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The photoreceptor photoactive yellow protein (PYP) was used as a
model system to study receptor activation and protein folding.
Refolding was studied by stopped-flow absorbance spectroscopy
for PYP with either a trans or a cis chromophore. Chromophore
trans to cis isomerization, the mechanism of light detection by PYP,
greatly affects the protein folding process. When the cis chro-
mophore is present, refolding from the unfolded state proceeds
through the putative signaling state of PYP as an on-pathway
intermediate. In addition, moderate denaturant concentrations
result in the specific unfolding of the signaling state of PYP. Thus,
the signaling state is common to the pathways of folding and
signaling. This result provides an avenue for the study of protein
folding. We demonstrate how this approach can be used to
establish whether a folding intermediate is on-pathway or off-
pathway. The results also reveal transient partial unfolding as a
molecular mechanism for signaling.

To become functionally active, a protein needs to fold into
its native three-dimensional structure. Protein folding has

been investigated extensively, but many of its aspects remain
unresolved. The properties of folding intermediates and their
role in the folding mechanism as either productive on-pathway
intermediates or dispensable off-pathway intermediates have
proven to be difficult to unambiguously determine for many
proteins (see refs. 1–4). Here evidence is reported for the
hypothesis that protein folding and signaling are directly
related. We demonstrate that this provides an approach to
experimental studies on protein folding, using a small water
soluble receptor protein that is activated by an external
stimulus: unfolding and refolding reactions can be triggered
not only by using traditional rapid mixing methods, but also by
activation of the receptor. Thus, two independent pathways are
available to populate the same folding intermediate. The
existence, properties, and position in the folding pathway of
the intermediate as deduced from rapid mixing studies there-
fore can be directly and independently tested. The use of a
photoreceptor in this approach provides the additional benefit
that signaling is triggered by exposure of the receptor to light,
allowing for time-resolved measurements on the receptor
activation process.

To study the relationship between protein folding and
signaling, we used photoactive yellow protein (PYP) as a model
system. PYP is a small water-soluble photoreceptor from
purple bacteria (5–7) that displays rhodopsin-like photochem-
istry (5, 8) based on its unique p-coumaric acid chromophore
(9, 10). PYP is a member of the PAS domain family that is
involved in regulation, sensing, and the circadian rhythm (11,
12). The involvement of PAS domains in a wide range of
biological responses has triggered studies on PYP aimed at
understanding the signaling mechanism of this ubiquitous
signaling module. Absorbance of a photon initiates a photo-
cycle in PYP by the trans to cis photoisomerization of its
chromophore (13–16). This triggers a number of transitions in
the photoreceptor that result in its activation. Subsequently,
PYP recovers spontaneously to its initial state within a second
(5, 8). The longest lived photocycle intermediate, character-
ized by a blue-shifted absorbance spectrum, is considered to be

the signaling state of PYP (5, 6, 14). This proposal is supported
by the resemblance of the blue-shifted photocycle intermedi-
ate of PYP to the S373 photocycle intermediate of the archaeal
sensory rhodopsin I, which has been experimentally deter-
mined to be a signaling state (see ref. 17). Here we address the
question to what extent the pathways for protein folding and
light-triggered signaling in PYP are common.

Materials and Methods
Nomenclature. We use the following nomenclature for the dif-
ferent states of PYP: the protein can be in the initial groundstate
(pG), or in photocycle intermediates with a red- or blue-shifted
absorbance spectrum (pR and pB, respectively), or may be fully
unfolded (pU). The isomerization state of the chromophore is
indicated as a superscript. Thus, fully unfolded PYP containing
the chromophore in the cis configuration is indicated as pUcis.

Materials. PYP was overexpressed in Escherichia coli and purified
as described (14). All kinetic and equilibrium experiments were
carried out by using 8 mM PYP in 20 mM potassium phosphate
buffer (pH 7.3).

Equilibrium Denaturant Titrations. Equilibrium denaturant titra-
tions of PYP with guanidinium-hydrochloride (GdmHCl) and
urea were performed at 25°C by using a Cary 300 UV-Vis
spectrophotomer (Varian). The observed transitions were ana-
lyzed by using Eq. 1, as derived in ref. 18:
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where A is the measured absorbance at 446 nm, 375, or 340 nm;
[D] is the denaturant concentration; bn and bu are the slopes of
the baselines before and after the transition; an and au are the
signal intensities of these sloping baseline at zero denaturant;
DGu

H2O is the free energy of unfolding in water, m is the
denaturant dependence of free energy per mol of denaturant; R
is the gas constant; and T is the temperature in Kelvin. The two
sloping baselines describe the dependence of the absorbance of
the native and unfolded states of PYP on denaturant concen-
tration. The transition between the native and unfolded states of
PYP is described by using the approximation that the free energy
for unfolding DGu depends linearly (with slope m) on denaturant
concentration.

