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The Per-Arnt-Sim (PAS) domain is a ubiquitous protein module with
a common three-dimensional fold involved in a wide range of
regulatory and sensory functions in all domains of life. The acti-
vation of these functions is thought to involve partial unfolding of
N- or C-terminal helices attached to the PAS domain. Here we use
atomic force microscopy to probe receptor activation in single
molecules of photoactive yellow protein (PYP), a prototype of the
PAS domain family. Mechanical unfolding of Cys-linked PYP mul-
timers in the presence and absence of illumination reveals that, in
contrast to previous studies, the PAS domain itself is extended by
~3 nm (at the 10-pN detection limit of the measurement) and
destabilized by ~30% in the light-activated state of PYP. Compar-
ative measurements and steered molecular dynamics simulations
of two double-Cys PYP mutants that probe different regions of the
PAS domain quantify the anisotropy in stability and changes in
local structure, thereby demonstrating the partial unfolding of
their PAS domain upon activation. These results establish a gen-
erally applicable single-molecule approach for mapping functional
conformational changes to selected regions of a protein. In addi-
tion, the results have profound implications for the molecular
mechanism of PAS domain activation and indicate that stimulus-
induced partial protein unfolding can be used as a signaling
mechanism.

atomic force spectroscopy | photoactive yellow protein |
receptor activation

Biological signaling starts with the activation of receptor pro-
teins, in which stimuli trigger protein conformational changes
that relay a signal to an associated signal transduction chain. A
central question concerns the nature of the structural changes that
activate a receptor protein. The mechanism of signaling by Per-
Arnt-Sim (PAS) domain-containing proteins is of considerable
interest, because these structural domains occur in many signaling
proteins (1). In addition, incorrect signaling by PAS domains is
associated with a range of diseases. Important examples are mu-
tations in the human ERG potassium channel, which causes cardiac
arrhythmias (2), and the involvement of hypoxia-inducible factors
in myocardial and cerebral ischemia (3).

We investigate the photoinduced structural changes in the
bacterial blue light receptor, photoactive yellow protein (PYP),
a prototype for PAS domains (4). As shown in Fig. 1, PYP
consists of two N-terminal a-helices (residues 1-25), followed by
a typical PAS domain (1, 5) fold (residues 26-125) that contains
a central six-stranded B-sheet flanked by «-helices (6). The
protein exhibits photochemistry based on its p-coumaric acid
chromophore (7). Blue light converts the initial pG state of PYP
into the photoactivated pB state in milliseconds, whereas pB
decays back to pG in ~0.5 s (8). The pB state is believed to
trigger negative phototaxis in purple bacteria (9).

The structural changes that occur upon pB formation involve
partial unfolding of the receptor, indicating partial protein
unfolding as a novel signaling mechanism (10). Although the
crystal structure of a pB-like state exists (11), Xie et al. (12) have
shown that the motion of PYP is greatly hindered in a protein
crystal. Thus, the degree to which different regions of PYP
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unfold in solution upon pB formation remains an open question.
Previous solution spectroscopy experiments indicate that un-
folding of the two N-terminal helices of PYP is involved (10,
13-15). Recent NMR measurements on a PYP mutant lacking
the 25 N-terminal residues indicate that regions outside the
central B-sheet also undergo a significant increase in flexibility
(16). Interestingly, activation of LOV, a PAS domain blue-light
receptor in plants, involves partial unfolding of a C-terminal
helix immediately beyond the PAS domain core of the receptor
(17), suggesting that the unfolding of N- or C-terminal helices is
a general theme in PAS domain activation. Here, we use
single-molecule force microscopy to probe the axis-dependent
stability and structural changes in the PAS domain core of PYP
that occur upon photoactivation.

Single-molecule pulling experiments involve the concomitant
measurement of the distance between two attachment points
and the force needed to extend the molecule (18-20). If the
attachment points for pulling are well defined, such measure-
ments intrinsically combine structural and energetic informa-
tion. We used this approach to probe conformational changes in
selected regions of PYP upon its activation.

