACca/EDANS (111, 102) strand β4
AK (1−26) 21 −2 √ AK-DASal (21, −2) loop I

24 −2 √ √ √ AK-DASal/Cca/EDANS (24, −2)
28 −2 √ √ AK-DACca/EDANS (28, −2)

AK (1−86) 73 −2 √ AK-DASal (73, −2) loop III
75 −2 √ √ AK-DASal/Cca (75, −2)

AK (1−111) 102 −2 √ AK-DASal (102, −2) loop IV
aChain segment that forms the subdomain structure to be studied, represented by its N and C boundaries. bResidues selected for mutation and
labeling of each selected subdomain element. These are in most cases not at the exact structural ends of the element because of the labeling
considerations, as described in the text. cIn each mutant, the donor was a tryptophan residue and the engineered cysteine was labeled by an acceptor
that is one of the three reagents listed here. Some mutants were labeled by more than one acceptor so the measurements could be repeated using
pairs of different characteristics (Ro, size, hydrophobicity, etc.) for cross check and global analysis.

dRepresentation of each doubly labeled mutant in
the text. eSubdomain structural elements identified by each mutant.
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the folding mechanism of the mutants. For selected elements,
two or three sets of mutants were prepared. As an example, the
folding of the N-terminal loop was monitored by mutants
labeled at positions −2 and 21, position 24, or position 28. The
combination of experiments in which structural elements were
labeled by different FRET pairs (with different Ro values) and
mutants in which such elements were labeled at different
residues reduced the uncertainty in the combined results and
provided internal controls.
Control Experiments. The extent of possible structural

perturbation of the AK molecule due to the genetic and
chemical modifications introduced in the labeling procedure

was evaluated in a series of control experiments. Each mutant
was tested by high-performance liquid chromatography
analytical chromatography, absorption and emission spectra,
CD spectroscopy, and an enzymatic activity assay. All tested
mutants demonstrated similar (within error) far-UV CD
spectra, which also closely overlapped with the wild type
(wt) AK far-UV CD spectra (see Figure S2 of the Supporting
Information). Enzymatic activity, which is highly sensitive to
minor structural changes or electrostatic conditions near the
active site, with one exception was kept in the range of 10−70%
relative to the specific activity of wt AK (Table S1 of the
Supporting Information). The reduction was more pronounced

Figure 2. Segmental end-to-end distance distributions of the six labeled segments under folding and denaturing conditions (0.3 and 2 M Gnd-HCl,
respectively). Folded () and denatured (●) state distributions are presented together with the mean of the segmental end-to-end distance
distribution. Under folding conditions (0.3 M Gnd-HCl, 50 mM Tris-HCl, pH 7.8, and 25 °C), the mean distance between positions −2 and 8 (β1),
positions 79 and 86 (β3), and positions 102 and 111 (β4) was comparable (±2 Å) to the expected distance calculated from the crystal structure of
apo-AK. For all the loop mutants [AK (−2, 24), AK (−2, 75), and AK (−2, 102)], the distance separation under denaturing conditions (2 M Gnd-
HCl, 50 mM Tris-HCl, pH 7.8, and 25 °C) was higher than the folded state mean EED. The mean EED distributions obtained for the two long
segments (residues −2 to 75 and −2 to 102) are only approximations because of the low transfer efficiency measured under denaturing conditions
(○). The mean EED of the β strand structures was shortened under denaturing conditions compared to that of the folded state, reflecting the
stretched conformation of the chain when it adopts a β strand structure. For all mutants, the FWHM values were highest in the denatured state,
which indicates a heterogeneous ensemble of substates. Distance distributions were obtained from a global analysis of the donor fluorescence decay
measured in the presence and absence of two different acceptors (see Table S3 of the Supporting Information). The protein concentration was 20
μM under both folding and denaturing buffer conditions.