For the analysis of pBcis denaturation, steady-state light-
induced difference spectra were measured and normalized to
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equal amounts of pGtrans bleaching at 446 nm. In these normal-
ized difference spectra pBcis denaturation was monitored at 375
nm, where the difference in absorbance between pBcis and pUcis

is maximal. We investigated the effect of a small correction of the
resulting absorbance values at 375 nm as a function of denaturant
concentration by taking into account the low level of pGtrans

denaturation at the highest denaturant concentrations. The
values for DGu

H2O and m were essentially unaffected by this
correction of the data.

Measurement of Photocycle Kinetics. Recovery kinetics of the PYP
photocycle at different denaturant concentrations at 25°C after
20 sec of continuous illumination with actinic light were re-
corded by using either a Hewlett–Packard 8453 diode array
spectrophotometer or a Cary 300 spectrophotomer at 446 and
340 nm.

CD Spectroscopy. CD spectroscopy was performed with a 1-mm
pathlength cuvette and a PYP concentration of 16 mM by using
a Jasco J-715 spectropolarimeter. The recovery of pG after 20
sec actinic light illumination on closure of an optical shutter was
monitored at various wavelengths. A second optical shutter was
used to protect the photomultiplier tube from scattered actinic
light.

Stopped-Flow Absorbance Spectroscopy. Stopped-flow absorbance
spectroscopy of PYP unfolding and refolding was performed by
using a SX-18MV stopped-flow spectrophotometer (Applied
Photophysics, Surrey, U.K.). Jumps to a range of GdmHCl
concentrations were obtained by using a mixing ratio of 1:1 or
1:10. To investigate the effect of the chromophore isomerization
state on the refolding process, pUtrans was exposed to UV-A light
from a Cuda I-150 light source for 4 min to photoisomerize the
chromophore, yielding pUcis. Stopped-flow absorbance traces
were recorded at 445 and 340 nm, and analyzed by using the
SX-18MV software.

The refolding kinetics of pUtrans were found to usually
contain a slow component of small amplitude ('10%). This
slow phase may be because of proline isomerization (PYP
contains four Pro residues). In this paper the fast phase of the
kinetics is investigated. Stopped-f low experiments performed
at 5°C revealed indications of an intermediate on the folding
pathway for pUtrans.

Analysis of Chevron Plots. A widely used approach to investigate
the pathway of protein folding is to perform rapid mixing
experiments in which the denaturant concentration is increased
to a high value, revealing the kinetics of unfolding, or decreased
to a low value, showing the kinetics of refolding. The dependence
of the kinetics of unfolding and refolding is measured as a
function of the final denaturant concentration, yielding a chev-
ron plot. The dependence of kinetics on denaturant concentra-
tion reveals the nature of a transition: unfolding reactions
involving the exposure of groups to solvent are accelerated at
increased denaturant concentrations, whereas refolding transi-
tions are decelerated. In the absence of folding intermediates,
the logarithm of the (un)folding rate constants has been found
for a wide range of proteins to depend linearly on denaturant
concentration. The chevron plots for the pG to pUtrans transi-
tions in PYP reported here were fitted to a two-state model (U
7 F) by using Eq. 2, where kobs is the observed rate constant at
different GdmHCl concentration and [D] is the GdmHCl con-
centration. In this two-state model, ku

H2O and kf
H2O are the

unfolding and refolding rate constants in the absence of dena-
turant, and mF and mU are the denaturant dependence of these
rate constants:
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The chevron plot for the pUcis to pG transition deviated from
linearity (see below) and was analyzed by using two different
models involving a folding intermediate I. Two fundamentally
different models for such three-state folding exist: one in which
the folding intermediate is on the productive folding pathway
from U to F, the second in which the intermediate I is a
nonproductive off-pathway intermediate. The three-state on-
pathway (U7 I3 F) and off-pathway (I7U3 F) intermediate
models were described by Eqs. 3 and 4, respectively, as derived
in refs. 19–21:
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KI/U
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In the case of a three-state on-pathway intermediate model,
the kF-‡

H2 O and kI-‡
H2O are the unfolding and refolding rate con-

stants in the absence of denaturant in which transitions between
the intermediate (I) and the native state (F) occur. The mU, mI,
and m‡ describe the denaturant dependence of the free energy
levels of U, I, and the transition state between F and I. KIyU

H2O is the
preequilibrium constant of the rapid U to I transition ([I]y[U]).
For the three-state off-pathway model (see the scheme above) an
analogous nomenclature is used.