A pair of surface-exposed residues were mutated to Cys, and
the resulting PYP mutants were linked into a linear chain
(polyPYP) via disulfide bonds to allow measurements of the
distance between the two amino acid residues (see Materials and
Methods). Similar chemical-linking strategies have recently been
reported in studies of polyGFP by Dietz et al. (21), polyubiquitin
by Carrion-Vazques et al. (20), polyE2lip3 (an all-B protein) by
Brockwell et al. (22), and polylysozyme by Yang et al. (23). Single
polyPYP assemblies were stretched by using an atomic force
microscope (AFM) to measure the unfolding length (AL) and
unfolding force (AF) for individual PYP molecules. When an
external force is applied to the ends of the polyPYP chain, each
PYP molecule experiences a force distributed across the region
of the protein located between the two Cys side chains. Thus, the
choice of the positions of the Cys mutations defines the orien-
tation of the force vector across individual proteins and localizes
the region of the protein to which the force-extension measure-
ment is sensitive. The initial position of the two Cys residues is
known from the crystal structure, and the experimental results
report changes in the distance and force between the two Cys
residues along this well defined coordinate.
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Fig. 1.

Cys-directed PYP double mutants for multimerization. A pair of surface-exposed residues (in red) in wild-type PYP (Protein Data Bank ID code 2PHY)

were mutated to Cys: residues 48/85 (Left) and residues 36/128 (Right). The doubly mutated PYP spontaneously multimerizes via disulfide bonds under oxidizing
conditions. The protein region (in yellow) between the two Cys mutations is stretched in the AFM experiments. The two axes defined by the residue pairs 48/85
and 36/128 are indicated by dashed lines. The N-terminal domain is shown in green.

Results and Discussion

Biochemical Construction of polyPYP. Two PYP double mutants
were constructed with Cys mutations at residues 36/128 and
residues 48/85 (Fig. 1). These positions were chosen to examine
the unresolved extent of the light-induced structural changes in
the PAS domain core of PYP. The photochemistry and photo-
cycle dynamics of these mutants is indistinguishable from native
PYP (see the supporting information, which is published on the
PNAS web site). The 36/128 mutant, which involves an Ala-
Ala—-Cys extension at the C terminus to facilitate the Cys-
directed multimerization reaction, is designed to probe struc-
tural and stability changes in the whole PAS domain upon
activation, whereas the 48 /85 mutant focuses on the correspond-
ing changes around the chromophore of the PAS domain
(designated as PAS-Chr), i.e., the 37 aa flanking the chro-
mophore attached to Cys-69. The two vectors defined by the
36/128 and 48/85 Cys pairs both pass near the protein’s center
of mass, and are at a 60° angle with respect to each other in nearly
the same plane, as deduced from the x-ray structure of PYP (6).

The multimerization of the 48/85 mutant of PYP was analyzed
by SDS/PAGE and MALDI-TOF MS, revealing that the result-
ing samples contained polyPYP with >10 subunits (Fig. 2). The
disulfide-linking reaction occurred spontaneously in solution in
the presence of air. PolyPYP with 10 subunits formed readily in
8 h. The specificity of the linkage is defined by the positions of
Cys mutations on the PYP. The PYP orientations can be parallel
or antiparallel relative to each other, but this is unlikely to have
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Fig. 2. Analysis of the multimerization state of 48/85 PYP. SDS/PAGE gel
electrophoresis (a) and MALDI-TOF MS (b) of polyPYP show distinct species
whose molecular masses are integer multiples of the monomer molecular
mass. The bars in a are the molecular masses of the molecular mass markers on
the left and the multimeric state of the PYP sample on the right. (b) The Inset
shows the MALDI-TOF peak mass values vs. the peak number. A linear fit yields
a slope equal to_16.3 kDa, corresponding.to the molecular mass of a PYP
monomer.
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a significant effect on the force extension properties of the
polyPYP molecule. The simple solution biochemistry and the
specificity of the multimerization reaction make this technique
easily generalizable to other proteins, offering a powerful tool
for axis-dependent, single-molecule experiments. The multim-
erization reaction of the 36/128 PYP mutant yielded similar
results, although the maximum size of this polyprotein was
usually in the range of 6-8.

