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Conformational dynamics play critical roles in protein folding, mis-
folding, function, misfunction, and aggregation. While detecting
and studying the different conformational states populated by
protein molecules on their free energy surfaces (FESs) remain a
challenge, NMR spectroscopy has emerged as an invaluable experi-
mental tool to explore the FES of a protein, as conformational
dynamics can be probed at atomic resolution over a wide range of
timescales. Here, we use chemical exchange saturation transfer
(CEST) to detect “invisible” minor states on the energy landscape
of the A39G mutant FF domain that exhibited “two-state” folding
kinetics in traditional experiments. Although CEST has mostly
been limited to studies of processes with rates between ∼5 to
300 s21 involving sparse states with populations as low as ∼1%,
we show that the line broadening that is often associated with
minor state dips in CEST profiles can be exploited to inform on
additional conformers, with lifetimes an order of magnitude
shorter and populations close to 10-fold smaller than what typi-
cally is characterized. Our analysis of CEST profiles that exploits
the minor state linewidths of the 71-residue A39G FF domain
establishes a folding mechanism that can be described in terms of
a four-state exchange process between interconverting states
spanning over two orders of magnitude in timescale from ∼100 to
∼15,000 μs. A similar folding scheme is established for the wild-
type domain as well. The study shows that the folding of this small
domain proceeds through a pair of sparse, partially structured
intermediates via two discrete pathways on a volcano-shaped FES.

protein folding intermediates j chemical exchange saturation transfer
NMR j FF domain j multiple folding pathways j multistate exchange

The free energy surface (FES) of a molecule dictates the rel-
ative energies as well as the interconversion kinetics of the

conformers that populate it. A quantitative description of
molecular structure and dynamics is predicated, therefore, on a
detailed understanding of the FES. In the case of biomolecules,
such as proteins, the conformational dynamics that result in the
exchange between different molecular states are critical for
proper function and can lead to misfunction in some cases
(1–5). In principle, computational methods can be used to
determine the FESs for model systems, although more accurate
force fields and faster simulation methods are needed for quan-
titative descriptions. While it remains intractable to experimen-
tally map the FES for complex biomolecules, such as proteins,
insights into the shape of the FES can be obtained by detecting
the different conformational states that are sampled by the pro-
tein under equilibrium and nonequilibrium conditions and by
measuring the rates at which these states interconvert with one
another (6–10). For example, determining folding pathways by
detecting intermediates provides insights into how a protein
folds rapidly by sampling only a subset of all possible conforma-
tions. These experimentally detected states and rate constants
can be combined with computational techniques to obtain a
detailed picture of the FES (11, 12). However, this strategy
remains challenging because traditional biophysical techniques
cannot detect minor states that are sparsely and fleetingly

populated and while modern fluorescence-based methods are
indeed sensitive to the presence of minor states (13, 14), they
provide little direct atomic resolution structural information.
NMR spectroscopy can be used to study the dynamics at virtu-
ally all backbone and sidechain positions in a protein, and
relaxation-based NMR experiments are sensitive to minor con-
formational states with lifetimes on the order of ∼0.01 to ∼100
ms and populations as low as ∼1% (15–18). Thus, NMR has
emerged as a powerful tool to study conformational dynamics
of proteins at atomic resolution (7, 15, 19–23). The transiently
populated minor states that have become amenable to detailed
study by NMR are termed “invisible” states, as peaks arising
from these conformers are not directly observed in conven-
tional NMR spectra. Yet, as has been established in the past
several decades, they can be detected by manipulating the
NMR signals associated with the visible major state that they
are interconverting with. A number of different NMR experi-
ments have emerged for studies of invisible states. These
include Carr–Purcell–Meiboom–Gill (CPMG) relaxation dis-
persion, chemical exchange and dark-state exchange saturation
transfer (CEST and DEST, respectively), and R1q experiments,
with each technique sensitive to a different kinetic exchange
regime (15, 16, 20, 24–27). These approaches have been used
to obtain kinetic and thermodynamic parameters governing the
exchange process(es) as well as structural information on the
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interconverting conformers (28–33) and, in some cases, it has
been possible to obtain the structures of the invisible minor
states (21, 34–37). Notably, the methodology is equally applica-
ble to studies of nucleic acids, in which strong correlations
between excited conformational states and function have been
clearly established (38, 39). In the context of CEST that will be
used in the present study and the related DEST technique, the
methodology has been exploited to elucidate reaction mecha-
nisms in small molecules (40) and to study the folding (41, 42),
aggregation (43, 44), and other conformational exchange pro-
cesses in large biomolecules, such as proteins (36, 45–47) and
nucleic acids (16, 38, 48). CEST has also been used to study
exchange occurring between a major state and multiple invisi-
ble minor states that interconvert with the major state directly
or indirectly (36, 41, 42).

One area of focus in our laboratories has involved NMR
relaxation–based studies of protein folding intermediates and
compact alternate protein conformers that differ from the
major state conformation (12, 37, 41, 49–51). Studies of the
folding mechanisms of a variety of small proteins using differ-
ent biophysical techniques have provided an understanding of
the general principles that govern protein folding (1, 7, 9, 10,
52, 53). One such system is the 71-residue FF domain from
human HYPA/FBP11, whose folding mechanism has been stud-
ied extensively by using a variety of techniques so that it has
emerged as a model system to understand protein folding (8,
37, 54–56). Under native conditions, the protein adopts a four-
helix bundle structure that consists of helices H1, H2, H3, H4,
and a disordered N-terminal tail (57). Initial folding studies
suggested that the wild-type FF domain (WT FF) folds via a
compact, transiently populated intermediate (54, 55), and sub-
sequent CPMG relaxation dispersion NMR experiments were
used to derive the structure of this invisible state (37). The
structure showed that the folding intermediate is stabilized by
nonnative interactions which slow down the folding processes
(37). In a previous study of folding using burst phase analysis, a
folding intermediate was detected for 32 out of 33 FF mutants
(56). Notably, an intermediate could not be detected for the
folding of A39G FF (56), although a folding rate significantly
slower (∼135 s�1, 10 ˚C) than WT FF (∼2,200 s�1, 10 oC) was
measured (55), and little insight into the folding pathway of
this variant is currently available.