Results and Discussions
Probing Protein Folding in PYP. On the conversion of the native
state of PYP to the fully unfolded state by the addition of
denaturants, the chromophore of PYP becomes solvent exposed
and is protonated, causing a strong blue-shift in the absorbance
spectrum of PYP (5, 8, 10). We used this large spectral shift to
monitor protein folding transitions in PYP in both equilibrium
and kinetic rapid mixing experiments. The effect of the isomer-
ization state of the chromophore on the refolding of PYP was
investigated by exploiting its intrinsic photochemical activity.
Fully unfolded PYP was first exposed to light to photoisomerize
the chromophore and subsequently was used in rapid mixing
refolding experiments. The observed transitions were compared
with those triggered by the photoexcitation of PYP. Both the
rapid-mixing folding and light-triggered photocycle experiments
were performed as a function of denaturant concentration
(chevron analysis; ref. 22) by using urea and GmdHCl, the two
most common denaturants.

The kinetics of unfolding and refolding of PYP containing a
trans chromophore were determined by stopped-flow absor-
bance spectroscopy. Folding transitions between the fully un-
folded and native states of PYP initiated by rapid mixing display
monoexponential kinetics (Fig. 1A). The dependence of the
kinetics of these transitions on denaturant concentration were
found to exhibit a typical V-shaped pattern (22), in which the
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logarithm of the kinetics depend linearly on denaturant concen-
tration (Fig. 1B). At 2.72 M GdmHCl the rates for protein
folding and unfolding are identical, corresponding to the mid-
point of the equilibrium titration (Fig. 1C). Both the monoex-
ponential kinetics and the good correspondence between equi-
librium and kinetic experiments indicate that folding of PYP
containing a trans chromophore is a two-state transition without
the involvement of folding intermediates.

The Chromophore Isomerization State Greatly Affects Folding Kinetics
in PYP. Refolding of PYP containing a cis chromophore was
studied by UV-A illumination of fully unfolded PYP to generate
a stable mixture of the trans and cis conformations of the
chromophore. After illumination, refolding exhibited biexpo-
nential kinetics. The fast phase is identical to that observed for
PYP containing a trans chromophore, whereas the new slow
phase reports the kinetics of refolding for PYP with a cis
chromophore (Fig. 1 A). The dependence of the kinetics of the
slow phase on denaturant concentration shows that isomeriza-
tion of the chromophore to the cis conformation dramatically
affects the refolding process (Fig. 1B). First, refolding is slowed
down by 1–3 orders of magnitude. Second, the dependence of the
kinetics on the concentration of GdmHCl no longer is linear.
This demonstrates that chromophore isomerization not only
initiates the PYP photocycle, but also strongly affects the folding
pathway of PYP.

Our interpretation of the nonlinear dependence of the kinetics
of refolding of the unfolded state containing a cis chromophore
is the occurrence of an on-pathway folding intermediate that is
in rapid preequilibrium with the unfolded state (19, 20). The
data are accurately described by this proposal (Fig. 1B) with
realistic parameters (Table 1). Analysis of the data with the
on-pathway model indicates that the free energy difference
between the unfolded state and the folding intermediate is zero
at 1.75 M GdmHCl, resulting in the observed kink in the chevron
plot.

An alternative model is the occurrence of an off-pathway
folding intermediate. For a number of proteins it has proven to
be difficult to conclusively determine whether a folding inter-
mediate is on-pathway or off-pathway, and the same difficulty is
encountered in interpreting the rapid mixing data reported here
for PYP. The off-pathway model results in an estimation of a
protein refolding rate in water of 4,211 s21 for PYP containing
a cis chromophore. The folding rate for PYP containing a trans
chromophore in water is five times slower (814 s21). Because the
native state of PYP contains a trans chromophore, it seems
unlikely that isomerization of the chromophore to cis would
result in a 5-fold acceleration of the folding rate. This consid-
eration provides an argument supporting, but not demonstrating
(see ref. 21), the on-pathway nature of the folding intermediate
observed for PYP containing a cis chromophore. Below we show
how a direct link between folding and light-triggered signaling in
PYP can be used to demonstrate the on-pathway nature of the
folding intermediate.