Force-Extension Curves in the Dark and Under Illumination. Repre-
sentative force—distance curves (Fig. 3) measured for polyPYP
in the dark (Fig. 3, black curves) and under saturating (support-
ing information) continuous blue light illumination (Fig. 3, blue
curves) show a characteristic sawtooth pattern of protein rup-
tures (19, 20, 24). The distance between dips and the height of
each peak represent AL and AF, respectively, for the unfolding
of the PAS or PAS-Chr regions of PYP into an extended amino
acid chain. The data show that photoexcitation reduces both the
extensible length, AL, and mechanical stability, AF, of these two
regions in PYP. These structural changes are reversible. Inter-
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Fig.3. AFM force vs. distance curves (pulling rate 1 um/s) for the unfolding
of single polyPYP molecules along the 48/85 axis (a) and the 36/128 axis (b) in
the dark (in black) and during continuous blue light illumination (in blue).
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Fig. 4. Changes in local structure during light activation of single PYP
molecules. (a and b) Unfolding length distributions of 36/128 (hatched bars)
and 48/85 (solid bars) PYP in the dark (black, a) and under continuous
illumination (blue, b). The pulling rateswere 5 um/sand 1 um/s forthe 36/128
and 48/85 mutants, respectively. (c) The unfolding length AL measures the
length gain when the sequence (in yellow) between the two Cys mutations of
afolded PYP (top structure) is mechanically unfolded into an extended amino
acid chain (bottom structure, schematic). The two middle structures are sche-
matic representations of PYP in the photoactivated pB state along two pulling
axes. The difference in the unfolding lengths in the dark and under illumina-
tion, AL*, is a measure of the local structural change in the selected region of
PYP due to light activation.

ruption of the illumination allows the PYP modules to relax to
the dark state, and the original force and length distributions are
recovered (supporting information). This recovery indicates that
the observed effects are due to PYP photoactivation.

Length and Force Distributions of the pG State. The AL distributions
for 36/128 PYP and 48/85 PYP (Fig. 4a) in the absence of
illumination exhibit very different average values (=SE): 30.7 =
0.8 and 12.1 = 0.4 nm, respectively. These two values agree well
with those expected based on the length differences between
folded PYP (=3 nm) (6) and the amino acid contour length in
fully unfolded PYP [assuming a distance of 0.38 nm (24) between
two consecutive C*in the protein backbone, 92 residues X 0.38 =~
35 nm in 36/128 PYP and 37 residues X 0.38 ~ 14 nm in 48/85
PYP]. This agreement confirms the measurement of structural
changes in the selected regions of the protein. Further analysis
using the longest force—distance traces (with at least five rupture
peaks) yield results identical to those from the entire data set
(supporting information), providing quantitative validation of
the polyprotein approach. This analysis excludes possible dis-
tortions of the AFM data by terminal PYP modules that could
potentially give rise to a spurious unfolding length or force
because of their random physical attachment to the AFM tip and
the glass substrate surface. These findings confirm our measure-
ment of structural changes in the selected regions of the protein.

The measured AF values for the two PYP mutants reveal
significant anisotropy in the structural stability of PYP: AF is
86 + 5 pN along the 36/128 axis and 66 *= 2 pN along the 48/85
axis (Fig. 5). In comparison, the unfolding force for two different
pulling axes of ubiquitin were reported to be 203 vs. 85 pN (20)
and 177 vs. <15 pN for the B-sheet protein E2lip3 (22).