Table 2. Parameters (mean and FWHM) of the Segmental End-to-End Distance Distributions Obtained for the Set of Doubly
Labeled Mutants under Equilibrium Folding and Denaturing Conditionsa

0.3 M Gnd-HCl 2 M Gnd-HCl

positionb rmean
c (Å) FWHMd (Å) rmean

c (Å) FWHMd (Å)

AK (−2, 21) 24.6 (24.1−24.9) 15 (13−18) out of rangee out of rangee

AK (−2, 24) 14.6 (13.2−15.5) 14 (13−15) 28.8 (27.9−31.2) 30 (28−34)
AK (−2, 28) 23.4 (23.0−23.4) 6 (5−8) 29.6 (24.0−28.3) 28 (21−29)
AK (−2, 73) 23.3 (22.9−23.4) 11 (10−13) out of rangee out of rangee

AK (−2, 75) 21.2 (17.9−18.5) 7 (6−8) out of rangee out of rangee

AK (−2, 102) 19.2 (19.1−20.0) 8 (7−9) out of rangee out of rangee

AK (−2, 8) 27.0 (26.7−28.1) 9 (6−11) 19.6 (19.6−20.6) 20 (14−20)
AK (79, 86) 22.6 (22.3−22.9) 4 (3−5) 19.4 (18.3−20.1) 11 (8−14)
AK (102, 111) 32.7 (32.7−33.0) 16 (13−18) 19.4 (18.3−19.8) 20 (18−24)

aComparison of the experimental mean intramolecular distances measured under folding conditions and those expected on the basis of the crystal
structures shows reasonable agreement when the contribution of the linkers of the probes is taken into account. bLabeled mutants identified by the
two mutated and labeled sites. cMean of the segmental end-to-end distance distribution (95% confidence range given in parentheses). dFWHM of
the segmental end-to-end distance distributions (95% confidence range given in parentheses). eUnder denaturing conditions, the transfer efficiency
between the labeled ends of the long segments was too low for statistical analysis.
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for mutants in which residues close to the active site were
mutated. These control experiments confirmed that the labeled
mutants retained the capacity for folding to the native structure
and were suitable for this comparative folding study.
Distributions of the Intramolecular Distances in the

Labeled Segments in the Fully Folded and Denatured
States. Distance distributions were determined by analysis of
trFRET measurements under both folding and unfolding
conditions [in the presence of 0.3 and 2 M Gnd-HCl,
respectively (see Figure 2)]. The results listed in Table 2
confirm the significant changes in the computed mean of each
segmental end-to-end distance (EED) distribution, which
allowed us to monitor their folding transition by the trFRET
measurements. The values obtained under folding conditions
were close to those expected distances estimated from the
crystal structure of the substrate free molecule (PDB entry
4AKE), considering the dimensions of the probes. The labeled
mutants were unfolded in 2 M Gnd-HCl solutions as shown by
far-UV CD spectra,38 the distributions of several intramolecular
distances,37,38,42 the uniformity of the fluorescence lifetime of
tryptophan residues (Table S3 of the Supporting Information),
and the observation that the mean values and the
corresponding width of the distributions obtained for the
shorter segments under unfolding conditions were comparable
to the values expected for unstructured chains with similar
lengths.43

Global versus Local Refolding Kinetics Monitored by
Fluorescence Intensity Measurements: Kinetics of the
Global Transition. Folding kinetic measurements were
initiated using a two-step (double jump) stopped-flow mixing
procedure (as described in Materials and Methods).38 This
setup was expected to allow pre-transition state events to be
directly explored, on the basis of its experimental dead time (1
ms) and considering the global folding rate of AK (0.5 s−1).
The folding kinetics of AK mutants were examined at two levels
of protein organization. Global folding kinetics were monitored
by 1-anilinonaphthalene-8-sulfonic acid (ANS) emission
intensity,44 capturing the transition from a partially organized
intermediate (which binds ANS) to the well-packed native state
(which does not bind ANS). For all tested mutants, the folding
rate (determined by the emission intensity of ANS) ranged
between 0.1 and 0.6 s−1 (see Table S2 of the Supporting
Information), which is similar to the folding rate of wt AK (0.5
s−1). A second reference measurement was obtained by
recording the changes in the tryptophan emission intensity
and fluorescence lifetime in the nine labeled sites in the absence
of an acceptor (see Table S2 of the Supporting Information).
An immediate increase was expected because of the decrease in
the denaturant concentration. This was followed by a slow
change (an increase or decrease depending on each local
structure) at a rate similar to (or lower than) that of the change
in the ANS emission intensity.
The tryptophan residues are located at nine different sites