Folding and Signaling Share the Same Pathway in PYP. We examined
the possibility that the intermediate in PYP refolding from the
fully unfolded state with a cis chromophore would be identical
to the signaling state of PYP. To test this proposal, we deter-
mined the kinetics of the final photocycle transition, from the
blue-shifted intermediate to native PYP, as a function of
GdmHCl concentration. The observed photocycle kinetics are
essentially indistinguishable from those observed for refolding
(Fig. 1). This provides strong support for the proposal that
folding and signaling share the same pathway in PYP.

A possibility that needs to be considered is that both the
signaling state and the native state of PYP are fully folded, and
that the last PYP photocycle transition involves structural rear-
rangements but not refolding. In this case, denaturants would not
slow down this transition (see ref. 23). This is in contrast with the
observed deceleration in the recovery of native PYP at increased
denaturant concentrations (Fig. 1B). Therefore, under physio-
logical conditions refolding of PYP containing a cis chro-
mophore proceeds via a partially folded intermediate. This
demonstrates that the final PYP photocycle transition is a
protein refolding process, in line with a number of results
obtained on the signaling state (24–26).

Fig. 1. Protein folding in PYP. (A) The kinetics of refolding in PYP observed
by stopped-flow absorbance spectroscopy. Refolding was initiated by a jump
in denaturant concentration, obtained by rapid mixing, from 3.5 to 1.0 M
GdmHCl at pH 7.0. The resulting kinetics were monitored at 340 (dashed lines)
and 445 (solid lines) nm for the refolding of pUtrans (monoexponential decay
with k 5 31.4 s21) and a mixture of pUtrans and pUcis generated by the
illumination of pUtrans with near-UV light [biexponential decay with k1 5 31.4
s21 (68%) and k2 5 0.9 s21 (32%)], The kinetics of the pBcis to pGtrans photocycle
transition (E; monoexponential decay with k 5 0.9 s21) were determined
under identical conditions, and normalized to match the amplitude of the
rapid mixing signals. (B) Chevron analysis of protein folding in PYP. The
kinetics of pGtrans unfolding (F) and of pUtrans (F) and pUcis (Œ) refolding were
determined as a function of GdmHCl concentration. The kinetics of the pBcis to
pGtrans photocycle kinetics (E) were determined under identical conditions.
The rapid mixing data were fit (solid lines, see Tables 1 and 2) to a two-state
model for PYP containing a trans chromophore, and to a model containing an
on-pathway intermediate for PYP containing a cis chromophore. (C) Equilib-
rium denaturation titration of pGtrans to pUtrans with GdmHCl, followed by
visible absorbance spectroscopy at 340 nm (E) and 446 nm (‚).
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The link between protein folding and receptor activation in
PYP was exploited to examine whether the observed folding
intermediate is on-pathway or off-pathway. Continuous illu-
mination of PYP results in the steady-state accumulation of the
signaling state. This allowed us to directly study the preequi-
librium, deduced from the chevron analysis, between the
signaling state and the fully unfolded state containing a cis
chromophore. To probe this preequilibrium, the UVyvis ab-
sorbance spectroscopic properties of the blue-shifted inter-
mediate were determined at a range of denaturant concen-
trations. At each denaturant concentration PYP was
photoexcited to yield the blue-shifted photocycle intermedi-
ate, and the resulting absorbance difference spectrum was
measured. Under native conditions, the signaling state displays
an absorbance maximum at 355 nm, whereas fully unfolded
PYP absorbs maximally at 338 nm (8, 10). Therefore, a shift in
the absorbance spectrum of the blue-shifted photocycle inter-
mediate from 355 nm to 338 nm was expected at denaturant
concentrations, which fully unfold the signaling state. Indeed,
at moderate denaturant concentrations such a shift was ob-
served (data not shown), revealing the cooperative unfolding
of the signaling state (Fig. 2A). The midpoint for the dena-
turation of the signaling state, i.e., the GdmHCl concentration
at which unfolding free energy for the signaling state is zero,
was found to be 1.75 M. This is identical to the value obtained
from the analysis of the denaturant dependence of the refold-
ing kinetics obtained by using the on-pathway intermediate
model.