Here, we use 15N-based CEST experiments (58) to elucidate
the folding mechanism of A39G FF by taking advantage of the
information contained in the minor state linewidths in CEST
spectra that provides increased sensitivity to invisible states
with populations and lifetimes an order of magnitude smaller
than those typically analyzed using this methodology. We show
that the A39G FF domain folds through two intermediates via
a branched pathway on a volcano-shaped energy landscape, in
which the energies of minor, partially folded states increase
prior to collapse to the folded conformation and that other FF
variants, including the WT FF domain, fold via similar inter-
mediates. Our study further highlights the folding complexities
of even single-domain proteins and the unique role that CEST
can play in describing increasingly complicated FESs of
biomolecules.

Results
Using Sparse States to Detect Other Sparse States via CEST. As
mentioned in the introduction, we have made use of the line-
widths of the minor state dips to increase the information con-
tent of CEST profiles. (See the SI Appendix, A Brief Description
of CEST for an overview of the CEST experiment.) In order to
illustrate the approach schematically consider the CEST pro-
files in Fig. 1. Fig. 1A shows a calculated CEST profile of an
15N spin that results from a two-site exchange process, A $ B,

with kex,AB = kAB + kBA = 25 s�1 (kij is the rate constant for the
reaction from state i to state j) and the fractional population of
the minor state pB = 2% (pB = kAB/kex,AB). As states A and B
differ in structure, the 15N spin probe in question will have dis-
tinct chemical shifts in each state, here taken to be 0 and 7 ppm
for states A and B, respectively. In this case, the CEST profile
comprises a pair of dips (or peaks) centered at the resonance
frequencies of the 15N spin in each state and indicated by the
black and green vertical lines in Fig. 1. Notably, the peak from
the excited (B) state would not be observed or would be very
weak in conventional spectra. In Fig. 1B, a CEST profile for a
three-state exchange process, A $ B $ C, kex,AB = 25 s�1,
kex,BC = 200 s�1, pB = 2%, and pC = 0.2% is shown. The
chemical shift of state C (-C) is set to 3 ppm. Three dips are
observed at the chemical shifts of the 15N nucleus in question
in each of the three states A, B, and C (blue vertical line).
When kex,BC is increased to 4,950 s�1, corresponding to the
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Fig. 1. 15N CEST profiles are extremely sensitive to the underlying
exchange process(es) that interconvert states. 15N CEST profiles have been
calculated for two- (A) and three-state (B and C) exchange using the
parameters listed with B1 = 20 Hz, an exchange time TEX = 0.5 s, a static
magnetic field of 23.4 T, and chemical shifts of an 15N spin in states A to C
of -A = 0 ppm, -B = 7 ppm, and -C = 3 ppm. I and I0 are the intensities of
peaks simulated with and without the TEX periods, respectively (58). Longi-
tudinal and transverse relaxation rates of 1 and 10 s�1 were assumed for
all sites. Black, green, and blue vertical lines denote -A, -B, and -C, respec-
tively. Because of rapid exchange between states B and C, the minor (“B”)
state dip indicated by the gray arrow in C is shifted away from -B (green
line) toward -C (blue line). The $ symbol is used to denote equilibrium in
all figures, and the number above (or below) it with units of s�1 (second�1)
is the exchange rate (kex), that is, the sum of the forward and reverse reac-
tion rate constants. See SI Appendix, A Brief Description of CEST for an
overview of the CEST experiment.
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onset of intermediate-fast exchange (jkex,BC/ΔωBCj ∼1.95 at 23.4
T field and ΔωBC = ωC � ωB, where ωi is the angular resonance
frequency [radians/second] of the 15N spin in state i), the dip
from state C broadens out and disappears, while the dip
derived from B broadens and moves toward the resonance fre-
quency of the 15N spin in state C (Fig. 1C), as expected
(59–63). Thus, minor state dip positions and widths in 15N
CEST profiles are sensitive to the presence of other even more
sparsely populated states (C in this example), suggesting that
dips from state B, that are themselves only visible in CEST pro-
files, can be used to “spy” on other even more sparsely popu-
lated states that are invisible to CEST. Such exchange among
minor states has been challenging to study previously (20, 64).
As the position and linewidth of the B state dip that is affected
by exchange with C will now depend on the static magnetic
field, an analysis of CEST data recorded at different spectrom-
eter field strengths is useful in studying multistate exchange
(59–63, 65). Note that in all the experiments described here
only magnetization from the “visible” major state (A in this
case) is detected.