and thus reflect a global change, yet both the tryptophan and
ANS emissions are sensitive to local conformational changes.
Therefore, it is no surprise that in a few cases, the traces of the
change in the fluorescence intensity either of the ANS or of the
tryptophan emission were fit with two rate constants reflecting
local effects. In most of these cases, the second rate constant
was in the same time regime as the first rate constant. Evidence
of a complex folding transition of loop I was obtained by the
double kinetics experiment (see below). Despite the variations
described above, the common component of the folding rate

found for all mutants by the kinetics of the change in the ANS
and tryptophan emission suggests that the labeling modifica-
tions did not alter the global folding kinetics.

Kinetics of Subdomain Transitions. On the background
of the rate of the global transition, the rates of each labeled
subdomain element were obtained by determination of the
mean FRET efficiency change during the global folding
transition (Figure 3A and Figure S3 of the Supporting
Information). Three kinetic patterns of subdomain folding
were observed (Figure 3B).

Pattern I. No fast initial change in FRET efficiency was seen
along with a transition to the native state level at a rate similar
to that of the global folding transition. Such a pattern implies
that this segment is still unordered in the collapsed state and
folds to nativelike structure only during the global folding
transition. That was the case for labeled mutants AK (−2, 8)
and AK (79, 86), which monitor the folding status of strands β1
and β3, respectively.

Pattern II. Full recovery of the native transfer efficiency
occurred within the 1 ms dead time of the mixing device. Such
results imply that nativelike contacts were assembled during the
early phase of the folding transition. That was the case for
mutants AK (−2, 24) and AK (−2, 75), which probed the
closure of loop I and merged loop III, respectively, occurring
within the dead time of the instrument.

Pattern III. In terms of biphasic kinetics, the partial burst
phase change was followed by a slow refolding phase. This
implies partial early folding of these elements and continuation
only at the rate of the global folding transition. This was the
case for mutants AK (−2, 102) (merged loop IV) and AK (102,
111) (strand β4).
These kinetic results (see Table S2 of the Supporting

Information) reveal hidden features of the hierarchic folding
transition of the CORE domain of this large molecule. The two
mutants that monitored the immediate closure of loops I and
IV (pattern II) report nativelike proximity of the ends of each
one of these two loops, at a rate 3 orders of magnitude faster
than the global folding rate. At the time of initial loop closure,
the segments that form the native β1 and β3 strand structure are
disordered. More details demonstrating the selectivity of
structure formation were revealed by the double kinetics
experiments.

Double Kinetics Experiment: Development of the
Distributions of Intramolecular Distances in the
Selected Subdomain Elements. Determination of mean
intramolecular distances based on mean energy transfer
efficiency (obtained by emission intensity measurements) can
be misleading when ensembles of multiple conformers are
studied.28 The mean of a distribution of intramolecular
distances determined by analysis of trFRET measurements is
a more reliable representation of the mean intramolecular
distances in the molecule being studied. The width of the
distribution gives additional information about the degree of
order of the labeled chain segments.28,45 In the double kinetics
experiment, fast recording of a series of fluorescence decay
curves during the folding transition yields time series of
transient distributions of selected (based on the position of the
double labeling) intramolecular distances. The result is a
detailed record of the degree of order of every labeled chain
segment along the pathway of folding at millisecond time
resolution for the chemical transition, and picosecond
resolution at the spectroscopic level (e.g., fluorescence
lifetime). Equipped with the ability to quickly acquire
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tryptophan fluorescence decay curves during the refolding
transition, we performed refolding experiments in a double
kinetics mode using two of the labeled mutants: AK (−2, 24),
which monitors the N-terminal loop I, and AK (79, 86), which
monitors changes in the conformation of strand β3. Tryptophan
decay curves were recorded 15 ms, 1.5 s, 3 s, 4.5 s, and 5 min
after mixing (Figure 4A).