Based on the chevron analysis of the refolding kinetics of the
fully unfolded state containing a cis chromophore, it is difficult
to determine whether the native state is formed directly from the
unfolded state or from the signaling state as an on-pathway
folding intermediate. However, extensive investigations on PYP
have shown that under native conditions the signaling state is an
on-pathway intermediate for the photocycle, without the in-
volvement of the fully unfolded state. Therefore, the signaling
state of PYP also is on on-pathway folding intermediate for the
refolding from fully unfolded PYP with a cis chromophore (see
Fig. 3).

The denaturation curves of native PYP and its signaling state
were analyzed to determine the unfolding free energy of these
two states in the absence of denaturants (Table 2). The GdmHCl
concentration at which unfolding free energy is zero is reduced
from 2.72 M for native PYP to 1.75 M for the signaling state of
PYP. For native PYP the unfolding free energy in water is 37 6
1 kJymol. This value is reduced by '20% for the signaling state,
yielding an energy content for the signaling state of 7 6 2 kJymol
in water at pH 7.0 relative to native PYP. Note that this
calculation involves the simplifying assumption that the DG
between the unfolded states containing trans and cis chro-
mophores is close to zero.

The crystal structure of the signaling state as it accumulates in
PYP crystals has been reported (27). This structure does not
reveal any unfolding on the formation of the signaling state, in
contrast to the results reported here. We have recently shown
that the protein crystal lattice greatly reduces the structural
changes that occur on PYP photoexcitation (28). Apparently, the
unfolding event during the PYP photocycle occurs when PYP is
in solution, but not in PYP crystals.

Specific Unfolding of a Functional Intermediate. A central assump-
tion in the analysis described above is that the denaturant-
induced transition observed by steady-state illumination of PYP
corresponds to the preequilibrium between the fully unfolded
state and the signaling state. Time-resolved CD spectroscopy
(Fig. 2 B and C) was performed during the last photocycle step
to confirm that the blue-shift in the absorbance spectrum of the
signaling state from 355 to 338 nm is caused by the complete
unfolding of this state. The presence of 6.0 M urea does not
affect the CD spectrum of native PYP (see Fig. 2B). However,
on photoexcitation of PYP under these conditions the peptide
CD spectrum greatly decreases in amplitude and becomes
featureless, confirming that the signaling state is converted to a
fully denatured state (Fig. 2B). The denaturant dependence of
the light-induced loss of CD signal matches the UVyvis absor-
bance data (Fig. 2D). This demonstrates the specific and coop-
erative denaturation of a functional intermediate.

PYP as a Model System to Study Protein Folding. The results
reported here show that the signaling state of PYP can be
transiently accumulated via two independent routes: (i) by
rapid mixing refolding of the fully unfolded state of PYP
containing a cis chromophore (Fig. 1B), and (ii) by photoexi-
tation of PYP at moderate denaturant concentrations (Fig.
2 A). The unfolding of the blue-shifted photocycle intermedi-
ate, formed by photoexcitation of PYP, and the refolding of
PYP from the fully unfolded state containing a cis chro-
mophore, observed by rapid mixing, follow the same denatur-
ant dependence. This provides strong evidence for the role of
the signaling state as an on-pathway folding intermediate (Fig.
3). Both the occurrence of folding intermediates and the
position of such intermediates as on-pathway or off-pathway
states have been found to be difficult to determine conclusively
in many proteins (1–4). By studying protein folding in PYP not
only by rapid mixing techniques but also by photoexcitation, we
provide an unusually strong case for the occurrence of an
on-pathway folding intermediate in PYP folding that causes a
rapid preequilibrium in kinetic studies.

We demonstrate a close correspondence between the kinetics
for PYP refolding in a chevron plot, the PYP photocycle kinetics,
and the data on the steady-state denaturation of the blue-shifted
photocycle intermediate on PYP photoexcitation in the presence

Table 1. Dependence of protein-folding kinetics in PYP on the concentration of GdmHCl

Process m‡ (M21) kH2O (s21)

Two-state transition
pGtrans3pUtrans mU 5 2.3 6 0.05 kU

H2O 5 (8.0 6 1.5)* 1025

pUtrans3pGtrans mF 5 3.4 6 0.05 kF
H2O 5 814 6 66

On-pathway intermediate
I*3pGtrans mI 2 m‡ 5 0.9 6 0.2 kI-‡

H2O 5 2.5 6 0.3
pBcis3pGtrans† mpB 2 m‡ 5 0.5 6 0.2 kpB-‡

H2O 5 1.7 6 0.2
Off-pathway intermediate

Ucis3pGtrans mU 2 m‡ 5 5.1 6 0.6 kU-‡
H2O 5 4211 6 5258

*The folding intermediate I observed by rapid mixing is shown here to be identical to the blue-shifted photocycle
intermediate.