A39G FF Does Not Fold in a “Two-State” Manner. As described
earlier, WT FF and several of its mutants have all been shown
to fold via intermediates, while the slow folding A39G FF vari-
ant appears to fold in a “two-state” manner based on conven-
tional stopped-flow experiments (56). Interestingly, the minor
unfolded (U) state dip of A39G FF is broadened in 15N CEST
profiles (58, 66), much like the state B peak in Fig. 1C, suggest-
ing that the U state is exchanging with other minor states,
including possible folding intermediates. To establish whether
this is the case, we recorded four 15N CEST datasets with a
number of different weak B1 fields to search for invisible con-
formers: B1 = 15.9 and 29.1 Hz at 600 MHz and B1 = 8.3 and
27.7 Hz at 1 GHz (SI Appendix, Table S1). The amide 1HN–15N
correlation map (1 ˚C and 1 GHz; Fig. 2A) of A39G FF is well
resolved so that conformational exchange can be studied at
almost all backbone amide 15N sites in the domain. 15N CEST
profiles recorded with B1 = 27.7 Hz at 1 GHz (Fig. 2B) clearly
show a pair of dips, with the main dip derived from the visible,
major conformational state of the domain (red numbers in Fig.
2A). Notably, the chemical shifts of the minor state correspond
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Fig. 2. The sparse, unfolded state of A39G FF exchanges with other even more rare conformers. (A) A39G FF 15N–1H Heteronuclear Single Quantum
Coherence (HSQC) spectrum (1 GHz and 1 °C) with resonances labeled according to the residues from which they derive. (B) 15N CEST profiles recorded at
1 GHz and 1 °C with B1 = 27.7 Hz clearly show a minor state dip in addition to the major state dip. Residues for which CEST profiles are shown in B are
labeled in red in A. Experimental data points are shown as magenta circles, and the brown line is calculated from the global two-state best fit parame-
ters, with R2U allowed to vary from site to site (SI Appendix, Table S2). (C) Comparison between 15N Δ-FU values from global two-state fits of CEST profiles
with chemical shift differences obtained using the unfolded state chemical shifts of A39G FF predicted by the program POTENCI (67) and the measured
shifts from the folded state. Offset refers to the average difference (Qy �Qx) between the quantities plotted on the y (Qy) and x (Qx) axis. (D) RexU (R2U �
R2F/2) values for the (minor) unfolded state obtained from fits of CEST dips in profiles recorded at 600 MHz (magenta) and 1 GHz (green) for residues
with jΔ-FUj > 2 ppm show that many dips from the minor state are significantly broadened. A kex value of 76 s�1 (sum of forward and reverse rates) is
obtained from the best fit of the CEST data to a two-state exchange model, as indicated above panels C and D.
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to those of an unfolded protein (referred to in what follows as
state U), as a strong correlation is observed between the differ-
ence of the U and folded (F) state chemical shifts Δ-FU = -U

� -F values (parts per million), obtained from two-state fits of
the CEST profiles and shift differences calculated using 15N
random coil values predicted with the program POTENCI (Fig.
2C) (67). Although we expect the U state intrinsic R2 values
(R2U) to be approximately half of the F state intrinsic R2 values
(R2F) (68), an exchange model in which R2U was constrained to
be R2F/2 did not fit the 15N CEST data well (χ2red ∼5.3, SI
Appendix, Table S2). The fits improved considerably (χ2red ∼1.43,
SI Appendix, Table S2) when R2U was not constrained, with fit-
ted rates that varied significantly from site to site. This large
site-to-site variation in R2U rates can be seen in the 15N CEST
profiles, in which it is clear that the minor state dip of Ile-43 is
broader than dips from Lys-22, Ser-50, and Ser-56 (Fig. 2B).
Notably, the exchange-induced broadening of the U state, RexU,
approximated by R2U � R2F/2, increases with static magnetic
field (Fig. 2D) with RexU rates as large as ∼600 s�1 at 1 GHz,
suggesting an exchange mechanism that is more complex than
two state. It is interesting to note that although the predicted
and CEST-derived Δ-FU values are in good agreement (1.2
ppm RMSD; Fig. 2C), the predicted U state shifts are larger on
average than those measured (offset) by ∼0.7 ppm (Fig. 2C).

The 15N CEST data were subsequently analyzed using a lin-
ear three-state folding model F$I$U, in which folding pro-
ceeds via an intermediate I (SI Appendix, Fig. S1). Here, we

included three additional 15N CEST datasets recorded with
higher B1 values at 1 GHz (64.9, 159.6, and 224.5 Hz; SI
Appendix, Table S1). The linear three-state model with con-
straints R2U = R2F/2 and R2I = R2F did not fit the 15N CEST
data well (χ2red = 2.44; SI Appendix, Table S2), but the fits
improved considerably (χ2red = 1.27; SI Appendix, Fig. S1A and
Table S2) when R2U was unconstrained and R2I = R2F. As in the
case of the two-state analysis, the unfolded state chemical shifts
obtained from these fits are in good agreement with the pre-
dicted values (1.2 ppm RMSD; SI Appendix, Fig. S1B), yet
there still remains a 0.6 ppm offset.