Molecular Dynamics (MD) Simulation of Mechanical Anisotropy in the
pG State. To further analyze the structural changes that occur in
the pG state of PYP during these force—extension experiments,
we performed steered MD (SMD) simulations of PYP. The
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Fig. 5. Anisotropy and light-induced changes in the global stability of PYP
probed by mechanical unfolding along two different axes. Unfolding force
distributions of 36/128 (hatched bars) and 48/85 (solid bars) PYP in the dark
(black, a) and under illumination (blue, b). The pulling rate was 1 um/s.

distance between two residues in PYP corresponding to that
used in the experiments was gradually increased by up to 5 nm
by the application of an external force (25, 26). The simulations
reveal very different unfolding pathways for the two pulling axes
(Fig. 6). For the 36/128 axis, the overall structure of PYP initially
remains essentially intact, which is reflected in the constant
number of intramolecular hydrogen bonds in PYP as a function
of pulling distance (Fig. 6) up to a distance of 1.2 nm. At this
distance, an abrupt structural change occurs that disrupts all five
hydrogen bonds between B-strand 1 and B-strand 6 and involves
a concomitant sliding of these two strands with respect to each
other. Extension beyond this rupture point results in a significant
loss of structure in various regions of PYP. By contrast, pulling
over the 48/85 axis of PYP is characterized by a gradual loss of
structure and intramolecular hydrogen bonds in various regions
of PYP as a function of pulling distance. Interestingly, the five
hydrogen bonds between B-strand 1 and B-strand 6 remain intact
up to an extension of at least 5 nm along this pulling axis. Thus,
these simulations provide insight into the molecular structural
basis for the two very different pathways of pG unfolding along
the two pulling axes and into the structural changes that occur
in the force—extension experiments.

Structural and Stability Changes Due to Photoactivation. To quantify
the experimentally detected changes in PYP upon photoexcita-
tion, we compared the force and length distributions detected
during illumination of the sample to those for the pG state in the
dark. Photoexcitation of PYP decreases the average unfolding
force by ~30%, from 66 = 2 to 44 = 1 pN for 48/85 PYP and
from 86 * 5 to 67 = 2 pN for 36/128 PYP (Fig. 4), in line with
destabilization of the light-activated pB state caused by its partial
unfolding. In addition, photoexcitation decreases the length
distributions (Fig. 4b) by 4 = 1 nm in 36/128 PYP (from 30.7 =
0.8 t0 26.6 = 0.7 nm) and by 2.9 = 0.4 nm in 48/85 PYP (from
12.1 = 0.4 to 9.2 = 0.2 nm). The decrease in unfolding length
corresponds to the length gained by PYP upon its photoconver-
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Fig. 6. SMD simulations of mechanical unfolding of the native pG state of
PYP along the 36/128 axis (left half of cycle) and the 48/85 axis (right half of
cycle) to reach the unfolded state (U, schematic). Two distinct pathways are
found. The 36/128 pathway involves a well defined transition state (at a
pulling distance of 1.2 nm) that is characterized by a sudden rupture of all five
hydrogen bonds (in red) between two B-sheets (in green) in the center of the
PAS core of pG. The 48/85 pathway involves gradual unfolding of the PAS core
and successive rupturing of the H-bonds in the folded protein. The graphs
show the total number of intraprotein H-bonds as a function of the pulling
distance for the two pathways.

sion to the pB state (illustrated in Fig. 4c), and thus represents
a 2-fold increase in the diameter of PYP. This large size increase
should be interpreted by taking the finite sensitivity of the AFM
cantilever into consideration. The instrument cannot resolve
pulling events of less than the thermal noise level of 10 pN
(peak-to-peak). Therefore, we conclude that light activation
destabilizes portions of the PAS domain such that it is extensible
by 3 nm with <10 pN of force. As an upper limit, the loss of
protein stability would be ~7 kgT [(10 pN X 3 nm)/kgT; kgT =
4 pN-nm]. The structural consequences of this expansion in the
pB state can be obtained from the SMD extension simulations
of the pG state. These simulations reveal a significant and global
loss of structure (Fig. 4c) and a loss of approximately one-third
of all intramolecular hydrogen bonds present in the native pG
state for both pulling axes at an extension point corresponding
to that experimentally detected for the pB state (Fig. 6). Thus,
the experimental and computational results reported here dem-
onstrate that light-triggered destabilization and partial unfolding
of PYP occur in its core PAS domain, in contrast to the previous
bulk solution measurements indicating unfolding of only the
N-terminal a-helices of PYP (13-15).