Figure 3. Refolding kinetics monitored by the change in mean transfer
efficiency. (A) Each row of panels represents results obtained for one
labeled mutant [AK (−2, 24), AK (−2, 102), and AK (79, 86) from
top to bottom, respectively]. Each column of panels represents a
different class of experiment. (1) The left column demonstrates the
change in donor fluorescence in the absence of an acceptor (donor
only labeled mutants). (2) The middle column illustrates the change in
the donor fluorescence in the presence of an acceptor (donor- and
acceptor-labeled mutants). (3) The right column corresponds to the
evaluated change in FRET efficiency during the refolding transition
(for the complete data set, see Figure S3 of the Supporting
Information). (B) FRET efficiencies of six labeled mutants obtained
under unfolding conditions (green), 1 ms after the change to folding
conditions (red), and under folding conditions (blue). Nativelike
FRET efficiencies were fully restored 1 ms after refolding had been
initiated at the N-terminal loop segment (loop I) and the merged loop
segment (loop III, between β1 and β3). These loops are closed within
the mixing dead time. The FRET efficiency between the ends of
strands β1 and β3 was comparable to the values obtained for the
unfolded state at the end of the dead time of the kinetic experiment.
These segments appear to remain disordered during the initial phase
of the transition. Thus, nonlocal contacts are formed long before the
formation of the β strands in the CORE domain of the AK molecules.

Figure 4. Series of transient segmental end-to-end distance
distributions monitoring the progress of folding of the N-terminal
loop I and strand β3 obtained by trFRET measurement in the double
kinetics experiment. (A) Series of fluorescence decay curves of
tryptophan 24 in the absence of an acceptor at position −2. Each curve
was collected during the 2 ms time interval at the predetermined
refolding time point as indicated by the color code. The black traces
represent the best fit calculated decay curves. The gradual reduction of
the characteristic of the probe (mean fluorescence lifetime) that
reflects local structural changes is in contrast to the immediate change
in the distance between the ends of loop I (loop closure), which was
found by global analysis of the series of DO and DA experiments. (B)
Series of transient distributions of the distances between the ends of
the segment forming strand β3 obtained by global analysis of the DO
and DA double kinetics experiment of mutant AK (79, 86). The
distance distribution of the 15 ms species (orange) fully overlaps with
that obtained at equilibrium under unfolding conditions (black). The
narrow nativelike EED distribution characteristic of the extended
conformation of the native strand structure is complete only 3 s after
the initiation of refolding (green). (C) Series of transient distributions
of the distances between the labeled ends of the N-terminal loop I
obtained by global analysis of transient fluorescence decay curves of
the Trp residue in the DO and DA mutants by means of the double
kinetics experiment. The 15 ms distribution (orange) fully overlaps
with the native fold distribution (red). Thus, this loop is closed within
or immediately after the initiation of folding. The shift in the mean of
the distribution to a longer distance and the reduction of the
corresponding width values at intermediate time points (blue, green,
and yellow) indicate that early formed closed loop structure is later
deformed during the slow ordering of the chain segments that seem to
perturb the loop closure interaction.
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Each set of measurements included determination of the
fluorescence decay of the tryptophan residues in the absence
and presence of an acceptor. Thus, for each mutant, three decay
curves were generated for each time window (donor only,
donor in the presence of acceptor A, and donor with acceptor
B). Finally, all three decay curves were globally analyzed to
construct transient distance distributions throughout the
refolding transition (Figure 4B,C and Table 3). The distance
distributions obtained for the 15 ms intermediate state
corroborate the conclusions obtained from analyses of kinetics
of the emission intensity measurements. The earliest measured
distribution of the distance between the ends of the segment
that forms strand β3 (the distance between residues 79 and 86)
was the same as that obtained in the denatured state (Figure 4B
and Table 3). During the first 1.5 s of refolding, the mean of
that distribution increased and approached the native
distribution, with a full overlap attained from 3 s (and onward).
The full width at half-maximum (FWHM) of the distribution
was gradually reduced at the rate of the global folding transition
of the AK molecule. Apparently, the stretched conformation of
strand β3 is stabilized between 15 and 1500 ms after the
initiation of folding (a time frame that is still prior to the rate-
limiting folding step).
In sharp contrast to the gradual transition to the native end-