Previous studies using CPMG experiments recorded at 30 ˚C
(37) established that WT FF folds via an intermediate; however,
further states could not be observed via the CPMG class of
experiments. The 15N chemical shifts of the WT FF intermediate
are in reasonable agreement with the I state chemical shifts
obtained here for A39G FF (RMSD 1.8 ppm; SI Appendix, Fig.
S1C), suggesting that WTand A39G FF domains fold via similar
intermediates. Yet the fitted R2U rates are still large (SI Appendix,
Fig. S1D), with some values exceeding ∼300 s�1 (at 1 GHz), indi-
cating that there is likely an additional exchange mechanism at
play that is not captured by the three-state model. Notably, simi-
lar poor-quality fits, as those obtained using a linear folding
scheme, were also obtained (SI Appendix, Table S2) with a more
complex triangular model and the quality of the fits improved
(χ2red ∼1) only when R2U was not constrained. The large, fitted
R2U values are consistent with more complex dynamics.
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Fig. 3. A two-pathway, four-state folding model reproduces A39G FF CEST data. (A–C) 15N CEST profiles of Ile-43 and Ser-56 (B1 = 64.9 Hz and 1 GHz) fit-
ted to different four-state models as shown, along with extracted kex values and populations. Experimental data are represented using magenta points,
and the brown line was calculated using the appropriate best fit parameters for models shown on top of the panels. The best fit parameters were
obtained from a global analysis of 600 MHz and 1 GHz 15N CEST profiles from 14 residues of A39G FF (SI Appendix, Table S2). The CEST data cannot be
satisfied by the linear models (A and B) but is well reproduced using a model in which both I1 and I2 exchange with F (C). Above each of the CEST profiles
is plotted the difference between experimental and fitted I/I0 values [Δ(I/I0)]. (D) Comparison between Δ-FU values obtained using the four-state model
shown in C with those calculated from predicted chemical shifts of amides in U by POTENCI (67).
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A39G FF Folds via Two Intermediates along Two Pathways. Having
established that neither two- nor three-state folding models
could reproduce the experimental CEST data using reasonable
R2U values, we next considered different linear four-state
exchange schemes with a pair of intermediates, referred to as
I1 and I2 in what follows, subject to the constraint that R2I1 =
R2I2 = R2F and R2U = R2F/2. Two of these linear exchange
schemes are shown in Fig. 3, and although the F $ I2 $ I1 $ U
model fit the data better (Fig. 3A) than the I2 $ F $ I1 $ U
scheme (Fig. 3B) (χ2red ∼ 1.1 versus 1.63; SI Appendix, Table S2)
and was superior to both two- and three-state models where R2U

= R2F/2, the linear four-state fits were still not satisfactory, as illus-
trated in Fig. 3 A and B for profiles derived from both Ile-43 and
Ser-56. However, a four-state model in which all states were
allowed to exchange with each other and where R2I1 = R2I2 = R2F

and R2U = R2F/2 fit the data well with values of kex,FU and kex,I2U
∼0 s�1 (SI Appendix, Fig. S2A), resulting in the simplified four-
state model of Fig. 3C. This model reproduced the CEST data
better than previous constrained models described earlier in this
section (Fig. 3C, χ2red ∼0.9; SI Appendix, Table S2) and, impor-
tantly, allowing R2U to float during the fits did not improve their
quality (χ2red ∼0.86; SI Appendix, Table S2), in contrast to what was
observed for the two- and three-state models (SI Appendix, Table
S2). More complex folding pathways were, therefore, not consid-
ered. In the four-state exchange model of Fig. 3C, the U state rap-
idly interconverts with I1 (kex,I1U ∼8,453 s�1) and then folds to F
either directly from I1 or via I2 with exchange rates kex,FI1 = 158
6 20 s�1, kex,FI2 = 344 6 20 s�1, kex,I1I2 = 1,573 6 50 s�1, and
kex,I1U = 8,453 6 400 s�1 and fractional populations pI1= 0.34 6
0.05%, pI2 = 0.19 6 0.01%, and pU = 1.036 0.05%. Thus, despite
the small size of the FF domain, there appears to be more than
one folding pathway.

Validation of the Four-State Folding Pathway. A simple test of the
four-state model can be made by comparing the four-state
Δ-FU values with those predicted, and indeed, the agreement
is significantly improved relative to what was obtained for both
the two- and three-state schemes considered (RMSD 0.7 ppm,
Fig. 3D, versus 1.2 ppm, Fig. 2C and SI Appendix, Fig. S1B).
Furthermore, the offset between the CEST-derived and -predicted
Δ-FU values has essentially vanished (0.2 ppm, Fig. 3D, versus
0.7 ppm, Fig. 2C and 0.6 ppm SI Appendix, Fig. S1B). In order
to establish that the I1 and I2 state chemical shifts are meaning-
ful, we attempted to “simplify” the four-state exchange equilib-
rium by manipulating the populations of the different minor
states through the addition of chemicals or by point mutations
(Fig. 4 A–E). As a point of reference, Fig. 4A shows four-state
fits of 15N CEST data recorded at 1 GHz with B1 = 64.9 Hz for
Lys-22, Ile-43, Ser-50, and Ser-56 along with the 15N chemical
shifts for these residues in F, I1, I2, and U, indicated using
black, blue, green, and red vertical lines, respectively. Note that
distinct dips for the I1 state were not observed in any of the 15N
CEST profiles, and only Ser-56 showed an I2 state dip (Figs. 3C
and 4A). The addition of 1 M urea, that is known to stabilize
unfolded structure (1), increased pU (Fig. 4B) so that 15N CEST
data (18.3 and 33.9 Hz, 700 MHz) could be well fit to a two-
state F$U exchange model (kex,FU = 17.9 6 2 s�1 and pU = 7.
4 6 0.4%). The resulting Δ-FU values are in very good agree-
ment with F, U shift differences obtained both from the four-
state fits (RMSD 0.4 ppm; Fig. 4F), and from predicted
unfolded state shifts (RMSD 0.6 ppm; SI Appendix, Fig. S3A).
Next, we added 10% trifluro ethanol (TFE) to the buffer. TFE
can stabilize or destabilize native protein states depending on
the system and, additionally, may stabilize folding intermediates
(69). Notably, the addition of TFE increased the population of
the I1 state (Fig. 4C) so that 15N CEST data (10.4 and 18.2 Hz,
700 MHz) could be fit to a two-state exchange model (kex,FI1 =
95.5 6 4 s�1 and pI1 = 8.6 6 0.1%), with the resulting minor