Comparison with Other Experimental Data. The structural proper-
ties and stability of the pB state have been probed by a variety
of bulk spectroscopic methods, allowing comparison with the
single-molecule measurements reported here. Denaturant titra-
tion and stopped-flow rapid mixing experiments show that the
stability of PYP is reduced from 42 kJ/mol in pG to 30 kJ/mol
in pB (27, 28). The difference is in quantitative agreement with
the reduced stability of the pB state observed in the single-
molecule pulling experiments (17 kJ/mol =~ 7 kgT for the upper
limit of stability loss). A variety of experimental methods (10, 29,
30) show that the pB intermediate exhibits the thermodynamic

11564 | www.pnas.org/cgi/doi/10.1073/pnas.0601567103

properties of a partially unfolded state. H/D exchange moni-
tored by NMR spectroscopy indicates that, although pB forma-
tion involves a significant loss of structure, it retains a well folded
core (31). NMR measurements on a PYP derivative lacking the
25 N-terminal amino acids indicate that the central B-sheet in pB
is still intact, whereas much of the remainder of the protein
becomes highly flexible (16), implying an increase in the linear
dimension of PYP of up to 4.5 A along the two axes studied here.
Small-angle x-ray scattering experiments on PYP and N-
terminally truncated mutants revealed that the N-terminal 15
residues in PYP move away from the core of PYP upon pB
formation, whereas the remainder of PYP swells by 0.7 A (15).
In summary, these data support the notion that pB is partially
unfolded and has increased linear dimensions, in line with the
single-molecule measurements described here. However, the
extent of the increase in size detected in the AFM experiments
is significantly larger. Our interpretation of this observation is
that the bulk spectroscopic measurements probe the thermally
averaged properties of pB as it fluctuates through a variety of
conformations in this partially unfolded state. In contrast, the
single-molecule pulling experiments probe the position of the
energetic barrier for stability in pB (within the 10-pN noise limit)
and, thus, report a maximally extended configuration to the edge
of the energetic well that defines the pB state.

Conclusions

The mechanism of receptor activation is a central question in
biological signal transduction and has been studied by a range of
genetic, spectroscopic, and structural methods in various recep-
tor systems. For this study, we used single-molecule force
spectroscopy to probe receptor activation, allowing the detection
of protein conformational changes during receptor activation at
the single-molecule level. Our approach is to select a section of
the protein by introducing Cys side chains at solvent-exposed
positions, allowing the directed multimerization of the protein.
Traditionally, the choice of the pulling axis in single-molecule
manipulation experiments is limited, because polyproteins are
constructed either by N-to-C linkage via genetic concatemer-
ization (19) or by naturally occurring amino acid linkages (20).
Yang et al. (23) used Cys-directed multimerization of T4 ly-
sozymes in protein crystals. Applications of this crystal-assisted
multimerization approach are limited because it requires protein
crystallization and the use of Cys residues in sites that are
adjacent in the crystal lattice.

The Cys-directed multimerization reaction in solution de-
scribed here provides a powerful and general tool to study
axis-dependent mechanical stability by using force spectroscopy
measurements and to explore conformational changes during
light- or ligand-induced protein function at the single-molecule
level. Strategic Cys mutations can be engineered into the se-
quence to select a region of interest in the protein. This approach
allows the identification of regions of PYP that undergo struc-
tural changes upon photoactivation, revealing the partial unfold-
ing of its PAS domain. This result indicates that in addition to N-
or C-terminal helices, the PAS domain itself can also undergo
partial unfolding during signal transduction. Future AFM ex-
periments on additional double-Cys PYP mutants will allow the
mapping of structural changes to be extended to all regions of
PYP. The two limitations to this approach are that the length
increase between the two Cys residues and the mechanical
stability along the chosen pulling axis should be above the
distance (0.3 nm) and force (10 pN) detection limits of the AFM
technique, respectively.

The emerging mechanism of receptor activation in PYP
contains the following steps: (i) initial chromophore photoi-
somerization (32), which triggers (i) active site proton transfer
(33) that causes (iii) an electrostatically triggered protein quake
(12), resulting in structural disruption of the PAS domain core,
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which is relayed (iv) to the N-terminal helices (13, 14) by the side
chain of Asn-43 (34). Future studies are needed to reveal how
partial PAS domain unfolding contributes to signaling and
whether this mechanism operates more widely in the PAS
domain family.