to-end distance distribution of strand β3, shortly after the
initiation of the folding pathway (15 ms), the mean of the
distribution between the labeled ends of the N-terminal loop
[loop I, measured in mutant AK (−2, 24)] is approximately the
same as that of the final folded state [approximately 8 ± 3 Å
shorter than that of the denatured ensemble (see Figure 4C and
Table 3)]. Thus, the double kinetics experiment confirms the
conclusion that the loop ends attain a closed nativelike contact
in the collapsed state, long before the transition of the
secondary structure element β3 to its native full length.
However, the time series of distance distributions obtained

by the double kinetics experiment reveals additional interesting
features of the folding pathway of the CORE domain of AK. At
1.5 s, the mean of the distribution increased while its FWHM
decreased; at 4.5 s, the FWHM of the distribution was further
reduced as if the extent of conformational variation was much
reduced. Finally, when the global native fold of the whole
molecule was established at equilibrium, the distribution
returned to the mean and FWHM observed at the earliest
measurement (Figure 4C and Table 3). Interestingly, the

perturbation of the closed loop structure seems to be
coincident with the secondary structure formation of strands
β3 and β1. These findings show that although the loop is first
closed in the collapsed state, when the β1 strand included in this
loop is still relaxed and the rest of the chain is disordered, the
“slow” folding of the other elements of the CORE domain
affects the closed loop state. The double kinetics experiments
reveal fine details of the dependence of the subdomain
conformation on transitions of other structural elements of
the AK molecule. Thus, the folding of the subdomain element
is context-dependent.

■ DISCUSSION

The experiments described here were designed to test the
hypothesis that the long loop closure transition is an essential
element of the initiation of the folding transition, which directs
the protein refolding pathway.27,28 We demonstrate the power
of monitoring the progression of folding of individual
subdomain elements within the intact molecule, in situ. This
is particularly significant because every interaction in a protein
molecule is influenced by its neighboring structural elements,
which are rapidly altered as the folding proceeds. The
elementary steps of the transition are stochastic, and therefore,
the initial structures of the folding pathway are very diverse and
can be described only in statistical terms. Methods that detect
localized structural changes such as fluorescence parameters of
natural or chemically attached probes, circular dichroism
spectroscopy, or small-angle X-ray scattering cannot detect
specific loop closure events in the diverse ensemble of refolding
protein molecules. We therefore utilized the double kinetic
methods to capture transient intramolecular distance distribu-
tions of preselected subdomain elements.
The rate of refolding of the AK molecule is in the range of

0.5 ± 0.3 s−1. We monitored the kinetics of the folding
transition of six subdomain elements in the CORE domain of
the molecule and found differences of 3 orders of magnitude in
their folding rates.
Previously, we demonstrated that the loop formed by the

AMPbind domain (loop II) is closed within the dead time of the
stopped-flow mixing device.37,38 That loop forms a separate
domain that might be fast folding. In this study, we found that
the N-terminal loop (loop I), which is a typical subdomain
structure, is closed at the initiation of folding. We further found
that additional loop structure that is part of the CORE domain

Table 3. Time Dependence of the Distributions of the Segmental End-to-End Distances during the Full Duration of the Folding
Transitiona