state chemical shifts in agreement with those obtained for the I1
state from the four-state model (RMSD 0.9 ppm; Fig. 4G) and
with those previously obtained for the folding intermediate of
WT FF, based on the analysis of CPMG experiments (37)
recorded at 30 ˚C (RMSD 1 ppm; SI Appendix, Fig. S3B). Thus,
A39G FF folds via an intermediate similar to the I state of WT
FF, supporting the four-state analysis. The underlying mecha-
nism for the relative stabilization of I1 due to TFE is currently
not understood. We also recorded 15N CEST profiles (B1 = 10.3
and 25.8 Hz, 700 MHz, 5 ˚C; Fig. 4D) of A17G FF (dissolved in
buffer containing 20% glycerol), in which the population of the
I2 state was elevated. Fits of the data to a two-site exchange
model (kex,FI2 = 104.6 6 10 s�1 and pI2 = 1.0 6 0.1%) produced
intermediate chemical shifts in good agreement with 1) those
from the four-state model (RMSD 1 ppm; Fig. 4H) and 2) from
analysis of CPMG experiments recorded on A17G FF at 25˚C
(8) (RMSD 0.7 ppm; SI Appendix, Fig. S3C). It is worth empha-
sizing that none of the three systems of Fig. 4 B–D are strictly
two-state since significant exchange contributions to the minor
state dips were observed. Nonetheless, these systems provide a
means to test the predictions of the four-state model (Fig. 4 F–H).

Fits using the four-state exchange model established that pU
∼3pI1, with U and I1 in rapid exchange (Fig. 4A). Thus, states I1
and U should give rise to a single dip in 15N CEST profiles at a
position close to -U and shifted slightly toward -I1 (60–63). This
is clearly apparent for Ile-43 and Ser-50 in Fig. 4A, in which the
minor dip is in between the blue and red vertical lines denoting
-I1 and -U, respectively. As pU is reduced upon addition of 10%
TFE, the averaged I1-U dip should appear closer to -I1 (blue
line), as observed for Ile-43 and Ser-50 (compare Fig. 4 A and
C). Note that the fact that the minor dip does not superimpose
with -I1 for Ile-43 (Fig. 4C) suggests that pU ≠ 0, even with 10%
TFE, and that a two-site model of exchange is an oversimpli-
fication for A39G FF + 10% TFE, as discussed earlier in this
section.

Glycerol is known to stabilize proteins (1), and indeed, upon
addition of 25% glycerol to the A39G FF sample (Fig. 4E), pU
was reduced significantly, and dips at -U were not observed in
the 15N CEST profiles (compare Fig. 4 B and E), while dips at
-I1 were observed (compare Fig. 4 C and E). Notably, however,
the broad I1 state dip for Ile-43 is shifted toward U (Fig. 4E),
suggesting that a small residual amount of the U state is pre-
sent, even with 25% glycerol. The -I1 and -I2 chemical shifts
obtained from fits to a three-state exchange process (kex,FI1 =
145.5 6 10 s�1, kex,FI2 = 330.3 6 15 s�1, kex,I1I2 = 1,237.2 6 50
s�1, pI1 = 0.82 6 0.02%, and pI2 = 0.66 6 0.02%; SI Appendix,
Table S3) are in good agreement with those obtained from the
four-state analysis (Fig. 4 I and J).

As a final test of the four-state analysis, we compared
Δ-FU[1 M urea] � Δ-FU[two-state] and Δ-FU[1 M urea] �
Δ-FI1[10% TFE], where Δ-FU[1 M urea] (Fig. 4B), Δ-FU[two-
state] (Fig. 2C), and Δ-FI1[10% TFE] (Fig. 4C) are obtained
from two-state fits of A39G FF CEST profiles recorded on
samples with and without urea, and with 10% TFE, respectively
(Fig. 4K). For fast exchange on the NMR chemical shift time-
scale between U and I1 with pU > pI1, the averaged U-I1 dip
position, -avg, will be shifted by an amount pI1

pI1þpU
-I1 �-Uð Þ

from the pure U state position towards I1 so that -U � -avg =
pI1

pI1þpU
ð-U �-I1Þ. As -U[two-state] = -avg, the difference,

Δ-FU[1 M urea] � Δ-FU[two-state], is, to an excellent approxi-
mation, given by pI1

pI1þpU
ð-U �-I1Þ. Similarly, Δ-FU[1 M urea] �

Δ-FI1[10% TFE] ∼ (-U � -I1), assuming that only states F and
I1 are populated when 10% TFE is added. Thus, the slope of
the linear correlation in Fig. 4K should be pI1