†Obtained from analysis of photocycle kinetics.
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of moderate denaturant concentrations. This provides strong
evidence that the signaling state is shared by the energy surfaces
for folding and function in PYP.

Until recently, the kinetics of protein folding were mainly
studied by using commercially available rapid mixing devices,
resulting in a time resolution limited to a few milliseconds (but
see ref. 29). The possibility of reversible, light-triggered, and
complete protein unfolding in PYP will allow future flash-
photolysis experiments to study these folding reactions with
picosecond time resolution (30). In combination with the pos-
sibility of studying the same protein folding transitions by two
independent pathways, this establishes PYP as a valuable model
system to study protein folding. The same approach can be
applied to other (photo)receptor systems.

Transient Partial Protein Unfolding as a Signaling Mechanism. This
study demonstrates a direct link between receptor activation
and protein folding in PYP. We show how this result provides
an avenue for the study of protein folding that can yield solid
information on the pathway of folding. In addition, this result
implies that the light-triggered transient partial protein un-
folding event that occurs during signaling state formation
under native conditions is required for the generation of a
biological signal during the PYP photocycle. The transient
unfolding process can provide the receptor with the confor-
mational plasticity needed for signaling state formation. Such
transient unfolding has not been observed in well-studied

Fig. 2. Specific denaturation of the pBcis photocycle intermediate. (A) Equilib-
rium denaturant titrations of pGtrans (squares) and pBcis (circles) with GdmHCl
(closed symbols) and urea (open symbols). The pGtrans denaturation curve was
determined from absorbance data at 340 and 446 nm; pBcis denaturation was
monitored at 375 nm in the pBcis-pGtrans absorbance difference spectrum. (B) CD
spectroscopyof thepUcis state (F)wasperformedbyprobingtheCDsignalduring
pGtrans recovery after PYP photoexcitation at various wavelengths. The depicted
values were obtained by extrapolation to t 5 0 (i.e., immediately after closure of
the optical shutter for sample illumination) for pUcis (F) and t 5 ` (i.e., after
complete pGtrans recovery) for pGtrans (E). The pUcis values were scaled to 100%
pGtrans photobleaching, as determined from the measured absorbance values at
446 nm. For comparison, the steady-state CD spectrum of the pGtrans state in the
presence of 0 (solid line) and 6.0 (dotted line) M urea are shown. (C) The
monoexponential recovery of pGtrans in the presence of 6.0 M urea, detected by
CD spectroscopy at 222 nm. (D) The amplitude of the light-induced loss of CD
signal at 222 nm extrapolated to t 5 0 (F) was determined as a function of urea
concentration and scaled to 100% pGtrans photobleaching. E depict the depen-
dence of the CD signal for pGtrans at 222 nm.

Fig. 3. Integrating folding and signaling in PYP. The folding and photocycle
transitions in PYP are depicted schematically. Note that pUcis is an off-pathway
intermediate for the photocycle, whereas pBcis is an on-pathway intermediate
for pUcis refolding.

Table 2. Denaturant dependence of equilibria in PYP

Process DGu
H2O (kJymol) m (M21)

GdmHCl
pGtrans7pUtrans 36.4 6 1.1*y39.9 6 7.0† 5.4 6 0.2*y5.7 6 0.1†

pBcis7pUcis 28.2 6 2.0* 6.4 6 0.5*
I7pUcis† 18.3 6 18.6‡ 4.2 6 0.7‡

Urea
pGtrans7pUtrans 37.6 6 1.0* 1.98 6 0.06*
pBcis7pUcis 32.3 6 1.5* 2.48 6 0.12*

The reported values were obtained from equilibrium titrations* and from
chevron analysis of refolding of PYP using the relationship DGu 5 2RT lnK 5
2RT ln(kUykF) for pUtrans† and Eq. 3 for pUcis‡.
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transmembrane receptors such as rhodopsin and could be
limited to water-soluble receptor proteins. Because PYP
serves as a prototype for the PAS domain family (11, 12), it is
expected that transient partial protein unfolding also is in-
volved in other proteins containing this ubiquitous signaling
module. The same mechanism also may function in unrelated
signaling systems (31), for example in the Wiskott–Aldrich
syndrome protein (32). This emphasizes the importance of

future studies on the role of transient partial protein unfolding
in signal transduction in the living cell.
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