AK (−2, 24)e AK (79, 86)

refolding timeb rmean
c (Å) FWHMd (Å) rmean

c (Å) FWHMd (Å)

unfolded 28.8 (27.9−31.2) 30 (28−34) 19.4 (18.3−20.1) 11 (8−14)
15 ms 20.7 (17.1−23.6) 22 (14−25) 19.5 (16.5−20.1) 12 (3−18)
1.5 s 24.9 (23.0−24.8) 11 (3−23) 21.4 (20.8−21.6) 10 (6−13)
3.0 s 26.3 (25.4−27.3) 12 (6−16) 21.9 (21.3−22.2) 6 (3−7)
4.5 s 26.8 (25.8−30.7) 4 (4−29) 22.7 (22.5−22.8) 6 (5−12)
native 18.8 (17.4−21.0) 19 (11−26) 22.7 (22.5−22.9) 5 (3−7)

aThe mean of the EED distribution obtained for the segment that forms strand β3 in the native state is gradually increased during the first 1.5 s of the
folding pathway, and mainly after that time point, the width of the distribution is reduced to the native value. These two parameters reflect two
characteristics of subdomain folding: the over dimensions of the segment and its degree of order. bTime that passed since the end of the initiation of
folding by the change in solvent from denaturing (2 M Gnd-HCl) to folding (0.3 M Gnd-HCl) conditions. cMean of the segmental end-to-end
distance (95% confidence range given in parentheses). dFull width at half-maximum of the segmental end-to-end distance distribution. eInterestingly,
the data obtained for this mutant labeled at loop I show a fast decrease in the distance between the labeled sites, which is then increased again and
only at the latest phase of the folding pathway returns to the loop closure.
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is also closed within the first millisecond of folding. This is the
longer, “merged” loop (loop III), which is formed by the 77 N-
terminal residues of the AK molecule. It includes the two
smaller N-terminal loops (I and II). In fact, the further
extended merged loop (loop IV), from the N-terminus to
strand β4, labeled by residues −2 and 102, is only partially
closed soon after the initiation of folding.
In sharp contrast, the expansion of the segments forming

strands β1, β3, and β4 to native end-to-end distance occurs at a
much later phase of the folding transition. We previously
showed that strand β9 (the fifth strand in the suprasecondary
structure of the CORE domain of AK) and helix α8 are also
disordered prior to the global folding transition.35 Slow
formation of secondary structures was also recently reported
by Englander et al.,46,47 who used hydrogen exchange detected
by nuclear magnetic resonance and mass spectrometry. Another
loop that was tested, the LID domain loop (residues 121−155),
did not show this very early closure transition (see Figure S4 of
the Supporting Information). The very early long loop closure
event of the N-terminal loop I may be driven by very effective
specific NLIs between clusters of residues at the ends of this
loop. The very fast closure of the distance between residues −2
and 75 (loop IV), which are widely separated along the chain,
may be the result of contributions of several factors: (a) the
effectiveness of nonlocal interactions between clusters of
residues in the segments that form β1 and β3 native strands
independent of the formation of the strand’s native structure,
(b) closure of the long loops included in the 77-residue
segment (N-terminal loop I and AMPbind loop II),38 and (c)
additional interactions in the folding core of the CORE domain.
The current FRET experiments monitored the distribution

of distances between the ends of loops I−IV. An alternative
interpretation of the fast closure of the distances between the
ends of the loops might be fast nonspecific compaction of the
whole chain segment that connects the two labeled residues.
Such interpretation is very unlikely for several reasons. (a)
Many experiments show that the dimensions of ensembles of
nonspecifically collapsed protein molecules are significantly
larger than those of the compact native state.48−50 Most of the
chain segments are highly solvated and swollen. (b) At least for
loops I and II, the loop’s end-to-end distance distributions were
nativelike at the moment of the end of the mixing dead time.
That is in sharp contrast to the non-nativelike intramolecular
distances of other segments, emission intensities, and lifetimes
of Trp residues and of ANS, which became nativelike during
the slow refolding kinetics. (c) The distance between residues
58 and 86, which is internal in loops II and III and hence is
expected to be affected by nonspecific condensation of the
loops’ segment, was not nativelike at the end of the mixing dead
time.51 A slow change toward the native distance was observed
in contrast to the fast formation of the nativelike distance of the
loops’ ends. Indeed, an open question is whether the loop
closure is supported by formation of secondary structure
elements formed in the native state by the loops’ segments. So
far, we have found evidence of slow formation of a few β
strands, and the role of helices will be further studied
The time series of the transient distributions of N-terminal