pI1þpU
, which is calcu-

lated to be 0.25 6 0.02 based on the parameters extracted from
fits of the four-state model to the CEST data. This agrees rea-
sonably well with a slope of 0.32 6 0.01 that is measured from
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Fig. 4. Fits of the CEST data to the four-state exchange model are meaningful. (A) 15N CEST profiles recorded for Lys-22, Ile-43, Ser-50, and Ser-56 with
B1 = 64.9 Hz, 1 GHz, and 1 °C. The four-state model is shown on the right, along with extracted exchange kex rates and populations. In A–E, the chemical
shifts of the minor states obtained from the four-state analysis are shown using blue, green, and red lines for I1, I2, and U, respectively, while the position
of the major native state is indicated with a black line in A. (B) A39G FF 15N CEST profiles (B1 = 18.3 Hz, 700 MHz, and 1 °C) recorded in the presence of 1
M urea and analyzed using the two-state exchange model shown on the right. Minor state dips appear close to chemical shifts predicted for U by the
four-state analysis (red line). (C) A39G FF 15N CEST profiles (B1 = 10.4 Hz, 700 MHz, and 1 °C) recorded with 10% TFE and analyzed using the two-state
model shown on the right. Minor state dips close to the I1 state chemical shift predicted by the four-state analysis are observed (blue line). (D) 15N CEST
profiles (B1 = 10.3 Hz, 700 MHz, and 5 °C) for A17G FF + 20% glycerol analyzed using a two-state model. Minor state dips proximal to I2 state chemical
shifts predicted by the four-state analysis (green line) are observed. (E) A39G FF 15N CEST profiles recorded at 15 °C in the presence of 25% glycerol, ana-
lyzed using the three-state model, shown on the right. A dip at I1 is now visible close to the I1 state chemical shift predicted by the four-state analysis
(blue line). In A–E, the experimental data points are shown in magenta, with the brown lines calculated using the appropriate global best fit parameters.
(F–H) Comparison of A39G FF Δ-FU (F), Δ-FI1 (G), or Δ-FI2 (H) values obtained using the four-state analysis (A) with the corresponding Δ-FU (F), Δ-FI1 (G),
or Δ-FI2 (H) values fitted from the two-state analysis of CEST profiles recorded using A39G FF in the presence of 1 M urea (B), 10% TFE (C), or A17G FF in
the presence of 20% glycerol (D). (I and J) Comparison of the Δ-FI1 (I) or Δ-FI2 (J) values obtained using the four-state analysis (A) with Δ-FI1 or Δ-FI2 val-
ues from three-state fits of A39G FF CEST data recorded in presence of 25% glycerol (E). (K) Correlation plot of Δ-FU[1 M urea] � Δ-FU[two-state] versus
Δ-FU[1 M urea] � Δ-FI1[10% TFE]; all Δ- values used in (K) were obtained from two-state fits of CEST data (see the section titled Validation of the Four-
State Folding Pathway for details).
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the correlation plot, with the modest difference likely due to a
residual small population of U in the 10% TFE sample. Nota-
bly, if pI1

pI1þpU
is constrained to 0.32 in the four-state fits, the

extracted Δ-FI1, Δ-FI2, and Δ-FU values remain essentially the
same, and the fit quality is unaltered (χ2red ∼0.91) (SI Appendix,
Fig. S4). SI Appendix, How Robust Is the Four-State Model? also
discusses some more aspects of the validity and robustness of
the four-state model.

Having established that robust and meaningful measures of
chemical shift differences can be obtained from the four-state
analysis and that I1 and U interconvert rapidly, we can now
understand why Δ-FU values estimated on the basis of two-
state fits (Fig. 2C) are, on average, less than the predicted
differences. Since most of the Δ-FU and Δ-I1U values are posi-
tive, with Δ-FU > Δ-I1U, the resulting shift in the dip position
from -U toward -I1 due to exchange will reduce the fitted
Δ-FU values. In contrast, when the exchange kinetics are prop-
erly taken into account, the fitted Δ-FU values provide an accu-
rate measure of the actual differences between chemical shifts
in the F and U states (Fig. 3D). As rapid exchange between the
minor states can shift the dips in CEST profiles considerably
(Figs. 1C and 4 A and B), it may be prudent to test if the
CEST- (or CPMG-, for that matter) derived minor state shifts

are physically meaningful when interpreting them in terms of
structure. If the shifts obtained are not physical, this implies
that the exchange model used for data fitting is incomplete.

Folding Intermediates I1 and I2 Are Largely Structured. Prior to
describing the structural features of I1 and I2, it is important to
establish that indeed these two intermediates are unique and
that they can be distinguished on the basis of their 15N chemical
shifts. That this is the case is made clear by the good agreement
between Δ-FI1 values obtained from the four-state fit and
Δ-FI1[10% TFE] (RMSD 0.9 ppm; SI Appendix, Fig. S5A) and
by the poor agreement with Δ-FI2 [A17G FF + 20% glycerol]
(RMSD 2.8 ppm; SI Appendix, Fig. S5B). Conversely, Δ-FI2

values from the four-state fit agree well with Δ-FI2 obtained
from the analysis of CEST profiles of A17G FF + 20% glycerol
(RMSD 1.0 ppm; SI Appendix, Fig. S5C) but are in poor agree-
ment with Δ-FI1[10% TFE] (RMSD 2.3 ppm; SI Appendix, Fig.
S5D); see SI Appendix, Tables S4–S7 for compilation of chemi-
cal shift values.

Having established that the 15N chemical shifts are meaning-
ful, we can then use them with confidence to obtain insights
into the conformational preferences of the I1 and I2 states.
Figs. 5 A–C show jΔ-FUj (Fig. 5A), jΔ-FI1j (Fig. 5B), and
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jΔ-FI2j (Fig. 5C) values for A39G FF, along with the structure
of WT FF in Fig. 5D [Protein Data Bank (PDB) ID: 1UZC
(57)]. As expected, the U state chemical shifts differ signifi-
cantly from those of the native state throughout the molecule
(Fig. 5A). In the case of the I1 state, the 15N chemical shifts of
the first ∼50 residues are similar to those of the native state,
while amide shifts of the last ∼20 residues that encompass heli-
ces H3 and H4 differ significantly from shifts in the folded con-
formation (Fig. 5 B and E). Given that the I1 15N chemical
shifts of A39G FF are well correlated with the I shifts of WT
FF determined by a three-state analysis of CPMG data (37) (SI
Appendix, Fig. S3B), the structure of the FF WT I state derived
previously (37) (Fig. 5F) is likely to be an excellent model for
the I1 conformer of A39G FF. In WT FF, both helices H1 and
H2 are present in I, while helix H3 is longer and helix H4
shorter than in the native state (compare Fig. 5 D and F). An
A39G FF I1 conformation with these structural features would
give rise to these observed Δ-FI1 values.