Materials and Methods

Cys-Directed PYP Multimerization. An N-terminal histidine-tagged
version of PYP from Halorhodopsira halophila was overproduced
in Escherichia coli by using the pQES0 plasmid (Qiagen) and
purified by Ni-affinity chromatography (33). To ensure maximal
purity of the protein, the PYP sample bound to the Ni resin was
washed extensively using three different washing buffers with the
following order: (i) 50 mM NaPO4/50 mM NaCl, pH 7.2; (ii) 50
mM NaPO,/200 mM NaCl, pH 7.2; (iii) 50 mM NaPO,/200 mM
NaCl/2 mM imidazole, pH 7.2. Each washing buffer used at least
three column volumes. Elution of PYP was performed with 50
mM NaPO,/200 mM NaCl/100 mM imidazole, pH 7.2. The Cys
mutants of PYP were obtained by mutagenic PCR using the
QuikChange kit (Stratagene) and confirmed by DNA sequenc-
ing. Protein purification was performed in the absence of
reducing agents. PYP mutants were concentrated to ~5 mg/ml
using Centricons (Millipore) and then injected into a dialysis
cassette (Pierce, Rockford, IL). The multimerization reaction
was carried out overnight in the presence of a constant stream
of air bubbling through the solution in a buffer consisting of 50
mM NaPO, and 200 mM NaCl, pH 8.0. Exposure of the PYP
mutants to air resulted in their spontaneous multimerization into
polyPYP. The longest PYP multimers were selected by size
exclusion chromatography in 50 mM NaPO,4/50 mM NaCl, pH
7.2, and concentrated in the same NaPQOy buffer. The final PYP
concentration of the polyPYP sample used for AFM experiments
was ~0.1-0.5 mg/ml.

Force Spectroscopy of Single polyPYP Molecules. New gold-coated,
silicon nitrite AFM cantilevers (Bio-Levers; Olympus) were
treated in a UV /Ozone cleaner (Novascan, Ames, IA) for 30 min
and washed in chloroform. The spring constants (6.4 pN/nm and
22 pN/nm) of the two types of cantilevers used in the experi-
ments were calibrated by applying the equipartition theorem to
the thermal noise spectrum (35). A 100-ul drop of the polyPYP
sample was applied to a clean glass slide. All data were collected
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using an AFM instrument (MFP-ID; Asylum Research, Santa
Barbara, CA) on top of an inverted Nikon microscope. Light
from a 452-nm blue laser (Melles-Griot, Carlsbad, CA) was
focused with a X10 objective to excite PYP at 1,000 mW /cm?2.
UV /visual light absorbance measurements of polyPYP under
identical conditions indicated that this light intensity results in
nearly 100% photoconversion of the pG state to the pB state
(supporting information). Only force—distance curves contain-
ing at least three consecutive rupture events were selected for
analysis. The last rupture event was rejected because it usually
represents detachment of the polyPYP molecule from the glass
surface or tip of the cantilever. The short distance between
rupture events in 48/85 PYP does not allow reliable worm-like
chain analysis. Hence, the unfolding lengths for 48/85 and
36/128 data were analyzed in the same manner by measuring the
distances between consecutive dips in the force—extension
curves. Measuring the distances between consecutive peaks
yielded similar unfolding length distributions.

SMD Simulations. SMD simulations (25) of PYP were performed
with the NAMD program (26) and the CHARMM?27 (36)
force field. The structure of PYP (Protein Data Bank ID code
2PHY) was solvated and equilibrated in water at 300 K for 1
ns. We simulated the single PYP stretching by fixing the C* of
residue 48 (or 36) and applying external forces to the C* of
residue 85 (or 125). We applied the forces by restraining
residue 85 (or 125) to a harmonic potential and moving at a
constant velocity in the direction connecting 48-85 (or 36—
125). PYP was stretched at 0.1 A/ps for 1 ns. We repeated the
simulations three times along the 48/85 and 36/125 axes and
obtained similar results.
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