segmental end-to-end distances of loop I underscore the
importance of studying the kinetics of folding of structural
elements in situ, and the strength of the FRET-detected double
kinetics method. The observation that the rapidly closed native
loop is reopened and subsequently reclosed as part of the
folding pathway of the protein molecule is intriguing. One

possible interpretation is that the closed loop has an essential
role in the initial phase of folding but is then relaxed as a result
of subsequent folding steps or to allow the folding of additional
elements. This observation highlights the complexity of the
hierarchic folding transition and the context dependence of the
folding of the subdomain elements. Transient non-native
contacts were previously reported in folding pathways of
some globular proteins.52 These might be viewed as temporary
scaffolds that are formed and then removed. The well-
established “contact order correlation”53 seems to be at odds
with the loop hypothesis. However, the contact order
correlation is summed over the entire polypeptide chain and
hence is not sensitive to a small number of closed loops that
might affect the folding rate. Furthermore, that correlation
refers to the rate of global folding (the formation of the TSE),
while the loop hypothesis describes the initiation of folding,
which in the present case is 3 orders of magnitude faster.
The results presented here support the sequential collapse

model for protein folding presented by Bergasa-Caceres and
Rabitz.54 The “closed loop hypothesis” can be viewed as an
extension of the nucleation condensation mechanism. The key
feature of the nucleation condensation mechanism is the
formation of “contact-assisted” secondary structure elements
that form the folding nucleus in the TSE.55 Thus, the formation
of secondary structures is coupled to formation of “long range
contacts” that are stabilized by NLIs. The loop hypothesis
assumes fast formation of nonlocal contacts independent of the
formation of secondary structures at the initiation of folding. In
this study, we find that three CORE domain β strands are
formed only at the rate of the formation of the TSE and their
change to native mean end-to-end distance is not coupled to
the nonlocal contact formation. The node of the N-terminal
loop (loop I) includes at least one side that has an unfolded
secondary structure (β1) in the first milliseconds of the folding
pathway. Moreover, the node closing the long merged loop
(loop III, which includes loops I and II) monitored by the
probes attached to residues −2 and 75 seems to lie between
two disordered segments that form β1 and β3, which are not
stretched at the time of loop closure. These findings indicate
that the interactions responsible for closure of these loops are
not dependent on the secondary structure of the clusters
forming the loop nodes.
The FRET methods probe specific structural changes. This is

essential for creating a full description of the hierarchic
sequence of the transitions that lead to the ensemble of
transition state structures. Nonlocal contacts were detected by
other methods (e.g., hydrogen exchange46,47), but FRET
measurements are unique in their ability to directly yield
intramolecular distances. This series of experiments emphasizes
the fact that the closed long loop structures are part of the
initial subdomain structures that are ordered at the initiation of
the folding pathway, while the formation of the TSE and the
folding of other sections of the chain occur at rates 3 orders of
magnitude slower (Figure 3). The rapidly closed loops are
associated with the N-terminal section of the CORE domain,
and it is therefore reasonable to assume that they contribute to
the formation of the folding nucleus. It is also reasonable to
assume that the small number of rapidly closed loop structures
can reduce the probability of proteolysis56 or aggregation of the
disordered molecules during their fluctuations leading to the
transition state.
This study describes several novel findings that shed light on

the earliest stages of protein folding. We demonstrate the
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context dependence of folding of selected subdomains; the fast
closure of two loops in the CORE domain of the AK molecule
at the initiation of the folding pathway; the slow formation of
three CORE domain β strands, even though those chain
segments interact to close loops at a much earlier time in the
folding pathway; the fast closure of the merged loop (III); and
the transient reopening of the N-terminal loop (I) during the
folding pathway. Together, these results provide strong support
for the loop hypothesis.
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