The 15N chemical shifts of I2 are more native like than those
for I1 (compare Fig. 5 B and C), with large Δ-FI2 values
observed only for residues in the stretch between Ser50 to
Lys59 (Fig. 5 C and G) that includes the end of helix H3 and
beginning of helix H4. Thus, the conformation of I2 is closer to

that of the native state than I1, with the C-terminal half of helix
H4 that was unstable and partially disordered in the I state of
WT FF adopting a helical, native-like conformation in I2 (note
the small Δ-FI2 values for residues Gln-60 to Lys-71; Fig. 5C).
Detailed structural studies of I2 are currently underway using a
variety of CEST experiments to probe the exchange dynamics
at backbone and sidechain positions in the domain (58, 66,
70–73).

The Four-State Model Explains Why A39G FF Appears To Fold with-
out Intermediates in Stopped-Flow Experiments. The kinetic
matrix for the four-state exchange model (Fig. 3C) can be prop-
agated (SI Appendix) to predict the folding trajectory of A39G
FF. Fig. 6A shows the populations of states U, I1, I2, and F,
starting from U (pU = 1 at t = 0 s), as a function of time
obtained by solving kinetic rate equations using the rate con-
stants from the four-state fits of our CEST measurements. Fig.
6A shows a gradual increase in pI1 (blue), followed by a subse-
quent buildup of I2 (green) as the U state (red) population
decreases. During this folding process, both pI1 and pI2 increase
to values higher than at equilibrium and then decrease as pF
(black) grows to its equilibrium value. The kinetic matrix
describing the evolution of an N state system has N-1 nonzero
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Fig. 6. A volcano-shaped FES for the A39G FF domain. (A) Dynamics of the folding reaction with all the molecules in state U at t = 0 s, computed by
numerically propagating the kinetic equations (SI Appendix), describing the four-state folding model using measured rate constants from 15N CEST. (B)
Relaxation times obtained from diagonalization of the kinetic matrix (SI Appendix) show one slow timescale process at ∼14.52 ms (maroon) and two
faster processes occurring with time constants of ∼0.71 ms (cyan) and ∼0.11 ms (orange). (C) Eigenvectors corresponding to the three relaxation rates in B
highlight the principal dynamic modes as A39G FF folds. The heights of the bars correspond to the relative contribution of a given state to the eigenvec-
tor. (D) The folding transition state (TS) separates F from the other three states, as indicated on the four-state folding model. (E) Energy level diagram for
A39G FF at 1 °C. The structures above the horizontal energy levels for F and I1 are those determined previously (PDB ID: 1UZC and 2KZG for F and I1,
respectively), while the structure for I2 is currently not known (indicated with “?”). Below each of the U, I1 and I2 energy levels is the native structure col-
ored according to Fig. 5 A–C to highlight the regions where chemical shifts differ significantly from those of the F state. (F) A schematic illustration of the
volcano-shaped FES of A39G FF derived from the CEST experiments showing the increase in free energy from U to I1 to I2, as the structures become more
native like, before the energy dramatically decreases because of the formation of tertiary interactions that stabilize the dominant F state.
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eigenvalues that are related to the relaxation rates of
“transition modes” connecting the different states in the system
that in turn are given by the eigenvectors of the matrix (1, 74).
The final (Nth) eigenvalue is zero, and the corresponding eigen-
vector lists the equilibrium populations. The relaxation times of
the kinetic rate matrix (Fig. 6B) indicate a slow process (14.52
ms, maroon) and two significantly faster events (0.71 ms, cyan
and 0.11 ms, orange). The eigenvectors corresponding to these
relaxation times show that the fastest process (Fig. 6C Top,
orange) is predominantly one involving the I1-U interconver-
sion; the next fastest can be mainly described in terms of an
exchange between U and I2 (Fig. 6C, Middle, cyan), while the
slowest process (Fig. 6C Bottom, maroon) corresponds to inter-
conversion between F and the other three states, although
mainly between F and U. Thus, a picture emerges whereby F
interconverts slowly with I1, I2, and U that, in turn, rapidly
interconvert with each other. The folding transition state,
denoted by the pink dashed line in Fig. 6D, separates F from
the other three states. The large separation of timescales, which
effectively sequesters F from the remaining conformers, leads
to an apparent two-state folding mechanism via stopped-flow
experiments (56), with the folding rate determined by the slow-
est nonzero eigenvalue.

Discussion
In this study, we have used 15N CEST to elucidate the folding
mechanism of the A39G FF domain by focusing on the line-
widths of the minor state dips in the CEST profiles. Contribu-
tions to the linewidths of minor state dips are a powerful, and
often overlooked feature, of CEST profiles that can be used to
inform on the existence of additional sparse states that would
otherwise escape detection, even by relaxation-based NMR
experiments. Moreover, based on the present study, including
linewidths in the analysis can, in some cases, extend the applica-
bility of CEST to studies of states with lifetimes an order of mag-
nitude shorter and populations close to 10-fold smaller than
what is typically characterized using CEST. In this manner, we
were able to show that A39G FF, for which folding intermediates
were not detected using more traditional approaches, such as
stopped-flow fluorescence (56), clearly folds via two distinct
intermediates along at least two pathways and that the transition
state separates the folded state from the sparely populated
intermediates characterized here. As CEST “reconstructs” the
spectra of these minor states, it is possible to obtain detailed
structural information that in some cases can lead to structural
models (51, 75–77). 15N chemical shifts from the present study
make it clear that I1 is structurally similar to the folding interme-
diate of the WT FF domain (37) that was detected using
CPMG-based relaxation methods (37). I1 is thus largely struc-
tured, except for the C-terminal half of H4. Notably, the second
intermediate, I2, is more natively structured, with the C-terminal
half of H4 folded. The CEST-derived four-state exchange matrix
establishes that F interconverts slowly with U, I1, and I2, while
these three states rapidly interconvert with each other (Fig. 6),
explaining why A39G FF appears to fold without intermediates
when studied using other spectroscopic techniques.

The increase in structure from U to I1 to I2 that is based on
a comparison of 15N Δ- values from CEST is consistent with
previously measured m-values using CPMG-based experiments
recorded on a number of different FF variants (8). Thermody-
namic m-values measure how the free energy difference
between states depends on urea concentration and are defined
relative to the folded state, such that mK�F ¼mK � mF =
�dΔGK�F

d½urea� and ΔGK�F ¼GK �GF . Positive values of mK�F indi-

cate less compaction of state K relative to F, with mK increasing
as state K becomes progressively less folded (78, 79). The val-
ues, mU�F = 0.74 (obtained from A17G FF), mI1�F = 0.31

(obtained from WT FF), and mI2�F = 0.16 (obtained from
A17G FF), further establish that compaction increases as the
folding reaction progresses and also show that the native state
is more compact than the other minor states. Furthermore, the
relatively high value of mU�F compared to mI1�F and mI2�F

explains why the addition of 1 M urea to A39G FF (Fig. 4B)
results in a relative increase of the U state population com-
pared to the I1 and I2 states. As pU is significantly larger than
either of pI1 and pI2 (Fig. 4A, Right), even in the absence of
urea, the addition of urea effectively simplifies the exchange to
two state. Interestingly, almost every FF variant studied folds
via an intermediate (8, 54, 56). The results from the present
study establish that the I2 state is relatively compact (compared
to I1 and U), with a conformation similar to that of the native
state (Fig. 5). The fact that U interconverts with the less com-
pact and less native-like I1 conformer but not I2 suggests,
rather intuitively, that folding proceeds along pathways whereby
intermediates accumulate structure on route to the formation
of the folded state.

The relative energies of minor state conformers identified
from the four-state analysis of A39G FF domain folding
reported here increase from U to I1 to I2 (i.e., pI2 < pI1 < pU;
Fig. 6E), as the amount of secondary structure in the domain
grows and the tertiary structures becomes more compact. The
transition to the native structure then occurs with a dramatic
decrease in free energy. These observations have broad impli-
cations for the nature of the FF domain energy landscape. The
foldon–funnel model proposed by Rollins and Dill (80) that
builds on the “foldon” concept pioneered by Englander and
coworkers (81, 82) assumes that a protein folds sequentially
along its folding pathway(s) in units of secondary structure (fol-
dons) that are stabilized by tertiary interactions. However,
when the secondary structural elements are unstable, this
model leads to a volcano-shaped FES (Fig. 6F) with the transi-
tion state located between F and the remaining states, resulting
in an apparent two-state folding mechanism (80). The folding
intermediates are expected to be loosely packed according to
this model so that the entropy lost as the (unstable) structure is
progressively formed is not yet fully compensated by interac-
tions between secondary structural elements, giving rise to
increases in free energies of states that are formed as the fold-
ing reaction progresses. Such a scenario is observed for A39G
FF domain folding, where I1 has two native secondary struc-
tural elements (helices H1 and H2), while I2 has three (helices
H1, H2 and the C-terminal half of helix H4), yet these helices
interact with each other only loosely, giving rise to a volcano-
shaped landscape (Fig. 6 E and F).

Although the present study has focused on the folding of
A39G FF, showing at least a four-state process, our results have
broader implications, informing on folding principles of FF
domains in general. We have reexamined the folding behavior of
the WT FF domain that was studied previously via CPMG
approaches (8, 37), in which the data were well fit by a model
containing only a single folding intermediate that is similar to
the I1 state reported here. Notably, 15N CEST profiles of WT
FF recorded at 1 ˚C show clearly that the I2 state is populated
as well (SI Appendix, Fig. S6). The folding of A17G FF, also
studied by CPMG approaches, was analyzed previously in terms
of a single intermediate (8), corresponding to I2 for A39G FF
characterized in this work (Fig. 4D). Yet 15N CEST experiments
indicate that state I1 is also populated (SI Appendix, Fig. S7).
Thus, the A39G variant is not unique, and a four-state folding
mechanism is operative for the WT and A17G FF domains as
well. It is likely that the low populations of these additional
states preclude observation via CPMG. Indeed, even with excel-
lent CPMG data, it remains unclear as to whether processes
more complex than (global) three state can be properly ana-
lyzed. We have found that CEST profiles can be extremely
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sensitive to the underlying exchange kinetics, even for low
populated states, as illustrated in Fig. 1 and in SI Appendix,
Fig. S8 for three- and four-state processes, respectively,
increasing its utility for studying the conformational exchange
between multiple states with disparate populations and life-
times. We expect that the extraction of the full information con-
tent inherent in CEST datasets will significantly benefit from
the development of machine learning–based approaches, in
which algorithms are trained on vast amounts of synthetic data
(83–85) covering a wide range of different potential exchange
models so as to provide reasonable starting exchange parame-
ters and minor state chemical shifts. The continued develop-
ment of NMR relaxation experiments and the computational
tools to best analyze them will open up the possibility for
obtaining a detailed understanding of the underlying energy
landscapes governing a plethora of different biological pro-
cesses, including, for example, protein folding/misfolding,
molecular recognition, and enzyme function.

Materials and Methods
All the FF variants were expressed in Escherichia coli and purified by ion
exchange chromatography followed by size exclusion chromatography. Each
NMR sample contained ∼2mM [U–15N] protein dissolved in the desired buffer.
NMR experiments were performed at fields ranging from 11.7 to 23.5 Tesla.
Details of protein expression and purification, NMR experiments, and CEST
profile analysis are provided in SI Appendix.

Data Availability. All relevant data are included in the article and/or SI Appendix.
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